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Abstract 
  

One of the leading issues in industry and municipal infrastructure is the occurrence of corrosion 

damage, which poses a serious challenge due to its ability to cause significant financial losses 

and operational disruptions. This process not only reduces the lifespan of metal structures but 

also increases the costs of maintenance, repairs, and replacements, thereby directly impacting 

the economic sustainability of projects. In response to this challenge, various surface protection 

methods have been developed that are based on isolating the metal surface from the aggressive 

environment through protective layers, which can be in the form of coatings, linings, or surface 

treatments. 

This work focuses on corrosion protection of underground pipes, which are particularly exposed 

to aggressive conditions such as seawater and wastewater, microbiological environments, high 

humidity, and cyclic temperature changes. For this purpose, a multi-layer coating system made 

from chemically inert high-molecular polymeric materials containing epoxy groups is 

commonly used. Over time, damage occurs to the epoxy coating, leading to the formation of 

micropores, microcracks, and swelling, making it necessary to further modify such organic 

coatings to extend the lifespan of the protection they provide.  

To expand existing knowledge, this doctoral thesis investigates an active nanocomposite 

coating for the corrosion protection of drainage pipes. The examined system includes an epoxy 

matrix and fillers in the form of metal nanoparticles, whose role is to improve the coating's 

corrosion and microbiological resistance.  

The experimental work is based on a series of input variables, which include the testing of 

different types and concentrations of metal nanoparticles, methods of their incorporation into 

the epoxy coating, and the interaction between the nanoparticles and the epoxy paint or pure 

epoxy resin. The effectiveness of the developed coatings was tested on a gray cast iron substrate. 

The addition of nanoparticles improved some of the key properties of the epoxy coating. The 

structural and morphological characteristics of the nanoparticles, unmodified epoxy coating, 

and nanocomposite coatings were determined using scanning electron microscopy (SEM) and 

energy-dispersive X-ray spectroscopy (EDS). Based on the tested physical properties, it was 

found that the addition of nanoparticles improves one of the most critical parameters for coating 

durability, namely, the adhesion of the coating to the metal surface. Special attention was given 

to enhancing the anticorrosion and antibacterial properties of the modified coatings. For this 

purpose, three types of metal nanoparticles were used: aluminum, silver, and nickel. By using 



    

 

the electrochemical impedance spectroscopy, it was found that the nanocomposite coating 

containing 1% silver nanoparticles exhibits the best anticorrosive properties, followed by the 

nanocomposite coatings with nickel and aluminum. Additionally, the antibacterial properties of 

the epoxy coating and nanocomposite coatings were determined, revealing that the 

nanocomposite coatings with aluminum and silver yielded the best results, while the 

nanocomposite coating with nickel had minimal antibacterial activity. The nanocomposite with 

1% aluminum nanoparticles showed significant migration, while the nanocomposites with 

silver and nickel nanoparticles exhibited the lowest migration values from the epoxy coating 

into wastewater. The amount of migrated aluminum nanoparticles initially increased gradually 

but reached a constant concentration of aluminum (1 mg/L) after 10 days of exposure to 

wastewater. The surface of the nanocomposite coating with 1% aluminum nanoparticles was 

analyzed using scanning electrochemical microscopy, and it was found that only these 

nanoparticles were capable of forming a passive oxide film on their surface, thus preventing the 

degradation of the coating. Therefore, samples modified with aluminum nanoparticles were 

tested in accelerated corrosion tests, including salt spray tests, high humidity conditions, and in 

a climate chamber. 

Based on the conducted research, a nanocomposite coating containing aluminum nanoparticles 

was developed. These nanoparticles can migrate and oxidize in the event of corrosion or 

bacterial attack, thereby improving the corrosion and microbiological stability of the epoxy 

coating, with potential commercialization that could ultimately contribute to a longer lifespan 

of buried pipes. 

 

 

Keywords: corrosion, epoxy coating, nanoparticles, anticorrosive action, antibacterial action, 

migration 



    

 

Prošireni sažetak 
  

Jedan od vodećih problema u industriji i komunalnoj infrastrukturi je pojava korozijskog 

oštećenja koje predstavlja ozbiljan izazov zbog svoje sposobnosti da uzrokuje velike financijske 

gubitke i prekide u radu. Ovaj proces ne samo da smanjuje vijek trajanja metalnih konstrukcija, 

već i povećava troškove održavanja, popravaka i zamjene, čime direktno utječe na ekonomsku 

održivost projekata. Kao odgovor na ovaj izazov, razvile su se različite metode površinske 

zaštite koje se baziraju na  odvajanju površine metala od agresivne okoline pomoću zaštitnih 

slojeva, koji mogu biti u obliku prevlaka, obloga ili tretmana površine. 

U fokusu ovog rada je korozijska zaštita podzemnih cijevi koje su posebno izložene agresivnim 

uvjetima, poput morske i otpadne vode, mikrobiološke atmosfere, visoke vlage, te cikličkih 

promjena temperature. U tu svrhu uobičajeno se koristi višeslojni sustav prevlaka napravljen 

od kemijskih inertnih visokomolekulskih polimernih materijala koji sadrže epoksidne skupine. 

Tijekom vremena eksploatacije dolazi do oštećenja epoksidne prevlake i nastanka mikropora, 

mikropukotina i bubrenja, zbog čega je potrebno dodatno modificirati takvu organsku prevlaku 

kako bi se produljio vijek zaštite koju pruža. 

U cilju proširenja dosadašnjih saznanja, u ovom doktorskom radu istraživana je aktivna 

nanokompozitna prevlaka za zaštitu odvodnih cijevi od korozije.  Ispitivani sustav uključuje 

epoksidnu matricu i punila u obliku metalnih nanočestica čija je uloga poboljšanje korozijske i 

mikrobiološke otpornosti prevlake 

Eksperimentalni rad počiva na nizu ulaznih varijabli koje podrazumijevaju ispitivanje različitih 

vrsta i koncentracija metalnih nanočestica, te metode njihove ugradnje unutar epoksidne 

prevlake, kao i međudjelovanje između nanočestica i epoksidne boje ili čiste epoksidne smole. 

Učinkovitost zaštite razvijenih prevlaka ispitana je na podlozi od sivog lijeva. Dodavanje 

nanočestica poboljšalo je neka od ključnih svojstava epoksidne prevlake. Strukturne i 

morfološke karakteristike nanočestica, nemodificirane epoksidne prevlake i nanokompozitnih 

prevlaka određene su primjenom pretražne elektronske mikroskopije (SEM) i disperzivne 

rendgenske spektroskopije (EDS). Na temelju ispitanih fizikalnih svojstava, utvrđeno je da s 

dodatkom nanočestica poboljšava se jedan od najvažnijih parametara za trajnost prevlake, tj. 

povećava se prionjivost prevlake uz metalnu površinu. Posebna pozornost posvećena je 

poboljšanju antikorozijskih i antibakterijskih svojstava modificiranih prevlaka. U tu svrhu 

korištene su tri vrste metalnih nanočestica: aluminij, srebro i nikal. Pomoću elektrokemijske 

impedancijske spektroskopije, utvrđeno je da nanokompozitna prevlaka koja sadrži 1% 



    

 

nanočestica srebra pokazuje najbolja antikorozivna svojstva, nakon čega slijedne 

nanokompozitne prevlake s niklom i aluminijem. Osim toga, određena su i antibakterijska 

svojstva epoksidne prevlake i nanokompozitnih prevlaka, te je ustanovljeno da nanokompozitna 

prevlaka s aluminijem i srebrom daju najbolje rezultate, dok nanokompozitna prevlaka s niklom 

ima vrlo malo antibakterijsko djelovanje. Nanokompozit s 1% aluminijevih nanočestica 

pokazao je značajnu migraciju, dok su nanokompoziti s nanočesticama srebra i nikla pokazali 

najmanju vrijednost migracije iz epoksidnog premaza u otpadnu vodu.  Količina migriranih 

nanočestica aluminija u početku je postupno rasla, ali nakon 10 dana izloženosti u otpadnoj 

vodi poprimila je konstantnu vrijednost koncentracije aluminija (1 mg/L). Pomoću pretražne 

elektrokemijske mikroskopije analizirana je površina nanokompozitne prevlake s 1% 

aluminijevih nanočestica, te je ustanovljeno da su jedino ove nanočestice bile sposobne stvoriti 

pasivni oksidni film na svojoj površini i na taj način spriječiti degradaciju prevlake. Stoga su 

uzorci modificirani aluminijevim nanočesticama ispitani u ubrzanim korozijskim testovima, 

uključujući ispitivanja u slanoj magli, uvjetima visoke vlažnosti i u klima komori. 

Na temelju provedenih istraživanja razvijena je nanokompozitna prevlaka koja sadrži 

nanočestice aluminija, koje mogu migrirati i oksidirati u slučaju korozijskog i bakterijskog 

napada i tako poboljšati korozijsku i mikrobiološku stabilnost epoksidne prevlake, a čija bi 

potencijalna komercijalizacija u konačnici mogla pridonijeti dužem životnom vijeku ukopanih 

cijevi. 

 

Ključne riječi: korozija, epoksidna prevlaka, nanočestice, antikorozijsko djelovanje, 

antibakterijsko djelovanje, migracija 



 

 

Nomenclature 

 

Abbreviations 

AC   alternating current 

Ag NP   silver nanoparticles 

Al NP   aluminium nanoparticle 

B. subtilis  Bacillus subtilis 

CPE   coating protection efficiency 

DC   direct current 

DIN EN  Deutsches Institut fur Normung, European Norm 

DSC   Differential Scanning Calorimetry 

EDX/EDS  Energy–dispersive X–ray spectroscopy 

EIS   Electrochemical impedance spectroscopy 

FB mode  feed back mode 

ISO   International Standardization Organization 

ic-ac   intermittent contact – alternating current 

MIC   Microbiologically influenced corrosion 

Ni NP   nickel nanoparticles 

NP   nanoparticles 

P. aeruginosa  Pseudomonas aerugionsa 

ROS   reactive oxygen species 

SECM   Scanning Electrochemical Microscopy 

SEM   Scanning electron microscope 

SG/TC   substrate generation/tip collection  



 

 

TGA   Thermogravimetric analysis 

TG/SC   tip generator/sample collector  

UME   UltraMicroElectrode    

 

Variables 

CFU   colony forming unit, CFU/mL 

CPE   Constant Phase Element, Ssn 

EOC   Open circuit potential, V 

Rcoat   coating resistance, Ω 

Re   electrolyte resistance, Ω 

Rct   charge transfer resistance, Ω 

n   constant describing non-ideal capacitive behaviour (0–1)  

Tg   glass transition temperature, °C 

Δm   mass loss, % 

wt. %   weight percentage 

 

Subscripts 

coat   coating 

dl   double layer 

ct   charge transfer 

g   glass transition 

 



 

 

List of tables 

Table 1. Investment in the renovation and development of water supply in Croatia and the city 

of Zagreb in the period from 2019 to 2023 [25–29]. ................................................................. 6 

Table 2. Classification of nanomaterials [68, 69]. ................................................................... 18 

Table 3. Review of publications from 2016 to 2023 on “antibacterial and anticorrosion 

nanocomposite epoxy coating” in Web of Science database. .................................................. 20 

Table 4. Modification of the epoxy coating with nanoparticles. .............................................. 21 

Table 5. Methods for preparation of epoxy nanocomposire coating. ....................................... 23 

Table 6. Data resulted for measured Rcoat values and calculated CPEcoat values for the samples 

immediately after of immersion in a tap water. ....................................................................... 56 

Table 7. Results of thermal decomposition of epoxy paint nanocomposite with 0.5%, 0.75% 

and 1% of Al NPs. .................................................................................................................... 59 

Table 8. Data resulted for measured Rcoat values and calculated CPEcoat and Φt values for the 

samples which made of epoxy resin in a tap water. ................................................................. 62 

Table 9. Data resulted for measured Rcoat values and calculated CPEcoat and Φt values for the 

samples which made of epoxy paint in a tap water. ................................................................. 62 

Table 10. Summary of individual contributions for presented articles (Article 1, Article 2, 

Article 3, and Article 4) with united scientific contribution for doctoral thesis as a whole..... 62 

 

 



 

 

List of figures 

Figure 1. Data from newspapers on burst pipes in Zagreb in the period from 2019 to 2023 [31].

 .................................................................................................................................................... 7 

Figure 2. Amounts of discharged municipal wastewater expressed in m3/year in the Republic 

of Croatia and the City of Zagreb for the period from 2019 to 2022 [33–36]. .......................... 7 

Figure 3. Closer view of pipe wall in cross section; arrows point to corrosive attack at inner and 

outer surfaces. Reprinted from ref. [21]. .................................................................................... 9 

Figure 4. Graphitic corrosion of grey cast iron in pipeline. ..................................................... 10 

Figure 5. Extracellular electron transfer MIC occurs when outermembrane cytochromes 

scavenge electrons from a surface via (a) direct contact, (b) conductive pili or (c) delivery 

through solubleelectron shuttles. Metabolite MIC occurs when corrosive bacterial metabolic 

products or their derivatives degrade a surface (d). Reprinted from ref. [54]. ......................... 13 

Figure 6. Steel substrate immersed in (a) sterile medium and (b) in bacterium, P. aeruginosa 

inoculated medium for 28 days after exposing to environment. Reprinted from ref. [58]. ..... 15 

Figure 7. Organic coating components. ................................................................................... 16 

Figure 8. The number of publications during 2015 to 2024 on “nanoparticles in epoxy coating 

and corrosion” in Web of Science search database [74]. ......................................................... 20 

Figure 9. (a) The damage mechanism in steel coated by epoxy and epoxy filled with micro/nano 

Al2O3 particles after being subjected to tensile loading. The barrier properties of steel coated by 

epoxy and epoxy filled with micro/nano Al2O3 particles when immersed in (b) 3.5 wt% NaCl 

and (c) citric acid solution [96]. ............................................................................................... 25 

Figure 10. Schematic illustration of the corrosion inhibition mechanism of zinc fibres and in 

the epoxy coating [98]. ............................................................................................................. 26 

Figure 11. Schematic of the modified SiO2 dispersion influence on the barrier properties of 

coating (a) pure coating (b) small amount of SiO2 (c) appropriate amount of SiO2 and (d) excess 

SiO2 [100]. ................................................................................................................................ 28 

Figure 12. (a) The antibacterial mechanisms of nanoparticles. (b) Antibacterial activities of 

Al2O3 nanoparticles against  E. coli, S. aureus, and S. mutans. Antimicrobial activities of TiO2-

APTES nanohybrid coatings against S. aureus [104, 106, 107]. ............................................. 29 

Figure 13. SECM device with marked display of all components (type Biologic M470). ...... 30 



 

 

Figure 14. Schemes of (a) positive feedback, (b) negative feedbeck, (c, d) generation-collection 

(G/C) modes of SECM [111]. .................................................................................................. 31 

Figure 15. ac- SECM measurement above a non-conducting surface. .................................... 32 

Figure 16. SECM topographic imagines of a scratched (a) neat epoxy coating and epoxy coating 

with ZrO2, TiO2, Mg, and CeO2 nanoparticles coated carbon steel, after 8 hours in 3.5% NaCl. 

SECM and SEM image of  (b) a neat epoxy coating and coating with Si nanoparticles after 8h 

in 0.1 M NaCl solution. SECM image of the organic coating with a defect (c) the image with a 

size of 500×500 μm corresponding to an immersion time of 1 and 48 h [115 –119]. ............. 33 

Figure 17. 3D laser microscopy micrograph of the scratched test area (a) and the self-healed 

scratch (b) on the epoxy resin coating. AC-SECM image of (c, d) self-healing coating surface 

immersed in a solution of 0.6 M NaCl. DC potential: 0 V. Amplitude of the AC potential signal: 

10 mV, and different range of frequency [121]. ...................................................................... 35 

Figure 18. The Nyquist and Bode plots for nanocomposite with (a,b) 0.5%, 1%, 1.5% Ag NPs, 

and (c,d) 1%, 2%, 3% Ni NPs after 24 h in 3.5 wt. % NaCl solution. ..................................... 38 

Figure 19. Pourbaix diagram for: (a) silver, (b) nickel, (c, d) aluminium in Cl – H2O sistem at 

25 °C [128,129,130]. ................................................................................................................ 42 

Figure 20. (a) Nyquist and (b) Bode plots for 1% Al NP nanocomposite exposed to 3.5% NaCl 

solution for 1, 5, 10 and 20 days. ............................................................................................. 51 

Figure 21. (a) Combined color map of the segment on the oxidized Al NP surface captured 

using the SEM/EDS method at 6 000x magnification. Partial color maps showing the 

distribution of individual chemical elements on the oxidized Al NP surface, captured using the 

SEM/EDS method at 6,000x magnification: b) aluminum (Al) and c) oxygen (O). ............... 52 

Figure 22. SEM image of the surface of (a) Al NPs and (b) oxidized Al NPs powder at a 

magnification of 10 000x. ........................................................................................................ 53 

Figure 23. Results of EDS analysis with partial staining of the distribution of aluminium 

particles on the cross-sectional surface for a sample of 1% Al NP epoxy nanocomposite 

prepared by (a) mechanical mixing and (b) ultrasonic homogenizer. ...................................... 55 

 

 

 



    

 
 

Contents 
 
 

1. INTRODUCTION .................................................................................................................. 1 

2. LITERATURE REVIEW ....................................................................................................... 4 

2.1. Corrosion and its impact on pipelines ............................................................................. 4 

2.2. Grey cast iron .................................................................................................................. 4 

2.3. Pipeline corrosion ............................................................................................................ 5 

2.3.1 Frequency and consequences of pipeline failure in the Zagreb ................................ 5 

2.3.2. Degradation process for wastewater pipeline ........................................................... 8 

2.3.3. Chemical factors ..................................................................................................... 10 

2.3.4. Physical factors ...................................................................................................... 11 

2.3.5. Biological factors ................................................................................................... 12 

2.4. Pipe surface protection .................................................................................................. 15 

2.4.1. Protective coatings ................................................................................................. 16 

2.5. Application of nanotechnology in organic coatings .......................................................... 17 

2.5.1. Modification of the epoxy coating with nanoparticles ........................................... 19 

2.5.2. Preparation of epoxy nanocomposite coating ........................................................ 23 

2.5.3. Effect of nanoparticles on the barrier properties of epoxy coating ........................ 24 

2.5.4. Corrosion inhibition by metal nanoparticles in epoxy coating .............................. 26 

2.5.5. Labyrinth effect of nanoparticles in epoxy coating ................................................ 27 

2.5.6. Antibacterial effect of nanoparticles in epoxy coating ........................................... 28 

2.6. New approaches in characterization of nanoparticles in epoxy coating ....................... 29 

2.6.1. Introduction to SECM ............................................................................................ 29 

2.6.2. dc – SECM analysis of epoxy coating ................................................................... 32 

2.6.3. ac- SECM analysis of epoxy coating ..................................................................... 34 

3. DISCUSSION ...................................................................................................................... 36 

4. CONCLUSIONS .................................................................................................................. 65 

5. BIBLIOGRAPHY ................................................................................................................ 69 

6. ORIGINAL SCIENTIFIC PAPERS .................................................................................... 84 

Article 1 ................................................................................................................................ 84 

Article 2 .............................................................................................................................. 100 

Article 3 .............................................................................................................................. 120 

Article 4 .............................................................................................................................. 141 



    

 
 

6. BIOGRAPHY OF THE AUTHOR .................................................................................... 157 

 



    

1 
 

1. INTRODUCTION 

Grey cast iron is the most common material used for drainage pipes for the distribution of 

wastewater because of the low cost, ease of fabrication, adequate corrosion resistance and 

availability. This material also has many other applications such as for pumps, valve bodies, 

engines, decorations, and it is very important in many industries such as automotive and 

petrochemical industries. 

Pipeline corrosion is a complex process because different chemical, physical and biological 

factors can affect pipeline damage. Cast irons are resistant to uniform corrosion due to their 

microstructure, building components (graphite and phosphate eutectic), and due to the resistant 

and compact surface formed by cooling after casting [1]. However, plumbing systems are 

exposed to aggressive atmospheric or soil environments for decades or even centuries, making 

them susceptible to corrosion. It is commonly held that in this form of corrosion attack, the 

ferric ion content of the surface layers is leached out during the corrosion process, leaving 

behind a porous residue consisting of  a graphite matrix. This form of corrosion is called 

graphitic or selective corrosion. Graphitic corrosion on the inner side of pipelines occurs due to 

aggressive components present in the media flowing through the pipe. This is one of the leading 

problems of the city of Zagreb. According to information from the media, about 10,000 

breakdowns in the water supply network occur in the city of Zagreb every year, which means 

that problems occur in 20 to 30 places every day. The renovation of the water supply and 

drainage pipes of a metropolis, of 641 km2, would amount to around 265 million euros. In 

addition to different physical causes, corrosion is one of the main factors leading to pipe failure. 

More recently, research has shown that the corrosion process can be stimulated with bacteria 

found in wastewater. Corrosion of a material when the presence of microorganisms plays a role 

is known as the microbiologically influenced corrosion (MIC). Examples of corrosion-related 

microorganisms are Sulphate reducing bacteria, Pseudomonas aeruginosa, Escherichia coli, 

Salmonella, Bacillus subtilis and similar. Over the past decades, MIC has attracted wide interest 

to investigate and control the problem [2]. The influence of microorganisms on cast iron has 

not yet been fully explained [3] and, therefore, there are several theories describing the 

interaction between bacteria and metal. The mechanisms of action of bacteria and carbon steel 

were described in detail by the authors Blackwood [4]  and Lv and co-authors [5]. In their work, 

they explained the cathodic depolarization theory and the extracellular electron transfer, as well 

as microbiologically stimulated corrosion caused by microbial products. 
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In order to extend the life of distribution pipes, a surface protection made of a multi-layer 

coating system is used. The epoxy coating proved to be a good solution due to its good 

protective barrier properties, high adhesion, easy application and low cost [6]. During the 

exploitation process, the epoxy coating is gradually damaged and the formation of micropores, 

microcracks, and swelling occurs, and therefore it is necessary to additionally modify such 

organic coating to extend the life of the protection it provides [7]. Likewise, epoxy coatings are 

not resistant to bacterial attacks because they do not possess antibacterial properties. 

Development of a new generation of coatings that will have both anti-corrosion and 

antibacterial properties is enhanced by using nanotechnology. Nanotechnology today has 

branched out in a large number of different areas of sciences because of its significant benefits 

in terms of improving the performance in many fields [8]. It also provides new tools to combat 

corrosion attacks caused by aggressive components or bacterial action, showing a great 

potential in surface transformation. Advanced materials using nanotechnology may extend 

service life, reduce failure rates, limit the potential for environmental damage and enhanced 

corrosion protection [9]. 

Due to all the reasons mentioned, the objectives of the proposed work are as follows: 

- to develop an active nanocomposite system with anticorrosion and antibacterial properties for 

the protection of drainage pipes. 

- to investigate the influence of different types of nanoparticles (Al, Ni, and Ag) on the growth 

of bacteria and behaviour of the prepared nanocomposite system under corrosion conditions 

and conditions of microbiologically induced corrosion. 

- to select a nanocomposite system that meets corrosion and bacterial resistance requirements 

and to evaluate the influence of the concentration and method of nanocomposite preparation on 

its protective properties in accelerated corrosion conditions. 

Research hypothesis of this work is: 

By adding nanoparticles to the epoxy coating, it is possible to increase the resistance to 

electrochemical corrosion and improve the antibacterial properties of the coating. 

The research hypothesis is confirmed by four scientific papers focusing on different aspects of 

development and characterization of an active nanocomposite system with anticorrosion and 

antibacterial properties for the protection of drainage pipes: 
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Paper 1: M. Samardžija, I. Stojanović, M. Vuković Domanovac, V. Alar, V. Epoxy Coating 

Modification with Metal Nanoparticles to Improve the Anticorrosion, Migration, and 

Antibacterial Properties, Coatings, 13 (2023), 1201.  

 

Paper 2: M. Samardžija, V. Alar, V. Špada, I. Stojanović, Corrosion Behaviour of an Epoxy 

Resin Reinforced with Aluminium Nanoparticles, Coatings, 12 (2022), 1500. 

 

Paper 3: M. Samardžija, M. Kurtela, M. Vuković Domanovac, V. Alar, Anticorrosion and 

Antibacterial Properties of Al NP–Epoxy Nanocomposite Coating on Grey Cast Iron, Coatings, 

13 (2023), 898.  

 

Paper 4: M. Samardžija, I. Stojanović, M. Kurtela, V. Alar, Influence of aluminum 

nanoparticles in epoxy resin and epoxy coating for anticorrosion and antibacterial protection in 

pipeline industry, J. Appl. Polym., 141 (2023), 1–14. 
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2. LITERATURE REVIEW 

2.1. Corrosion and its impact on pipelines 

Corrosion is a process that results in an irreversible damage of the surface of materials (metal, 

ceramic, and polymer) due to chemical, physical, and biological factors [10,11]. All materials 

can corrode, but research on metal corrosion is of great economic importance because it 

shortens the life of metal products, leading to significant financial losses and posing risks to 

both people and the environment [12]. For this reason, extensive research is conducted with the 

aim to better understand corrosion processes and to find new or improve existing methods of 

corrosion protection, that will extend the lifetime of metal structures. 

Iron-based metals are the most widely used as construction materials for pipelines. Pipes are 

connected and placed in the concrete in buildings or in the ground to transport various products, 

either a few meters or cross-country to the location of use [13]. In water distribution systems, 

metal constructions are typically made of cast iron. The commercial development of cast iron 

pipes and their application to water transmission and distribution resulted in a significant 

improvement in public health [14]. 

2.2. Grey cast iron 

Grey cast iron is a broad term used for a number of cast irons whose microstructure is 

characterized by the presence of flake graphite in the ferrous matrix [15]. Most cast irons have 

chemical composition of 2.5 to 4.0% carbon, 1.0 to 3.0% silicon, and the remainder is iron [16]. 

The composition of grey iron must be selected in such a way as to satisfy three basic structural 

requirements[17]: 

1. the required graphite shape and distribution, 

2. the carbide-free (chill-free) structure, 

3. the required matrix. 

Grey cast iron has been widely used in pipes serving as water mains due to unique 

characteristics that include a combination of good mechanical and thermal properties, good 

friction and wear characteristics, relatively low melting temperature, excellent castability, and 

economical production processes [18–20]. Cast irons are resistant to uniform corrosion due to 
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their microstructure, component compounds (graphite and phosphate eutectic), and due to the 

resistant compact surface formed by cooling after casting [1]. Even after many years of 

operation, much of the cast iron infrastructure still remains in a satisfactory condition for 

continued use, however there is an increasing risk of failure of these pipes due to corrosion loss 

of material [21]. 

 

2.3. Pipeline corrosion 

A pipeline can be defined as a continuous, long, tubular structure used to transport significant 

amounts of liquid or liquefied materials and gases over long distances [22]. Pipeline defects can 

be classified as[22]: 

1. built-in defects (construction of the pipeline),  

2. long-term defects (bad realization of joints, corrosion, erosion) and  

3. one-time events (terrorist activity, earthquakes, landslides).  

Fluids inside the pipeline can lead to a reduction in its structural integrity and eventual failure 

[23].  Generally, fluid transfer pipelines can be categorized into different groups including [12]:  

1. oil and gas (crude oil, natural gas, and products obtained from oil refinement),  

2. clean water and wastewater (aqueduct and sewage), industrial material (ammonia, hydrogen, 

carbon dioxide, etc.),  

3. pipeline transport fluids on small scale (beer, biofuel, etc.). 

 

2.3.1 Frequency and consequences of pipeline failure in the Zagreb 

One of the leading problems of the city of Zagreb (area 641 km2) is the deterioration and damage 

to water transport pipes. Zagreb's water supply network is 3,230 kilometres long and supplies 

water to more than 750,000 inhabitants. The water supply area covers the cities of Zagreb, 

Samobor, Sveta Nedjelja and the municipality of Stupnik, and it is being repaired and renovated 

every day. [24]. Two key reasons for the frequent pipe bursts are long-lasting pipes and 

insufficient investment in underground infrastructure. Table 1 shows all investments in 

drainage pipes in the last 5 years at the level of the whole of Croatia and in the city of Zagreb. 

These investments in underground infrastructure include: 
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1. construction of transport pipelines, 

2. rehabilitation of pipelines and networks with cracks in the water supply system, 

3. reconstruction of the water supply network. 

Table 1. Investment in the renovation and development of water supply system in Croatia and 

the city of Zagreb in the period from 2019 to 2023 [25–29]. 

Year 2019. 2020. 2021. 2022. 2023. 

Investment in the water 

supply system in 

Croatia, EUR 

 

24.644.236 

 

35.610.325 

 

37.044.793 

 

37.415.356 

 

50.824.502 

Investment in the water 

supply zones of the city 

of Zagreb, EUR 

 

729.975 

 

982.148 

 

530.891 

 

2.421.660 

 

- 

% 2.96 2.75 1.43 6.47 - 

 

In addition to financial expenses caused by burst pipes, the consequences may include floods, 

large loss of water, damage to property, an increase in the price of water for citizens, and similar.  

The frequency of bursting of water pipes in the city of Zagreb in a period of 5 years is shown 

in Figure 1. The graph indicates that the most significant damage to the water supply occurred 

in 2022, with 30 cases of burst pipes that caused floods. This statement is also confirmed by 

Table 1, which shows that in 2020, 6.47% of funds were allocated to Zagreb, from the total 

budget for the whole of Croatia, for investment in the renovation of a section of the water supply 

network. Likewise, Figure 1 shows the distribution of pipe bursts by month, and no significant 

difference was observed between seasons. The reason for this is that in the past five years, there 

were no extremely low temperatures that could freeze the water in the pipes, which can cause 

the pipe wall to expand and burst. In general, as a result of hot and cold temperatures, pipes 

endure dimensional changes due to the expansion and contraction of the material. These 

dimensional changes create increased axial loads in the pipe which can result in cracking [30]. 
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Figure 1. Data from newspapers on burst pipes in Zagreb in the period from 2019 to 2023 

[31]. 

One of the major global problems linked to industrial development and population growth is 

the increasing amount of environmental pollution and wastewater produced from domestic 

activities, industry, and stormwater outflows [32]. In Republic of Croatia, approximately 350 

million m3 wastewater are produced every year, while in City of Zagreb is about 173 million 

m3 wastewater (Figure 2). This problem has raised great concern due to its potentially 

dangerous effects. Drainage systems are heavily loaded, leading to exposure to harsh 

environmental conditions that accelerate degradation of pipelines. 

 

Figure 2. Amounts of discharged municipal wastewater expressed in m3/year in the Republic 

of Croatia and the City of Zagreb for the period from 2019 to 2022 [33–36]. 
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Corrosion is one of the leading causes of failures in onshore transmission pipelines (wastewater) 

in Zagreb (Croatia). Corrosion that occurs as a result of the age of the pipeline system, which 

is more than 50 years old. Pipeline cracking can also be the result of a number of influencing 

parameters, such as: method and quality of installation, internal and external load, damage to 

the pipeline during construction works, environmental conditions in which the pipe is located, 

and similar. Damage to pipelines can lead to leakage of transported material and reduction (or 

even ceasing) of the transport of life-sustaining supplies, with potentially disastrous 

humanitarian, social, economic, and ecological consequences. Generally, the consequences of 

a pipeline break include: 

1. direct costs (cost of repair, cost of water loss, cost of damage to surrounding infrastructure 

and property, liabilities),  

2. indirect costs (cost of supply interruption, cost of potentially increased deterioration rate of 

surrounding infrastructure and property, cost of decreased fire-fighting capacity),  

3. social costs (cost of water quality degradation due to contaminant intrusion, cost of decrease 

in public trust and quality of water supply, cost of disruption of traffic and business, cost of 

disruption of water supply to special facilities). 

Therefore, the assessment and monitoring of pipeline conditions are essential for early 

emergency response and for the mitigation of environmental hazards [22].  

 

2.3.2. Degradation process for wastewater pipeline 

In terms of corrosive environments leading to infrastructure degradation, industrial and 

domestic wastewater has garnered substantial attention due to high toxicity [12]. The corrosive 

damage to pipelines often results in large scale pollution of the hydrosphere and lithosphere 

[37]. The precise nature of material degradation depends on various factors, including the 

chemistry of the water (e.g., pH, ionic composition including chloride, sulphate, phosphate, 

carbonate, calcium, etc.), temperature, flow rate, and the construction materials. Additionally, 

piping materials may react with species in water to form protective films and scales, which can 

reduce the rate of their degradation [38]. 

Study developed by Jur and co-authors [21] showed a piece of pipe with corrosive attack at 

both the inner and outer surfaces (Figure 3). The corroded part of the pipe remained in its 
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original or almost original dimension, which is characteristic of graphite corrosion and indicates 

that the pipe is made of cast iron. 

 

Figure 3. Closer view of pipe wall in cross section; arrows point to corrosive attack at inner 

and outer surfaces. Reprinted from ref. [21]. 

Misiunas [39], analyzed the process of pipe deterioration. He described the life of the pipes in 

five steps: 

1. installation of new intact pipe, 

2. after the pipe has been in operation for some time, the corrosion processes start on the interior 

or exterior (or both) surface of the pipe, 

3. formation of crack before leak, 

4. the leak or burst will be initiated depending on the size of the crack,  

5. the complete failure of the pipe can be caused by a crack, corrosion pit, already existing 

leak/burst or a third-party interference. 

Most grey cast iron pipes fail because of a combination of factors that may include external 

loading, internal pressure, manufacturing flaws and corrosion damage. However, while the 

external forces and the final failure modes are understood, the mechanisms that link the 

application of the force to the actual failure have not been as thoroughly investigated [20]. In 
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the review paper of Ossai and co-authors [40] are analyzed corrosion mechanisms in oil and 

gas transmission pipelines, that can be caused by chemical, physical and biological factors. 

2.3.3. Chemical factors 

Generally, cast irons perform well in water environments due to the formation of a protective 

layer on the inside wall of the pipe, typically composed of carbonate. 

However, water containing carbon dioxide in solution, acid effluents, chlorides, etc., is 

significantly more corrosive [41]. Graphite corrosion, a form of galvanic corrosion, occurs 

through electrochemical processes [21, 42]. It is commonly accepted that in this type of 

corrosion, the ferritic iron component in the alloy dissolves, leaving behind a porous residue 

consisting of graphite flakes interspersed with iron oxides and other insoluble products such as 

siliceous compounds and phosphide eutectic stringers [42]. Corrosion of drainage pipes made 

of cast iron was studied by Melchers [18]. Graphitic corrosion is shown in Figure 4. 

 

Figure 4. Graphitic corrosion of grey cast iron in pipeline. 

When the ferrous iron component of the cast iron pipe wall is exposed to an electrolytic 

environment, two processes take place simultaneously [42, 18]: 

1. the dissolution of iron at the anode: 

Fe(s) → Fe2+(aq) + 2e- 2.1.

2. the reduction of water in a neutral medium (pH=7) on residual graphite serving as a cathode: 

O2(g) + 2H2O(l) + 4e- → 4OH-(aq) 2.2.

Although no dimensional changes take place, graphitic corrosion can cause significant 

problems as the cast iron loses its strength and metallic properties. During graphitic corrosion, 

the porous graphite network, which makes up 4%–5% of the total mass of the alloy, is 
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impregnated with insoluble corrosion products. As a result, the cast iron retains its appearance 

and shape but it is structurally weaker [1]. 

 

2.3.4. Physical factors  

Ossai et al. [40] and Agala et al. [44] studied pipe degradation caused by physical factors. The 

study by Ossai et al. divides the physical factors of corrosion into structural properties, and 

product properties. Agala explains these factors by using the examples of pipes made of cast 

iron. Comprehensive list of parameters affecting wastewater pipe performance is presented by 

the author Angkasuwansiri et al [31]. According to their research, the physical effects on cast 

iron pipes are: 

1. Structural properties: 

a) material properties – depend on the method of preparation of cast iron and there are two 

influencing parameters: impact of porosity and impact of inclusions. A porous structure may be 

created during manufacturing, but this phenomenon is less acute in grey iron pipes, in which 

air can more readily escape through the inner wall of the pipe. Inclusions are unintended 

additions that find their way into materials. These materials then cause stress concentrations, 

decrease the cross-sectional area of the pipe, and result in crack formations. 

b) design factors – poor installation can result in inadequate bedding and/or possible damage to 

the pipe itself. If too long a pipe is installed, it can lead to increased stresses as a result of 

differential ground movement transverse to the pipe axis. A pipeline that is not properly 

supported can suffer beam stresses. 

2. Product properties: 

a) temperature gradient – causes stresses and cracks can form which can result in leaks. 

b) pressure – results in hoop or tensile stress acting on pipes. When tensile stress passes a given 

threshold, it results in longitudinal cracks appearing on the pipe wall, while axial stress can lead 

to circumferential cracking. 

c) flow rate – excessive velocities lead to mechanical surface wear and greater levels of 

corrosion as results of higher oxygen levels. 
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Of all the parameters mentioned, fluid velocity plays a significant role in pipe corrosion [44]. 

Along the wall of the pipe, there is a small laminar layer of media which allows incubation of 

bacteria. On the other hand, high fluid flow velocities increase the shear stress on the pipeline 

wall, inhibiting cell attachment and even causing the release of already adhered cells [45]. This 

is a biological factor in corrosion and is described in the following chapter. 

2.3.5. Biological factors   

Microbiologically influenced corrosion (MIC), also known as microbial induced corrosion, 

microbial corrosion, bacterial corrosion, bio-corrosion, was defined by Videla (1996) as “an 

electrochemical process in which the microorganisms are present to initiate, facilitate, and 

accelerate the corrosion reactions” [46, 47]. Such microorganisms can be from any of three 

main branches of evolutionary descent, i.e. bacteria, archaea (methanogens) and eukaryotes 

(fungi) [48]. While all three groups can contribute to MIC, bacteria receive the most attention 

regarding their influence on corrosion processes. 

Municipal wastewater flowing through pipes contains of multiple pathogens and non-

pathogenic bacteria, organic/inorganic chemicals, suspended and dissolved compounds, which 

can cause corrosion, damage, reduction in the water transport capacity, and an increase in the 

habitat of pathogenic and opportunistic bacteria [49, 50, 5]. The microbiological community in 

wastewater typically consists of various types of bacteria, including: Enterobacter cloacae, 

Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, 

Pseudomonas aeruginosa, Salmonella, Shigella genera, and Escherichia coli [31, 51]. Some of 

these bacteria have the ability to colonize metal surfaces in aqueous environments, initiating 

electrochemical reactions that lead to microbiologically induced corrosion. For instance, 

Pseudomonas aeruginosa can produces a mature biofilm in 5-7 days [52]. On a metal surface, 

bacteria use iron for survival and growth, leading to the metal surface underneath the biofilm 

becoming an anodic area due to the corrosion process induced by the bacteria using iron as an 

energy source. At the same time, the surface outside the biofilm, which is not directly exposed 

to the bacteria, acts as a cathodic area with the oxygen reduction reaction occurring in that 

region. This process creates an electrochemical couple that accelerates metal corrosion, further 

damaging its structure and integrity. 

The influence of microorganisms on cast iron has not yet been fully explained and, therefore, 

there are several theories on interaction between bacteria and metal [3]. The mechanisms of 

action of bacteria and carbon steel were described in detail by the authors Blackwood [4] and 
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Lv et al [5]. In their work, they explained the cathodic depolarization theory and the 

extracellular electron transfer, as well as microbiologically stimulated corrosion caused by 

microbial products. 

The cathodic depolarization theory is the first theory which assumes that accelerated corrosion 

is due to the consumption of cathodic hydrogen by sulphate-reducing bacteria and its enzyme 

hydrogenase [4]. However, this theory is not applicable to bacteria that do not utilize hydrogen, 

leading to the emergence of the theory of extracellular electron transfer. According to the 

literature, such bacteria are in direct contact with the metal substrate and consume electrons 

released by metal oxidation causing a much higher rate of corrosion. A review of consequences 

and accelerated corrosion by such bacteria that can be found in the literature is presented by 

Blackwood [4]. Maji [53] classified MIC into two basic types: (i) electrical MIC (EMIC), which 

triggers direct corrosion by the consumption of electrons from metals, (ii) chemical/metabolite 

MIC (CMIC), where the metal is indirectly affected when microbes produce corrosive 

metabolites. EMIC takes more attention due to extracellular electron transfer (EET). 

Extracellular electron transfer can occur when cytochromes scavenge electrons from a surface 

either via  direct contact (Figure 5a), conductive pili (Figure 5b) or delivery through soluble 

electron shuttles  (Figure 5c). Figure 5d shows metabolite MIC where surfaces are affected 

directly by corrosive metabolites. 

 

Figure 5. Extracellular electron transfer MIC occurs when outermembrane cytochromes 

scavenge electrons from a surface via (a) direct contact, (b) conductive pili or (c) delivery 

through solubleelectron shuttles. Metabolite MIC occurs when corrosive bacterial metabolic 

products or their derivatives degrade a surface (d). Reprinted from ref. [54].  
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In EET bacteria use the cytochrome c protein to transport an electron from the inner membrane. 

Direct transmission is also possible via conductive nanowires (pili) [55].  

However, there are some issues regarding the direct electron theory. From an electrochemical 

perspective, charge transfer in a single step at the electrode-electrolyte interface would not 

occur at distances greater than 2 nm, which is much less than the thickness of the cell wall 

which ranges from 7.5 to 10 nm. Another mechanism of direct electron transfer, via conductive 

pili, also raises some issues. Pili are thought to behave like microbial nanowires, using the 

concept of extracellular electron transfer. However, this brings up the problem of the pili's 

length, which is on the order of 1 μm. For electron transfer along the entire length of the pili, 

some form of electronic hopping would be necessary. Even if this were possible, the question 

remains of how to generate the electric field required to drive this hopping process. [4]. 

Microbial electrochemical activity can occur via mediated electron transfer where soluble 

electron shuttle molecules (with examples being flavins, melanin, phenazines, and quinines) 

transfer electrons from the metallic substrates to the microbial cell [54]. However, the redox 

mediator does not have to be one of the species present in the original culture medium; it can 

also be a product of metabolic reactions. Additionally, if the redox mediator is continuously 

regenerated in a metabolic reaction, it does not need to be present in high concentrations, which 

makes its detection more challenging [4]. 

Over the time, microorganisms will begin to grow, colonize the metal surface and begin to 

produce extracellular polymeric substances (EPS) [56]. Strongly adhesive EPS, are mainly high 

molecular weight secretions of microorganisms and consist of various organic substances such 

as polysaccharides, proteins, nucleic acids and lipids) [56, 57]. However, some studies showed 

that EPS can influence on metal corrosion. In the study by Hamzah et al. [58], results of the 

XRD analysis of the biofilm made by Pseudomonas aeruginosa bacteria on a steel substrate 

were presented. They showed the presence of iron(III) oxyhydroxide (FeO(OH)), iron oxide 

(FeO and Fe3O4) and magnetite (FeOꞏFe2O3). The appearance of the metal surface in the sterile 

medium and in the medium with the presence of bacteria for 28 days is shown in Figure 6. 
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Figure 6. Steel substrate immersed in (a) sterile medium and (b) in bacterium, P. aeruginosa 

inoculated medium for 28 days after exposing to environment. Reprinted from ref. [58]. 

 

EPS are acidic and possess functional groups (hydroxyl, carboxylic, sulphate, phosphate, 

pyruvate, and succinate) that complex metal ions (iron ions, copper ions, etc.) and, thus, 

accelerate the dissolution of the anode [56, 59, 60]. The weak electrostatic interactions between 

EPS and metal ions have been shown to accelerate metal corrosion [61]. However, there are 

also studies showing that the attachment of EPS can have an inhibitory effect on the corrosion 

of a metal, mainly because EPS adsorb on the surface of a material and can form a protective 

film [60]. 

Microbiologically stimulated corrosion of cast iron will be accelerated due to the rough surface 

on which microorganisms can easily adhere and begin to develop a biofilm. For all the above 

reasons, the surface of cast iron needs to be protected from the influence of microbes. 

 

2.4. Pipe surface protection 

Corrosion protection methods are based on reducing or cancelling the corrosion driving force 

or increasing the resistance that resists the action of that driving force. There are three ways of 

corrosion protection: 

1. by changing the construction material, 

2. by changing external factors (temperature, medium, stresses, and similar), 

3. separating the structural material from the media. 

The third method showed the best results and widely applied [62]. 
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2.4.1. Protective coatings 

Coating is a general name for one or more interconnected layers on a substrate that create a 

dry film. In corrosion protection metallic, organic and inorganic (ceramic) coatings are used, 

although organic coatings are the most common. The components of an organic coating are 

shown in Figure 7. 

 

Figure 7. Organic coating components. 

All organic coatings contain a binder (epoxy, alkyd, and vinyl resin, polyurethanes, cellulose 

derivatives and similar), which forms the membrane of the coating, and a solvent that dissolves 

the binder and regulates the viscosity. In addition, coating agents can contain insoluble powders 

(pigments and fillers) that give colours and shades and make the coating opaque, as well as 

various additives [62]. 

The most effective way to achieve good corrosion protection is to apply a multi-layered coating 

system. In case of waste water pipelines, epoxy coatings are used as they have good protective 

barrier properties, high adhesion to the metal substrate, are easy to apply, and are not expensive 

[6]. During the exploitation, the properties of the epoxy coating deteriorate and this leads to 

coating blistering and the creation of micropores and microcracks [7]. Therefore, it is necessary 

to improve these organic coatings to extend their durability. 

Recently, with the development of nanotechnology, the term “nanocomposite” has appeared for 

composites with the filler with at least one dimension on the nanometre scale [63, 64]. 

Nanoparticles have been widely used as resin fillers to block micropores and improve the 

corrosion resistance and the mechanical properties of the resins due to their greater surface-to-

volume proportion with respect to conventional macroscopic materials [65].  
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2.5. Application of nanotechnology in organic coatings  

Since the term “nanotechnology” was presented by Nobel laureate Richard P. Feynman during 

his well famous 1959 lecture ”There’s Plenty of Room at the Bottom” (Feynman, 1960), there 

were made various revolutionary developments [66]. In this lecture, Feynman made the 

hypothesis “Why can’t we write the entire 24 volumes of the Encyclopedia Britannica on the 

head of a pin?” and described a vision of using machines to construct smaller machines and 

down to the molecular level [67]. Nowadays, this idea has turned nanotechnology into main 

scientific driver for the development of new innovations that will be translated into products on 

the market. It is the ability to convert the nanoscience theory to useful applications by 

observing, measuring, manipulating, assembling, controlling and manufacturing matter at the 

nanometer scale [67]. The term “nano” origins from the Greek word ‘‘nanos’’ that means 

‘‘dwarf’’ or something extremely small [8]. In general, nanotechnology uses the properties of 

nanostructures on atoms and molecules to create new materials and structures for the needs of 

various scientific fields. By incorporating at least one of the new dimensions is in the nanoscale, 

i.e. smaller of 100 nm into the existing material, a nanostructured material is obtained that will 

have additional properties that it did not have before. Based on their dimensionalities, 

nanomaterials are placed into four different classes which are shown in Table 2. 
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Table 2. Classification of nanomaterials [68, 69]. 
n

an
om

at
er

ia
ls

 

Zero-dimensional 

nanomaterials 

One-dimensional 

nanomaterials 

Two-dimensional 

nanomaterials 

Three-dimensional 

nanomaterials 

(0-D) (1-D) (2-D) (3-D) 

all dimensions in 

the nanoscale range 

(x, y, z) 

2 dimensions in 

the nanoscale 

range 

(x, y)  

1 dimension in the 

nanoscale range 

(x) 

0 dimensions in the 

nanoscale range 

p
ro

p
er

ti
es

 

prone to physical or 

chemical 

crosslinking with 

polymer resins 

 

the surface activity 

is high due to the 

lack of coordination 

atoms on their 

surfaces, so 

nanoparticles tend 

to aggregate 

 

the ability to cross 

each other to form 

a dense layer that 

prevents the 

invasion of media 

 

good electrical  

properties and 

better mechanical 

properties 

interatomic 

interactions within 

the layer are much 

larger than those 

between the layers, 

 

form a "labyrinth 

effect" in 

materials, 

prolonging the 

penetration path of 

the media, 

improving the 

protective 

effectiveness of the 

surface 

composed of a 

multiple 

arrangement of 

nano  

size crystals in 

different 

orientations 

ex
am

p
le

s 

quantum dots,  

fullerenes, and 

nanoparticles 

nanotubes, 

nanofibers, 

nanorods, 

nanowires, and 

nanohorns 

nanosheets, 

nanofilms, 

and nanolayers 

bulk powders, 

dispersions of 

nanoparticles, 

arrays of nanowires 

and nanotubes 

 
The fundamental components of nanotechnology are nanoparticles (NP). Nanoparticles are 

defined as particulate dispersions or solid particles with a size in the range of 10-1000 nm [65]. 

There are two main factors causing nanomaterials to behave significantly differently than the 
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same materials of larger dimensions: surface effects and quantum effects [68]. Nanoparticles 

have attracted much interest because of their unique physical and chemical properties, which 

originate from the high area to volume ratio and elevated quantity of surface atoms [70]. The 

surface to volume ratio of nanoparticle is 35-45% times higher as compared to large particles 

[71]. In fact, as the diameter decreases, the available surface area of the particle dramatically 

increases, and, consequently, there is an increase in surface reactivity which is size dependent 

[70, 71]. This feature makes nanoparticles superior to macroparticles and exceptional 

candidates for use as resin fillers to block micropores and improve the corrosion resistance and 

the mechanical properties of coatings. Nanoparticles tend to occupy small hole defects formed 

from local shrinkage during curing of the epoxy resin and act as a bridge interconnecting more 

molecules. For instance, inorganic filler particles at nanometer scale can be dispersed within 

the epoxy resin matrix to form an epoxy nanocomposite. The incorporation of nanoparticles 

into resins offers durability to coatings, since the fine particles dispersed in coatings can fill 

cavities and cause crack bridging, crack deflection and crack bowing [72]. For all the above 

reasons, researchers began to modify coatings with nanoparticles. 

 

2.5.1. Modification of the epoxy coating with nanoparticles 

Nanocomposite coatings, which involve adding inorganic nanofillers to a polymer matrix, 

represent a new class of corrosion protection methods that exhibit superior corrosion resistance 

and mechanical performance compared to conventional composite coatings [73]. Various 

studies have reported that the mechanical, thermal, anticorrosion, antibacterial, and 

physicochemical properties of epoxy coating can be improved through addition of nanoparticles 

and thus developing nanocomposites. Pourhashem et al. [73], presented a diagram illustrating 

publications on "anti-corrosion nanocomposite polymer coatings" in the period from 2002 to 

2019, revealing growing trend in the research of nanocomposites for protecting metal structures 

from corrosion. Additionally, the number of publications on nanoparticles in epoxy coatings 

for use as anti-corrosion protection for the period from 2015 to 2024 is shown in Figure 8. 
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Figure 8. The number of publications during 2015 to 2024 on “nanoparticles in epoxy coating 

and corrosion” in Web of Science search database [74]. 

Figure 8 shows the growth trend of the number of publications on nanoparticles in epoxy 

coatings and corrosion, with a gradual increase in the number of published papers until 2022, 

after which a slight decline is recorded. To further narrow down this search and focus on works 

that specifically explore epoxy coatings with nanoparticles providing both anticorrosive and 

antibacterial properties, we can refer to the data presented in Table 3. 

Table 3. Review of publications from 2016 to 2024 on “antibacterial and anticorrosion 

nanocomposite epoxy coating” in Web of Science database. 

Year 2016 2018 2019 2020 2021 2022 2023 2024 

Number of 

publications 1 1 3 4 6 2 7 3 

 

The idea of developing a nanocomposite epoxy coating with anticorrosive and antibacterial 

properties began in 2016 with the work of the author El Saeed [75]. In this study, Cu2O 

nanoparticles were incorporated into epoxy resin at ratios ranging from 0.1 to 1.0 wt. %. The 

research demonstrates that the inclusion of small amounts of Cu2O nanoparticles significantly 

enhances various properties of the coatings, including improved epoxy coating resistance to 

surface damage such as scratches and abrasions, as well as increased microbial resistance, 
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compared to the virgin resins. Table 4 provides additional literature examples of the 

incorporation of nanoparticles with both anticorrosive and antibacterial properties into epoxy 

coatings. 

Table 4. Modifications of epoxy coatings (EP) with nanoparticles. 

Nanocomposite Properties Ref.

EP/Fe2O3 

Iron oxide nanoparticles enhance the adhesion and mechanical 

characteristics (bending, abrasion, and hardness) of epoxy 

nanocomposite films on the steel surfaces and decrease corrosion 

rate was most pronounced for the specimens containing high 

percent of nanoparticles. 

[75] 

EP/Si Coating is durable and mechanically stable and provides good 

resistance to wear and corrosion. 

[76] 

EP/SiO2 

Increase of SiO2 content from 1% to 3% and further to 5% greatly 

increases corrosion resistance of epoxy coatings. With the increase 

in the exposure time, coatings are deteriorated because of water 

uptake, but still possess higher anticorrosive properties. 

[77] 

EP/Cu 

Epoxy/Cu NPs composites with 3 wt. % and 4 wt. % copper 

nanoparticles provide high reactivity against E. coli bacteria. [78] 

EP/TiO2 

EP/FAS-TiO2 

Epoxy coatings with the addition of TiO2 and FAS-TiO2 

nanoparticles reduced E. coli adhesion due to the antibacterial 

effect of the anatase TiO2. 

[79] 

 

EP/TiO2-CuO 

Enhanced corrosion resistance and antibacterial properties of 

epoxy coatings after addition of CuO/TiO2 nanocomposite, 

assessed by observing the growth of Gram-negative bacterium and 

E. coli. 

[80] 

 

 

EP/Zn 

Epoxy coatings containing appropriate proportions of Zn NPs 

exhibit remarkable barrier properties in corrosion protection 

without deteriorating the physical and mechanical properties of the 

coating.  Reduced pitting corrosion tendency by reducing blistering 

[81] 
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in aqueous solution containing chloride (Cl–) ions such as HCl or 

NaCl. 

EP/ZnO Nanocomposite exhibited good antibacterial activity against both 

E. coli and S. aureus.  

[82] 

 

EP/AgO 

AgO nanoparticles as nanofillers significantly improved the 

anticorrosion and mechanical properties of epoxy coatings, and 

deliver antibacterial activity, showing promising solution for  

protection of steel substrates in the marine environment. 

[83] 

 

EP/F-Ag 

Released silver ions from the nanoparticles react with the 

membrane of the microorganism, which results in a reduced level 

of ATP, oxidative stress, and significant damage to cellular 

structures and finally cellular death. 

[84] 

 

According to Table 4, metal and metal oxide NPs are very promising candidates for 

antibacterial agents. Nanomaterials derived from silver, silver oxide, zinc, zinc oxide, copper, 

copper oxide, titanium and titanium oxide showed good corrosion and antibacterial properties 

within the epoxy coating. Several parameters can influence the anticorrosion and bactericidal 

property of the nanoparticles, including size, shape, morphology, stability and surface 

functionalization [85]. Some study indicated that particle size and size distribution are the most 

important characteristics of nanoparticle systems, but it is generally believed that the shapes 

and types of nano-particles play a great role in determining the nanocomposite coatings 

properties [65, 86]. Smaller particles tend to dissolve more quickly and flow more easily, 

leading to higher suspension viscosities compared to larger particles. Likewise, more spherical 

particles tend to flow more easily than high-aspect-ratio particles, which are NPs with a length 

many times that of their width [87]. However, it is essential to ensure the successful formation 

of a 'nanoorganic coating' to retain these desired properties. Agglomeration of nanoparticles 

within the organic coating can lead to the loss of expected properties [88]. 
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2.5.2. Preparation of epoxy nanocomposite coating 

Aggregation, a common yet complex phenomenon for small particles is problematic in  the  

production and application. In the manufacturing process of nanocomposites, one of the most 

significant challenges is achieving uniform dispersion of nanoparticles within the matrix 

material. This is crucial because only well-separated nanoparticles can impart unique properties 

to the composite, such as simultaneous improvements in toughness and stiffness, even at very 

low filler contents [89]. Agglomeration of particles is a basic process that results in a reduction 

of surface free energy by increasing their size and decreasing their surface area [90]. Two 

mechanisms commonly contribute to the agglomeration of nanoparticles: 

1. Brownian agglomeration is mechanism that leads to particles collision and stick together 

because of their random motion.  

2. Gravitational agglomeration is dependent on the size of the particles and their terminal 

velocity. The slowly settling particles are caught by the more rapidly settling particles, leading 

to the formation of clusters [87]. 

In literature, different methods are used to obtain nanocomposite coatings. For example, Shen 

and co-authors [83] applied gentle mechanical stirring, while Xavier dispersed nickel(II) oxide 

nanoparticles in a polymer matrix by stirring at 3000 rpm [91]. Alam and co-authors used an 

ultrasonic homogenizer to avoid agglomeration of nanoparticles [77]. Table 5 summarizes 

various techniques for the dispersion of nanoparticle in epoxy coating. 

 

Table 5. Methods for preparation of epoxy nanocomposite coatings. 

Nanocomposite NPs Incorporation of NP in EP Ref.

EP/Fe2O3 0.1, 1.0, 10.0 wt. % ultrasonication 

(amplitude 25%, 25 min) 

[75] 

EP/Si 1.0 g Si NP mixed in 

5 g of toluene 

planetary centrifugal mixer 

(2 min at 1000 rpm, 1 min at 2200 rpm) 

[76] 

EP/SiO2 1.0, 3.0, 5.0 % stirred (5000 rpm for 45 min) and then 

left for 10 min to get stabilization 

[77] 

EP/Cu 1.0, 2.0, 3.0,  

4.0 wt. % 

magnetic stirrer  

(30 min) 

[78] 
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EP/TiO2 

EP/FAS-TiO2 

3 wt. % spin-coated [79] 

 

EP/ CuO-TiO2 

5.0, 10.0, 20.0 % NPs, acetone and hardener sonicate (10 

min) and EP added with laboratory 

mixer 

[80] 

 

EP/Zn 

0.5, 1.0, 1.5 wt. % ultrasonication (10 min),  

bubbles removing in a vacuum oven  

(at -0.75 bar for 10 min) 

[81] 

EP/ZnO 0.01, 0.05, and 0.1 

M in acetone solvent 

mixing (30 min),  

stabilized for 10 min 

[82] 

EP/AgO 0.5, 1.0, 1.5, 

 2.0 wt. % 

mixing 

(5 – 10 min) 

[83] 

EP/F-Ag 1.0, 3.0, 5.0 wt. % mixing 

(15 min, 60 °C) 

[84] 

 
 

Table 5 highlights several techniques employed to achieve uniform dispersion of particles in 

nanocomposites. Among these methods, mechanical stirring and ultrasonic homogenization are 

the most commonly used. Ultrasonic irradiation, in particular, is well-known for its efficiency 

in dispersing particles due to the cavitation effect [92]. However, for high viscosity epoxy 

resins, additional considerations are necessary. When applying ultrasonic irradiation, it is 

essential to reduce the resin's viscosity by heating to ensure low damping and allow the 

sonotrode to vibrate at its resonance frequency. Conversely, during sonication, the epoxy resin 

heats up and must be externally cooled to prevent degradation [93]. 

 
2.5.3. Effect of nanoparticles on the barrier properties of epoxy coating 

It is well known that cross-linking density and ionic resistance are among the main parameters 

affecting the barrier properties of organic coatings when exposed to corrosive electrolyte. A 

decrease in cross-linking density can lead to an increase in electrolyte permeation into the 

coating matrix. [94]. According to Haddadi et al., the inclusion of nanoparticles in the epoxy 

coating resulted in an increase in coating film resistance, which could be attributed to the barrier 

effect of the nanoparticles. Generally, properties of epoxy coating depend on the concentration 
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of nanoparticles. For instance, the optimum amount of nano Al powder in the epoxy coating is 

about 1 wt. %. Adding nano Al particles into the epoxy resins, the intrinsic pores can be jammed 

and the barrier performance of the coating can be increased [95]. Saber et al. [96] studied the 

effect of nano and micro Al2O3 particles on the barrier properties of epoxy coating. Figure 9a 

shows the damage mechanism in steel coated by epoxy and epoxy filled with Al2O3 micro and 

nano particles after being subjected to tensile loading. The pure epoxy coating (2E) exhibited 

the worst results, whereas the addition of micro (M1N1 sample with 1% wt. % Al2O3 and M2N1 

sample with 2% wt. % Al2O3) and nano (EN1) particles improved the adhesion properties of 

the coating. Figures 9b and c demonstrate that the lowest water absorption was detected for the 

M1N1 composite coating, followed by the M2N1 composite coating. 

 

Figure 9. (a) The damage mechanism in steel coated by epoxy and epoxy filled with 

micro/nano Al2O3 particles after being subjected to tensile loading. The barrier properties of 

steel coated by epoxy and epoxy filled with micro/nano Al2O3 particles when immersed in (b) 

3.5 wt% NaCl and (c) citric acid solution [96]. 

 

The nanosized inclusions reduce the rate of water absorption due to the barrier properties of 

these nanoparticles, by decreasing the voids and the zigzag diffusion path for deleterious 

species. Nanoparticles effectively block the corrosive medium, reduce the tendency of 
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blistering or delamination of the layer, and improve the anticorrosive properties of the 

composite coating. 

In this case of the addition of a higher concentration of nanoparticles, for examples Fe2O3 and 

SiO2 nanoparticles, the properties of the epoxy coating deteriorated due to agglomeration of the 

nanoparticles [95]. 

 

2.5.4. Corrosion inhibition by metal nanoparticles in epoxy coating 

In a literature review, the author Esuyankpa [97] described the mechanisms of the anticorrosive 

effect of nanoparticles. The author emphasizes the key properties of nanoparticles that 

contribute to their effectiveness as corrosion inhibitors. Nanoparticles, with dimensions from 1 

to 100 nanometres, have unique characteristics that are extremely suitable for use in corrosion 

protection. One of the most important properties relevant for this application is their large 

specific surface area. It is this large specific surface area that allows nanoparticles to establish 

multiple points of interaction with corrosive agents, which enables them to create a 

comprehensive protective barrier. 

As shown in Figure 10, at the early stage, when zinc fibres and steel are in contact with in 

corrosive species at damaged areas of the coating, the surrounding nanoparticle are activated 

forming a galvanic cell with the exposed steel.  

 

Figure 10. Schematic illustration of the corrosion inhibition mechanism of zinc fibres and in 

the epoxy coating [98].   

Qi et al [98] demonstrated that active zinc particles serve as an anode and sacrificially corrode 

to protect the steel substrate, which becomes the cathode. This cathodic protection is effective 

as long as there are enough active zinc particles. 
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Additionally, Zn ions form complexes with the product of the cathodic reaction (OH−) and 

create a protective layer that inhibits the flow of cathodic current. This process results in the 

clogging of pores or cracks within the epoxy coating [98].  

According to author Liang [99], aluminium nanoparticles have the ability to cut electrolyte 

penetration through the epoxy coating through the passivation mechanism. In a neutral medium, 

these nanoparticles will undergo an anodic dissolution reaction, forming passive films on their 

surface, including Al(OH)₃, AlOOH and Al₂O. In addition, aluminium expands moderately in 

volume after oxidation, which makes it possible to fill voids in the coating without creating 

significant internal stress. In this system, aluminium nanoparticles act as a sacrificial anode that 

protects the metal surface from corrosion, while simultaneously reducing the transfer of the 

corrosive medium into the coating. 

 

2.5.5. Labyrinth effect of nanoparticles in epoxy coating 

The labyrinth effect occurs in an epoxy coating containing dispersed lamellae that form 

complex barriers, elongating the diffusion path of the corrosive medium and resulting in a 

slower corrosion rate. This effect is most commonly observed in epoxy coatings containing 

dispersed lamellae, such as graphene or MXene, but it can also occur with certain nanoparticles 

[98]. For example, a single water-borne epoxy coating is porous (Figure 11a). Figure 11b shows 

that a small amount of SiO2 is not capable of effectively filling the pores in epoxy resin while 

Figure 11c illustrates that when the coating is uniformly dispersed with an appropriate amount 

of SiO2, pores can be effectively plugged, and penetration path of corrosive media is 

significantly increased [100].   
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Figure 11. Schematic of the modified SiO2 dispersion influence on the barrier properties of 

coating (a) pure coating (b) small amount of SiO2 (c) appropriate amount of SiO2 and (d) 

excess SiO2 [100]. 

 

2.5.6. Antibacterial effect of nanoparticles in epoxy coating 

In the quest for a novel and efficient system providing simultaneous corrosion and antibacterial 

protection, promising initial results are emerging from composite systems incorporating metal 

powder nanoparticles [83].  Metal nanoparticles and metal oxides exhibit exceptional resistance 

to microorganisms and heat, making them viable antimicrobial agents [101]. Nanoparticles of 

metals or metal oxides such as Ag, AgO, Cu, TiO2, Fe2O3 have a great ability to suppress the 

growth of bacteria [84, 83, 102, 103].  

Although the mechanisms behind the antibacterial activity of metallic nanostructures are not 

yet fully understood, various antibacterial actions have been proposed in Figure 12a. 

Nanoparticles have the ability to release ions continuously, which is important for killing the 

microbes. Positively charged ions can adhere to the negatively charged cell wall due to 

electrostatic attraction and affinity to sulphur proteins [104]. Furthermore, nanoparticles, owing 

to their minute size, can penetrate into bacterial cells, which typically range from 0.5 to 3 

microns in size [105]. After the uptake of free ions into the cells, the respiratory enzymes can 

be deactivated, generating reactive oxygen species that cause the interruption of adenosine 

triphosphate production, disruption of the cell membrane and modification of deoxyribonucleic 

acid. Additionally, nanoparticles can eliminate bacteria by accumulating in pits formed on the 

cell wall after anchoring to the cell surface [104]. 
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Figure 12. (a) The antibacterial mechanisms of nanoparticles. (b) Antibacterial activities of 

Al2O3 nanoparticles against  E. coli, S. aureus, and S. mutans. Antimicrobial activities of 

TiO2-APTES nanohybrid coatings against S. aureus [104, 106, 107]. 

Figure 12b presents an example of testing the antibacterial activity of Al2O3 nanoparticles for 

various bacteria in a well diffusion technique [105]. Furthermore, Saravanan et al. [107] 

investigated the effect of TiO2 nanoparticles with 3-aminopropyltriethoxysilane (APTES) 

which was used as a coupling agent to surface treats. The authors of this study successfully 

developed an antibacterial epoxy coating, with the best result achieved using 3% TiO2-APTES 

nanoparticles, as clearly shown in Figure 12c. 

 

2.6. New approaches in characterization of nanoparticles in epoxy coating 

2.6.1. Introduction to SECM 

Scanning Electrochemical Microscopy (SECM) was first mentioned in the middle of ‘80s by 

Bard and Engstrom. SECM is defined as a technique where the current flowing through a very 

small electrode tip (typically an ultramicroelectrode with a tip diameter of 10 pm or less) near 

a conductive, semiconductive, or insulating substrate immersed in a solution is used to 

characterize processes and structural features at the substrate as the tip is moved near the surface 

[108]. Since its introduction, SECM has found a wide range of applications, from degradation 

reaction, catalysis, and chemical corrosion to the study of microorganisms. Consequently, the 

scientific output utilizing SECM has steadily increased over the years, with reports of 

applications in various research areas [109]. 
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Figure 13 shows typical SECM setup with an electrochemical cell containing the substrate, tip 

(UME), reference, and auxiliary electrodes. 

 

Figure 13. SECM device with marked display of all components (type Biologic M470). 

In SECM, the imaging process relies on the interaction of the substrate with a species electro-

generated at the tip. During measurement, SECM can utilize either a direct current (dc) or 

alternating current (ac) signal. Both dc- and ac- SECM can be performed in constant-height or 

constant-distance mode supported by the intermittent contact (ic-) SECM technique. In SECM, 

electrochemical data may be collected in three main modes namely voltammetry 

(amperometric), potentiometric, and ac- modes [110].  

The foundation of amperometric operation is the change in the measured current at the surface 

of a biased microelectrode occurring when it is moved near the surface of a substrate immersed 

in an electrolyte solution containing a redox mediator [111]. There are two distinctive modes 

of SECM data collection, namely positive (Figure 10a) or negative (Figure 10b) feedback and 

generation/collection modes which can be tip generation/substrate collection (TG/SC) (Figure 

10c), and substrate generation/tip collection (SG/TC) (Figure 10 d). 
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Figure 14. Schemes of (a) positive feedback, (b) negative feedbeck, (c, d) generation-

collection (G/C) modes of SECM [111]. 

When SECM uses dc- methods, the choice of redox mediator is very important because the 

wrong choice can lead to an enhanced or inhibited corrosion effect, therefore ac- methods are 

most often used.  

Recently, ac- SECM was introduced as a mediator – independent mode for imaging local 

variations in surface conductivity [111]. Ac- SECM imaging comprises of recording impedance 

(imaginary and real) and phase shift via counter electrode (CE) as a response to the ac- signal 

applied at the UME at a set frequency and excitation amplitude. As the tip approaches the 

insulator, the electrolyte layer between the UME and the surface decreases, the impedance 

increases, and the current decreases (Figure 15) [112].   
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Figure 15. ac- SECM measurement above a non-conducting surface. 

 
Surface activities and surface topography mapping in electrochemical measurement (dc- or ac) 

can also be combined with intermittent contact (ic-SECM). Catarelli et al. [113] elucidate the 

principle of ic-technique. The probe’s vibration spectrum is recorded, and a frequency slightly 

lower than the resonant frequency is selected. Then, the tip amplitude, which should not damage 

the sample, and the set point for surface mapping are determined. The approach to the surface 

is executed until the tip oscillation amplitude reaches the predefined set point by probe 

interaction (damping of vibration) with the surface. Throughout the mapping, a constant tip 

amplitude is maintained, and the topography is determined through mechanical interaction, 

while the electrochemical measurement (dc or ac) is run independently.   

 

2.6.2. dc – SECM analysis of epoxy coating 

Traditional and simple techniques have been used in the evaluation of coatings for many years. 

However, with the advancement of modern methods for protecting metal substrates, the 

necessity for sophisticated approaches has arisen. For instance, the mechanisms of small 

pigments of 20-30 nm (nanotechnology) or coatings that respond intelligently to external 

stimuli (smart coatings) cannot be adequately explained by traditional techniques [114]. In 

corrosion science, SECM has emerged as a valuable tool for characterizing both organic and 

inorganic coatings applied on metals. This technique has found diverse applications, including 

microscopic chemical imaging, the measurement of physicochemical constants and 

coefficients, and as a micromachining tool. Figure 16 illustrates three exemplary applications 

of SECM that highlight the method's versatility in corrosion research. 
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Figure 16. SECM topographic imagines of a scratched (a) neat epoxy coating and epoxy 

coating with ZrO2, TiO2, Mg, and CeO2 nanoparticles coated carbon steel, after 8 hours in 

3.5% NaCl. SECM and SEM image of  (b) a neat epoxy coating and coating with Si 

nanoparticles after 8h in 0.1 M NaCl solution. SECM image of the organic coating with a 

defect (c) the image with a size of 500×500 μm corresponding to an immersion time of 1 and 

48 h [115 –119].  

Extensive research was done by the Xavier (Figure 16a) who focused on the impact of corrosion 

reduction from nanoparticles (TiO2, ZrO2, Mg, Ce) within an epoxy coating in salt water [115–

118]. In this study, a platinum microelectrode traversed the damaged area of the epoxy coating, 

providing information about the dissolved oxygen as a cathode current. As the reduction in 

oxygen is predominant in the cathodic process of corrosion, changes in the concentration of 

dissolved oxygen due to corrosion reactions were the primary focus. Results indicated that all 

nanoparticles led to decrease in current on the damaged epoxy coating compared to the sample 

without nanoparticles. This suggests that the presence of nanoparticles in the epoxy coating 

reduces the dissolution of iron from the metal surface by forming complexes on the surface. 
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The formation of these complexes provides additional barrier protection to the surface, in 

addition to the film resistance. 

Similar research was done by Madhankumar et al [119]. In their study (Figure 16b), the 

behavior of Si NPs on a scratched sample inside an epoxy coating was observed. SEM and EDS 

analysis revealed that Si NP migrated from the film to the scratched area during the exposure 

time. It is hypothesized that Si was dissolved in the solution as ions (Sin+) and then transferred 

from the film to the scratched area. Thus, this result implies a sacrificial effect of Si from the 

film against steel corrosion. 

Furthermore, Xia et al. [120] investigated defects in coatings by using cyclic voltammetry in 

the presence of ferrocenylmethanol as the redox mediator (Figure 16c). SECM results indicate 

that the defect initially increased and then decreased, attributed to the accelerated corrosion of 

carbon steel in the initial stage and subsequently the formation of corrosion product. 

 

2.6.3. ac- SECM analysis of epoxy coating 

Wang et al [121] employed a combination of high and low perturbing frequency of ac- signal 

in SECM measurements on coating sample with scratches and healed coatings. They concluded 

that the ac- SECM image of the sample surface were significantly influenced by the probing 

frequency as well as the selection of the image for the exact part of the impedance response. 

Figure 17a and b shows the coating surface characterized by 3D laser microscopy. In Figure 

17c and d, the ac- SECM graphs with a high perturbing frequency (60 000 Hz) could clearly 

distinguish the scratch topography while ignoring the spatial resolution of surrounding areas. 

Conversely, the ac- SECM graph with a low perturbing frequency (200 Hz) could distinguish 

the scratch topography with little spatial resolution, resulting in probing around the scratch area 

as well. The ac- SECM graph with 3464 showed results very similar to those obtained at high 

frequency (60,000 Hz). These results demonstrated that ac- SECM offered a wider set of local 

electrochemical topographies, illustrating the self-healing procedure at different ac- 

frequencies. 
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Figure 17. 3D laser microscopy micrograph of the scratched test area (a) and the self-healed 

scratch (b) on the epoxy resin coating. AC-SECM image of (c, d) self-healing coating surface 

immersed in a solution of 0.6 M NaCl. DC potential: 0 V. Amplitude of the AC potential 

signal: 10 mV, and different range of frequency [121]. 
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3. DISCUSSION 

 

Article 1 presents research and development of a new and effective epoxy coating system that 

combines anticorrosive and antibacterial properties, specifically designed for protecting cast 

iron in pipelines. This industry segment requires a high level of protection due to constant 

exposure to conditions that can cause rapid material degradation, such as corrosion and bacterial 

infections. For effective protection of cast iron from corrosion and bacterial attacks in pipelines, 

it is crucial to develop and improve coatings that not only offer exceptional corrosion protection 

but also possess reliable mechanical properties that extend the lifespan of the pipeline. Classic 

epoxy resins, although widely used, often do not meet all modern requirements without 

additional enhancements. To increase the resistance of epoxy coatings to corrosion and 

bacterial attacks, special additives, including nanoparticles that act as effective corrosion 

inhibitors, are incorporated into the epoxy resin. Due to their small size and high specific 

surface area, nanoparticles can create a dense and uniform protective layer on the metal surface. 

This layer acts as a barrier, preventing the penetration of moisture, oxygen, and corrosive 

chemicals, thereby significantly reducing the risk of damage to the underlying substrate [122]. 

By incorporating various nanoparticles such as Fe2O3, ZnO, SiO2, CeO2, TiO2, graphene, and 

MXene, nanocomposite coatings based on epoxy have been developed that demonstrate 

exceptional performance. These coatings offer excellent adhesion to metal substrates, provide 

a strong barrier against aggressive substances, and possess high resistance to salt, water, and 

oxygen ingress [123]. The application of these advanced nanocomposite coatings can 

significantly enhance the longevity and safety of infrastructure, especially in industries facing 

harsh operating conditions. Further research and optimization of these materials could lead to 

even more effective solutions for protecting cast iron and other materials in similar applications. 

Article 1 investigated the effects of aluminium (Al), nickel (Ni), and silver (Ag) nanoparticles 

(NPs) integrated within an epoxy coating, aiming to develop an advanced nanocomposite 

coating. This new coating is intended to provide significant improvements in anticorrosive and 

antibacterial properties. To achieve the desired goals, experiments were conducted to analyse 

the performance of different metallic nanoparticles mixed with epoxy resin. The applicability 

of Al, Ni and Ag nanoparticles was examined through various aspects, including their impact 

on the coating's corrosion resistance and its ability to inhibit bacterial growth. The development 

of this advanced nanocomposite coating could significantly enhance the durability and 
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functionality of protective coatings compared to conventional coatings, which is crucial for 

applications in the interior of drainage pipes where corrosion and bacterial depositions are 

serious issues. 

All studied metal nanoparticles (Al, Ni and Ag) and epoxy coating (Bisphenol A) were 

commercially available. A detailed description of the experimental procedure for the 

preparation of the epoxy nanocomposite coating, and the SEM, EDS, and XRF characterization 

of metal nanoparticles (Figure 1, and Table 1) can be found in the Materials and Methods 

section of Article 1. The prepared nanocomposite coatings with 1% of studied nanoparticles 

were also tested in aggressive corrosion conditions in a 3.5 wt. % NaCl solution after 24 h and 

10 days. 

Pure epoxy coating contains, besides the resin alone, different components such as fillers, 

additives, and pigments. Similarly, the studied commercial epoxy coating contained 0.85% of 

aluminium microparticles which were used as a pigment in the epoxy coating. The SEM and 

EDS analyses of pure epoxy coating, as well as the epoxy nanocomposites containing 1% Al 

NP, 1% Ni NP, and 1% Ag NP, are depicted in Figure 2 in Article 1. They have revealed that 

the surface morphology of coating did not change with the addition of nanoparticles. 

In this research corrosion protection by pure epoxy coatings in a 3.5 wt.% NaCl solution was 

examined by electrochemical impedance spectroscopy measurements (EIS) as a non-

destructive method that enables following the corrosion behaviour in time. The recorded 

impedance spectra for all samples, both after 24 hours of testing and after 10 days, were 

analysed using the equivalent electrical circuit shown in Figure 3 in Article 1. This model 

allows for a detailed understanding of the various elements present in the system. The 

equivalent electrical circuit illustrates three key types of resistance affecting the behavior of 

alternating current in the system. The first resistance encountered by the alternating current is 

the electrolyte resistance, Re, followed by the coating resistance, Rcoat, and the charge transfer 

resistance, Rct. Electrical circuit contains also capacitive elements, however real 

electrochemical systems usually do not exhibit ideal capacitive behaviour, for this reason 

constant phase element (CPE) was used for description of coating dielectric behaviour, CPEcoat 

and capacitance of electrochemical double layer CPEdl. 

All samples presented in Article 1 are made of 1% nanoparticles. Concentrations of 1% were 

chosen based on to the electrochemical measurement shown in Figure 18. 
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Figure 18. The Nyquist and Bode plots for nanocomposite with (a,b) 0.5%, 1%, 1.5% Ag 

NPs, and (c,d) 1%, 2%, 3% Ni NPs after 24 h in 3.5 wt. % NaCl solution. 

To determine the optimal concentration of nanoparticles within an epoxy coating, various mass 

fractions of nanoparticles were tested in a 3.5% NaCl solution after 24 hours of exposure. 

According to the literature, the optimal concentration of Ag NPs within the epoxy coating is 

1% [124]. Therefore, concentrations of 0.5%, 1%, and 1.5% Ag NPs were chosen for the study. 

As shown in Figure 18a, the addition of 1% Ag NPs exhibits the best anticorrosive properties, 

which is consistent with previous research and literature. This result confirms that a 

concentration of 1% is ideal for achieving optimal corrosion protection, while lower or higher 

concentrations may result in less effective protection. It can be seen that at low frequencies (10 

mHz) on the Bode plot, the sample with 1% Ag NPs shows the highest impedance (Figure 18b). 

At high frequencies, the Bode diagram for the sample without nanoparticles, as well as the 

sample with 1% Ag NP, shows a high phase angle value of approximately 90°, which extends 

to a frequency of 10 Hz. This high phase angle value at high frequencies reflects the behavior 

of the coating. A high phase angle value indicates that the coating has no significant damage 

and is in good condition immediately after application. It has low high electrical resistance due 



    

39 
 

to the good dielectric properties [125]. However, after below the frequency of 10 Hz, the phase 

angle value begins to decrease, which may indicate the presence of micropores within the 

coating. On the other hand, samples with 0.5% and 1.5% Ag NP show lower phase angle values 

at both high and low frequencies, which may be a sign of possible coating damage. For the 

lower concentrations of silver nanoparticles within the epoxy coating EIS suggest that these 

concentrations have very little potential to improve the properties of the coating, and therefore 

minimally affect its performance and durability [84]. To determine the optimal concentration 

of Ni NPs within an epoxy coating, different concentrations were tested: 1%, 2%, and 3%. The 

literature shows the incorporation of nickel oxide within the epoxy matrix. According to [91], 

the optimal concentration of nickel(II) oxide within the epoxy coating that provides the best 

anticorrosive properties is 2%. However, based on the results shown in Figure 18c, the optimal 

concentration of Ni NPs in epoxy coating is 1%. A possible reason for this deviation from the 

literature could be in the different method of preparing the nanocomposite coating. Differences 

in preparation can significantly affect the distribution of nanoparticles within the matrix, which 

may lead to variations in coating performance. To better understand the reasons for these 

differences, other factors such as the size and shape of the nanoparticles, as well as their 

interaction with the epoxy resin, should be considered, as all these parameters can impact the 

final properties of the coating [66]. In the Bode plot (Figure 18d), it can be observed that the 

behavior of Ni NP is similar to that of Ag NP. The optimal concentration of 1% Ni NPs, in 

combination with the epoxy coating, shows a wide constant value of the phase angle in the 

frequency range, from 100 kHz to 10 Hz. On the other hand, coatings with 2% and 3% Ni NP 

concentrations show reduced phase angle values across the whole frequency spectrum, as well 

as the lower impedance modulus values. This could be the consequence of excessive 

nanoparticle concentration, which may agglomerate and form microdefects in the coating, 

leading to a decrease in anticorrosive efficiency [88]. 

The tested concentrations of Al NPs within the epoxy coating were 0.5%, 0.75%, 1%, 3%, and 

6%. Each of these concentrations was analyzed to evaluate its effectiveness under corrosive 

conditions. A detailed analysis of the behavior of these concentrations in a corrosive medium 

is presented and explained in Articles 2, 3, and 4. 

On the Nyquist diagrams (Figure 4a in Article 1), an increase in the diameter of the capacitive 

semicircles and the impedance modulus is evident in all cases where 1% of different metallic 

nanoparticles was added to epoxy coating which confirms improved anticorrosive properties of 

modified epoxy coatings. The nanocomposite with 1% Ag NPs exhibits exceptional corrosion 
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resistance after 24 hours of exposure in a 3.5% NaCl solution. The resistance of this coating, 

read from the Nyquist and Bode diagram, is 889 MΩ, which represents a significant 

enhancement compared to the initial unmodified epoxy coating, whose resistance is 255 MΩ. 

These results suggest that Ag NP increased the resistance of the nanocomposite by 

approximately 71% compared to the unmodified coating. This improved resistance can be 

attributed to silver's high capacity to inhibit corrosion processes and protect the substrate from 

the harmful effects of chlorides. Ni NPs within the epoxy coating also show a significant 

improvement in corrosion resistance compared to the initial epoxy coating after 24 hours of 

exposure in a corrosive medium. Although the increase in resistance caused by Ni NP is 

somewhat lower compared to that provided by Ag NP, it still amounts to a significant 67%. 

This improved resistance can be attributed to nickel's ability to act as a protective barrier against 

the penetration of corrosive agents. Furthermore, the incorporation of Al NPs within the epoxy 

coating also results in increased coating resistance. In this case, the resistance increases by 

about 55% compared to the initial unmodified epoxy coating. This change indicates that, 

although Al NP does not provide the same level of protection as Ag NP or Ni NP, they still 

significantly contribute to improving the anticorrosive resistance of the system. The increase in 

coating resistance with the addition of nanoparticles can also be tracked on the Bode impedance 

modulus diagram (Figure 4b in Article 1).  

On the Bode diagram, the sample with Ag NP shows the highest impedance values at low 

frequencies (0.1 Hz), followed by samples with Ni NP, Al NP, and finally the epoxy coating 

without nanoparticles. This indicates that the nanoparticles provide a good barrier function, 

preventing the passage of electrolytes and corrosive agents through the coating to the substrate. 

All tested samples show, at hight frequencies, value of the phase angle close to 90°, which 

indicates a predominantly capacitive behaviour of the coating. 

With an increase in immersion time in the 3.5% NaCl solution, a decrease in the resistance of 

all tested coatings was observed after 10 hours. Although there was a decrease in resistance, 

the coatings still provide satisfactory anticorrosive properties (Figure 4c in Article 1). However, 

it was noted that the unmodified epoxy coating shows the greatest decline in anticorrosive 

protection, which is reflected in a significant reduction in the measured coating resistance 

values, Rcoat, which is 5.87 MΩ. This drop indicates that the epoxy coating is particularly 

susceptible to corrosive effects during prolonged exposure. In contrast, coatings enriched with 

nanoparticles show improved effectiveness in corrosion protection, as shown in Table 3 in 

Article 1. Specifically, the sample with Ag NP retains the best anticorrosive properties, with a 
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coating resistance of 25.7 MΩ, showing a high level of protection even after prolonged 

exposure to the corrosive medium. On the other hand, after 10 days of immersion in the 

corrosive medium, nickel nanoparticles (Ni NP) showed the lowest resistance values, indicating 

reduced effectiveness in anticorrosive protection. Conversely, Al NP provided significantly 

better protection, maintaining higher resistance compared to nickel nanoparticles, suggesting 

better corrosion resistance under these conditions. These trends are also clearly visible 

impedance modulus plots in Bode diagram (Figure 4d in Article 1). It is important to notice that 

the epoxy coating without nanoparticles shows the greatest drop in impedance modulus values 

at low frequencies, in time. The Bode diagram also reveals that the end of the phase angle plato 

around -90° starts at higher frequencies for spectra measured after 10 day than for spectra 

measured after 24 h. This trend further confirms that the samples, after prolonged exposure to 

the corrosive medium, began to lose their protective properties, but compared to the unmodified 

epoxy coating, the samples with nanoparticles still exhibit satisfactory anticorrosive properties. 

Table 3 in Article 1 indicates that the addition of nanoparticles increased the value of the coating 

protection efficiency, demonstrating an improvement over time. According to literature, metal 

particles can be converted to a more chemically stable oxides, hydroxide, chloride, or sulphide 

components when reacting with the surroundings and which then results in a better barrier and 

corrosion properties [95, 126, 127].  

Since the experimental part of the work used a neutral 3.5% NaCl aqueous solution, the 

corrosive behavior of nanoparticles within the epoxy coating can be described in more detail 

using Pourbaix diagrams. These diagrams show the dependence of electrochemical potential 

on pH and are used to predict the stability of various metals and their compounds in aqueous 

solutions. Pourbaix diagrams for silver, nickel, and aluminum in chloride aqueous solutions are 

shown in Figure 19. 
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Figure 19. Pourbaix diagram for: (a) silver, (b) nickel, (c, d) aluminium in Cl – H2O sistem at 

25 °C [128,129,130]. 

 

Pourbaix diagrams allow us to understand the stability (immunity), corrosion (activity), and the 

conditions under which the listed metals can form insoluble compounds (e.g., oxides or 

hydroxides) that can further contribute to protecting the metal from corrosion (passivity). The 

Pourbaix diagrams provide insight into the expected corrosive behavior of Ag NP, Ni NP, and 

Al NP when they get in contact with neutral medium like a 3.5% NaCl solution that is 

penetrating into the epoxy coating when samples are exposed to corrosive medium. 
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Since silver is a noble metal, its affinity for oxygen is low. According to the Pourbaix diagram, 

in a neutral solution and at an electrochemical potential of 0.799 V, a layer of AgCl will form 

on the silver surface. The formation of this insoluble AgCl creates a chemical barrier within the 

epoxy coating, slowing down further penetration of corrosive substances to the substrate and in 

this significantly improving the corrosion resistance of the coating.  

On the other hand, Ni NP does not exhibit passive behavior in such conditions. According to 

the Pourbaix diagram, passive oxide films should appear at a pH of 10, which is not the case in 

a neutral solution. Therefore, the increase in volume of Ni NP, which would cause plugging of 

the pores in coating, is not expected. In an article by Pavapootanont et al. [131], it was reported 

that a passive layer containing NiO2, Ni2O3, Ni3O4 and Ni(OH)2 could be formed on nickel 

surfaces in basic aqueous solution. Consequently, nickel nanoparticles showed decreased 

electrochemical resistance, as they were unable to form a surface film, unlike aluminium and 

silver nanoparticles.  

When aluminum comes into the contact with a corrosive medium, it reacts with oxygen in a 

neutral solution and begins to form oxide layers on its surface. These oxide layers act as a 

protective cover, preventing further oxidation of aluminum and improving its corrosion 

resistance. The formation of insoluble Al(OH)3, AlO(OH), Al2O3 and AgCl leads to the creation 

of a chemical barrier within the epoxy coating, which results in a prolonged path of the 

corrosive medium into the coating, and ultimately delays the onset of corrosion of grey cast 

iron [132, 133]. 

Based on these observations, we can conclude that metallic nanoparticles significantly enhance 

the corrosion resistance of the epoxy coating, but the effectiveness of protection depends on the 

type of nanoparticles and the conditions they are in. Silver and aluminum provide significant 

protection through the formation of insoluble compounds, while nickel offers protection 

through various mechanisms of protective layer formation under specific conditions. 

The antimicrobial properties of nanoparticles are influenced by several important parameters, 

including particle size, shape, surface area, surface chemistry, morphology, solubility or 

dissolution rate, purity, agglomeration state, net charge, and physicochemical properties [134, 

90]. These parameters collectively contribute to the diverse mechanisms through which 

nanoparticles exert their antimicrobial effects. The results of antibacterial test against P. 

aeruginosa and B. subtilis of pure metal nanoparticles (Al, Ni, and Ag) are shown in Figure 6 

in Article 1. The diameter of the inhibitory zone indicates that spherical Al NP had a larger 
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zone of inhibition compared to irregular shaped Ag NP. However, research on the 

morphological design of nanomaterials to mimic bacterial shapes and the impact of nanoparticle 

shape on antimicrobial efficiency remains limited [135]. Spherical nanoparticles have 

demonstrated superior antimicrobial effects due to their ability to release more ions, facilitated 

by their larger surface area [134]. Cheon et al. [136] show the ability to control the antibacterial 

activity of Ag NPs by manipulating their shape. In their study, spherical Ag NPs exhibited the 

highest antibacterial activity against E. coli and P. aeruginosa, while triangular plate shape of 

Ag NPs showed lowest inhibition zone against E. coli and almost no antibacterial activity 

against P. aeruginosa. The different shapes of Al and Ag nanoparticle may contribute to the 

superior antibacterial properties of Al nanoparticles. Additionally, Chaudhary et al. [137] 

showed that Ni NPs, with a crystalline size of approximately 30 nm, exhibit strong toxicity 

against bacterial pathogens. It is hypothesized that due to their small size, Ni NPs penetrate the 

bacterial cell membrane and bind to functional groups of proteins, leading to their denaturation 

[138].  

Previous studies have shown that the antimicrobial nature of nanoparticles is dependent on their 

size and shape, with smaller nanoparticles displaying better antimicrobial activity [139]. It was 

assumed that due to their large size range and the potential for agglomeration in aqueous media, 

Ni NPs may not efficiently penetrate the membrane of bacterial cells, resulting in weak 

antibacterial properties (as depicted in Figure 6b and d of Article 1). 

The potential release of nanoparticles from a polymer nanocomposite exposed to the 

environment is closely tied to the degradation of the polymer matrix. This release of 

nanoparticles is particularly relevant in antimicrobial food packaging, where preventing 

foodborne diseases is crucial [140, 141]. Inspired by this concept, the migration of nanoparticles 

from an epoxy coating was studied. Assessing the migration of nanoparticles from epoxy 

coating is highly important, as it introduces a new property for drainage pipe protection. 

Therefore, the mass concentration of Al, Ag, and Ni nanoparticles migrating from the epoxy 

coating to simulated wastewater were determined as depicted in Figure 7 of Article 1. 

The nanoparticles containing 1% aluminium (Al NP) exhibited significant migration, with the 

wastewater reaching a constant concentration of aluminium (1 mg/L) after 10 days of exposure. 

As discussed previously, only aluminium nanoparticles were capable of forming an oxide film 

on their surface. The resulting oxide film covered the surface of the epoxy coating, decreasing 

the dissolution and migration of other nanoparticles located deeper within the coating. 

Subsequent experiments were conducted to evaluate the antibacterial activity of the epoxy 
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coating and 1% Al, 1% Ag, and 1% Ni epoxy nanocomposites against P. aeruginosa and B. 

subtilis over a 24-hour period, following the ISO 22196 standard [142]. It was found that the 

antimicrobial activity was decreasing in the order of 1% of Al NP epoxy nanocomposite > 1% 

of Ag NP epoxy nanocomposite > 1% Ni NP epoxy nanocomposite > pure epoxy coating (Table 

4 and Figure 8 in Article 1). Additionally, Table 4 in Article 1 indicates that samples exposed 

to the Gram-positive bacterium B. subtilis exhibited lower antibacterial activity, likely due to 

the presence of a thick outer cell wall that can hinder nanoparticle penetration into the 

peptidoglycan layer. 

 

In continuation of the research presented in Article 1, Article 2 was developed, which addresses 

a different approach in the preparation of nanocomposite material. While in the literature 

nanocomposite materials are mostly prepared by using mechanical mixing and ultrasonic 

probes, this study explores different concentrations (0.5, 0.75, 1, 3, 6 wt. %) of Al NPs within 

an epoxy coating in addition to the standard mechanical preparation of samples. In the previous 

work (Article 1), the behaviour of nanocomposite materials prepared with Ag, Ni, and Al 

nanoparticles was compared. For further analysis and consideration, the aluminium 

nanocomposite epoxy coating was selected. This coating demonstrated a satisfactory increase 

in anticorrosion properties, while also achieving the best antibacterial properties among the 

tested samples. Although Ag NP showed outstanding results, they were not selected for further 

study as they have already been extensively researched and documented in the existing 

literature. Aluminium nanoparticles, on the other hand, provided an opportunity for additional 

research due to their potential in enhancing the functionality of epoxy coatings, particularly in 

the context of corrosion resistance and antimicrobial efficiency. 

To further investigate the behaviour of Al NP within the epoxy coating, extensive testing was 

conducted using various analytical methods. First, SEM and EDS analyses were applied, 

providing detailed insights into the morphology and composition of Al NP, as well as their 

distribution within the epoxy material. These analyses provided key information on how the 

nanoparticles integrate into the coating matrix, which is crucial for understanding their impact 

on the overall properties of the material. In addition to analysing morphology and composition, 

physical tests of the epoxy coatings were conducted, including measurements of hardness, 

adhesion, thickness, and colour change. These tests were performed under specific low-

temperature conditions, simulating the icing/deicing process within a climate chamber. These 

conditions were designed to mimic the characteristics of a moderate winter continental climate, 
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common in enclosed, unheated spaces. Testing under these conditions allowed for the 

assessment of the coatings' resistance to extreme temperature changes, which is essential for 

the application of materials in real, demanding environments. The results obtained through 

these methods contributed to a better understanding of how Al NP within the epoxy matrix 

enhance the mechanical and aesthetic properties of the coatings, opening new possibilities for 

their application in various industrial sectors. 

The dispersion of nanoparticles and the homogeneity of the layer were observed with the EDS 

analysis (as depicted in Figure 6 and 7 of Article 2). The sample containing 1% Al NPs 

exhibited the best distribution, while large agglomerates were observed in the samples 

containing 3% and 6% Al NPs in the epoxy nanocomposite. The results of physical properties 

such as discoloration, hardness, and coating adhesion to the metal substrate are presented in 

Tables 3 to 5 of Article 2. Consistent with findings reported by Bello et al. [143], the addition 

of Al NPs to epoxy resulted in improved mechanical properties, whereas the same concentration 

of microparticles led to their deterioration. 

A review of the relevant literature leads to the conclusion that the finer size of Al NP compared 

to aluminium microparticles enables better interaction with the epoxy matrix. The smaller 

particle size ensures a larger specific surface area, resulting in better dispersion within the epoxy 

coating and potentially improved material properties. In this study, increase in the concentration 

of Al NP in the epoxy coating did not significantly affect the material's hardness, suggesting 

that the addition of nanoparticles does not substantially alter the coating's mechanical 

resistance. However, despite this, significant improvements were observed in the aesthetic and 

functional properties of the coating, particularly in colour and adhesion, compared to the pure 

epoxy coating. These improvements can be attributed to better integration of the nanoparticles 

with the epoxy matrix, leading to a more homogeneous structure and better adhesion of the 

coating to the substrate. Additionally, testing conducted in a climate chamber, which simulated 

the icing/deicing process, did not result in a reduction of the physical properties of the 

nanocomposite coating. These results indicate the resistance of epoxy coatings enriched with 

Al NP to extreme temperature changes, which is crucial for their application in conditions 

characterized by a moderate winter continental climate. The stability of physical properties 

under such conditions further confirms the potential of these materials for wide industrial use, 

especially in demanding environments. 

EIS measurements were conducted to investigate the effect of increasing the concentration of 

Al NP in the epoxy matrix on the corrosion resistance of the coating. The testing included 
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evaluating the behavior of the coatings in a 3.5 wt. % NaCl solution and in a climate chamber. 

The results were recorded at two key time points: immediately after the coating was dried and 

after 10 days of immersion in the corrosive medium and exposure to the conditions of the 

climate chamber. This dual assessment allowed for the analysis of both the initial corrosion 

resistance and the long-term effects of exposure to corrosive conditions. The results were 

interpreted by using the EEC model, which is detailed and described in Figure 8 of Article 2.  

Electrochemical measurements showed that increasing the concentration of Al NP within the 

epoxy coating from 0.5 to 1 wt. % leads to a significant improvement in the material's corrosion 

resistance (as depicted in Figure 9a Article 2). However, at concentrations higher than 1 wt. % 

Al NP, a decrease in anticorrosive properties was observed immediately after the coating was 

immersed in a corrosive medium. In samples with concentrations of 3 and 6 wt. % Al NP, the 

formation of agglomerates occurred, resulting in reduced coating efficiency in corrosion 

protection. The agglomeration of nanoparticles disrupts the uniformity of the coating and 

creates microscopic voids or weak points within the structure, through which corrosive agents 

can more easily penetrate [144].  

This phenomenon is illustrated in Figure 7 of Article 2, where the agglomeration of Al NP in 

the epoxy coating is visualized. The optimal concentration of Al NPs in the epoxy matrix, which 

in this study is approximately 1 wt. %, allows for achieving maximum corrosion resistance. In 

this case, the corrosion resistance reached a value of 18.8 GΩ. After 10 days of immersing the 

samples in a 3.5% NaCl solution, a decrease in the corrosion resistance of all tested samples 

was recorded, as shown in Figure 9c of Article 2. During this period, a particularly noticeable 

reduction in resistance was observed in the sample with 1% Al NP. In contrast, the sample with 

0.75% Al NP exhibited the best performance in maintaining corrosion resistance. The decline 

in resistance in the sample with 1% Al NP can be attributed to the uneven distribution of 

nanoparticles within the epoxy coating, which led to the formation of a small number of 

agglomerates. These agglomerations are visualized in Figure 7h of Article 2 and may 

significantly impact the integrity of the coating. 

Figures 9b and 9d in Article 2 show Bode plots for all samples, both immediately after 

application and after 10 days of immersion in a 3.5 wt. % NaCl solution. Comparing these two 

plots reveals a significant decrease in the real impedance of all coatings after 10 days of 

exposure to the corrosive medium. Additionally, after 10 days, a drastic reduction in the phase 

angle is observed in EIS spectra of all samples. This decrease in the phase angle indicates that 

the protective properties of all coatings have significantly deteriorated during exposure. The 
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phenomenon of the phase angle decrease is often associated with the occurrence of defects and 

degradation within the coating, resulting in reduced effectiveness in corrosion protection. 

Additionally, according to Figure 10 in Article 2, an increase in the CPEcoat value was observed 

after 240 hours of immersing the samples in the corrosive medium. This increase in the CPEcoat 

value suggests that the coating has absorbed water that the corrosive medium has penetrated 

into the pores of the coating. The increased CPEcoat value could be a result of corrosion products 

forming on the surface of the grey cast iron. These corrosion products may block the pores in 

the coating which enhances the coating's resistance (Rcoat). As a result, a significant increase in 

the protective efficiency of the nanocomposite systems was recorded, as detailed in Table 6 of 

Article 2. 

Additionally, Figure 11 in Article 2 provides a schematic representation of the possible 

incorporation of Al NPs into the added hardener and directly into the epoxy coating via 

hydroxyl groups.  

Throughout the curing process, several reactions between the nanoparticle surface and the 

reaction mixture are possible, depending on the particle size, chemical component, surface 

functional, which all can influence the dispersion structure in the cured nanocomposite [145, 

146]: 

1. Nanoparticles can bind to the epoxy matrix through physical interactions such as:  

(a) Van der Waals forces: these are weak attractive forces that enable the adsorption of 

nanoparticles on the surface of the epoxy resin.  

(b) Mechanical anchoring: nanoparticles can be "trapped" within micropores or rough surfaces 

of the epoxy resin, contributing to mechanical bonding. 

2. If nanoparticles are functionalized (coated with chemical groups), they bind to the epoxy 

resin via chemical bonds such as:  

(a) Covalent bonds: functionalization of nanoparticles allows the formation of covalent bonds 

between nanoparticles and epoxy monomers, creating a strong and stable bond.  

(b) Hydrogen bonds: nanoparticles with functional groups (such as -OH, -COOH) can form 

hydrogen bonds with the epoxy matrix. 

Figure 12a in Article 2 illustrates the consequences of agglomerates within the nanocomposite, 

as numerous studies have indicated their detrimental effects, including the production of defects 
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and stress concentrations that worsen sample properties [147]. The behaviour of the 

nanocomposite containing up to 1% Al NPs is depicted in Figure 12b in Article 2, highlighting 

the appearance of oxide layers on nanoparticles during epoxy coating degradation as a result of 

successful nanoparticle incorporation. 

Epoxy coatings have a porous structure due to the presence of micropores, which allows 

corrosive media to pass through and can lead to corrosion of the underlying structural material. 

This study investigated the effect of different concentrations of aluminium nanoparticles within 

epoxy coatings on their anticorrosive properties. Mechanical mixing of small amounts of 

nanoparticles (0.5%) into the epoxy resin is insufficient to fill the voids and pores in the resin. 

Such a concentration of nanoparticles is not enough to significantly improve the barrier 

properties of the coating. However, when the concentration of nanoparticles is increased to 

0.75% or 1%, a significant improvement in the anticorrosive properties of the coating is 

observed. On the other hand, using larger amounts of nanoparticles, such as 3% or 6%, can lead 

to the formation of agglomerates within the resin. Due to inadequate mixing, after 10 days of 

exposure to a corrosive medium, a deterioration in coating properties was noticed in all samples.  

The study of the impact of ultrasonic preparation of nanocomposite materials and their effects 

on the performance of epoxy coatings is the focus of Article 3. One of the major challenges in 

manufacturing nanocomposites lies in achieving uniform dispersion of nanoparticles within the 

matrix material. Only well-separated nanoparticles can impart unique properties to the 

composite, such as simultaneous enhancement in toughness and stiffness even at very low filler 

contents [93]. Ultrasonic treatment offers numerous advantages over mechanical stirring, 

including high frequency mixing, good directionality and transmissibility, high energy 

concentration, strong reflectivity, and easy availability. Despite its widespread use in 

synthesizing various nanomaterials and their composites, the mechanism by which ultrasound 

influences on the size and dispersibility of particles remains poorly understood. When 

researching literature on ultrasonic dispersion of nanoparticles in epoxy resin, one can find a 

significant variation in information regarding the optimal processing time. Ultrasonication, a 

process where ultrasonic waves are used to disperse nanoparticles within the resin, can cause 

the epoxy resin to heat up. This heating may lead to the resin reaching temperatures that exceed 

its degradation threshold. Therefore, it is crucial to apply external cooling during sonication to 

ensure that the resin temperature remains below this critical limit, thus preventing its 

degradation [93]. 
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This part of the work primarily focuses on studying and providing a clear explanation of the 

differences in test results between nanocomposite coatings prepared using mechanical stirring 

and ultrasonic homogenization. Figure 1 in Article 3 illustrates the ultrasonic preparation of the 

Al epoxy nanocomposite in different ratio (0.50, 0.75. and 1.0 % Al NPs). Additionally, the 

article investigates the physical properties of the coatings in humid and climatic chambers, 

including during icing/deicing processes. Moreover, the article provides a detailed analysis of 

the anticorrosion mechanism of Al nanoparticles in epoxy coating. 

According to Table 2 in Article 3, it is evident that there was no change in the thickness and 

hardness of the coating on the samples despite the addition of Al NPs and exposure of the 

coating to corrosive conditions. However, the adhesion of the coating to the metal substrate 

showed a small increase with the addition of Al NPs. Samples that were exposed to the humid 

and climatic chambers also showed a small increase in adhesion. 

Figure 4 of Article 3 presents the EIS results for epoxy paint and nanocomposite samples with 

different concentrations of Al NPs (0.50%, 0.75%, and 1%), which were prepared using 

ultrasonic homogenization. The results are shown in Nyquist and Bode diagrams. According to 

Figure 4a in Article 3, it is evident that the highest resistance is provided by the nanocomposite 

with 1% Al NPs, while lower concentrations of nanoparticles did not provide adequate 

protection when exposed to 3.5% NaCl solution. Therefore, when an appropriate amount of 

nanoparticles (1%) is present, that are evenly distributed, there is a significant improvement in 

the coating's resistance. Evenly distributed nanoparticles enhance adhesion and compatibility 

with the epoxy matrix. They also reduce the pathways for corrosive electrolytes to pass through 

the coating, resulting in a decrease in the coating's capacitance. As a result, the coating acts as 

a more efficient barrier and exhibits increased corrosion resistance. Small quantities of 

nanoparticles (0.5% and 0.75%) are not sufficient to adequately fill the voids and pores in the 

epoxy resin. Such amounts of nanoparticles are not enough to significantly improve the barrier 

properties of the coating [100]. Figure 4b shows the Bode phase angle plot that reveals that all 

samples, immediately after immersion in a 3.5% NaCl solution, exhibit high dielectric 

properties. This is evident as the phase angle is approximately 80°, and this value is maintained 

across a broad frequency range, from high frequencies of 100 kHz down to low frequencies of 

10 Hz. Figure 4c in Article 3 illustrates the time dependence of the coating resistance of all 

tested samples over 100 days of exposure to a 3.5% NaCl solution. The diagram clearly shows 

that all samples maintain almost constant resistance values during the first 50 days. After this 

period, there is a slight decrease in resistance for samples with unmodified coatings, which may 
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indicate the beginning of degradation of the coating protective properties. In contrast, 

nanocomposite coatings exhibit a gradual increase in resistance after 50 days, suggesting an 

improvement in their protective properties over time. Notably, the most significant increase in 

resistance is observed for the sample containing 1% Al NP, indicating superior corrosion 

resistance of this sample compared to the others. 

By comparing the diagrams in Figures 4a and 4c in Article 3, it can be observed that after 10 

days, there is a significant drop in resistance for all samples. However, following this initial 

decline, Figure 4c shows a continuation of stable real resistance values over the subsequent 

period, particularly for the nanocomposite coatings. Among them, the sample with 1% Al NP 

exhibited the best protective properties, although it also experienced a drop in resistance during 

the first 20 days. This initial drop, reflecting the temporary impact of the aggressive medium, 

is detailed in the following diagram, where the specific behaviour of this sample during the 

early exposure period can be tracked (Figure 20). 

 

Figure 20. (a) Nyquist and (b) Bode plots for 1% Al NP nanocomposite exposed to 3.5% 

NaCl solution for 1, 5, 10 and 20 days. 
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According to the Nyquist plot shown in Figure 20a, it can be observed that the coating's 

resistance begins to improve after approximately 20 days of exposure to a 3.5% NaCl solution. 

In the initial stages of exposure, the plot shows a decrease in impedance, indicating early 

degradation of the coating. However, after 20 days, there is a shift in the shape of the Nyquist 

plot, suggesting an improvement in the electrochemical properties of the coating. This 

favourable trend may be attributed to the formation of a protective layer on Al NPs that 

enhances the coating's resistance to further corrosion. 

Furthermore, as stated in Table 3 of Article 3, the value of CPEcoat for nanocomposites decreases 

with the addition of nanoparticles. This reduction in the CPEcoat value indicates improved 

corrosion resistance. A lower capacitance of the coating typically implies a reduced capacity 

for corrosive interaction with the environment [146]. 

Al NPs that are not embedded in the epoxy coating but are exposed to a humid atmosphere 

(distilled water), will oxidize within 10 days. The chemical composition of the examined 

point/area on the surface of the oxidized aluminium powder is shown in Figure 5 of Article 3. 

The results of the EDS analysis show the presence of aluminium (Al) and oxygen (O) on the 

same surface area. For better clarity, an enlarged view is provided in the Figure 21. 

 

Figure 21. (a) Combined color map of the segment on the oxidized Al NP surface captured 

using the SEM/EDS method at 6 000x magnification. Partial color maps showing the 

distribution of individual chemical elements on the oxidized Al NP surface, captured using 

the SEM/EDS method at 6,000x magnification: b) aluminum (Al) and c) oxygen (O). 
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The mechanism of Al NP oxidation is proposed in Figure 6 of Article 3. According to literature, 

during the oxidation process, the outer layer consists of a mixture of Al2O3 and a hydrated layer, 

primarily in the form of amorphous Al(OH)3, while the inner part mainly comprises Al2O3 and 

a small amount of aluminium oxyhydroxide in the form of AlO(OH) when the nanoparticles 

are in contact with the aqueous medium [148].  

The degradation process of the nanocomposite coating is depicted in Figure 7 of Article 3. The 

aluminium nanoparticles, when in contact with the aqueous medium, form aluminium oxide 

and smaller amounts of aluminium hydroxide and oxyhydroxide, which increases the volume 

of the nanoparticles. In the SEM images shown in Figure 7 of Article 3, it is evident that the 

non-oxidized nanoparticles have a size of up to 100 nm, while the volume of the oxidized Al 

NPs increases to approximately 15 μm. If SEM images of Al NPs and oxidized Al NPs are 

normalized to the same magnification as shown in Figure 2 of Article 3, the following image 

comparison is obtained. 

 

Figure 22. SEM image of the surface of (a) Al NPs and (b) oxidized Al NPs powder at a 

magnification of 10 000x. 

The SEM images in Figures 22a and 22b show a significant difference in the microstructure of 

pure Al NPs versus those exposed to aqueous media. The surface of Al NPs is a fluffy powder. 

At a magnification of 10 000x, it was not possible to accurately determine the size of the 

nanoparticles due to their small size. On the other hand, oxidized Al NPs display notable 

differences. Their images show the presence of particles several micrometers in size, with a 

smooth surface but irregular shapes. These particles suggest a well-developed surface structure, 

likely resulting from oxidation, which has influenced their shape and texture. 
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The mechanism shown in Figure 7 of Article 3 suggests that well-dispersed nanoparticles have 

a significant impact on improving the corrosion resistance. According to this mechanism, the 

nanoparticles create a “labyrinth effect”, which extends the path of corrosive media through the 

coating. This extended pathway slows down the contact of corrosive agents with the underlying 

material, ultimately delaying the onset of corrosion. The “labyrinth effect” arises due to the 

complex distribution of nanoparticles, which impedes the direct access of corrosive agents, 

thereby enhancing the durability and protection of the material against corrosion [131]. 

Figure 8 in Article 3 shows a SEM image of a cross-sectional view of a sample containing 1% 

Al NPs prepared using ultrasound and mechanical mixing. This analysis is related to the 

investigations conducted in Article 2.  

Where it was found through EIS measurements that the anticorrosive properties of the coating 

improved over a short period. The improvement of the coating in a short time period of 10 days 

is the result of the specific method of preparation of the nanocomposite, which was confirmed 

by cross-sectional analysis. Figure 8 from Article 3 shows the SEM analysis of the cross-section 

of the samples, where the samples were made using an ultrasonic homogenizer (Figure 8a, 

Article 3) and a mechanical mixer (Figure 8b, Article 3). By using ultrasonic mixing, better 

anticorrosive properties were achieved over a longer period. Figure 8a in Article 3 shows a 

cross-section of the nanocomposite without air bubbles. Figure 8b in Article 3 shows that a 

sample made using a mechanical stirrer contains air bubbles within its structure. Comparing the 

EDS analysis of the surface of these samples, we can see that the nanocomposite system 

obtained through mechanical mixing contains agglomerates in its structure (Figure 23a), while 

the sample obtained with an ultrasonic homogenizer shows a uniform distribution of particles 

without agglomerates (Figure 23b). 
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Figure 23. Results of EDS analysis with partial staining of the distribution of aluminium 

particles on the cross-sectional surface for a sample of 1% Al NP epoxy nanocomposite 

prepared by (a) mechanical mixing and (b) ultrasonic homogenizer. 

Additionally, the advantages and disadvantages of using mechanical and ultrasonic mixing in 

the preparation of nanocomposite coating are summarized in Table 4 of Article 3. Better 

corrosion resistance and stability of the sample were obtained by ultrasonic preparation of 

nanocomposites due to better dispersion of nanoparticles and the absence of air bubbles. 

Figure 9 in Article 3 shows the SEM and EDS analysis of the surface of an epoxy 

nanocomposite sample with 1% Al NP, prepared using an ultrasonic homogenizer. In this 

figure, the overlap of EDS maps of aluminum and oxygen elements is clearly visible. Such 

overlap suggests that the aluminum microparticles, added to the coating as a pigment, have an 

oxide layer on their surface. This is consistent with the assumption that the aluminum 

microparticles present in the epoxy matrix undergo oxidation during the preparation process. 

Figure 10 in the same article shows Al NPs dispersed in pure epoxy resin, without the presence 

of additional aluminum microparticles. The EDS analysis of this sample did not detect the 

presence of oxygen atoms, indicating that during the mixing of Al NPs into the epoxy matrix, 

no oxidation of the aluminum nanoparticles occurred. This result suggests that the aluminum 

nanoparticles in this case remained stable without forming an oxide layer. 

To complement the EIS measurements on a macro scale, impedance measurements were 

conducted on a micro scale at high frequency (100 kHz), where the capacitive behavior of the 

coating was observed. The Intermittent Contact-Scanning Electrochemical Microscopy (ic-ac-

SECM) test was conducted on pure epoxy resin, pure epoxy coating, and epoxy resin/coating 
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nanocomposite with 1% of Al NP to observe real impedance distribution over a certain area 

(Figure 12 in Article 3). Small variations in the measured impedance distribution values 

indicate a homogeneous structure, while larger deviations are interpreted as consequences of 

the action of added coating components, such as additives in the epoxy paint. The sample 

containing 1% Al NPs in the epoxy paint showed the highest resistance (ranging from 143 kΩ 

to 1.12 MΩ). These values, depicted in Figure 12 in Article 3, for coating resistance were 

utilized to calculate the nanocomposite protection efficiency, the results of which are presented 

in Table 5 of Article 3. Nanoparticles in pure epoxy resin increased the protection efficiency 

by 25.75%, and in the epoxy coating by 40.89%.  

Capacitance is an important parameter to measure the amount of water and corrosive ions 

penetration into the coating [149]. At the micro level, the capacitance of the coating (CPEcoat) 

was calculated according to the following expression [150]: 

𝜔 ൌ
1

𝑅௖௢௔௧ ∙ 𝐶𝑃𝐸௖௢௔௧
 

(1) 

 

At high frequencies (100 kHz), the capacitive resistance (Rcoat) shows lower values (Figure 4b 

in Article 3) due to measurements at these frequencies provide insight into the coating's ability 

to absorb the electrolyte. In Table 6, the calculated values for CPEcoat for all samples are 

presented, based on the data taken from Figure 12 in Article 3, using Equation 1. 

Table 6. Data resulted for measured Rcoat values and calculated CPEcoat values for the samples 

immediately after of immersion in a tap water. 

sample epoxy resin epoxy 
paint 

1% Al NP epoxy 
resin nanocomposite 

1% Al NP epoxy paint 
nanocomposite 

Rcoat, kΩ 447 662 602 1120 

CPEcoat, F 2.23ꞏ10-11 1.51ꞏ10-11 1.66ꞏ10-11 8.93ꞏ10-12 

 

According to Table 6, the addition of Al NPs leads to an increase in the coating resistance 

(Rcoat), which decreases the electrolyte absorption capacity (CPEcoat). In addition to providing 

information about the coating's capacitance, this method offers a more detailed surface insight 

into the distribution of impedance values across the surface. This is a significant advantage over 

the classical EIS method, which only provides an aggregate impedance value and does not 
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allow for detailed mapping of variations across the coating's surface. This advancement enables 

more precise analysis and optimization of protective coatings under various conditions. 

The antibacterial properties of pure Al NPs against P. aeruginosa and B. subtilis were tested 

using the diffusion method. The test results are shown in Figure 13 in Article 3. The inhibition 

zone diameter indicated that Al NPs had a great antimicrobial effect. Pure Al NPs produced 

zones of inhibition of 25 mm against P. aeruginosa and 23 mm against B. subtilis.  

After successfully incorporating aluminium nanoparticles into the epoxy coating via 

ultrasonication, a detailed examination was conducted to investigate whether other added 

components in the epoxy coating affect the nanoparticles. For this reason, the analyses were 

also performed on pure epoxy resin as presented in Article 4.  

 

 

In addition to SEM, EDS, and mechanical resistance assessments of nanocomposites, 

differential scanning calorimeter (DSC) and thermogravimetric analyses (TGA) were also 

performed. Figure 1 in Article 4 shows the SEM and EDS images of pure epoxy resin and 1% 

Al NP epoxy resin nanocomposite. The EDS analyses, as depicted in Figure 1g of Article 4, 

confirmed the homogeneous distribution of Al NPs in the epoxy resin, with particles uniformly 

dispersed at the nano level. Notably, mixing with the ultrasonic probe prevented agglomeration 

of the Al NPs. 

The pure epoxy coating, before modification, contained a small number of aluminium 

microparticles (Figure 2c and d in Article 4). The ultrasonic homogenizer, in addition to  

ensuring the good distribution of nanoparticles, was also effective in breaking up the aluminium 

agglomerates added as pigments (Figure 2h in Article 4).  

According to Table 1 in Article 4, it is evident that the addition of 1% Al NPs did not change 

physical properties such as thickness and hardness of the epoxy resin and epoxy coating. 

Adhesion of the coating to the metal substrate showed a small increase with the addition of Al 

NPs to the epoxy. A significant change is visible in the colour of the coating. All samples 

exhibited stability of mechanical properties in the salt chamber.  

DSC analysis for all samples is presented in Table 2 in Article 4. It is evident that with an 

increase in the proportion of Al NPs, there is a shift of glass-transition temperature (Tg) to lower 
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temperatures, indicating that the nanoparticles are not completely absorbed by the epoxy 

resin/paint and still have intact free nanoparticle surfaces.  

Figure 3 in Article 4 illustrates the thermal stability behaviour of pure epoxy resin, 1% Al NP 

epoxy resin nanocomposite, epoxy paint, and 1% Al NP epoxy paint nanocomposite, while the 

TGA parameters are listed in Table 3 in Article 4. In Figure 3 of Article 4, in addition to the 

TGA curve, its derivative (DTG) is shown on the secondary axis of the coordinate system with 

unit of %/°C. TGA curves for nanocomposites of epoxy resin and 1% Al NP epoxy resin show 

degradation in two phases (Figure 3a,b in Article 4). In both cases, the first stage of degradation 

starts around 100 °C, with the weight loss for the epoxy resin being 13.29% and for the 1% Al 

NP epoxy resin nanocomposites being 11.05%. The DTG curve in this phase gradually 

increased from a lower value. For the pure epoxy resin, the DTG curve reached a value of 

179.25°C, whereas for the 1% Al NP epoxy resin, a slight increase was recorded at 182.73°C. 

The second phase of weight loss, for both samples, started above 300 °C during which the 

weight loss for both samples was approximately 80%. The DTG curve continued to rise in this 

phase. For the epoxy resin, two peaks appear, while the 1% Al NP epoxy nanocomposite 

reaches its maximum peak. From the DTG curves, it can be observed that the rate of mass 

change with temperature at the maximum peaks for both samples is similar, approximately 

25%/°C. 

From the obtained results according to Figure 3c,d in Article 3, it can be concluded that the 

epoxy paint and 1% Al NP epoxy nanocomposite decompose in three stages. The first phase of 

weight loss started above 100 °C and continued until approximately 400 °C. This may 

correspond to the removal of solvent residues or other volatile substances trapped during curing 

due to the complex cross-linked structure of epoxy and reactant residues, as well as the 

degradation of low molecular weight polymer fractions [30]. In this phase, the DTG curve rises 

sharply. For the epoxy resin, at a temperature of 334.03 °C, the mass change rate is about 

2.5%/°C. In contrast, for the 1% Al NP sample, a slightly higher mass change rate of 3.5%/°C 

was recorded at 347.15°C. The second and third stages of weight loss started above 400 °C and 

continued up to 510 °C during which the weight loss for blank epoxy coating and 1.0% Al NP 

epoxy nanocomposite was approximately 27.08, 32.51% and 13.43, 10.87%. The use of an 

ultrasonic homogenizer did not affect the solvent loss during the preparation of the 

nanocomposite. In this phase, the DTG curve for the epoxy resin shows results similar to those 

in the first phase, with a consistent rate of mass change. For the 1% Al NP sample, the DTG 
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curve displays a lower peak at 446.59 °C, with a mass change rate of about 1.9%/°C. At 600°C, 

a significant amount of solid residue appears, which may be related to the presence of additives.  

Table 3 in Article 4 shows all results of TGA analysis for samples of epoxy resin, 

nanocomposite. The onset decomposition temperature (T5), defined as the temperature at which 

a 5% mass loss occurs, decreases with the addition of Al NPs to the epoxy resin, while 

remaining constant for samples made with epoxy paint. The reduction in T5 indicates a decrease 

in thermal stability. The sample with 1% Al NPs within the epoxy resin shows the widest 

decomposition temperature range, from 169.5 to 423.5 °C. In the first stage of decomposition, 

which involves the evaporation of water, or some solvent used, all samples exhibit similar mass 

losses (Δm1): 13.3% for the epoxy resin, 11.1% for the samples with added Al NPs, 0.49% for 

the epoxy paint, and 0.43% for the samples made with added Al NPs. The second and third 

stages of decomposition are related to the remaining components in the samples. The 

temperatures at the maximum decomposition rate (Tmax
2, Tmax

3) show slight differences with 

the addition of Al NPs. The mass loss in the second stage of decomposition (Δm2) is very similar 

for all samples, while in the third stage (Δm3), the sample with epoxy resin shows a decrease 

with the addition of Al NPs, whereas the sample with epoxy paint exhibits a slight increase. At 

600 °C, the samples with epoxy resin show a smaller amount of solid residue compared to the 

sample made with epoxy paint. 

Table 7 shows the thermal degradation of the epoxy coating with different proportions of Al 

NPs, at concentrations of 0.5%, 0.75% and 1% within the epoxy paint. 

Table 7. Results of thermal decomposition of epoxy paint nanocomposite with 0.5%, 0.75% 

and 1% of Al NPs. 

samples 0.5 % Al NP epoxy 
paint nanocomposite 

0.75 % Al NP epoxy 
paint nanocomposite 

1 % Al NP epoxy 
paint nanocomposite 

T5%, °C 289.4 286.5 277.4 

Tfin, °C 469.6 470.4 468.2 

Tmax
1, °C 105.9 101.9 103.0 

Δm1, % 0.43 0.41 0.43 

Tmax
2, °C 352.1 347.2 347.2 

Δm2, % 24.8 29.8 32.5 

Tmax
3, °C 448.1 449.1 446.6 
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Δm3, % 12.7 11.1 10.9 

Residue, 
600 °C 

57.8 58.2 55.5 

 

According to the values in Table 7, the nanocomposite systems with 0.5% and 0.75% Al NPs 

show similar thermal decomposition as the sample with 1% Al NPs, with three distinct stages 

of decomposition. With the addition of Al NPs, there is a decrease in the temperature at which 

5% mass loss occurs (T5%). The sample with 1% Al content has the widest decomposition 

temperature interval from 277.4 to 468.2 °C. Mass loss in the second stage of decomposition 

Δm2 increases with the increase in the proportion of Al, while in the third stage of 

decomposition Δm3 decreases. At 600 °C, a large proportion of solid residue appears as 

observed for previous samples. 

The study of the electrochemical properties of the coating can be found in Figure 5 in the 

Electrochemical impedance spectroscopy section of Article 4. Epoxy coating (Figure 5c in 

Article 4) shows better corrosion resistance than pure epoxy resin (Figure 5a in Article 4), 

indicating that the incorporation of Al NPs into epoxy coating will enhance its properties.  

From the Bode diagram shown in Figure 5b in Article 4, it is clearly visible that at high 

frequencies, both the epoxy resin and the epoxy resin nanocomposite with 1% Al NPs exhibit 

a low phase angle values. This phase angle begins to increase as the frequency decreases. At a 

frequency of around 100 Hz, the phase angle for both samples decrease, but in the 

nanocomposite with 1% Al NP, the phase angle starts to increase again toward lower 

frequencies, down to 0.01 Hz. This increase in phase angle in the nanocomposite can be 

interpreted as an indicator of better protective properties compared to pure epoxy resin. 

Specifically, the Al NPs present in the epoxy nanocomposite provide additional resistance, 

which may explain the rise in phase angle at lower frequencies. It is believed that the 

nanoparticles within the coating matrix contribute to greater protective capacity, resulting in 

enhanced barrier properties and, consequently, better corrosion resistance. In contrast to epoxy 

resin, samples made of epoxy paint show a high value of the phase angle, approximately 90°, 

at higher frequencies. This value remains stable and constant up to a frequency of 100 Hz for 

epoxy paint, while in the case of 1% Al NP epoxy coating nanocomposite (Figure 5d in Article 

4) the constancy of the phase angle extends up to 1 Hz. Such high phase angle value over wide 

frequency range is typical for highly protective coatings. 
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According to Table 4 in Article 4, the same amount of Al NP in the epoxy coating provided 

better corrosion protection by approximately 51.41% compared to epoxy resin. The reason for 

this deviation could be attributed to the presence of additives and aluminium microparticles, as 

well as the superior initial corrosion resistance of pure epoxy coating. Therefore, in addition to 

the EIS measurement, scanning electrochemical microscopy analysis of the samples was 

conducted, providing a surface a representation of the coating in different shades corresponding 

to the electrochemical activity during 30 days of exposure in a 3.5 wt. % NaCl solution. The 

surface distribution of real impedance resistances on epoxy resin and 1% Al NP epoxy resin 

nanocomposite after 1, 15, and 30 days of exposure in a 3.5 wt. % NaCl solution is depicted in 

Figures 6 and 7 in Article 4. The measurements were conducted in tap water, at a frequency of 

100 kHz, and on a surface area of 0.5 mm², with the aim of monitoring changes in the 

capacitance of coatings. According to Figure 6 in Article 4, the impedance value distribution 

across the surface is observed for samples made from epoxy resin. Pure epoxy resin, as well as 

the sample with the addition of 1% Al NP, exhibit a homogeneous structure, as the change in 

impedance values across the surface is minimal. After 30 days of exposure to a 3.5% NaCl 

solution, the epoxy resin shows a slight decrease in resistance, from 366 kΩ to 301 kΩ. In 

contrast, the nanocomposite with 1% Al NP records an increase in resistance, from 506 kΩ to 

654 kΩ. According to equation (1), the capacitance values of the epoxy resin and the 

nanocomposite with 1% Al NP epoxy resin during 30 days of exposure in a 3.5% NaCl solution 

are shown in Table 8. 

Following equation (1), it is possible, using the relation given by the authors Monetta [151] and 

Deflorian [152], to calculate the percentage of the amount of water that can be absorbed during 

exposure to a corrosive medium. This amount of water can be estimated based on the capacity 

of the coating, and is calculated using the following commands: 

𝛷௧ ൌ 100 ∙
logሺ

𝐶𝑃𝐸௖௢௔௧,௧
𝐶𝑃𝐸௖௢௔௧,଴

ሻ

log 80
 

(2) 

where Φt is the volume fraction of water at the time t, CPEcoat,t is the capacitance after the time 

t and CPEcoat,0 is the initial capacitance. Table 8 also shows the calculated values of the 

percentage of water for the samples prepared in epoxy resin. 
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Table 8. Measured Rcoat values and calculated CPEcoat and Φt values for the samples made of 

epoxy resin in a tap water. 

days parameters epoxy resin 1% Al NP epoxy resin nanocomposite 

1 Rcoat, kΩ 366 506 

CPEcoat, F 2.73ꞏ10-8 1.97ꞏ10-8 

 

15 

Rcoat, kΩ 341 597 

CPEcoat, F 2.93ꞏ10-8 1.67ꞏ10-8 

Φt % 1.87 - 

 

30 

Rcoat, kΩ 301 654 

CPEcoat, F 3.32ꞏ10-8 1.53ꞏ10-8 

Φt % 4.46 - 

 
 
Table 8 shows that the addition of Al NPs leads to an increase in the resistance of the coating, 

which reduces the electrolyte absorption capacity. In the epoxy resin, the volume of absorbed 

electrolyte increased from 1.87% to 4.46% over a period of 30 days, indicating a significant 

increase in moisture absorption in the coating. On the other hand, the 1% Al NP epoxy resin 

nanocomposite sample shows a completely different behavior profile. This sample maintains a 

constant capacitance value over the same time period of 30 days, suggesting that no electrolyte 

absorption has occurred. 

According to equations (1) and (2), Table 9 shows the values of capacitance and volume 

fraction of water for samples of epoxy paint and nanocomposite with 1% Al NP epoxy paint 

during 30 days of exposure in 3.5% NaCl solution. 

Table 9. Measured Rcoat values and calculated CPEcoat and Φt values for the samples made of 

epoxy paint in a tap water. 

days parameters epoxy paint 1% Al NP epoxy paint nanocomposite 

1 Rcoat, kΩ 670 990 

CPEcoat, F 1.49ꞏ10-8 1.01ꞏ10-8 

 

15 

Rcoat, kΩ 522 897 

CPEcoat, F 1.91ꞏ10-8 1.11ꞏ10-8 

Φt % 5.67 2.15 

 Rcoat, kΩ 451 793 
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30 CPEcoat, F 2.22ꞏ10-8 1.26ꞏ10-8 

Φt % 9.0 5.0 

 

Table 9 shows that the resistance of the epoxy paint gradually decreases during 30 days of 

exposure to a corrosive environment, which is reflected in the increase in capacitance. Increased 

capacitance indicates a deeper penetration of the electrolyte into the coating, which reduces the 

protective properties of the coating. This is additionally confirmed by the calculated percentage 

of the amount of absorbed electrolyte, which after 30 days is 9%. On the other hand, the 

nanocomposite with 1% Al NPs in epoxy paint shows significantly better corrosion resistance. 

During the same period of 30 days, the nanocomposite maintains an almost stable resistance 

value, which indicates a minimal change in capacitance and thus better protection against 

electrolyte penetration. The percentage of absorbed electrolyte in this sample is only 5%, which 

is significantly lower compared to pure epoxy coating. These results confirm that the addition 

of 1% Al NP significantly improves the resistance of the coating to electrolyte penetration and 

makes it more effective in preventing corrosive processes. 

The Equation (1) in Article 4 calculate coating protection efficiency values for all samples. 

Table 5 in Article 4 confirms that the efficiency of samples of 1% Al NP epoxy resin 

nanocomposite increases with greater exposure to the medium, possibly indicating the 

beginning of oxide film formation. The distribution of real impedances on the surface of epoxy 

coating and 1% Al NP epoxy nanocomposite is illustrated in Figure 7 in Article 4. The addition 

of Al NPs to the epoxy paint increases the value of the relay impedance on the surface, thereby 

improves the anti-corrosion properties of the coating. According to Table 6 in Article 4, the 

addition of Al NPs results in a smaller increase in coating efficiency compared to samples made 

of epoxy resin. The pure epoxy coating exhibits higher corrosion stability than the epoxy resin 

coating, making electrolyte penetration more difficult and hindering the incorporation of Al 

NPs into the epoxy coating. 

The release of Al NPs from epoxy resin, epoxy paint, and nanocomposite in simulated 

wastewater was measured at intervals of up to 30 days, as illustrate in Figure 8a in Article 4. 

The release rate of Al NPs is faster in epoxy resin than in epoxy coating. Both samples, after a 

certain time (10 days of exposure), show a constant mass concentration of aluminium in the 

wastewater. The constant value of the mass concentration of aluminium in the wastewater could 
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be attributed to the oxidation of Al NPs on the surface of the epoxy coating, and the possibility 

of the release of a new Al NPs due to the formation of aluminium oxide. 

The antibacterial activity of the epoxy resin, epoxy coating, 1% Al epoxy resin nanocomposite, 

and 1% epoxy coating nanocomposite against P. aeruginosa and B. subtilis is presented in 

Figure 8c and 8d in Article 4. Both nanocomposites made with epoxy resin and epoxy coating 

exhibited similar antibacterial effect (Table 7 in Article 4). 

The metal NPs slowly release metal ions capable to punctuating holes in the bacterial cell 

membrane and disrupting cellular processes from inside the cell [153, 154]. The toxicity of Al3+ 

ions can lead to excessive generation of reactive oxygen species, increased peroxidation and/ 

or breakdown of membrane lipids, and elevated levels of free radicals. These effects can result 

in irreparable damage to nucleic acids, proteins, membranes, and organelles, ultimately leading 

to the activation of cell death [155].  

To summarise the discussion, Table 6 shows the main contributions of all four articles 

represented as well as their relevance to the doctoral thesis as a whole. 
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Table 10. Summary of individual contributions for presented articles (Article 1, Article 2, Article 3, and Article 4) with united scientific 

contribution for doctoral thesis as a whole. 

Main individual scientific contributions 

Article 1 Article 2 Article 3 Article 4 

- investigate potential of Al, Ni, 

and Ag NP for development of 

epoxy nanocomposite coating 

with dual functionalities: 

anticorrosion and antibacterial 

protection, 

- propose an anticorrosion 

mechanism of action for the 

NPs within the epoxy coating 

based on existing literature and 

experimental findings, 

- performed detailed 

antibacterial characterization of 

all nanoparticles and 

nanocomposites to understand 

their efficacy against bacterial 

strains. 

- investigate the influence of 

mechanical stirring on the 

preparation of aluminium  

epoxy nanocomposites, 

- study the effect of different 

concentration of Al NPs in 

epoxy coating on the properties 

of the nanocomposites, 

- perform detailed physical 

characterization of the 

nanocomposites in a climatic 

chamber to assess their stability 

under varying environmental 

conditions. 

- investigate the influence of 

ultrasonic homogenization 

on the preparation of 

aluminium  epoxy 

nanocomposites, 

- study the effect of different 

concentration of Al NPs in 

epoxy coating on the 

properties of the 

nanocomposites , 

- perform detailed physical 

characterization of the 

nanocomposites in both 

humidity and climatic 

chamber conditions,   

- the advantages and 

disadvantages of using 

- investigate the influence of 

Al NP in epoxy resin and 

epoxy coating on their 

properties, 

- perform detailed physical 

characterization of the 

nanocomposite in a salt 

chamber to assess its behavior 

under corrosive conditions, 

- conduct microanalysis of the 

transformation/degradation of 

the nanocomposite system 

surface in a corrosive medium 

to confirm the formation of a 

passive film on the coating 

surface, 
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- successfully develop Al and 

Ag epoxy nanocomposites and 

evaluate their performance in 

terms of anticorrosion and 

antibacterial properties. 

mechanical and ultrasonic 

mixing in the preparation of 

nanocomposite coatings 

were evaluated, 

- microanalysis of the 

surface of the 

nanocomposite system was 

investigated in order to 

understand its behavior and 

changes in the corrosive 

medium. 

- propose an antibacterial 

mechanism of action for 

nanoparticles within the 

epoxy coating based on 

existing literature and 

experimental findings. 

United scientific contribution 

The epoxy nanocomposite coating described in Article 1, enhanced with Al, Ni, and Ag nanoparticles, demonstrates superior 

efficiency and profitability, particularly evident in the case of Al nanoparticles compared to Ni nanoparticles. Moreover, 

nanocomposite coatings with varying concentrations of Al nanoparticles, prepared through both mechanical stirring (Article 2) 

and ultrasonic homogenization (Article 3), exhibit enhanced anticorrosion properties relative to pure epoxy resin and unmodified 

epoxy coatings (as discussed in Article 4). The mechanism of action of Al nanoparticles within the epoxy coating (discussed in 

Article 3) and epoxy resin (detailed in Article 4) is scrutinized at a micro level by observing the surface transformation of the 

nanocomposite system over time under corrosive conditions. This microanalysis provides insights into how the incorporation of 

nanoparticles influences the coating's behavior and performance. Furthermore, the epoxy nanocomposite modified with Al 

nanoparticles in Article 1 demonstrates potential antibacterial properties against P. aeruginosa and B. subtilis, with the mechanism 
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elucidated in Article 4. It becomes apparent that the modification of the coating with nanoparticles depends significantly on the 

size, shape, and concentration of the incorporated nanoparticles, as evidenced by comparing the properties of the nanocomposite 

coating with unmodified counterparts. In summary, this doctoral thesis shows that adequately prepared nanocomposite Al/epoxide 

coatings provide enhanced corrosion and antibacterial protection to cast iron substrates and present a promising solution for 

protection of wastewater pipelines. 
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4. CONCLUSIONS 
 

Nanocomposite coating as a simple and affordable method for metal protection have good 

prospects for wider application. The interaction and mode of action between nanoparticles and 

epoxy coating is explained in detail in this doctoral thesis. Three different metal nanoparticles 

were used to increase the anticorrosion and antibacterial properties of coating. Since the main 

problem is to incorporate nanoparticles inside the epoxy coating without agglomeration, two 

mixing methods were tested. The nanocomposite system, which showed both anticorrosive and 

antibacterial properties, was analyzed in detail under accelerated corrosion conditions, in pure 

epoxy resin, where the mechanism of action of the nanoparticles themselves was observed. 

Therefore, based on the conducted analyses, the following conclusions were reached: 

 

 Electrochemical tests confirm that the addition of nanoparticles to the epoxy coating 

significantly increases the impedance values. Results from EIS demonstrate that Al and 

Ag nanoparticles embedded in nanocomposites markedly enhance anticorrosive 

properties and inhibit bacterial growth, while Ni NPs exhibit lower efficiency. 

Embedded Al and Ag nanoparticles within the epoxy coating interact with the 

electrolyte, creating a chemical barrier against further penetration of corrosive species 

and forming a passive layer on their surface. Extended exposure to a corrosive medium 

leads to a decrease in electrochemical resistance for Ni nanoparticles due to the absence 

of passive film formation, particularly in neutral media. 

 Nanoparticles containing 1% Al NPs showed significant migration, but after 10 days of 

exposure, the wastewater reaches a constant value of aluminium concentration of 1 

mg/L. Further analysis of the antibacterial activity of epoxy coatings and 1% Al, 1% Ag 

and 1% Ni epoxy nanocomposite against P. aeruginosa and B. subtilis reveals that the 

antimicrobial activity follows the order: 1% Al NP epoxy nanocomposite > 1% Ag NP 

epoxy nanocomposite > 1% Ni NP epoxy nanocomposite > pure epoxy coating. 

 Nanocomposite samples containing up to 1% concentration of Al nanoparticles (Al 

NPs) were successfully dispersed within the epoxy resin and coating, exhibiting uniform 

distribution without agglomerates or air bubbles. This dispersion was confirmed 

through SEM, EDS, and SECM analyses. However, higher concentrations of 

nanoparticles (3% and 6%) led to agglomeration. 

 The remarkable properties of Al nanoparticles, including high reactivity, the ability to 

form a homogeneous structure, bacterial resistance, cost-effectiveness, and limited 
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exploration in the literature, prompted significant interest. Consequently, Al NPs were 

selected for further analyses and investigations. 

 Mechanical property testing of the Al NP epoxy nanocomposite, prepared via both 

mechanical stirring and ultrasonic homogenization methods, revealed several key 

findings: 

1. the addition of Al NPs induced a change in the color of the nanocomposite from red 

to grey, 

2. the hardness of the nanocomposite remained consistent compared to the epoxy 

coating, indicating that the incorporation of Al NPs did not significantly alter the 

material's hardness, 

3. notably, the adhesion of the nanocomposite to the cast iron substrate exhibited a 

remarkable increase compared to the epoxy coating alone, suggesting enhanced bonding 

properties attributed to the presence of Al NPs. 

 Based on the conducted electrochemical impedance spectroscopy (EIS) analyses, the 

following observations were made regarding the resistance of the samples to aggressive 

media: 

1. For samples prepared by mechanical stirring and immediately immersed in the 

aggressive media, the sample containing 1.0% Al nanoparticles (Al NPs) initially 

exhibited the best resistance. However, after 240 hours in the aggressive medium, the 

sample containing 0.75% Al NPs demonstrated the highest resistance. Conversely, 

samples prepared by ultrasonic mixing consistently exhibited higher impedance values 

compared to those prepared by mechanical mixing. 

2. Among the samples prepared by ultrasonic mixing, the highest resistance was 

observed in the sample containing 1% Al NPs, which was tested by immersion in a 

3.5% NaCl solution for 100 days. 

 Based on the results obtained from mechanical mixing and ultrasonic mixing methods, 

the following observations were made regarding the anticorrosive properties and 

stability of the nanocomposite samples: 

1. mechanical mixing resulted in an improvement in the anticorrosive properties of the 

coating within a short period (10 days). However, SEM cross-section analysis revealed 

the presence of air bubbles within the samples, indicating potential issues with 

dispersion and stability. In contrast, ultrasonic mixing led to better anticorrosive 

properties and enhanced stability of the samples over a longer period. This improvement 
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can be attributed to the more effective dispersion of nanoparticles and the absence of air 

bubbles in the nanocomposite matrix. 

2. the release of air bubbles during sample preparation was attributed to the heating of 

the coating, which reduced the viscosity of the liquid. As the viscosity decreased with 

increasing temperature, air bubbles were released more easily, potentially leading to 

even dispersion and increase stability of the samples. 

 The embedding of nanoparticles, specifically Al NPs, within both epoxy resin and 

epoxy coating yields consistent mechanical, corrosion, antibacterial, and migration 

properties. This consistency suggests that the presence of additives within the epoxy 

coating, such as pigments, additives, and fillers, does not adversely affect the efficacy 

of the nanoparticles. In other words, the desired properties conferred by Al NPs remain 

unaffected and stable despite the presence of other components within the epoxy matrix. 

This observation underscores the robustness and versatility of Al nanoparticles as 

additives for enhancing the performance of epoxy-based coatings, regardless of the 

presence of additional ingredients. 

 The SECM analysis of a 1% Al NP epoxy nanocomposite sample reveals a progressive 

distribution of higher impedance resistance across the surface over time. This 

phenomenon can be attributed to the reactivity of aluminum nanoparticles when in 

contact with the electrolyte. Upon contact, aluminum nanoparticles react with water 

molecules, as well as H+ and OH- ions present in the electrolyte solution, initiating the 

formation of an oxide film on their surface. The oxide film formed is characterized by 

its compact nature, and the volume of oxide produced is substantial compared to that of 

the metal nanoparticles themselves. Consequently, as degradation progresses, the oxide 

film originating from the nanoparticles disperses across the surface of the epoxy 

coating. This dispersion of the oxide film contributes to the observed increase in 

impedance resistance, indicating the formation of a protective layer that enhances the 

coating's corrosion resistance over time. 

 The nanoparticles embedded within the epoxy coating have the potential to undergo 

slow and continuous release from the surface. This release process may involve cell 

penetration, as well as adsorption or diffusion of nanoparticles on the cell surface, which 

often serves as the initial step in the stages leading to microbial cell inhibition. In 

particular, the toxicity of aluminum ions (Al3+) can induce the excessive formation of 

reactive oxygen species (ROS), which play a significant role in causing DNA damage 

in bacterial cells. The presence of ROS can disrupt cellular processes and lead to 
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irreparable damage to nucleic acids, proteins, membranes, and organelles within the 

bacterial cell. As a result, the antibacterial properties of the epoxy coating, attributed to 

the release of nanoparticles and subsequent generation of ROS, contribute to the 

inhibition of microbial growth. 
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Abstract: Nanoparticles  are  capable of making more durable  and  stronger materials with better 

chemical resistance. They are used for a wide range of applications. Likewise, the potential of metal 

nanoparticles as antimicrobial agents has been widely studied. In this work, we investigate various 

nanoparticles  (Al, Ni, Ag)  incorporated  into  epoxy  coating.  The  anticorrosion  and  antibacterial 

properties of the unmodified and modified coatings were evaluated. According to the SEM and EDS 

analyses, the coating did not contain agglomerates, which confirms the quality of the dispersion of 

inorganic nanoparticles in the coating. After 24 h and 10days immersions in a 3.5 wt.% NaCl solution, 

the corrosion behaviour for all nanocomposite was studied by means of EIS investigations. The study 

included the evaluation of the inhibition zone of the nanoparticles and the antimicrobial properties 

of  the  nanocomposite.  It  was  found  that  the  nanoparticles  of  Al  and  Ag  provide  excellent 

antibacterial properties. The epoxy nanocomposite with Al NP showed the migration of ions in the 

range from 0.75 to 1 mg/L in a wastewater solution for 30 days, indicating a potential for antimicrobe 

activity.  The  1%  Al  NP  epoxy  nanocomposite  showed  good  anticorrosion  and  antibacterial 

properties and demonstrated great potential for applications in pipelines. 

Keywords: corrosion protection; nanoparticles; epoxy coating; antibacterial activity 

 

1. Introduction 

The 21st century  is marked by the study of nanotechnology and the production of 

nanostructured materials. Nanoparticles (NPs) are a wide class of materials that includes 

particulate substances with sizes between 1 and 100 nm [65].The use of nanoparticles in 

different  fields  such  as molecular  biology,  physics,  organic  and  inorganic  chemistry, 

medicine, and material science is of growing interest in future applications [70]. In recent 

years,  scientists  and  researchers  have  been motivated  to  develop  coatings with  new 

features, such as the possibility of the migration of substances due to the improvement of 

anticorrosive  and  antibacterial  properties.  As  a  result,  nanoparticles  began  to  be 

incorporated  into  the  polymer  material.  The  material  obtained  was  defined  as  a 

nanocomposite, which implies a composition of at least two immiscible phases, and one 

of  them  in  the nanometer  scale  [141]. The ability of nanocomposite material  to  release 

nanoparticles is considered very harmful if applied in the food packaging industry [142], 

but  its application on the surface of drainage pipes is a new  idea for protection against 

microorganisms. Cast iron pipes have been widely used in water distribution systems
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for more than 150 years due to their high mechanical strength and cost effectiveness [3]. 

Whit the development of urbanization and  industrialization, the amount of wastewater 

produced and discharged  increased significantly year by year. Consequently, problems 

such as corrosion, damage, a reduction in the water transport capacity, and an increase in 

the habitat of pathogenic and opportunistic bacteria are becoming serious [6,7]. To achieve 

corrosion protection, organic coatings and corrosion  inhibitors are widely used, but the 

limitations of  these materials, such as high cost, heavy contamination, and operational 

difficulties, has not been completely overcome [143]. Polymer nanocomposite coatings are 

a new generation of coatings which have recently been used for the protection of drainage 

pipes from corrosion due to their superior mechanical strength, stiffness, improved barrier 

properties against oxygen and moisture, increased heat, wear, and use in the simple repair 

of damaged structures [9,10]. Similarly, a new class of “nanometallo‐antibiotics” consisting 

of numerous metal NPs has appeared, which  involves  investigating  their antimicrobial 

properties [11]. It is clear that some metal nanoparticles are effective antimicrobial agents 

against several pathogenic microorganisms, and their action depends on size, shape, and 

surface  charge  [12,13]. Mejía  and  co‐authors  [144]  developed  a  new  thin  antibacterial 

coating with long‐term effectiveness based on silver release that has an antibacterial effect. 

According to the research of Tahir and co‐authors, the incorporation of silver nanoparticles 

(Ag NP) into the epoxy resin reduces the occurrence of bubbling and delamination of the 

coating and improves the durability of the coating [145]. Epoxy antimicrobial coatings are 

of great interest for the protection of surfaces, since the survival of microorganisms on the 

surface environment can be detrimental to materials [83]. Microbially induced corrosion 

(MIC) can be defined as  the process by which biological agents  (live organisms) cause 

changes in the material properties, leading to the structural lowering in quality or value 

[146]. Considering the proven antibacterial efficacy of metal and metal oxide nanoparticles 

in an organic coating with clear known mechanisms of action against bacteria for silver, 

silver oxide, titanium dioxide, iron oxide, and zinc oxide, potential materials with the same 

effect as nickel and aluminum remain poorly researched [16,18,19]. 

Nickel  is a metal relatively resistant  to atmospheric corrosion, but  it also has huge 

potential for the development of antibacterial properties [20,21]. The bactericidal action of 

nickel nanoparticles (Ni NP) has shown a strong effect with particle sizes in the range of 

10–100 nm [147]. Aluminum nanoparticles (Al NP) also have high corrosion resistance, but 

due  to  the  ability  to  create  a  passive  oxidation  layer  their  antibacterial  potential 

increases[142].  It  can  be  concluded  that  certain  metal  powder  nanoparticles  have  a 

cytotoxic and genotoxic  effect on bacteria, and  their  intercalation  in  the  epoxy  coating 

creates the potential for antibacterial protection. In this study, the effect of the Al NP, Ni 

NP, and Ag NP in an epoxy coating on the anticorrosion, migration, and the antibacterial 

property was  investigated.  In  our  current work,  the  composition  and  distribution  of 

particles for these coatings were characterized using SEM and EDS investigations. The EIS 

technique was used  to  characterize  the anticorrosion properties of  the modified epoxy 

coating and epoxy nanocomposite. The migration of nanoparticles from the epoxy coating 

into the wastewater was observed for 30 d, and the possibility of antibacterial action of 

nanocomposite was tested according to ISO 22196. 

2. Materials and Methods 

2.1. Materials 

The metallic  substrate  used  during  this  study was  gray  cast  iron with  chemical 

composition  2.5 C,  1.5 Si,  1.05 Mn,  0.5 P,  0.07 S,  and Fe  in balance  (wt.%). The  epoxy 

coatings that we used in this work were based on diglycidyl ether of bisphenol A, and the 

polyamine hardener was obtained from Hempel (Umag, Croatia). Aluminum, nickel, and 

silver  nanoparticles with  an  average  particle  size  of  about  100  nm were  provided  by 

Guangzhou Hongwu Material Technology Co., Ltd., Guangzhou, China. The 
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morphology of the powder nanoparticles was observed from the SEM micrographs, 

EDS, and XRF (Figure 1). 

 

Figure 1. SEM image and EDS analysis of the (a,d) Al, (b,e) Ni, and (c,f) Ag nanoparticles. 

According to Figure1a–c, the Al and Ni NPs showed spherical particles and the Ag 

NPs  within  irregular  shapes.  All  nanoparticles  showed  different  sizes.  The  small 

nanoparticles had a very large surface area to volume ratio, which gave them huge energy 

and high reactivity. The agglomerates with average particle sizes from 223.4 to 620.7 nm 

were  observed  in  Figure  1a,b.  The  XRF  analysis  of  the  elemental  composition  of  the 

nanoparticle powder showed a high proportion of Al, Ag, and Ni nanoparticles (Table 1). 

Table 1. The XRF analysis of the elemental composition of the nanoparticle powder. 

Al NP Ni NP Ag NP 
Elements wt.% +/− Elements wt.% +/− Elements wt.% +/− 

Al 98.85 0.24 Ni 99.21 0.25 Ag 98.94 0.32 
Cr 0.08 0.01 Cu 0.28 0.05 Cr 0.41 0.10 
Fe 0.03 0.43 Si 0.26 0.05 Co 0.33 0.04 

Residue 1.04 0.01 Co 0.11 0.02 Si 0.33 0.02 
Total 100 - Residue 0.14 0.01 Total 100 - 

   Total 100     

2.2. Preparation of the Epoxy Coating/Nanocomposite 

The epoxy coating was formulated by taking epoxy paint and polyamine hardener in 

the mass ratio of 4:1. Four formulations of prepared coatings are shown in Table 2.
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Table 2. The chemical composition of the tested samples. 

Sample 
Epoxy 

Coating (g) 
Hardener (g) m (Al NP) (g) m (Ni NP) (g) m (Ag NP) (g)  Thickness (μm)

Epoxy Coating  30  7.5  ‐  ‐  ‐  249.1 

1% Al NP  

Nanocomposite 
30  7.5  0.4545  ‐  ‐  256.1 

1% Ni NP 

Nanocomposite 
30  7.5  ‐  0.4545  ‐  266.5 

1% Ag NP 

Nanocomposite 
30  7.5  ‐  ‐  0.4545  264.9 

At  ambient  temperature,  various  nanoparticles were  incorporated  into  the  epoxy 

coating under sonicate agitation for 20 min with a delay in the process due to the cooling 

of  the  nanocomposite.  Polyamine  hardener  was  added  to  the  nanocomposite  and 

mechanically stirred using a glass stirrer. 

Before applying the coating, the panels of 9.5 cm × 0.9 cm × 15 cm gray cast iron were 

abrasively blasted and cleaned with ethanol (70 wt.%). The nanocomposite mixture was 

applied using a film applicator with a wet film thickness of 150 μm. The samples were kept 

at room temperature for 24 h, and then another layer of nanocomposites was applied in 

the opposite direction. The samples were left at room temperature (25°C) for 7 days. 

2.3. Characterization of the Epoxy Coating/Nanocomposite 

To evaluate the size of the nanoparticles, the quality of dispersion, and the appearance 

of the agglomerate of nanoparticles in the nanocomposite, scanning electron microscopy 

(SEM) (TESCAN Brno, Brno, Czech Republic) and energy‐dispersive X‐Ray spectroscopy 

(EDS) analyses were used. 

To  investigate  the  anticorrosion  behavior  of  Al,  Ni,  and  Ag  nanocomposites, 

electrochemical  impedance  spectroscopy  (EIS)  (VersaSTAT  3,  AMETEK  Scientific  131 

Instruments,  Princeton  applied  research,  Berwyn,  PA,  USA)  was  used.  These 

measurements were performed in a three‐electrode electrochemical cell in a 3.5 wt.% NaCl 

solution. The coated gray cast iron was used as the working electrode, with a test area of 

19.75 cm2, a saturated calomel electrode was used as a reference electrode, and the graphite 

electrode was used as an auxiliary electrode. The frequency scan range of 0.1 to 105 Hz 

with  an  amplitude  of  10  mV  was  used.  The  impedance  data  were  fitted  using  the 

ZSimpWin software (AMETEK, Berwyn, PA, USA) (version 3.2). 

The  samples of  epoxy  coating,  1% Al NP  epoxy nanocomposite,1% Ni NP  epoxy 

nanocomposite,  and  1%  Ag  NP  epoxy  nanocomposite  were  placed  in  contact  with 

simulation wastewater according to the DIN EN 877 [148]. For the assessment of Al3+, Ni2+, 

and Ag+ ions’ migration from the epoxy coating, 10 g of each sample was immersed in 100 

mL simulated wastewater for 30 days. In this study, samples were kept in the dark at a 

temperature of 40°C. The  temperature  for  this  study was  chosen according  to  the  real 

conditions  in  drainage  pipes.  The mass  concentration,  electrical  conductivity,  and  pH 

value of the wastewater were determined after 10, 20, and 30 days. The mass concentration 

of Al3+, Ni+, and Ag+ ions in wastewater was determined with the flame atomic absorption 

spectrometry  (F‐AAS)  technique  (Perkin  Elmer Analyst  700, Waltham, MA, USA).The 

conductivity and pH values were measured with a pH/EC meter  (HI5521–02, HANNA 

instruments, Woonsocket, RI, USA). 

The  antibacterial properties of  the Al, Ni,  and Ag were  investigated with  a well‐

diffusion method  [149].  For  this  purpose,  P.  aeruginosa was  used  as  a Gram‐negative 

bacterial strain, and B. subtills as a Gram‐positive bacterial strain. The 24 h aged active 
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bacterial  cultures  were  poured  into  the  Muller  Hinton  culture  medium.  The 

nanoparticle samples dissolved in distilled water (100 g/mL) were added from the stock 

into  each  well.  The  zone  of  inhibition  was measured  using  a  ruler.  After  24  h,  the 

appearance of the inhibition zone was observed. 

The  antibacterial  activities  of  nanocomposites  were  tested  according  to  ISO 

22196:2011 against P. aeruginosa and B. subtilis[134]. The surface of the epoxy coating, 1% 

Al epoxy nanocomposite, 1% Ni epoxy nanocomposite, and 1% Ag epoxy nanocomposite 

were  cut  to  size  50 mm  ×  50 mm  and  inoculated with  0.4 mL  of  105  CFU  bacterial 

suspensions. All samples were covered with polyethylene foil dimensions of 40 mm × 40 

mm (± 1 mm) and a thickness of 0.06 mm. All samples were placed  in a Petri dish and 

incubated at 35  °C  (±1  °C) and 90%  relative humidity  (RH)  (±5%)  for 24 h  (±1 h). The 

number of viable bacterial cells was determined by plating different dilutions on plate 

count agar, incubating the plates for 24 h at 37 °C, and then visually counting the colonies 

[150]. All experiments are  representative of  repeated  trials. Sample error bars on plots 

represent ± SD. The measurement of the inhibition zone was carried out in four sections 

(rotation by 45°) using a ruler with a length of 15 cm. The measurements were repeated 

three times. 

3. Results and Discussion 

3.1. SEM and EDS Analysis of Epoxy Coating/Nanocomposite 

The morphology of epoxy coating and 1 wt.% of Al, Ni, and Ag nanocomposites were 

investigated  using  SEM  analysis.  Figure  2a  shows  the  SEM  images  of  epoxy  coating 

without nanoparticles, which indicates a rough surface morphology with a large addition 

of other  coating  components  such  as  fillers, additives, pigments and  similar. The EDS 

analysis confirms the presence of aluminium particles in the initial sample (Figure 2b,c). It 

was assumed that these microparticles of aluminum were used as a pigment in the epoxy 

coating.  The  presence  of  these  particles  in  the  initial  epoxy  coating  showed  small 

irregularities and  the appearance of agglomerates  (Figure 2b). The EDS analysis of  the 

initial  epoxy  coating  (Figure  2c)  determined  the  percentage  of  the  aluminum 

microparticles, and this was 0.85%. 

With the addition of nanoparticles, the rough surface morphology of nanocomposites 

remained  the  same  (Figure  2e,i,m).The  action  of  the  sonication  process  improved  the 

distribution of the added aluminum particles (Figure 2g). The EDS analysis confirmed the 

uniform distribution of Ni and Ag nanoparticles within the epoxy coating, shown in Figure 

2k,o. Furthermore, EDS analysis determined that all nanocomposite samples contained a 

certain  percentage  of  nanoparticles  that  deviated  very  slightly  from  the  added  1% 

nanoparticles (Figure 2d,h,l,p). 
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Figure 2. The SEM and EDS analyses of (a,b) epoxy coating, (e,f) 1% Al NP epoxy nanocomposite, 

(i,j) 1% Ni NP epoxy nanocomposite, and (m,n) 1% Ag NP epoxy nanocomposite. The EDS 
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mapping  and  element weight  percentages  of distribution  of microparticles  of  (c,d) Al  in  epoxy 

coating, and nanoparticles of (g,h) Al, (k,l) Ni, and (o,p) Ag in the nanocomposite. 

3.2. EIS Analysis of Epoxy Coating/Nanocomposite 

The EIS measurements were performed to investigate the effects of the addition of Al, 

Ni, and Ag nanoparticles on the corrosion protection properties of the epoxy coating in a 

3.5 wt.% NaCl solution with different immersion times. According to the electrochemical 

behavior of the various prepared nanocomposites, the model of the equivalent circuit with 

three  resistance  elements was  chosen  (Figure  3).  This model  demonstrated  electrolyte 

resistance,  Re,  coating  capacitance,  CPEcoat,  coating  resistance,  Rcoat,  charge  transfer 

resistance, Rct, and double  layer capacitance, CPEdl [151]. The behavior of  the CPE was 

shown by the parameter phase shift, n(−1 ≤ n ≤ 1); when n = 0, the CPE represented a pure 

resistor, if n = −1, the CPE stood for an inductor, and if n = +1, the CPE represented a pure 

capacitor [152]. 

 

Figure 3. The equivalent circuits used for fitting the Nyquist and Bode plots for coating. 

The Nyquist and Bode plots for the epoxy coating, 1% Al epoxy nanocomposite, 1% 

Ni  epoxy nanocomposite,  and 1% Ag  epoxy nanocomposite  after  24 h and 10 days of 

immersion in 3.5 wt.% NaCl solution are illustrated in Figure 4a–d. The calculated values 

of the EIS parameters were reported in Table 3. The coating protection efficiency (%CPE) 

also listed in the table was calculated using the equation [153]: 

 

%𝐶𝑃𝐸 ൌ
𝑅ୡ୭ୟ୲ ୵୧୲୦ ୒୔ െ 𝑅ୡ୭ୟ୲ ୵୧୲୦୭୳୲ ୒୔

𝑅ୡ୭ୟ୲ ୵୧୲୦ ୒୔
  (1)

Where Rcoat with NP is the resistance of Al, Ni, or Ag nanocomposites, and Rcoat without NP is the 

resistance of the epoxy coating. 

After immersion, as shown in Figure 4, the electrochemical response of the prepared 

nanocomposites showed one‐time constants. The Nyquist diagrams for epoxy coating had 

the lowest value of Rcoat, implying that the presence of nanoparticles prolonged the use of 

the  gray  cast  iron.  The  nanocomposite with  1%  of Ag NP  showed  the  best  corrosion 

resistance,  followed  by  the  1% Ni NP  nanocomposite  and  1% Al NP  nanocomposite 

(Figure  4a).  All  samples  achieved  a  constant  phase  angle  value  extending  from  the 

medium frequency range (100 Hz) to the high frequency range (105 Hz) after 24 h exposure 

in 3.5 wt.% NaCl solution (Figure 4b). With increasing immersion time (after 10 days), the 

resistance decreased due to the penetration of the electrolyte through the nanocomposite 

layer, and  the corrosion resistance  for 1% Ni and 1% Al nanocomposites became equal 

(Figure  4a,c).  Figure  4c  shows  the  deviation  of  the Nyquist  diagrams  from  a  perfect 

semicircle.  This  phenomenon  is  referred  to  as  frequency  dispersion,  and  has  been 

attributed to the roughness and non‐uniformity of a working electrode, fracture structures, 

and  the  formation  of  porous  layers  [154]. This  behavior  can  be  observed  in  the Bode 

diagram, where the constant area of the phase angle value decreased, indicating that all 

samples had started to degrade (Figure 4d).  
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Based on Table 3, the double layer capacitance between the coating surface/electrolyte 

solutions (CPEcoat value) increased with time. This showed that the absorption level of the 

electrolyte solution in the nanocomposite had increased, but its resistance was still better 

than that of the epoxy coating. Further inspection of the table revealed that the n values 

were close to unity, implying that the interface behaved nearly capacitively. The addition 

of  nanoparticles  increased  the  value  of  %CPE.  In  all  nanocomposites,  the  efficiency 

improved with time. The reason for such behavior could be nanoscale inorganic particles 

that cause better barrier properties. When metals  interact with their surroundings, they 

can be converted into a more chemically stable form such as oxide, hydroxide, or sulfide, 

and thus provide better corrosion resistance [30,31]. 

 

Figure 4. The (a,c) Nyquist and (b,d) Bode plots for epoxy coating, 1% Al epoxy nanocomposite, 1% 

Ni epoxy nanocomposite, and 1% Ag epoxy nanocomposite after  (a,b) 24 h and  (c,d) 10 days of 

exposure to 3.5 wt.% NaCl solution. 
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Table 3. Electrochemical parameters of the EIS experiments for all sample after 24 h, and 10 days of 

exposure to 3.5 wt.% NaCl solution at room temperature. 

Samples  Re, Ω  Rcoat, Ω 
CPEcoat,S∙sec

n
n  Rct,Ω 

CPEdl,S∙se

cn 
n  CPE, %

After 24 h 

Epoxy Coating  195.9  2.55×108  4.8×10−10  0.9641 1.76×108  2.32×10−9  0.9305 ‐ 

1% Al NP 

Nanocomposite 
116.8  5.68×108  6.97×10−11  0.9379 2.034×108  5.67×10−10  0.9505 54.87 

1% Ni NP  

Nanocomposite 
204.1  7.90×108  2.72×10−12  1  4.42×108  1.69×10−9  1  67.72 

1% AgNP 

Nanocomposite 
217.1  8.89×108  5.95×10−12  1  8.81×108  2.12×10−10  1  71.32 

After 10 days 

Epoxy Coating  153.9  5.87×106  7.35×10−10  0.924  4.87×104  4.19×10−9  0.9951 ‐ 

1% Al NP  

Nanocomposite 
100.0  1.67×107  5.63×10−10  0.9102 2.35×106  3.85×10−10  0.9862 64.85 

1% Ni NP 

Nanocomposite 
165.3  2.34×107  1.32×10−11  0.9589 3.34×106  7.53×10−10  0.9357 74.91 

1% AgNP 

Nanocomposite 
135.5  2.57×107  3.64×10−11  0.9525 4.73×106  9.23×10−10  0.9768 77.16 

Figure 5 illustrates the reaction between Al, Ni, and Ag NP and electrolyte, and the 

protection mechanism of  the Al, Ni, and Ag nanocomposites  in contact with corrosive 

electrolyte. When metallic aluminum comes  into  contact with oxygen,  it becomes very 

reactive. A thin layer of alumina (4 nm thickness) forms in about 100 picoseconds on any 

exposed aluminum surface, which acts as a protective covering for further oxidation [155]. 

The Al NPs form an aluminum oxide layer on its surface in contact with the electrolyte, 

according to the following equations [33]: 

2Al + 6H2O → 2Al(OH)3 + 3H2  (2)

2Al + 4H2O → 2AlO(OH) + 3H2  (3)

2Al + 3H2O → 2Al2O3 + 3H2  (4)

The volume of formed aluminum oxides is greater than the volume of nanoparticles, 

which can prevent the further penetration of the corrosive medium, prolong the path of 

penetration of the corrosive medium  into the coating, and ultimately delay the onset of 

corrosion (Figure 5a) [34,35]. 

The Ni NPs did not show passive behavior in the epoxy coating because the 3.5 wt.% 

NaCl solution had a pH value of 7. Nickel did not react with water, and small amounts of 

chloride ions can be exposed on its surface. According to Pourbex’s diagram, passive oxide 

films should appear at a pH‐value of 10 [20,36]. From these results, we can conclude that 

only Ni NPs and a small part of the formed NiCl2 acted to increase the corrosion resistance 

of nickel nanocomposites. The nickel nanocomposite system did not have  the ability  to 

close the micropores formed in the epoxy coating during exposure to a corrosive medium. 

The effectiveness of this coating dropped, as can be seen in Figure 4c,d. 

The Ag NPs have the property of releasing Ag+ ions, which gives them the ability to 

react  with  other  chemical  species  in  the  environment.  Since  silver  is  a  noble  metal 

(E°/V=0.79 vs. SHE), its affinity for oxygen will be low, so a layer of AgCl will form on its 

surface when exposed to 3.5 wt.% NaCl solution [122]. The generation of insoluble AgCl 

leads to the formation of a chemical barrier inside the epoxy coating. Ag NPs act as 
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a chemical barrier against the further penetration of corrosive species from the electrolyte 

to the grey cast iron substrate [38]. 

 

Figure 5. Protection mechanisms of (a) Al, (b) Ni, and (c) Ag nanoparticles in the epoxy coating in 

contact with NaCl solution. 

3.3. Antibacterial Activity of the Al, Ni, and Ag Nanoparticles 

The antibacterial activity of Al, Ni, and Ag nanoparticles was tested against various 

bacterial strains: P. aeruginosa, and B. subtilis. Figure 6 represents the antibacterial activity 

of nanoparticles  for various bacteria  in a well‐diffusion  technique. Arithmetic means of 

measurement results are given with measurement uncertainty U = 1.5 mm, k = 2, and P = 

95%, where U is expanded measurement uncertainty, k the presented coverage factor, and 

P is confidence level. 

 

Figure 6. Zone of inhibition of (a) Al, and (b) Ni, and Ag nanoparticles against B. subtilis, and (c) Al, 

and (d) Ni, and Ag against P. aeruginosa.  
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The  results  indicated  that Al  and Ag nanoparticles  showed  effective  antibacterial 

activity compared to Ni nanoparticles. The diameter of the inhibitory zone shows that Al 

NP had a larger zone of inhibition than Ag NP. In this respect, it was found that the Al 

and Ag NP were poisonous  to both Gram‐positive and Gram‐negative bacteria. Nickel 

nanoparticles showed a very small inhibition zone, due to the large range of nanoparticle 

sizes. Typically, smaller NPs have better interaction with the bacteria due to their ability 

to penetrate a cell and inhibit bacteria growth [156]. Asghari and co‐authors revealed that 

P. aeruginosa showed a high survival rate against Ni NPs and therefore can survive at quite 

high concentrations of Ni NPs [157]. It was assumed that due to their large size range and 

the possibility of agglomeration in aqueous media, Ni NPs could not enter the membrane 

of bacterial cells (P. aeruginosa and B. subtilis) to attach to functional groups of proteins to 

cause their denaturation [40]. 

3.4. Migration Ability and Antibacterial Activity of the Nanocomposites 

A migration of nanoparticles from epoxy coating is a very important test because it 

provides  a  new  property  for  drainage  pipe  protection.  Figure  7  demonstrated  the 

migration of Al and Ni nanoparticles from the epoxy coating into simulated wastewater. 

Released Ag+  ions from the epoxy coating reacted with Cl‐  ions from the wastewater to 

form  a  white  precipitate  of  silver(I)  chloride.  This  is  the  reason  why  the  actual 

concentration of Ag+  ions released could not be determined with F‐AAS  techniques.  In 

Figure 7, the concentration of Ag+ ions in the wastewater were below the detection limit of 

the instrument. 

 

Figure  7. The mass  concentration  of  the migration  of Al, Ag,  and Ni nanoparticles  from  epoxy 

coating to simulated wastewater. 

The  nanoparticles  with  1%  of  Al  NP  showed  significant  migration,  while 

nanocomposites with Ag and Ni nanoparticles showed the lowest value of migration from 

epoxy  coating  to  the wastewater  (Figure 7). The amount of migrated Al NP gradually 

increased  in  the  beginning,  but  after  10  days  of  exposure  the wastewater  assumed  a 

constant  value  of  aluminum  concentration  (1  mg/L).  For  all  samples,  the  pH‐value 

increased very  slightly,  from 7.723  to 8.791, while  the electrical conductivity showed a 

significant increase for the Al NP nanocomposite, from 1.085 to 2.083 mS/cm. 

The migration of nanoparticles from the epoxy coating was stimulated by the action 

of  the wastewater. Aluminum nanoparticles were  the only ones capable of  forming an 

oxide  film  on  their  surface.  The  resulting  oxide  film,  with  its  passivity,  closed  the 

micropores of the epoxy and did not allow the oxidation and migration of other 
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nanoparticles located further from the surface of the epoxy coating. The incorporation of 

certain metals and metal‐oxides  in  the epoxy polymers also  led  to  the development of 

‘active’ materials that prevented the growth of microorganisms, and hence preserved the 

quality of water pipes during the transportation of wastewater. According to ISO 22196, 

the  antibacterial properties of  the  epoxy  coating  (control  sample)  and nanocomposites 

were determined by measuring the reduction in antibacterial activity. Consistent with the 

ISO guidelines, the reduction in antibacterial activity was estimated using the following 

equation [41]: 

reduction of antibacterial activity ൌ
ሺ𝐶𝐹𝑈଴௛ െ 𝐶𝐹𝑈ଶସ୦ሻ

𝐶𝐹𝑈଴௛
ൈ  100  (5)

where CFU0h is the bacterial colony forming units obtained for the control samples before 

incubation,  and  CFU24h  is  the  bacterial  colony  forming  units  observed  for  the  test 

conditions for the nanocomposites after incubation. 

The  antibacterial  activity  of  the  epoxy  coating  and  nanocomposites  against  P. 

aeruginosa and B. subtilis after a 24 h exposition period  is presented  in Figure 8 and the 

reduction in antibacterial activity in Table 4. 

 

Figure 8. Antibacterial activity of epoxy coating, and 1% Al, 1% Ag, and 1% Ni epoxy nanocomposite 

on (a) P. aerugionosa and (b) B. subtilis during 24 h according to the ISO 22196 standard. 

Table 4. Average values of bacterial reductions of epoxy coating and 1% Al NP, 1% Ag NP, and 1% 

Ni NP in nanocomposite against P. aeruginosa and B. subtilis after 24 h. 

    Nanocomposite 

  Epoxy Coating  1% Al NP  1% Ag NP  1% Ni NP 

P. aerugionosa  4.17±0.09  61.46±2.64  45.83±4.05  11.46±0.92 

B. subtilis  3.44±0.11  55.31±0.16  42.19±1.41  11.25±0.15 

Based on the evaluation of bacteria (Figure 8), we concluded that after 24 h incubation 

the highest live count of P. aeruginosa and B. subtilis was observed on the epoxy coating 

samples  and  samples  containing  1%  of  Ni  NP  in  the  nanocomposite  (Table  4).  The 

nanocomposite  with  1%  of  Al  NP  exhibited  the  highest  antibacterial  effect,  with  a 

reduction of 61.46 ± 0.09% for P. aeruginosa and 55.31 ± 0.16% for B. subtilis (Figure 8, Table 

4).  The  1%  of Ag NP  in  the  epoxy  coating  showed  the  second‐greatest  antimicrobial 

potential and achieved a 45.83 ± 4.05% cell reduction for P. aeruginosa and 42.19 ± 1.41% for 

B. subtilis, respectively, after 24 h incubation. However, the average leaching potential of 

Al NP was better  than Ag NP  in  the epoxy coating  (Figure 7).  In contact with aqueous 

media, the Al NP formed an aluminum oxide and smaller amounts 
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of aluminum hydroxide and oxyhydroxide  [123]. The attraction between nanoparticles 

and bacteria depends on  the surface charge of  the nanoparticles and  the bacteria  [158]. 

Gram‐positive  bacteria  (B.  subtilis)  consist  of  a  thick  layer  of  peptidoglycan, which  is 

embedded  in teichoic acid, while Gram‐negative bacteria (P. aeruginosa) have a  layer of 

lipopolysaccharide  at  the  external  surface.  The  teichoic  acid  and  lipopolysaccharides 

impart  a  negative  charge  to  the  surface  of  bacterial  cells  [43]. The  negatively  charged 

bacterial  surfaces  of  P.  aeruginosa  and  B.  subtilis  strongly  attract  the  resulting  highly 

positively charged oxides, for example Al2O3 [44]. Better electrostatic attraction between 

bacteria and particles will result in better antibacterial action, which is visible in Figure 6c 

and  Figure  8a.  Table  4  shows  that  less  antibacterial  activity was  evident  in  samples 

exposed to the bacterium B. subtilis due to the thick outer cell wall, which can hinder NP 

penetration into the thick peptidoglycan layer. 

In contact with corrosive media, Al NPs react with water molecules and the following 

redox reactions occur [45]: 

Al(s) + 6H2O(l) → 2Al3+(aq) + 6OH–(aq) + 3H2(g)  (6)

In the oxidation reaction, the Al3+ ion is formed, which is toxic to bacteria. Also, the 

resulting  oxidation  products  can  release  the Al3+  ion, which will  affect  the  life  of  the 

bacteria [158]. The mechanism of action of Al3+ ions has not been fully clarified yet. Cell 

penetration and the adsorption or diffusion of NPs at the cell surface is often the initial 

step in the stages involved in some microbial cell inhibition [46]. According to literature 

[139], an increased Al3+ concentration can stimulate reactive oxygen species (ROS), which 

can act as the main factor in DNA damage in bacterial cells. 

4. Conclusions 

The influence of nanoparticles in the epoxy coating leads to the modification of the 

internal defects  in  the coating due  to  the  filling of voids and blocking of easy access  to 

channels. Nanoparticles  that  could  react with a  corrosive medium prolong  the path of 

penetration of corrosive species from the electrolyte to the metal substrate. Likewise, the 

resulting corrosion product on the nanoparticle is dangerous for lower organisms and can 

be used for the formation of a new property of the coating. These studies showed that Al 

and  Ag  nanoparticles  embedded  in  nanocomposites  can  significantly  improve  the 

anticorrosive properties and inhibit bacteria, while Ni NPs have lower efficiency. Due to 

remarkable properties like high reactivity, the ability to form a homogeneous structure, 

bacterial  resistance,  cost‐effectiveness,  and unexplored  literature, Al NPs  attracted our 

enormous  interest  and will  continue  to  serve  for detailed  analysis  so  that  they  can be 

applied as a protective additive in epoxy coating for the protection of pipelines. 
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Abstract: During exploitation,  the properties of  the epoxy coating deteriorate and  therefore,  it  is 

necessary to modify it with metal particles. In this paper, spherical aluminium nanoparticles (Al NP) 

of  100  nm with  99.9%  purity were  used  to modify  the  epoxy  coating  for  the  better  corrosion 

protection of grey cast iron. Pure Al has a high corrosion resistance and can form a thin protective 

film  that  prevents  its  further  oxidation,  thus,  becoming  inert  and  environmentally  friendly.  To 

examine  these  facts, different concentrations  (0.5, 0.75, 1.0, 3.0, and 6.0 wt.%) of Al nanoparticles 

were  dispersed  in  the  epoxy  coating.  The  surface  of  the modified  nanocomposite  coating was 

analysed using  scanning  electron microscopy  (SEM)  and  energy dispersive  spectrometry  (EDS). 

Furthermore, the physical properties such as colour, thickness, hardness, and adhesion to the cast 

iron surface were tested as well. The same properties were tested by exposing the sample plates to 

corrosive conditions in the climate chamber. Their anticorrosion properties were investigated using 

electrochemical  impedance spectroscopy (EIS) by their  immersion  in 3.5 wt.% NaCl solution as a 

corrosive medium. The coating with 0.75% Al NP showed the best corrosion resistance after 10 days 

of exposure in salt water, while the sample with 1.0% Al NP showed the best corrosion resistance 

after exposure to the icing/deicing process. 

Keywords: epoxy; aluminium nanoparticles, coating; anticorrosion 

 

1. Introduction 

Cast  iron  is  a material  that  is  commonly used  for drainage  pipe  systems  as  it  is 

resistant to varying and moderately high internal pressures [65]. This material has also a 

high corrosion resistance [70], but when it is exposed to an aggressive medium, it is subject 

to electrochemical corrosion and a special form of corrosion known as graphitic corrosion 

or graphitization of cast iron [141]. The most effective way of dealing with this issue is to 

apply a multi‐layered coating system. For this purpose, epoxy coatings are used as they 

have good protective barrier properties, high adhesion  to  the metal substrate  [142], are 

easy to apply, and are not expensive. During the exploitation process, the properties of the 

epoxy coating deteriorate, and this leads to blistering and the creation of micropores and 

microcracks  [5].  Consequently,  these  organic  coatings  need  to  be  modified.  Organic 

coatings consist of pigments that are dispersed in a binder; this is usually epoxy resin. Due 

to the complex composition of the epoxy coatings, it is not possible to predict what effects 

the ingredients will have on the coating properties as thinners and solvents for paints and 

varnish mixtures of organic liquids are used [6]. 

When looking for a new and efficient anticorrosion system, some promising initial 

results are given by nanocomposite systems. With the development of nanotechnology, 

researchers have started using nanoparticles to modify epoxy resins. The epoxy coating
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containing  nanoparticles  (nanocomposite)  showed  great  improvements,  as  the 

nanoparticles have a large specific surface area, are described by a quantum‐mechanical 

method, and show a tunnelling effect [6,7]. Their small size enables the blocking of the 

micropores and increases the anticorrosion properties [8]. Compared to traditional micro‐

sized materials, the nanomaterials can more effectively improve the corrosion resistance 

of the waterborne coating at lower weight percentages [9]. There are different methods of 

incorporating  nanoparticles  into  the  epoxy  matrix.  Not  only  the  morphology, 

arrangements, and volume fractions of the nanomaterials have an important effect on the 

properties of waterborne nanocomposite coatings, but also the dispersion quality of the 

nanomaterials  in  the  polymer  resins  is  crucial  for  the  properties  of  the  waterborne 

nanocomposite  coatings  [9]. According  to  the  research  of  Shen  and  co‐authors,  light 

mechanical stirring enables the uniform dispersion of 1.0% of silver(II) oxide nanoparticles 

in pure epoxy resin [6]. Moreover, the author Xavier successfully dispersed the nickel(II) 

oxide nanoparticles in the polymer matrix at a stirring speed of 3000 rpm and by using 

acetone as a solvent [10]. 

By adding nano aluminium, which  is a non‐toxic material, environmentally  friendly 

coatings can be developed. Several studies have considered the desirable anti‐corrosion 

properties  resulting  from  the  addition  of  nano  Al  to water‐based  coatings  [11].  The 

purpose  of  the  study  by  Bello  and  co‐authors  is  to  achieve  the  improvement  of  the 

mechanical properties of the epoxy resin by using aluminium nanoparticles (Al NP). The 

authors showed the improvement of the mechanical properties of it but did not investigate 

the impact of Al NPs on the corrosive medium [12]. Penna and co‐authors dispersed 2.0% 

and  3.0%  Al  NPs  in  alcohol  solutions  and  obtained  an  epoxy  coating  with  super‐

hydrophobic  properties  [13].  Liang  and  co‐authors  claimed  that  the  best  corrosion 

protection is achieved with 5 wt.% Al NP using mixers and solvents [14]. The effectiveness 

of  the anticorrosive nanocomposite depends on  the properties of  the nanoparticles,  the 

barrier  property  of  the  polymer matrix,  and  the  dispersion  of  the  nanoparticles.  The 

influence of mechanical mixing on  the dispersion of Al NPs  in  the polymer matrix  is 

presented  in  this  paper.  This  research  showed  that  this  method  of  nanocomposite 

preparation can be used to incorporate Al NPs up to 1.0%. 

This paper aims to establish the maximum concentration to which the nanocomposite 

coating  can  be  developed  by  mechanical  mixing  of  nano‐  and  micro‐particles  of 

aluminium without adding solvents. This study is useful because the nanocomposite that 

is obtained in such a way shows excellent corrosion resistance and extends the life of a 

pipe. The high electrochemical reactivity and tendency of the aluminium nanoparticles to 

react with oxygen and moisture cause an oxide layer to form on their surface that prevents 

further  corrosion  [15].  Moreover,  by  using  affordable  devices  for  obtaining  the 

nanocomposites, the epoxy coating is affordable for its use in the industry. To achieve a 

favourable outcome, in this paper, a combination of micro‐ and nanoparticles was used. A 

modified epoxy coating was characterised using a scanning electron microscope  (SEM) 

and energy‐dispersive X‐ray spectroscopy  (EDS), whereas  the corrosion behaviour was 

investigated in a simulated marine solution (3.5% NaCl) and through the icing process at 

−5 ◦C in the climate chamber. 

In this study, grey cast iron was investigated. 

2. Materials and Methods 

2.1. Material 

The chemical composition of cast iron is as follows: 1.54 wt.% Si, 24.52 wt.% C, and 73.94 

wt.% Fe. The microstructure of the cast iron that was used in this study is shown in Figure 

1. 
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Figure 1 presents a typical microstructure of cast iron containing graphite. The graphite 

form in the cast iron is classified according to ISO 945‐1:2017 [16]. The view of the cast iron 

microstructure  in Figure 1  shows  the  flake graphite  that, according  to  the  standard,  is 

marked as type IA. 

 

 

Figure 1. Microstructure of grey cast iron microstructure in the unetched state. 

To remove corrosion products from the metal substrate, ethanol (70 wt.%) was used. 

Aluminium nanoparticles (100 nm in size) whose chemical composition is shown in Figure 

2 were obtained from Guangzhou Hongwu Material Technology Co., Ltd. (Guangzhou, 

China). 

  

Figure 2. Chemical composition of Al NP. 

The epoxy coating was prepared using epoxy resin (Bisphenol A, Hempel, Croatia) and 

hardeners (polyamine, Hempel, Zagreb, Croatia). For removing bubbles from epoxy resin, 

isopropanol was used. 

2.2. Preparation of the Epoxy Coatings 

Grey cast iron plates with dimensions of 9.5 cm × 0.9 cm × 15 cm were used as substrates. 

The surfaces of grey cast  iron were cleaned with abrasive blasting (Rz of 136.7 μm) and 

ethanol to remove surface contaminants. To find the best concentration of Al NPs which 

may  improve  the  anticorrosion  protection  of  the  epoxy  coating,  different  weight 

percentages of Al NPs were dispersed in the epoxy coating. Table 1 shows the composition 

of the prepared nanocomposites. 
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Table 1. Incorporation of aluminium nanoparticles in epoxy resin and thickness of the obtained 

nanocomposites. 

Sample  Epoxy Resin (g)  Hardener (g)  Al NP (%)  Thickness 

(μm) 

blank_epoxy  30  7.5  0  207.2 

0.50%_Al  30  7.5  0.50  228.1 

0.75%_Al  30  7.5  0.75  235.4 

1.0%_Al  30  7.5  1.0  229.7 

3.0%_Al  30  7.5  3.0  212.3 

6.0%_Al  30  7.5  6.0  226.7 

 

Aluminium nanoparticles were added to the epoxy resin and mixed using a glass stick. 

Thereafter,  the nanocomposites were put  in  a dispersing device  (Ika T25, ultra  turrax 

disperser, IKA®‐Werke GmbH & Co. KG, Staufen, Germany) at a speed of 3000 rpm for 3 

min. After that, the hardener was added, and everything was mixed using a glass stick 

until a homogeneous mixture was obtained as shown  in Figure 3. The epoxy resin and 

hardener were added  in a  ratio of 1:4. No  solvents were added during  the dispersion 

process. The obtained nanocomposites were applied to a previously degreased grey cast 

iron  substrate using an applicator  (150  μm). To  remove bubbles  in  the nanocomposite 

coating,  immediately  after  the  application,  the  coating was  sprayed with  isopropanol. 

Then,  the  samples  were  dried  at  100  ◦C  for  40 min.  After  cooling,  another  layer  of 

nanocomposites was applied  in  the opposite direction  (150 μm applicator). The drying 

time was the same as for the previous layer. The samples were left at room temperature 

(25 ◦C) for 7 days and then tested again (Figure 3). 

 

 

Figure 3. Description of modified nanocomposite coating preparation, application, and drying. 

The homogeneity of the nanocomposite coating layer was investigated using a scanning 

electron microscope (SEM) (TESCAN Brno, Brno, Czech Republic) at a high vacuum, with 

10 kV, a spot size of 3, and a work distance of 6 mm. The size distribution and dispersion 

of nanoparticles, the homogeneity of the layer, and the occurrence of agglomeration were 

observed. The microanalysis of the chemical composition of the sample was conducted 

using the energy‐dispersive (EDS, INCA PentaFET, Oxford, United Kingdom) detector. 

The change in colour of the nanocomposite coating was determined using RAL colour 

chart (RAL gGmbH, Siegburger, Germany). Elcometer®456 (Elcometer Limited, Edge
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 Lane, Manchester, UK) was used  to assess  the  thickness of  the nanocoating sample. 

Measurements were performed on ten different locations per sample. The hardness of the 

coating was  tested  according  to  ISO  868:2003  [17].  The  testing was  performed  using 

PosiTector  SHD  Shore Hardness Durometer  (DeFlesko Corporation, Ogdensburg, NY, 

USA). The Elcometer 510 Automatic Pull‐Off Adhesion Tester (Elcometer 510, model T, 

Manchester,  UK)  was  used  to  measure  the  strength  of  the  bond  between  the 

nanocomposite  coating  and  the  grey  cast  iron  substrate.  Aluminium  dollies  (20 mm 

diameter) were adhered to the topcoat surface using a two‐part epoxy adhesive (Araldite 

resin and Araldite hardener). The coating adhesion was tested after 24 h. 

To test the coating stability at low temperatures, the samples were placed in the climatic 

chamber  (Climatic  chamber Kambic KK‐190  CHLT,  CiK  Solutions GmbH, Karlsruhe, 

Germany).  The  first  test  cycle  lasted  24  h,  the  samples were  placed  at  5  ◦C with  0% 

humidity. In the second cycle that followed the first one, the temperature was lowered to 

−5  ◦C  for  2 h. This was  followed by  an  intermediate  step where  the  conditions  in  the 

chamber varied from 3 ◦C/h to 10 ◦C. The third test cycle at 10 ◦C and 70% humidity lasted 

1440 min. After the icing/deicing process, the physical and chemical properties of samples 

were tested after they reached room temperature. 

Open‐circuit potential (OCP) was first obtained over a period of 20 min to study the 

changes  in  the  corrosion  potential  of  the  coatings.  Electrochemical  Impedance 

Spectroscopy (EIS) was used to evaluate the resistance of the nanocomposite coating  in 

3.5% NaCl solution, pH = 7.554, while it was open to the atmosphere. For this purpose, 

VersaSTAT  3 Potentiostat/Galvanostat  (AMETEK  Scientific  131  Instruments, Princeton 

applied  research, Berwyn, PA, USA) was used. Measurements were performed  in  the 

frequency  range  from  100  kHz  to  0.1 Hz,  a  potential  amplitude  of  10 mV  at  a  room 

temperature of 25 ± 2  ◦C, while we recorded 10 points per decade. Measurements were 

conducted using an electrochemical cell with the coated sample as the working electrode 

of 19.625 cm2. The saturated calomel electrode was used as a reference electrode and the 

graphite rod as the counter electrode. The ZSimWin software was used to interpret data. 

Each measurement was implemented in three replications for checking the repeatability 

of data. 

3. Results and Discussion 

3.1. Characterisation of Aluminium Nanoparticles (Al NP) 

The visual analysis showed that the Al NP was dark grey. According to the data that 

were obtained by  the manufacturer  (Figure 2),  the nanoparticles contained high‐purity 

aluminium (99.92%). The SEM analysis was used to determine the form and the size of Al 

NPs  that were dispersed  in  the epoxy matrix. The surface morphology of  the Al NP  is 

shown in Figure 4. 
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Figure 4. SEM analysis of (a) Al NP surface morphology and (b) size of aluminium nanoparticles 

in metal powder. 

Figure  4a  shows  the  nanoparticles  in  the  form  of  a  fluffy  powder.  At  a  higher 

magnification  (Figure  4b),  the  spherical  particles  without  pores  that  formed  larger 

aggregates were visible. The estimated size was around 100 nm. Even though the size of 

the particles was not  evenly distributed,  these nanoparticles were  characterised by  an 

excellent dispersion and a high degree of hardness. According to the available literature, 

these nanoparticles belong to the group of zero‐dimensional (0D) nanomaterials. Spherical 

0D nanoparticles have  a  tendency  for physical or  chemical  crosslinking with polymer 

resins, and the high crosslinking density of the water‐borne resins is responsible for a high 

degree of curing. However, the surface activity of 0D nanoparticles is usually high, which 

leads to their aggregation. The agglomeration of the nanoparticles leads to the creation of 

new defects in the nanocomposite coating, which not only can damage the performance 

of the coating barrier, but also lowers its mechanical properties [9]. The tendency of the 

nanoparticles to form larger agglomerates was observed by adding greater quantities of 

Al NPs in the epoxy matrix. 

 

3.2. Characterisation of Nanocomposite 

The  SEM  and  EDS  analyses  established  that  the  initial  epoxy  coating without  the 

nanoparticles contains Al2O3 microparticles. Thus, by adding the Al NP, the concentration 

of the aluminium changed, as is shown in Table 2. Table 2 shows the Al NPs’ added masses 

and results which were obtained by the EDS analysis. 

Table 2. Obtained chemical composition of aluminium in epoxy coating. 

Sample  m (Al NP), g  EDS(Al), % 

blank epoxy  0.0000  0.96 

0.50%_Al  0.1884  1.04 

0.75%_Al  0.2915  1.19 

1.0%_Al  0.3794  1.61 

3.0%_Al  1.1598  2.21 

6.0%_Al  2.3936  4.11 

 

By adding the Al NPs to the epoxy matrix, the content by weight continually increased 

up to the mass concentration of 1% (Table 2). For samples in which 3.0 and 
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6.0% Al NP was added, the EDS analysis showed that there was a lower concentration 

of it. This was probably due to the formation of larger accumulations of nanoparticles and 

their uneven dispersion. Figure  5  shows  the  SEM micrographs  that were  obtained  by 

analysing the cast iron surface that was coated with (a) the epoxy matrix without Al NP, 

and with (b) 0.50% Al NP, (c) 0.75% Al NP, (d) 1.0% Al NP, (c) 3.0 % Al NP, and (d) 6.0% 

Al NP before their immersion in an aggressive medium. 

The  SEM  analysis  showed  that  the  epoxy matrix without  adding  the Al NPs  had 

irregularities and alien particles, and the surface was not homogeneous. By adding the Al 

NP, the surface of the obtained nanocomposite presented many more irregularities and a 

higher concentration of brighter points. Figure 5b–f shows  the  slight differences  in  the 

surface morphology of the modified samples. The SEM analysis shows that, compared to 

the epoxy coating without the Al NP, the presence of the Al NP changed the morphology 

of the epoxy coating, and this effect was visible when we added 0.5% Al NP. 

To  determine  the  composition  of  the  epoxy  matrix  and  how  the  amount  of  the 

aluminium  in  the  samples  changed,  the EDS  analysis of  each  sample was  carried out 

(Figure 6). The EDS analysis of the epoxy matrix without adding the Al NPs (Figure 6a) 

determined the percentage of the aluminium microparticles, and this was 0.96%. It was 

assumed  that  these microparticles of aluminium were used as a pigment  in  the epoxy 

paints. The presence of  all of  these  elements  in  the blank  epoxy matrix  showed  small 

irregularities as determined by the SEM analysis (Figure 5). By adding the Al NPs, the EDS 

analysis  also detected Al  that was  already  present  in  the  epoxy matrix. This  analysis 

showed a  combination of micro and nanoparticles of aluminium. The  concentration of 

microparticles was  constant,  and  the  proportion  of  the Al NPs  increased. A  trend  of 

increasing Al NP concentration was observed in the samples up to 1.0% (Figure 6b–d). 

The  EDS  analysis  could  not  detect  a  trend  of  increasing  Al  NP  content  due  to  the 

appearance  of  agglomerates  in  the  3%  and  6%  samples,  and  a  drop  in  concentration 

appeared (Figure 6e,f). Inside the agglomerate, there were accumulated nanoparticles that 

were not well dispersed in the epoxy matrix, thus reducing the proportion over the entire 

surface. 

To determine the homogeneity of the Al NP dispersion in the epoxy matrix, the EDS 

mapping for the epoxy matrix without adding Al NPs and for the nanocomposite with 

1.0% Al NP and 6.0% Al NP was conducted (Figure 7). 

 

 

(b)( a )   
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Figure 5. SEM micrographs obtained for the surface of (a) blank epoxy and epoxy coating with (b) 

0.50%  Al  nanoparticles,  (c)  0.75%  Al  nanoparticles,  (d)  1.0%  Al  nanoparticles,  (e)  3.0%  Al 

nanoparticles, and (f) 6.0% Al nanoparticles. 

The EDS mapping of the epoxy matrix without adding the Al NPs (Figure 7a) showed 

a rough non‐homogeneous distribution of elements. By adding the Al NPs and using a 

mechanical mixer  (Figure 7e,i),  the nanocomposite obtained a smoother, homogeneous 

structure. The distribution of the elements of carbon and oxygen (Figure 7b,c,f,g,j,k) was 

even throughout the surface of all of the samples. The best aluminium distribution was 

observed in the sample with 1.0% Al NP (Figure 7h), whereas in the epoxy matrix (Figure 

7d)  and  the  sample  with  6.0%  Al  NP  (Figure  7l),  agglomerates  were  observed. 

Microparticles and agglomerates of aluminium that serve as a pigment in the epoxy matrix 

were present in the epoxy matrix (Figure 7d). However, by adding the Al NPs and using 

a mechanical mixer at 3000 rpm, these microparticles were broken and the micro and nano 

aluminium particles were evenly distributed. By adding a higher concentration of Al NPs 

(Figure  7l),  the  saturation  of  the  coating  with  the  nanoparticles  increased,  and  the 

nanoparticles  began  to  interact  and  agglomerate.  For  the  incorporation  of  a  higher 

concentration of Al NPs  in the epoxy matrix, a different method of sample preparation 

should be used. 

( c )   (d)

( e )   (f)



 Coatings 2022, 12, 1500  9 of 19 

 

 

Figure 6. EDS spectra and overview of chemical composition of (a) epoxy matrix without Al NP 

and epoxy matrix with (b) 0.5%, (c) 0.75%, (d) 1.0%, (e) 3.0%, and (f) 6.0% Al NP.
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Figure 7. EDS mapping of the epoxy matrix (a) without adding Al NP, with (e) 1.0% Al NP and (i) 

6.0% Al NP. Overview of the distribution of carbon (C), oxygen (O), and aluminium (Al) in epoxy 

coating (b–d) without adding Al NPs and with (f–h) 1.0% Al NP and (j–l) 6.0% Al NP. 

 

3.3. Physical Properties of Coatings 

The nanoparticles  that were effectively dispersed  in  the epoxy matrix  improved  the 

mechanical properties of the composite [18] and affected the corrosion resistance of the 

coating  [19]. The physical properties  that were  tested  included discoloration, hardness, 

and coating adhesion to the metal substrate. Testing in climatic chambers was conducted 

under conditions that are typical for moderate winter continental climates that prevail in 

closed, non‐heated premises. Table 3 shows the change in colour of the epoxy matrix with 

and without adding Al NPs and after the icing/deicing process. 

By adding a higher concentration of the Al NPs in the epoxy matrix (Table 3), the colour 

of the nanocomposite became reddish grey to fully grey, as shown in Figure 3. After the 

samples had been exposed to the icing/deicing process, no discoloration was observed 
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(Table 3). The results of coating hardness tests according to the Shore D scale before and 

after the icing/deicing process are shown in Table 4. 

 

Table 3. Discoloration testing results for the epoxy matrix without and with adding Al NPs before 

and after the icing/deicing process. 

Samples  Blank‐Epoxy  0.50%_Al  0.75%_Al  1.0%_Al  3.0%_Al  6.0%_Al 

non‐exposed 

samples 
RAL 3013  RAL 8015  RAL 8016  RAL 8017  8019 

RAL 

7015 

icing/deicing 

process 
RAL 3013  RAL 8015  RAL 8016  RAL 8017  8019 

RAL 

7015 

 

Table 4. Results of coating hardness testing for epoxy matrix with and without adding Al NPs before 

and after the icing/deicing process. 

Samples  Blank‐Epoxy  0.50%_Al  0.75%_Al  1.0%_Al  3.0%_Al  6.0%_Al 

non‐exposed 

samples 
83.4  83.0  83.6  83.4  84.4  83.5 

icing/deicing 

process 
82.0  83.6  80.6  80.8  82.8  83.2 

 

The  figures  in Table  4  show  that  by  adding different  concentrations  of Al NPs  the 

coating hardness remained the same. It can be concluded that the Al NPs do not change 

the  elastic  properties  of  the  coating  and  do  not  have  an  effect  on  the wear  and  tear 

resistance of the coating. After exposing the samples to the icing and deicing processes, 

there was no visible difference in the hardness of coatings compared to those of the non‐

tested  samples.  The  results  of  the measurements  show  a  high  degree  of  the  surface 

hardness which was characterised by a durable film with a predicted good wear. The dry 

adhesion strength of the epoxy matrix and nanocomposite on the surface of the cast iron 

was tested with the pull‐off method. The pull‐off adhesion test results for all of the samples 

are shown in Table 5. 

Table 5. Adhesion test results for epoxy matrix with and without adding Al NPs as well as before 

and after the icing/deicing process. 

Samples/MPa  Blank‐Epoxy 0.50%_Al 0.75%_Al 1.0%_Al  3.0%_Al 6.0%_Al

non‐exposed 

samples 

8.34 

8.31 

13.00 

13.24 

15.56 

14.49 

‐ 

‐ 

13.97 

13.45 

12.14 

10.93 

icing/deicing 

process 

9.53 

8.98 

14.01 

13.58 

14.89 

14.47 

‐ 

‐ 

12.84 

13.25 

10.57 

13.01 

 

The pull‐off adhesion  test results show an  increased adhesion capability on  the base 

material with the addition of the Al NP (Table 5). The adhesion of the sample containing 

1.0% Al NP could not be established because the adhesion bond between the cast iron and 

the nanocomposite was high, and separation occurred between the glue and the dolly. All 

of the other samples showed adhesion  loss in the nanocomposite layer, which confirms 

the good properties of the glue that was used [20]. The testing in the climatic chamber did 

not contribute to the reduction in the adhesion to the base material in either sample.
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3.4. EIS Measurement 

The EIS measurements were carried out to determine the influence of the increase in 

Al NP content in the epoxy matrix on the corrosion resistance in a 3.5% NaCl solution 

and in the climatic chamber. In the study of corrosion and corrosion mitigation of several 

metals in the sodium chloride solutions, the EIS measurements were used to report the 

kinetic parameters for the electron transfer reactions at the electrode/environment 

interface [21]. 

The  equivalent  electric  circuit  (EEC) model  that  is  shown  in  Figure  8 was  used  to 

describe the impedance spectra. According to the available literature for organic coatings, 

a model with three resistors was selected. The model consists of the electrolyte resistance 

(Rs),  coating  resistance  (Rcoat),  and  coating  capacity  (CPEcoat),  charge  transfer  resistance 

(Rct), and constant phase element which represents a double‐layer capacitance between the 

metal and  the electrolyte solution  (CPEdl)  [22]. The Constant Phase Element  (CPE) was 

used instead of the double‐layer capacitance (Cdl) when the capacitive loop deviated from 

a  true  semicircle.  The  CPE  represents  a  real  imperfect  system  that  defines  the  non‐

heterogeneity of the surface (CPEcoat) and the non‐homogeneity of the charge distribution 

(CPEdl) [23]. 

 

 

Figure 8. Equivalent circuit model employed to fit the impedance data. 

The OCP measurement  showed  an  insignificant  change  in  the  electrode  potential. 

Compared to the blank epoxy, the OCP value of the nanocomposite was even lower. By 

increasing the Al NP concentration, the potential decreased to more negative values. After 

the immersion of the samples in 3.5 wt.% NaCl solution, the OCP values of the blank epoxy 

and of  the samples with 0.5%, 0.75%, 1.0%, 3.0%, and 6.0% Al NP were approximately 

−36.80 mV, −62.56 mV, −79.74 mV, −94.67 mV, −102.44 mV, and −129.74 V, respectively. 

The Nyquist  and  the Bode plots  for  the  epoxy matrix without  the Al NPs  and  the 

prepared nanocomposites with 0.5%, 0.75%, 1.0%, 3.0%, and 6.0% Al NPs are shown  in 

Figure 9. The impedance spectrum was recorded immediately after the immersion in 3.5% 

NaCl solution (Figure 9a,b), and after 10 days or 240 h (Figure 9c,d). For the samples that 

were exposed to the icing and de‐icing processes in the climatic chamber, the impedance 

spectrum was also recorded (Figure 9e,f). 

The EIS  spectra  for  the  samples  that were  immediately  immersed  in  the  aggressive 

media (Figure 9a,b) showed that the sample with 1.0% Al NP had the best resistance. In 

the beginning, the samples did not achieve a full semicircle, meaning that the coating was 

very strong, the electrolyte had not damaged the coating’s substrate, and the impressed 

current  could not pass because  the  coating provided  a  sufficiently high  resistance. By 

adding the Al NP, the coating resistance increased until it reached a concentration of 1.0% 

Al NP, whereas by adding 3.0 and 6.0% Al NP, the resistance decreased. This was due to 

the agglomeration of the nanoparticles that began to appear
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at concentrations higher than 1.0%. In these cases, the nanoparticles were not well coated 

with the epoxy matrix. For the incorporation of a higher concentration of the nanoparticles 

in  the epoxy,  the coating should be prepared differently,  for  instance: a  longer mixing 

period with a cooling period or the use of a different type of mixer and/or mixing device. 

After 240 h  (Figure 9c,d), all of  the  samples  took on  the  shape of a  regular  semicircle, 

meaning that the coating became weaker and could not provide satisfactory resistance to 

the  passage  of  the  current. Despite  the  drop  in  resistance,  the  coating  still  provided 

satisfactory resistance. The greater the obtained semicircle diameter was, the greater the 

resistance of the coated surface to corrosion was [24]. The best resistance to the aggressive 

medium after 240 h was provided by the sample with 0.75% Al NP (Figure 9c,d). After 

exposing the samples to the conditions in the climatic chamber (Figure 9e,f), the recorded 

EIS  spectra  showed an  improvement  in  the  electrochemical properties of  the  coatings, 

which might be due to the influence of the humid environment and low temperature on 

the nanoparticles. In all of the samples, only one capacitative loop was visible, which may 

be attributed  to very good coating adhesion  to  the base material  [25] and good barrier 

properties [26]. The coating resistance (Rp) and the constant phase element (CPEcoat) were 

calculated according to the shown EEC model (Figure 8) for all of the samples that were 

immersed immediately and after 240 h in 3.5% NaCl solution and thereafter, exposed in 

the climatic chamber (Figure 10a,b). 

 

Figure 9. Nyquist and Bode plots for samples immersed immediately (a,b), after 10 days (c,d), and 

samples (e,f) exposed to corrosion conditions in climatic chamber.
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By exposing the samples to the corrosive medium, the Rcoat value decreased, which was 

accompanied by an increase in the CPEcoat value. After 240 h of immersing the samples in 

a  corrosive medium,  the  increased values of CPEcoat showed  that  the  coating absorbed 

water and it may be assumed that the corrosive medium reached the surface of the grey 

cast  iron. Such behaviour was most noticeable  in  the sample with 6.0% Al NP. For  the 

samples that were placed in the climatic chamber, there was no change in the values for 

CPEcoat, which would mean that the increase in the resistance was due to the influence of 

the low temperature on the nanoparticles. 

  
  (a)   (b)  

Figure 10. Overview of (a) coating resistance (Rp) and (b) constant phase element (CPEcoat) for epoxy 

matrix without Al NP, and prepared nanocomposites with 0.50%, 0.75%, 1.0%, 3.0%, and 6.0% Al 

NP, immediately and after 240 h exposure in aggressive medium (3.5% NaCl), and after testing in 

climatic chamber. 

The obtained values which are shown  in Figure 10  for coating resistance  (Rcoat) were 

used  to calculate  the nanocomposite protection efficiency using  the  following equation 

[27]: 

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ൌ
𝑅௖௢௔௧ ௪௜௧௛ ஺௟ ே௉ െ 𝑅௖௢௔௧ ௪௜௧௛௢௨௧ ஺௟ ே௉

𝑅௖௢௔௧ ௪௜௧௛ ஺௟ ே௉
∙ 100%  (1) 

 

The  calculated  nanocomposite  efficiency  is  shown  in  Table  6  for  each  sample  that 

contained  Al NPs  after  240  h  of  exposure  in  the  electrolyte  solution  and  after  their 

exposure in the climatic chamber (icing and deicing process). 

Table 6. Calculated coating protection efficiency  (CPE, %)  for non‐modified and modified epoxy 

coating immersed immediately and after 240 h in 3.5% NaCl and after the icing/deicing process. 

Samples  0.50%_Al  0.75%_Al  1.0%_Al  3.0%_Al  6.0%_Al 

immediately  47.96  40.70  98.64  ‐  91.21 

after 240 h  85.20  99.01  98.77  96.12  90.62 

icing/deicing process  91.40  92.08  97.07  86.59  94.84 



 Coatings 2022, 12, 1500  15 of 19 

 

The  sample  that  contained  1.0%  Al  NP  showed  the  best  efficiency  which  was 

continuously maintained after  its exposure  to  the aggressive medium and  the  climatic 

chamber. In all of the other samples, the efficiency improved with time. The reason for 

such  behaviour  was  a  high  electrochemical  reactivity  and  the  tendency  of  the 

nanoparticles to react with oxygen. Under the influence of moisture, an oxide layer formed 

on their surface which prevented their further corrosion [15]. Although the samples with 

3.0% and 6.0% Al NP showed a lower resistance due to the effect of agglomeration, their 

efficiency was  very  high,  and  they  could  be  classified  into  the  category  of  acceptable 

coatings. The incorporation of higher concentrations of nanoparticles in the epoxy coating 

should be the subject of future study. 

By  increasing  the  concentration of  the  aluminium nanoparticles  (up  to  1.0%)  in  the 

epoxy matrix,  the adhesion of  the epoxy  coating  to  the metal  substrate  increased. The 

occurrence  of  an  adhesion  enhancement  implies  that  there was  a  good  compatibility 

between  the  Al  NPs  and  the  epoxy  matrix.  The  possible  reactions  between  the 

nanoparticles (which were well dispersed  in the epoxy matrix) and the epoxy resin are 

shown in Figure 11. 

 

Figure 11. Possible reactions of incorporation of Al NP (a) into the added hardener (amine) and (b) 

directly in the epoxy matrix. 

By adding  the hardener,  the aliphatic amine  initiated  the  curing by  the nucleophilic 

attack of the amine group at the epoxy ring of the monomer (Figure 11a) [28]. Aluminium 

nanoparticles can enter into a chemical reaction with the hardener that is contained in the 

epoxy resin due to their small size. According to the chemical reaction in Figure 11b, the 

epoxy matrix, that is in a chain, contains hydroxyl groups that serve as sites for the creation 

of strong electromagnetic bonding attraction between the epoxy and metal molecules [29]. 

In this way, the aluminium nanoparticle is directly incorporated into the epoxy matrix. 

The  increase  in  the concentration of  the Al NPs  in  the epoxy matrix  (more  than 3%) 

leads  to  the  formation  of  agglomerates. Agglomeration, which  is  caused  by  the  poor 

dispersion of nanomaterials, can cause inhomogeneity in the nanocomposite (Figure 12a). 

Such a  structure will show a  significant decrease  in  the anticorrosive protection of  the 

nanocomposite during its exposure to an aggressive medium (3.5 wt.% NaCl).
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Figure  12.  Graphic  image  of  different  influences  of  the  electrolyte  on  the  system  (a)  with 

agglomerates and (b) without agglomerates. 

Figure 12b shows the behaviour of the nanocomposite where no agglomeration 

occurred, that is, the figure shows the successful incorporation of the nanoparticles in the 

organic film which is based on the reactions in Figure 11. Pure aluminium that is in contact 

with air or moisture  is a thermodynamically reactive metal with an extremely negative 

value of the standard electrode potential (−1.66 V). However, in neutral aqueous solutions, 

the aluminium showed a positive potential value of −0.6 V, meaning that a thin protective 

layer was formed on its surface [30]. When it is in contact with the aqueous solution of 

NaCl and by the influence of the impressed current I, during the measurement of the EIS 

spectrum, the aluminium nanoparticles will oxidise, which will lead to a reduction in the 

amount of water according to the following equations: 

  Al(s) → Al3+(aq) + 3e−  (2) 

  2H2O + 2e− → H2(g) + 2OH−(aq)  (3) 

The aqueous solution is a weak electrolyte, which means that it consists more of water 

molecules than it does of ions, and thus the formed aluminium ions can react with water 

molecules (H2O) and form hydroxide ions (OH−). The corrosion reactions that occurred on 

the Al NP surface in the neutral medium are [15]: 

2Al3+ + 3H2O → Al2O3 + 6H+  (4)

2Al3+ + 6H2O → 2Al(OH)3 + 6H+  (5)

The oxide layer on the nanoparticles provides a certain protection against the electrolyte 

by  inhibiting  the  reaction of  the electrolyte penetration  into  the  structure of  the epoxy 

matrix [31]. The electrolyte penetration is accelerated by the presence of chloride ions (Cl−), 

which are among the most corrosive halogen elements. Due to their relatively small size 

and high mobility, Cl− ions can penetrate the aluminium oxide layer and thus, reduce the 

corrosion resistance of the nanocomposite [30].
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4. Conclusions 

This paper investigates the influence of different concentrations of Al NPs in an organic 

coating  to  increase  its  anti‐corrosive  properties.  All  of  the  studies  that  have  been 

conducted so far have aimed to achieve the desired coating properties. Among these, the 

most  relevant  are  the  increase  in  the  coating  resistance  against  an  aggressive media, 

environmental friendliness, and low production costs that are acceptable for the industry. 

The research that has been carried out has brought some new findings which will help to 

improve the incorporation of larger quantities of nanoparticles in the epoxy matrix. 

The  aluminium  nanopowder  that  was  used  in  this  paper  consists  of  high‐purity 

spherical nanoparticles. The SEM and EDS analysis established that by incorporating Al 

NPs in the epoxy matrix, no agglomeration occurred until the aluminium concentration in 

the coating reached 1.61%. The addition of Al NPs in the epoxy matrix was accompanied 

by a change in the colour of the nanocomposite from red to grey. By analysing the hardness 

of the nanocomposite, it has been established that by adding different concentrations of Al 

NP, the hardness of the coating remained the same, which also occurred after exposing the 

sample  to  the  icing/deicing  process.  The  results  of  testing  the  adhesion  of  the 

nanocomposite to the substrate of the cast iron showed an exceptional increase concerning 

the epoxy matrix. The recorded EIS spectra indicate that all of the nanocomposite samples 

showed exceptional resistance to the action of salt water and the icing/deicing process. 
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Abstract:  In  this  study,  different  concentrations  of  aluminium  nanoparticles  (Al  NP)  were 

incorporated  into epoxy  resin and epoxy paint. Here, we present a detailed  systematic  study of 

different methods of  incorporating  inorganic nanoparticles  into epoxy coating. This work aims to 

obtain an epoxy coating with anticorrosion and antibacterial properties. The physical properties of 

coatings  such  as  thickness, hardness,  colour,  and  adhesion did not  change with  the  addition of 

nanoparticles. According to the SEM and EDS analyses, the distribution effect of Al NPs in epoxy 

coating was better with ultrasonic homogenisation than with mechanical stirring. The EIS and SECM 

measurements were  used  to  investigate  corrosion  resistance.  The  coating with  1.0 wt.% Al NP 

showed the best physical and chemical properties. SECM examination indicated that nanoparticles 

in epoxy resin increase the protection efficiency by 25.75% and in the epoxy paint by 40.89%. The 

results also showed the antibacterial activity of aluminium nanoparticles by inhibiting the growth 

of biofilm‐forming bacteria such as P. aeruginosa and B. subtilis. 

Keywords: electrochemical corrosion; microbiologically corrosion; Al nanoparticles; mechanisms 

 

1. Introduction 

Grey cast iron has been widely used in pipes serving as water mains [1] due to its 

good thermal conductivity, relatively low melting temperature, high damping capacity, 

and  excellent  castability  [2].  Unfortunately,  these  properties  deteriorate when metals 

interact with certain elements that recur within their environments, a process technically 

called corrosion [3]. Corrosion is the irreversible damage or destruction of a material and 

as such is a very expensive and dangerous phenomenon that causes serious problems in 

the world  [4,5]. The National Association of Corrosion Engineers  (NACE  International) 

estimates global losses caused by corrosion at USD 2.5 trillion per year and the average 

annual cost of corrosion in the pipeline industry is estimated at USD 7 billion to monitor, 

replace,  and maintain  these  assets  [6,7]. The most  conventional method  for protecting 

metal  structures  against  corrosion  is  to  isolate  the  metal  from  corrosive  agents  [8]. 

Researchers  are  continuously  seeking  new  innovative  coatings  with  good  corrosion 

resistance and high antibacterial activity [9]. Typically, municipal wastewater that flows 

through  pipes  is  composed  of  multiple  pathogens  and  non‐pathogenic  bacteria, 

organic/inorganic chemicals, suspended and dissolved compounds, and similar [10,11]. 

Microbiologically influenced corrosion (MIC) is a serious type of corrosion, as it accounts 

for approximately 20% of total economic losses [12]. The microbiological community that 

exists in wastewater is usually a combination of various types of bacteria, among which 

are pathogenic  forms such as opportunistic pathogens  (Enterobacter cloacae, Enterococcus 

faecalis, Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris or Pseudomonas aeruginosa), 

obligate pathogens from Salmonella and Shigella genera and enteropathogenic strains of
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Escherichia coli. It can also contain viruses, protozoa, fungi, flatworms, roundworms, and 

similar [13,14]. The rod‐shaped Gram‐negative aerobic bacteria P. aeruginosa prefer moist 

environments such as urban runoffs and sewage effluents [15]. Furthermore, these bacteria 

have a high potential for developing great resistance to a wide range of currently available 

antimicrobial  agents  [16].  Likewise,  the  Gram‐positive  aerobic  bacteria  B.  subtilis  are 

widely present in the environment and show a capability to deal with heavy metals and 

dyes  in polluted waters  [17]. The presence  of  an  energy  source,  carbon  source,  redox 

mediators, and water are important factors for bacterial colonization of any surface. Then, 

the metabolic activities of these colonized bacteria influence the electrochemical reactions 

initiating  MIC.  Secretion  of  extracellular  polymeric  substances  (EPS)  and  biofilm 

formation on the material surfaces are crucial steps that enhance the probability of metal 

corrosion and MIC [18]. 

Recently, with the development of nanotechnology [19], the term “nanocomposite” has 

appeared with at  least one dimension on  the nanometre scale  [20]. Nanoparticles have 

been widely used as resin fillers to block micropores and improve the corrosion resistance 

and  the  mechanical  properties  of  the  resins  due  to  their  great  surface‐to‐volume 

proportion with  respect  to  conventional macroscopic materials  [4]. The purpose of  the 

study  by Manjumeena  and  co‐authors  [21] was  to  obtain  a  nanocomposite with  dual 

properties.  According  to  their  study,  silver  nanoparticles  show  great  antibacterial 

properties due to their ability to release Ag+ from nanoparticles which can damage the cell 

wall  and  cause  oxidative  stress.  Talabi  and  co‐authors  [22]  developed  polymer 

nanocomposites with  antibacterial  properties.  They  showed  that Cu2+  ions, which  are 

released  from  copper nanoparticles,  cause  the denaturation of proteins  in  the bacterial 

membrane, by binding to DNA, which results in the cell not being able to replicate further. 

The surface‐to‐volume ratio of a nanoparticle  is 35%–45%  times higher as compared  to 

large particles or atoms. This unique extrinsic property of the specific surface area of the 

nanoparticle  is a  contributory  factor  for  its high value, and  it also  influences different 

intrinsic properties such as strong surface reactivity which is size dependent [23]. Due to 

all these properties of nanoparticles and the high viscosity of epoxy coating, it is hard to 

uniformly  mix  nano‐size  fillers  into  epoxy  coating  [15].  According  to  the  available 

literature, there are different methods of incorporating nanoparticles into epoxy coating. 

In  our  last  article, we  employed  strong mechanical  stirring  for  the  preparation  of  a 

nanocomposite of epoxy matrix and aluminium nanoparticles (Al NP) [24]. 

Pure aluminium is a metal that is soft, ductile, and corrosion‐resistant [25]. Control over 

nano aluminium powder size has been crucial for changing properties. Slight changes in 

particle  size  can  have  a  dramatic  effect  on  surface  area  and  therefore  surface  area‐

dependent properties such as rheology, powder mixing, dispersion, surface adsorption of 

condensed  species,  and  bulk  density  [26].  Likewise,  metal  nanoparticles  showed 

antibacterial behaviour against a wide series of bacteriological organisms [27]. Our interest 

is  the development of  a new  anticorrosive  and  antibacterial nanocomposite  coating  to 

protect  grey  cast  iron.  The  coating  was  fabricated  with  the  addition  of  aluminium 

nanoparticles  (Al NP)  in  a  different  ratio.  In  [24],  the mechanical  procedure  for  the 

preparation of  the Al NP nanocomposite coating and  its anticorrosive properties were 

demonstrated. In this paper, we investigated the influence of ultrasonic dispersion of Al 

NPs in an organic coating. Furthermore,  in this study, we investigated the antibacterial 

properties of the metal powder of Al NPs. For all these purposes, we used electrochemical 

techniques (EIS and SECM), scanning electron microscopy (SEM), energy‐dispersive X‐ray 

spectroscopy  (EDS)  analyses,  devices  for  establishing  mechanical  properties 

(Elcometer®456, PosiTector® SHD, Elcometer 510) and bacteria (P. aeruginosa and B. subtilis) 

for the determination of antibacterial properties.
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2. Materials and Methods 

2.1. Materials 

In this study, grey cast iron was investigated. The elemental composition of grey cast 

iron is shown in Table 1. 

Table 1. The chemical composition of the grey cast iron. 

Element    C  Si  Mn  P  S  Fe 

Percent (%)    2.5  1.5  1.05  0.5  0.07  balance 

Grey cast iron plates with dimensions of 9.5 cm × 0.9 cm × 15 cm were used as substrates. 

The surface of the grey cast iron was cleaned with abrasive blasting and ethanol (70 wt.%). 

Two epoxy coatings were used  in  the work. The first coating was prepared using pure 

epoxy resin (Bisphenol A, West System, UK) and hardener (polyamine, West System, UK) 

in a ratio of 3.5 to 1. The second coating was prepared using epoxy paint (Hempel, Croatia) 

and hardener (polyamine, Hempel, Croatia) in a ratio of 4 to 1. Aluminium nanoparticles 

(Al NP) with an average particle size of 100 nm were provided by Guangzhou Hongwu 

Material Technology Co., Ltd., Guangzhou, China. 

2.2. Preparation of the Epoxy Coatings 

The obtained Al NPs were used to prepare nanocomposites of Al NP–epoxy coating. 

In this method, different concentrations of Al NPs (0.50, 0.75, and 1.0 wt.%) were added 

to the epoxy solution. The procedure for the epoxy coating modified by Al NP is 

illustrated in Figure 1. 

 

Figure 1. Preparation of the Al epoxy nanocomposite coating. 

Al NPs were mixed with epoxy resin and epoxy paint (epoxy coating) using ultrasonic 

agitation for 20 min with a delay in the process due to the cooling of the nanocomposite. 

The  hardener  was  added  to  the  prepared  samples  and  stirred  until  complete 

homogenisation. The obtained mixture was applied to the grey cast iron substrate using 

an applicator  (150 µm). Then,  the  samples were dried under atmospheric  conditions. 

After 24 h, another  layer of nanocomposites was applied  in  the opposite direction  (150 

μm). The samples were left at room temperature (25 ◦C) for 7 days. 

 

2.3. Coating Characterisation 

The  morphology  of  the  Al  NP  samples  was  investigated  by  scanning  electron 

microscope  (SEM)  (TESCAN  Brno,  Brno,  Czech  Republic).  The  size  distribution  and 

dispersion  of  nanoparticles,  the  homogeneity  of  the  layer,  and  the  occurrence  of 

agglomeration were  observed.  The  coated  samples were  also  characterised  using  the 

energy‐dispersive (EDS) detector.
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Elcometer®456 (Elcometer Limited, Edge Lane, Manchester, UK) was used to assess the 

thickness  of  the  nanocoating  sample. Measurements were  performed  on  ten  different 

locations per sample. The change in the colour of the nanocomposite coating was deter‐ 

mined using the RAL colour chart (RAL gGmbH, Siegburger, Germany). The hardness of 

the nanocomposite was tested according to ISO 868:2003 [28]. The testing was evaluated 

using PosiTector SHD Shore Hardness Durometer (DeFlesko Corporation, Ogdensburg, 

NY, USA). An adhesion test was performed to examine the effect of the coating strength 

of  metal  using  an  automatic  Pull‐Off  Adhesion  Tester  (Elcometer  510,  model  T, 

Manchester, UK). The  aluminium dollies  (20 mm diameter) were glued on  the Al NP 

nanocomposite using a two‐part epoxy adhesive (Araldite resin and Araldite hardener). 

Complete curing of the adhesive was achieved by keeping the sample at 25 ◦C for 24 h. 

The coating samples were exposed to the humidity chamber (Humidity Cabinet Model 

AB6), and the climatic chamber (Climatic chamber Kambic KK‐190 CHLT, CiK Solutions 

GmbH, Karlsruhe, Germany). The humidity test was conducted according to EN ISO 6270‐

2  for five days  [29]. To  test  the coating stability at  low  temperatures,  the samples were 

placed in the climatic chamber for five days. The test cycle was set up in ten steps in which 

the temperatures changed from −5 ◦C, with 0% humidity, to 10 ◦C, with 70% humidity. The 

samples were left at each temperature for 8 h. The accelerated testing was performed on 

two  samples  per  coating.  After  the  humidity  test,  and  the  icing/deicing  process,  the 

physical properties of the samples were tested after they reached room temperature. 

The  corrosion  protection  performance  of  the  epoxy  coating  and  Al  NP–epoxy 

nanocomposite were studied in 3.5 wt.% NaCl solution by EIS (VersaSTAT 3, AMETEK 

Scientific 131  Instruments, Princeton applied research, Berwyn, PA, USA). Open‐circuit 

potential  (OCP) was  first obtained over a period of 20 min  to study  the changes  in  the 

corrosion potential of the coatings. The electrochemical cell consisted of a graphite rod as 

the  auxiliary  electrode,  a  saturated  calomel  electrode  as  the  reference,  and  the  epoxy 

coating  and/or Al NP–epoxy  nanocomposite  specimen  as  the working  electrode.  The 

frequency range of 0.1 to 105 Hz with an amplitude of 10 mV was used. The impedance 

data  were  fitted  using  the  ZSimpWin  software.  The  Intermittent  Contact‐Scanning 

Electrochemical Microscopy  (ic‐ac‐SECM)  (M470, BioLogic, France)  test of epoxy  resin, 

epoxy  paint,  and  epoxy  nanocomposite with  1%  of Al NP was  used  to  observe  real 

impedance distribution over a certain area. The 3DIsoPlot program was used to obtain the 

topography of the samples in 3D view. A three‐electrode system, immersed in tap water, 

was above the surface of the nanocomposite. This three‐electrode system consisted of the 

Ag/AgCl/KCl (saturated) reference electrode, the platinum sheet as the counter electrode, 

and  of  the UltraMicroElectrode  (UME)  probe  for measuring  the  local  electrochemical 

activity. The UME probe with 10 μm diameter platinum wire was used. 

Pseudomonas aeruginosa and Bacillus subtilis were taken as the test bacteria. The antibacterial 

activity  of  the Al NP was  performed  using  the well‐diffusion method  [30].  The  final 

densities of the bacterial suspensions’ cells were about 108 and 107 CFU/mL, respectively. 

The bacterial culture was inoculated from fresh colonies on agar plates into 20 mL Muller 

Hinton  culture  medium.  The  nanoparticle  samples  dissolved  in  distilled  water  (100 

μg/mL) were added from the stock into each well. The zone of inhibition was measured 

using a ruler. After 24 h, the appearance of the inhibition zone was observed. 

3. Results and Discussion 

3.1. Characterisation of Al NP
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The SEM microstructure of Al NPs is shown in Figure 2a. The surface of nanoparticles 

is a fluffy powder with spherical properties. To determine the composition of Al NP, the 

EDS analysis was carried out. 

 

Figure 2. SEM image (a) and EDS profile (b) of pure Al NP. 

The EDS analysis of Al NPs (Figure 2b) determined the mass fraction of the aluminium 

nanoparticles  of  about  80%.  Spectrum minor  elements  such  as O  and C were  due  to 

contamination. 

3.2. Evaluation of Mechanical Properties 

    Epoxy paint and epoxy paint nanocomposites with 0.50%, 0.75%, and 1.0% of Al NP 

were  exposed  to  the  humidity  (ISO  6270‐2)  and  climatic  chambers. According  to  ISO 

12944‐6, nanocomposites were classified as corrosivity category C4 and durability up to 

15 years [31]. After exposure of the samples to the corrosive media, mechanical properties 

were observed (Table 2). 

 
Table 2. Results of changing thickness, hardness, adhesion force, and colours of epoxy paint and 

nanocomposite paint samples in different corrosion conditions. 

  Samples  Epoxy Paint  0.5%_Al  0.75%_Al  1.0%_Al 

thickness, 

μm 

unexposed 

humidity chamber 

climatic chamber 

249.9 

275.9 

248.8 

278 

263 

259.9 

256.4 

263.2 

271 

275.5 

285.6 

292.3 

hardness, 

Shore D 

unexposed 

humidity chamber 

climatic chamber 

83.4 

83.2 

81.0 

83.8 

80.3 

83.0 

82.8 

80.0 

81.4 

82.0 

80.2 

81.8 

 

 

adhesion, 

MPa 

 

unexposed 

humidity chamber

climatic chamber 

8.34 8.31 

9.85 

10.20 

10.11 

10.52 

9.59 

9.42 

10.87 

11.52 

16.57 

13.56 

12.10 

10.30 

11.89 

12.56 

13.15 

13.16 

13.47 

14.18 

13.24 

12.12 

12.43 

11.41 

  unexposed 

humidity chamber 

climatic chamber 

3013 

3013 

3013 

8015 

8015 

8015 

8016 

8016 

8016 

8017 

8017 

8017 
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According  to  Table  2,  it  is  evident  that  there was  no  change  in  the  thickness  and 

hardness of the coating on the samples despite the addition of Al NPs and the exposure of 

the  coating  to  corrosive  conditions. The adhesion of  the  coating  to  the metal  substrate 

showed a small increase with the addition of Al NPs. The results showed that the direct 

addition of Al NPs to the epoxy paint reduced the stress in the coating. The particle effect, 

the uniform dispersion of the filler in the epoxy paint, and the strength of the bond with 

the paint contribute to a better stress transfer. The strengthening mechanism was due to 

the tight bond between the nanoparticles and the epoxy paint, which can limit the mobility 

of the polymer chains [32]. Samples that were exposed to the humid and air‐conditioned 

chambers showed a smaller increase in adhesion. An increase in the adhesion force could 

be  caused by  increasing or decreasing  temperature  and moisture  in  the humidity  and 

climatic chambers. As shown  in  the paper,  the addition of Al NPs  to  the epoxy matrix 

significantly changed the colour of the coating [24]. 

3.3. Evaluation of Anticorrosion Properties 

The impedance data were analysed using the equivalent electrical circuits (EEC) shown 

in  Figure  3.  The model’s  outer  and  inner  circles  corresponded  to  the  high  and  low‐

frequency loops, respectively. Indeed, the outer circle was used to characterise the coating 

properties. The inner circle of EEC with two‐time constants, was the feature of the double 

layer  formed at  the coating/metal  interface  [33]. Figure 3 shows  that  the  first resistance 

encountered by  the  alternating  current was  the  electrolyte  resistance, Rs, which had  a 

negligibly  small value. The  coating  resistance, Rcoat, provided another  resistance  to  the 

passage of current. At the phase boundary between solid and liquid, an electrical double 

layer  appeared,  representing  the  capacity  of  the  coating, CPEcoat. After  a  long  time  of 

exposure of the coating to an aggressive medium, damage occurred to the epoxy paint and 

thus the electrolyte could more easily reach the surface of the grey cast iron the alternating 

current encountered a charge  transfer resistance, Rct, which also had  its capacity, CPEdl 

[34]. 

 

Figure 3. The equivalent electrical circuits used  for describing  the  impedance  response of epoxy 

coating and nanocomposite with 0.5, 0.75, and 1.0% Al NP. 

Figure 3 shows the electrochemical mechanism of corrosion destruction on the surface 

of grey cast iron, which is called graphitization. When the aggressive medium reaches the 

surface of grey  cast  iron,  it will  initiate  the  anodic dissolution of  iron by  leaving  free 

graphite [35]. To slow down this process, the epoxy resin and the epoxy paint were 
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modified with Al NPs,  and  tests were  performed  in  a  3.5 wt.% NaCl  solution  using 

alternating current. 

The  EIS  results  for  the  epoxy  paint  and  nanocomposite  samples  with  different 

concentrations of Al NPs (0.50, 0.75, 1.0%) were presented in Nyquist and Bode diagrams 

(Figure 4a,b). The measurement was made immediately after immersion in 3.5 wt.% NaCl 

solution. The results showed coating resistance, Rcoat, which reflected the anti‐penetrating 

ability of the coating to electrolyte solution [36]. All samples showed a single capacitive 

loop, meaning  that  there was  no  electrolyte  penetration.  Pure  epoxy  showed  a  lower 

coating resistance value, while the samples with 0.50 and 0.75% Al NPs had slightly higher 

resistances. The increase in resistance was significantly more pronounced in the sample 

containing 1.0% Al NPs. Nanoparticles embedded in the coating resisted the passage of 

current and provided high resistance. The large resistance values in the Nyquist plot were 

confirmed by the Bode phase angle in Figure 4b. The Bode phase angle plots were further 

analysed to explain the effectiveness of the coating. All tested samples achieved a constant 

phase  angle  value  extending  from  the medium  frequency  range  (100 Hz)  to  the  high 

frequency range (105 Hz) during the entire exposure time, which indicated that the coating 

had not  started  to degrade.  In  the  case of  short‐term  immersion  in  the electrolyte,  the 

properties of the protective coating remained intact. 

 

Figure 4. Nyquist and Bode plots of (a,b) epoxy paint and epoxy paint with different concentrations 

of Al NP  immediately  immersed  in  3.5 wt.% NaCl  solution. Corrosion  resistance  values  (c)  for 

samples in 3.5 wt.% NaCl solution during a 100‐day immersion. Variations of OCP values (d) for 

samples during a 100‐day immersion. 

The value of Rcoat for the blank epoxy coating (paint) without nanoparticles and for the 

coatings with different concentrations (0.50, 0.75, and 1.0%) of Al NP in the epoxy paint 
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at different interval times over a 100‐day immersion in 3.5 wt.% NaCl solution is shown in 

Figure 4c,d. 

After 10 days, the epoxy paint showed the same resistance as the nanocomposite sample 

with 0.75% Al NPs. With a longer exposure time (after 50 days), the resistance of the blank 

epoxy  gradually  began  to  decrease  (Figure  4c).  Constant  resistance  values  in  all 

nanocomposite  samples were maintained  for  50  days,  after which  there was  a  slight 

increase in resistance in samples with 0.50% and 0.75% Al NPs, while the sample with 1.0% 

Al NPs showed a larger increase (Figure 4c). The obtained results indicated that it took 50 

days  to  form  an  oxide  film  in  the  epoxy  paint.  The  higher  the  concentration  of 

nanoparticles,  the  greater  the  formation  of  the  oxide  film  and  the  better  the  coating 

protection.  Figure  4c  shows  that  the  highest  resistance  was  achieved  with  the 

nanocomposite  sample  containing  1.0%  Al  NPs.  This  sample  showed  the  highest 

resistance  immediately at  the beginning of  the measurement. The  increase  in corrosion 

resistance could be attributed to a higher concentration of nanoparticles that created better 

adhesion and compatibility with  the epoxy matrix, reduced  the  transport paths  for  the 

passage  of  corrosive  electrolyte  through  the  system  coating,  led  to  a  decrease  in  the 

capacitance of the coating, and reduced corrosion reactions [16,30]. 

Open‐circuit potential (OCP) is the potential of a working electrode when no current is 

applied to the cell [37]. In Figure 4d, all samples showed a constant OCP value after 50 

days. After 100 days of exposure to an aggressive medium, the epoxy paint showed the 

highest negative potential value, which indicated weaker protective properties. 

Nanocomposites showed a more positive potential value that balanced out after 50 days 

indicating the beginning of the formation of a protective oxidative film. The values of the 

parameters shown on the equivalent circuit are listed in Table 3. 

Table 3. EIS parameters values after fitting with equivalent circuit for epoxy paint and epoxy paint 

with different concentrations of Al NPs immediately immersed in 3.5 wt.% NaCl solution. 

Parameters  Epoxy Paint 

0.50% Al 

NP–Epoxy 

Nanocomposite 

0.75% Al 

NP–Epoxy 

Nanocomposite 

1.0% Al 

NP–Epoxy 

Nanocomposite 

Rs, Ω  479.0  495.0  481.0  313.4 

Rcoat, Ω  1.78·108  1.80·109  1.93·109  1.87·1010 

CPEcoat, S·secn  4.22·10−9  1.47·10−10  2.60·10−10  2.76·10−11 

n  1  1  1  1 

Rct, Ω  1.17·109  8.38·108  1.30·109  2.87·109 

CPEdl, S·secn  3.65·10−10  2.05·10−10  3.01·10−9  7.22·10−11 

n  1  1  0.84  0.8 

Considering  the  results  reported  in Table 3, CPE  is a  constant phase element of  the 

double layer showing its capacitive properties, which depend on the empirical constant n. 

The CPEcoat value of the nanocomposite decreased by adding nanoparticles to the epoxy 

paint. The lower value of CPEcoat indicates superior corrosion resistance due to low electron 

storage. 

To detect the presence of the aluminium oxide film, EDS microanalysis was performed 

at a point on the surface of the powder sample obtained by the reaction between Al NPs 

and distilled water (Figure 5).   
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Figure 5. Results of (a) Surface spectrum, (b) SEM image, (c) collective colouring of surface maps of 

prepared aluminium oxide particles and partially coloured maps of the distribution of individual 

chemical elements in aluminium oxide particles: (d) Al K series, and (e) O K series. 

Observing the size of the formed particles, an increase in the volume of the particles was 

visible  in Figure 5a. The display of partial colours  for aluminium and oxygen elements 

indicated that aluminium oxidation had occurred (Figure 5b,c). The EDS analysis cannot 

detect  the  presence  of  hydrogen  in  the  compound,  so  according  to  the  literature,  the 

reactions that occur at the interface between Al NPs and a neutral aqueous medium are 

shown in Figure 6 [38]. 

 

 

Figure 6. Mechanism of aluminium nanoparticle oxidation. 

The oxidation process of a metal nanoparticle included two mechanisms, as shown in 

Figure 6. A nanoparticle in contact with an aqueous medium became electrically positively 

charged and, using van der Waals interactions, began to attract OH‐ ions and the negative 

polar part of the H2O molecule. After physical adsorption, due to the existence of a driving 

force (potential difference), Al NP oxidation and H2O reduction occurred. The resulting 

oxidized  products  together with  the metal  surface  created  a  chemisorbed monolayer 

[39,40]. The aqueous solution was a weak electrolyte, which means that it consisted more 

of water molecules than ions, and thus the formed aluminium ions could react with water 

molecules (H2O) and form hydroxide ions (OH−) [38]. According to the literature, the first 

possible reaction product  is Al(OH)3 (bayerite). The second possible reaction product  is 

AlO(OH)  (boehmite).  The  third  possible  reaction  product  is  Al2O3  (alumina).  These 

reactions are all thermodynamically favourable over a wide temperature range from room 

temperature to temperatures far above the melting
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point of aluminium (660 ◦C). In addition, all these reactions are highly exothermic [41]. The 

outer  layer consisted of a mixture of Al2O3 and a hydrated  layer, mostly  in  the  form of 

amorphous Al(OH)3, while the inner part was mostly made of Al2O3 and a small amount 

of aluminium oxyhydroxide in the form of AlO(OH). Such a coating (Al2O3‐AlO(OH)) was 

characterised by continuity and resistance to certain electrolytes (3.91 < pH < 8.64) [39]. 

The layers may have different thicknesses and chemical compositions depending on the 

methods used  for  the production and passivation of  the powders  [42]. The oxide  layer 

thickness remained stable for at  least 30 days, showing that the native oxide acted as a 

passivation layer preventing further oxidation [43]. Consolidation of inorganic fillers into 

the polymeric coating formulation can diminish porosity and draw out the lifetime of the 

composite coating [44]. 

The appearance of a protective oxidative film on the surface of nanoparticles led to an 

increase in corrosion resistance. The mechanism of formation, the connection of Al NPs 

with epoxy paint, and the degradation of Al NPs in epoxy paint are shown in Figure 7. 

According to literature data [26,45,46], by adding a hardener, the aliphatic amine started 

hardening by nucleophilic attack of the amine group on the epoxy ring of the monomer 

(Figure 7). At the same time, the nanoparticle could react with both the hardener and the 

epoxy paint due to its small size. When the epoxy ring was opened, the hydroxyl groups 

that serve as bonding sites became strong electromagnetic bonds between the epoxy and 

the  metal  molecules.  At  the  beginning  of  exposure  to  an  aggressive  medium,  the 

nanoparticles were well embedded in the epoxy paint, which protected them from rapid 

oxidation. To prevent the oxidation of Al NPs,  layers of organic and  inorganic coatings 

could be applied to their surface [42]. The protective barrier properties of the epoxy paint 

decreased  over  time. Organic  polymeric  coatings mostly  protect  against  corrosion  by 

forming a barrier to disengage the metal from the surrounding environment. Nonetheless, 

all polymeric coatings are porous to destructive species, for example, oxygen, water, and 

chloride particles  [44]. The used aluminium nanoparticles  in  contact with  the aqueous 

medium formed an aluminium oxide and smaller amounts of aluminium hydroxide and 

oxyhydroxide. Due  to  good  dispersion,  and  interfacial  compatibility  of  composites,  a 

“maze effect” can be formed to prevent the penetration of corrosive media, prolong the 

penetration path of corrosive media in the coating, and ultimately delay the occurrence of 

corrosion [47]. This whole mechanism of protection of grey cast iron relied on a cathodic 

passivation process in which the aluminium in the coating acted as the sacrificial anode 

and protected the iron. According to the obtained EIS data (Figure 4c), an aluminium oxide 

film was formed after the sample had been immersed in an aggressive medium for 50 days. 

As a result, we can conclude that as the aggressive medium started to diffuse through the 

epoxy coating, more and more nanoparticles were completely and/or partially oxidized 

and the corrosion resistance increased (Figure 6). 
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Figure 7. The mechanism of nanoparticle interaction with the epoxy paint and hardener, 

the degradation of the nanocomposite, and the formation of an oxidation film on the Al 

NP. 

3.4. Surface Characterisation of 1.0% Al NP–Epoxy Nanocomposite 

3.4.1. SEM/EDS Analysis 

As 1.0% Al NP–epoxy nanocomposite was found to be the formulation with the best 

anticorrosion properties, the surface of the same sample was tested. The cross‐sectional 

SEM image of the nanocomposite with 1.0% Al NPs prepared in epoxy paint is shown in 

Figure 8a,b. 

 

Figure 8. SEM cross-sectional morphology of nanocomposite with 1% Al NP prepared using (a) ultrasonic 
homogeniser and (b) mechanical mixing. 

Figure 8 shows the result of two methods of preparing a nanocomposite containing 

1.0% Al NPs. The preparation of the nanocomposite using ultrasonic mixing is shown in 

Figure 8a, while Figure 8b shows the nanocomposite prepared using a mechanical mixer. 

The results of mechanical mixing were published in the paper [24] and showed that the 

anticorrosive properties of the coating had improved in a short period of time. The 
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reason for the short application of this nanocomposite was the appearance of air bubbles, 

as shown in Figure 8b. By applying ultrasonic mixing, better anticorrosive properties were 

achieved over  a  longer period. Figure  8a  shows  a  cross‐section of  the nanocomposite, 

without air bubbles. Table 4 shows the advantages and disadvantages of both methods for 

the preparation of the nanocomposite material. 

Table 4. Advantages and disadvantages of using mechanical and ultrasonic mixing in the 

preparation of nanocomposite coating. 

 
+  − 

M
ec
h
an
ic
al
 

st
ir
ri
n
g
 

Faster preparation of the 

sample It is not necessary 

to cool the Sample quiet 

mode of operation 

Complicated handling of the device  

Complicated cleaning of the 

mechanical mixer 

The appearance of trapped air bubbles  

The appearance of nanoparticle 

agglomerates at higher concentrations 

U
lt
ra
so
n
ic
 

st
ir
ri
n
g
 

 

Easy handling of the device 

Simple probe cleaning 

Easy air removal 

Better dispersion of 

nanoparticles 

 

Heating the sample 

Longer sample preparation 

As the viscosity decreases, the device 

makes more noise 

Better  corrosion  resistance  and  stability  of  the  sample were  obtained  by  ultrasonic 

preparation of nanocomposites due to better dispersion of nanoparticles and the absence 

of air bubbles. During sample preparation, air bubbles were released due to the heating of 

the coating. As the viscosity of the liquid decreased with the increase in temperature, air 

bubbles were released more easily. A risk of degradation of the base polymer, however, 

existed during processing [48]. To avoid this unwanted process, the epoxy paint must be 

heated to the temperature recommended by the manufacturer. Loss of solvent from the 

nanocomposite during preparation did not affect the reduction of anticorrosive properties. 

Figure 9a shows the EDS spectra and chemical composition of the cross‐section of the 

nanocomposite with 1% Al NP, which was prepared using an ultrasonic homogeniser in 

epoxy paint. SEM analysis of the sample is shown in Figure 9b. Figure 9d,e show the EDS 

distribution map of aluminium and oxygen in the cross‐section of the nanocomposite with 

1% Al NPs. The incorporation of Al NPs showed a uniform and homogeneous distribution 

in  the  entire  measurement  area  of  the  nanocomposite  cross‐section.  Additionally, 

according  to  the  partial  staining, we  see  that  there was  no  formation  of  aluminium 

agglomerates. In the pure epoxy resin, as shown by the EDS analysis in Figure 10, the Al 

NPs were  evenly distributed  and  remained  at  the  nanoscale, which  confirms  that  the 

nanoparticles did not start to form agglomerates
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Figure 9. Results of (a) cross‐sectional spectrum of the sample surface (b) SEM image of the sample 

surface (c) EDS cross‐section map, and distribution of (d) aluminium and (e) oxygen in 1% Al NP–

epoxy paint nanocomposite coating. 

 

Figure 10. Results of (a) cross‐sectional spectrum of the sample surface (b) SEM image of the 

sample surface (c) EDS cross‐section map, and distribution of (d) aluminium and (e) chlorine in 1% 

Al NP–epoxy resin coating. 

3.4.2. ic‐ac‐SECM Analysis 

SECM provides electrochemical activity and topographic information about the surface 

reactions at the micrometre scale in aqueous environments [49]. We used this technique 

for the characterisation of the influence of the nanoparticles in the epoxy resin and epoxy 

paint. In the first experiment, it was necessary to find the appropriate vibration frequency 

so that the ultramicroelectrode (UME) could react with the surface (Figure 11). The piezo 

sensor was used  to determine  the distance of  the UME  from  the surface of  the sample. 

During the AC characterisation, the frequency applied to the piezo 
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was automatically swept up to 600 Hz and the signal gain was recorded. The amplitude 

was 0.1. 

 
Figure 11. Determination of the vibration frequency of the UME. 

The  real  impedance measured was  the  result  of  the  surface  activity  and  constant 

distance between the UME and the sample surface. The measurements were performed in 

tap water (Figure 11). The topography of the surface was determined on samples that did 

not contain nanoparticles and on samples obtained by ultrasonic mixing of epoxy resin 

and epoxy paint with 1.0% Al NPs. 

The distribution of real impedance resistance values on the surface of pure epoxy resin, 

epoxy paint, 1.0% Al NP–epoxy resin, and 1.0% Al NP–epoxy paint nanocomposite coating 

is shown  in Figure 12. The UME  that recorded  the  topography moved along  the x‐axis 

from 0 to 0.5 mm, the y‐axis from −0.25 μm to 0.25 μm, and the z‐axis was set to the constant 

distance determined by the piezo sensor. 

 

Figure 12. ic‐ac‐SECM distribution of real impedance per surface for samples: (a) epoxy resin, 
(b)  epoxy  paint,  (c)  1.0%  Al  NP–epoxy  resin  nanocomposite,  (d)  1.0%  Al  NP–epoxy  paint 

nanocomposite coating immersed in tap water. 

There  is a small variation  in the measured values of the  impedance (from 193 to 447 

kOhms) of  the  epoxy  resin  indicating  a homogeneous  structure  (Figure  12a). A  larger 

difference in real impedance distribution was observed in the epoxy paint sample (Figure 

12b). The occurrence of localised peaks was surrounded by boundaries of higher 
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impedance. The reason for the increase could be interpreted as the result of the effect of 

added coating components, such as additives in the epoxy paint. In the case of the sample 

containing 1.0% Al NPs in the epoxy resin, the impedance distribution was uniform, which 

resulted in a homogeneous structure (Figure 12c). The sample containing 1.0% Al NPs in 

the epoxy paint showed the greatest resistance but also a large distribution of resistance 

(Figure 12d). A deviation in the impedance resistance values appeared due to the densely 

distributed  aluminium  nanoparticles  located  right  next  to  the  surface  and  inside  the 

coating itself. The aluminium particles, located right next to the surface, reacted with the 

UME and allowed the current to flow, thus increasing the value of the current. Particles 

that were further from the surface were not able to have a complete impact on the UME, 

but the epoxy resin came to the fore, and the current flow decreased. 

The obtained values which are shown in Figure 12 for coating resistance were used to 

calculate the nanocomposite protection efficiency (CPE) using the following equation [24]: 

𝐶𝑃𝐸 ൌ
𝑍௖௢௔௧௪௜௧௛஺௟ே௉

ᇱ െ 𝑍௖௢௔௧௪௜௧௛௢௨௧஺௟ே௉
ᇱ

𝑍௖௢௔௧௪௜௧௛஺௟ே௉
ᇱ  

(1) 

 
The  calculated  nanocomposite  efficiency  obtained  by  ic‐ac‐SECM  measurement  of 

epoxy, epoxy paint, 1.0% Al NP–epoxy resin nanocomposite, and 1.0% Al NP–epoxy paint 

nanocomposite coating immersed in tap water, is shown in Table 5. 

Table 5. Calculated coating protection efficiency  (CPE, %)  for non‐modified and modified epoxy 

coating immersed in tap water. 

Samples  Epoxy Resin 

1.0%  Al  NP–Epoxy 

Resin 

Nanocomposite 
Epoxy Paint 

1.0% Al

NP–Epoxy 

Paint 

Nanocomposite 

Z’max (kΩ)  447  602  662  1120 

CPE (%)  ‐  25.75  ‐  40.89 

Nanoparticles in pure epoxy resin increase the protection efficiency by 25.75% and in 

the epoxy paint by 40.89%. 

3.5. Evaluation of Antibacterial Properties 

To  develop  a  nanocoating  with  antibacterial  properties,  we  investigated  the 

antibacterial activity of Al NPs.  Inorganic nanoparticles with antimicrobial activity are 

emerging as a new class of additives to coating materials to fulfil the increasing general 

demands for achieving dual properties of nanocomposites [21]. In the literature, there is 

almost no data on the toxicity of pure Al NPs, most of the literature studies aluminium 

oxide nanoparticles (alumina). 

The antibacterial activity of Al NP nanoparticles against P. aeruginosa (Gram‐negative) 

and B.  subtilis  (Gram‐positive) was measured using  the well‐diffusion method  (Figure 

13a,b).
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Figure 13. Antibacterial activity of pure Al NPs. Zone of inhibition of Al NP against (a) P. aeruginosa 

and (b) B. subtilis after 24 h. 

The  inhibition zone diameter  indicated  that Al NPs had a great antimicrobial effect 

(Figure 13a,b). Pure Al NPs produced zones of inhibition of 25 mm against P. aeruginosa 

and 23 mm against B. subtilis.  In general, differences  in  the cell wall structure between 

Gram‐positive and Gram‐negative bacteria could affect the interaction between NPs and 

bacteria.  Gram‐positive  bacteria  had  a  thick  outer  cell  wall  formed  by  a  thick 

peptidoglycan layer with hard polysaccharide chains linked by peptides. The thick outer 

cell wall could hinder NP penetration into the thick peptidoglycan layer [50]. It is known 

that,  in an aerobic environment, pure aluminium  reacts with oxygen and  forms a  thin 

oxide layer on its surface [51]. Factors that may be responsible for the antibacterial effect 

of aluminium oxide are (i) zeta potential and size of nanoparticles and (ii) formation of 

reactive oxidizing species (ROS) [52,53]. 

4. Conclusions 

(1) The Al NP nanocomposite was successfully dispersed in the epoxy resin and epoxy 

paint, without agglomerates and the appearance of air bubbles, which was confirmed 

by SEM, EDS, and SECM analyses. 

(2) Electrochemical  tests  confirm  that  the  addition  of  Al  NPs  to  the  epoxy  paints 

significantly  increases  the  impedance  values.  The  enhanced  corrosion  protection 

performance  in  the  presence  of  spherical Al NPs was  attributed  to  the  cathodic 

passivation process. After a longer exposure time, oxides form on the Al NP surface, 

close the pores, and provide greater resistance to the aggressive medium. When the 

added  content  of  Al NPs  was  1.0  wt.%,  the  nanocomposite  displayed  the  best 

mechanical and corrosion protection properties. 

(3) The tests of antimicrobial properties against two typical bacteria of P. aeruginosa and 

B. subtilis indicate that the surface antibacterial layer of Al NPs possesses excellent 

antimicrobial properties. 

(4) According to the obtained results, we believe that this Al NP–epoxy nanocomposite 

represents a multifunctional coating with excellent anticorrosive and antibacterial 

properties. 
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1    |    INTRODUCTION 

 
Cast  iron  was  widely  used  as  a  common  material  for 
water mains more than 50 years ago and it is subjected to 
different levels of deterioration due to corrosion and load- 
ing.1,2  Nowadays,  one  of  the  leading  global  problems  is 
the   generation   of   increasing   amounts   of   wastewater. 
Empirical records compiled from a variety of sources sug- 
gest that globally more than 330 km3  year–1  of municipal 
wastewater is produced.3   Over half of the population living  
in  clusters  in  the  European  Union  produces  on  a daily  
basis  wastewater  that  amounts  to  41.5  million m3.4 

An  excessive  amount  of wastewater,  affects the  strength of  
the  material,  mechanical  properties,  physical  appearance, 
as well as its operation and lead to degradation of 
infrastructure.5   Gray  cast  irons  undergo  a  unique  form of  
deterioration,   known  as   graphitic   corrosion.6    In  the 

process, the ferrous iron component of the cast iron  pipe wall 
exposed to the water media will leached out (anodic action),  
leaving  behind  a  graphite  matrix.7,8   The  corrosion  can  
cause  degradation  of  the  external  and  internal pipeline  
surfaces.  The  external  corrosion  is  governed  by reactions  
between  the  outer  surface  of  the  pipeline  and the  
surrounding  atmosphere,  including  moisture,  soils, and 
similar.9   Except for electrochemical corrosion, dam- age  to  
pipelines  can  occur  by  microbiologically  influenced     
corrosion.10       The     microorganism     influences internal  
corrosion  immensely  which  is  primarily  governed by the 
nature/source/composition of wastewater in residential  and  
industrial  pipelines,  types  of  pollutants, including nutrients, 
pathogens, and so on.9  The  bacteria  that we can find in 
wastewater are Escherichia coli,  Salmonella    spp.,    
Pseudomonas    aeruginosa,    Citrobacter, Enterobacter, 
Hafnia, Klebsiella, Serratia, Bacillus subtilis

 

 
Abstract 
In the present work, the effect of aluminum nanoparticles inside epoxy resin and 
epoxy paint for the purpose of extending the service life of drainage pipes. The 
nanocomposite samples were analyzed with scanning electronic microscopy (SEM) 
and energy dispersive x-ray analysis (EDX) to evaluate the dispersion of 
nanoparticles. Performed quantitative tests including electrochemical techniques, 
such as the method of electrochemical impedance spectroscopy (EIS) and scanning 
electrochemical microscopy (SECM) to determine impedance resistance on macro 
and micro levels. The antibacterial resistance of the nanocomposite samples was 
tested in the presence of Pseudomonas aeruginosa and Bacillus subtilis. All 
nanocomposite samples show an improvement in the measurement of impedance 
resistances and an increase in antibacterial effect by about 60% compared to the 
sample without nanoparticles. 
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and  Yersinia.11–13   The  mechanism  of  action  of  bacteria 
and  metal  substrates  was  described  in  detail  in  their works  
by  Blackwood14   and  Lv  and  co-authors,15   where they   
describe   the   cathodic   depolarization   theory   and 
extracellular   electron    transfer   and    microbiologically 
induced corrosion caused by microbial products. To illus- 
trate, different studies showed that the acquisition  of  iron  is  
important  for  the  survival  of  Gram-negative  bacteria P. 
aeruginosa which means that they will replenish their need  
for  iron  from  the  metal  surface.16,17   One  of  the 
mechanisms   of   interaction   between   metal/bacteria   is 
extracellular    electron    transfer.    These    mechanisms 
include   direct   electron   transfer   and   electron   transfer 
which  require  redox  mediators.14  Besides  metal/bacteria 
interaction, the metal corrosion process also can be accel- 
erated  by  biofilm.18   Research  showed  that  extracellular 
polymer  substances  (EPS)  produced  by  Gram-positive 
bacteria B. subtilis were the main component of the bio- film   
formed   on   the   metal   surface   and   provided   the 
biologically active  compound that  affected  the corrosion 
process.19,20

 

Due   to   all   these   reasons,   researchers   wanted   to 
develop a new generation of protective  coating  that will have  
anticorrosive  and  antibacterial  properties.21   Nano- particles 
have proven to be a good tool for achieving this goal. Besides 
their ability to stop the reaction  of the sur- face  and  control  
the  corrosion  rate  by  blocking  active sites  of  the  metal  
surfaces,  they  also  provide  hardness, straightness, 
durability, optical qualities, and thermal stability.22  By 
adding aluminium nanoparticles (Al NP) into epoxy  coating  
anticorrosion  and  antibacterial  coatings can  be  
developed.23  The  ability  of Al  NPs  to  release  the Al3+    ion   
and   create   a   passive   oxidation   layer   gives the possibility 
of creating a nanocomposite system for the protection of 
drainage pipes against chemical and micro- biological 
environmental factors.24,25

 

In   the   present   research,   we   want   to   investigate 
whether  there  is  a  difference  in  the  anticorrosive  and 
antibacterial effectiveness of Al NPs in pure epoxy resin and  
epoxy  paint.  The  formation   of   an  aluminium   oxidation  
film on a nanocomposite coating applied to the surface of gray 
cast iron was also investigated. A comparison between the 
resin and commercially available  anticorrosive paints was 
made. 

 
 
2    |    EXPERIMENTAL SECTION 

 
2.1    |    Materials 

 
Elemental  compositions  of  the  gray  cast  iron  specimens 
are 2.5 wt% C, 0.4 wt% Mn, 1.0 wt% Si, 0.4 wt% P, and the 
remainder  is  Fe.   Coating  formulations  were  prepared  by 

 
reacting  West  System  105  epoxy  resin,  and  epoxy  paint 
purchased   from   Hempel   with   polyamine-containing 
hardener. Aluminium nanoparticles (Al NP) with an  average 
particle size of 100 nm were provided by Guangzhou Hongwu 
Material Technology Co. 
 
 
2.2    |    Apparatus 
 
2.2.1    |    Surface characterization 
 
Scanning electron microscope (SEM) analysis was carried out 
using a TESCAN Brno microscope at a high vacuum, with  10 
kV,  a   spot  size  of  3,   and  a  work   distance   of 
6 mm. The size distribution and dispersion of  nanoparticles  
and  microanalysis  of  the  chemical  composition  of the  
sample  were  conducted  using  the  energy-dispersive 
detector (EDS) from INCA PentaFET. 
 
 
2.2.2    |    Mechanical properties of 
nanocomposite 
 
Elcometer®456  (Elcometer  Limited,  Edge  Lane,  Man- 
chester, UK) was used to observe the thickness of all sam- 
ples. The hardness of the coating and nanocomposite was 
determined   by   the   PosiTector   SHD   Shore   Hardness 
Durometer   (DeFlesko   Corporation,   Ogdensburg,   NY, 
USA).  The  hardness  of  the  nanocomposite  was  tested 

according to ISO 868:2003.26  The automatic Pull-Off test was 
used to measure the adhesion force between coating and  
metal  (Elcometer  510,  model  T,  Manchester,  UK). The 
coating samples and nanocomposite were exposed to the salt 
chamber  (Ascott Analytical Equipment Limited, model  
S450,   Staffordshire,   UK).   According   to   HRN   EN ISO 
9227,  the  samples  had  been  in  the  salt  chamber  for 
10 days (240 h).27

 
 

 
 
2.2.3    |    Thermal properties 
 
Differential   scanning   calorimetry   (DSC)   thermograms 
were recorded on a Mettler Toledo DSC 822e calorimeter 
using N2  flow. The samples weighing about 10 mg were 
heated  from  25°C  to  150°C  at  a  rate  of  10°C/min  and 
kept at that temperature for 5 min to forget the thermal history  
of  the  sample  preparation  (first  heating  cycle). The samples 
were cooled to  100°C at a speed of 10°C/ min and heated to 
150°C at a speed of  10°C/min  (second heating cycle).  From 
the second heating cycle,  the  values of the  glass transition 
temperature,  Tg,  were read.  Cooling  was  carried  out  with  
liquid  nitrogen.  Thermogravimetric  analysis  (TGA)  was  
recorded  on  a  TGA  analyse Q500.
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The  samples  weighing  around  10 mg  were  analysed in a 
stream of nitrogen (60 mL/min) in the temperature range of 
25–600 C with a heating rate of 10°C/min. 

 
 
2.2.4    |    Electrochemical measurements 

 
Electrochemical    impedance    spectroscopy    (EIS)    was 
recorded  on  the  VersaSTAT  3  Potentiostat/Galvanostat 
instrument. EIS was used to evaluate the resistance of the 
epoxy resin, 1% Al NP epoxy resin nanocomposite, epoxy 
paint, and 1% Al NP epoxy paint nanocomposite in 3.5% 
NaCl  solution,  pH = 7.554,  while  it  was  open  to  the 
atmosphere.  Measurements  were  performed  in  the  fre- 
quency  range  from  100 kHz  to  0.1 Hz,  with  a  potential 
amplitude of 10 mV at a room temperature of 25 ± 2°C. 
Measurements were conducted using an  electrochemical cell  
with  the  coated  sample  as  the  working  electrode  of 
19.625 cm2.  The  saturated  calomel   electrode  was used as 
a reference electrode and the graphite rod as the counter 
electrode.    The    ZSimWin    software    was    used    to 
interpret data. 

A     model     intermittent     contact     –     alternating 
current  –  Scanning  ElectroChemical  Microscopy  (ic-ac- 
SECM)  from  BioLogic  was  used  to  make  measurements 
on the epoxy resin, 1% Al NP epoxy resin nanocomposite, 
epoxy paint, and 1% Al NP epoxy paint nanocomposite in tap  
water.  For  a  more  detailed  view,  a   smaller   area (50 mm  
×  50 mm) of a sample was studied using a smaller  step  size.  
A  10-μm  diameter  Pt  ultramicroelectrode (UME)  was  used  
as  the  probe,  with  the  platinum  electrode  used  as  the  
counter  electrode,  and  an  Ag/AgCl electrode  as  a  
reference.  The  3D  Iso  Plot  software  was used  to  interpret  
data.  All  experiments  were  carried  out at room temperature. 

 
 
2.2.5    |    Migration and antibacterial activity of 
nanocomposite 

 
The samples of epoxy resin, 1% Al NP epoxy resin nano- 
composite,   epoxy   paint,   and   1%   Al   NP  epoxy   paint 
nanocomposite  were  placed  in  contact  with  simulation 

wastewater according  to the  DIN  EN 877.28  All samples (10 
g) were exposed in the 100 mL simulated wastewater for  30 
days  in  40°C.  The  mass  concentration,  electrical 
conductivity, and pH value of the wastewater were deter- 
mined after 10, 20, and 30 days. The mass concentration of 

Al3+  ions in wastewater was determined with the Alu- 
minium  Test  (MColortestTM,  0.1–6 mg/L  Al).  The  con- 
ductivity  and  pH  values  were  measured  with  a  pH/EC 
meter  (HI5521–02,  HANNA  instruments,  Woonsocket, RI, 
USA). 

The antibacterial performance of coatings  and nano- 
composites    was    assessed    using    P.    aeruginosa    and 

B. subtilis in accordance with ISO 22196:2011.29  The anti- 
bacterial  surfaces  for  the  tests  were  epoxy  resin,  1%  Al 
NP  epoxy  resin  nanocomposite,  epoxy  paint,   and   1% Al      
NP     epoxy       paint      nanocomposite      measuring 
50 mm × 50 mm  and  inoculated  with  0.4 mL  of  105   CFU 
bacterial  suspensions.  All  samples  were  covered  with 
polyethylene     foil     dimensions     of     40 mm  ×  40 mm 
(± 1 mm) and a thickness of 0.06 mm and were placed in a 
Petri dish and incubated at 35°C  (±1°C)  and  90%  relative 
humidity (RH) (±5%) for 24 h.  The plating of different  
dilutions on plate count agar was used to determine a few   
viable   bacterial   cells.   The   measurements   were repeated 
three times. 
 
 
2.3    |    Preparation of nanocomposite 
 
The  substrate  used  for  depositing  the  coating  was  gray 
cast iron plates of 15  ×  9.5  ×  0.9 cm. Surfaces of gray cast 
iron were cleaned with abrasive blasting (Rz  of 136.7 μm) and 
ethanol to remove surface contaminants. Two groups of  
samples  with  different  epoxy  coatings  were  prepared. The 
first group of samples was made of pure epoxy resin mixed  
with  1.0%  Al  NP.  The  second  group  of  samples contained 
epoxy paint mixed with 1.0% Al NPs. Mixing of 
1.0%  Al  NPs  into  epoxy  resin  and  paint  was  performed 
with an ultrasonic homogenizer at an amplitude of 30 for 
20 min.  The  ultrasonic  probe  heated  the  sample  and 
therefore the process was stopped for cooling. After that, the 
hardener was added, and everything was mixed with a glass 
stick until a homogeneous mixture was obtained. The  epoxy  
resin  and  hardener  were  added  in  a  ratio  of 
3.5:1, and epoxy paint and hardener were added in a ratio of 
4:1. No solvents were added during the dispersion pro- cess.  
Pure  epoxy  resin,  1.0%  Al  NP  in  epoxy  resin,  epoxy 
paint, and 1.0% Al NP in epoxy paint were applied to the 
surface  of  gray  cast  iron.  The  obtained  nanocomposite 
was twice applied to a previously degreased gray cast iron 
substrate using an applicator (150 μm). The samples were left  
at  room  temperature  (25°C)  for  7 days  and  then tested. 
 
 
3    |    RESULTS AND DISCUSSION 
 
3.1    |    The SEM and EDS analysis 
 
Figure 1 shows the SEM and EDS images of pure epoxy resin  
and  1%  Al  NP  epoxy  resin  nanocomposite.  As shown  in  
Figure  1a,  the  pure  epoxy  resin  exhibited  a smooth  surface  
area  with  many  shrinkage  holes  and
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FIGURE  1     The SEM-EDS chemical composition and mapping analysis of the (a, c, d) epoxy resin, (b, e, f,) 1% Al NP epoxy resin 

nanocomposite, and (g) Al NP distribution in epoxy resin. [Color figure can be viewed at wileyonlinelibrary.com] 
 

pinholes on the surface of the coating. The EDS analyses 
confirmed  that  the  epoxy  resin  did  not  contain  Al  NP 
(Figure 1c). In addition, C, O, and Fe elements have been 
monitored on  the surface  (Figure 1d).  The SEM  analysis of 
1% Al NP epoxy nanocomposite in Figure 1b shows a smooth   
surface   area   without   cracks   and   defects.   As shown  in  
Figure  1e,f,  the  1%  of  Al  NP  in  epoxy  resin shows 
excellent dispersion. Figure 1e shows the homogeneous  and  
uniform  distribution  of  Al  NP  in  the  epoxy resin. Al NPs 
did not agglomerate due to the action of the ultrasonic probe. 

The SEM and EDS mapping of the epoxy paint showed a  
rough  non-homogeneous  structure  (Figure  2a,d).  Pure 
epoxy paint, before modification, contained a small number 
of aluminium microparticles (Figure 2c, d). Figure 2e shows 
clusters of agglomerates larger than 500 nm in size. By  
adding  the  Al  NPs  and  using  an  ultrasonic  homogenizer 
(Figure 2b) the nanocomposite obtained a smoother, 
homogeneous  structure.  The  EDS  analysis  (Figure  2f,g) 
revealed  that  the  concentration  of  aluminium  particles 
increased. The distribution of the elements of aluminium 
(Figure 2h) was uniform and homogeneous, without the 
formation  of  agglomerates.  The  ultrasonic  homogenizer, 
in addition to the good distribution of nanoparticles, was also 
effective in breaking up the aluminium agglomerates that 
were added as pigments. 

3.2    |    Mechanical resistance of Al NP 
epoxy nanocomposite 
 
The results of the effect of Al NP on the mechanical prop- 
erties  of  epoxy  resin  and  epoxy  paint  are  shown  in Table 
4. Mechanical properties, such as thickness, hard- ness,   
adhesion,   and   color   change,    were    tested    after 
10 days  of  exposure  of  the  samples  to  the  salt  chamber. 
According to HRN EN ISO 6270-2,  the samples had  been in 
the chamber for 10 days (240 h). 

According to Table 1,  it is  evident that  the  addition  of 
1%  Al  NP  did  not  change  the  thickness  and  hardness of 
the coating.  Adhesion  of the coating to the metal  substrate  
showed  a  small  increase  with  the  addition  of  Al NPs to 
the epoxy paint.  A significant change is visible  in the  color 
change of the coating.  Exposure  of the  samples in the salt 
chamber did not significantly affect the change in the 
mechanical properties of all samples. 
 
 
3.3    |    Differential scanning calorimetry 
 
All  samples  were  analysed  using  Differential  scanning 
calorimetry  (DSC)  to  obtain  the  Tg    values.  The  DSC 
curves of all samples show a transition that  is  related  to  the  
glass  transition  temperature  (Tg).  The  obtained  Tg
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FIGURE  2     The SEM-EDS chemical composition and mapping analysis of the (a, c, d) epoxy paint, (b, f, g) 1% Al NP epoxy paint 

nanocomposite, and (e, h) Al NP distribution in epoxy paint. [Color figure can be viewed at wileyonlinelibrary.com] 
 

 
range  goes  from   100°C  to  140°C.  Table  2  shows  the 
values of Tg  for all samples. 

According  to  Table  2,   the  results  were  evaluated   to 
study the effects of Al NP modification on the Tg  values of 
the coating. With the addition of Al NPs, it is evident that with 
an increase in the proportion of Al NPs, there is a shift of Tg 

to lower temperatures which means that the nanoparticles  are  
not  completely  absorbed  by  the  epoxy resin/paint    and   
still    have    intact    free   nanoparticle surfaces. 

 
 
3.4    |    Thermogravimetric analysis 

 
All   samples   were   analysed   using   Thermogravimetric 
analysis (TGA). Figure 3. illustrates the thermal stability 
behavior of pure epoxy resin, 1% Al NP epoxy resin nano- 
composite,   epoxy   paint,   and   1%   Al   NP   epoxy   paint 
nanocomposite whereas the TGA parameters are listed in 
Table 3. 

The TGA curves for epoxy resin and 1% Al NP epoxy 
resin  nanocomposites show  that they  decompose  in  two 
stages  (Figure  3a,b).  In  both  cases,  the  first  stage  of 
decomposition  starts  around  100°C,  where  the  weight loss  
for  epoxy  resin is 13.29%,  and  for  1% Al NP  epoxy 

resin nanocomposites 11.05%. The second stage of weight 
loss, for both samples, started above 300°C during which the 
weight  loss  for  both  samples  was  approximately  80%. 

From the obtained results according to Figure 3c,d,  it can 
be concluded that epoxy paint and 1.0% Al NP epoxy 
nanocomposite  are  degraded  in  three  stages.  The  first 
stage  of  weight  loss  started  above  100 C  and  continued 
up  to  approximately  400°C.  This  may  correspond  to  the 
removal  of trances of solvents  or other  volatiles  trapped 
during  curing  because  of  epoxies  complex  cross-linked 
structure and residues of reactants, as well as the decom- 

position of low molecular weight fractions of polymer.30
 

The  second  and  third   stage   weight   loss   started   above 
400°C  and  continued  up  to  510°C  during  which  weight 
loss  for  blank  epoxy  coat  and  1.0%  Al  NP epoxy  nano- 
composite  were  approximately  27.08,  32.51%  and  13.43, 
10.87%.  The  use  of  an  ultrasonic  homogenizer  did  not 
affect  the  loss  of  solvent  during  the  preparation  of  the 
nanocomposite. Table 2 shows all results of TGA analysis for 
epoxy resin samples, 1% Al NP epoxy resin nanocomposite,   
epoxy    paint,   and   1%    Al    NP   epoxy    paint 
nanocomposite. 

The  results  in  Table  3  show  that  the  nanocomposite 
samples show the same decomposition temperature  interval  
as  their  starting  samples  (epoxy  resin  and  epoxy
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TABLE  1     Results of mechanical resistance tests for epoxy resin, 1% Al NP epoxy resin nanocomposite, epoxy paint, and 1% Al NP epoxy paint 

nanocomposite before and after the exposure to the salt chamber. 
 

Samples                 Epoxy resin           1% Al NP epoxy resin           Epoxy paint          1% Al NP epoxy paint 
 

Thickness (μm)                  Unexposed               251.20                       254.90                                       249.90                      255.50 
 

Salt chamber            252.00                       261.60                                       254.40                      259.50 
 

Hardness (Shore D)           Unexposed                 80.00                         81.00                                         83.40                        82.00 
 

Salt chamber             81.75                         81.00                                         77.20                        81.60 
 

Adhesion (MPa)                Unexposed                   8.32                           9.11                                           8.34                        13.47 
 

9.14                           8.87                                          8.31                         14.18 
 

Salt chamber               7.72                         10.46                                         12.99                           9.58 
 

7.67                           8.62                                         11.85                         10.44 
 

RAL colors                         Unexposed                   025                          7016                                           3013                          8017 
 

Salt chamber                 025                          7016                                          3013                           8017 
 

 
 

TABLE  2     DSC analysis of epoxy resin, 1% Al NP epoxy resin, epoxy paint, and 1% Al NP epoxy paint. 
 

Samples                       Epoxy resin                       1% Al NP epoxy resin                       Epoxy paint                       1% Al NP epoxy paint 
 

Tg  ( C)                           52.3                                      41.1                                                        34.7                                      20.1 
 
 
 

 
 

FIGURE  3     TGA and DTG curves of: (a) epoxy resin, (b) 1% Al NP epoxy resin nanocoating, (c) epoxy paint, (d) 1% Al NP epoxy paint 

nanocoating. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE  3     Results of thermal decomposition of epoxy resin, 1% Al NP epoxy resin nanocoating, epoxy paint, and 1% Al NP epoxy paint  

nanocoating. 
 

Samples 
 
Epoxy 
resin 

 
1% Al NP epoxy resin 
nanocomposite 

 
Epoxy 
paint 

 
1% Al NP epoxy paint nanocomposite

 

T5  ( C)                     172.2                          169.5                                                            278.3                                   277.4 

Tkon  ( C)                 351.0                           423.5                                                            470.5                                   468.2 

Tmax
1  ( C)               179.3                           182.7                                                            102.8                                   103.0 

Δm1  (%)                   13.3                            11.1                                                               0.49                                     0.43 

Tmax
2  ( C)               359.5                          377.3                                                              334.0                                   347.2 

Δm2  (%)                  84.34                           80.2                                                                27.1                                     32.5 

Tmax
3  ( C)                   –                                 –                                                                 446.9                                   446.6 

Δm3  (%)                     –                                 –                                                                   13.4                                     10.9

Residue 
(600 C) 

7.4                             8.4                                                                57.1                                     55.5

 
Note: 1first step of decomposition,2second step of decomposition, and 3third step od decomposition.

 
 
 

paint). In the first stage of decomposition (Δm1), solvent 
evaporation  occurs,  which  occurs  in  all  samples  in  an 
equal  proportion  for  resin  from 13.3%  to  11.1%, and  for 
paint  from  0.43%  to  0.49%. The  mass loss  in the  second 
stage  of  decomposition  (Δm2)  for  samples  made  with 
epoxy resin is equal.  In the case  of the  epoxy paint sam-ple 
with the addition of 1% Al NP, the mass loss increases in the 
second stage, while it decreases in the third stage of 
decomposition  (Δm3).  At 600°C, a  large proportion of solid 
residue appears, which may be related to additives added to 
the coating. 

 

 
3.5 |    Electrochemical impedance 
spectroscopy 

 
The  study  of  electrochemical  properties  of  coating  and 
nanocomposite  coating  in  corrosion  media  is  of  great 
importance for the assessment of the durability and pro- 
tection  of  the  applied  coating  system.  This  information 
can  be  obtained  using  Electrochemical  impedance  spec- 
troscopy  (EIS).  Figure  4  shows  the  equivalent  circuit 
model for the  sample with a  nanocomposite  coat.  In the  
EIS technique, an alternating electric signal over a wide range 
of frequencies is applied to the reference, working, and  
counter  electrodes  at  ambient  temperature.  In  this model, 
Rs, Rcoat, and Rct  represent   the  solution  resistance,  coat  
resistance,  and  charge-transfer  resistance,  respectively.  
CPEcoat   and CPEdl  are the double-layer  capacitance 
and   coating capacitance,  respectively.31   In  this  work,  the 
substrate on which the epoxy coat is applied is gray cast  iron  
with  a  high  carbon  content.  After  a  long  exposure time 
in a corrosive electrolyte, the epoxy coat will loosen and   
begin   to   form  pores   and  microcracks.   When   the 

 
 

 
 
FIGURE  4     An equivalent circuit model is employed to fit the 

impedance data.23  [Color figure can be viewed at 
wileyonlinelibrary.com] 
 
 
 
corrosive  medium  reaches  gray  cast  iron,  the  iron  will 
dissolve  and  leave  behind  graphite  (C)  (Figure  4).  To 
extend the life of  gray  cast iron, the epoxy coat is  modified 
with Al NP. 

Figure  5  gives  the  impedance  spectra  of  the  epoxy 
resin, 1% Al NP epoxy resin nanocomposite, epoxy paint, and  
1%  Al  NP  epoxy  paint  nanocomposite  in  3.5 wt% NaCl 
solution after 24 hours. The semi-circular arc diameter in the 
Nyquist plot and the impedance value at the lowest  frequency  
in  the  Bode  plot  provide  information regarding  the  
corrosion  resistance  of  the  coatings.  A higher  arc  diameter  
and  a  high  impedance  value  correspond to a high corrosion 

resistance.32  The anticorrosive properties  of  Al  NPs,  
without  the  influence  of  additives
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FIGURE  5     Nyquist and Bode plots of (a, b) epoxy resin and 1% Al NP epoxy resin nanocomposite, (c, d) epoxy paint, and 1% Al NP 
epoxy paint nanocomposite in 3.5 wt% NaCl solution after 24 h. [Color figure can be viewed at wileyonlinelibrary.com] 

 
in the coating, are shown in Figure 5a where Al NPs are 
embedded in pure epoxy resin.  Figure 5b  shows that the 1%  
Al  NP  epoxy  resin  nanocomposite  should  have  two- time  
constants  after  24 h of immersion  in  3.5 wt%  NaCl 
solution. Epoxy paint (Figure 5c) shows better corrosion 
resistance than pure epoxy resin (Figure 5a) and thus the 
incorporation  of Al NPs into  epoxy  paint will show   better 
properties. The 1% Al NP epoxy paint sample (Figure   5d)   
achieved   a   constant   phase   angle   value extending from 
the medium frequency region (10 Hz) to the high-frequency  

region  (105  Hz)   throughout the  expo- sure time,   indicating   
that  the   coating  had not  started  to  
deteriorated. In   the  case  of  short-term  immersion  in  the 
electrolyte,     the    properties    of    the  protective  coating 
remained intact.   The  epoxy  paint  sample  shows  a   nar-   
rower  constant area of the phase angle  (Figure 5d),   which  
can also  be seen in the lower  resistance value shown in the  
Nyquist diagram (Figure 5c). 
 
 

 
    After finding corrosion  resistance for epoxy  resin,  1% Al  
NP  epoxy   resin  nanocomposite, epoxy  paint,  and 1% Al 
NP  epoxy  paint  nanocomposite  the  coating protection  
efficiency  (CPE)   can  be   determined   depending  on 

the formula 33: 
 

𝐶𝑃𝐸 ൌ
𝑍௖௢௔௧ ௪௜௧௛ ஺௟ே௉

ᇱ െ 𝑍௖௢௔௧ ௪௜௧௛௢௨௧ ஺௟ ே௉
ᇱ

𝑍௖௢௔௧ ௪௜௧௛ ஺௟ ே௉
ᇱ ൈ 100%  (1) 

 
    The    CPE    was    calculated    using    the    following 
Equation (1), where Z'coat  with  Al  NP  is the real impedance 
(Ω)  of  nanocomposite  coating,  and  Z'coat   without   Al   NP   is 
the  real  impedance  of  coating  (Ω)  which  was  obtained 
using an equivalent circuit model.  In Table 4 calculated 
values are shown for CPE (%). 
    According to Table 4, the influence of Al NPs increases 
corrosion  protection  by  43.33%.  In  epoxy paint, the  same 
amount of Al NP increased corrosion protection by 51.41%
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compared  to  epoxy  resin.  The  reason  for  this  deviation 
could be attributed to the added additives and aluminium 
particles that were in the epoxy paint, which were addition- 
ally  affected  by the  ultrasonic  homogenizer. According  to 
the  EDS analysis  (Figure  3h),  after the  addition  of  1%  Al 
NP and the action of the ultrasonic probe, the distribution of 
aluminium particles became uniform and more homogeneous 
than in the base epoxy paint (Figure 7d). 

 

 
 
3.6 |    Scanning electrochemical 
microscopy 

 
Although   electrochemical   techniques   provide   powerful 
tools  for  the  study  of  interfacial  reactions,  conventional 

 
 

TABLE  4     The CPE (%) values for all samples were obtained 

from the Nyquist plot. 
 

Samples                                  t (h)         Rp  (Ω)              CPE (%) 

Epoxy resin                              24             8.5 × 107                43.33 

1% Al NP + epoxy resin                          1.5 × 108
 

Epoxy paint                             24             1.0 × 109                  94.74 

1% Al NP + epoxy paint                          1.9 × 1010
 

methods  fall  short  in  providing  information  about  the 
electrochemical  reactions  occurring  at  the  sample  sur- 

face.34  Therefore, in addition to the EIS measurement, a 
scanning electrochemical microscopy (SECM) analysis of the  
samples  was  made,  which  gives the  surface  a  repre- 
sentation  of  the  coating  in  different  shades  that  corre- 
spond   to   the   electrochemical   activity   of   the   surface 
during 30 days of exposure in a 3.5 wt% NaCl solution. In this 
study, ic-ac-SECM was used primarily to evaluate the effect 
of Al NP   on the  corrosion protection  performance of  epoxy 
resin  and  epoxy  paint  over  gray  cast  iron  in  a 3.5%   NaCl   
solution.   The   surface   distribution   of   real impedance  
resistances  on  epoxy  resin  and  1%  Al  NP epoxy  resin  
nanocomposite  after  1,  15,  and  30 days  of exposure  in  3.5 
wt%  NaCl  solution  is  shown  in  Figures 6 and 7. 

According  to  Figure  6,  all  samples  show  a  uniform 
distribution  of  real  impedance  resistances,  which  indi- 
cates  the  homogeneity  of  the  prepared  samples.  The epoxy  
resin  sample  containing  1%  Al  NP  showed  better 
corrosion  resistance  than  the  pure  epoxy  resin  immedi- 
ately  after  1 day  of  exposure  to  a  corrosive  medium 
(Figure 6a).  With a longer exposure time  (after 30 days), the 
resistance of all samples is still reflected as constant (Figure  
6a–f).  In  Figure  6f,  the  1%  Al  NP  epoxy  resin

 
 

 
 

FIGURE  6     IC-AC SECM distribution of real impedance (Z') for epoxy resin after (a) 1 day, 15 days, (c) 30 days, and 1% Al NP epoxy resin 

nanocomposite after (d) 1 day, (e) 15 days, and (f) 30 days in 3.5% NaCl solution. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE  7     IC-AC SECM distribution of real impedance (Z') for (a) epoxy paint after 24 h, (b) epoxy paint after 120 h, (c) 1% Al NP epoxy 

paint nanocomposite after 24 h, and (d) 1% Al NP epoxy paint nanocomposite after 120 h in 3.5% NaCl solution. [Color figure can be viewed at 

wileyonlinelibrary.com] 
 

nanocomposite  sample  shows  an  increasingly  extended 
distribution of higher impedance resistances over the sur- 
face. The reason for this could be the reactivity of aluminium,  
in  contact  with  the  electrolyte  Al  NP  reacts  with water 
molecules, H+  and OH–   ions, and starts to form an oxide film 
on its surface.35  The oxide film is very compact and  the  
oxide  volume  is  high  compared  to  the  metal involved   by   
oxidation   and   closely   adhered   to   the metal surface.36  In 
addition, the Al NPs are superimposed parallel to each other 
in the coating film and play a “labyrinth”  effect,  thereby  
prolonging  the  permeation   path and time of water and 
corrosion media to the substrate.37

 

According  to  Equation  (1),  calculate  the  CPE  values 
for the epoxy resin and the 1% Al NP epoxy resin nano- 
composite after 1, 15, and 30 days  of  exposure  in  a  3.5 wt 
% NaCl solution. Table 5 shows that for the sample 1% Al 
NP epoxy  resin nanocomposite  increased  the  CPE value by 
15.21% after 15 days, which could indicate the formation of 
a protective oxide film on the Al NP surface. 

The distribution of real impedances on the surface of 
epoxy paint and nanocomposite 1% Al NP epoxy paint is 
shown in Figure 7. The samples were exposed in 3.5 wt% 
NaCl solution for up to 30 days. All samples show small 
deviations  of  the  real   impedances   on   the   surface,   the 

TABLE  5     The CPE (%) values for epoxy resin and 1% Al NP epoxy 

resin nanocomposite obtained from ic-ac SECM topography after 

exposure in 3.5 wt. % NaCl solution for 1, 15, and 30 days. 
 

Samples                                 t (days)        Rp  (kΩ)        CPE (%) 
 

Epoxy resin                             1                    366                27.67 
 

1% Al NP + epoxy resin                              506 
 

Epoxy resin                             15                  341                42.88 
 

1% Al NP + epoxy resin                              597 
 

Epoxy resin                             30                  301                53.98 
 

1% Al NP + epoxy resin                              654 
 
 
TABLE  6     The CPE (%) values for epoxy paint and 1% Al NP 

epoxy paint nanocomposite was obtained from ic-ac SECM 

topography after exposure in 3.5 wt% NaCl solution for 30 days. 
 

Samples                                 t (days)        Rp  (kΩ)        CPE (%) 
 

Epoxy paint                              1                  670                32.32 
 

1% Al NP + epoxy paint                              990 
 

Epoxy paint                            15                  522                39.09 
 

1% Al NP + epoxy paint                              857 
 

Epoxy resin                             30                  451                43.12 
 

1% Al NP + epoxy paint                              793
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cause   of   which   may   be   a   small   inhomogeneity   of 
the  coating  component.  During  30 days  of  exposure  to 
the epoxy paint in the corrosive electrolyte, there was no 
change in the resistance of the coating (Figure 7a–c). The 
addition of Al NPs to the epoxy paint  increases  the  value of   
the   relay   impedance   on   the   surface   and   thereby 
improves  the  anti-corrosion  properties  of  the  coating 
(Figure 7d). By exposing 1% Al NP epoxy paint in 3.5 wt% 
NaCl  solution,  the  corrosion  resistance  is  kept  constant in  
the  interval  between  514  and  990  kΩ  for  30 days (Figure  
7d–f).  Figure  7f  shows  that  the   surface   of   the 
coating  is  covered  with  all  higher  values   of   impedance 

resistance,  which  could  result   in  the formation  of  alumi- 
nium oxides. 

According  to  Equation  (1)  calculate  CPE  values  for 
epoxy  paint  and  nanocomposite  1%  Al  NP  epoxy  paint 
after 1, 15, and 30 days of exposure in 3.5 wt% NaCl solu- 
tion. The addition of Al NPs to the epoxy shows a coating 
color  performance  that  increases  and  slightly  increases 
with exposure time in the corrosive medium (Table 6). 

The  coating  made  of  pure  epoxy  paint  has  a  higher 
corrosion   stability   than   the   coating   of   epoxy   resin 
(Figures  6 and 7)  and  because of this,  the  electrolyte  pen- 
etration  is  more difficult  and the  Al  NP  in the  epoxy paint

 
 
 

 
 

FIGURE  8     The mass concentration of the migration of (a) Al3+  ions from epoxy resin, epoxy paint, 1% Al epoxy resin nanocomposite, and 1% 

epoxy  paint  nanocomposite  to  simulated  wastewater  for  30  days.   Antibacterial  activity  of   epoxy  resin,   epoxy  paint,  1% Al  epoxy  resin 

nanocomposite,  and  1%  epoxy  paint  nanocomposite  on  (c)  P. aerugionosa  and  (d)  B. subtilis after 24 h according to the ISO 22196 standard. 

[Color figure can be viewed at wileyonlinelibrary.com]
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TABLE  7     Average  values  of bacterial activity  of  epoxy resin, 1% Al NP epoxy resin nanocomposite,  epoxy paint, 1%  Al NP  epoxy  paint 

nanocomposite against P. aeruginosa and B. subtilis according to JIS Z 2801 after 24 h.
 
 

Test 
bacteria 

 
 
Contact 
time                   Test substance 

 

CFU 
(control) 
(mL) 

 

CFU 
(test) 
(mL) 

 
 
Reduction 
(%) 

 
 
Log10 

(reduction)

 

P. 
aeruginosa 

 

24 h                     Epoxy resin                                          960,000                 930,000           3.13                       0.3887 
 

1% Al NP resin nanocomposite          960,000                 380,000           60.42 
 

Epoxy paint                                          960,000                 920,000            4.17                       0.39559 
 

1% Al NP paint nanocomposite          960,000                 370,000           61.46
 

B. subtilis           24 h                     Epoxy resin                                          320,000                 312,000             2.50                       0.3123 
 

1% Al NP resin nanocomposite          320,000                 152,000           52.50 
 

Epoxy paint                                          320,000                 309,000           3.44                       0.3346 
 

1% Al NP paint nanocomposite          320,000                 143,000           55.31 
 

will  oxidize  more  slowly, and the  CPE value will be a lit- 
tle lower. 

 
 
3.7 |    Migration and antibacterial activity of 
Al nanoparticles  embedded  in  epoxy 
polymers 

 
For polymer nanocomposites, degradation of the  composite 
product itself, the fate of the nanoparticles in the polymer  
matrix,  and  the  released  nanoparticles  play  a  key role   in   
the   antibacterial   properties  of   epoxy   coating. Release  of  
Al  NPs  from  epoxy  resin,  epoxy  paint,  and nanocomposite 
in simulated wastewater was measured at intervals of up to 30 
days. According to Figure 8a, it was shown  that  the  release  
rate  of  Al  NP  is  faster  in  epoxy resin  than  in  epoxy  
paint.  Both  samples  after  a  certain time (10 days of 
exposure) show a constant mass concentration  of aluminium  
in the  wastewater.  Pure  aluminium has  a  greater affinity  
with  oxygen  and  can  be  automatically  oxidized  in  contact  
with  water  media  to  form  an 
Al2O3  passivation film.38    The  constant  value  of  the  mass 
concentration  of  aluminium  in  the  wastewater  could  be 
the reason for the oxidation  of Al NPs on  the  surface  of the 
epoxy coating, and the release of new Al  NPs  due  to the  
formation  of  aluminium  oxide  is  possible.  However, little  
data  is  available  on  the  degradation  of  polymer 
nanocomposites, and the state of the imbedded nanoparticles  
during  environmental  exposures.  The  lack  of  this type of 
information hinders our ability to understand the release    

mechanisms    and    to    predict    the    long-term release.39
 

The  antibacterial  activity  of  the  epoxy  resin,  epoxy 
paint,   1%   Al   epoxy   resin   nanocomposite,   and   1% 
epoxy  paint  nanocomposite  was  evaluated  against  the 
wastewater   bacterial   species   Pseudomonas   aeruginosa 
and Bacillus subtilis (Figure 8c,d). 

According to Figure 8c,d, the highest non live count of 
bacteria was observed on the nanocomposites. The nano- 
composite  with  1%  of  Al  NP  in  epoxy  resin  and  epoxy 
paint  exhibited  the  highest  antibacterial  effect,  with  a 
reduction  of  about  60.5%  for  P.  aeruginosa  and  54%  for 
B. subtilis (Table 7). 

According  to  Table  7,  the  nanocomposites  showed  a 
significant reduction in the  number  of  all  tested  bacteria of 
about 0.33 log compared to the control epoxy coating during  
the  exposure  period  of  24 h.  These  reduction values  are  
satisfactory  to  demonstrate  the  antibacterial efficacy 
according to the criterion (≥2 log) defined in the Japanese 

standard JIS Z 2801.40
 

According to the literature, the toxicity  of Al NPs  can be 
explained  in  two ways: (1)  the released aluminium  ion is  
toxic  to  living  organisms,41  (2)  the  formed  aluminium 
oxides may inhibit bacterial growth.25  It has been previously 
shown that the most toxic  Al  species are considered to  be  
the  monomeric  Al3+.42,43   The  metal  NPs  slowly release 
metal ions able to puncture holes in  the  bacterial cell 
membrane and disrupt cellular processes  from  inside the  
cell.25,44    The  contract  killing  is  the  first  possible 
mechanism for the ability of nanostructures to reduce the 
number of bacteria.45  The aluminium ions are capable of 
interaction with  many cellular components  which  has a 
negative   impact   on   the   homeostasis   of   microorgan- 
isms.42,43   Aluminium binds to membrane  components of cell 
walls and interferes with calcium metabolism. More- over, for 
its positively charged species may interact with nucleic acids, 
thus distressing cellular functions. The second antibacterial 
mechanism of nanoparticles is the formation of extracellular 
and intracellular reactive oxygen species (ROS).45,46  There is 
also evidence that Al3+  toxicity can cause excessive 
generation of ROS and an increase in peroxidation  and / or  
breakdown  of   membrane  lipids.47

 

Aggregation  of  AlOxNPs  on  the  surface  of  the  bacterial 
cell also has  a harmful effect.44   Once  the  aluminium  
oxide
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nanostructures are in contact with the bacteria, they can 
potentially  cause  the  bacteria  to  rupture  via  irreparable 
mechanical damage to the bacterial membrane, increase 
oxidative  stress  within  the  bacterial  cell  and  increased 
levels of free radicals can result in irreparable damage to 
nucleic   acids,   proteins,   membranes,   and   organelles, 

which eventually leads to the activation  of  cell death.45   It is  
important  to  note  that  the  mechanisms  of  action  are the  
complex  result  of  multiple  and often interconnected 
mechanisms  that  happen  simultaneously  and  it  is  diffi- 
cult to  delineate their contributions in a complex biological 

system.46
 

 
 
4    |    CONCLUSION 

 
The  aluminium  nanocomposite  was  prepared,  homoge- 
nized,  and  successfully  used  in  epoxy  resin  and  paint 
formulations  to  develop  anticorrosion  and  antibacterial 
protection  coating  in  the  pipeline  industry.  It  can  be 
concluded  that  the  addition  of  Al  NPs  in  the  epoxy 
coating improves  the  resistance  to the electrolyte, but at the  

same  time  enables  the  migration  of  Al3+  ions  up  to a   
certain   concentration.   It   was   also   found   that   after 
30 days of exposure to 3.5 wt% NaCl solution, the nano- 
composite  can  form  aluminium  oxides.  The  influence  of 
Al   NPs   in   epoxy   paint   showed   slightly   better   anti- 
corrosion   and   antibacterial   characteristics   than   the effect  
of  Al  NPs  in  pure  epoxy  resin.  Such  behavior  is possible   
due   to   various   additions   and   additives   contained in the 
epoxy paint. 
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2. M. Samardžija, V. Alar, F. Kapor, B. Runje, I. Stojanović, The Influence of Different 

Preparations of Nanocomposite Coating on Protective Properties, International 

Conference MATRIB 2023 – Materials, Tribology & Recycling, 2023 (izvorni 

znanstveni rad, predavanje) 
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3. M. Samardžija, V. Alar, I. Stojanović, V. Špada, M. Kurtela. Aluminium 

nanocomposites epoxy coating for anticorrosion and antibacterial protection, MTECH 

2023, 2023  (izvorni znanstveni rad, predavanje) 

4. M. Samardžija, V.  Alar, F.  Kapor, Mikrobiološki Poticana Korozija Odvodnih Cijevi, 

25th International conference of materials protection and industrial finish, KORMAT 

2022, 2022 (izvorni znanstveni rad, predavanje) 

5. M. Samardžija, Marina, G. Bilić, V. Alar, F. Kapor, Phosphate Coatings Modified with 

a Green Olive Leaf Extract for Corrosion Resistance on Carbon Steel, 3rd International 

Conference on Materials: corrosion, heat treatment, materials testing and tribology, 

MTECH 2021, 2021 (izvorni znanstveni rad, predavanje) 

 

Posters at the international conference: 

 

1. M. Samardžija, V. Alar, I. Stojanović, M.  Kurtela, Application of EIS and SECM 

studies for investigation of anticorrosion properties of epoxy coatings. 28th Croatian 

Meeting of Chemists and Chemical Engineers, March 28-31, 2023. Rovinj, Croatia. 

2023. str. 1-1. (sažetak izlaganja sa skupa) 

2. M. Samardžija, M. Kurtela, V.  Alar, I.  Stojanović, B. Runje, Multifunctional 

Nanocomposites Epoxy Coating with Enhanced Mechanical, Anticorrosion and 

Bactericidal Properties Bruxelles: European Federation of Corrosion Publications, 

2023. str. 1-1. (sažetak izlaganja sa skupa) 

3. M. Samardžija, V.  Alar, V. Špada, S. Jakovljević, B. Runje, Effect of Al and Ag 

nanoparticles on the anticorrosion and antibacterial properties of epoxy coating, 

MTECH 2023 –  4. međunarodna konferencija o materijalima: toplinska obrada i 

inženjerstvo površina, materijali i tribologija, korozija i ispitivanje materijala Zagreb: 

Hrvatsko društvo za toplinsku obradu i inženjerstvo površina, 2023. -, 1. (sažetak 

izlaganja sa skupa) 

4. M. Samardžija, V.  Alar, M.  Kurtela, F. Kapor, Epoksidna prevlaka u zaštiti odvodnih 

cijevi, MATRIB 2022, 22th International Conference on Materials, Tribology & 

Recycling / Bušić, Matija ; Leder Horina, Jasna ; Tropša, Vlado (ur.). Varaždin: 

Hrvatsko društvo za materijale i tribologiju (HDMT), 2022. str. 56-56. (sažetak 

izlaganja sa skupa) 

5. M. Kurtela, V. Alar, V. Šimunović, M. Samardžija, Modified Epoxy Coatings on Cast 

Iron, EUROCORR 2022 2022. str. 1-2. (sažetak izlaganja sa skupa) 


