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Abstract 

Data from marine field tests of epoxy-based anti-fouling coatings 

containing various biocidal additives are presented. Epoxy coatings free 

of highly toxic substances were used in the study. These coatings were 

exposed for two years in the sea at the "Dam Bay" marine research and 

testing station, located on Che Island in Nha Trang bay. Biofouling was 

classified to species, where possible. When species-level identification 

was not feasible, organisms were classified to higher taxonomic levels 

such as genus, family, class, or type. The number of individuals in each 

taxon was counted and the total biomass of all individuals of that taxon 

was measured. ImageJ software was applied to determine the biofouling 

area. Statistical analyses used included: ANOVA, with post-hoc pairwise 

comparisons of mean values using Fisher's LSD correction for multiple 

comparisons, PERMANOVA (using the Bray-Curtis similarity index 

with a prior logarithmic transformation of biomass data).The statistical 

significance of the influence of plate orientation and their arrangement 

on the cassettes on the intensity of marine fouling was assessed. This 

study demonstrated the advantage of the wet weight method over 

projective coverage analysis for evaluating environmentally friendly 

antifouling coatings after two years of exposure in a tropical marine 

environment, where area-based assessment is no longer effective. Epoxy 

coatings free of highly toxic substances were used in the study. of the 

wet weight method over projective coverage analysis for testing 

environmentally friendly antifouling coatings after two years of testing 

in a tropical climate, when assessment by fouling area is no longer 

effective.  

Keywords 

Biofouling biomass assessment; environmentally friendly antifouling 

coatings; long-term field exposure; silver nanoparticles (AgNPs); 

Tropical Marine biofouling community structure; wet weight 

(gravimetric) analysis. 

Introduction 

The history of combating marine fouling spans 

several centuries. The traditional approach to this 

problem involves the use of protective coatings 

containing biocidal agents that inhibit the 

settlement and growth of fouling organisms 

(Karpov et al., 2018; Chava & Mokievsky, 

2002). However, the environmental and human 

health hazards associated with some highly 

effective biocides – such as organotin 

compounds (e.g., tributyltin), lead-based 

substances (including red lead), and others – 

(Chava & Mokievsky, 2002; Abacharaev & 

Abacharaev, 2011; Kharchenko et al., 2024; 

Walter et al., 2024). In addition to understanding 

the mechanisms of biocide action when 

developing such coatings, it is essential to 

consider the compatibility of the formulated 

paints and organosilicate compositions for 

protective applications, as well as their ability to 

incorporate biocidal additives effectively. 

The development of new protective coatings, 

especially those utilizing previously untested 

environmentally friendly biocides, requires 

 have prompted a global trend towards the prolonged iterative refinement of formulations –

development and application of environmentally eliminating ineffective components and 

safe biocidal additives for anti-fouling coatings enhancing those demonstrating promising 

https://doi.org/10.58334/vrtc.jtst.vol.015.988
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efficacy. Accurate assessment of the antifouling 

properties necessitates the use of precise 

analytical methods to characterize the fouling 

communities that develop on test samples. 

Conventional methods specified in GOST 9.412-

2001 (Russian State Standard) often lack 

sufficient sensitivity, necessitating the adoption 

of quantitative evaluation techniques used in 

hydrobiology. Furthermore, a thorough 

interpretation of test results benefits greatly from 

knowledge of the typical succession of fouling 

communities in the specific aquatic 

environment where testing occurs. Such 

knowledge allows one to determine whether the 

development of biofouling communities is 

being disrupted by the tested biocides. 

Unfortunately, the succession patterns of 

fouling communities in the Dam Bay area of the 

south China sea remain insufficiently studied 

for confident predictive modeling (Karpov et 

al., 2018; Chi et al., 2022). 

It is important to note that marine field-test 

coatings are periodically subjected to storm 

events, temporary water displacements, and 

other catastrophic influences, leading to the 

death and mechanical removal of fouling 

organisms from the test surfaces. This 

complicates the accurate prediction of the "shelf 

life" of protective coatings during long-term 

field testing (Mahmoud et al., 2021; Pecherkin 

et al., 2023; Smirnova, 2021). Consequently, the 

development of new, less time-consuming 

assessment techniques for evaluating 

antifouling properties remains an urgent and 

relevant challenge. 

At the same time, environmentally friendly 

coatings develop fouling much faster. 

Therefore, the traditional method of assessing 

fouling by surface area is not always effective in 

long-term full-scale marine testing. In such 

cases, the most effective method for assessing 

marine fouling is wet weight measurement. 

To illustrate the effectiveness of the gravimetric 

method for assessing the coatings antifouling 

activity, epoxy resin-based coatings were 

selected, which are traditionally used as both 

anticorrosive and antifouling ones (Anwar & Li, 

2024; Makhmetova et al., 2024; Thomas et al., 

2024). Epoxy coatings are also often used as 

experimental antifouling coatings to study the 

effect of new biocides on antifouling activity 

(Jaramillo et al., 2019; Szmechtyk et al., 2026). 

In this work, biocides (zinc and copper 

phosphates and zinc, copper and strontium 

chromates) combining antifouling and 

anticorrosive activity were used. These 

compounds are commonly used as corrosion 

inhibitors in paint coatings. Most often, 

researchers use zinc and copper compounds 

(oxides Cu2O and ZnO, organic complexes such 

as copper and zinc pyrithione, or salts of cuprous 

chloride and zinc sulfate) as biocides (Elia et al., 

2022; Lenoble et al., 2026). Zinc and especially 

copper compounds, as well as hexavalent 

chromium compounds, are considered to be 

fairly harsh biocides in terms of their impact on 

the environment. Therefore, silver nanoparticles 

distributed on a porous carrier - aluminum 

hydroxide - were used as an alternative. 

Nanoparticles, including silver nanoparticles, are 

believed to be effective in combating 

biocorrosion and biofouling. There are examples 

of the use of silver nanoparticles coated with a 

silicon dioxide shell (Ag@SiO2) as an 

antifouling agent (Thomas et al., 2024). Silver 

effectively inhibits biocorrosion, while the silica 

shell retains and slowly releases silver, slowing 

down the initial corrosion processes and 

biofouling. In this study, we used silver 

nanoparticles deposited on aluminum hydroxide, 

which also has the property of gradually 

degrading in the marine environment. 

The purpose of this study was to demonstrate the 

feasibility of using the gravimetric method (wet 

weight measurement) for testing 

environmentally friendly antifouling coatings 

after two years of testing in a tropical climate, 

when assessment by fouling area is no longer 

effective. The study utilized epoxy coatings that 

do not contain highly toxic substances. 

Materials and Methods 

Materials 

The study involved coatings derived from epoxy 

resin-based (ER) formulations containing 

biocidal additives – metal phosphates and 

chromates, as well as an innovative biocide in 

the form of silver nanoparticles (AgNPs) 
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applied onto a porous carrier (aluminum 

hydroxide) (Table 1).  

Silver nanoparticles were formed on the surface 

of a support (aluminum hydroxide), which is 

environmentally safe and also functions as a 

flame retardant. Silver ions were reduced in situ 

on the aluminum hydroxide surface using 

hydrosilanes and hydrophobized by mixtures of 

oligohydridosiloxanes and nonionic surfactants. 

The concentration of colloidal silver distributed 

on the support was 0.15 wt. % (calculated as 

metallic silver). 

Coatings were applied to glass-reinforced plastic 

(GRP) substrates conforming to GOST 12652 

(Russian State Standard), measuring (15 × 35) cm, 

via pneumatic spray. For comparison, epoxy 

coatings without biocidal additives were prepared, 

and untreated glass-reinforced plastic plates served 

as controls. Each type of sample was represented 

by three plates. The number of replications was 

restricted by the technical capabilities of offshore 

test facilities. This number of specimens is 

standard for large-scale marine field exposure 

tests due to limitations in installation space, 

while acknowledging that this constraint may 

affect the sensitivity of statistical analyses. 

Table 1. Description of antifouling epoxy coatings with various biocidal additives 

Designation Biocides 
Photos of the 

coating surface 

GEV 1 Without biocides 

 

GEV 2 
Zn3(PO4)2 and Cu3(PO4)2:  

23.5 wt. % in the paint 

 

GEV 3 
ZnCrO₄ and CuCrO₄: 

26.5 wt. % in the paint 

 

GEV 4 
SrCrO₄: 

23.5 wt. % in the paint 

 

GEV 5 

Silver nanoparticles (AgNP) on Al(OH)3: 

0.15 wt.%; 

Al(OH)3: 30 wt. % in the paint 

 

Control Glass-reinforced epoxy laminate without coating 

 

Methods 

Location, duration and methods of field testing 

The experimental coatings underwent in situ 

testing at the Coastal Branch of the Joint Vietnam 

- Russia Tropical Science and Technology 

Research Center (Dam Bay, Nha Trang Bay). The 

exposure duration of the plates in the sea was two 

years, from December 2021 to December 2023. 

The test plates were mounted and securely fixed 

on stainless steel cassettes, with six plates per 

cassette (Figure 1). The cassettes were 

consistently and rigidly positioned in the water in 

a submerged state and anchored to a raft located 

near Nha Trang Bay (Vietnam). 
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Figure 1. Installation of plates with experimental coatings at the Marine Research and Testing Station (MRTS) “Dam 

Bay,” located on the Island in Dam Bay Gulf (12°14' N, 109°11' E). Approximate distance from the sea: 100 meters

The plates had a front (exposed) and reverse side. 

Consequently, if one side of a plate was subjected 

to active hydrodynamic conditions, the opposite 

side was simultaneously in the hydrodynamic 

shadow. Additionally, the cassettes were oriented 

vertically within the water column. The plates on 

the cassettes were arranged one above the other, 

at varying depths (the distance between plates in 

cm, approximately 10 cm), ranging from 0.5 to 

1.5 m. Neither the plates nor the cassettes made 

contact with the seabed. The exposure duration 

of the plates in the sea was two years, from 

December 2021 to December 2023. 

Data Collection and Preliminary Processing 

To assess the antifouling properties of the 

coatings, both visual (visual assessment of 

fouling of the coating surface) and gravimetric 

measurements of biofouling formed on the test 

plates were conducted. The procedure consisted 

of the following steps: 

1. The cassette with plates was retrieved from the 

water, and photographic documentation of each 

plate was performed on both sides. 

2. The plates were detached from the cassettes 

and transported to the laboratory. 

3. In the laboratory, each plate was photographed 

again from the front and reverse sides to evaluate 

any incidental damage (e.g., detachment or loss 

of fouling) that could have occurred during 

detachment and transportation.  

4. On the reverse side of each plate, all organisms 

(foulers) were removed with a metal spatula. 

After drying on filter paper, the total wet weight 

of fouling organisms was determined with an 

accuracy of up to 1 mg. 

5. On the front side, organisms were similarly 

removed with a spatula. However, all collected 

organisms were sorted into different biological 

taxa. Whenever possible, each group was 

identified to the species level. When species-

level identification was not feasible, organisms 

were classified to higher taxonomic levels such 

as genus, family, class, or type. The number of 

individuals within each taxon was counted, and 

the total biomass of all individuals of that taxon 

was measured. Counting individuals for 

colonial organisms (e.g., sponges, algae, 

hydrozoans) was not meaningful; thus, only 

their biomass was recorded. Prior to weighing, 

these organisms were dried on filter paper to 

remove excess water. The weighing precision 

was 1 mg. It should be noted that the 

quantitative assessment was performed only for 

attached organisms; the associated mobile 

(vagile) fauna was not considered. During 

transportation, some of this fauna could have 

left the fouling substrates uncontrollably. Given 

this, and because the associated fauna 

constitutes a minor component of the total 

biomass, counting mobile organisms was 

deemed unnecessary. Thus, the front side of the 

plates was characterized by an overall 

measurement of fouling biomass. 

6. The visual assessment of fouling intensity 
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involved estimating the projected surface 

coverage (area occupied by fouling organisms on 

the test samples), which was performed using 

photographs and the ImageJ software. A 

limitation of this visual method is that it does not 

account for the thickness of the fouling layer, 

which can vary among samples, nor does it 

provide a precise understanding of the 

community’s species composition, especially in 

cases of multilayered fouling (where some 

organisms grow over others). Nevertheless, the 

results from wet weight method and visual 

assessments can complement each other. 

7. Additionally, to determine the most effective 

biocides, the degree of biofouling of the coating 

was assessed visually using images of the coating 

surface (from photographs) after 1.5, 3, 6 

months, 1 and 2 years. 

Data Processing and Statistical Analysis 

The obtained data on the biomass of fouling 

organisms were subsequently converted to a per-

square-meter basis. Statistical analyses employed 

included: ANOVA, with post-hoc pairwise 

comparisons of means using Fisher’s LSD 

correction for multiple comparisons, 

PERMANOVA (using Bray-Curtis similarity 

index with prior log-transformation of biomass 

data). Significance level was set at р = 0.05. On 

the graphs, the error bars represent the standard 

error of the mean. Data were processed using 

STATISTICATM software (StatSoft) Release 7 

and PRIMERTM software Version 6. 

Results and Discussion 

Gravimetric assessment of fouling intensity. 

Total biomass (wet weight) of fouling 

The biomass of fouling on plates with biocidal 

coatings was, on average, nearly twice as low as 

that on the control plate (p=0.046) (Figure 2). 

However, none of the tested formulations 

demonstrated a consistent and statistically 

significant advantage over the control: GEV 1 

(p=0.151); GEV 2 (p=0.171); GEV 3 (p=0.159); 

GEV 4 (p=0.422); GEV 5 (p=0.067).  

It should be noted that the epoxy coating with an 

innovative biocide—silver nanoparticles 

deposited on a porous aluminum hydroxide 

carrier (GEV 5)—was not inferior to coatings 

with traditional biocides based on zinc and 

copper compounds (GEV 2 and GEV 3) (Figure 

3). This means that silver nanoparticles have the 

potential to replace heavy-metal-based biocides 

(zinc/copper). Thus, the AgNPs-based system can 

provide a foundation for the development of next-

generation environmentally friendly antifouling 

coatings. However, as previously mentioned, no 

statistically significant differences in biomass of 

fouling were observed between the control and the 

tested samples in this experiment. This result 

could be attributed not only to the relatively low 

efficacy of the applied antifouling coatings but 

also to the small sample size (number of 

specimens of each type used) and factors such as 

the depth and orientation of the plates (front or 

reverse side). Therefore, special attention was 

paid to the study of the influence of experimental 

conditions, i.e. the conditions under which the 

fouling was formed. 

 

Figure 2. Total biomass of fouling organisms on 

control plates and plates with antifouling coatings 

(combined data for all coating types) 

 

Figure 3. Total biomass of fouling organisms on control 

plates and plates with all kinds of experimental coatings 

According to the results of ANOVA, the 

orientation of the plates (front/reverse) did not 

have a statistically significant effect on total 

fouling biomass (F=1.35; p=0.255), although the 

biomass on the reverse side (in the hydrodynamic 

shadow) tended to be slightly lower than on the 

front side (Figure 4). This trend was clearly 

visible. It is possible that a larger number of both 
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experimental and control samples are needed to 

confirm it at the required significance level. 

No significant effect of depth (the order of plate 

placement on the cassette from top to bottom) on 

the total contaminant biomass was found 

(F=0.51; p=0.763). No trend in biomass change 

with depth was observed (Figure 5). 

 

Figure 4. Total biomass of fouling organisms on the 

frontal and reverse sides of the plates 

 
Figure 5. Total biomass of fouling organisms on plates 

positioned at different depths within the cassette 

It is worth mentioning that PERMANOVA did 

not reveal any significant effect of coating 

composition on the species composition of the 

fouling communities formed on the tested 

samples (Pseudo-F=1.148; p=0.282). This 

indicates that the biocides used did not alter the 

community structure of the fouling organisms, 

nor did they exhibit selective toxicity towards 

specific components of the community. 

Nonetheless, an overall reduction in biomass was 

observed with biocide use. Therefore, it can be 

hypothesized that the biocides applied act more 

or less equally against all types of macrofoulers 

inhabiting the testing site. 

Visual assessment of fouling intensity 

The intensity of fouling was recorded visually 

using photographs (Figure 6). As Figure 6 shows, 

biofouling is already clearly visible on the plates 

exposed to the sea for 1.5 months. Biofouling 

then develops rapidly, and after just one year of 

exposure, large bivalves, ascidians, and 

barnacles are present on the plates in addition to 

colonial forms. 

A correct comparison of the gravimetric and 

visual methods for assessing fouling intensity is 

only possible at a single point in time, as 

gravimetric assessment requires removing the 

fouling from the plates. In our study, this 

assessment was carried out after two years of 

exposure of the plates to the sea. Therefore, for 

plates exposed for two years, visual assessment 

of fouling intensity was most accurately 

performed using image analysis methods. 

 

Figure 6. Images of the surface of experimental coatings after exposure to seawater  

for 1.5, 3, 6 months, 1 and 2 years in Nha Trang Bay

 

 1.5 months 3 months 6 months 1 year 2 years 

Control 

     

GEV 1 

     

GEV 2 
     

GEV 3 
     

GEV 4 
     

GEV 5 
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After two years the projective cover of fouling 

organisms on all tested plates ranged from 95  to 

100%. At such a high coverage level, the scoring 

method recommended by GOST RВ 9.412-2001 

for evaluating fouling intensity becomes 

uninformative, as it masks any existing 

differences. According to GOST, when fouling 

coverage exceeds 50%, a score of 1 is assigned, 

and finer gradations are not provided.   

The projected coverage value on any of the plates 

with antifouling coatings did not differ 

significantly from that of the control: GEV 1 

(p=0.788); GEV 2 (p=0.274); GEV 3 (p=0.186); 

GEV 4 (p=0.726); GEV 5 (p=0.396) (Figure 7). No 

significant difference was detected between the 

projected coverage on the control plates and the 

mean projected coverage across all plates with 

antifouling coatings (p=0.558) (Figure 8). 

 

Figure 7. Projected coverage of fouling organisms on control 

plates and plates with applied antifouling compositions 

 

Figure 8. Projected coverage of fouling organisms on 

control plates and plates with applied antifouling 

compositions (combined data for all coating types) 

The high projected coverage values and the lack 

of statistically significant differences suggest 

that, over prolonged periods (more than one 

year), visual assessment methods are ineffective 

for evaluating the efficacy of environmentally 

friendly antifouling formulations. The fouling 

organisms almost entirely cover the surface of 

the plates, and the differences in fouling intensity 

are primarily related to the thickness of the 

biofouling layer, which cannot be accurately 

assessed visually from photographs. Thus, our 

results suggest that future studies should not rely 

solely on visual assessment (as commonly 

applied in standard GOST-based approaches) for 

long-term exposure tests in tropical marine 

environments, but should necessarily incorporate 

gravimetric measurements and detailed 

estimation of the species composition and 

structure of fouling community. 

Conclusion 

The wet weight method exhibits higher 

sensitivity and accuracy than surface area-based 

(visual) assessment in long-term test, especially 

in cases of intense fouling development on the 

test samples. 

Influence of the plate orientation on the 

experimental results was not possible to confirm 

with 0.05 significance level. However, the 

difference in fouling between front and reverse 

sides of plates was clearly visible. It is possible 

that a larger number of both experimental and 

control samples are needed to confirm it. 

The efficacy of silver nanoparticles, which 

gradually leach out from the porous carrier 

aluminum hydroxide, was comparable to that of 

traditional biocides based on zinc and copper 

compounds under the same experimental 

conditions. So, silver nanoparticles can be a 

foundation for the development of 

environmentally friendly antifouling coatings. 
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