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Abstract: Biofouling is a universal problem in the marine environment. Static structures and niche
areas on ships, such as propellers, are not protected sufficiently by antifouling coatings. Encapsulation
has previously been used as a fouling mitigation technique via application of an impermeable wrap or
bag to a fouled hull or structure when it arrives in port or on station. This experiment investigated the
use of a novel semipermeable encapsulation to proactively protect propeller mimics from biofouling.
Sleeves were installed over propeller mimic panels and deployed in an active, multiuse port for
20 months. The sleeves completely prevented macrofouling on the panels for up to 13 months and
maintained surfaces below 5% cover for the entire experimental period. This shows improvement
over traditional antifouling without negative impacts on water quality like dissolved oxygen, pH, etc.
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1. Introduction

All structures in the marine environment are subject to biofouling or simply fouling [1].
Fouling occurs primarily in ports and harbors, which are aggressive fouling environments.
This is because of the high proportion of anthropogenic substrates that are often heavily
fouled, leading to a high number of settling propagules, which, along with high water
retention, concentrate and increase fouling pressure [2–7]. Fouling on ship hulls and other
mobile structures increases frictional drag, which increases fuel costs, greenhouse gas
emissions, and maintenance costs. Moving structures increase the risk of transportation
of non-indigenous species. Additionally, the weight and interference of fouling lead to
structural damage [1,7–10].

Many resources have been devoted to developing antifouling coatings that protect
ship hulls from fouling; however, coatings are less effective on static structures such as
instruments and pilings [1,6,9]. Additionally, coatings cannot effectively protect certain
areas of ship hulls typically referred to as niche areas, such as intakes, propellers, dock
block areas, etc. [5,11–14]. Niche areas have been estimated to comprise approximately 10%
of the global commercial shipping fleet’s total hull wetted surface area. Of these, thruster
tunnels, dry dock support strips, and bilge keels made up more than 3/4 of the total niche
area [14]. Coatings are also less effective on vessels that only travel slowly or infrequently,
which includes many recreational vessels and naval ships [5,15–17].

Encapsulation has been used in limited circumstances as a fouling mitigation technique.
The typical wrap or bag is impermeable and applied to a fouled hull or structure when
it arrives in port or on station. The intention is to allow an anoxic environment to form,
killing fouling on the structure [5,6,12,17–21]. This process is sometimes aided by adding
chemicals or freshwater, or pumping water out of the bag to decrease the time necessary
to kill fouling [5,12,18,21,22]. Niche areas are harder to treat and often require additional
time encapsulated or additional chemicals to complete treatment and kill all fouling [5,23].
Additionally, this method is reactive and intended to kill fouling but does not address the
need to remove the dead fouling after treatment [17,23].
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To mitigate the risk of transporting non-indigenous species, many countries and the
international community have recently begun to codify best practice and introduce require-
ments aiming to reduce fouling [9,24–26]. These changes indicate a shift from efficiency-
driven antifouling practices focusing solely on ship hulls to an approach emphasizing
both efficiency and biosecurity, which includes niche areas and non-ship structures [8,9].
Best management practice is to maintain ship hulls and other surfaces as free from fouling
as possible [13,14,24,26–28]. Most encapsulation methods are intended to treat a fouled
surface. The novel technology tested in this experiment is designed to prevent fouling on
all surfaces, while the structures are static in port. This includes those surfaces that are
difficult to treat with antifouling coatings like niche areas and propellers. This experiment
aims to investigate the efficacy of this antifouling encapsulation technology and starts to
investigate the potential mechanisms by which it works.

2. Materials and Methods

Sleeves were fabricated in three coated polyester fabrics, 40 TXT, 50 TXT and Spun
(Figure 1). The sleeves consisted of a fabric that had been coated with a proprietary antifoul-
ing coating that was designed to ablate during immersion. The biocides were copper-free
and were selected because they are considered to be a green, more environmentally friendly
alternative. Prior to immersion, the pores per square inch (approximately 2.5 cm2) and
permeability of the fabrics were measured. A plastic mask was developed to standardize
the area for counting to quantify the number of pores. Approximately one meter (yard)
of each fabric was randomly selected and placed over a light table. The mask was placed
randomly over the fabric and photographed. This process was repeated five times for
each fabric. The number of pores within the mask was manually counted from the images.
Because of the size and number of the pores, a device (Figure 2) was designed to measure
permeability. A pump was placed in a bucket and attached to a PVC pipe with a 19.63 cm
diameter. The pipe length was set to create a head pressure of 1.72 kPa (0.25 psi). Three
samples measuring 10.16 cm × 10.16 cm were cut randomly from each fabric type. The
samples were soaked in water overnight for a minimum of 8 h to saturate them fully. This
process ensured that water would flow through the samples over the entire area when
installed in the permeability test unit. During testing, fabric samples were installed over
the end of the PVC pipe. The pump was turned on, and the pipe was allowed to fill and
began to flow through the overflow. At that point, a beaker was placed below the sample,
and a timer started. Once 1000 mL had flowed into the beaker, the timer was stopped. This
process was used to calculate permeability in mL/cm2/s.

Figure 1. Photograph of the samples before installation of the sleeve and one of the frames just before
immersion. (a) An example of a visual assessment sample. (b) An example of the water quality
sample frame, with the sampling ports and caps visible.
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Figure 2. (a) Diagram of the permeability test apparatus. The pump sits in the bucket. The fabric
sample is installed at the end of the pipe. The overflow pipe ensures that water pressure remains
consistent throughout the test run. (b–d) show microscope images of the different treatments.
Magnification is 2× on the left and 4× on the right. Scale bars are 1000 µm for the 2× (left) images
and 500 µm for the 4× (right) images. (b) 40TXT, (c) 50 TXT, (d) Spun.

The sleeves were installed over propeller mimic panels. These panels (10 cm × 20 cm)
consisted of propeller bronze with a sacrificial zinc anode (5 cm × 7.5 cm × 1.3 cm). The zinc
was attached with a stainless-steel bolt to mimic a cathodically protected propeller attached
to a shaft. The panels were held by two Delrin plastic caps each, which allowed them to be
attached to frames and provided a way to suspend the sleeves without touching the panels
while maintaining a standardized distance between panel and sleeve (Figure 1). Three
replicates of each treatment were randomized and placed onto frames. Two sets of frames
were assembled, one for monthly visual assessment and one for relatively undisturbed
water quality measurements.

In addition, a set of visual assessment control panels with no antifouling protection was
immersed. Four clean replicates were immersed at the same time as the experimental panels.
At the one- and two-month assessments, an additional four clean replicates were immersed.
In the third month, the first set of replicates was replaced. This process continually tracked
recruitment, despite the high fouling levels that accumulate over time at this study site,
and provided 1-, 2- and 3-month controls.

Panels were immersed in spring (28 March 2017) at the Florida Institute of Technology
static immersion site at Port Canaveral, Fl (Figure 3). Panels were immersed with their
centers at 0.5 m depth. The experiment ran for 20 months. During the experimental period,
one hurricane evacuation occurred, in which samples were removed from the water during
transit to and from the evacuation site. The evacuation site was through the locks in
the Indian River Lagoon and consisted of considerably different water conditions. No
assessments were performed while the samples were at the evacuation site.
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Figure 3. Map of study location at Port Canaveral and surrounding area on the east coast of central
Florida. The map includes the location whither the barge was moved during a hurricane evacuation
during the 6th month of immersion. The inset shows the Florida Tech research barge with immersion
frames visible at the end of the barge.

Visual assessment was performed monthly according to ASTM D6990. For assessment,
frames were removed from the water and photographed with sleeves in place. Sleeves
were removed, and the panels and end caps were photographed. Visual assessment was
performed on the panels in the field to determine the cover of organisms attached directly to
the panel surface. Results were reported as percent cover of macrofouling and composition
of fouling rather than the fouling rating indicated in the standard. Panels were also visually
assessed for corrosion or other signs of physical degradation.

Water quality was measured monthly in situ. During an assessment, a port on the top
cap was unscrewed, and water quality probes were inserted one at a time. Yellow Springs
Instruments (YSI) ProODO, Pro10 and Pro30 probes were used to measure dissolved
oxygen, pH and temperature, and salinity within the sleeves, respectively. Open readings
were taken as controls throughout sampling (one at the start, one in the middle and the
final at the end, for a total of three readings). The only time these frames were removed
during the experiment was during a hurricane evacuation six months after immersion.
When samples were returned to Port Canaveral, a visual assessment was performed on the
panels, and water quality sampling continued monthly with no additional disturbance.

Water quality parameters (temperature, salinity, dissolved oxygen and pH) were
compared among treatments using one-way ANOVA (SigmaPlot 11). Assumptions for
normality and equal distribution were met. The p-value was set at 0.05 for significance. Post
hoc testing determined where significant differences lay. Data from the visual assessments
were not normally distributed because of the high number of 0 values for percent cover in
the sleeve treatments throughout the experiment. ANOVA could not be used effectively,
so a principal components analysis (PCA, Primer7) was used to compare fouling cover
for the fouling communities among treatments. Diversity measures, including number of
taxa, number of individuals, species richness, evenness, Shannon index and Hill index,
were calculated in Primer7 and analyses were performed using Kruskal–Wallis one-way
ANOVA on ranks (p < 0.05).
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3. Results

Permeability and the number of pores differed among the treatments (Table 1). Stan-
dard error (stderr) was calculated using the following equation:

stderr =
standard deviation√

sample size

Table 1. Comparison of the pores per square inch and permeability of the three treatments. TXT
treatments had significantly higher permeability and pores per square inch than the Spun. Stderr
represents the standard error.

Treatment Pores/in2 stderr Permeability
(mL/cm2/s) stderr

40TXT 546.65 2.47 14.19 0.35

50TXT 547.85 3.32 13.91 0.69

Spun 407.83 17.41 2.47 0.33

The two TXT fabrics had significantly higher numbers of pores per square inch than
the Spun. Similarly, the TXT fabrics had significantly higher levels of permeability than the
Spun fabric.

There was no macrofouling on any of the bronze bars in the sleeves for the first
eight months of immersion (Figure 4). In month nine of immersion, the 40TXT started to
accumulate very low cover (<2%) of hydroids and tube worms (Figure 5). The 50TXT and
Spun sleeves prevented any macrofouling until 13 months of immersion. Fouling on the
bars inside sleeves never covered more than 5% of the surface and covered less than 2%, on
average. Macrofouling inside the sleeves consisted of hydroids, arborescent bryozoans, and
tube worms only. The control surfaces fouled heavily from the first month of immersion,
with macrofouling cover exceeding 80%. The fouling community on the control bars varied
seasonally, and included algae, hydroids, encrusting and arborescent bryozoans, barnacles,
tube worms, oysters, and tunicates. Over the course of the immersion, no corrosion or
physical degradation was observed on the protected panels. The control panels were only
immersed for 3 months at a time and were so heavily fouled at the end of the immersion
that minor corrosion would not have been visible. However, no major degradation or
corrosion was observed on the control panels.

The differences in fouling can be seen in the principal components analysis (Figure 6).
The treatment surfaces in the sleeves clustered together while the control surfaces split
into several groups but were always distinct from the sleeves, regardless of the treatment
type. The first principal component was responsible for 70.5% of the variability and was
primarily due to macrofouling cover. The second principal component was responsible
for 14.9% of the variability and was primarily due to arborescent bryozoans. The third
principal component was responsible for 8% of the variability and was mostly due to the
cover of encrusting bryozoans.



J. Mar. Sci. Eng. 2023, 11, 1947 6 of 13

Figure 4. (a) Average cover of macrofouling on the propeller mimic panels over the 20-month
immersion. Error bars represent one standard error. Assessment month and year are located on the
x-axis. (b) Selected images of panels from the course of the experimental immersion.

Figure 5. Comparison of fouling composition on the propeller mimic panels over the 20-month
immersion. Data collection began in April 2017, one month after immersion and was completed in
November 2018. Treatments are (a) 40TXT, (b) 50TXT, (c) Spun, (d) Control 1 mo, (e) Control 2 mo
and (f) Control 3 mo. The gaps at the start of the two and three-month controls are before they were
immersed in the first few months of the experiment.
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Figure 6. Principal components analysis (PCA) comparing fouling on the propeller mimic panels.
Panels in the sleeves cluster into a single group. The control panels cluster loosely into several groups
that are distinct from the treated panels.

Diversity analysis was performed using a Kruskal–Wallis one-way analysis of variance
on ranks. Across all treatments, there was a significant (p < 0.001) difference in median
values when examining the number of species, total coverage, species richness, evenness,
Shannon Index, and Hill Index values (Figures 7 and 8). Pairwise comparison using Dunn’s
method revealed that for all examined diversity measures, the three treatment groups were
significantly different from the controls (p < 0.05). In contrast, the controls did not vary
significantly based on the immersion length of the control.

Water quality varied significantly between the sleeves and the open readings
(Figure 9). Dissolved oxygen was significantly lower in the sleeves than in the open
readings. Dissolved oxygen was significantly lower in the Spun sleeves than in the open
readings in all months and lower than the two other treatments in all but 5 months. The
TXT sleeves had significantly lower oxygen than the open readings starting in August 2017.
However, after reimmersion following the hurricane evacuation, DO became more similar
between the TXT sleeves and open readings until January 2018. Dissolved oxygen was
significantly higher in the open readings than in the TXT sleeves for the remainder of the
experiment except the last month. Temperature and salinity never varied significantly
inside or outside of the sleeves in any sampling months. The pH only varied significantly
in three months: June, September and October 2018. In June, pH was significantly higher in
Spun than open. In September, open had significantly higher pH than all other treatments.
In October, open had significantly higher pH than Spun.
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Figure 7. Box and whisker plot representing the number of fouling groups present on panels over the
entire study period. The three treatments (40TXT, 50TXT, and SPUN) had a median of one fouling
group, while the three controls (1, 2, and 3 months of immersion) had a median of 5 fouling groups
present on the panels (p < 0.005). Boxes represent the 25–75% quartile, while whiskers represent the
spread of all values.

Figure 8. Box and whisker plot examining diversity based on the Shannon index. The three treatments
(40TXT, 50TXT, and SPUN) had a median Shannon index value of 0, while the three controls (1, 2,
and 3 months of immersion) had a median of 1.2–1.3, indicating that the controls had a more diverse
community than the treatments (p < 0.005). Boxes represent the 25–75% quartile while whiskers
represent the spread of all values.
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Figure 9. Water quality over the course of the experiment. Temperature and salinity never varied
significantly among treatments, so these data were pooled and included in one figure (a). Dissolved
oxygen (b,c) varied significantly in all months. pH (d) only varied significantly in three months. Error
bars represent one standard error. Please note, y-axes vary based on the parameter.

4. Discussion

The sleeves completely protected propeller mimic panels from macrofouling for a
minimum of 8 months and a maximum of 13 months. Traditional biocide containing
antifouling coatings has been shown to accumulate fouling after 2–4 months at this site in
previous studies [29]. Even after macrofouling began to accumulate, the cover and diversity
of fouling were low compared to unprotected control surfaces. The cover on protected
panels never exceeded 5% over the 20 months of immersion. The only organisms that
settled on protected bars were the arborescent bryozoans Bugula neritina in the 40TXT and
50TXT and tube worms Hydroides sp. and Spirorbis spp. in all sleeves.

Encapsulation, when used as mitigation in response to an already fouled surface, is
theorized to work because of the creation of anoxic conditions [5,6,12,17–21]. The sleeves,
especially the Spun, had decreases in dissolved oxygen compared to open readings. Dis-
solved oxygen did not dip into anoxic conditions and only became hypoxic or nearly
hypoxic in spring 2018, 15 months after immersion. Settling larvae may detect the de-
creased oxygen, although the levels measured should not have caused mortality. This
will be investigated in future studies, to determine whether larvae are dying or just not
settling/recruiting.

The number of pores and the permeability of the different treatments could be used
to predict changes in dissolved oxygen. The Spun had a significantly lower permeability
and fewer pores per square inch than the other two treatments. In 15 of 20 months, Spun
had significantly lower dissolved oxygen than the other two treatments. Rarely did the
dissolved oxygen vary between the 40TXT and 50TXT.

Typically, a decrease in dissolved oxygen is followed by a decrease in pH. In this
experiment, pH only varied significantly in three months. This variation may have been an
artifact of sampling, which occurred at discrete times. Therefore, additional changes in pH
may have been missed. Conversely, it may have been due to the magnitude of the decrease
in DO. The majority of significant pH changes occurred in the experiment’s final months
when DO was lowest and approaching or within the hypoxic zone. Anoxia and hypoxia
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can cause materials to degrade because of decreases in pH and changes in the protective,
passivating film on metals enhancing corrosion [30,31]. An impermeable wrap or sleeve
works by creating an anoxic environment, which could cause the enclosed materials to
degrade. Additionally, any physical damage that goes through the impermeable wrap
opens the protected surfaces to fouling, at least near the damage [6,21]. There was no
visible degradation of the bronze panels in this experiment and fouling was prevented for
over a year.

The treatments differed in appearance. The TXT treatments had smooth fibers, while
the Spun treatments had rougher fibers with strands of coated material partially and fully
blocking the pores. These differences would increase the likelihood that settling larvae
would contact biocide-coated mesh rather than an open pore. Incidental contact with the
fabric on the way into the sleeves would potentially have decreased the fitness of settling
larvae or acted as a deterrent.

In previous long- and short-term experiments, bare fabric was tested (unpublished
data, Appendix A). Macrofouling began to accumulate on panels in as little as one to
two months. The bare fabric also quickly became heavily fouled with a community that
matched the fouling on the control panels. This fouling was heavy enough to deform the
sleeves and cause failure due to sleeves slipping, exposing the panels to fouling. This
heavy covering of macrofouling caused dissolved oxygen to decrease over the course of
a few months until they reached hypoxic and anoxic levels. The fabric with the biocide,
conversely, protected the panels for over a year without dissolved oxygen entering the
hypoxic or anoxic condition.

Since the banning of tributyl tin in 2008, increased attention has been paid to bio-
cides in antifouling and their impacts on the environment and non-target species. The
biocides utilized in this experiment were selected because they are considered “green” or
more environmentally friendly. They are known to break down quickly under natural
environmental conditions [10,32,33]. To prevent translocation of non-indigenous species,
decrease the production of greenhouse gases, and decrease maintenance and operational
costs, there is a strong emphasis on maintaining ship hulls and other surfaces in a clean,
fouling-free condition as a best management practice [13,14,24,26–28]. Instruments and
other sensitive static structures experience degraded performance with even small amounts
of fouling. Often, these structures are not easily accessible and may go long periods of
time (6–12 months) without maintenance. This patent-pending technology offers long-term
fouling protection of up to a year or more to ships and other structures while they are
static and most susceptible to fouling. The novel coated fabric design allows for easy
installation and is effective for long periods of time without maintenance or replacement.
This protection should prove scalable, adaptable and configurable to any surface in need
of protection, including niche areas, instruments, and other structures that are not well
protected using traditional antifouling methods including pilings, chains, slow moving
ships, barges, etc.

In conclusion, sleeves were very effective at protecting surfaces from macrofouling
for extended periods of time. This protection may be attributed to decreases in dissolved
oxygen, filtering of larger larvae, the likelihood of contacting a biocide-coated surface on
the tortuous path to the panel or, more likely, a combination of factors. Future experiments
will look more deeply into the mechanisms and limits of this effect and begin to examine
application-specific designs.
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Appendix A

Figure A1. Macrofouling cover on propeller mimics over an 11-month immersion. These are unpub-
lished data used to illustrate the shorter effect of uncoated fabric. The coated fabric (CF) lasted a
similar amount of time to the samples extensively reported on in this manuscript. Error bars represent
one standard error.

Figure A2. Dissolved oxygen (mg/L) in uncoated fabric sleeves, coated fabric sleeves (CF) and
open. The DO in the uncoated sleeve quickly drops and remains low through the immersion and
enters the hypoxic region. Low oxygen can lead to material degradation. Error bars represent one
standard error.



J. Mar. Sci. Eng. 2023, 11, 1947 12 of 13

Figure A3. Selected images of fouling under different fabric combinations. The top row shows coated
fabrics, and the bottom fabrics are uncoated. Images (A–E) were taken after 31 days immersion.
Images (F,G) were taken after 23 days immersion in a different experiment. The circles measure
7.5 cm diameter. The PVC under the coated fabrics had no visible macrofouling. The PVC with
uncoated fabric had developed macrofouling. The TXT (D) had tube worms and hydroid. The Spun
(F) had hydroid in the upper left. The open PVC was heavily fouled with arborescent bryozoans,
barnacles, tube worms, and tunicates.
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