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Abstract: Relying on a cost-effective and green process that is technically and economically feasible
on large scale is not enough to call a technology “sustainable”. We thus evaluate the sustainability
of the production of the new “AquaSun” antifouling sol–gel coating with reference to each of the
three main dimensions (economic, social, and environmental) of sustainable development. This study
will hopefully assist in overcoming the “not invented here” syndrome that still affects many sol–gel
technologies, including antifouling coatings derived via the sol–gel process.
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1. Introduction

Named “AquaSun”, a new antifouling (AF) sol–gel coating comprised of organically
modified silica (ORMOSIL) doped with flower-like microparticles of the visible-light photo-
catalyst Bi2WO6 was introduced in 2016 [1]. The AF activity of the new coating merges the
solar-driven photocatalytic generation of powerful oxidizing species H2O2 and hydroxyl
radicals (that readily degrade biomolecules and microbiological species) [2–4], with the
foul release (FR) properties of conventional ORMOSIL xerogels [5].

Tested under real life situations irradiating a substrate coated with AquaSun immersed
in the waters of Indian Ocean with (simulated) solar light for over 3 months, the coating
retained its excellent original AF activity [2].

A typical AquaSun coating is made of a thin film (3 µm thick) of methylated silica sol–
gel derived from a sol containing 50 mol% methyltriethoxysilane (MTES) and 50 mol% of
tetraethyl orthosilicate (TEOS) [1]. Changes in the ORMOSIL composition further improved
the mechanical properties of the AquaSun coating, eventually affording coatings whose
high scratch resistance approaches levels previously obtainable only with physical vapor
deposition and chemical vapor deposition techniques [6].

Recently indeed, alongside Visco and co-workers, we demonstrated the practical
applicability of this new marine AF/FR coating reporting the excellent strength of adhesion
of AquaSun enhanced coatings on real ship steel substrates [6]. The acute toxicity Microtox
test, furthermore, showed evidence of the complete absence of ecotoxicity [6].

Silica-based sol–gel coatings share pronounced physical and chemical stability and a
truly benign environmental profile [7]. Generally based on an FR mechanism due to the low
surface energy of ORMOSIL-coated surface, sol–gel coatings have been widely investigated
as FR coatings [5]. Their efficacy relies on the FR activity imparted to the hull by the thin
hydrophobic ORMOSIL layer. Biofoulants sticking loosely to the hull are released even at
low cruising speed [8]. Developed by Detty and Bright in the early 2000s [8], waterborne
ORMOSIL xerogel coatings were first commercialized in the early 2010s [9].

Unfortunately, these biocide-free coatings do not exert antifouling action when the
vessel remains idle, for example in port waters. Their efficacy, furthermore, is particularly
low in warm and highly saline seawaters where biofouling proliferation is faster.

Coatings 2022, 12, 1034. https://doi.org/10.3390/coatings12071034 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings12071034
https://doi.org/10.3390/coatings12071034
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-6596-1572
https://orcid.org/0000-0001-5624-6833
https://orcid.org/0000-0002-5096-329X
https://doi.org/10.3390/coatings12071034
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings12071034?type=check_update&version=2


Coatings 2022, 12, 1034 2 of 8

Should the durable and powerful AF activity of AquaSun coating be confirmed follow-
ing testing on marine vessels and submerged structures, this eco-friendly multi-functional
sol–gel coating would find widespread utilization to protect immersed surfaces of different
nature, from vessels hull of different compositions (steel, resin, and wood) to submerged
structures made of steel, concrete or wood [1,2,6].

How sustainable would be the production and use of the AquaSun coating?
Relying on a cost-effective and green process that is technically and economically fea-

sible on large scale is not enough to call a technology “sustainable”. Rather than focusing
only on the environmental dimension, we focus the analysis also on the other two main
aspects (social and economic) of sustainable development. Indeed, most sustainability stud-
ies continue to pay limited attention to economy and society, while it is now increasingly
clear that economic aspects have a significant effect on social aspects, while social aspects
have a significant impact on environmental elements of sustainability [10].

2. Results and Discussion
2.1. Economic Insight

The preparation and application of the AquaSun coating take place via a three-step
process (Scheme 1), described in detail elsewhere [1,6]. The coating can be deposited by
brushing the waterborne paint on any (metal, wood, plastic) clean surface, followed by
curing at room temperature and ambient pressure.
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Scheme 1. Preparation and application of the AquaSun coating (C18: n-octadecyltrimethoxysilane,
C8: n-octyltriethoxysilane).

Forthcoming practical applications, however, will use the spray-coating technique to
further reduce the emission of volatile organic compounds (VOCs) and eliminate paint
losses due to non-uniform layer application [11].

The process is largely cost-effective. The price of the starting materials needed to
prepare the coating, after scaling up the lab-scale route 4000 times, allows for estimating
the production cost of AquaSun. The raw materials (reagent grade) used for producing
AquaSun and their current prices are listed in Table 1.
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Table 1. Raw materials needed to produce AquaSun, amount (×4000 lab-scale), and unit price.

Material Amount (L) Unit Price (USD/kg)

Bi2WO6 0.2232 (kg) 8
TEOS 3.56 1 a

n-octadecyltrimethoxysilane 0.16 1 b

n-octyltriethoxysilane 5.2 1 c

2-propanol 10.4 1.1 d

Hydrochloric acid (0.1 N) 2 1.4 e

a Price from Chemwill (https://chemwill.lookchem.com/products/CasNo-78-10-4-Tetraethyl-orthosilicate-
---CHemwill-23215513.html (accessed on 1 July 2022)); b Price from Henan Sinotech Import&Export Cor-
poration (https://www.lookchem.com/casno3069-42-9.html (accessed on 1 July 2022)); c Price from Uiv-
Chem (https://riyngroup.lookchem.com/products/CasNo-2943-75-1-UIV-CHEM-supply-high-purity-98-5
-min-Triethoxyoctylsilane-CAS-2943-75-1-23538903.html (accessed on 1 July 2022)); d Price from Hebei yanxi
chemical (https://www.lookchem.com/product_Isopropyl-Alcohol/15740428.html (accessed on 1 July 2022));
e Price chiefly determined by the price of distilled water (https://www.chemworld.com/ChemWorld-Distilled-
Water-p/cwdisw-55.htm (accessed on 1 July 2022)).

In short, the AquaSun xerogel film is prepared to start from a formulation incorpo-
rating 12% w/w of Bi2WO6 suspended in a C18 1%/C8 49%/TEOS 50% silicon alkoxide
solution in aqueous 2-propanol [6], wherein C18 stands for n-octadecyltrimethoxysilane
and C8 for n-octyltriethoxysilane. The hydrolytic polycondensation of the silicon alkoxides
is promoted by acidic conditions (HCl 0.1 N). As it generally happens with the sol–gel
entrapment of bismuth tungstate micro- and submicron particles [12], the conversion rate
for all chemicals employed is 100%, namely each compound in the AquaFast formulation
is fully used, generating no waste or by-products.

We estimate the price of flower-like Bi2WO6 at USD 8/kg, based on the price of its
raw materials (USD 1/kg for bismuth nitrate and USD 5/kg for sodium tungstate). The
material can now be obtained by a low-temperature solvothermal process starting from
Bi(NO3)3, NaWO4, ethylene glycol, and glacial acetic acid at only 120 ◦C for only 12 h [13],
thereby significantly lowering the amount of energy required to produce the photocatalyst
in previous synthetic processes.

In brief, the cost of the materials to produce 21.32 L of AquaSun would amount to
USD 21.63 (USD 1.79 + USD 3.32 + USD 0.14 + USD 4.58 + USD 9 + USD 2.8), namely about
USD 1.0/L. Obviously, the production cost is not limited to the cost of the raw materials,
but includes also the cost of labor, utility (equipment and production plant), energy, money
(discount rate), and taxation. Several methods can be used to carry out a complete economic
evaluation, including the thorough economic life cycle assessment methodology [14]. What
is relevant here is that the cost of equipment is that of the typical stainless steel agitated
reactor used by specialty chemical companies to produce paints and coatings. The cost of
energy, in its turn, would be limited to the small amount of power required to agitate the
low viscous, waterborne AquaSun precursor formulation overnight.

In brief, the production cost of AquaSun is low and would not require changing the
existing production equipment. Whether in catalysis for chemical manufacturing [15]
or in formulating coatings, similar “drop-in” technologies are those ideally sought by
the chemical industry when evaluating new “green chemistry” technology [16], because
then no replacement for the expensive production unit/plant is required, and the new
production can be carried out using existing equipment.

The payback time of the AquaSun manufacturing would be very short considering that
a typical “green” antifouling paint based on the FR mechanism is sold at USD 393/gallon
(USD 86/L) [17].

What it is also relevant from a broad economic evaluation viewpoint, is an insight
into the availability of the active ingredients of the AquaSun coating. Driven by large
and rapidly increasing demand, both bismuth nitrate [18] and sodium tungstate [19] (the
Bi2WO6 precursors) are readily available in the chemical marketplace. Similarly, the price
of TEOS and alkyl-modified silicon alkoxides has recently fallen to historic low levels.
The alkoxides, whose high price exceeding USD 20/kg and in certain cases USD 100/kg
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has limited the market of sol–gel functional products for decades [20], are now chiefly
manufactured and commercialized at low prices from China, also thanks to the large local
availability of metal Si produced for the huge photovoltaic industry of the Asian country.

2.2. Environmental Insight

Plentiful research has been devoted to the development of eco-friendly AF coat-
ings [21]. Though poorly known, these research efforts have been largely successful. From
silicone hydrogels to paints incorporating microencapsulated biocide in 95% lesser amounts
than conventional AF paints, several new generations of eco-friendly AF coatings have
been commercialized [21]. In 2018, about 90% of commercial and recreational vessels were
found to employ conventional AF paints using cuprous oxide (Cu2O) as the main biocide,
often in combination with other biocides, formulated in copolymer paints [22]. This share
was 95% in 2009 [5].

A recent comprehensive study on 1013 registered AF paints produced by 64 differ-
ent manufacturers found that Cu2O with mean relative concentrations of 35.9% ± 12.8%,
copper pyrithione, zinc pyrithione, zineb (zinc ethylenebis (dithiocarbamate)), DCOIT
(4,5-dichloro-2-n-octyl-4-isothiazolin-3-one) and cuprous thiocyanate at 18.1% ± 8.0% (w/w)
are the most frequently biocide species used by marine coating manufacturers [23].

In brief, the study showed evidence that the most commonly used AF coatings today
are based on cuprous oxide and cuprous thiocyanate (CuSCN) typically formulated at
40 and 20 per cent concentrations, respectively, in combination with “booster” biocides [24].
The latter consist of copper or zinc pyrithione, and other synthetic antifungals, herbicide,
and pesticide synthetic molecules originating from crop protection research in agriculture
or in veterinary sciences, as in the case of medetomidine showing on barnacles a repellent,
but not deadly, effect at very low concentrations [24].

Furthermore, the aforementioned study [23] of Fillmann and co-workers surprisingly
unveiled that regardless of the worldwide ban of tributyltin in 2008, TBT was still registered
for use in 5 out of 1013 commercial paint formulations either as tributyltin oxide or as
tributyltin methacrylate.

Though far less harmful than TBT, copper and booster biocides leached by today’s
AF paints are a significant source of marine pollution. One such paint is designed to last
3–5 years, gradually releasing all the incorporated biocides, causing a significant (and
global) impact on marine life [25]. A recent experimental study on copper-based paints
in the Venice lagoon, for example, revealed that copper released by selected commercial
AF paints has potential disruptive effects on the biodiversity of coastal macrofouling
communities, affecting both the settlement and growth of key species of macrofouling of
hard-substrata [26].

Protection of commercial and recreational vessels from biofouling applying one such
AF paint, however, is an unavoidable necessity to reduce fuel consumption due to addi-
tional dragging and friction originating from the foulant organisms on the unprotected
hull. A ship with 10% barnacle fouling requires 36% more power to maintain the same
speed [27].

One would therefore expect to find the hull of most ships, regularly treated with AF
paints during dry-docking, free of hard foulants. Yet, a recent empirical study conducted
on 249 vessels that dry-docked between 2015 and 2019, revealed that nearly every vessel
presented hard fouling on the underwater hull, with 44% of vessels showing over 10% of the
underwater hull surface covered with hard foulants [28]. Approximately 25% of the vessels
displayed hard fouling coverage of between 10%–30%, and the remaining percentage of
vessels suffered much higher levels. Assuming a 10% coverage of hard fouling on 40%
of the fleet, this level of hard fouling would be responsible for at least an additional USD
6 billion spent on fuel per year for the global commercial fleet (at 2019 low fuel prices, today
it would be much more) [28].

Such a high level of hard biofouling is due both to niche areas of the total underwater
hull surface (accounting for as much as 10% of the overall hull surface area) [29], and to the
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ever longer periods of time during which ships remain idle in warm ocean waters, either
waiting for a port or waiting for cargo. Niche areas of the hull experience either restricted
water flow (limiting the action of biocidal coatings which require a flow of water to remove
the top layer of coating) [29] or greater turbulence, compromising the AF coating’s efficacy.

Growing at >10% annual rate, the amount of AF paints globally consumed today
exceeds the 100,000-tonne threshold [30], with overall revenues of USD 3 billion in 2019 [28].

The use of highly effective and environmentally friendly AF coatings such as AquaSun
would therefore result in the prevention of sea, river and lake water contamination with
toxic biocides. Bismuth tungstate is a completely insoluble inorganic salt not classified as
hazardous and for which no exposure limit has been established. For example, the material
is currently being evaluated to produce lead-free, personal protective articles for shielding
low-energy gamma radiations [31].

Once entrapped in the inner porosity of the sol–gel organosilica coating, Bi2WO6 not
only is not leached in solution but it is chemically and physically stabilized, improving its
photocatalytic activity due to better charge (hole and electron) separation [12]. Perhaps
not surprisingly, the acute toxicity (Microtox) test carried out on the AquaSun coating, has
shown evidence of a complete absence of ecotoxicity [6].

Finally, it is also remarkable in light of the emerging circular bioeconomy, that silicon
alkoxides can now be sourced directly by reacting biogenic SiO2 abundant, for example,
in rice bran (the rice’s main co-product) with ethanol [32], thereby avoiding deriving
the alkoxides from SiCl4 sourced from ultrapure silicon obtained via the carbothermal
reduction of quartz SiO2 at 1900 ◦C.

2.3. Social Insight

The development and large-scale utilization of new antifouling technology developed
starting from a preventative approach will have social consequences of global relevance.
Marine pollution, including that from AF paints, disrupts coastal ecosystems where usually
plentiful economic activity takes place. A recent meta-study on the environmental impact
of leisure vessels in Mediterranean coastal areas included antifouling paints (alongside
anchoring and engine noise disturbance) amid the three most impactful (“high-risk”)
pollution typologies strongly affecting fragile organisms and habitats [33].

The fact that Cu+ released by copper-based paints in the Venice lagoon has potentially
disruptive effects on the biodiversity of coastal macrofouling communities might soon
alter the native structure of the benthic communities (those in the lowest level of a body
of water) [26]. The Venice lagoon, for example, hosts a broad mussel farming activity. For
comparison, significant concentrations of butyltin, dibutyltin, and tributyltin as well as of
diuron (1-[3,4-dichlorophenyl]-3,3 dimethylurea) were found in mussels from Thailand’s
coastal areas already in 2005, with an even higher concentration of TBT in areas where
aquaculture practice was common [34].

The low production cost of the AquaSun sol–gel glassy coating (see above) has the
potential to make the green technology affordable for all, and not only for those who can
purchase 1 L of a “green” AF paint at prices that for fluoropolymer silicon exceed USD
100/L [9].

Furthermore, the low thickness of the hard (102–104 MPa elastic modulus) and thin
(10–60 µm) ORMOSIL xerogel coatings [5] implies that a far lower amount of paint would
be needed to functionalize the hull of a vessel when compared to conventional green
silicone-based AF paints based on foul release mechanism (a typical silicone coating has
>150 µm thickness).

Relying on a cost-effective and green process that is technically and economically
feasible on large scale, however, is not enough to call a technology “sustainable”. To be
truly sustainable, a technology must combine its positive effects on the environment with
affordable costs for all, including fishermen and ship owners in economically developing
nations. For example, today’s low-cost, efficient, and durable photovoltaic modules based
on crystalline silicon solar cells are a truly sustainable technology providing largely positive
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environmental, social, and economic benefits to their users in both economically developing
and developed nations [35].

Renewing and expanding the production of antifouling paints based on the eco-
friendly and simple sol–gel process, offers numerous benefits also from the job creation
viewpoint. This can be indirectly verified, for instance, with the case of a Greek manufac-
turer of functional paints chiefly based on the sol–gel process. In only 15 years since its
foundation in 2005, the company reached a staff of 35 people [36].

From the social viewpoint, it is also relevant that the coating will be independently
produced by numerous manufacturers similar to what happens with the production of
“generic drugs”, namely medicines whose patent is expired, whose low cost and large
availability benefit populations across the world [37].

3. Conclusions

A sustainability analysis aimed to investigate whether the new class of organosilica-
based photocatalytic “AquaSun” coating is suitable for industrial production, taking into
account the usually neglected economic and social dimensions of sustainability, shows
numerous relevant results.

First, from an economic viewpoint, the production of the AquaSun coating merging
the foul release properties of sol–gel foul release coatings [5,9] and the visible-light photo-
catalytic activity of Bi2WO6 [38], would be technically and economically viable. The raw
material cost of one L of the coating based on the cost of the raw materials alone is approxi-
mately USD 1. The production process, furthermore, has the “drop-in” characteristics of
the green chemistry technologies sought by the chemical industry in its ongoing transition
driven by sustainability [15,16]. Its industrial uptake, indeed, would not require changing
the existing equipment used to manufacture paints and coatings.

Second, the use of AquaSun coating would offer several environmental benefits. No
toxic species are present in the coating or are generated during its function, translating into
the lack of ecotoxicity [6]. The active H2O2 biocidal species generated in situ under the
action of solar light readily decomposes into O2 and H2O [1,2]. Production of the coating
would take place via a zero-waste process affording no by-products, whereas application
of the waterborne sol–gel coating via spray-coating would minimize VOC emissions [11]
and maximize the material efficiency of the coating deposition process. Finally, production
of the new sol–gel AF paint would soon benefit from the ongoing shift in silicon alkoxides
manufacturing from SiCl4 and thus silicon obtained via the carbothermal reduction of
quartz SiO2, to Si alkoxides directly derived from reacting biogenic SiO2 with ethanol in a
new, low energy synthetic process [32].

Third, production and use of the AquaSun coating would provide significant social
benefits. The elimination of marine pollution deriving from release of toxic biocides
and “booster” species from conventional AF paints would directly translate in improved
economic activities, such as aquaculture, in coastal areas. The production of the coating
would also result in the creation of numerous new jobs in numerous countries where
production would start.

The present sustainability study, likely the first in the field of new generation sol–
gel antifouling coatings, will hopefully contribute to overcoming the “not invented here”
syndrome [39] that still affects many sol–gel technologies [20], including AF coatings
derived via the sol–gel process [5]. Future investigations will address the main limitations
of the study: the economic viability investigation is preliminary. Subsequent studies will
employ analytical tools such as commercial software packages for a detailed manufacturing
cost analysis including sensitivity analysis for the main process parameters. Similarly, a
life-cycle analysis will be useful to assess the environmental impacts of producing and
using AquaSun.
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