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Abstract

The process in which marine growth is undesirable accumulated onto submerged construction
is called biofouling. Prevention of biofouling is beneficial with respect to economical aspects,
environmental issues, costs and maintenance for several marine industries. By depositing
an antifouling coating containing additives with antifouling properties, the biofouling can
be limited. Coatings with additions of graphene materials appear as promising low toxic
antifouling coatings and can possibly be a substitute for the higher toxic copper coatings which
are commonly used today. In addition, graphene based coatings also exhibit great mechanical
properties.

The overall aim of this master’s thesis was to prepare epoxy based antifouling coatings with
additions of graphene (G) and graphene oxide (GO) and investigate their antifouling and
surface properties. Characterization of surface properties as roughness, particle distribution,
microstructure, contact angles and surface free energy were performed in addition to the
antifouling properties. Biofilms were generated by submerging coated samples in a biofilm
reactor with an algae tribal culture representing a realistic sea environment. A quantification
method based on counting number of diatoms at submerged samples by using optical
microscopy was suggested. Furthermore, a method to investigate the biofilm thicknesses was
proposed by utilizing fluorescence microscopy in combination with the software MATLAB.

The sol-gel method was used to prepare two coating systems: the epoxy resin bisphenol A
diglycidyl ether (DGEBA) with additions of GO and the epoxy resin Epikote 828 with additions
of G. The GO slurries were found partly stable one week after preparation while the G slurries
appeared stable even after three weeks.

Polyethylene substrates were spray coated with the prepared sols and slurries in two, three
and four coating layers. Small microcracks were observed on all the prepared coatings due to
the high content of volatile solvents. The GO and G particles were evenly distributed within
the cured coating matrices. The coated samples exhibited a significantly more hydrophilic
character compared to the un-coated substrates due to the reduced surface roughness of the
coated samples. Consequently, less growth was observed on all the coated samples. The
roughness of GO containing coatings were slightly higher compared to the other coatings
resulting in a greater contact surface between the GO sheets and marine growth. The combined
effect explained why the GO coatings exhibited better antifouling properties compared to the G
coatings.

The marine growth reduced with increasing GO or G content within the coatings and was
found to be independent of number of coating layers. Diatoms were found to be the dominating
fouling organism on the submerged samples, although bacterial growth was also observed.
The dominating antifouling mechanism of the GO and G coatings were assumingly related
to oxidative stress. The experimental procedure for generation of biofilms was successful,
but can be enhanced further by increasing the light access and using an algae culture of
known composition. Characterization of diatoms may benefit from measuring a larger part
of the sample surface as diatoms were found growing unevenly on the sample surface. The
coatings containing 0.250 wt% GO appeared as the optimal coating with respect to surface and
antifouling properties. Regarding further work, the mechanical properties must be investigated
to evaluate the marine applicability of the prepared coatings.
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Samandrag

Prosessen der uønsket marin vekst akkumuleres på marine konstruksjoner kalles biologisk
begroing. Forebygging av biologisk begroing er gunstig med hensyn til økonomiske aspekter,
miljø, kostnader og vedlikehold for flere marine næringer. Biologisk begroing kan begrenses
ved å deponere et belegg som inneholder tilsetningsstoffer med grohindrende egenskaper.
Belegg med tilsats av grafenmaterialer viser lovende grohindrende egenskaper og kan være en
erstatter for de mer giftige kobberbeleggene som ofte brukes i dag. I tillegg har grafenbelegg
ofte gode mekaniske egenskaper.

Det overordnede målet for denne masteroppgaven var å fremstille epoxybaserte grohindrende
belegg med tilsats av grafen (G) og grafenoksid (GO), samt undersøke deres overflateegenskaper
og evner til å forhindre biologisk begroing. Karakterisering av overflateegenskaper som
ruhet, partikkelfordeling, mikrostruktur, kontaktvinkler og overflateenergi ble undersøkt
i tillegg til de grohindrende egenskapene. Begroingen ble generert ved å senke belagte
prøver i en biofilmreaktor med en algekultur som representerte et realistisk sjømiljø. En
kvantifiseringsmetode basert på telling av antall kiselalger på nedsenkede prøver ved bruk
av optisk mikroskopi ble foreslått. Videre ble en metode for å undersøke tykkelsen av
begroingsbelegget ved bruk av fluorescensmikroskopi i kombinasjon med programvaren
MATLAB lagt fram.

Sol-gel-metoden ble benyttet for å fremstille to beleggsystemer: epoksyharpiksen bisfenol A
diglycidyleter (DGEBA) med tilsats av GO og epoksyharpiksen Epikote 828 med tilsats av G.
En uke etter prepareringen var GO suspensjonene delvis stabile, mens G suspensjonene var
stabile selv etter tre uker.

Polyetylensubstrater ble spraybelagt med de preparerte suspensjonene i to, tre og fire belegglag.
Små mikrosprekker ble observert på alle de tilberedte beleggene på grunn av det høye innholdet
av flyktige løsningsmidler. GO- og G-partiklene ble jevnt fordelt i de herdede beleggene. De
belagte prøvene hadde en betydelig mer hydrofil karakter sammenlignet med de ikke-belagte
substratene på grunn av den reduserte overflateruheten. Dermed ble den marine veksten
redusert på de belagte prøvene. Ruheten til GO-belegg var litt høyere sammenlignet med de
andre beleggene, noe som resulterte i en større kontaktflate mellom GO-flakene og den marine
veksten. Den kombinerte effekten var sannsynligvis grunnen til at GO-beleggene hadde bedre
grohindrende egenskaper sammenlignet med G-beleggene.

Den marine veksten ble redusert med økende mengde GO- eller G-innhold i beleggene. I
tillegg var mengde begroing uavhengig av antall belegglag. Diatomer ble funnet til å være den
dominerende begroingsorganismen på de nedsenkede prøvene, selv om det også ble observert
bakterievekst. Den dominerende grohindrende mekanismen til GO- og G-beleggene var
antagelig relatert til oksidativt stress. Den eksperimentelle prosedyren for generering av biofilm
var vellykket, men kan forbedres ytterligere ved å øke lystilgangen og bruke en algekultur med
kjent sammensetning. Siden kiselalgene ble funnet ujevnt fordelt på prøveoverflatene, kan
det være en fordel med tanke på karakteriseringen av slike organismer å undersøke et større
areal av prøveoverflaten. Beleggene som inneholdt 0,250 wt% GO fremsto som det optimale
belegget med hensyn på overflateegenskaper og hindring av begroing. Med tanke på videre
arbeid, så må de mekaniske egenskapene til beleggene undersøkes for å evaluere beleggenes
marine anvendbarhet.
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1 BACKGROUND

1 Background

1.1 Background

The undesirable accumulation of marine growth is called marine biofouling (hereby called
biofouling) [1, 2] and is illustrated in Figure 1.1.

(a) (b) (c)

Figure 1.1: Marine biofouling can cause undesirable growth on submerged constructions as a) offshore
constructions [3], b) pipelines [4] and c) farmed fish cages [5].

Biofouling can have a negative impact on several marine industries and maritime activities
[6]. Marine growth occurring on ship vessels can be directly translated into increasing fuel
consumption as the marine growth will result in an increase in the drag of the vessel due to
increased weight and roughness [7, 8]. Furthermore, fouling organisms on ship vessels can
migrate to biospheres in which they naturally do not exist and thereby disrupt the existing
ecosystem [2, 9]. Marine growth is also reported to increase the corrosion rate of metals
and concrete structures which arise safety concerns for marine facilities [10]. Additionally,
biofouling arise as a problem for the farmed fish industry as the formation of biofilms on the
cage netting will prevent the required nutrient exchange, deform the cage due to the increased
weight and lower the oxygen exchange which all result in a lower fish production rate [11]. To
conclude, prevention of biofouling could have a huge positive effect with respect to efficiency,
maintenance and cost for a broad range of maritime industries.

Antifouling approaches as for example coatings [7], mechanical cleaning [12], electrolyzing
seawater [13], UV-irradiation [14] and ultrasonic treatments [15] can be used to prevent
biofouling. Antifouling coatings are commonly used to prevent marine growth as this approach
appears favorable with respect to effectiveness and cost [8].

Dispersing inorganic additives as antifouling agents evenly throughout the coating matrix is a
commonly used approach to achieve antifouling coatings [7, 16]. Tributyltin (TBT) has been
reported as an excellent antifouling agent, but was banned in 2008 since the chemical was
proven to appear toxic to non-fouling organisms [2, 8]. Copper (Cu) based antifouling coatings
have also been widely used and are less toxic compared to TBT coatings, but the use of copper
antifouling agents must be limited as the copper is hazardous to several non-fouling organisms
with a long-term perspective [17]. Therefore, research on low-toxic and sustainable antifouling
agents with excellent antifouling properties limited to the targeted fouling organisms are of
great interest.
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1.2 Aim of work

In the last decade, graphene (G) and graphene oxide (GO) have been reported as promising
antifouling agents with a low degree of toxicity [18, 19]. Dispersing G or GO in the coating
matrix have also improved the mechanical properties of the coating matrix [20, 21] which is
an advantage for antifouling coatings in rough marine environments. Therefore, both G and
GO are promising substitutes to obtain effective and more sustainable antifouling coatings with
great mechanical properties.

1.2 Aim of work

The main objective of this master’s thesis is to gain a better insight in the antifouling behavior
of G and GO coatings. Epoxy coatings suitable for marine environments, which also exhibit
antifouling properties due to additions of graphene (G) and graphene oxide (GO), will be
prepared. The preparation and characterization techniques are further developed from those
performed by the author during the specialization project [22].

The first objective is to prepare well-dispersed G and GO epoxy slurries suitable for spray
coating deposition. CealTech AS will prepare G-epoxy dispersions, while the author will
prepare GO epoxy dispersions and prepare both the GO and G slurries with suitable solvents.
The sols and slurries will be characterized with respect to presence of functional groups,
viscosity and stability.

In the second objective, the aim is to obtain an understanding of how additions of various G
and GO content can affect the coatings with respect to coating surface properties. The prepared
sols and slurries will be spray coated onto pre-treated polyethylene substrates. Furthermore, the
coatings will be characterized with respect to wetting properties, surface free energies, thickness
estimations, surface roughness and surface cracks.

The final objective is to investigate the antifouling properties of the coatings by submerging
the samples in a biofilm reactor with algae nutrition for two and four weeks. The aim is to
develop a more standardized characterization of algae growth compared to the method used in
the specialization project [22]. The marine growth will be investigated using optical microscopy,
fluorescence microscopy and SEM. Fouling behavior of coatings with additions of G or GO will
be compared to un-coated substrates and coatings with no G or GO additions.
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2 Introduction

2.1 Introduction to biofouling

Marine biofouling (hereby called biofouling) is defined as undesirable biological growth
on submerged constructions in marine environments [1, 23]. Around 4000 marine species
have been reported as fouling organisms and are therefore a potential contributor to the
biofilm production on submerged constructions [24]. Biofouling has caused economic and
environmental issues for several industries as for example shipping industry, oil and gas
industry and fish farms [25].

2.1.1 Formation of biofilms

It is commonly known that almost any surface will be covered with microbial cells when being
submerged in an aquatic medium [26, 27, 28]. A theory for this to occur is because substrate
surfaces can be richer in nutrition compared to the bulk environment surrounding the immersed
substrate resulting in attachment to the substrate surface being favorable. The community of
settled cells and their possible reaction products at a surface is called a biofilm [27].

The formation of a biofilm is believed to occur in four main phases as illustrated in Figure 2.1
[29]. The first phase appear within minutes of submersion and is recognized by the formation
of a reversible attached conditioning film composited of mainly proteins and protein fragments
[23, 24, 29]. The second attachment phase begins after one to twenty four hours in which
bacteria and unicellular organisms as diatoms start to attach on top of the conditioning film.
Fouling organisms in the second phase are often labelled primary colonizers and will create a
microbial film. Adsorption of primary colonizers appear due to physical forces as Brownian
motion, electrostatic interaction and van der Waals forces. The microbial film are composed
by dead and living cells and slime which have been secreted by the cells [29]. The diatom
Amphora is known to easily settle on submerged substrates [30]. The third settlement phase
appear after submersion time for one week and is dominated by settlement of protozoa and
spores of macroalgae. Diatoms are also part of the fouling organisms appearing in the third
phase. Fouling organisms in this phase are called secondary colonizers. Species belonging
in the last phase will start to attach on the surfaces after two or three weeks. The biofouling
occurring in the fourth phase are commonly named macrofouling and include the attachment of
larvae of macrofoulers, barnacles, mussels and soft sponges which are called tertiary colonizers
[29, 31].

Figure 2.1: Representative illustration of the growth process of marine biofilms. The Figure is adapted
from [29].
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Even though there is overall good agreement with the biofilm formation time line shown in
Figure 2.1, there are reported cases in which the biofilm formation phases occur in parallel,
separately or overlap [1, 27, 29, 32]. For instance, tertiary colonizers as the barnacles of the type
Amphibalanus Amphitrite have been reported to settle directly on the substrate surfaces with no
present biofilm [33]. The film thickness of the biofilm will increase as more species attach to
the surface or by growth of the already attached species [1, 32] resulting in a three-dimensional
structure [34]. Biofilms containing diatoms have been reported as 500 µm thick [31]. Already
adhered species can improve the attachment ability of other species or prevent other species
from attaching [35, 36]. The accumulation of marine species do not necessarily appear constant
over time or over the entire submerged surface of the substrate [27]. Investigations of biofilm
structures conclude with biofilms being built up of cell agglomerates separated by voids and
channels within the structure in a heterogeneous structure [24, 37].

2.1.2 Parameters affecting the biofouling

The biofilm settlement on submerged substrates are a complex process and a broad range of
parameters have been reported to affect the formation and growth of biofilms on submerged
constructions. Seawater parameters as temperature, salinity, composition, pH, submersion time
and degree of pollution have been reported to affect the biofouling composition [2, 23, 24].
For example will diatom growth depend on the silica resources within the submersion medium
[31]. Diatoms have also been reported to be able to migrate to substrate areas with the most
suitable and productive environmental conditions. Some substrate areas may have the greatest
availability for light or nutrients or have a lower degree of water fluctuations and thereby favor
diatom growth [38].

The seawater composition and thereby the composition of the biofilm is dependent on season,
hydrodynamic region, light access, nutrition supply and geographical location [25, 29, 30, 32,
36, 39, 40]. Rascio [23] and Yebra et al [2] reported significantly less fouling settlement and
increased detachment respectively on ships having a speed faster than six knots. This is also in
agreement with research performed by [41] who found a significant reduction in both number
of diatoms and bacteria on coatings being submerged in dynamic seawater conditions compared
to static conditions.

Bacteria and diatoms are the major components within biofilms in natural environments [30].
The size of diatoms do not change constantly over time. The size changes of diatoms are
characterized by the two time scales lasting for a diurnal time and monthly-annual time as
shown in Figure 2.2. Cell growth and division occur during the life cycle related to the diurnal
time scale. The size reduction is related to reduction in length and individual cells will grow
twice their minimum size before they divide into to smaller daughter cells. The life cycle lasting
for a monthly-annual time period is called cell size reduction-restitution cycle. The size will
gradually decrease before a relatively sudden increase of size occur until the size maximum is
reached. The size changes in this life cycle is related to changes in width and length of the
diatoms [42]. The time period of the monthly-annual cycle depends on environmental factors
and may last for several years [43].
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Figure 2.2: Cell size reduction of diatoms represented for diurnal life cycles (grey arrows) and
monthly-annual cell size reduction-restitution cycle (black arrows). The size definitions with respect
to length and width of a diatom are also included. Figure adapted from [42].

Biofouling on submerged substrates seem to a large content to depend on the physicochemical
properties of the substrate rather than biological processes in a report conducted by Absolom
et al. [44]. The roughness of the substrate surface has been reported to affect the formation
of biofilm on submerged substrates in which rougher surfaces are more prone to biofouling
[27, 45]. With a rougher substrate surface the mass transport of biological matter is believed
to increase as the rough substrate surface protects small particles from shear forces and thereby
increases the area available for biofouling settlement [27]. The wettability is defined as the
degree in which a fluid can adhere or spread out on a surface [46] and this surface property has
been linked to the biofouling behavior of the substrate [31, 47, 48]. The effect of wettability
with respect to biofouling will be discussed in detail in Section 2.5.3.

2.1.3 Consequences of biofouling

The development of biofouling on submerged constructions have some undesirable
consequences with respect to both economy and environment. The formation of even a
thin layer of a biofilm (a hundred microns in thickness) on submerged constructions can
cause severe issues related to corrosion, increased drag force and reduce the heat transfer
efficiency which result in higher maintenance costs and increasing environmental emissions
[27, 29, 32, 49]. For example will biofilm formation on ship hulls result in loss of energy due to
the biofilm layer inducing extra mass which cause an increase in the fuel consumption [27]. A
ship vessel covered with fouling species will be harder to manoeuvre and an increase in power
is required to achieve the same speed as a non-fouled ship vessel [1]. Other effects of biofilm
formation are reduced effectiveness of remote sensors or changes in water quality for drinking
water distribution systems [27]. Biofouling occurring on a carbon steel pipe reduced the
cross-sectional pipe area with 52% in only two and a half year [50] which prevented desirable
waterflow through the pipeline. Fouling by macro-organisms have been reported to increase
the coefficient in frictional resistance significantly compared to fouling by micro-organisms
[51]. Biofouling is reported to cost the US Navy about one billion dollars each year [31].
The frictional resistance of submerged substrates have been reported to increase with more

5



2.2 Prevention of biofouling by antifouling coatings

than 10% after a submersion time of ten days due to the development of microbial films [24].
Taking the consequences presented in to consideration, prevention of biofouling on submerged
construction would be favorable.

2.2 Prevention of biofouling by antifouling coatings

There are a broad range of methods to prevent biofouling like for instance coatings [7, 52],
mechanical cleaning [12], electrolyzing seawater [13], UV-irradiation [14] and ultrasonic
treatments [15]. Covering the submerged constructions with an antifouling coating have
been reported as the most efficient way to prevent biofouling on submerged constructions
[8]. By using antifouling coatings, the fuel consumption of ships related to biofouling can be
significantly reduced. The world fleet of 39 000 vessels in the 1990s consumed 184 million
tonnes of heavy fuel oil. If these vessels had not been coated with antifouling coatings, the fuel
consumption would have been 40% higher which corresponds to a total consumption of 256
million tonnes [7].

There are several types of antifouling coatings. Coatings exhibiting vibrating properties have
been reported to exhibit antifouling properties. The piezoelectric coating polyvinylidene
fluoride has been reported to prevent marine growth due to vibrations [53]. Unfortunately,
the use of such coatings are limited due to the large power requirements associated with the
technology [2]. Fouling release coatings are another type of antifouling coatings which prevent
biofouling due to their non-stick behavior. They exhibit very low surface free energies which
make the bio-settlement difficult. Silicone elastomers as polydimethylsiloxane are typically
used as fouling release coatings [54]. However, the fouling release behavior often require high
flow conditions for sufficient prevention of biofouling [2]. Biocidal antifouling coatings contain
one or more active additives called antifouling agents which exhibit antifouling properties [52]
and thereby control the degree of algae growth on the constructions [29]. Biocidal coatings are
commonly used in marine environments due to their effectiveness among the settlement of a
broad range of fouling organisms [2].

2.2.1 Antifouling agents

There have been reported a broad range of antifouling agents which have been successfully
added to several antifouling coating systems. Coatings with additions of tributyltin (TBT) have
been reported as efficient antifouling coatings and were commonly used in the 1990s to prevent
marine biofouling. However, these coatings caused severe damages on non-target species and
were therefore abandoned worldwide in 2008 [2, 55, 56]. The disappearance of dog-whelk
from coastal areas with a large boat activity has been associated with the presence of TBT
[31]. Decrease in oyster larval lifetime and shell malformations in grown-ups oysters have been
linked to the earlier usage of TBT in antifouling coatings [57].

Copper based materials have also been used globally as antifouling agents. However, as copper
is released into the environment concerns regarding heavy metal toxicity appear [58]. As
with TBT, copper has been reported to target non-fouling organisms as oysters [31]. Due
to environmental concerns, more environmentally friendly and less toxic antifouling agents
compared to TBT and copper are preferable for future use in antifouling coatings [49].

Antifouling agents which prevent biofilm production from a broad range of the fouling
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organisms, and at the same time appear non-toxic towards non-fouling species, are of great
interest. Utilizing the natural antifouling behavior of some marine species have been proposed
as a way of preparing low toxic and sustainable environmental coatings [59]. Zinc based
antifouling agents have also been prepared, but the antifouling behavior have been reported
to be affected by salinity [60]. Graphene materials as graphene (G) and graphene oxide (GO)
have been reported as low toxic [61, 62] and exhibit promising antifouling properties [62].
In addition, graphene based materials have been reported to obtain excellent mechanical
properties [20]. The combination of the low toxicity, antifouling behavior and great mechanical
properties of graphene based materials make antifouling coatings with additions of graphene
materials highly interesting.

Introduction to G
G is a recently discovered allotrope of carbon with a hexagonal lattice structure built up by sp2

carbon atoms as shown in Figure 2.3 [63, 64, 65]. G are the building blocks of graphite since
G is a single atom layer of graphite [66]. A broad range of application areas are suitable for G
due to its excellent material properties. The material exhibit a large surface area (2630 m2/g)
[67], great modulus of elasticity (1 TPa) [20], high room temperature electron mobility (250
000 cm2/ V·s) [68] and a great thermal conductivity (5 000 W/mK) [69]. Mono-layers of G
with no defects have been reported as "the strongest material ever measured" by Lee et al. [20].
G have also been reported as a zero-band gap semiconductor [67, 68] which makes the material
exhibit no fluorescence [70].

Figure 2.3: Chemical structure of graphene. Adapted from [65].

Some commonly production routes of G are chemical vapor deposition growth on metal
surfaces, micro-mechanical exfoliation and exfoliation of G in solvents [67]. However, further
research on G remained challenging as a large scale production of G remained difficult due to
the resulting low yield and the time consuming process [63]. G like monosheets have been
prepared by exfoliation of GO sheets into monosheets of GO followed by reduction of the
single layered GO sheets. This latter method has the potential to be scaled up, but challenges
regarding the in-homogeneity of GO resulting in generation of defects during the reduction
appears as an issue [71].

Another challenge which must be overcome to reach the full potential of G, is to prepare stable
dispersions of G in a broader range of solvents [67]. When dispersing G in a polymer to obtain
a nanocomposite, achieving a homogeneously dispersion often appear as the main challenge.
G tends to agglomerate in a polymeric matrix due to the large specific surface area and strong
van der Waals interactions with other G sheets [71, 72]. However, the excellent material and
antifouling properties make G a promising candidate as a more environmentally friendly and
low toxic antifouling agent in marine coatings.
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Introduction to GO
GO consists of a semi-aromatic network of functional groups containing oxygen with sp2/sp3

bonded carbon atoms as shown in Figure 2.4 [65, 73]. The basal plane of GO sheets are
dominated by the functional groups hydroxyl (-OH) and epoxy (C-O-C) while carbonyl (C=O),
carboxyl (-COOH) and phenol (-C6H6O) are commonly found at the sheet edges [63, 73].
The presence of carboxyl, hydroxyl and epoxy groups are especially beneficial with regards
to stability of GO in an organic polymer matrix due to the formation of covalent bonds [74].
Their presence is also essential for the good solubility of GO in water which is estimated as 6.6
µg/mL [75].

Figure 2.4: Chemical structure of graphene oxide. Adapted from [65].

The material properties of G and GO differ from each other as well. The elastic modulus of
GO is about 25 % of a monolayer G [71]. GO is an insulator [76] and exhibit fluorescence
[70]. However, GO is suitable for a broad range of application areas as for instance biosensors,
bio-medicine, energy material for fuel cells, filtration material and gas separation [63, 71]. The
chemical structure of GO is tunable and can be functionalized to enhance the spatial distribution,
degree of defects, surface charge or lateral size [63].

GO can be produced by different methods, and the most commonly production routes are:
Brodie method and Staudenmaier method, Hummers method and modifications of it as well as
Tour method. A modified version of Hummers method which include strong acid/base treatment
is commonly used today [63]. This method is beneficial with respect to large scale production,
however the heavy acid/base treatment leave the prepared GO structure significantly disordered
compared to the crystalline G [76].

Advantages with GO compared to G can be related to utilizing the functional groups to facilitate
the dispersion stability of GO in various solvents and the scale-up ability with respect to large
production volumes [63, 71]. Large scale production of G can be obtained by reduction of
GO. However the resulting product exhibit a significant degree of defects within the sp2 carbon
lattice and the product is therefore referred to as reduced GO (rGO) rather than G [77]. Due
to the difficulties with large scale production of graphene, investigations regarding the material
properties of large scale producible GO and reduced GO are therefore of great interest [63].

2.2.2 Antifouling behavior of G and GO

Antifouling properties
Both G and GO have been reported to exhibit great antifouling properties towards bacteria
growth of E.coli [19, 62, 78, 79, 80]. As reported by Lee et al. [81], more sufficient growth

8



2 INTRODUCTION

inhibition was achieved with increasing GO content in polymeric GO dispersions. A reduction
in the thickness of the biofilm layer was observed with increasing GO content using fluorescence
microscopy. This indicates that a higher GO content in the coatings will result in the coating
with the best antifouling properties. The antifouling properties of GO were also seen to increase
with increasing lateral size of the sheets [82].

As an antifouling agent should be sustainable and only target fouling organisms, a lot of research
have been performed to investigate the toxic behavior of GO and G. In research performed by
Chen et al. [61], G was found to be bio-compatible and appearing harmless to living human
tissue which is in good agreement with other research [83]. GO have also been reported to
exhibit low cytotoxicity when being exposed to the mammalian cells [62, 84, 85]. However,
the toxicity of GO has been reported to depend on dose, extent of exfoliation and sheet size
[86]. More research regarding the toxicity of G and GO should be performed before their use
as antifouling agents become globally available all though the present research are promising.

Antifouling mechanisms
The dominating antifouling mechanism of graphene based materials is assumed to be physical
damaging of fouling cells due to direct contact with the sharp nanosheet edges [19, 62, 78,
79, 80]. The cutting of bacteria cells with the sharp nanosheets have been reported to cause
osmotic imbalance which resulted in bacterial death [87]. Extraction of lipid molecules from
the bacterial cells is another antifouling mechanism which appear in combination with the
cutting mechanism [80, 83]. The strong interaction between G and the lipids are believed to
be promoted due to the sp2 carbons within the G sheets which result in bacteria cell viability
[80]. The mechanical damage on bacterial cells due to cutting by G nanosheets have been shown
using scanning electron microscopy (SEM) [87]. GO sheets have also been reported to behave
antifouling when trapping bacteria cells and isolate them from the growing community. With
this wrapping mechanism, the GO sheets block the active site of bacterial growth [82, 88].

The antifouling mechanism of graphene based materials are assumed to involve both physical
and chemical effects. Chemical antifouling mechanisms involve introduction of oxidative stress
resulting in reactive oxygen species (ROS) generation [83, 89, 90], charge transfer [91] or
direct oxidation of cellular components [78]. Generation of ROS cause cell death as it induces
oxidative stress which has been reported to damage cellular components as DNA, lipids and
proteins within the bacteria cells [92]. Charge transfer induced by the G materials will disturb
the respiration process of the bacteria which is essential to produce energy for cell growth and
maintenance [91, 93, 94]. The direct oxidation of the oxidant glutathione have been proven to
induce oxidative stress within the bacteria cell as unoxidized glutathione prevent cell damage
of cellular components while the oxidized version do not [95].

2.3 Antifouling coating processing

The main component of a solvent-based protective coating is usually an organic polymeric
resin. The function of the resin is to serve as the physical structure of the coating as well as
determine the degree of ion diffusion and ultraviolet (UV) radiation through the coating matrix.
Additives as antifouling agents and curing agents may also be added to the coating to improve
certain coating characteristics [96]. Incorporation of nanomaterials as G and GO in a resin
can enhance the antifouling properties as well as enhance the cured coating properties with
respect to porosity, strength and degree of delamination. Coatings with an organic polymer as
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resin and reinforcement materials in the form of nanomaterials are referred to as polymer-based
nanocomposites [97]. Curing agents are often added to facilitate the bonding within the coating
and reduce the curing time. A solvent is often added to un-cured coatings to serve as the carrier
of the different components. However, the solvent should exist only in the un-cured state of the
coating to secure complete curing and optimal hardness of the cured coating [96].

2.3.1 Preparation of organic nanocomposites

The sol-gel method is suitable for preparation of nanocomposites containing inorganic, organic
or a combination of organic and inorganic polymeric structure. The principle of the method is
a polymerization process which results in formation of a three-dimensional network [98]. A
sol consisting of dispersed particles in a solution is forming a gel through condensation and
hydrolysis processes. The gel is defined as a rigid network consisting of pores and polymeric
chains [99]. Advantages with the sol-gel method is associated with low temperature processing,
mild reaction conditions, achieving good bonding between inorganic and organic chemicals as
well as obtaining products with a homogeneous structure [98, 100].

Organic nanocomposites are often prepared by either in situ polymerization or solution
blending which are two methods to perform the sol-gel method [101]. In situ polymerization
is a commonly used fabrication technique for epoxy nanocomposites [102, 103, 104] in which
the nanoparticles are dispersed in the polymeric monomer before the monomer is polymerized
[101]. In the solution blending method the nanoparticles are dispersed in a solvent before
being mixed with the polymer monomer. Acetone and ethanol are among typical solvents
used in the sol-gel process [98]. Acetone is classified as a polar aprotic solvent and ethanol
as a polar protic solvent [105]. The polymer matrix and nanoparticles can develop covalent
bondings through condensation reactions [101]. Addition of a curing agent into the dispersion
of nanoparticles in the polymeric monomer allows for proper polymerization [101] followed
up by a suitable coating deposition. Crack free coatings can be achieved by proper evaporation
of the solvents from the gel which can be obtained by heat treatment [98].

The main challenge with regards to obtaining homogeneous organic nanocomposites is to obtain
well dispersed nanoparticles within the coating matrix as poor dispersiability have resulted in
poor homogeneity of the cured coating [104]. However, functionalization of the nanoparticle
may enhance the degree of bonding between the nanoparticles and the surrounding polymer
matrix [101, 106]. Sonication and intense stirring have also been reported to improve the
dispersiability of nanoparticles within epoxy nanocomposites [107]. Due to the large surface
area of the dispersed nanoparticles, the weight percent of nanoparticles should be less than 5
wt% to secure good dispersiability and optimize the mechanical properties of the cured coating
[98, 108].

Epoxy nanocomposites
Epoxy resins are commonly used in industrial coatings because of their strong mechanical
properties, good adhesion to substrate surfaces and outstanding chemical and water resistance.
However, the main drawbacks with epoxy based coatings are their sensibility towards UV
degradation and the poor dispersibility of nanoparticles within epoxy resins [83, 96, 104].
Bisphenol A diglycidyl ether (DGEBA) and Epikote are two commonly used epoxy resins
which both arise from the chemical compound bisphenol A [96, 109, 110]. The chemical
structures of DGEBA and Epikote 828 are shown in Figure 2.5.
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(a) Bisphenol A diglycidyl
ether

(b) Epikote 828

Figure 2.5: Chemical structures of epoxy resins of a) Bisphenol A diglycidyl ether and b) Epikote 828,
n = 0.1 - 0.2. Figures are adapted from [111] and [112] respectively.

The curing agent poly(propylene glycol) bis(2-aminopropyl ether) (PPGBAE) is a diamine
which have been reported as suitable for epoxy resins [96, 110]. The chemical structure of
PPGBAE are shown in Figure 2.6. The primary amine groups are of special interest as these
groups are assumed to yield an improtant contribution to the cross-linked polymer network
which occur when mixing the epoxy resins with the curing agent [113].

Figure 2.6: Chemical structure of the curing agent poly(propylene glycol) bis(2-aminopropyl ether) with
n = 2.6. Figure adapted from [112].

The polycondensation occurring between epoxy resins and diamines during the gelation are
believed to be the reactions as shown in Figure 2.7. In the first reaction, a primary amine of the
curing agent reacts with the epoxide group of the resin. During this reaction the primary amine
loses an H atom and thereby becomes a secondary amine. In the second reaction, branching
occur in which another epoxide group reacts with the H atom in the secondary amine [114].
During the polycondensation, the cross-linking will increase which results in an increasing
mechanical strength of the cured coating. However, if the degree of cross-linking exceeds a
system specific limit the final coating may appear brittle as the plastic deformation is restricted
[115].

Figure 2.7: Chemical polycondensation reactions occurring between epoxy resins and diamine curing
agents. Figure adapted from [113].

Nanoparticles at concentrations below 5 wt% have been evenly dispersed in DGEBA and
Epikote resins resulting in coatings with increasingly mechanical strengths [71, 109, 110, 116].
Antifouling epoxy coatings have also been prepared in which the coatings containing the
antifouling agents achieved better antifouling properties compared to the epoxy coatings [117].
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Hybrid nanocomposites
Polysiloxane coatings are an organic-inorganic hybrid coating where a siloxane backbone have
reacted with an organic resin as for example epoxy [96, 118]. Such coatings have since the
1990s been recognized for their excellent UV resistance, good adhesion strength, good chemical
resistance and low volatile organic compound (VOC) content. Silicone polymers have also
been reported to exhibit a non-stick behavior due to their low surface free energies which is
beneficial with respect to prevention of biofouling [8, 23, 31]. Hybrid nanocomposites made of
an epoxy-polydimethylsiloxane backbone with GO additives have also been reported to exhibit
great antifouling properties [119]. However, the antifouling properties of polysiloxane coatings
seem to be most efficient at larger water flows and are therefore not so effective in docking
periods for the ships [8, 31]. The silicone polymer coatings are prone to mechanical damage due
to their softness and may therefore not be suitable for marine applications if no reinforcement
fillers as for instance G materials are added to the coating [8, 120, 121, 122].

2.3.2 Pre-treatment prior to coating deposition

Prior to the coating deposition, some pre-treatment of the substrate to obtain a rougher substrate
profile as well as removal of dust, old paint or contamination from the substrate surface can
help achieving good adhesion between the cured coating and the substrate [7, 96]. In addition,
with a rougher surface profile the contact area between coating and substrate increases which
is beneficial for the adhesion. A rough surface profile for the substrate can be achieved
by performing dry abrasive blasting in which blasting particles are accelerated towards the
substrate surface with compressed air. The mass of the blasting particles will affect the
resulting surface profile of the substrate. As a result of abrasive blasting, smaller dust particles
will be cut off from the blasting particles and are attached to the substrate surface by static
electricity. If the dust particles are left on the substrate surface during the coating deposition,
the adhesion strength between the coating and substrate will be affected negatively. Cleaning
the substrate surfaces to remove the dust particles should therefore be performed prior to the
coating deposition [96].

2.3.3 Coating deposition

Marine coatings are usually deposited onto large ships or constructions with challenging
geometries with respect to coating deposition. Spray coating is a commonly used deposition
technique within the marine industries as the method benefits from being a cost-effective
method, suitable for a broad range of geometries as well as resulting in homogeneously
coatings [123, 124]. However, coating slurries to be spray coated must exhibit low viscosities
to be transferred out of the spray coating nozzle and onto the substrate. Therefore, the solvent
content is often as high as 50-80 wt% [124, 125]. Coatings containing volatile organic
compounds (VOC) are under restrictions due to the environmental effects of letting VOC out
into the environment. Substances which are classified as VOCs will evaporate rapidly and
are carbon-containing species. Coatings should therefore contain as low degree of VOCs as
possible. Powder coatings and water-borne coatings are promising suitable coatings which
have a less negatively impact on the environment with respect to emissions of VOCs [7, 124].
However, these methods may not overcome the benefits which the spray coating deposition
technique offer.
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Spray coating parameters as working distance, temperature, pressure and drop size can all affect
the final coating properties [126]. Hand-held spray coaters may suffer from limited control
of motion during the deposition which may result in uneven coating thicknesses of the cured
coatings [125]. The coating thickness is adjusted by number of coating layers deposited onto
the substrate.

2.4 Coating sol and slurry properties

2.4.1 Stability of dispersions

Unstable coating slurries should be prevented as agglomerated nanoparticles are harder
to separate and may form a less homogeneous coating when the coating slurry is being
deposited [105]. Stable dispersion of GO and G have been prepared using ethylene glycol,
N,N-dimethylformamide and N-methyl-2-pyrrolidone, although partly stable dispersion have
been achieved using acetone, ethanol, iso-propanol and chloroform [75]. Agglomeration of
nanoparticles in a colloidal dispersion can be prevented by making use of the stabilization
mechanisms shown in Figure 2.8 below [127].

Figure 2.8: Stabilization mechanisms for colloidal dispersions. Figure adapted from [127].

Electrostatic stabilization
Electrostatic stabilization stabilizes a dispersion if the repulsive forces between particles and the
solution appear larger than the attraction forces. Van der Waals forces can attract particles closer
together into agglomerates and thereby result in unstable dispersions. Repulsive forces appear
due to overlapping double layers between the particles which cause them to separate resulting in
stable dispersions [105]. The electrical double layer existing around dispersed particles appear
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due to differences in electrostatic charge between ions in the dispersion and the solid particle
which cause the surrounding ions to adsorb onto the particle surface [128]. GO sheets in a
dispersion exhibit repulsive forces due to the electrostatic repulsion appearing between ionized
carboxylic and phenol hydroxyl groups in the sheets [129].

A schematic explanation of the electrical double layer and the corresponding electrical potential
is found in Figure 2.9 [130]. The first layer is called the Stern layer and consists of ions in the
dispersion being adsorbed onto the particle surface due to chemical interactions. The second
layer is called the Gouy layer and is a diffusive layer consisting of free ions which movements
are influenced by electric attraction and thermal motion rather than chemical interaction with
the solid particle. In the Gouy layer there is a slipping plane which marks the boundary in
which bulk fluid remains attached to the solid particle. The potential difference of this slipping
plane and the bulk is called the zeta-potential [128]. The zeta-potential of a dispersion can help
investigating the stability because it determines the interparticle forces [131].

Figure 2.9: Schematic illustration of the electrical double layer of a particle in a dispersion with the
corresponding electrochemical potential. Figure adapted from [130].

The stability of a dispersion increases with increasing absolute value of the measured
zeta-potential. A dispersion with zeta-potentials above ± 25 mV are considered as stable [105].
Lee et al. [81] found that the zeta-potential decreased with increasing GO content in polymeric
dispersions of 0.00 - 2.60 wt% GO. The absolute value of the zeta-potential will decrease with
increasing ionic strength since the electrical double layer will decrease. The ionic strength is
increasing with the concentration of ions in the dispersion [128]. However, the ionic strength
should not be larger than about 0.1 M to secure an efficient electrostatic stabilization as ionic
strength affects the double layer thickness [128]. The zeta-potential can also be altered by
adjusting the pH of the dispersion. The isoelectric points is defined as the pH where particles
have a zero net surface charge. By adjusting the pH far away from the isolectric point, the
dispersion should become more stable as this result in an increasing absolute value of the
zeta-potential and electrostatic forces dominating over attractive forces [128].

Polymeric stabilization
Steric stabilization and depletion stabilization are two polymeric stabilization mechanisms.
Steric stabilization involves adsorption or attachment of polymers onto the particle surfaces
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of particles in a colloidal dispersion [105]. Attachment of polymers results in a steric repulsive
force due to entropy effects [128]. Expansion of the attached polymer should reduce the overall
Gibbs free energy of the system which is beneficial for the stability [105]. G and GO dispersions
have been stabilized with the support of steric stabilization [21, 132, 133, 134, 135, 136].

Depletion stabilization differ from steric stabilization as it stabilize a dispersion with
un-attached polymers. The larger molecular weight of the polymers, the more stable colloidal
dispersion as the depletion repulsion forces increases [137]. Depletion stabilization have been
used to stabilize GO dispersions. The advantages with depletion stabilization is related to
available particle surfaces as the polymers remain un-attached and the stability being less
sensible to the ionic strength [138].

If a colloidal dispersion is dominated by polymer stabilization rather than electrostatic
stabilization, the colloidal can appear stable even if the absolute value of the zeta-potential is
not larger than 25 mV. Therefore, indications of stability based on the measured zeta-potential
may not be realistic if polymer stabilization dominates [139].

Electrosteric stabilization
The electrosteric stabilization is the combination of the electrostatic and steric stabilization
mechanisms. A polymer will be attached to a charged particle surface so that a polymer layer
forms around the particle as well as an electrical potential. When two particles in a colloidal
dispersion collide, repulsive forces appear due to the effect of the electrostatic repulsion and the
steric repulsion [105].

2.4.2 Fluid properties

A functional barrier coating should be continuous and free from defects which require the
coating to be in liquid state during the coating deposition. The fluid property of the coating
slurry is a significant parameter with respect to achieving a homogeneously coating. The fluid
and deform properties of a material is defined as the material rheology. The coating must
be easily transferred and flow out during spray coating deposition, but should later exhibit a
hold-up property to secure that the coating remains on the substrate surface rather than flowing
off. Viscosity (η) is a rheology property defined as the ability of a material to resist flow. The
viscosity is calculated by the following Equation [7]:

η[Pa · s] = σ

γ̇
(2.1)

The shear stress (σ) is defined as the force per unit area and will create a deformation in the
fluid known by an angle which is characteristic for the shear parameter. The shear rate (γ̇) is a
measure of the rate a fluid is sheared or deformed during flow. The units for shear stress and
shear rate are Nm−2 (directly transferred as Pa) and s−1 respectively [7]. The viscosity of water,
acetone, ethanol, DGEBA and Epikote 828 are shown in Table 2.1.
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Table 2.1: Viscosity values for water, acetone, ethanol, DGEBA and Epikote 828 at 20 °C [7, 140, 141].

Material Viscosity [Pa · s] Temperature [°C]
Water 0.0010 20

Acetone 0.0003 20
Ethanol 0.0012 20
DGEBA 4.0 - 6.0 25
Epikote 32.0 20

Fluids are often characterized as Newtonian or non-Newtonian depending on how the viscosity
is affected by shear rate. If viscosity is plotted as a function of shear rate as shown in
Figure 2.10, a Newtonian fluid (A) will exhibit a constant viscosity while the viscosity of
a non-Newtonian fluid (B and C) will depend on the shear rate. A non-Newtonian fluid is
classified as shear thickening (C) if the viscosity increases with shear rate and as shear thinning
(B) if the viscosity decreases with increasing shear rate.

Figure 2.10: Viscosity plotted as a function of shear rate displaying A: Newtonian fluids, B: Shear
thinning fluids and C: Shear thickening fluids. Figure adapted from [7].

Newtonian fluids are often simple, low molecular weight materials. Polymers and particles
in a continuous phase are often found to be non-Newtonian fluids. Organic coating slurries
usually contain both particles and polymers, and such coatings are often found to behave as
shear thinning fluids. The degree of thinning and at which shear rate region most thinning
occur is dependent on the chemical and physical properties of the materials in the coating.
Shear thickening behavior is often observed for coatings containing a high content of pigment
particles or other additives [7].

2.5 Cured coating properties

2.5.1 Coating adhesion

Great adhesion between the coating and substrate should occur for antifouling coatings to avoid
exposure of the bare substrate which is more susceptible to biofouling. Adhesion have been
reported to be affected by the surrounding environment in which submersion in water have
resulted in reduced adhesion strength [142]. However, the adhesion strength of epoxy coatings
was found to be recovered after the coatings had been submerged in water for two weeks which
may be due to the limited water uptake reported in epoxy coatings [143]. The coating adhesion
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is also affected by the chemical and physical bonds between the coating and the substrate.
There are four main forces contributing to the adhesion: chemical bonds, intermolecular forces,
molecular interactions and mechanical interlocking [96].

Contributions to adhesion strength
The force contributions to adhesion directly linked to the chemical nature of the coating and
substrate are chemical bonds, intermolecular forces and molecular interactions. Chemical bonds
can contribute to adhesion if the functional groups present in the coating are capable with those
of the substrate. Therefore, there is assumed a low contribution to adhesion strength from
chemical bonds if the substrate is metallic and the coating is non-metallic. The presence of
functional groups as hydroxyl, carboxyl and amines in the binder have been reported to increase
the chemical adhesion force. Intermolecular forces are also known as Van der Waals forces and
include dispersion forces, dipole-dipole attractions and induction forces which occur between
temporary dipoles, permanent dipoles and permanent dipoles and induced dipoles respectively.
Molecular interactions are an intermediate contribution between the two former contributions
ad are in general described as interactions between electron donors and acceptors [96].

The mechanical force contribution to adhesion strength is known as mechanical interlocking
and is dependent on the surface profile of the substrate surface. Mechanical interlocking give
a hook and anchor effect in which the coating clings to irregularities on the substrate surface.
Nevertheless, the coating must wet the substrate surface properly to avoid voids in the interface
which may reduce the coating adhesion [96]. Hagen et al [142] reported a weaker adhesion
strength on epoxy coatings being coated on a smooth surface compared to a rougher surface.
The adhesion is therefore dependent on both chemical and mechanical contributions as epoxy
contains the functional groups which promote chemical bonds.

Adhesion may also be affected by time between the coating layer depositions in terms of drying
time. If the former coating layer has not cured sufficiently before the next coating layer is
deposited, the final coating will exhibit a wrinkled surface [7].

Characterization of adhesion
Currently there is no proper method of measuring the coating adhesion of a coating. However,
the pull-off test (ISO 4624) is a commonly used procedure even though it usually measures
the cohesion of the coating rather than the adhesion itself. The cohesion is a measurement of
the attraction between the same molecules while adhesion is the attraction between different
molecules [96].

2.5.2 Coating surface roughness

As explained in the former section, the substrate roughness can enhance the adhesion strength
of the coating. However, the surface roughness of the coating should not be too rough
for antifouling coatings. Antifouling coatings exhibiting a microscale roughness exhibited
significantly more marine growth compared to coatings with a nanoscale roughness after
being submerged in algae cultures [144]. Holm et al. [145] found that the rougher a coating
surface becomes, the more likely biofouling is to occur and the more the overall roughness will
increase. However, roughness alone can not explain biofouling behavior on different coatings
as the type and size of fouling organisms have also been reported to affect the biofouling even
at various roughnesses [144].
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The average roughness, Ra, represents the average absolute deviation of the roughness
irregularities from the baseline [146]. The average deviation from the baseline can be detected
as well as the height difference between the highest and lowest valley in the detected line.
Roughness measurements can be performed in a profilometer which will leave permanent
damage on the coating surfaces in form of a scratch with induced stresses [96]. Non-contact
measurements of roughness can be conducted in a confocal microscopy [147] or optical
microscopies [30, 148].

2.5.3 Coating wettability

The wettability of coatings being submerged in marine environments are of great interest as it
affects the antifouling properties of the coating as well as the contact area between the coating
and the surrounding medium.

Contact angles
Contact angles (wetting angles) of a droplet deposited onto a coating surface are characteristic
for the wettability of the coating [149]. The coating is classified as hydrophilic if the contact
angle is less than 90 °and as hydrophobic if the contact angle is larger than or equal to 90 °as
shown in Figure 2.11. Complete wetting is achieved when the contact angle is 0 °. Contact
angles can be measured using sessile drop mode in a drop shape analyser [144, 148, 150, 151].
G sheets have been reported to exhibit water contact angles in the range 95 - 100 °[152, 153] and
do therefore exhibit a hydrophobic surface character. GO sheets exhibit a hydrophilic surface
which is assumed to be due to the functional groups containing oxygen located at the sheets
[153, 154].

Figure 2.11: Liquid drop on a substance having a hydrophobic surface and hydrophilic surface. Figure
adapted from [149].

The wettability of a surface is affected by the microstructure and roughness of the surface
according to the Wenzel model:

cosθa[°] = r · cosθ (2.2)

where θa is known as the apparent contact angle measured on a rough surface, r is the surface
roughness and θ is the measured intrinsic contact angle on a planar surface [155]. However, in
general the literature agrees that surfaces with a Ra value less than 0.5 µm have no significant
impact on the contact angles [156]. The Wenzel model assumes that the liquid droplet
completely wets the irregularities of the rough substrate which is illustrated in Figure 2.12.
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Figure 2.12: Complete wetting of irregularities on a rough surface. Figure adapted from [149].

Surface free energy
The surface free energy is defined as the excess energy associated with the presence of a surface
[157]. The surface free energy is not calculated directly, but can be estimated through a set of
contact angles [158]. Hydrophilic surfaces are associated with high surface free energies while
the opposite matter for hydrophobic surfaces. The contact angles can be related to surface free
energies by Young’s Equation [159, 160]:

γsv = γsl +γl v · cos(θ) (2.3)

where θ is contact angle and γ is the surface energy of the solid-vapor (sv), solid-liquid (sl)
and liquid-vapor (lv) interface. The parameters θ and γl v are measurable, while the parameter
γsl must be calculated. There are different models that can be used for the further calculation.
The Owens-Wendt-Rabel-Kaelble (OWRK) model is often used. It parts the surface free energy
of the solid-liquid interface into a polar and dispersive fraction [160, 161]. The polar part are
associated with hydrogen bonds and permanent electron densities while the dispersive parts
arise from contributions from London forces which appear due to temporary electron density
variations [162, 163]. The surface free energy between a solid substance and a liquid can be
calculated according to the OWRK model by solving a set of linear equations based on the
measured contact angles of two different liquids. Water and 1-Bromonaphthalene are a suitable
liquid combination for characterization of surface free energy by the OWRK-model [162, 164].

Relation between wettability and antifouling properties
The wettability in terms of contact angles and surface free energies of coatings have been
reported to affect the antifouling properties of submerged coatings. Surface free energies of
surfaces being submerged in sea water have been reported to increase with submersion time
which may be related to an increase in surface roughness as biofouling occur [40].

In several reports, more biofouling have often been observed on hydrophobic surfaces (low
surface free energy) compared to hydrophilic surfaces (high surface free energy) [40, 47, 81,
100, 151, 165]. A hydrophilic surface will have a lower surface-water interfacial energy and
thereby resist algae growth better compared to hydrophobic surfaces [81]. However, contrary
findings in which more biofouling have been seen on hydrophilic surfaces have also been
reported [166]. The contrary findings may be explained by the fact that preferred settling surface
seems to depend on type of fouling organisms. Diatoms have been reported to adhere well to
hydrophobic substrates rather than hydrophillic ones [167]. However, the sea lettuce Ulva seem
to prefer to settle on substrates having a more hydrophillic character [167]. Surfaces which
exhibit a combination of hydrophobic and hydrophillic character are labelled amphiphilic and
seem to be the optimal choice with respect to prevention of biofouling of many different species
[8]. This is also in agreement with research performed by Baier [50, 168]. He suggested that
the biofouling was at it lowest for surfaces having surface free energies of 20-30 mN/m and that
the biofilm formation would increase with both increasing and decreasing surface free energies
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above this optimum value. This phenomena is illustrated in Figure 2.13.

Figure 2.13: Relative biofouling as function of surface free energy. Figure adapted from [50].

2.5.4 Mechanical properties

Mechanical properties as hardness and elastic modulus of coatings are of great interest with
respect to investigations of the coating durability. Rate of deformation, temperature and
surrounding environment are all factors which can alter the mechanical properties of polymer
coatings [169].

The hardness quantifies the ability of a material to resist permanent deformation which is
usually measured by running an indenter with a given force along the coating surface [170].
Hardness may be investigated by Vickers hardness test or Martens hardness test. The measured
hardness values of polymer nanocomposite coatings may be affected by time and speed of
elastic recovery, limited resolution of the optical microscopy as well as size and quantity of
reinforcement particles in Vickers hardness test. Martens hardness test can overcome the
limitations related to the visco-elastic and optical properties of the coatings since the indention
depth is measured under working load [171].

Vickers hardness are usually calculated from:

HV [N /mm2] = Pmax ·k

d 2
(2.4)

where Pmax is the applied test force [N], k is a constant dependent on the indenter geometry [-]
and d is the diagonal length of the indenter [µm] [172].

The Martens hardness, HM, is calculated from:

H M [N /mm2] = F

As(h)
(2.5)

With F being the applied test force [N] and As(h) being the surface area of indenter at a distance
h from the tip [mm2] [171].

Modulus of elasticity (Young’s modulus) is usually measured with traditional tensile stress and
strain tests [169] and is calculated from Hooke’s law:

E [GPa] = σ

ε
(2.6)
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Where σ [GPa] is the stress applied and ε [-] is the corresponding strain [169].

Another mechanical property of great interest with respect to marine coatings, is the scratch
resistance. During ship docking periods, marine coatings are especially susceptible to scratch
formation which can cause detachment of the coating. Therefore, antifouling coatings to be
used on ships should exhibit a great scratch resistance. Usually, the scratch resistance of a
coating is measured in a scratch tester by dragging a stylus along the coating surface under an
increasing normal force until the coating detaches [173].

2.5.5 Coating thickness

The coating thickness may affect several of the surface properties mention above. A too thin
coating may result in un-sufficient wetting of the substrate surface leaving some of the bare
substrate exposed. In addition, thin coatings are more likely to achieve a rough coating surface if
the coating is barely covering all the substrate irregularities. As the coating thickness increases
due to more coating layers being deposited, the pore content within the coating decreases.
Therefore, the diffusion of ions through the coating may decrease with increasing coating
thickness. Less ion diffusion through the coating matrix is beneficial with respect to water
uptake within the coating and potential corrosion of the substrate beneath the coating [174].
However, the coating thickness should not be thicker than required due to unnecessarily use of
chemicals and increase environmental emissions. The antifouling properties of coatings with
thicknesses ranging from 0.1 mm - 2.0 mm prepared by Wendt et al. [175] were found to be
independent on coating thicknesses.

Coating thicknesses may be measured with scanning electron microscopy (SEM) in
combination with element dispersive spectroscopy (EDS) [176]. However, this method
is used to investigate cross-sections of the coated samples which require some pre-treatment.
Another limitation is related to conductivity of the coating as only conductive samples appear
visible in SEM. This limitation can be overcome by sputter coating the samples with a thin
layer of a conductive material [148]. Non-destructive measurements of the coating thicknesses
have been achieved on organic and inorganic coatings using a coating thickness gauge
[150, 174, 177] and by utilizing Raman spectroscopy [178]. The presence of GO sheets within
the coating are visible with the bare eye [81] and can therefore be useful during thickness
estimation based on optical microscopy [30].

2.5.6 Coating failure

During the film formation in which solvent evaporation and cross-linking occur, there will be
induced internal stresses in the coating. If the internal stresses are present at a high degree,
the coating may suffer from crack formation or adhesion losses. The adhesion loss occur for
coatings with volatile solvents in which the solvent evaporates before the functional groups
within the coating have oriented themselves into the optimal position with regards to substrate
and coating matrix interaction [7]. Coating failure in terms of surface cracks can be visually
inspected by SEM or optical microscopy [144].

The coating will act as if it is in tension when internal stresses are present as the coating
adhere to the substrate surface. The greater this tensile stress is, the less external stress can
be applied onto the coating before the coating deteriorates due to cracking or delamination [7].
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The coatings may be exposed to external stresses from UV degradation, cracking, delamination,
fouling, corrosion, water uptake and moisture uptake [7, 96].

Polymer surfaces are exposed to degradation when biofilms are developed on the polymer
surfaces [179]. The polymer surfaces are degrading as bacteria within the biofilms attack
the polymer surface [180]. Such changes in the polymer surface with respect to functional
group can be investigated using FTIR analysis [40]. As new functional groups form due to
bacteria attacks, the surface free energies may of the surfaces may change and thereby alter the
antifouling properties of the the submerged coatings.

2.6 Characterization of antifouling properties

As have been explained in the earlier, the antifouling properties of antifouling coatings depend
on coating parameters as for example surface roughness, wettability and distribution of
antifouling agents. However, there are several possible methods to perform investigations and
characterization of antifouling properties and some of them will be explained below.

2.6.1 Performing antifouling experiments

When performing antifouling experiments, coated samples and un-coated references are often
submerged in a reactor filled with seawater and a known tribal culture of fouling bacteria or
primary colonizers. Optimal conditions for the living system can be achieved by connecting
circulation pumps, secure light access or apply constant stirring in the reactor. Often a bacteria
or algae nutrition is added to the reactor as well to accelerate the marine growth [81], but
experiments have also been performed by submersion directly in the sea [148, 181]. The salinity
of seawater is usually in the range 3.3-3.8 wt% and dilution of the seawater can be performed if
higher salinity levels are reached [2]. Sufficient growth to investigate the antifouling properties
of the submersed samples have been achieved with submersion for five days. However, usually
the submersion time is from a couple of days to several months [148, 181, 182].

2.6.2 Characterization of biofouling

There are several available method of biofouling characterization and the most suitable method
will depend on fouling organisms properties as cell size, distribution, fluorescence behavior
and concentration [183]. A schematic overview of the most commonly used characterization
techniques for investigation of antifouling properties on coatings are shown in Figure 2.14.
Some methods require some pre-treatments as cell separation and filtration while other methods
can be performed directly on the sample surface.
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Figure 2.14: Schematic representation of present methods to analyze and investigate microbial cells of
mixed populations. Figure adapted from [183].

The average dry weight of the generated biomass on the samples can be found by weighing
the sample mass before and after the antifouling experiment or by scraping off the achieved
biofouling followed up by centrifuging and weighing. It should be mentioned that the result
include all attached matter and salt particles which limits the accuracy [183]. Utilizing washing
agents can overcome the issue related to mass of salt particles [184].

With methods as optical microscopy, SEM and fluorescence microscopy, number of fouling
organisms, percentage of biofouling covered area and fouling specie characterization have been
estimated [32, 38, 41, 182]. These methods are in general time consuming and may suffer
from some underestimations of cells if the fouling organisms prefer growing in flocs [183].
Visualizations of biofilms have been achieved by taking optical images of the sample surfaces,
transforming the images into binary forms and obtaining the threshold value which makes the
visualization in form of 3D mapping possible [182]. Element analysis can be performed in
SEM to characterize species within the biofilm. For instance, diatoms are known for their
characteristic encasement with a high degree of silica [181, 185, 186] making them suitable for
characterization by element analysis.

With respect to methods as fluorescence microscopy and flow cytometry, chlorophyll itself is
found in several biofilms and is naturally fluorescent which makes investigation of biofilms in
fluorescence microscopy possible [32, 81]. Supplementary fluorescence proteins can be added
to the tribal culture prior to the antifouling experiment to gain even more fluorescence signal
within the biofilm. Thickness estimations of the biofilm can be performed using z-stacking in
the fluorescence microscopy [81]. In addition, biofilm thicknesses have been performed using
SEM which require preparation of cross-sections of the samples prior to the analysis [181] and
optical microscopy [30].
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Cytometric methods can be used to characterize cell properties of heterogeneous microbial
populations as cell size, number of cells, cell morphology, cell cycle phase, DNA content
and the degree of specific proteins within the biofilm. With image flow cytometry, the cells
are stained with markers and thereby imaged using an optical microscopy. Nevertheless, this
method is unsuitable for small bacteria or viruses. Cells to be measured with flow cytometry
are often removed from the settlement surface and stained with markers. The cell size is limited
to less than 50 µm. Mass cytometry is quite similar as flow cytometry, but utilizes a inductively
coupled plasma detector instead of a laser detector. In general, the cytometric methods are
limited by the lack of standard protocols for analysis [183].

By utilizing either genetic biomarkers (DNA) or non-genetic biomarkers (chlorophyll), the
biomarker concentration or cell concentration can be estimated. The main steps for DNA
biomarker analysis involves: i) sample collection, ii) sample storage, iii) DNA extraction,
iv) DNA amplification, v) identification of different DNA sequences and vi) data elaboration.
Microchannel resonators are microfluidic systems which can be used to investigate the dry
weight of single cells. However, the latter method is relatively new and suffer from lack of
standard protocols [183].
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3 Experimental

A schematic overview of the laboratory work performed in this master’s thesis is provided in
Figure 3.1. The laboratory work is partly based on research articles, personal recommendations
given to the author, work performed in the previous specialization project and master’s thesis at
NTNU [22, 187] and empirical research.

Figure 3.1: Schematic overview of the conducted laboratory work.
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3.1 Chemicals and apparatus

The epoxy coatings prepared in this master’s thesis were synthesized from the chemicals
provided in Table 3.1 which also includes information regarding algae mediums. CealTech AS
provided a Graphene-Epikote dispersion containing 0.6 wt% G and 99.4 wt% Epikote and a
GO paste containing 10 wt% GO and 90 wt% aqueos mixture. SINTEF Ocean provided the
algae tribal culture which consisted of primary colonizers and represented a realistic biosystem.
Department of Biotechnology and Food Science at NTNU provided the silica algae nutrition
medium which was stored at 6 °C. The algae culture and nutrition were used in experiments to
investigate the antifouling properties. Both DGEBA and Epikote are included when referring
to epoxy further on in this report.

Table 3.1: Chemical information regarding the chemicals used in the synthesis of the epoxy coatings
and the nutrition medium for the biofilm reactor experiments [140, 141, 188, 189, 190, 191, 192, 193]

.
Chemical Abbreviation CAS nr. Formula Supplier Function
Bisphenol A diglycidyl
ether (100.00%) DGEBA 1675-54-3 C21H24O4 Sigma-Aldrich Resin for GO slurries

Epikote
Resin 828 (100.00%) Epikote 68038-32-4 C18H21ClO3 Resolution Performance Products Resin for G slurries

Poly (propylene glycol)
bis(2-aminopropyl ether) (100.00%) PPGBAE 9046-10-0

CH3CH(NH2)CH2-
(OCH2CH(CH3))nNH2

Sigma-Aldrich Curing agent

Acetone (99.00%) - 67-64-1 CH3COCH3 VWR Chemicals Solvent
Ethanol (99.97%) EtOH 64-17-5 C2H5OH VWR Chemicals Solvent
Graphene oxide paste (10.00wt%) GO paste 7782-42-5 CxOy Hz CealTech AS Antifouling agent
Graphene-Epikote dispersion (0.6 wt% G) G-Epikote - - CealTech AS Precursor to G slurries

Silica algae nutrition medium Algae nutrition - Na2SiO3 · 3H2O
Department of Biotechnology
and Food Science (IBT) at NTNU

Algae
growth medium

Algae tribal culture Algae culture - - SINTEF Ocean Algae growth

Material properties of the chemicals used to synthesize the coatings are shown in Table 3.2
while the calculations for the preparation are found in Appendix A. For all preparations and
chemical handling, acetone and mixtures containing acetone were extracted using glass pipettes
to prevent undesirable reactions with plastic pipettes.

Table 3.2: Relevant material properties of the chemicals used to prepare epoxy coatings [140, 141, 188,
189, 190]

.

Chemical
Molar mass,
Mm [g/mol]

Density,
ρ [g/mL]

DGEBA 340.41 1.160
Epikote 184.00 - 190.00 1.160

PPGBAE 230.00 0.948
Ethanol 46.07 0.790
Acetone 58.08 0.792

An overview of the instruments used for preparation and characterization of the prepared
coatings are provided in Table 3.3.
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Table 3.3: Equipment used for the preparation and characterization of the prepared coatings.

Apparatus Manufacturer Purpose
Ultrasonic Cleaner USC-TH VWR Sonication of slurries and substrates prior to coating
Airbrush Double-Action Air Valve (40-9513) Cocraft Spray coating of slurries and sols
Airbrush Lakksprøyte 9 CC (13-001) BILTEMA Spray coating of slurries and sols
PF Oven Carbolite Gero Heat treatment to remove excess solvent
Biofilm reactor NTNU Workshop Measurements of coated substrates
Control unit Heigar Temperature control unit of the biofilm reactor
FT 200 Immersion Cooler Julabo Cooler connected to the biofilm reactor
GP-400 Recirculating Waterbath Neslab Waterbath containing the biofilm reactor
EHEIM Universial 300 EHEIM Sea water pump in biofilm reactor
RS Pro 12V 324 mbar Water Pump 2.8 L/min (M400-S) RS Components AS Sea water pumps in biofilm reactor
IWAKI Magnetic Drive Pump (MD-6Z) IWAKI Pumps Sea water pump in biofilm reactor
Tetra Whisper 2000 Air pump Tetra Air pump for circulation within the algae culture
Pocket salt meter PAL SALT ATAGO Salinity measurements of sea water solutions
Bruker Vertex 80v Bruker FTIR analysis of sols and slurries
Physica MCR 301 Anton Paar Rheology analysis of sols and slurries
Zeiss LSM 800 Zeiss Analysis of coating and biofilm thickness and particle distribution in coatings
Sputter Coater S150B Edwards Vacuum Gold sputter coating of coatings prior to surface analysis
Cressington 208 Cressington Carbon sputter coating of coatings prior to element analysis
Memmert UM 600 Memmert Oven for degassing after sputter coating
LVFESEM, Zeiss Supra, 55VP Zeiss Surface analysis and element analysis of coatings
Drop Shape Analyser DSA100 Krüss Contact angle and surface free energy measurements of coated substrates
Infinite Focus SL Alicona Roughness analysis and algae growth investigation
Dektak 150 Veeco Roughness analysis of coated substrates

3.2 Preparation of sols and slurries

Two types of epoxy sols were prepared with 90 wt% solvent compared to mass epoxy: a
DGEBA sol with 90 wt% acetone-ethanol (50 wt% of each component in the mixture) compared
to mass DGEBA and an Epikote sol with 90 wt% acetone compared to mass Epikote. In
addition, GO slurries were prepared by mixing GO paste with DGEBA sol and G slurries were
prepared by diluting the received G-Epikote dispersion from CealTech with acetone.

All the chemical handling and the sol and slurry preparations were conducted in a fume hood.
Furthermore, the chemicals were weighed out using a microscale weight with four decimals
precision. The calculations for the synthesis of the sols and slurries are found in Appendix
A. After preparation, the sols and slurries were left to cool down to room temperature for 15
minutes before being transferred to sealed glass bottles and stored at 6 °C. In addition, about 10
mL of each sol and slurries were transferred to smaller, sealed containers using glass pipettes
before the stability was investigated by visual inspection one day, one week and three weeks
after preparation.

3.2.1 Preparation of epoxy sols

The required masses of the chemicals needed to prepare the epoxy sols with 90 wt% solvent are
found in Table 3.4. The epoxy resins and their corresponding solvent(s) were mixed by hand
in a beaker using a metal spatula for two minutes. Thereafter, they were transferred to a 250
mL round-bottom flask which was placed in a water bath on a heating plate and connected to a
condenser as seen in Figure 3.2. The heating plate, with a magnetic stirrer function, was placed
beneath the water bath with the temperature set to 30 °C and the stirring speed set to 600 rounds
per minute (rpm). The sols were prepared by mixing under reflux for 30 minutes.
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Table 3.4: Required masses of components to prepare the DGEBA sol and Epikote sol.

Sol type Chemical Mass [g]

DGEBA sol
DGEBA 60
Acetone 27
EtOH 27

Epikote sol
Epikote 60
Acetone 54

Figure 3.2: Experimental set-up for the epoxy sol synthesises.

3.2.2 Preparation of GO slurries

GO slurries containing 0.125 wt%, 0.250 wt%, 0.500 wt% and 0.750 wt% GO compared to
mass DGEBA were prepared by mixing synthesized DGEBA sol with GO paste (containing 10
wt% GO). The required mass of each of the components are shown in Table 3.5.

Table 3.5: Mass of components required to prepare GO slurries containing 0.125 wt%, 0.250 wt%, 0.500
wt% and 0.750 wt% GO compared to mass DGEBA.

Weight ratio,
GO/DGEBA [-] DGEBA sol [g] GO paste [g]

0.00125 50 0.3290
0.00250 50 0.6579
0.00500 50 1.3158
0.00750 50 1.9737

First, the DGEBA sol and GO paste were mixed together in a beaker by hand by using a metal
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spatula for five minutes until only smaller fragments of GO paste were seen in the dispersion.
The GO slurries were then mixed on a heating plate at 30 °C with a connected magnetic stirrer
set to 300 rpm for 30 minutes. Evaporation of solvents was prevented by covering the beaker
with parafilm. The experimental set-up is shown in Figure 3.3. The GO slurry preparations
were completed after sonication of the GO slurries performed in Ultrasonic Cleaner USC-TH
for two minutes to stabilize the dispersion.

Figure 3.3: Experimental set-up for the GO slurry synthesises.

Only the 0.125 wt% GO and 0.250 wt% GO slurries were low viscous enough to be spray
coated, and therefore no further work was performed on the prepared GO slurries containing
0.500 wt% and 0.750 wt% GO.

3.2.3 Preparation of G slurries

The graphene-Epikote dispersion with 0.6 wt% G compared to mass Epikote was diluted to
0.125 wt% G and 0.250 wt% G slurries by adding the required masses of Epikote and acetone
found in Table 3.6.

Table 3.6: Mass of components required to prepare G slurries containing 0.125 wt% and 0.250 wt% G
compared to mass Epikote.

Weight ratio,
G/Epikote [-]

0.6 wt% G-Epikote
dispersion [g] Epikote [g] Acetone [g]

0.00125 5.4825 20.8662 23.6842
0.00250 10.9649 15.4167 23.6842

The 0.6 wt% G-Epikote dispersion was first mixed with acetone by hand in a beaker. The
further preparation of the G slurries was performed in a similar manner as the preparation of
GO slurries described in section 3.2.2.

3.3 Procedure for spray coating deposition

Epoxy, GO and G coatings were all deposited by the spray coating procedure which will be
explained in detail below.
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3.3 Procedure for spray coating deposition

3.3.1 Pre-treatment of substrates

Glass blast substrates of polyethylene (PE) with a diameter of 12.6 mm and height of 4 mm were
customized by the fine mechanical workshop at NTNU. The parameters for the glass blasting
procedure are shown below in Table 3.7.

Table 3.7: Glass blasting parameters for the preparation of polyethylene (PE) substrates.

Parameter Description
Blasting media Glass beads

Size of blasting media 0.18 - 0.30 mm
Gas pressure 7 bar

Working distance 150 - 200 mm

The pre-treated substrates were placed in a beaker containing ethanol before being sonicated in
a VWR Ultrasonic Cleaner USC-TH for ten minutes. The cleaned substrates were transferred to
a clean beaker filled with ethanol. The cleaned substrates were stored in the beaker sealed with
parafilm and were coated within two days after the sonication. Ten minutes prior to the coating
deposition, the substrates were taken out of the beaker, dried with light duty tissue wipers and
left to air-dry in a fume hood. All un-coated substrates used as references in the measurements
described further on in this report were also cleaned with the cleaning procedure explained in
this section.

3.3.2 Coating sol and slurry batches

The required amount of each sol or slurry to prepare one layer of coating (hereby referred to
as a coating batch) are shown in Table 3.8. The calculations can be found in Appendix A.
The storage bottles containing the slurries and sols were placed in room temperature half an
hour prior to the coating batch preparation. The coating batches were added to small sample
glasses before the required volume of curing agent was added using micropipettes right before
the coating deposition. To secure a homogeneous mixture, the sample glasses were hand shaken
for ten seconds before being transferred to the sample holder of the spray coater.

Table 3.8: Required masses of coating sols and slurries corresponding to one coating layer.

Sol/slurry type Mass required for one layer of coating [g] Volume of curing agent [mL]
DGEBA sol 0.5000 0.0938
Epikote sol 0.5000 0.6829

0.125 wt% GO 0.5033 0.0938
0.250 wt% GO 0.5066 0.0938
0.125 wt% G 0.5003 0.6829
0.250 wt% G 0.5007 0.6829

It should be noted that DGEBA based batches and Epikote based batches contained the same
mass of epoxy, but the number of moles was different as the epoxies have different molar mass
(see Table 3.2). However, it was chosen not to adjust the batch masses to obtain the same
number of epoxy moles as that resulted in the Epikote based batches exhibiting a too low volume
to be spray coated.

30



3 EXPERIMENTAL

3.3.3 Coating deposition

The glass blast PE substrates were weighed prior to the spray coating deposition on a microscale
weight. Thereafter, the substrates were spray coated by filling the steel sample holder with a
coating batch mixed with curing agent. The sample holder was then connected to a hand held
Airbrush Double-Action Air Valve. A pre-treated PE substrate was placed in the middle of a 5x5
cm2 square drawn onto an aluminium foil, as shown below in Figure 3.4, before the coating was
evenly sprayed in the marked spraying area. The spray coating parameters are displayed in Table
3.9. All coated samples were spray coated within a week after the sol or slurry preparations.

Figure 3.4: Spray coating set-up.

Table 3.9: Spray coating parameters.

Parameter Value
Working distance 6 cm

Coating area 5x5 cm2

Carrier gas Nitrogen
Gas pressure 2 bar

Spraying angle 80 °

After depositing one layer of coating onto the PE-substrates, the sample was left to air-dry in
a sample box for one day before the next layer was deposited. The coating deposition step
and drying step were repeated one to three times until samples with two to four layers were
prepared. The flow chart shown in Figure 3.5 illustrates the coating and drying procedure to
achieve the desired number of coating layers. To prevent the coated substrates from being
attached to the sample storage box, parafilm was left in the bottom of the sample box and
possible coating material on the un-coated underside of the substrates were dried off with light
duty tissue wipers. After spray coating, the spray coater was filled with acetone which were
spray coated onto a paper tissue to rinse the instrument. The rinsing procedure was repeated
four times.
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3.4 Procedure for the biofilm production

Figure 3.5: Coating procedure to prepare coated samples with two-four coating layers.

GO coatings submerged in the biofilm reactor (see section 3.4) were coated with Cocraft
Airbrush Double-Action Air Valve with a 0.35 mm nozzle while all other coatings were coated
with BILTEMA Airbrush Lakksprøyte 9 CC with a 0.25 mm nozzle. Two spray coaters had to
be used as the spray coater with 0.35 mm nozzle became clogged and the manufacturer had
stopped producing it. However, all the other instrumental parameters were the same and are
given in Table 3.9.

3.3.4 Heat treatment

After the last coating layer was deposited, the coated substrates were air-dried at room
temperature for one day before being placed in an alumina box and heat treated in a PF Oven
for four hours at 60 °C. The lid was placed partially off as shown in Figure 3.6. The samples
were weighed on a microscale weight with four decimals precision after the heat treatment.

Figure 3.6: Coated PE-substrates placed in an alumina box with the lid placed partially off.

3.4 Procedure for the biofilm production

To investigate the antifouling properties of the prepared coating types, two samples of each
prepared coating system were submerged in biofilm reactors along with seawater, algae culture
and algae nutrition. The coating system is referring to a coating type and a given number of
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coating layers. A detailed explanation of the algae culture preparation, set-up of biofilm reactor
and experimental procedure will be explained in the upcoming part.

3.4.1 Set-up of the biofilm reactor and algae culture

The growth inhibiting properties of the prepared coatings were tested in a biofilm reactor. The
biofilm reactor was made by the fine mechanical and glassblowing workshops at NTNU with
the dimensions shown in Appendix B. Samples being submerged in the biofilm reactor were
placed in the sample holders of the bioreactor as shown in Figure 3.7 a).

The algae culture provided by SINTEF Ocean and the biofilm reactor were kept in a water bath
as shown in Figure 3.7 b). The temperature of the water bath was kept constant at 15°C due
to the connected Julabo FT 200 Immersion cooler, the thermostat with a Heigar Control unit
and the plastic balls floating on the water surface. The algae culture was kept in a 2.5 L beaker.
To keep the algae alive, a Tetra Whisper 2000 air pump with air stones connected to the tube
was placed in the algae culture. A glass plate was covering the beaker to limit the evaporation
and thereby keep the salinity constant. A closed system was achieved by putting parafilm in
the openings between the glass plate and the beaker containing the algae culture. The biofilm
reactor was submerged in the same water bath as the algae culture when performing biofilm
generation experiments. Sea water pumps were connected to the inlet and outlet of the biofilm
reactor with plastic tubes. Metal clamps were tighten around the tube openings.

(a) Biofilm reactor with sample holders (b) Set-up of experimental biofilm system with algae
culture and a submerged biofilm reactor

Figure 3.7: The compartment of the biofilm reactor shown in a) and the experimental set-up of the
biofilm reactor and the beaker containing the algae culture in b). The temperature was kept constant
within the biofilm reactor and algae culture beaker due to the connected cooler and thermostat with
control unit. Seawater pumps secured circulation of seawater and nutrition in the biofilm reactor. Air
pumps secured water rotation within the algae culture.
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3.4 Procedure for the biofilm production

3.4.2 Biofilm generation experiments

The antifouling properties of the coated samples were investigated by submerging the samples
in the biofilm reactor along with algae nutrition. Two experiments were conducted so that the
prepared coatings were not submerged all at once. Two samples of the DGEBA and GO coated
samples with two, three and four coating layers were submerged along with two un-coated
substrates. A similar experiment was carried out for the Epikote and G coatings. For each
coating system and for the substrates, one of the samples were extracted after two weeks and
the other one after four weeks. An overview of the two experiments performed in the biofilm
reactor is provided in Table 3.10.

Several seawater pumps had to be used as some of the pumps broke down during the biofilm
generation experiments. The first RS Pro pump used in the experiment in which GO coatings
were submerged, broke down due to some electrical issues. A new RS Pro pump was thereafter
used for the rest of the experiment. The electronic workshop at NTNU prepared a casement in
which the RS Pro pumps were placed in. Due to the encasement, the water flow rates of the
pumps could be set as 1 L/min. In the second experiment in which G coatings were submerged,
the second RS Pro pump broke down after being used for ten days. Salt precipitation was
observed within the pump casement and therefore the Eheim pump with a flow rate of 5 L/min
had to be used until a new pump with flow rate of 1 L/min was found. The Iwaki pump was
used for the rest of the submersion time without breaking down.

Table 3.10: Two biofilm production experiments were carried out in the biofilm reactors. Six samples
(with three different coating layers) of each coating were submerged. Un-coated substrates were used
as references. Half of the samples were extracted after two weeks and the rest was removed after four
weeks. Different seawater pumps had to be used as they broke down during the submersion time.

Experiment
Coating
system

Total number of samples
# samples : # coating layers

Time submerged
in reactor [weeks]

Pump type

1

Reference
2

2:0
2, 4

Day 1-10: RS Pro pump
Day 11-12: No pump

Day 12-30: RS Pro pump
DGEBA sol

6
2:2, 2:3, 2:4

2,4

0.125 wt% GO
6

2:2, 2:3, 2:4
2,4

0.250 wt% GO
6

2:2, 2:3, 2:4
2,4

2

Reference
2

2:0
2,4

Day 1-10: RS Pro pump
Day 10-11: Eheim pump
Day 11-30: Iwaki pump

Epikote sol
6

2:2, 2:3, 2:4
2,4

0.125 wt% G
6

2:2, 2:3, 2:4
2,4

0.250 wt% G
6

2:2, 2:3, 2:4
2,4

In each of the experiments, the biofilm reactor was filled with seawater, algae culture and algae
nutrition with the volumes of each component shown in Table 3.11. The algae nutrition was
extracted using micropipettes. The plastic tubes connected to the sea water pump were filled
with additional sea water before the pumps were started. The algae culture in the biofilm
production experiment in which the G coatings were submerged was six weeks older compared
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to the algae culture used in the experiment with submerged GO coatings. After each experiment,
the reactors were emptied and cleaned before being re-filled right before the start of the next
experiment.

Table 3.11: Solution to be added to the biofilm reactor prior to experiments.

Medium Volume [mL]
Fresh seawater 600
Algae culture 200

Algae nutrition 0.8

The salinity of the algae culture and solution in the reactor were measured twice a week with a
PAL SALT refractometer. If a value larger than 4.5% had been detected, fresh water would have
been added to obtain a more optimal environment for marine growth [192].

3.5 Characterization of sols and slurries

The sols and slurries were characterized with the techniques described in this part. A sample
overview over which properties of the prepared sols and slurries that were characterized are
shown in Table 3.12. The stabilities were observed with visual inspection as described in earlier
sections (see section 3.2).

Table 3.12: Sample overview of the prepared sols and slurries displaying which properties that were
characterized.

Sol or
slurry type

Weight ratio
epoxy/solvent [-] Solvent Characterized properties

DGEBA sol 0.9 Acetone-EtOH Functional groups, viscosity, stability
0.125 wt% GO 0.9 Acetone-EtOH Functional groups, viscosity, stability
0.250 wt% GO 0.9 Acetone-EtOH Functional groups, viscosity, stability
0.500 wt% GO 0.9 Acetone-EtOH -
0.750 wt% GO 0.9 Acetone-EtOH -

Epikote sol 0.9 Acetone Functional groups, viscosity, stability
0.125 wt% G 0.9 Acetone Functional groups, viscosity, stability
0.250 wt% G 0.9 Acetone Functional groups, viscosity, stability

3.5.1 Characterization of functional groups

The functional groups present within the prepared sols and slurries at different were performed
using Bruker Vertex 80v Fourier-transform infrared spectroscopy (FTIR). The instrumental
parameters are shown in Table 3.13. Two drops of each sample were deposited onto the
ATR diamond using a glass pipette and were left to air-dry under a fume hood for two
minutes. A background scan was performed prior to the sample scans to remove external
signals. Measurements were taken one day, one week and three weeks after the sol and slurry
preparations.
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3.6 Characterization of surface properties

Table 3.13: Instrumental settings for the Bruker Vertex 80v instrument used to investigate the functional
groups present within the prepared sols and slurries.

Parameter Description
Spectrum mode Transmittance
Test technique Attenuated total reflection (ATR)

Resolution 4 cm−1

Sample scan time 124 scans
Background scan time 124 scans

Measured range 350 - 4500 cm−1

Aperture setting 6 mm
Detector setting RT-DLaTGS

3.5.2 Viscosity estimations

Viscosity measurements were performed three weeks after the sol and slurry preparations in an
Anton Paar Physica MCR 301 rheometer. About 20 mL of each sol or slurry was analysed with
the measurement program displayed in Table 3.14. The temperature was set to 20 °C in all the
measurement steps. The measuring system consisted of the CC27 geometry and the concentric
cylinder accessory.

Table 3.14: Measurement program for rheometer analysis.

Step
Measurement

points
Measurement points

duration
Interval

duration [min] Shear rate [1/s]

1 10 1 min 10 0
2 60 10 sec 10 1-500
3 10 1 min 10 0
4 60 10 sec 10 500-1

3.6 Characterization of surface properties

All the characterization of surface properties were performed on samples which had not been
submerged in the biofilm reactor. There were only used one characterization technique per
prepared sample unless something else is specified. A sample overview of the prepared coatings
and which surface properties that were investigated are provided in Table 3.15.
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Table 3.15: Sample overview of prepared coatings and an un-coated substrate. Surface properties that
were investigated are also included. Characterization method are added in brackets if the property was
measured with different methods.

Sample type
Number of

coating layers [-] Characterized surface properties

Un-coated substrate -
Microstructure, contact angles, surface free energy,

roughness (optical), roughness (profilometer)

DGEBA
2 Thickness (SEM), microstructure
3 Microstructure

4
Thickness (SEM), thickness (optical), microstructure, contact angles,

surface free energy, roughness (optical), roughness (profilometer)

0.125 wt% GO
2 Thickness (SEM), microstructure
3 Microstructure

4
Thickness (SEM), thickness (optical), particle distribution, microstructure,

contact angles, surface free energy, roughness (optical), roughness (profilometer)

0.250 wt% GO
2 Thickness (SEM), microstructure
3 Microstructure

4
Thickness (SEM), thickness (optical), particle distribution, microstructure,

contact angles, surface free energy, roughness (optical), roughness (profilometer)

Epikote
2 Thickness (SEM), microstructure
3 Microstructure

4
Thickness (SEM), thickness (optical), microstructure, contact angles,

surface free energy, roughness (optical), roughness (profilometer)

0.125 wt% G
2 Thickness (SEM), microstructure
3 Microstructure

4
Thickness (SEM), thickness (optical), particle distribution, microstructure,

contact angles, surface free energy, roughness (optical), roughness (profilometer)

0.250 wt% G
2 Thickness (SEM), microstructure
3 Microstructure

4
Thickness (SEM), thickness (optical), particle distribution, microstructure,

contact angles, surface free energy, roughness (optical), roughness (profilometer)

3.6.1 Coating thickness estimations

Cross-sectional analysis performed in SEM and depth range measurements in optical
microscope were the characterization techniques used to investigate the coating thicknesses.

Estimations based on cross-sectional analysis
Coating thickness estimations based on cross-sectional analysis in SEM were to be performed
on the prepared coatings with two and four coatings layers. A thin layer of gold had to be
applied prior to the coating deposition to obtain a conductive layer between the substrate and
the coating prior to the analysis. Therefore, the substrates were gold sputter coated for one
minute in a Edvards Sputter Coater S150B before being spray coated with four coating layers
of the epoxy sols, GO slurries and G slurries with the procedure explained in section 3.3. The
samples were gold sputter coated again after the heat-treatment step.

The samples were placed in plastic sample holders and submerged in epoxy casting material
prior to the cross-sectional analysis. Unfortunately, the sample holders tilted due to the
weight of the samples during the curing time of the epoxy casting material as seen in Figure
3.8. Therefore, the grinding and polishing steps to obtain a smooth cross-section and the
cross-sectional analysis itself was not performed.
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Figure 3.8: Cross-sectional analysis to estimate coating thicknesses of gold-sputtered coatings were not
possible to perform as the cross-sectional samples tilted during the curing of the epoxy casting material.

Estimations based on optical microscopy
Thickness estimations measured in an optical microscope was conducted as the cross-sectional
analysis in SEM was not applicable. The coating thicknesses of four layer GO and G coatings
with 0.125 and 0.250 wt% of GO and G were estimated using a Zeiss LSM 800 microscopy.
The coated samples were put upside down on an imaging spacer (diameter of 9 mm and depth
of 0.12 mm) which were placed on cover glasses prior to the analysis. The measurements were
performed using transmittance light with the Plan-Achromat 20x/0.8 objective. The thicknesses
were estimated based on the depth range of the coating. The start point of the depth range was
defined at the focus plane of the surface between the substrate and the coating as shown in
Figure 3.9 a). The end point of the range was defined as the focus plane in which the coating
no longer was in focus as illustrated in Figure 3.9 b). Five middle positions per sample were
investigated and the coating thickness of each coating type was estimated based on the average
value of the five measured thicknesses.

(a) Start point - surface between substrate
and coating

(b) End point - surface between the coating
and air

Figure 3.9: Depth range with a) start position between substrate and coating and b) end position between
coating and air used to estimate the coating thickness of a four layer 0.25 wt% GO coating. Start and end
points were set at where the first and last GO particles appeared in focus respectively.

3.6.2 Particle distribution

The particle distribution of the GO and G particles were investigated in four layer 0.125 wt% and
0.250 wt% GO and G coatings by using transmittance light in the Zeiss LSM 800 microscope.
The objective and sample preparation were the same as explained in section 3.6.1. Images of
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the particle distribution in a middle position of the coatings were captured.

Due to the fluorescent behavior of GO, the particle distribution within the GO coatings were in
addition investigated using z-stacking in fluorescence mode. A blue laser (488 nm) was used
with a scan speed of seven seconds. For the conducted images and z-stacks, the tile size was set
as 456.4 µm x 456.4 µm, frame size of 1024 px x 1024 px and eight bits per pixel were used.

3.6.3 Investigation of surface microstructure

The non-conductive substrates coated with the epoxy, GO or G coatings and an un-coated
substrate were prepared for surface topography investigation by being sputter coated with gold
in a Edvards Sputter Coater S150B for one minute. Samples with two, three and four coating
layers for all the coating types were investigated. In addition, DGEBA and GO coatings having
two to four coating layers which had been coated with the Cocraft Double-Action spray coater
were also investigated (see section 3.3.3). The substrates were covered by an aluminium foil
and conductive tape prior to the sputter coating and a prepared sample can be seen in Figure
3.10.

Figure 3.10: A four layer DGEBA coated sample after being sputter coated with gold and covered in
aluminum film and conductive tape prior to surface topography analysis in SEM.

The surface microstructure of the pre-treated samples were investigated by SEM-analysis
performed in a LVFESEM Zeiss Supra 55VP. The instrumental parameters are shown below in
Table 3.16.

Table 3.16: Instrumental parameters for the LVFESEM Zeiss Supra 55VP instrument performed on
substrates coated with epoxy, GO or G coatings.

Parameter Description
Aperture setting 30 µm

Signals Secondary electrons
Magnification 10 000X

Accelerating voltage 10 kV
Working distance 10 µm

3.6.4 Investigation of wetting properties

Time dependency of contact angles
Changes in water contact angles over time for the prepared four layer coatings and an un-coated
substrate were investigated in a DSA25 Drop Shape Analyser with a steel needle of diameter
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0.5 mm. The measurements were performed on the coatings four weeks after preparation. One
water droplet was deposited on the samples using sessile drop mode with a 0.5 mm steel needle
with a delaying time of 15 seconds. The dosing volume was set as 2 µL with a dosing rate
of 2.7 µL/s. The baseline was adjusted manually. The contact angle of the water droplet was
measured every minute for ten minutes after the drop deposition. The time dependency of
the contact angles could not be measured by using the DSA100 Drop Shape Analyzer due to
ventilation work.

Estimation of contact angles and surface free energies
Contact angles and surface free energies of coated substrates and an un-coated substrate were
estimated using sessile drop mode in a DSA100 Drop Shape Analyser with the procedure
described in Table 3.17. All measurements were performed on the coatings six weeks after
the preparation. Step four (Position syringe for deposition) was delayed with 15 seconds. The
baseline was set automatically and a steel needle with diameter 0.5 mm was used.

Table 3.17: Set-up for the automation program used in a DSA100 Drop Shape Analyser on the prepared
four layer coatings and an un-coated substrate.

Step Action Additional step information
1 Position syringe Position: Standby, Speed: 320 mm/min
2 Position syringe Position: Deposition, Speed: 320 mm/min
3 Dose Volume: 2 µL, Rate: 2.7 µL/s
4 Position syringe Position: Deposition, Speed: 320 mm/min
5 Position syringe Position: Standby, Speed: 320 mm/min
6 Multiple measurement Time: 10 seconds, Frequency: 1 fps

For each sample, the contact angle between water and coating was first estimated at a middle
position of the sample before the water drop was carefully dried off. The contact angle between
1-Bromonaphtalene and the sample was then estimated at another middle position of the
sample. The surface free energy was calculated based on the measured contact angles using the
Advance-software of the instrument.

3.6.5 Roughness investigation

Roughness measurements were performed with two different methods: optical measurements
in an optical microscope and physical measurements in a profilometer.

Optical roughness measurements
Optical roughness measurements were performed in an Alicona Infinite Focus SL microscope
with a magnification lens of 10X. Four layer epoxy, GO and G coatings as well as an un-coated
substrate were measured. Both polarizer and ring light were checked off as light sources in the
control panel and the measurement type was set as 3D Dataset. First the surface focus plane
was defined and set as the focus reference point before the first and last set points were defined
in the upper and lower focus planes of the samples.

Roughness measurements were performed on the obtained images using the module
"ProfileRoughnessMeasurements" at three middle positions per sample. The software setting
type was set as mean while the measured width (number of profiles) was set as 15. In addition,
roughness filtering was used.
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Physical roughness measurements
Roughness measurements were also conducted on the same coatings in a Dektak 150
profilometer. Three measurements at three middle positions on the samples were performed in
the profilometer with the instrumental parameters are shown in Table 3.18.

Table 3.18: Instrumental parameters for roughness measurements performed in a profilometer.

Instrumental parameters Value
Scan type Standard scan

Stylus radius 12.5 µm
Scan length 2 000 µm

Scan duration 60 seconds
Resolution 0.111 µm/sample

Force 3.0 mg
Measurement range 524 µm

3.7 Characterization of biofilm production

The marine growth produced on the samples being submerged in the biofilm reactor (see section
3.4.2) was investigated with the characterization techniques explained in this section. An
overview of which parts of the marine growth that were characterized on the submerged samples
are found in Table 3.19. The characterization was performed on evaporated samples as the
samples were investigated in the range one hour to two months after the samples had been
extracted from the reactor.

Table 3.19: Overview of which parts of the marine growth that were investigated on the samples being
submerged in the biofilm reactor to generate biofilms.

Sample type
Number of

coating layers [-] Marine growth characterization

Un-coated substrate -
Two weeks: Marine growth, number of diatoms, diatom covered area,

biofilm thickness, element analysis
Four weeks: Marine growth, number of diatoms, diatom covered area

DGEBA,
0.125 wt% GO
0.250 wt% GO,

Epikote,
0.125 wt% G

and 0.250 wt% G

2
Two weeks: Marine growth, number of diatoms, diatom covered area
Four weeks: Marine growth, number of diatoms, diatom covered area

3
Two weeks: Marine growth, number of diatoms,

diatom covered area, biofilm thickness
Four weeks: Marine growth, number of diatoms, diatom covered area

4
Two weeks: Marine growth, number of diatoms,

diatom covered area, element analysis
Four weeks: Marine growth, number of diatoms, diatom covered area

3.7.1 Estimation of marine growth on submerged samples

Marine growth in the algae culture and on the samples being submerged in the biofilm reactor
was investigated in an Alicona Infinite Focus SL. Lateral and vertical resolution was adjusted
with respect to optimal resolution for each sample. Images with a magnification of 10X and
50X were taken to investigate the observed marine growth.
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Investigation of marine growth in the algae culture
Prior to the start of the biofilm reactor experiments, the marine growth in the algae culture was
investigated in the optical microscope. Ten droplets of the algae culture was placed beneath the
optical microscope lens of 10X using plastic pipettes before images were captured.

Estimation of number of diatoms and percent diatom covered area
The diatom growth on all the samples being submerged in the biofilm reactor were investigated
in the optical microscope. The characteristic morphology of the diatoms were used to
investigate the diatom growth at twelve evenly distributed middle positions per sample as
shown in Figure 3.11. The measurements were performed by using a lens with magnification
of 10X corresponding to a measurement area on the samples of 4.17 mm2. For each position,
number of diatoms were counted before an image was captured. The area of each diatom in
the image was found by using the area estimation tool in the microscope. The average number
of diatoms and average diatom covered area was calculated from the twelve measurement
positions per sample.

Figure 3.11: Illustration of the twelve middle positions where diatom growth was investigated on all the
samples which had been submerged in the biofilm reactor.

3.7.2 Confirmation of marine growth

The different species in the produced biofilms growing on four layer epoxy, GO and G coatings
as well as the un-coated substrates being submerged for two weeks were investigated by using
element analysis in SEM.

Pre-treatment with carbon sputter coating
Prior to the element analysis performed in SEM with Energy dispersive X-ray Diffraction
(EDS), the samples were covered with aluminum foil and conductive tape as described in
section 3.6.3. Thereafter, the samples were carbon sputter coated in a Cressingtion 208 Carbon
Sputter Coater for eight seconds with a voltage set to 5 V. The procedure was repeated two
more times with a rest of ten seconds in between each sputter coating. After the sputter coating,
the samples were left for degassing in a Memmert UM 600 oven at least one hour prior to the
element analysis.

Element analysis
Element analysis of the coating surfaces were performed in SEM with EDS-analysis after the
samples had been carbon sputter coated. The instrumental parameters for the SEM-instrument
and EDS-analysis are shown in Table 3.20.
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Table 3.20: Instrumental parameters to perform element analysis by EDS-analysis in SEM on carbon
sputter coated samples. The samples were un-coated substrate and four layer epoxy, GO and G coatings
which had been submerged for two weeks. SEM instrumental parameters are described above the dashed
line and EDS parameters are shown below.

Instrumental parameter Value
Working distance 10.5 mm

Accelerating voltage 5 kV
Signal Backscatter electrons

Aperture setting 120 µm
High current On

Analysis mode Point analysis
Number of points Five

Frame size 1024 µm x 800 µm

Element analysis was performed on three middle positions per sample. All the particles or
objects observed at each position were analysed. Carbon was removed from the resulting
element spectra since all the samples had been carbon sputter coated prior to the analysis.
SEM-images of the three investigated positions per sample were also captured.

3.7.3 Investigation of biofilm thicknesses

The average thickness of the biofilms produced on the three layer epoxy, GO and G coatings
in addition to un-coated substrates being submerged for two weeks were estimated using
Zeiss LSM 800 confocal microscope in transmittance light and fluorescence mode. The same
instrumental settings as described in section 3.6.2 were used. Three positions with algae growth
of each sample were investigated first in transmittance light and then by fluorescence. An
image of each position was taken when the transmittance light mode was used while z-stacks
were created when using fluorescence. The beginning of the z-stack was set to the point where
the first fluorescence response was observed and the last z-stack was set to the point where no
fluoresce occurred. The Z-stack was saved as a czi-file and converted to a topographic image
using ImageJ and MATLAB (see detailed description in Appendix C). The biofilm thicknesses
were estimated at three different positions per sample.

As both the GO particles and the algae growth observed in the biofilm appeared fluorescent,
the ending point of the biofilm was first found in transmittance light mode at where there were
observed salt particles. The starting point was found using fluorescence microscopy and was
set at the focus plane in which only GO particles and not marine growth yielded fluorescent
signals.

43



3.7 Characterization of biofilm production

44



4 RESULTS

4 Results

4.1 Characterization of sols and slurries

The sol and slurry properties as stability, functional groups and viscosity are of great importance
as they will affect the final properties of the cured coatings. Therefore, such properties were
measured and are characterized in the following part.

4.1.1 Stability analysis

The stability of the prepared sols and slurries were investigated by visual inspection and the
stability results are seen in Figure 4.1. The GO slurries appear partly stable one week after
preparation while the sols and G slurries appear stable. The stability did not change after one
week for any of the sols or slurries.

(a) One day

(b) One week

Figure 4.1: Visual inspection of GO and G slurries and epoxy sols at a) one day and b) one week after
preparation.

4.1.2 Characterization of functional groups

Functional groups within the prepared sols and slurries were investigated using FTIR analysis
and the resulting transmittance spectra are investigated in this part. The transmittance spectra
of the epoxy sols and the pure epoxies are shown in Figure 4.2. A great overlap between the
transmittance spectra is observed which is expected as both DGEBA and Epikote are types of
bisphenol-A epoxies [194]. Differences in baseline are related to instrumental variations and
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do not affect the peak positions. The most significant observed peaks and their attribution are
shown in Table 4.1. The greatest difference is observed at the peak with a wavenumber of
1710 cm−1 as only the Epikote sol exhibits a transmittance spectra for this peak. The peak has
been observed in other Epikote epoxies as well [194] and it corresponds to the vibration of the
carboxyl group (-COOH) [195].

Figure 4.2: Comparison of the transmittance spectra of epoxy sols one day after preparation and pure
epoxies.

Table 4.1: Wavenumbers and their corresponding attribution with respect to functional groups present
within the prepared sols and slurries. Attribution explanations: γ: out-of-plane bending vibration, δ:
in-plane bending vibration, ν: stretching vibration or elongation bond vibration [194, 195, 196, 197].

Wavenumber [cm−1] Attribution [-]
767 γCH2 and γC-H of disubstituted benzene
827 γC-H for the disubstituted benzene and γCH2 of the epoxide group
914 νas ym of epoxide ring
1031 δC-H of disubstituted benzene and νas ymC-O-C of aromatic ether
1182 δC-H of benzenic
1228 Vibration of -COOH
1296 γ CH2 (wagging) and γ CH2 (twisting)
1361 δs ymCH3 doublet of gem-dimethyl groups
1456 δ CH2 (scissoring), δas ym CH3 and νC=C of disubstituted benzene

1508, 1581 and 1606 νC=C of disubstituted benzene
1710 Vibration of -COOH

2873, 2927 and 2966 νC-H aliphatic
3057 νC-H aromatic

3211 - 3533 Vibration of -OH and H2O

The sol compositions are assumed to be constant over time as only minor variations with
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respect to the functional groups are observed as shown in Figure D.1 in Appendix D. In
comparison, greater differences with respect to composition variations over time are observed
for the prepared GO and G slurries as shown in Figure 4.3. The most significant changes are
observed at the peaks with wavenumbers corresponding to 1710 cm−1 (-COOH groups) and in
the area 3211-3533 cm−1 (-OH groups and H2O) [198, 199, 200, 201] for the slurries. For both
the GO and the G slurries, the slurry compositions appeared unchanged after three weeks.

(a) 0.125 wt% GO (b) 0.250 wt% GO

(c) 0.125 wt% G (d) 0.250 wt% G

Figure 4.3: Transmittance spectra for GO and G slurries at different time periods after the slurry
preparation. The most significant differences are observed around the peak at 1710 cm−1 and 3211-3533
cm−1 corresponding to -COOH and -OH respectively.

For the 0.125 wt% and 0.250 wt% GO slurries in Figure 4.3 a) and b) respectively, the -OH
group (see Table 4.1) appears more significant three weeks after preparation compared to one
week after preparation. The peak observed at 1710 cm−1 which corresponds to -COOH groups
is not transmitted one week after preparation for both GO slurries, but appear transmitted three
weeks after preparation. The 0.125 wt% GO coating had more significant peaks for both the
-COOH and -OH group one day after preparation compared to the 0.250 wt% GO slurry.
However, within three weeks the -COOH and -OH groups existed at similar significance for
both the GO slurries.

The transmittance spectra of the G slurries shown in Figure 4.3 c) and d) exhibit only a weak
transmittance peak for the -OH group at all time periods. The -COOH peak at 1710 cm−1 is
present at all time periods in the 0.125 wt% G slurry, but is not transmitted in the measurement
performed on the one week 0.250 wt% G slurry. In spite of that, the -COOH peak is present in
both the 0.125 wt% and 0.250 wt% G slurries one day and three weeks after preparation.

The transmittance spectra of three weeks old GO and G slurries and epoxy sols are shown in
Figure 4.4 with only wavenumbers with significant peak differences shown. At 1710 cm−1

only the DGEBA sol yields no transmittance. Some differences in transmittance spectra are
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observed in the broad peak around 3211-3533 cm−1 in which the GO slurries exhibits a deeper
peak compared to the other slurries and sols. This is in agree with earlier research performed
by the author [22] and the literature [198, 199, 200, 201] as a broad peak corresponding to -OH
groups or water often are observed for GO dispersions.

Figure 4.4: Comparison of functional groups within the epoxy sols and GO and G slurries three weeks
after preparation.

The complete measured transmittance diagrams for the three weeks old slurries and sols are
shown in Figure D.2 in Appendix D. There are observed no differences in functional groups at
wavenumbers below 1710 cm−1 for all the slurries and sols.

4.1.3 Rheological properties

Fluid properties
The fluid properties of the prepared slurries before curing agent addition seem to be dependent
on type of particle as shown in Figure 4.5 in which shear stress is plotted as a function of
decreasing shear rates. Shear rates larger than 320 s−1 are not included as these shear rates
resulted in extreme non-laminar flows seen as sudden increase in measured shear stress.
DGEBA sol, Epikote sol and the GO slurries have a Newtonian flow behavior while the G
slurries behave as shear-thinning fluids due to their changes in viscosity with shear rates [7].
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Figure 4.5: Fluid properties of the prepared sols and slurries measured three weeks after preparation and
prior to addition of curing agent. The epoxy sols and GO slurries behave as Newtonian fluids, while the
G slurries behave as shear-thinning fluids [7].

Viscosity estimations
Viscosity estimations were obtained by performing linear regression of the shear stresses plotted
as a function of decreasing shear rates (see Appendix E) and the resulting estimations are shown
in Table 4.2.

Table 4.2: Viscosity estimations of prepared sols and slurries based on linear regression of shear stress
as a function of decreasing shear rates (shown in Appendix E). The uncertainties are found by the R2

values of the linear regression.

Fluid Viscosity [mPa · s]
DGEBA sol 4.8 ± 1.0
Epikote sol 4.1 ± 1.0

0.125 wt% GO 7.8 ± 1.0
0.250 wt% GO 9.4 ± 1.0
0.125 wt% G 5.9 ± 1.0
0.250 wt% G 5.9 ± 1.0

The DGEBA sol and the GO slurries had higher viscosities compared to the Epikote sol and
the G slurries respectively. Greater difference in viscosity with respect to increasing antifouling
agent content is observed for the GO slurries compared to the G slurries. There are a larger
viscosity difference between the GO slurries and the DGEBA sol compared to the Epikote sol
and the G slurries.

4.2 Characterization of coating surface properties

Investigation of the surface properties of the cured coatings are of great importance when
investigating if the prepared coatings are suitable in marine environments. In addition,
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the surface properties may alter the antifouling properties of the cured coatings. Proper
characterization of the surface properties is therefore beneficial with respect to the investigation
of antifouling properties.

4.2.1 Coating weights and thicknesses

Investigation of the coating extent on the substrates with respect to weight of coatings and
thickness estimations are presented in the upcoming part.

Coating weights
The weight differences between un-coated substrates and coated samples after heat treatment
are displayed in Figure 4.6. As expected, there is a clear trend in which the coating differences
increases with an increasing number of coating layers deposited onto the substrates. This overall
trend is seen for all the coatings.

(a) GO coatings

(b) G coatings

Figure 4.6: Weight differences of un-coated substrates and coated samples after the heat treatment step
to remove excess solvent.

The weight differences between un-coated and coated substrates after heat treatment are
also displayed in Table 4.3. Two samples per type of coating were weighed, and the given
uncertainties are therefore the standard deviation of the two measured weight differences per
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coating type. The overall trend is increasing weight difference with increasing weight percent
of antifouling agent within the same number of coating layers for both the GO and G coatings.

Table 4.3: Weight differences of un-coated substrates and coated samples after the heat treatment step.

Coating/Number of layers 2 3 4
0 wt% GO 0.0201 ± 0.0011 0.0374 ± 0.0030 0.0371 ± 0.0074

0.125 wt% GO 0.0251 ± 0.0007 0.0388 ± 0.0037 0.0599 ± 0.0004
0.250 wt% GO 0.0255 ± 0.0056 0.0387 ± 0.0018 0.0521 ± 0.0033

0 wt% G 0.0270 ± 0.0019 0.0443 ± 0.0018 0.0627 ± 0.0027
0.125 wt% G 0.0432 ± 0.0024 0.0437 ± 0.0071 0.0672 ± 0.0035
0.250 wt% G 0.0335 ± 0.0001 0.0451 ± 0.0025 0.0654 ± 0.0006

The weight difference for the G coatings appear larger compared to the GO coatings. However,
this is explained by the larger volume of curing agent added to the G coatings compared to the
GO coatings due to differences in molar mass between the DGEBA resin and Epikote resin (see
Table 3.8).

Estimation of coating thicknesses
Thickness estimations based on cross-sectional analysis performed in SEM were to be
performed, but no results of these measurements are available. The sample holders containing
the coated samples did not stabilize the samples resulting in the samples being tilted when the
epoxy casting material hardened (see Figure 3.8 in Section 3.6.1). No thickness estimations in
SEM were performed due to the tilted sample surfaces.

Due to the unsuccessful thickness estimations in SEM, thickness estimations based on depth
range measurements in optical microscope (see Figure 3.9) were performed on the four layer
GO and G coatings. The estimated thicknesses are shown in Table 4.4. Five different middle
positions of each coating were investigated and the given uncertainties represent the standard
deviation of the five measurements per coating type. The four layer GO and G coatings have
coating thicknesses of about 130 - 140 µm. The thicknesses seem to be independent of particle
content.

Table 4.4: Estimated coating thicknesses of four layered GO and G coatings based on depth range
measurements performed in optical microscopy. Epoxy coatings with 0 wt% GO or G are not included
as there were no measurable range due to the absent of GO and G.

Coating Estimated thickness [µm]
0.125 wt% GO 130 ± 11
0.250 wt% GO 142 ± 7
0.125 wt% G 140 ± 10
0.250 wt% G 135 ± 5

The thickness of the epoxy coatings are not estimated as such coatings do not contain particles
which must be present to perform thickness estimations by depth range measurements with
transmittance light. Thickness estimations of the two and three layer GO and G coatings were
not performed due to limited time and as the main focus within surface characterization have
been on the four layer coatings.
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4.2.2 Surface microstructure

The variations in surface microstructure with respect to number of coating layers, type of spray
coater and type of coatings are investigated in this section. Figure 4.7 displays representative
SEM-images of an un-coated substrate and coated substrates with respect to these parameter
variations. Micro-cracks less than 200 nm are observed on all the prepared coated samples. No
significant changes in the microstructure are observed with respect to spray coater used, number
of coating layers and type of coatings. All the coatings seem to cover the rough substrate surface
shown in a) well resulting in smoother surfaces for the coatings compared to the un-coated
substrates.

(a) Un-coated substrate (b) Four layer Epikote coating deposited
with a 0.25 mm nozzle

(c) Two layer 0.250 wt% G coating
deposited with a 0.25 mm nozzle

(d) Two layer 0.125 wt% GO coating
deposited with a 0.25 mm nozzle

(e) Two layer 0.125 wt% GO coating
deposited with a 0.35 mm nozzle

Figure 4.7: SEM-images displaying the surface microstructure of an un-coated substrate and epoxy, GO
and G coated samples.
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4.2.3 Particle distribution

The surface of GO and G coatings were investigated in an optical microscope to observe the
distribution of GO and G within the coating surface as shown in Figure 4.8 for 0.250 wt%
four layered GO and G coatings. The GO clusters and G particles seem to be evenly distributed
within the coating surface. The GO clusters exhibit a length of about 50 µm while the G particles
are mainly of sizes less than 10 µm.

(a) Four layer 0.250 wt% GO coating (b) Four layer 0.250 wt% G coating

Figure 4.8: Distribution of a) GO clusters and b) G particles within coating matrix of a four layered 0.25
wt% GO and G coating respectively.

As GO is fluorescent, fluorescence microscopy could be used to investigate the GO distribution
within the coating matrix as shown in Figure 4.9 for a four layered 0.250 wt% GO coating. The
GO clusters appear red in the fluorescent microscope and seem to be well distributed within the
coating matrix.

Figure 4.9: Distribution of fluorescent GO within the coating matrix of a four layered 0.250 wt% GO
coating.

4.2.4 Wetting properties

The investigated wetting properties with respect to mean contact angles and surface free
energies measured on four layer epoxy, GO and G coatings are displayed in this part. The time
dependency of the contact angles was measured on the samples four weeks after preparation
while the mean contact angles and surface free energies were measured six weeks after
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preparation. As will be seen, the difference in time after preparation do not seem to have an
affect as similar contact angles were measured.

Mean contact angles
All the prepared coatings exhibit a hydrophilic character based on the estimated water contact
angles shown in Figure 4.10 a) while the substrate exhibits a hydrophobic character. Contact
angles estimated by 1-Bromonaphthalene are shown in Figure 4.10 b). In general for the
coated samples, the contact angles of both water and 1-Bromonaphthalene seem to increase
with increasing weight percent of GO or G.

(a) Estimated water contact angles

(b) Estimated 1-Bromonaphthalene contact angles

Figure 4.10: Estimated contact angles with a) water and b) 1-Bromonaphthalene on four layer epoxy,
GO and G coatings.

The estimated left and right contact angles per sample differed with about 1.0 ° as represented
by the water droplet position onto a 0.250 wt% GO coating in Figure 4.11. This trend is
observed for all the coatings and the un-coated substrate. The mean contact angles presented in
Figure 4.10 are therefore representative.
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Figure 4.11: Only slight variation with respect to the contact angles measured on the left and right hand
side are observed for all the coatings. This illustrative image is from the water droplet measurements
performed on a 0.25 wt% GO coating.

The time dependency of water contact angles were investigated and the results are shown in
Figure 4.12. All the coatings and the substrate behave in a similar manner with respect to
reduction of the water contact angle with time.

Figure 4.12: Development of water contact angles over time for the prepared four layer epoxy, GO and
G coatings.

Surface free energies
The surface free energy of the prepared coatings and a substrate was estimated based on the
mean contact angles of water and 1-Bromonaphthalene, and the results are displayed in Figure
4.13. The surface energy consists of a polar part (dotted bars) and a disperse part (continuous
bars) which are based on permanently and temporary variations within the electron densities
respectively [202, 203]. The surface free energies for the epoxy coatings are slightly higher
compared to the GO and G coatings.
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Figure 4.13: Estimated surface free energies for prepared coatings as well as a substrate. Continuous
bars represent the disperse parts of the surface free energies while polar parts are indicated by dotted
bars.

Relation between contact angles and surface free energies
An overview of contact angles and surface free energies are found in Table 4.5. Coatings
exhibiting a low water contact angle result in a higher surface free energy. This trend is also
seen for the substrate in which the substrate exhibits the highest contact angles and the lowest
surface free energy which is as expected by the literature [50].

Table 4.5: Mean contact angles (CA) for water and 1-Bromonaphthalene as well as the estimated surface
free energy for the prepared coatings and the substrate.

Sample Water CA [°] 1-Bromonaphthalene CA [°] Surface free energy [mN/m]
Substrate 100 ± 3 38 ± 2 35 ± 1
DGEBA 62 ± 1 20 ± 1 49 ± 1
Epikote 58 ± 2 15 ± 1 52 ± 2

0.125 wt% GO 65 ± 3 24 ± 1 47 ± 2
0.125 wt% G 63 ± 2 18 ± 1 48 ± 2

0.250 wt% GO 69 ± 2 19 ± 1 46 ± 2
0.250 wt% G 71 ± 2 19 ± 2 45 ± 1

4.2.5 Surface roughness

Surface roughnesses of four layer coatings and an un-coated substrate were estimated by using
optical microscopy as well as profilometer.

Optical roughness measurements
The roughness measurements performed in the optical microscope appear non-reliable as no
automatic planar reference plane was applied in the workpiece coordinate system. As can be
seen in Figure 4.14 which displays an obtained surface topography image of a four layer 0.125
wt% G coating, the sample surface appears non-planar as no automatic planar reference plane
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was defined.

Figure 4.14: Illustration of optical roughness measurements performed on a four layer 0.125 wt% G
coating with no automatic planar reference plane defined.

Physical roughness measurements
The surface roughness average (Ra) values for the prepared four layer coatings and an un-coated
substrate were estimated at three different middle positions per sample in a profilometer and the
results are shown in Table 4.6. Only two positions for the Epikote and 0.125 wt% G coatings
were used as the third positions deviated a lot from the others with respect to the estimated
Ra values. All the coatings exhibit surfaces with significantly less roughness compared to the
un-coated substrate. The G coatings and epoxy coatings exhibit similar surface roughnesses,
while the GO coatings have higher Ra values compared to the other coatings.

Table 4.6: Estimated surface roughness average (Ra) values of the un-coated substrate and the prepared
four layer coatings.

Sample [-] Estimated roughness, Ra [nm]
Substrate 627.8 ± 277.4
DGEBA 3.4 ± 1.3
Epikote 3.5 ± 0.2

0.125 wt% GO 16.6 ± 4.8
0.250 wt% GO 24.9 ± 10.5
0.125 wt% G 3.1 ± 0.3
0.250 wt% G 3.9 ± 1.4

Similar trends are seen when investigating the surface profiles shown in Figure 4.15 of the a)
un-coated substrate and b) four layer 0.250 wt% GO coating which is representative for the other
coatings. The hills and valleys observed in the surface profile of the substrate are significantly
reduced after coating deposition with any of the coatings. Surface profiles of the other coatings
are found in Figure F.1 in Appendix F.

57



4.3 Characterization of antifouling properties

(a) Un-coated substrate (b) 0.250 wt% GO coating

Figure 4.15: Surface profiles obtained from profilometer measurements. Three positions were measured
per sample.

4.3 Characterization of antifouling properties

In the following part the antifouling properties of samples being submerged in the biofilm
reactor for two and four weeks will be investigated. In section 4.3.1, the algae tribal culture used
in the biofilm reactor are investigated with respect to presence of fouling organisms. Fouling
organisms present on the submerged samples are investigated in section 4.3.2. In section 4.3.3,
parameters as diatom size, number of diatoms and percentage of diatom covered area which
all are related to diatom growth on the submerged samples are investigated. The effect of
antifouling agents, number of coating layers, submersion time and type of coating are also
evaluated. The thickness of the biofilms growing on the submerged samples are estimated in
section 4.3.4. Finally, a short summary of the antifouling findings are reported i section 4.3.5.

4.3.1 Investigation of algae culture

Investigation of the algae culture with algae nutrition prior to transferring to the biofilm rector
and the start of the biofilm reactor experiments were performed in an optical microscope, and the
investigated algae growth is shown in Figure 4.16. Yellow frames are marked around diatoms
to illustrate their characteristic rectangular shape. The diatoms were found growing both single,
in pairs and in longer chains. Other algae as well as bacteria were also found to be present in
the algae culture and are seen as particles with a non-rectangular shape in Figure 4.16.
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Figure 4.16: Algae growth in the algae culture with algae nutrition prior to the start of the biofilm reactor
experiments. Yellow frames highlight some diatoms which exhibit the characteristic rectangular shape.

4.3.2 Investigation of algae growth on coated samples

As illustrated with yellow frames in Figure 4.17 for a representative selection of samples,
algae growth was observed on all the submerged samples while using a 10X lens. Un-coated
substrates submerged along with GO and G coatings are used as references for algae growth
on GO and G coatings respectively. The characteristic rectangular shape of diatom growth
are shown in Figure 4.17 a)-d) while bacterial growth or non-diatomic growth are observed in
e). The algae growth on the submerged samples is heavily dominated by diatom growth. Salt
particles precipitated on the samples after the extraction out of the biofilm reactor and are seen
as small, white particles on the samples.
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(a) Un-coated substrate reference for GO
coatings with submersion time of two

weeks

(b) Un-coated substrate reference for G
coatings with submersion time of two

weeks

(c) Four layered 0.125 wt% GO coating
with submersion time of four weeks

(d) Two layered 0.125 wt% G coating
with submersion time of two weeks

(e) Three layered 0.125 wt% GO coating
with submersion time of four weeks

Figure 4.17: Algae growth marked in yellow frames on submerged samples with diatom growth shown
in a)-d) while bacterial or non-diatomic growth is shown in e).
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Confirmation of algae growth
To investigate the algae growth further, element analysis of the marine growth observed on the
samples being submerged for two weeks was performed. Similar findings were found for all
samples and therefore the further analysis only includes a representative case. EDS-analysis
of the points displayed in Figure 4.18 was performed on the four layer 0.125 wt% GO coating
being submerged for two weeks. The corresponding element content of the different objects
are shown in Table 4.7. The element contents at each points are reported as the average
value of three similar objects measured at three different positions on the coating surface.
The uncertainties are given as the standard deviation of the three similar objects. Carbon is
subtracted from the element analysis since the samples were sputter coated with carbon prior to
the analysis.

Figure 4.18: EDS point analysis performed in SEM of a four layer 0.125 wt% GO coating which had
been submerged in the biofilm reactor for two weeks. The numbered points marks the points measured
during the point analysis, and their corresponding element contents are found in Table 4.7.

Due to the colour changes seen in the backscattered SEM-image displayed in Figure 4.18
and the corresponding element content in Table 4.7, it appears clear that the objects do not
exhibit the same chemical composition. The first object is most likely biofilm or decaying cell
content which is commonly found in the sea and known as marine snow [204]. The significant
content of magnesium indicates the presence of chlorophyll pigments within the marine snow
as chlorophyll pigment consist of some magnesium [205]. The second object is characterized
as a diatom due to the characteristic rectangular shape and the large silicon content reported in
the object [206]. The third object is classified as a typical sea salt particle as the dominating
elements are sodium and chlorine [207]. Due to the smooth surface and morphology, the fourth
object is most likely a sea water bacteria which can contain sulfur and calcium [208]. However,
the fourth object could also be a smaller sea organism or parts of limestone shells which are
commonly found in the sea. The fifth object represent the coating surface itself and would have
consisted of primarily carbon if the carbon element had not been removed.
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Table 4.7: Element compositions of the points measured in the point analysis shown in Figure 4.18
on a four layer 0.125 wt% GO coating being submerged for two weeks. Carbon is removed from the
element analysis and the element weight percents are estimated from the three positions measured at
similar objects. The uncertainties are the standard deviation of the values.

Object Element Weight percent [wt%]
1 O 46.3 ± 7.4
1 Cl 13.7 ± 6.3
1 Mg 15.3 ± 5.1
2 O 49.5 ± 2.0
2 Si 41.9 ± 4.7
2 Cl 4.9 ± 3.6
2 Mg 2.8 ± 1.7
3 Cl 55.5 ± 0.3
3 Na 43.6 ± 0.5
3 O 1.0 ± 0.3
4 O 2.3 ± 0.9
4 S 49.4 ± 22.7
4 Ca 10.4 ± 11.3
4 Na 52.4 ± 5.9
4 Cl 43.9 ± 7.6
5 O 97.3 ± 4.7
5 Cl 8.3 ± 0.3

4.3.3 Diatom growth on submerged samples

Diatom growth with respect to preferred growth position, diatom size and morphology are to
be investigated in this paragraph. Figure 4.19 illustrates diatoms (marked in yellow frames)
found on a four layer 0.125 wt% GO coating and a three layer 0.125 wt% G coating which
were submerged for two weeks. The major parts of the diatoms on all surfaces had a length of
about 40 µm which is in good agreement with similar experiments performed by Chauton et al.
[186]. However, a few diatoms exhibit a length of about 17 µm. The size of the diatoms appear
independent with respect to which surface they grew on and submersion time in the biofilm
reactor. Diatoms were observed growing single, in pairs and in larger chains, but were mainly
observed in larger flocs for the un-coated substrates and flocs or chains for the coatings. As seen
in Figure 4.19, the encasement of the diatoms do not seem damaged when growing on coatings
with GO or G content. No damages in diatom morphology were observed for diatoms growing
on coatings or substrates.
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(a) Four layer 0.125 wt% GO coating (b) Three layer 0.125 wt% G coating

Figure 4.19: Diatom growth marked in yellow frames observed on a) 0.125 wt% GO coating and b)
0.125 wt% G coating being submerged for two weeks.

In the further part, the average number of diatoms as well as the average percent diatom covered
area will be investigated. The values are given as the average of measurements performed in
optical microscopy on twelve sample positions with a measured area of 4.17 mm2 resulting in
40% of the sample area being measured.

Un-coated reference substrates
Un-coated substrates were submerged in the biofilm reactor along with either GO coatings or
G coatings and are used as references for the coatings they were submerged with. The average
number of diatoms (hereby referred to as number of diatoms) and estimated diatom covered
area are shown in Table 4.8.

Table 4.8: Diatom growth observed on the un-coated reference substrates for GO and G coatings in
which the references were submerged with the GO and G coatings respectively.

Reference
system

Submersion
period [weeks]

Number of
diatoms [-]

Estimated diatom
covered area [%]

GO
2 94 4.0
4 34 0.9

G
2 72 2.3
4 151 5.1

The difference in diatom growth between the GO and G references appear as the GO and G
coatings were submerged in separate biofilm reactors with algae cultures of different age (see
Section 3.4). There is no logical explanation to why there is observed less diatom growth for
the GO reference substrate with submersion time of four weeks compared to two weeks. The
uncertainty is difficult to estimate as the algae growth relies heavily on the measured surface
positions as the algae is not evenly distributed throughout the sample surface.

Coated samples
The number of diatoms and estimated diatom covered area on the coated samples are shown in
Table G.1 and G.2 in Appendix G. The diatom covered area is not proportional with number
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of diatoms and is therefore not used in the further analysis of diatom growth. The four layer
0 wt% GO coating (DGEBA coating) and 0.125 wt% GO coating which were submerged for
four and two weeks respectively are considered as unrealistic representations since they exhibit
a significantly higher growth compared to similar coatings. These samples are therefore not
included in the further analysis. The same matter appears for the two layer 0 wt% G (Epikote)
and four layer 0.250 wt% G coatings which were submerged for four weeks. The number of
diatoms will be analysed with respect to effect of weight percent of antifouling agent, number
of coating layers, submersion time and coating type in the following part.

Effect of GO and G content
The coatings containing GO and G exhibited significantly less diatom growth in terms of
number of diatoms compared to their corresponding reference substrates. In addition, the
coatings with no GO and G content did also obtain less growth compared to the reference
growth (see Table 4.8). These findings are visually displayed in Figure 4.20.

(a) Two layer GO coatings (b) Three layer GO coatings

(c) Four layer GO coatings (d) Two layer G coatings

(e) Three layer G coatings (f) Four layer G coatings

Figure 4.20: Number of diatoms measured on 0.0 - 0.250 wt% GO coatings with a) two, b) three and
c) four coating layers and 0.0 - 0.250 wt% G coatings with d) two, e) three and f) four coatings layers.
Diatom growth after submersion for two weeks (dotted bars) and four weeks (continuous bars) are shown.
Unrepresentative data points are removed and marked with a cross.
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The diatom growth is significantly larger for the G reference substrate compared to the GO
reference substrate which is also seen in the figure for the coatings. The GO coatings have in
general less growth compared to the G coatings. Within the same number of coating layers for
the same coating type, the overall trend is reduction in diatom growth with increasing GO or
G content in the coatings. The trend appears more significant for the GO and G coatings being
submerged for two weeks compared to four weeks.

Effect of number of coating layers
The effect of number of coating layers for the GO and G coatings are shown in Figure 4.21.
As can be seen, there is no clear correlation between number of diatoms and number of coating
layers for either the epoxy, GO or G coatings. This is seen as the number of diatoms vary
randomly within each weight percent of GO and G. Therefore, the number of coating layers do
not seem to affect the diatom growth significantly.

(a) 0 wt% GO coatings (b) 0.125 wt% GO coatings

(c) 0.250 wt% GO coatings (d) 0 wt% G coatings

(e) 0.125 wt% G coatings (f) 0.250 wt% G coatings

Figure 4.21: Number of diatoms after submersion for two and four weeks measured on a) 0 wt%, b)
0.125 wt% and c) 0.250 wt% GO coatings and d) 0 wt%, e) 0.125 wt% and f) 0.250 wt% G coatings.
Unrealistic data points are removed and marked with crosses in the Figure.

Effect of submersion time
Coated samples were submerged for two or four weeks and the investigation of the effect of
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submersion time with respect to number of diatoms are based on Figure 4.22. More algae
growth was observed on the DGEBA and GO coatings being submerged for four weeks
compared to two weeks when comparing the number of diatoms on similar coatings with the
same number of coating layers. The largest difference in number of diatoms with respect to
submersion time are observed for the 0.250 wt% GO coatings. However, this trend is not
observed for the Epikote and G coatings. The algae growth of the Epikote and G coatings
is inconclusive when comparing samples with the same number of coating layers being
submerged for two and four weeks.

(a) GO coatings

(b) G coatings

Figure 4.22: Number of diatoms measured on a) GO coatings and b) G coatings. Unrealistic data points
are removed and marked with crosses in the Figure.

Effect of coating type
The DGEBA and GO coatings appear to be significantly more efficient antifouling coatings
compared to the Epikote and G coatings after submersion of two and four weeks. This is
seen from Figure 4.23 in which the percent of diatom growth observed on the coated samples
compared to their corresponding reference substrates (see Table 4.8) are investigated. It should
be mention that the increase in diatom growth observed on the DGEBA and GO coatings being
submerged for four weeks are related to the un-natural low diatom growth found on the GO
reference substrate. Therefore no further analysis of the percent diatom growth on the GO
coatings being submerged for four weeks will be performed. When comparing the percent
growth occurring on the Epikote and G coatings submerged for two and four weeks, there is
observed significantly less growth after four weeks.
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(a) GO coatings submerged for two and four weeks

(b) G coatings submerged for two and four weeks

Figure 4.23: Number of diatoms measured on a) GO coatings and b) G coatings as percent of the growth
observed on reference substrates. Unrealistic data points are removed and marked with crosses in the
Figure.

4.3.4 Estimation of biofilm thickness

Biofilms consist of both diatoms, bacteria and other algae material. The thickness of the
biofilms growing on the references and three layer samples being submerged for two weeks
were investigated by using fluorescence microscopy and the average biofilm thicknesses of three
positions per sample are displayed in Table 4.9. The uncertainties are given as the standard
deviation of these three positions. As can be seen, the biofilm thickness of the reference
substrates are larger compared to the coated samples. The biofilm on the GO reference exhibits
half as thick biofilm as the G reference. The number of diatoms on the GO reference is however
larger compared to the G reference submerged for two weeks (see Table 4.8). The biofilm
thicknesses on the GO coatings seem to increase with increasing GO content while the opposite
matter is seen for the G coatings.
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Table 4.9: Estimated biofilm thicknesses based on three middle positions per sample on three layer GO
and G coatings with references which all had been submerged for two weeks. The biofilms include all
algae growth observed on the samples and were estimated using fluorescence microscopy.

Coating type
[-]

Weight percent
GO or G [wt%]

Biofilm thickness
[um]

GO

Ref 5.3 ± 1.7
0.0 2.7 ± 0.2

0.125 2.8 ± 0.3
0.250 4.1 ± 1.2

G

Ref 10.3 ± 3.1
0.0 6.3 ± 0.9

0.125 4.4 ± 3.7
0.250 3.9 ± 1.1

Figure 4.24 displays pictures of the biofilm found growing on a three layer 0.250 wt% GO
coating taken with transmittance light and fluorescence as well as the calculated topography
image of the biofilm. An image illustrating the fluorescence properties of GO particles are also
included. As can be seen, the algae growth is easily distinguished from the GO particles due
to its characteristic shape, having more significant fluorescence and optical illumination. The
biofilm thicknesses given in Table 4.9 are therefore assumed to be non-affected by the presence
of fluorescence GO particles in the coatings. As can be seen, the biofilm is not evenly distributed
throughout the coating surface. Differences in the reported biofilm thickness and the height
profile of the topography image appear as the biofilm are growing in stacks and thereby may
not lie on the coating surface itself. This issue is taken care of in the calculation (see Appendix
C) of the biofilm thicknesses and the estimated values shown in Table 4.9 are therefore realistic.
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(a) Biofilm shown in transmittance light mode (b) Biofilm shown in fluorescence
mode

(c) Calculated biofilm topography (d) GO particles shown in
fluorescence mode

Figure 4.24: Investigation of the biofilm growing on a three layer 0.250 wt% GO coating which had
been submerged for two weeks in a) transmittance light, b) fluorescence and c) the calculated biofilm
topography. A fluorescence image of GO particles observed in a 0.250 wt% GO coating are shown in d).

The G coatings and epoxy coatings themselves did not appear fluorescent. However, algae
growth on these coatings are also visible in fluorescence microscopy and Figure 4.25 illustrates
the biofilm in a) transmittance light mode, b) fluorescence mode and c) the calculated biofilm
topography image on a three layer 0.250 wt% G coating being submerged for two weeks.
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(a) Fluorescence mode (b) Transmittance light mode

(c) Calculated biofilm topography image

Figure 4.25: Biofilm observed on a three layer 0.250 wt% G coating being submerged for two weeks
with a) transmittance light mode, b) fluorescence mode and c) the corresponding calculated topography
image of the biofilm.

4.3.5 Summary of antifouling properties of GO and G coatings

A short summary of the antifouling properties is provided in the following part.

• The algae growth observed on the submerged reference substrates and coatings is
dominated by diatom growth.

• The majority of the diatoms have a length of about 40 µm.

• No physical damage of the diatom encasments are observed.

• The diatoms are often found growing in flocs which make estimation of algae growth
based on percent area covered with algae difficult.

• All coated samples exhibited significantly less number of diatoms compared to their
corresponding references.

• More diatom growth were observed for the GO coatings and their references compared
to the G coating and their reference.
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• Reduction in number of diatoms are observed with increasing GO or G content in the
coatings.

• The diatom growth seems to be independent of number of coating layers for all the
coatings.

• More diatom growth is observed for the GO coatings being submerged for four weeks
compared to two weeks. No correlation is seen between the diatom growth on G coatings
and submersion time.

• The GO coatings appear significantly more effective as antifouling coatings compared
to the G coatings. For coatings being submerged for two weeks, the diatom growth as
percent of the growth observed on the references were below 3 % and 50 % for the 0 -
0.250 wt% GO and G coatings respectively.

• The references being submerged for two weeks exhibit thicker biofilms compared to the
coated samples. The GO reference exhibits a biofilm with half the thickness of the G
reference.

• Biofilm thickness increases with increasing GO content and decreases with increasing G
content.
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5 Discussion

The aim of this master’s thesis was to prepare epoxy based coatings with GO or G additions and
investigate their antifouling properties. In the following part, the combined effects of the surface
and antifouling properties are considered. Thereby, the characterization techniques used to
investigate the antifouling properties will be evaluated. Next, the antifouling mechanism of the
GO and G coatings being submerged in the biofilm reactor will be discussed. The experimental
procedure for the biofilm generation and synthesis of the coatings are also discussed. Finally, a
comment of the mechanical properties and last evaluation of the result will be made.

5.1 Combined effect of surface properties and antifouling properties

Overall, some surface properties have enhanced the antifouling properties while the presence of
others may have induced more biofouling than what would have been expected. The combined
effects of surface and antifouling properties will therefore be discussed in this part.

5.1.1 Effect of surface roughness and wettability

When investigating the roughness of the prepared samples, it was seen that all the coatings
exhibited significantly less roughness compared to the un-coated substrate (see Table 4.6). The
reduced roughness and limited irregularities on the coated samples can make it more difficult
for algae or bacteria to attach. As a consequence, significantly less biofouling were observed on
all the coated samples compared to the un-coated substrates. The antifouling properties of the
epoxy coatings are therefore most likely related to their smooth surfaces rather than any of the
mechanisms discussed in the former section. However, as seen further on, the wettability should
also be taken into consideration when investigating the effect roughness had on the biofouling
[145].

The G and epoxy coatings exhibited similar roughnesses, but the GO coatings had slightly
higher roughness which may be related to the stability and viscosity of the GO slurries. The
GO slurries exhibited both poorer stability and higher viscosity compared to the epoxy sols
and G slurries. This may have influenced the way the GO slurries were spray coated onto the
substrates. However, the stability of the GO slurries did not affect the distribution of GO within
the cured coatings as GO sheets were found evenly distributed within the coating matrix as
shown in Figure 4.8 a). The higher viscosity of the GO slurries compared to the other sols and
slurries (see Table 4.2) may better explain the difference in roughness. Consequently, the GO
slurries were most likely harder to spray evenly throughout the spray coater. In addition, the
GO sheets within the coatings exhibited a size of about 50 µm while the G particles were of size
10 µm or even smaller making the G slurries being easier to spray coat. The higher viscosity of
the GO slurries did although not affect the coating thicknesses significantly as both the GO and
G coatings exhibit similar thicknesses.

According to the Wenzel equation [155], the roughness influences the wettability of the coatings
in which increased roughness enhance the wettability for hydrophilic surfaces. However, no
clear correlation is found between the surface roughnesses and the water contact angles for
the prepared coatings. Due to the increased roughness observed on the GO coatings, they
should exhibit a more hydrophilic surface compared to the G coatings according to Wenzel’s
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equation. This was the case for the 0.250 wt% GO and G coatings, but not the 0.125 wt%
coatings. The reason for this deviation may be related to uncertainties within the measurements
methods or limitations regarding the definition of roughness in the Wenzel equation [209]. The
rougher surfaces found on the GO surfaces probably appeared due to the large GO particles
being distributed in the coatings. The presence of the GO sheets has most likely increased the
roughness of the coatings due to their bulky morphology. The increased surface area due to
the increased roughness in combination with an even distribution of GO particles resulted in
more GO particles being in contact with the fouling organisms. Hence, the GO exhibited better
antifouling properties compared to the G coatings.

5.1.2 Effect of coating coverage and thickness

The number of coating layers did not seem to affect the antifouling properties of the coatings
significantly as no correlation was found between number of coating layers and number of
diatoms (see Figure 4.21). Similar trends were also reported by Wendt et al. [175]. The
thicknesses of the four layer GO and G coatings with addition of GO or G were estimated
to be 130 - 140 µm. Due to the good correlation between increasing coating masses and number
of coating layers shown in Figure 4.6, it seems reasonable that the coating thicknesses of the
two layer coatings were about half the thickness of the four layer coatings. Therefore, the two
layer coatings exhibited assumingly coating thicknesses of 65-70 µm (half the thickness of the
four layer coatings). As seen in the SEM investigation of the coatings shown in Figure 4.7, the
rough substrate surface were well covered for all numbers of coating layers. It seems therefore
reasonable to conclude with the number of coating layers having minor affect on the antifouling
properties as the substrate surfaces were well covered even for a low number of coating layers.

5.1.3 Effect of surface free energies

With respect to surface free energies, the substrate exhibited less surface energy compared to the
coated samples. In fact, the difference in surface free energies for the substrate compared to the
coated samples arise because the substrate has significantly less polar contribution. This is well
explained as the substrate exhibited a significantly more hydrophobic character compared to the
coated samples (see Figure 4.10). The functional groups of the substrate were not investigated,
but hydrophobic functional groups were assumingly dominating. The hydrophilic character of
the coated samples were probably related to the presence of polar functional groups as -COOH
groups for the Epikote, DGEBA and G coatings and -OH groups for the GO coatings (see Figure
4.2 and 4.3).

The coated samples had surface free energies in the range 45 - 52 mN/m while the substrate
exhibited a surface free energy of 35 mN/m (see Table 4.5). As seen in Figure 2.13, minimum
biofouling have been reported on surfaces with a surface free energy of about 25 mN/m [50].
Above this value, the amount of bacterial adhesion increases with increasing surface free energy.
However, this trend is not seen for the prepared coatings. All the coated samples exhibited less
biofouling compared to the substrates even though their surface free energies were larger as
shown in Table 4.5. Therefore, it seems like the surface free energies of the coatings had less
impact on the antifouling behavior compared to the presence of GO and G particles in the
coatings and the reduced coating surface roughness.
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5.1.4 Effect of microcracks within the coatings

Microcracks were observed on all the prepared coatings regardless of number of coating layers,
coating type or amount of antifouling agents (see Figure 4.7). The presence of microcracks
may have initiated more biofouling than what would have occurred without the cracks. The
effect the small microcracks had on the marine growth is uncertain as the cracks were less
than 200 nm. The presence of cracks should however be avoided with respect to the barrier
properties of the coatings. Water can penetrate the coatings more easily if cracks are present
which can result in corrosion of the substrate if the substrate is switched out with metals in
further experiments. Therefore, further optimization of the coating with respect to reducing the
presence of microcracks should be performed in further work.

The microcracks presumably appeared due to the significant amount of solvent content within
the coatings. Acetone and ethanol were used as solvents within the DGEBA based coatings
and acetone was used as solvent for the Epikote based coatings. Both acetone and ethanol are
very volatile solvents and the cracks have most likely occurred due to too rapid evaporation
of the volatile solvents. The presence of microcracks will most likely have a negative effect
on the mechanical coating properties and further investigation of the mechanical properties are
therefore required.

5.2 Evaluation of the characterization of antifouling properties

The antifouling properties of the submerged samples were investigated with respect to type of
fouling organisms, average number of diatoms, average percent of sample area covered with
diatom growth and thickness of biofilm layers. Some marine growth may have been detached
from the sample surfaces during the extraction from the biofilm reactor. However, uncertainties
in relation to possible detachment of marine growth was neglected in the antifouling analysis as
the samples were all extracted with the same careful procedure.

5.2.1 Investigation of diatom growth

The dominating fouling organism on all submerged samples was found to be diatoms. However,
smaller fragments of accumulated bacteria cell material (called marine snow) was also found
growing to a large extent on the surfaces as illustrated in Figure 4.18. It was decided to use
number of diatoms rather than accumulation of marine snow as an indication of marine growth
on the submerged samples. This was beneficial with respect to limiting the uncertainties within
the characterization technique as diatoms were easier to quantify compared to the tiny bacteria
cell fragments in the optical microscope.

Diatom growth in terms of number of diatoms and percent diatom covered area were used
to compare the antifouling properties of the un-coated substrates and coated samples after
submersion in the biofilm reactor. Diatoms were often found clinging together in large flocs
making the area of each of them hard to measure. In addition, the size of diatoms were found
to vary between 17-40 µm. As a consequence, the estimation based on diatom covered area
appeared more uncertain compared to number of diatoms (see Table G.1 and G.2 for values).

The number of diatoms was found by counting the number of diatoms at twelve middle positions
per sample (see Figure 3.11) by using an optical microscope and calculating the average value.
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The uncertainty could may have been reduced by using a 50X lens instead, however more than
twelve positions would then have had to be measured to investigate the major part of the sample
surfaces. The best compromise with respect to limiting the uncertainties and measurement time
was found to be the former method. It should be mentioned that further analysis may benefit
from increasing the number of measurement positions to investigate a greater area of the sample
surface. With the diatom quantifying procedure used in this thesis, only 40% of the sample
surfaces were investigated when using twelve measurement positions. However, the measured
positions should not be chosen too near the sample edges due to coating edge effects.

Salt particles were found precipitated at the sample surfaces after the extraction out of the
biofilm reactor. Salt particle precipitation did however not affect the quantification of number
of diatoms significantly. The diatoms laying beneath salt particles were counted by adjusting
the z-position of the optical microscope until the algae, rather than the salt particles, appeared in
focus. Nevertheless, this was a time consuming procedure which would benefit from removal
of the salt particles. The extracted samples could have been washed gently with freshwater
to remove the salt particles, although that could result in detachment of marine growth or
deteriorating the characteristic diatom structure [192]. Therefore, the best compromise was
to let the salt precipitate at the sample surfaces.

5.2.2 Investigation of biofilm thicknesses

The biofilm thicknesses were estimated by using fluorescence microscopy and converting the
obtain images to binary images which were analyzed in MATLAB. The diatoms and chlorophyll
present within the biofilms appeared fluorescent. In addition, GO sheets were found fluorescent
(see Figure 4.24) while G sheets were not (see Figure 4.25) which is in good agreement with
the literature [70]. The GO sheets in the coatings exhibited a characteristic sheet morphology
which was easily distinguished from the fluorescent signals of the marine growth. This fact
becomes clear when comparing the thickness of the biofilms growing on GO coatings with the
GO coating thicknesses since there is a significantly thickness difference. In addition, GO and
G coatings exhibited relatively similar biofilm thicknesses. Therefore, the conducted method to
investigate biofilm thicknesses seems reliable.

The biofilm thicknesses of the GO coatings were lesser compared to the G coatings as shown in
Table 4.9. This correlates well with the fact that more marine growth in general was observed on
the samples being submerged along with the G coatings. As more marine growth occurred, the
biofilm thickness was likely to increase. However, different trends were observed in the biofilm
thicknesses for GO and G coatings as the GO or G content increased. The biofilm thicknesses
of the GO coatings seemed to increase with increasing GO content while the opposite matter
was seen for the G coatings. For comparison, Lee et al. [81] reported reduction in biofilm
thickness with increasing GO content within the coatings. Number of diatoms decreased with
increasing GO or G content for the three layer coatings being submerged for two weeks (see
Figure 4.20 b) and e)). The biofilm thicknesses measurements given in Table 4.9 are based
on those samples. However, the trend observed for the biofilm thicknesses did not correspond
with how the number of diatoms changed with increasing GO or G content in the coatings. It
seems reasonable to assume that the biofilm thicknesses should reduce as the number of diatoms
decreases. As a result, the unexpected increase in biofilm thickness for the GO coatings with
increasing GO content is most likely linked to the different age or composition of the algae
cultures used in the two biofilm reactor experiments.
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5.3 Antifouling mechanisms

The dominating antifouling mechanism for both the GO and G coatings was most likely
oxidative stress induced by reactive oxygen species. There were observed no physical damage
on the diatoms growing on the GO or G coated samples (see Figure 4.19) which would have
been expected if the antifouling properties could have been explained by cell disruption alone
[87]. The antifouling mechanism lipid extraction occurs in combination with the cell disruption
mechanism and was therefore not expected to occur at a significant degree either. Diatoms
were found growing unevenly throughout the surface which may be related to the trapping
mechanism performed by the nanosheets of GO or G. However, diatoms have been reported
to settle on their preferred areas [38] which may explain the unevenly distribution of diatoms.
Diatoms were found growing unevenly on the coatings with and without GO or G additions
as well as the substrate. Therefore, the contribution from the trapping mechanism of the GO
and G sheets seemed limited. Oxidative stress was therefore assumingly the main antifouling
mechanism which is in good agreement with similar experiments [78].

It should be noted that the epoxy coatings with no GO or G additions did also exhibit
better antifouling properties compared to the un-coated substrate. However, their antifouling
properties are most likely linked to the reduced surface roughness compared to the un-coated
substrates rather than the antifouling mechanisms discussed above. In addition, diatoms have
been reported to attach more easily to hydrophobic surfaces compared to hydrophilic surfaces
[167], which may also explain why there was more biofouling found on the substrates.

5.4 Assessment of the antifouling experiments

Overall the set-up of the biofilm reactor experiments using an algae tribal culture, water pumps
and algae nutrition served useful with regards to the investigation of the antifouling properties
of submerged samples. The submersion times of two and four weeks were long enough time
periods to grow a sufficient level of biomaterial on the submerged samples. Undoubtedly, the
methods used to investigate the antifouling properties of the submerged samples appeared more
accurate compared to the methods used in earlier work performed by the author [22].

5.4.1 Effect of algae tribal culture

Using the algae tribal culture distributed by SINTEF Ocean in combination with the silica algae
nutrition medium resulted in marine growth on all the samples. The algae tribal culture was a
heterogeneous system which represented a realistic sea environment within the biofilm reactor.
Using the silica algae nutrition accelerated the growth of diatoms especially [31].

To gain even more marine growth within the biofilm reactors, more efficient light sources may
be applied. In addition, removal of the plastic balls present on the water bath surface (see
Figure 3.7) could further enhance the light access. However, removal of the plastic balls could
have resulted in water temperature changes which could have reduced the growth of fouling
organisms [2, 23, 24].

Regarding reproducibility, the algae culture should have been further analysed with respect to
composition over time. The algae culture was a realistic heterogeneous system consisting of
primary colonizers and the composition is likely to have changed over time. Making use of
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flow cytometry or other algae characterization methods [183] would have been beneficial with
respect to investigating the dominating fouling species and the composition of the algae culture
over time. Analysis of the seawater solution within the biofilm reactors would also have been
beneficial with respect to controlling the silica content. As diatom growth is dependent on
silica content, a reduction in the silica content in the seawater solution is likely to have affected
the diatom growth negatively. The preferred settlement surface varies with fouling specie [48]
which may have affected the results as GO coatings were submerged with a younger algae
culture compared to the G coatings. The composition of the algae culture is likely to have
changed over time. Therefore, it would probably have been easier to investigate the antifouling
effect of the coatings based on one type of algae rather than the heterogeneous population used
in this study. Using a tribal culture with mainly one type of bacteria or algae may also be an
advantage with respect to characterization as it can be based on only one fouling organism. It
may also be beneficial to carry out antifouling experiments with algae tribal cultures of the same
age and thereby with the same composition to easier compare the results.

5.4.2 Effect of releasing antifouling agents

Un-coated samples were submerged along with the coated samples to serve as references for
marine growth. However, GO is significantly more soluble in water compared to G [72, 75]
which may explain the reduced overall growth on the samples being submerged along with the
GO coatings compared to G coatings. The release of GO into the seawater solution may have
had a negative impact on the biosystem as the GO sheets exhibit antifouling properties. Release
of GO into the algae solution in the biofilm reactor may also explain why it was observed
reduced growth on the reference sample being submerged for four weeks for the GO coatings
compared to the one being submerged for two weeks (see Table 4.8). In contrast, more growth
was observed on the GO coated samples with a submersion time of four weeks compared
to two weeks as seen in Figure 4.22. The reduced growth observed on the GO reference
being submerged for four weeks are therefore most likely attributed to the reference substrate
exhibiting a deviating surface rather than release of GO.

With respect to further work, un-coated substrates should be submerged along with epoxy
coatings with no GO or G addition to avoid possible reduction in growth due to biocidal
emissions. In addition, references should be submerged along with the coatings as performed in
this study to investigate to what extent possible release of GO or G may have had on the overall
growth within the biosystem.

5.4.3 Effect of seawater pumps

The antifouling properties of the coatings should be tested in realistic marine environments to
investigate their applicability for future use in the marine industry. Using water pumps in the
biofilm reactor resulted in a dynamic water flow within the biofilm reactor. It was desirable
using a sea water pump with sufficient enough pump speed to secure some rotation of oxygen
and nutrition medium. Thereby, the growth medium were distributed evenly within the biofilm
reactor. A too large flow rate was undesirable as it may have reduced the marine growth
as reported in the literature [2, 23]. However, the experiment suffered from some obstacles
regarding the sea water pump stability which could have affected the results of marine growth.
Within the first two weeks of both the biofilm reactor experiments, the seawater pumps broke
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down resulting in abrupt changes in the environment for a few days before a new pump with
the same pump speed was connected. This, in combination with the algae tribal cultures in the
two experiments, may explain the difference in amount of marine growth observed within the
experiment with GO coatings submerged and with G coatings submerged.

It should be mentioned that the algae tribal culture and set-up of biofilm reactor experiments
used in this master’s thesis proved useful to investigate the antifouling properties even though
there were some limitations which have been discussed above.

5.5 Sol-gel procedure

Overall, the sol-gel method used in this master’s thesis was a successful method with regards
to achieving sols and slurries suitable for spray coating deposition. Some of the features and
aspects of the preparation parameters will be discussed in the following section.

5.5.1 Sol and slurry preparations

Time dependency of the sol and slurry compositions
The epoxy sol compositions did not seem to be changing significantly over time. However,
more significant changes with respect to time were found for the slurry compositions as shown
in Figure 4.3. This indicates that the polycondensation reactions with GO or G particles were
time dependent. The sols and slurries were spray coated within a week after they were prepared,
but the composition were stable three weeks after the preparation. Therefore, the degree of each
functional group present within the different coatings may have slight variations. It should be
mentioned that no curing agent were added to any of the sols or slurries prior to the analysis
of the functional groups. Addition of the curing agent resulted in more -OH groups being
attached to the polymeric network building up the coating matrix according to the chemical
reactions shown in Figure 2.7. Addition of curing agent will accelerate the polymerization.
Therefore, there might not have been too large differences in the prepared coatings with respect
to functional groups after all.

Slurry stabilities over time
The GO slurries were found to be partly stable over time whereas the epoxy sols and G slurries
appeared stable for more than three weeks as shown in Figure 4.1. The GO slurry stabilities
could have been improved by increasing the sonication time. However, that may have had
a negative effect on the antifouling properties of GO. With increasing sonication time the
GO sheets would have became more separated and smaller, but might as well be damaged.
Damaged GO sheets in terms of less sharp sheets could have resulted in a worse cutting
mechanisms. The optimal sonication time for GO sheets have been reported as two minutes
by Ye et al. [210] regarding optimized stability, chemical bonds and mechanical properties. In
addition, larger lateral size of GO sheets have been reported to be beneficial with respect to the
antifouling properties [82]. This trend may explain why the prepared GO coatings exhibited
better antifouling properties compared to G coatings since the GO particles were significantly
larger.

The stability of the GO slurries could have been enhanced by adjusting the GO concentration
rather than increasing the sonication time. As can be seen in Figure 4.1 b), the stability improved
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with increasing GO content. Similar trends have been reported by others as well [81]. As
the epoxy resin DGEBA appeared unstable in ethanol and stable in acetone while GO was
unstable in acetone, the slurry stability with respect to ethanol is enhanced by increasing the
GO content. The presence of carboxyl, hydroxyl and epoxy groups within the GO sheets are
beneficial with respect to stability as these groups can form bonds to the organic polymer matrix
through condensation reactions [74, 75]. G did not appear stable in the DGEBA resin, but
appeared stable within the Epikote resin [191]. There is limited information on the procedure
of the preparation of G-Epikote dispersion as this was performed by CealTech AS. However,
both the G and GO slurries were most likely stabilized by polymeric stabilization mechanisms
as depletion or steric hindrance due to the large polymer content within the slurries. The
stability of GO in the Epikote resin was not investigated, but could be useful with regards to
further work to maybe prepare more stable GO slurries which can further enhance the coating
properties. Preparing GO and G coatings with the same polymer matrix would be beneficial
when comparing their antifouling properties.

Time dependency of slurry viscosities
The rheology of the slurries were measured ten days after the preparation. The time
dependency of the slurries with respect to rheological properties were not investigated.
However, no viscosity changes were observed by eye when depositing the slurries within the
first week after preparation. Therefore, it is likely that the viscosities of the slurries were kept
relatively constant during the spray coating deposition. It should be mention that the G slurries
were classified as shear-thinning fluids. For that reason, their viscosities may have changed
more during the coating deposition compared to the other slurry and sols which can have
affected the cured properties.

5.5.2 Heat treatment procedure

As explained in the former section, the coatings were all found having hydrophilic surfaces.
However, a more hydrophilic character of the cured coatings could maybe have been achieved
by increasing the temperature in the heat treatment step. It was decided to keep the temperature
at 60 °C during the heat treatment as polyethylene substrates have a maximal operation
temperature of about 65 °C. If instead using steel substrates, the heat treatment could have
been performed at higher temperatures. As a result, the removal of hydrophobic functional
groups could have increased as reported by Ye et al. [211]. Reducing the hydrophobicity of the
coatings would possibly reduce the surface free energies of the coatings. As a consequence,
the surface free energies may come closer to about 25 mN/m which have been reported as the
optimal value with respect to minimize biofouling [50]. However, corrosion issues arise if
using steel substrates as steel easily corrodes when being submerged in seawater [96].

5.5.3 Spray coating deposition

Spray coating was used as the deposition technique and all the sols and slurries exhibited a
low enough viscosity to be spray coated. However, difficulties regarding proper cleaning of the
spray coater occurred. During the laboratory work, a new spray coater with another nozzle size
had to be used as the former type were no longer for sale. Leftovers of polymeric substances
were probably the reason for the damaged spray coater. Acetone was used to wash the spray
coater in between depositions of different sols or slurries as well as after use. The spray coaters
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were also sonicated in acetone for some minutes, but unfortunately plastic rings within the spray
coater then broke. For future use, a proper cleaning material should be used to avoid clogging
the spray coater.

Another alternative would be to use another coating deposition technique. Dip-coating may
be a beneficial method as less dilution of the slurries would be needed. Hence, the solvent
content within the coatings would reduce which is an advantage with respect to achieving
less microcracks in the cured coatings. In addition, the volatile organic compounds content
within the coatings would be reduced with is beneficial with respect to environmental emissions.
However, dip coating may not be the optimal deposition method for large marine constructions
[96]. Therefore, an optimizing of the coating system with respect to amount of resin compared
to the antifouling agents and solvents is necessary for further work.

5.6 Comments on the mechanical properties

No hardness test or other investigations of the mechanical properties of the coatings have been
performed. However, the prepared coatings were found to adhere well to the substrates even
after being submerged in the biofilm reactor. As marine coatings are susceptible to scratches
when being exposed to sand particles, during docking or when being in direct contact with
other constructions, the scratch resistance is of great interest. Unfortunately no scratch tests
were performed on the prepared coatings as the scratch tester was out of use. However, this
is a property that should be investigated for the further work. The mechanical hardness of the
coatings are another parameter of great importance for marine industries and it should therefore
be investigated to evaluate if the prepared coatings are suitable for marine environments.

5.7 Final evaluation of the results

All the prepared coatings exhibited significantly less marine growth compared to the reference
substrates. This is most likely related to the decreased surface roughness obtained after coating
deposition in addition to the more hydrophilic character of the coated samples. Furthermore,
the GO coatings were reported to exhibit the best antifouling properties among all the prepared
coatings and their antifouling behavior increased with increasing GO content.

By depositing the substrates with the 0.250 wt% GO coating, the diatom growth reduced with
99% compared to the reference substrate. The great difference in diatom growth were related to
the more hydrophilic character, evenly distributed GO fragments and lower surface roughness
of the GO coatings compared to the substrate surface. The better antifouling properties of GO
coatings compared to G coatings are most likely due to the larger particle size of GO which
results in a greater surface contact area between GO clusters and the marine species.

Overall, both GO and G appeared as promising antifouling agents. Further research regarding
their antifouling behavior against other fouling species than those used in this study are of great
interest. Investigations of the particle size of GO and G with respect to antifouling properties
should be performed. A sheet size of GO particles of about 50 µm seemed to prevent marine
growth well. It may seem like the G particles could gain better antifouling properties if the
particle size of G was increased. Lowering the sonication time in the preparation of the slurries
could be a way to obtain a more applicable particle size. An alternative to changing the lateral
size of GO or G, is to prepare hybrid nanocomposites by utilizing an epoxy-silicone elastomer
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backbone. The combined effect of the low viscous silicone elastomer compared to the epoxy
resin and higher dispersibility of GO and G in such coatings [119, 122], make them promising
alternatives. However, the mechanical strengths of such coatings must be performed as well to
evaluate if they are comparable with other marine coatings. In addition, functionalization of
GO and G can be performed to make them dispersible in other coating systems or less volatile
solvents.

With respect to deposition time and antifouling properties, the lowest number of coating
numbers are preferable as the antifouling properties of the prepared coatings appeared
independent of number of coating layers. Therefore, the two layer 0.250 wt% GO coating may
serve as the optimal choice with respect to antifouling properties among the prepared coatings
in this master’s thesis. However, the mechanical properties must be investigated before making
a final conclusion to evaluate if the prepared coatings are suitable for marine environments.
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6 Conclusion

In this work, epoxy based coatings with GO and G additions have been successfully deposited
by using the spray coating deposition technique. The epoxy sols and G slurries appeared stable
over time. The GO slurries were found to be partly stable, although the stability increased
with increasing GO content. Polymeric stabilization seemed to be the dominating stabilization
mechanism due to the significant polymer content within the slurries.

Antifouling properties of the prepared coatings were investigated after submerging coated
samples and un-coated reference substrates in a biofilm reactor with an algae culture and algae
nutrition. A realistic algae environment was obtained by using an algae tribal culture in which
the major fouling organism was characterized as diatoms. All the coated samples exhibited
significantly less biofouling compared to un-coated substrates. This was most likely due to
the reduced surface roughness on the coatings and diatoms favoring the hydrophobic substrate
surfaces rather than the hydrophilic coating surfaces. The difference in wettability is most
likely related to the presence of more polar groups within the coatings.

The GO and G coatings exhibited better antifouling properties compared to the epoxy coatings
most likely because of an additional antifouling mechanism. Oxidative stress induced by
reactive oxygen species was assumingly the dominating additional antifouling mechanism.
The antifouling behavior of the coated samples increased with GO and G content within
the coatings and was found to be independent of number of deposited coating layers. After
submersion for two weeks, the diatom growth occurring on GO coatings and G coatings
compared to their un-coated reference substrates were less than 1% and 40%. The significantly
greater antifouling properties of GO is most likely related to the larger lateral sheet size of
GO within the coatings. Due to the larger GO particles, the surface roughness of GO coatings
were slightly increased which resulted in greater surface contact between GO and the marine
growth. The antifouling properties of the G coatings may be enhanced by increasing the lateral
sheet size or utilizing an epoxy-silicone elastomer coating matrix.

The algae growth occurring on submerged samples was quantified with respect to average
number of diatoms and percent diatom covered area. Estimation of marine growth based
on number of diatoms was found to be the best quantification method as the area of each
diatom was hard to estimate. In addition, the biofilm thicknesses were successfully estimated
using fluorescence microscopy in combination with the software MATLAB. However, the
quantification methods could benefit from investigating a larger percent of the sample area and
using a bacteria or algae culture of known composition in the biofilm generation experiments.

With respect to surface properties, small microcracks were observed on all the coated samples
and are most likely attributed to the use of volatile solvents in the sols and slurries. Therefore,
optimization of the coatings with respect to obtaining crack-free surfaces should be performed.
However, the coatings remained well-adhered to the substrates even during the biofilm
generation experiments.

Among all the prepared coatings, the 0.250 wt% GO coatings exhibited the best antifouling
properties in addition to great surface properties. Two coating layers seems to be optimal with
respect to antifouling properties and environmental emissions, but further investigation of their
surface and mechanical properties should be performed to evaluate their marine applicability.
In addition, the promising antifouling properties of GO and G coatings should be investigated
further to optimize their antibacterial behavior.
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7 Further work

The prepared coatings exhibited promising antifouling properties after being submerged in the
biofilm reactor to generate biofilms. However, further biofilm assessments should be performed
to confirm the findings of this experimental work. In addition, biofilm generation experiments
should be conducted for un-coated and epoxy coated samples without the presence of GO or G
containing coatings. Thereby, the antifouling properties can be investigated without any effects
of possible GO or G emissions in the seawater within the biofilm reactor.

The quantification method based on number of diatoms can be improved by measuring more
than 40% of the sample surface as the diatoms was found growing unevenly on the sample
surfaces. In addition, the biofilm thickness estimations based on fluorescence microscopy and
utilization of MATLAB can be more accurate by estimating the biofilm thickness at a larger
number of sample positions.

With respect to characterization of antifouling properties, it will be beneficial to use a bacteria
or algae culture of primary colonizers with known composition. The diatom Amphora has been
reported to settle easily on most surfaces and may therefore serve as a suitable option for the
algae tribal culture. In further work, an algae or bacteria culture of known composition could be
favorable with respect to the quantification methods regarding number of diatoms and biofilm
thickness developed in this thesis. The composition should be measured before and after the
biofilm generation experiments by using for instance flow cytometry. The fluorescence signal
of the algae growth could benefit from inducing staining markers in the algae culture within
the biofilm reactor. To optimize the biofilm assessment basis, the prepared samples should be
investigated in parallel experiments with bacteria or algae cultures of the same age or within the
same growth cycle.

Even though the prepared coatings exhibited promising antifouling properties, the mechanical
properties of the coatings must be characterized to evaluate the applicability in marine
environments. Scratch resistance, coating hardness and elastic modulus are properties which
should be evaluated in the further work as these properties are of great interest for marine
coatings. In addition, the water uptake of the prepared coatings should be considered by
measuring the weight difference of submerged samples. It would also be beneficial to
investigate the properties of the prepared coating when being deposited onto steel substrates
which are more commonly used in marine industries compared to the polyethylene substrates.

The coating system should be optimized with respect to the combined effects of mechanical,
surface and antifouling properties as well as consumption of sols and slurries due to
environmental emissions. Utilizing epoxy-silicone elastomer coatings may enhance the
antifouling properties of G in addition to lowering the required solvent content. Increasing the
GO content seems promising with respect to slurry stability and antifouling properties. The
solvent content could be reduced to avoid less microcracks as long as it does not affect the
sprayability of the coatings significantly. Another approach could be to use a coating deposition
technique as dip coating which is suitable for higher viscous coating slurries. Finally, the
promising antifouling properties of GO and G could probably be enhanced by optimizing the
lateral sheet sizes within the coatings.
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Appendix

A Calculations

Epoxy coatings were made with graphene oxide (GO) or graphene (G) as antifouling agents and
the material properties of the chemicals involved in the synthesis are shown in Table A.1.

Table A.1: Material properties of the chemicals used to prepare epoxy coatings [140, 141, 188, 189,
190, 191]. Graphene oxide (GO) and graphene (G) were dispersed as antifouling (AF) agents within the
epoxy coatings.

Chemical Abbreviation Function
Molar mass,
Mm [g/mol]

Density,
ρ [g/mL]

Purity,
p [-]

Molar ratio,
mr [-]

DGEBA D Resin 340.41 1.160 1.000 1.0
Epikote E Resin 184.00 - 190.00 1.160 1.000 1.0

PPGBAE P Curing agent 230.00 0.948 1.000 0.5
Ethanol EtOH Solvent 46.07 0.790 0.999 -
Acetone - Solvent 58.08 0.792 0.990 -

Graphene oxide paste GO paste AF agent - - 0.100 -
Graphene-Epikote dispersion G-Epikote Precursor G slurries - - 0.006 -

A.1 Synthesis of epoxy sols

Epoxy sols with 90 wt% solvent compared to mass epoxy were prepared with a fixed mass
of epoxy set to 60 g. The mass of solvent required to obtain the given weight ratio (wr) was
calculated by the following equation:

ms[g ] = mepox y ·wr (A.1)

With ms being the mass of solvent, mepox y being the fixed mass of epoxy and wr being the
chosen weight ratio between solvent and epoxy set to 0.9.

The mass percent of epoxy (mpepox y ) compared to the solvent was then found by

mpepox y [−] = mepox y

mepox y +ms
(A.2)

The solvent mixture for the DGEBA sol contained 50 wt% Acetone and 50 wt% EtOH. Acetone
was the only solvent in the Epikote sol. The mass of each solvent component required to prepare
the DGEBA sol was calculated by the following equation:

macetone [g ] = mEtOH [g ] = ms ·0.5 (A.3)

The required mass of solvent in the Epikote sol was calculated by Equation A.1. The required
mass of each component required to synthesize the epoxy sols are shown in Table 3.4.

A.2 Synthesis of GO slurry

GO slurries were made by extracting 50 g of the prepared DGEBA sol and mixing with desired
amounts of GO paste to obtain slurries with 0.125, 0.250, 0.500 and 0.750 wt% GO compared



to mass DGEBA. The mass of DGEBA in the extracted sol (mDsl ur r y ) was found by

mD sl ur r y [g ] = mpD ·msol (A.4)

With mpD being calculated using Equation A.2 and msol being the extracted mass of DGEBA
sol set as 50 g.

The mass of solvent (ms , sl ur r y ) in the extracted sol was found by

ms , sl ur r y [g ] = msol −mD sl ur r y (A.5)

The required mass of GO to prepare the GO slurries was found by the following equation:

mGO sl ur r y [g ] = wrGO ·mD sl ur r y (A.6)

Where wrGO is the weight ratio of GO compared to mass DGEBA and mass of DGEBA in the
extracted sol (mDsl ur r y ) being calculated in Equation A.4.

As the GO paste used in the preparation contained 10 wt% GO, the mass of GO paste to be
added to obtain the desired weight ratios of GO compared to DGEBA was calculated by

mGO,paste sl ur r y [g ] = mGO sl ur r y

wrGO paste
(A.7)

with wrGO paste being the purity of the GO paste reported as 0.1 as shown in Table A.1.

The masses of each component required to prepare GO slurries are shown in Table 3.5.

A.3 Synthesis of G slurries

Graphene slurries containing 0.125 wt% G and 0.250 wt% G compared to mass Epikote was
prepared from the distributed graphene-Epikote dispersion with 0.6 wt% G. The G slurries
should contain the same amount of epoxy as the GO slurries, and the required mass of Epikote
in the G slurries (mEsl ur r y ) are therefore equal to the mass of DGEBA in the GO slurries which
was calculated in Equation A.4.

The solvent in the G slurries is only acetone and the weight ratio between acetone and Epikote
in the slurries was set as 0.9. Mass acetone can be calculated using Equation A.1.

The required mass of graphene in the slurries (mGsl ur r y ) was found using Equation A.6 with the
weight ratio being set as 0.00125 and 0.00250. The mass of the G-Epikote to obtain the required
mass of graphene in the slurries was calculated by

mG−E pi kote [g ] =
mGsl ur r y

wrG−E pi kote
(A.8)

With wrG−E pi kote being 0.006 as shown in Table A.1.

The mass of Epikote in the required mass of the 0.6 wt% G-Epikote dispersion is found by

mEG−E pi kote [g ] = mG−E pi kote · (1−0.006) (A.9)



The mass of extra Epikote which must be added to obtain the desired Epikote amount in the
slurries can then be calculated as

mEextr a [g ] = mEsl ur r y −mEG−E pi kote (A.10)

The masses of each chemical required to prepare the 0.125 wt% and 0.250 wt% G coatings are
found in Table 3.6.

A.4 Coating batches

The masses of each coating corresponding to the mass required for one coating layer were found
using the calculations explained in the following part. The mass required for one coating layer
is referred to as one sol batch or slurry batch.

Sol batches
The calculations for DGEBA and Epikote are similar and therefore the calculations will be
shown using the index epoxy which is referring to DGEBA and Epikote.

The mass of epoxy sol (msolbatch ) in each batch was set as 0.5 g. The mass of epoxy in 0.5
g sol was calculated using Equation A.4 with the mass percent of the epoxy calculated using
Equation A.2 as illustrated below:

mepox ybatch [g ] = mpepox y ·msolbatch (A.11)

The corresponding number of moles epoxy was found by

nepox ybatch [mol ] = mepox ybatch

Mmepox y
(A.12)

For the Epikote epoxy, a molar mass of 187 g/mol was used in the calculations.

The corresponding number of moles of the curing agent was found from

nPbatch [mol ] = nepox ybatch ·mrP

mrepox y
(A.13)

With mrP and mrepox y being the molar ratios of the curing agent (PPGBAE) and the epoxy resin
found in Table A.1.

The required volume of curing agent to be added to each batch was calculated by

VPbatch [mL] = nPbatch ·MmP

ρP ·pP
(A.14)

With the molar mass (Mm), density (ρ) and purity (p) of the curing agent found in Table A.1.

It should be noted that the mass of epoxy will be the same in each batch, but number of moles
differ as the epoxies exhibit different molar masses.

The required masses of epoxy sols and curing agent related to one batch which corresponds to
one coating layer to be deposited, are shown in Table 3.8.



Slurry batches
The mass of epoxy in the slurry batches were set to be the same as the mass of epoxy in the
corresponding sol batches which were calculated using Equation A.11.

The mass of solvent in the slurry batches (msol ventsl ur r ybatch ) were the same as the mass of
solvent in the corresponding sol batches and could therefore be found from

msol ventsl ur r ybatch [g ] = msolbatch −mepox ybatch (A.15)

with the msolbatch being set to 0.5 g and mepox ybatch being calculated in Equation A.11.

The desired mass of GO and G to be present in each batch was set as 0.125 wt% and 0.250 wt%
compared to mass epoxy. The mass of GO or G in the batch could therefore be calculated as

mag entbatch [g ] = mepox ybatch ·wrag ent (A.16)

With the index agent referring to GO or G and wr being the weight ratio between the agent and
epoxy.

As GO was added to the slurry in form of GO paste which contains 10 wt% GO, the mass of
GO paste in the batch could be calculated as

mGOpastebatch [g ] = mGObatch

pGO
(A.17)

With mGObatch being calculated with Equation A.16 and the purity of the GO paste being
reported as 0.1 as shown in Table A.1.

The required mass of GO slurry to obtain one batch with the same mass of DGEBA as the
DGEBA sol batches was

The required mass of the GO slurries to obtain one batch could then be calculated using the
following Equation:

mGOslur r ybatch [g ] = mepox ybatch +mGOpastebatch +msol ventsl ur r ybatch (A.18)

With the index being DGEBA for the epoxy and acetone and ethanol for solvent.

The required mass of G slurries to obtain one batch was calculated with the following Equation:

mGsl ur r ybatch [g ] = mepox ybatch +mag entbatch +msol ventsl ur r ybatch (A.19)

With the index being Epikote for epoxy, G for agent and acetone for solvent.

GO slurry batches and DGEBA sol batches contained the same amount of DGEBA and therefore
the same volume of curing agent calculated in Equation A.14 was added. The same case
appeared for the G slurry batches and the Epikote sol batches.

The required slurry masses required to prepare one GO slurry batch and G slurry batch are are
found in Table 3.8.
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B Dimensions of biofilm reactor





C MATLAB-code for estimations of biofilm thicknesses

The czi-files containing the Z-stacks from the measurements performed in Zeiss LSM 800 were
converted to binary files by using ImageJ. The procedure is described in the following:

1. Open the czi-file: File −→ Open

2. Duplicate the entire Z-stack: Right-click on the opened file and choose duplicate

3. Put on a medianfilter: Process −→ Filters −→ Median (2 pixels radius)

4. Enter a treshold to convert to binary image: Image −→ Adjust −→ Treshold ...

5. Choose methods and background: Otsu and B&W, check for "Dark background"

6. Click on Apply

7. Calculate the threshold for each image: Method: Otsu, Background: Dark and check for
"Calculate threshold for each image"

8. Save the stach as a .TIFF file: File −→ Save As −→ TIFF ...

9. Note the voxel depth (called dz in the MATLAB-code below): Image −→ Properties

The following MATLAB-code was developed by Senior Engineer Astrid Bjørkøy and was used
by the author to estimate the biofilm thicknesses of the binary files. The voxel depth (dz in the
code) was adjusted for each image.

1 clear BW2 th
2 data = bfopen('C:\Users\marit\OneDrive\Dokumenter\MATLAB\
3 GO-ref-pos1-binary-tiffile');
4 prompt={'Enter slice'};
5 name='Input for first slice ';
6 defaultanswer={'1'};
7 numlines = 1;
8 Inputanswer = inputdlg(prompt,name,numlines,defaultanswer,'on');
9

10 sl_1 = str2double(char(Inputanswer));
11 seriesCount = size(data, 1)
12 series1 = data{1, 1};
13 series1_planeCount = size(series1, 1)
14 d = size(series1{1, 1});
15

16 z = size(series1)
17 imstr(3) = z(1)
18 dz = 1.09;
19

20 maske = ones(d(1),d(2));
21 for i = 1:z(1)
22 BW2(:,:,i) = series1{i,1};
23 end
24

25 [r,c] = find(maske);
26 thpix = zeros(d(1),d(2));



27 poro = zeros(d(1),d(2));
28 topo = zeros(d(1),d(2));
29 th(1:length(r)) = 0;
30 for i = 1:length(r)
31 T = BW2(r(i),c(i),:);
32 k = find(T);
33 if isempty(k)
34 thpix(r(i),c(i)) = 0;
35 poro(r(i),c(i)) = 0;
36 topo(r(i),c(i)) = 0;
37 else
38 th(i) = (k(end)-k(1)+1)*dz;
39 topo(r(i),c(i)) = (series1_planeCount - k(1))*dz;
40 thpix(r(i),c(i)) = k(end)-k(1)+1;
41 poro(r(i),c(i)) = (length(k))/(k(end)-k(1)+1);
42 end
43 end
44

45 [a,b,Bio_th] = find(th);
46 disp('thickness and st.dev: ');
47 mean(Bio_th)
48 std(Bio_th)
49 disp('coverage: ');
50 length(Bio_th)/length(r)
51 Bio = sort(Bio_th);
52 %outliers = find(Bio > (mean(Bio_th)+2*std(Bio_th)));
53 %disp('outliers: ');
54 %length(outliers)/length(Bio_th)
55

56 figure
57 imagesc(topo)
58 colorbar
59

60 clear BW2



D FTIR-spectra of sols and slurries

The DGEBA sol and Epikote sol compositions appear stable over time as no significant changes
in their transmittance spectra are observed as shown in Figure D.1. The transmittance spectra
of the one day old DGEBA sol overlaps completely with the three weeks old DGEBA sol at
wavenumbers ranging from 1710-2850 cm−1 in Figure D.1 and is therefore not visible.

(a) DGEBA sol

(b) Epikote sol

Figure D.1: The composition of the DGEBA sol and Epikote sol appear stable over time as no significant
changes in their transmittance spectra are observed.



The full scale FTIR-spectra of three weeks old GO and G slurries and epoxy sols displaying the
overlap of functional groups is shown in Figure D.2.

Figure D.2: Transmittance spectra of GO and G slurries and epoxy sols three weeks after preparation.
The most significant changes are observed at peaks around 1710 cm−1 and in the range 3211-3533 cm−1.



E Viscosity analysis

The viscosity estimations found in Table 4.2 was found by plotting shear stress against
decreasing shear rates and performing linear regression which is shown in Figure E.1.

Figure E.1: Linear regressions of shear stress plotted as a function of decreasing shear rates.





F Surface roughness profiles

Surface profiles obtained from profilometer analysis of un-coated substrate and the four layer
prepared coatings are shown in Figure F.1. Three positions per sample were measured. Surface
profiles of the un-coated substrate and 0.250 wt% GO coating are also shown in Figure 4.15.

(a) Un-coated substrate (b) DGEBA coating

(c) Epikote coating (d) 0.125 wt% GO coating

(e) 0.250 wt% GO coating (f) 0.125 wt% G coating

(g) 0.250 wt% G coating

Figure F.1: Surface profiles obtained from profilometer measurements. Surface profiles of the un-coated
substrate and 0.25 wt% GO coating are also shown in Figure 4.15.





G Diatom growth on coated samples

The diatom growth in terms of number of diatom and percent diatom covered area for GO and
G coatings being submerged for two weeks and four weeks are shown in Table G.1 and G.2
respectively.

Table G.1: Diatom growth on coated samples after submersion for two weeks.

Coating type
[-]

Weight percent
GO or G [wt%]

Number of
coating layers [-]

Number of
diatoms [-]

Diatom covered
area [%]

GO

0.0
2 1.33 0.09
3 2.33 0.11
4 1.83 0.08

0.125
2 0.67 0.03
3 0.67 0.03
4 10.83 0.45

0.250
2 0.25 0.01
3 0.33 0.01
4 0.50 0.02

G

0.0
2 35.42 1.77
3 35.25 2.47
4 20.75 1.36

0.125
2 15.58 0.87
3 26.83 1.26
4 23.50 1.15

0.250
2 1.08 0.04
3 13.92 0.50
4 14.58 0.50



Table G.2: Diatom growth on coated samples after submersion for four weeks.

Coating type
[-]

Weight percent
GO or G [wt%]

Number of
coating layers [-]

Number of
diatoms [-]

Diatom covered
area [%]

GO

0.0
2 1.92 0.08
3 1.92 0.14
4 8.33 0.33

0.125
2 0.75 0.03
3 1.42 0.04
4 0.92 0.05

0.250
2 1.75 0.08
3 1.08 0.06
4 1.17 0.06

G

0.0
2 118.33 8.34
3 10.91 0.58
4 23.17 1.21

0.125
2 26.83 0.92
3 18.92 0.87
4 21.75 1.01

0.250
2 25.17 1.04
3 5.25 0.17
4 111.83 3.77
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