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corrosdo, antivegetativo, sensores, revestimentos funcionais, encapsulacao,
inibidores de corroséo, biocidas, micro e nanocapsulas, reservatérios.

Este trabalho reporta uma possivel abordagem para o desenvolvimento de
novos revestimentos funcionais utilizados para prolongar o tempo de vida de
estruturas metalicas. As funcionalidades selecionadas e atribuidas a
revestimentos, no ambito deste trabalho, foram a prote¢do a corrosdo, auto-
sensora e prevencgdo da bioincrustacdo (antivegetativa). O modo usado para
conferir essas funcionalidades aos revestimentos modelo teve como base a
encapsulacdo de compostos ativos (inibidores de corrosao, indicadores de pH
e biocidas) em micro e nanocontentores seguido da sua incorporacdo nas
matrizes dos revestimentos.

Para conferir prote¢do ativa contra a corrosdo, um inibidor de corrosdo (2-
mercaptobenzotiazola, MBT) foi encapsulado em dois diferentes contentores,
em nanocdapsulas de silica (SINC) e em microcapsulas poliureia (PU-MC). A
incorporagdo dos dois contentores em dois revestimentos modelo mostram
uma melhoria significativa na prote¢do a corrosdo da liga de aluminio 2024
(AA2024). Seguindo a mesma abordagem, SINC e PU-MC também foram
utilizados na encapsulacdo de fenolftaleina (um indicador de pH muito
conhecido) para introduzir propriedades sensoras em revestimentos
poliméricos. SINC e PU-MC contendo fenolftaleina atuaram como sensores de
corrosdo, demonstrando uma coloracdo rosa devido ao inicio da reacao
catodica, resultado num aumento de pH identificado por essas capsulas. O
desempenho como sensor foi comprovado em suspenséo e quando integrados
em revestimentos para a liga de aluminio 2024 e de magnésio AZ31.

De forma similar, a atividade biocida (antivegetativa) foi conferida a duas
matrizes poliméricas usando SiNC para encapsulacdo de um biocida (dicloro-
2-octil-2H-isotiazol-3-ona, DCOIT). As SINC-MBT também foram testadas
como biocida. A atividade antivegetativa desses dois compostos encapsulados
foi avaliada através da inibicdo e consequente diminuicdo da bioluminescéncia
da E. coli modificada. Esse efeito foi verificado em suspensdo e quando
incorporado em revestimentos para a liga de aco carbono AISI 1008.

Os micro e nanocontentores desenvolvidos demonstraram o desempenho
desejado, permitindo a introducdo de novas funcionalidades a revestimentos
modelo, mostrando potencial para serem usados como aditivos funcionais para
a proxima geracao de revestimentos multifuncionais.
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This work reports one possible way to develop new functional coatings used to
increase the life time of metallic structures. The functionalities selected and
attributed to model coatings in the frame of this work were corrosion protection,
self-sensing and prevention of fouling (antifouling). The way used to confer
those functionalities to coatings was based on the encapsulation of active
compounds (corrosion inhibitors, pH indicators and biocides) in micro and
nanocontainers followed by their incorporation into the coating matrices.

To confer active corrosion protection, one corrosion inhibitor (2-
mercaptobenzothiazole, MBT) was encapsulated in two different containers,
firstly in silica nanocapsules (SINC) and in polyurea microcapsules (PU-MC).
The incorporation of both containers in different models coatings shows a
significant improvement in the corrosion protection of aluminum alloy 2024
(AA2024). Following the same approach, SINC and PU-MC were also used for
the encapsulation of phenolphthalein (one well known pH indicator) to introduce
sensing properties in polymeric coatings. SINC and PU-MC containing
phenolphthalein acted as corrosion sensor, showing a pink coloration due to
the beginning of cathodic reaction, resulting in a pH increase identified by those
capsules. Their sensing performance was proved in suspension and when
integrated in coatings for aluminium alloy 2024 and magnesium alloy AZ31.

In a similar way, the biocide activity (antifouling) was assigned to two polymeric
matrices using SINC for encapsulation of one biocide (Dichloro-2-octyl-2H-
isothiazol-3-one, DCOIT) and also SINC-MBT was tested as biocide. The
antifouling activity of those two encapsulated compounds was assessed
through inhibition and consequent decrease in the bioluminescence of modified
E. coli. That effect was verified in suspension and when incorporated in
coatings for AISI 1008 carbon steel.

The developed micro and nanocontainers presented the desired performance,
allowing the introduction of new functionalities to model coatings, showing
potential to be used as functional additives in the next generation of
multifunctional coatings.
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Introduction

The main objective of this work is the development of micro and nanoreservoirs for
immobilization of active compounds, namely corrosion inhibitors, indicators and biocides,
which can be incorporated in smart functional coatings. The idea is to confer new
functionalities through the incorporation of active compounds in coatings, without the
drawbacks typically attributed to the direct addition of such species to coating
formulations. These drawbacks can be overcome by encapsulation, which protects the
active compound from surroundings avoiding their deactivation, the negative interaction
with coating matrix and allowing the controlled release of the encapsulated compounds.
This PhD thesis reports part of the work developed in the last four years, where several
attempts to create new micro and nanocontainers were performed, some of them did not
result according to our expectations and some of them were successful.

The most important results obtained are presented in the following chapters, divided by
system, active compound (functionality) and application.

The work is divided into several chapters, where the first one report the state of art related
to subject of this thesis and provide useful information related to the thesis topic. The
second chapter summarizes the details on the performed experimental work and contains
general information about the characterization techniques. More detailed information about
techniques and procedures used during this work is reported in the next individual chapters
which are composed by complementary published papers.

The most important results obtained are presented in subsequent chapters, divided by
hosting structure system, active/guest compound (functionality) and application. Chapters
3 and 4 report the encapsulation of 2-mercaptobenzothiazole (MBT), a well-known
corrosion inhibitor, using two different types of reservoirs: silica nanocapsules and
polyurea microcapsules, respectively, and their incorporation in model formulations for
corrosion protection of aluminium alloy 2024 (AA2024). Chapters 5 and 6 describe the
encapsulation of phenolphthalein, a pH indicator, in silica nanocapsules and polyurea
microcapsules, and consequent application of coatings for early detection of corrosion
process for AZ31 magnesium alloy and for AA2024. The encapsulation of biocide 4,5-
Dichloro-2-octyl-4-isothiazolin-3-one (DCOIT) in silica nanocapsules is reported together

with the encapsulation of MBT in chapter 7. The application of these encapsulated systems
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in antifouling coatings for carbon steel substrates is discussed. Text and data reported in

chapters 3 to 7 were already submitted and/or published in peer reviewed journals

specialized in corresponding fields.
The last chapter — chapter 8 — reports general conclusions of all the work developed and

points out future activities in the field of multifunctional coatings.
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State of the Art
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1. State of the art

Nowadays, most of the objects and structures present in our daily life are coated materials.
Coatings play an important role conferring specific functionalities, from protection to
decorative purposes. The activities on development of new coatings with novel features
have drastically increased in recent times [1] in order to expand the market offer and the
lifetime of coated substrates, preventing their early degradation.

1.1. Corrosion

One of the most common types of material degradation (in particular for metals) is
corrosion. Every day in our routines is possible to observe the effects of corrosion in
simple consumer goods and/or in important infra-structures, such as bridges, electrical
towers, highways and pieces of transportation vehicles [2]. The economic impact of
corrosion was estimated to be 4.2% of gross national product (GNP), equivalent to $100
billion in USA and around €200 billion in Europe [3, 4]. The global energy lost each year
associated with this problem is approximately 1/5. [4].

Corrosion can be defined by “the physic-chemical interaction between a metal and its
environment, which results in changes in the properties of the metal and which may often
lead to impairment of the function of the metal, the environment, or the technical system of
which these form a part” (ISO 8044-1986).

In a very simple way, corrosion is typically characterized by two half-reactions, one anodic
(oxidation of the metal) and another cathodic (reduction of oxygen), as represented in the

following equations [2, 5]:

Anodic reaction: M — ne” + M™* (Eg. 1)
Cathodic reaction in neutral/alkaline conditions: Oz + 2H20 + 4" — 4HO™ (Eq. 2)
Cathodic reaction in acidic conditions: Oz + 4H" + 4¢- — 2H,0 (Eg. 3)
Hydrogen evolution: 2H" + 2e” — H2(g) (Eq. 4).

The type of material and the properties of the environments affect significantly the way
how material is degraded and how the corrosive process will occur. Thus, the assessment

of corrosion is very complex and depends upon several parameters including temperature,
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pH, the type of materials involved and the atmosphere/environment where they are
exposed.

In this work three different metallic alloys were used: aluminum alloy 2024-T3 (AA2024-
T3), magnesium alloy AZ31 and carbon steel AISI 1008. According to the specific
composition (Table 1, Table 2 and Table 3 [6-8]) and intrinsic properties of each alloy, the
way how they corrode is also completely different. AA2024-T3 and magnesium alloy
AZ31 are light alloys very used in aeronautic industry while carbon steel AISI 1008 is used

in maritime industry.

Table 1: Chemical composition of AA2024-T3 [6].

Chemical composition (wt %)

Cu Fe Mg Mn Si Zn Ni Y Zr

4.45 0.28 1.34 0.54 0.065 0.14 15 ppm 120 ppm 20 ppm

Table 2: Chemical composition of magnesium alloy AZ31 [7].

Chemical composition (wt %)

Al Zn Mn Si Cu Fe Ni Ca Zr

3.1 0.73 0.25 0.02 <0.001 0.005 <0.001 <0.01 <0.001

Table 3: Chemical composition of carbon steel AISI 1008 [8].

Chemical composition (wt %)

C Mn P S Si Cu Ni Cr Mo Sn Al Ti Ca N

0.04 0.28 0.007 0.006 0.003 0.05 0.03 0.04 0.03 0.008 0.041 0.001 0.0001 0.0015

AA2024-T3 is characterized by the presence of high content of copper and magnesium
elements in its composition, which can lead to a formation of micro-galvanic couples with
intermetallic particles and consequent localized corrosion (pitting), as explained in Figure
1, one of the most dangerous types of corrosion. On the other side, magnesium alloy AZ31
is characterized by the presence of a significant amount of aluminum in its composition
which results in a beneficial effect on the corrosion behavior in chloride media [7] and
carbon steel AISI 1008 is characterized by the low amount of carbon on their composition

making it more malleable and ductile. Both magnesium and steel alloys present a uniform
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corrosion which is less problematic, from the point of view of its detection, since it is
easily observed as shown in Figure 2.

The most common type of corrosion is uniform or general corrosion (Figure 2), which
results in the uniform dissolution and reduction of metal thickness over the exposed
surface. General corrosion is responsible for most of the corrosion induced consumption,
nevertheless it’s easily detected and quantified which facilitate its prediction and control.
Another important type of corrosion is pitting (Figure 1 and Figure 2), which is a localized
and self-propagated form of corrosion characterized by the formation of extensive holes in
the metal. Pitting occurs when a spot in the surface becomes anodic or cathodic while the
rest of the exposed surface is cathodic or anodic, respectively. This is one of the most
dangerous type of corrosion due to the small size of pits and their difficult localization. The
autocatalytic behavior of pitting leads to severe damages in the metallic substrates through
the creation of huge and internal cavities, making this form of corrosion very common in
metal alloys like AA2024-T3 [6].

Exchange between S-phase

{a) Anode at surface and cathodic IM particles
Gy
S-phase
(b) Anode in base Cu-enrichment

of trenches

-

- —— -

(C) Anode penetrates into grain
boundary network o /
o]

S-phase
Remnant

Cathode Cathode Cathode Cathode

Figure 1: Model of co-operative corrosion. (a) Represents initiation through coupling of IM anodes and
matrix with cathodes at the surface, (b) the formation trenching around the cathodic particles driving
the active anode into the base of trenches where an acidic anolyte solution develops, initial copper-
enrichment occurs during this period and (c) as the corrosion proceeds, the anode is driven into the

grain boundary network. (Reprinted from [6], Copyright © 2011 with permission from Elsevier).
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No corrosion Uniform Pitting

Figure 2: Differences between uniform and localized (pitting) corrosion.

There are a few primary methods to prevent and mitigate corrosion. The first one is related
to the selection and design of materials. Each material has an intrinsic corrosion rate, some
are more resistant then others. Combining the materials nature and some design principles
Is possible to increase the life time of materials and reduce the maintenance costs. One of
the main strategies used to control corrosion is based upon coating application, which
according to their chemical nature can be divided in metallic and nonmetallic. The metallic
coating can be used to improve the corrosion resistance by application of a noble metal
(taken the advantage of their intrinsic characteristics) or using one metal more active,
working as a sacrificial coating (the one where corrosion is preferential) and protecting the
main substrate. In the case of nonmetallic coating, the idea is to protect the substrate,
through the creation of a barrier between substrate and the external environment, avoiding
the contact with aggressive species in the corrosive media [2]. One important way to
control corrosion is the use of corrosion inhibitors, which is “a substance which retards
corrosion when added to an environment in small concentrations” (NACE). Corrosion
inhibitors act by one or more of these mechanisms:

i) adsorption on the surface of a corroding material as a thin film,

i) inducing formation of a thick corrosion product,

iii) forming a passive film on the metal surface,

iv) changing characteristics of the environment either by producing protective

precipitates or by removing or inactivating an aggressive constituent.
Regarding the way they act, corrosion inhibitors can be classified by different classes, such
as passivating, cathodic, organic, precipitate-inducing and vapor-phase corrosion inhibitors

[9]. These inhibitors can be introduced in protective coatings and/or in primers, being
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leached in coating defects decreasing the corrosion process. The combination of two or
more primary methods previously described and the synergic effect achieved by them are
the best way to avoid and mitigate corrosion.

There are some methods to control and protect structures from corrosion, however it is
always very complex and there are several variables to consider and adjust. Corrosion is an
electrochemical process and sometimes other natural processes, can influence the typical
corrosive process. One common process is the formation of biofilm, especially in wet
environments, which changes completely the electrochemical process and the interactions
in the interface metal-solution. This modification (also a type of corrosion) is called
microbiologically influenced corrosion, or microbial corrosion or biological corrosion
(MIC) and reflects how biofilm formation affect the corrosive process [10-12].

The presence or absence of living organisms has a significant role in the life time of
structures and also affects their degradation. The adhesion and accumulation of
microorganisms in wet surfaces has very often a synergetic effect with corrosion in the

degradation processes. That phenomenon is denominated biofouling.

1.2 Biofouling

The formation of biofilm, as a result of bacterial activity, in wet conditions is a very
complex process and involves the medium, the type of surface and the presence and type of
bacteria. In a very simple way the biofilm formation begins with the accumulation
(physical adhesion or adsorption) of organic matter and minerals. This initial film is
formed in seconds. The following step is the settlement and growth of pioneer bacteria
forming the biofilm matrix (primary colony). The presence of such film allows the
retention of nutrients (food), which are essential for the fixation of multicellular species
(e.g., spores of macroalgae). This step is called microfouling and can be formed in hours to
a few days. The growth and maturation of biofilm leads in the capture of other organisms
and particles, such as larvae of marine macroorganisms, resulting in very complex colonies

with a high diversity of fouling organisms [13, 14], as represented in Figure 3.
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Figure 3: Development processes of marine biofouling. (Reprinted with permission from [13, 15],

Copyright © 2012, American Chemical Society).

Biofouling and corrosion processes are intimately related. The presence of living
organisms attached to the metal substrate surfaces generates a set of specific conditions
that weaken that surface, causing the appearance of cracks and pores, and contributing for
the progress of corrosion. The economic impact of these processes is considerable. It
includes costs associated with regular maintenance operations, replacement of offshore
structures, or expenditure of extra fuel because of the increase of drag forces in ships [16].
The effects and consequences of biofouling and their influence in corrosion are observed in
different fields, not only in maritime environments. Coetser and Cloete report the influence
of biofouling and biocorrosion in industrial water systems [17] on the surface of different
pieces of industrial equipment and the damages caused by the biofilm formation, namely
the contamination of pharmaceutical or microelectronic products, unexpected corrosion of
stainless steel, the reduction on the heat exchanger efficiency and the premature
destruction of mineral materials [17]. In a similar way, industrial equipment failures were
found to be caused by MIC [18], where three technical equipments made with different
metallic alloys (carbon steel heat exchanger, floating roofs made of magnesium-aluminum
alloy and engine cooling system made of cast aluminum alloy) failed due to the presence
of microorganisms [18].

Although the effect of biofilm formation on metallic surfaces is mainly negative, there are
some examples where the formation of biofilm reduces the corrosion rate of some metallic
alloys as reported in the Mansfeld’s review article [19]. The author shows the corrosion
inhibition in some metallic alloys in the presence of specific bacteria, contributing to the
increase of the open-circuit potential (Ecorr) due to the formation of a biofilm. In the same
direction the pitting process of AA2024-T3 in artificial seawater was controlled by the

formation of a regenerative biofilm, decreasing the oxygen concentration in the surface of
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AA2024 and the corrosion potential became nobler in the presence of bacteria Bacillus
subtilis [20]. The protective effect is proved when antibiotics were added to artificial
seawater, Killing the bacteria in the biofilm. Within a few hours pitting occurred and the
decrease in the Ecorr Was also observed [21]. The mechanism of biofilm protection is very
complex and still unknown, for that reason there is some controversy on the real benefits of
protective biofilm when compared to damages resulted from their formation on metallic

surfaces.

1.3. Coatings

The most used and efficient way to control and prevent the degradation of metallic
structures from corrosion and biofouling is the application of protective coatings with
anticorrosive and antifouling functionalities [22, 23].

Coating, in a very simple way, is defined as a material which is applied onto a surface and
appears as either a continuous or discontinuous film. It can also be described as a physical
separation between one substrate and their surrounding environment. The most common
coating applications are for protective, decorative and functional purposes, or a
combination of these three. Depending on the application, it can be constituted by several
layers, where each layer plays a specific function. A typical example of a coating system
used in aeronautical industry is shown in Figure 4 [24]. The first layer is the result of the
substrate pretreatment and is normally called conversion coating. This layer provides
corrosion protection and improves the adhesion between the substrate and the primer. It is
characterized by a very thin inorganic layer, typical between a few nanometers to few
micrometers. The second layer (primer) is composed by a pigmented organic matrix and
affords additional functions to the conversion film. Primer is thicker then conversion film
and can reach dozens of micrometers. Its main function is corrosion protection, by barrier
and inhibitor reservoir. The last layer is named topcoat and has the function to act as a
main barrier against aggressive species that are present in the environment. It can also be
used for decorative purposes. This is thicker layer of full coating system and can attain 2-3
hundreds of micrometers. Full coating system, as presented in Figure 4, is composed by

pretreatment, primer and topcoat [24].
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Figure 4: Schematic of components that make up an aircraft coating system, adapted from [24].

‘Functional coatings’ is a recent term used to describe any extra functionality with respect
to the classic coating properties (barrier effect and decoration) [1]. The additional
functionality (e.g. hydrophobicity, anticorrosive, antifouling, photochromic, self-sensing,
etc.) is normally provided by additives incorporated within the coating or intrinsically by
matrix functionalization. In the last decade the search and development of new coatings
with new functionalities, namely self-healing, anticorrosive, self-sensing and antifouling, is

reflected by the significant number of publications in the field, as depicted in Table 4.

Table 4: Number of hits obtained using specific keywords in a basic search in Web of Science database.

Keyword(s) Number of hits
Self-healing 12738
Self-healing coatings 959
Anticorrosive coatings 6113
Self-healing coatings + corrosion 376
Self-sensing coatings 33
Antifouling coatings 3767

1.3.1. Feedback active coatings for anticorrosion and antifouling applications

In terms of materials degradation, there are some environments which are particularly
aggressive for metal substrates due to humidity, different oxygen concentrations, salinity
(high concentrations of NaCl) and presence of microorganisms, algae and plants, that lead
to corrosion and biofouling of metallic substrates [22, 23].

In terms of corrosion, chromium (V1) based coatings were the most used solution due to
their great anticorrosive performance. Chromium compounds were used both in
pretreatments (chromium (I11) and (VI) conversion coatings) and in primers containing

chromate-based pigments. In a general way, coating matrix acts as protective barrier,
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preventing the direct contact of metal with external environment (passive protection),
whereas the anticorrosive pigments inhibits and suppress corrosion activity (active
protection) when the coating barrier effect fails. Due to high toxicity and carcinogenic
effects of Cr(VI) compounds, these were banned from the market and the scientific
community have been working hard in order to find solutions with similar performance in
terms of corrosion protection but with less health and environmentally-related problems
[24].

In the last years different alternatives to chromium conversion coatings were reported. One
possible approach is based on chromium-free conversion coatings using other inorganic
species (which can also be used as corrosion inhibitors) like rare-earth elements (REE)
[25-28], phosphates, permanganate and vanadate, [28, 29], to create a thick and passivating
layer to improve the corrosion resistance of this film. Another reported solution is based on
the application of sol-gel films [30-34] which confer some passive protection and improves
the adhesion between metallic substrate and the top layers of the coating. Sol-gel layer also
allows the incorporation of corrosion inhibitors, combining passive and active protection
[31, 35, 36]. The formation of regular nanostructured inorganic layers on the metallic
substrates surfaces results on the metal passivation combined with active protection, due to
the possibility to entrap corrosion inhibitors in the structure formed [37-39].

Regarding polymeric coatings containing anticorrosive pigments (primers), different types
of organic and inorganic compounds, like azole derivatives [40-42], inorganic salts such as
vanadate, molybdate and cerium [31, 43-45] and combinations between organic and
inorganic compounds [46, 47] have been considered as alternatives to chromates but many
issues still remain and needs to be solved. Despite the incorporation of inhibitors confer
active protection to polymeric matrices, the direct addition of active compounds to coating
formulations can often promote negative effects on the final applications, namely
deactivation of the active compound due to interaction with coating matrix, promoting
degradation of the latter and spontaneous leaching of the former [48, 49]. One way to
overcome these problems is the encapsulation of active compounds in ‘smart’ micro and

nanocontainers that release the encapsulated compounds in response to specific stimuli.

1.3.1.1. Self-healing coatings for corrosion protection
A new generation of functional coatings has recently appeared the so-called self-healing

coatings. The recovery of the coating protective action in an autonomous way has attracted
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many material scientists. Some of them have focused their research on the recovery of the
coating integrity through encapsulation of a healing agent in a polymeric microcapsule,
dispersing it together with a specific catalyst in the coating matrix as showed in Figure 5.
When the coating cracks, microcapsules embedded in the matrix also ruptures. The healing
agent is released and reacts with the catalyst, polymerizing and repairing the crack and
recovering the coating initial characteristics [50]. Another possibility using the same
methodology is by catalyst encapsulation and dispersing the healing agent droplets in a
matrix together with the microcapsules, as reported by Braun [51].

In the same direction there is a range of organic molecules (or polymers) which forms
dynamic covalent bonds and exhibit interesting properties such as self-healing, shape
memory and environmental adaptation without the presence of any catalyst. A specific
example was reported by Ying where the hindered urea bond was rationally designed by a
chemical modification, resulting in polymers (polyureas and poly(urethane-urea)s) able to
change and autonomous repairing at low temperature in a dynamic and catalyst-free way
[52]. This type of modifications can be used for broaden the scope of applications of these

type of materials [52].
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Figure 5: A microencapsulated healing agent is embedded in a structural composite matrix containing
a catalyst capable of polymerizing the healing agent. (a) Cracks form in the matrix wherever damage
occurs; (b) the crack ruptures the microcapsules, releasing the healing agent into the crack plane
through capillary action; (c) the healing agent contacts the catalyst, triggering polymerization that
bonds the crack faces closed. (Reprinted from [50], Copyright © 2001, Rights Managed by Nature
Publishing Group).
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Materials with self-healing properties are still in their early stage, but this type of
mechanism was already known and is present in the human body when a bone or our skin
form example heals and recover their initial properties. One more time, as in many other
fields, materials scientists and engineers are trying to mimic Nature to obtain high-
performance material. In this context, Fischer explains how this phenomenon occurs in
Nature and gives some examples where it is already applied in some materials [53]. The
difference between active and passive mechanisms is explained, detailed triggers for
different fields are specified and suggestions for a new generation of self-healing systems
are presented [53].

One example where the self-healing ability can be applied is the prevention of corrosion
propagation. The suppression of corrosion activity in a coating defect by the coating
autonomously can be also classified as self-healing, due to the recovery of its main
function (corrosion protection), after being damaged. The huge number of works and
reviews that have been published showing the importance of self-healing coatings and
‘smart’ coatings as potential alternative for chromate based coatings [54-62].

In the last decade, many scientists directed their research on the recovery of the corrosion
protection, by encapsulation or immobilization of corrosion inhibitors in ‘smart
nanoreservoirs or nanocontainers’ which releases the inhibitors in a controlled way and,
normally, after an external stimulus. In this way the corrosion inhibitors’ reservoirs can be
introduced in the coating formulation without compromising adhesion and barrier
properties as reported in the literature [47, 60, 63, 64].

A significant number of nanocontainers for corrosion inhibitors with different properties
were developed in the last years. These nanocontainers can be divided according their
release mechanisms or by strategies for inhibitors immobilization. Since this work is
focused on the development of new nanocontainers for corrosion inhibitors, i.e. ways to
immobilize them in host structures, nanocontainers will be described regarding the way
how corrosion inhibitors were immobilized.

One of the first systems developed for immobilization of corrosion inhibitors is based on
the intercalation of inhibitor in polyelectrolytes using layer-by-layer (LbL) assembly in
silica nanoparticles [48, 65, 66] or in halloysites [66, 67], as represented in Figure 6. These
polyelectrolytes are pH-sensitive and allow the inhibitor release when some pH

perturbation occurs. Other approach using halloysites nanotubes with stoppers to entrap the
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inhibitor inside the tubular structure of halloysite and control the inhibitor release from the

loaded structure was reported by Abdullayev [68].

Initial haloysites Inhibitor loading Washing
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Figure 6: Left: Schematic representation of the fabrication of a composite ZrO2/SiO2 coating loaded
with benzotriazole nanoreservoirs. (Reprinted from [48], Copyright © 2006, John Wiley & Sons, Inc).
Right:  Schematic illustration of the fabrication of 2-mercaptobenzothiazole-loaded
halloysite/polyelectrolyte nanocontainers. (Reprinted with permission from [67], Copyright © 2008,

American Chemical Society).

More recently, mesoporous silica was used to immobilize corrosion inhibitor into their
pores, allowing higher loading content, being the inhibitor released by pH variation, when
those mesoporous particles are covered with polyelectrolytes [64], or by diffusion as
reported by Borisova [69]. Borisova, using the same nanocontainers also have
demonstrated the importance of coating design, namely the concentration and position of
nanocontainers into the coating layers to maximize the corrosion protection [70, 71]. A
similar methodology was reported by Fu and coworkers [72], where hollow mesoporous
silica (HMS) nanoparticles were used for corrosion entrapment. The surface of HMS was
modified with supramolecular nanovalves in the form of bistabe pseudorotaxanes allowing
the controlled release of corrosion inhibitor as a double response of pH variations, for
acidic and alkaline conditions [72].

Many other materials were reported as reservoirs for corrosion inhibitors to be used in
‘smart’ coatings with other entrapment methodologies. TiO. and cerium molybdate
containers were prepared using polystyrene nanospheres as template, being coated by sol-

gel method with the desired composition, calcined, resulting in a crystalline hollow
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particles. These particles were loaded with inhibitors using saturated solutions under
vacuum conditions [73, 74]. A different structure (nanowires) for cerium molybdate
complex was reported, but these structure is amorphous and has higher solubility when
compared to crystalline structures. The structure dissolves and releases cerium and
molybdate ions which are themselves corrosion inhibitors [75]. Snihirova and colleagues
reported the encapsulation of 8-hydroxyquinoline in Eudragit pH-sensitive particles [76].
The encapsulation was obtained via emulsion-solvent preparation, resulting in spherical
particles which dissolves at acidic pH values, releasing the stored inhibitor [76]. Another
form of encapsulation of inhibitors was reported based on the preparation of polyurethane
microcapsules by interfacial polymerization in an oil-in-water emulsion [77]. Other
common way to immobilize corrosion inhibitors is by simple adsorption in porous
structures, such as cellulose nanofibers [78] or in hydroxyapatite particles [79].
Hydroxyapatite particles also has the ability to store corrosion inhibitors by cationic-
exchange method. In this case calcium is replaced by Ce** or La®*. These inhibitors are
released by dissolution of hydroxyapatite particles in acidic conditions [79].

Another class of materials well known for its exchange capabilities used for entrapment of
ionic compounds are zeolites. These materials allow the intercalation of corrosion
inhibitors in their cationic form [80-82]. In the proper conditions it is possible to promote
the immobilization of more than one compound in the same particle combining cationic-

exchange and adsorption mechanisms [82], as explained in Figure 7.
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Figure 7: Schematic of single and double inhibitor doping concepts in NaY zeolite. (Reprinted from

[82], Copyright © 2014 with permission from Elsevier).

Layered double hydroxides (LDHSs) are also materials where the incorporation of corrosion

inhibitors is performed by ionic-exchange, but contrastingly to zeolites, LDHs are anionic-
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exchange materials and allows the entrapment of anionic species. The intercalation of
different compounds in their anionic form are exchange by anions present in the LDHs
structure [63, 83-85]. These materials showed high efficiency due to their multiple role: the
corrosion inhibitors are released by anion exchange, while chloride ions are trapped using
the same mechanism used for inhibitors intercalation, and LDHSs can also act as a buffer for
the surroundings media, preventing the propagation of corrosion [63, 83-85], as depicted in
Figure 8.
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Figure 8: Schematic View of the LDHs Action in Corrosion Protection. (I) The release of inhibitors
(Inh") is triggered by the presence of anions in solution (CI°). (11) LDHSs play a double-role, providing
inhibitors to protect the metallic substrates and entrapping aggressive species from the environment.

(Reprinted with permission from [85], Copyright © 2010, American Chemical Society).

The combination of two immobilization strategies was reported by Carneiro and colleagues
using LDHs for incorporation of mercaptobenzothiazole, followed by polyelectrolytes
assembly on LDH surface, allowing the intercalation of cerium ions in the polyelectrolytes
layers [86]. This approach allows the immobilization of two different inhibitors resulting in

an improved corrosion protection due to the synergic effect of inhibitors [46, 86].
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The combination of different strategies for immobilization of corrosion inhibitors and the
synergy between different classes of nanocontainers was studied in a large European
project — MUST [87].
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Figure 9: Scheme of the active multi-level protective system developed in MUST project [87].

In this project one new concept of multifunctional coatings was created, combining
different levels of protection against adverse effects from the environment. Each layer can
be constituted by specific containers with a well-defined function or by different containers
with several functionalities resulting in multifunctional layers, as shown in Figure 9.

Following the approach developed in MUST project for corrosion protection, the
combination of different nanocontainers was reported [88, 89] which can be incorporated
in different layers of the coating for multiple purposes, resulting in multifunctional
coatings. In the external layers, nanocontainers were incorporated for water and chlorine
trapping [89, 90] while in the inner layers, for controlled release of corrosion inhibitors

[88, 89], as represented in Figure 10.
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Figure 10: Schematic representation of: (a) reference coating, (b) multifunctional coating, (c) inhibitor
loaded nanocontainers coating and (d) water traps coating. (Reprinted from [89] Copyright © 2014

with permission from Elsevier.
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1.3.1.2 Self-diagnosis/sensing coatings

Another important feature in the field of ‘smart’ coatings that should be applied together
with the capacity to recover from damage in an autonomous way is the ability to detect the
coating failure (or the corrosion onset, in the specific case of corrosion). The damage
detection (identification and location) is fundamental for the understanding and
implementation of self-healing systems [53]. The mechanism used for damage sensing
(detection) can be used as trigger for active compounds release and healing process.

In the field of corrosion, the early detection of corrosion onset and coating damage can
avoid catastrophic accidents and trigger simpler and less onerous maintenance actions.
Using the products of the corrosive process to help in the selection of compounds with
sensing properties, pH indicators seem to be a good option.

As explained in the beginning of this chapter, the corrosive process can be divided in two
half reactions: (i) anodic (oxidation of the metal) and (ii) cathodic (reduction of oxygen or
water molecules from the environment), where the most significant resulting products are
metal cations and hydroxide anions. With the formation of hydroxide ions, local pH
increases in the cathode and decreases in the anode as a result of hydrolysis reactions.
These pH variations can be detected using pH indicators.

Methods to sense corrosion like the one reported by Buchheit [83] based on the crystal
structure modification when inhibitor anions are released and with chloride ion uptake, can
be applied but are very complex. This method in particular is not practical and requires X-
ray diffraction [83]. Colour development seems to be a simple and easy way to assess the
corrosion onset and in the recent years a few developments have been reported using this
approach. The direct addition of phenolphthalein (a very well-known pH indicator) to
acrylic based paint [91, 92] and to a sol-gel matrix [93] results in corrosion sensing
coatings, determined by passing cathodic current and determining the charge at which
color changes and for monitoring acid-base reactions, respectively. Other examples of
phenolphthalein were reported using it encapsulated in dextran derivatives [94] and pH
sensitive polymeric microcapsules [95-98]. The polymer used in these pH sensitive
capsules is based on urea-formaldehyde and melamine-formaldehyde, combined with a
cross-linking agent that has one or more ester and mercapto groups such as pentaerythritol
tetrakis (3-mercaptopropionate), which breaks down under alkaline conditions, releasing

the pH indicator as result of corrosion activity [97].
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The great advantage of adding sensing ability to self-healing coatings is the possibility to
identify damages or failures in coatings, even if they were then repaired autonomously, but
it is important to know that damaged-healed structure is now more fragile, although
repaired. It is one way to have extra precaution and increase the level of accidents
prevention. One good example of that combination is shown in Figure 11 and was reported
by Calle [97], where the pH sensitive capsules loaded with corrosion inhibitor and with pH
indicators are triggered by pH variation, resulting in the release of the encapsulated agents,
allowing the identification of damaged areas and at the same time the healing process of

those damaged areas (combination of self-healing and sensing properties).

Corrosion inhibitorsiealing agents
Corrosion/pH indicators

Self-healing: coating ability material
to recover or repair damages
automatically and autonomously.

00,0 %04
"l!.: :‘?l'i

’ %O+ 20+ HO  ojyo

Coating
damage

Self-sensing: inherent
ability to detect the onset
of corrosion.

Coating
response

v 4

Figure 11: Schematic illustration of one multifunctional coating with self-healing and self-sensing
properties. Adapted from [97].

1.3.1.3 Antifouling coatings

Although reported strategies to protect metallic structures against corrosion look very
promising for application in onshore structures and vehicles, the occurrence of biofouling
in offshore structures and ships requires additional functionalities to protect the metallic
substrates in these conditions. The improvement of coatings used for marine applications
has included both the optimization of formulations, to obtain coatings with higher barrier
properties, hydrophobicity and smoothness [22], and the incorporation of AF agents [23].
The most used AF agent in the past was tributyltin (TBT) but in 2003 the International
Maritime Organization banned it because of its high toxicity and bioaccumulation [23].

Since then, paint companies have the challenge to produced tin-free paints to prevent
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biofouling. The most common alternatives in use, contains high amounts of copper(Cu)-
based compounds, since it is about ten times less toxic than TBT.

In the last years different strategies have been developed to tackles biofouling in order to
keep the surfaces free of micro and macroorganisms. There are two main types of coating
to prevent biofouling, one is biocide based and the other is non-biocide based.

Biocidal AF coatings contain biocides or compounds biologically-active that are released
into the surrounding waters from the paint surface to prevent fouling. The leaching rate
determines the amount of biocide released and must be kept high enough to prevent fouling
during the lifetime of the paint before recoating is required. There are different ways of
releasing the biocide, being the three main types based on a soluble matrix (oldest one),
insoluble matrix with soluble biocides and self-polishing paint [13, 99]. Paint based in a
soluble matrix, dissolves with time and needs constant maintenance, was used in the fifties
but now is not very used. Paint with insoluble matrix, keeps the matrix intact while the
biocide itself dissolves slowly to be eventually depleted, leaving an exhausted matrix of
paint that must be removed before the surface is re-coated and finally the self-polishing
paint, where the paint erodes or is “self-polishing” or ablative, gradually releasing the
biocide and copolymers, as shown in Table 5 [23, 99].

Booster biocides, used to enhance the AF performance of copper-based coatings, can be
broadly grouped into inorganic and organic types. The application of organic biocides and
their effect was reported [13, 91-94], where specific compounds such as Irgarol, Diuron,
Sea-nine (or Kathon), Dichlofluanid and chlorothalonil [100-103] was studied. Another
class of compounds also used as biocides for AF coatings is based on organic compounds
complexed with metals, being the most used based in copper and zinc [100, 101, 103].
However, these biocide alternatives also show high level of toxicity and in some cases a
severe degree of bioaccumulation. A monitoring program shows the presence of some of
these biocides in enclosed seawater from Spanish Mediterranean Coast [102] from AF
paints. It is an indication that greener and safer alternatives need to be found.

An interesting alternative was suggested by Olsen [104] where inorganic based peroxides
were added to paint formulations; they react with seawater and hydrogen peroxide is
release acting as biocide [104]. This approach shows some potential, but requires further
studies to assess the stability and AF efficiency of these pigments as additives for AF

coatings. Another alternative is based on the encapsulation of these active compounds to
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control their release and preliminary works have been already reported using different
strategies [105, 106]. DCOIT (4,5-dichloro-2-n-octyl-4-isothiazoline-3-one) was
encapsulated in two different systems. The first one, Sea-nine (the active compound is
DCOIT) was encapsulated in poly(methyl methacrylate-co-butyl acrylate using a two-stage
miniemulsion process [105]. The release studies performed showed that limited amount of
DCOIT released is sufficient to impart AF properties. The other system used for DCOIT
encapsulation is based in chitosan/xanthan gum microcontainers and when these
microcontainers where incorporated in a polymer coating, they have shown an

antimicrobial activity more sustained than DCOIT in its non-encapsulated form [106].

Table 5: Main types of antifouling paint used on steel hulls in the second half of the 20th century.
(Adapted from [99] Copyright © 2007 with permission from Elsevier).

Type of paint Proposed mechanisms Toxicant release in time

Start of lifetime % lifetime End of lifetime

Release rate
of toxicants

Soluble matrix

'I'-: 'y

© Antifouling toxicants

Start of lifetime Y2 lifetime End of lifetime

Release rate
of loxicanis

Insoluble matrix or
contact paint

Empty space Insoluble binder 1 2 3 4 5 Time
© Antifouling toxicants

fifetime 1, ifotime ol cE Rt
Start of lifetime 4 lifetime End of lifetime RiliiiE i

of toxicants

-~
—————————————————————— Threshold value

Self-polishing paint

+¢ Organotin copolymer s Dissolved copolymer 1 2 3 4 5 Time

® Antifouline toxicants Released oreanotin

The use of biocide based AF with booster biocides provides a provisory alternative to TBT
based coatings, however due to their toxicity, other approaches without biocides have been
developed and their application is growing.

Foul Release Coatings (FRCs) are based in the surface modification of exposed surfaces,

decreasing their surface energy and consequently the adhesion and the organism’s
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possibility to generate interfacial bonds with the surface [13, 107]. This “non-stick”
approach also facilitates the fouling removal by shear and tensile stresses. There are
several possibilities to create hydrophobic and non-stick surfaces, being fluoropolymer and
silicone based polymer coatings [13, 99, 107-111] the most used ways and already
available in the market. Oligo- and poly(ethylene glycol) polymer blends [112, 113] and
biodegradable polyester binders [114] have been also studied in the polymeric surface
functionalization of FRCs.

Other interesting approach in fabrication of FRCs is modification of surface chemistry and
topography in order to change the natural mechanism of microorganism adhesion to those
surfaces [115-119]. Those developed structures are normally inspired by Nature, where
one more time, scientists are trying to design and mimic natural surfaces, such as shark and
whale’s skin, echinoderms and molluscs [115, 118, 119], as shown in Figure 12. The
morphology and topography of the structures play an important role in the adhesion or
repellence of microorganisms onto those surfaces. The way how the interaction between
organisms and surface is established depends on size, type, scale and geometry of the
structures “build on” the surfaces [117]. Due to the higher number of marine organisms is
very difficult to find one structure able to avoid the adhesion of all type of fouling. Macro
topographies are favourable for fouling and are not suitable for AF applications. On the
other hand, micro topographies show some success limiting the fouling for a wide range of

microorganisms [117].

Figure 12: Riblets of sharkskin scales of (a) the spinner shark (Carcharhinus brevipinna), (c) the
Galapogos shark (Carcharhinus galapagensis) and (b) the bio-inspired SharkletTM film fabricated in
polydimethylsiloxane (c). (Reprinted from [118] Copyright © 2011 Taylor & Francis).

Virtually, any artificial structure immersed in sea water is fouled in short periods of time
due to the natural marine flora and fauna. At the same time, some marine microorganisms
have the ability to produce chemical compounds that can limit the settlement and growth of
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other fouling organisms [120, 121]. In the last years several compounds were extracted and
isolated from marine microorganisms showing multiple bioactivities, namely high AF
potential [121]. A range of compounds with AF properties was obtained from marine
microorganism. Those compounds were studied taking in consideration their ecological
role and potential industrial application. The compounds studied with the desired
properties were terpenoids, steroids and saponins, fatty acid-related compounds,
bromotyrosine derivatives and heterocyclic compounds [120]. Due to the promising results
obtained in the realizes test, some compounds derivatives were synthesized and
incorporated into polymers and tested in the field, resulting in the inhibition on the
settlement and growth of fouling organisms [120]. Other approaches using enzymes [116,
121, 122] for biofilm disruption and heterotrophic bacteria with antialgal and antilarval
activity [116, 121] shows the huge potential of using natural and less toxic compounds
with AF properties in AF coatings. Nevertheless, the study of all those complex
mechanisms and a better comprehension of the biofouling settlement and inhibition are
needed to find the best alternative for TBT based coatings.

In conclusion, the rapid change enforced by the prohibition of organotin paints, combined
with the current low carbon revolution, rising fuel prices and heightened environmental
awareness, have stimulated massive research efforts in the last decade or so in the area of
antifouling technology. This research effort is ongoing and much is still at an early stage.
There is potential for developments in several areas, namely on development of new and
safer biocides, creation of new surfaces such as amphiphilic and zwitterionic, and
nanostructures, low surface energy coatings and controlled release of biocides. Probably
the best solution will be the result of the combination of some of these approaches due to

the complexity of the biofouling process settlement.

1.3.1.4. Synergy between anticorrosive and AF coatings

As already discussed in this chapter, corrosion and biofouling are intrinsically connected,
and both phenomena present very complex mechanisms, contributing to degradation of
materials, in particular for metals. In the same way, the efforts to increase the durability of
those materials must be combining anticorrosive and antifouling strategies.

For an efficient and effective protection (from corrosion and biofouling) a three layered
coating can be applied, where the primer contains the self-healing system (anticorrosive)

with the suitable corrosion inhibitor for the substrate, followed by a tie-coat with high level
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of solids (fillers) to increase barrier properties of the coating, and the last layer (top-coat)

contains an efficient and less toxic AF system, as represented in Figure 13.

4

Tie-coat

Anticorrosive primer

Figure 13: Schematic representation of a coating composed by three layers: primer, tie-coat and top-
coat, combining anticorrosive and AF properties. (Reprinted with permission from [13], Copyright ©

2012, American Chemical Society).

Szabo et al. [123] reported the combination of self-healing (film-forming materials +
corrosion inhibitors) and AF agent, using all components encapsulated in polymeric
microcapsules and in natural polymer microspheres, respectively. These containers were
incorporated in different layers of the coating and after curing an artificial scratch was
made. The resulted scratch was filled by the healing agent and the corrosion decreased by a
self-healing mechanism. The antifouling tests show the reduction in the adhesion of micro-
and macroorganisms [123]. In a similar way, Zheng and coworkers [124] reported the use
of mesoporous silica nanoparticles as delivery tools for incorporation of benzotriazole
(corrosion inhibitor) and benzalkonium chloride (biocide) in multifunctional coatings. The
hybrid coating containing the responsive release system demonstrates self-healing
properties and antifouling effect as result of the controlled release of benxotriazole and
benzalkonium chloride as response of pH variation and presence of sulfide ions [124].

These two works shows the potential synergetic effect resulted from the combination of
anticorrosive and antifouling systems in the protection of metallic substrates, increasing
this way their life time and avoiding early maintenance and replacement of metallic parts

in bigger structures, especially when exposed to maritime environment.

In this work new materials for encapsulation of active compounds were developed, i.e.
silica nanocapsules and polyurea microcapsules. The developed capsules within the active
compounds storage were obtained in a single-step. These capsules were prepared using oil-

in-water emulsions, allowing the encapsulation of lipophilic compounds (previously
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dissolved in the dispersed phase). This approach allows the incorporation of new
functionalities, by introduction of active compounds, into model coating formulations,
showing a significant improvement of their performance (anticorrosive, self-sensing and

antifouling).

Thesis objectives

The main goal of this work was the development of new multifunctional coatings based on
active containers. The new functionalities were introduced in model coatings using micro
and nanoreservoirs with the ability to immobilize active compounds with intrinsic
anticorrosive, antifouling and sensing properties. The synthesized materials release the
active species to the surrounding environment on demand, under the action a predefined
stimulus, in order to ensure the desirable active functionality, overcoming the typical
drawbacks of direct introduction of active compounds. These materials were incorporated
in various protective coatings to prevent biofouling and corrosion in metallic structures or

to detect and sense coating damages.

More specifically, the main objectives were:

1) Synthesis of micro and nanoreservoirs and encapsulation of corrosion inhibitors,
biocides and indicators.

2) Physico-chemical characterization of the synthesized materials.

3) Studies of controlled release of encapsulated species at different pH and salinity
conditions.

4) Correlation between the release profiles and extent antifouling or anticorrosion action
with respect to bare metal substrates.

5) Functionalization of the carriers for tuning of the release responses.

6) Development of reservoirs with multiple release mechanisms.

7) Incorporation of reservoirs loaded with active species into simplified commercial
formulations and study of the coating performance.

8) Combination of different hosting/inert materials loaded with different active compounds
in order to obtain multifunctional coatings.

9) Construction of a prototype and application of the best formulations in offshore
structures/maritime conditions in order to study their antifouling and anticorrosive

properties in real conditions (sea/ocean environment).
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Experimental Section Summary
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Experimental Section Summary

This chapter aims at summarizing all the experimental work performed during this thesis.
The main objective of this work was the development of nanocontainers for incorporation
in multifunctional coatings. In order to achieve it, different synthesis and encapsulation
methodologies were employed, followed by characterization of the resulting
nanocontainers. The developed capsules were then incorporated into different coating
formulations and their anticorrosive/sensing/antifouling performance was assessed.

In more detail, this work was divided in three stages, as depicted in Figure 14: 1) material

preparation, 2) tests in solution and 3) tests in coating.

Experimental work

Tests in solution

Containers Synthesis:
Silica Nanocapsules
Polyurea Microcapsules

Encapsulation of:
Corrosion inhibitor, MBT
pH indicator, PhPh
Biocide, DCOIT

Characterization:
SEM and TEM
FTIR
TG
N, isotherms at 77K

Figure 14: Summary of experimental work realized in the frame of this thesis.

Since this work focused primarily on the development of micro and nanocontainers and
their application, the theoretical principles of the several characterization techniques used
will not be described in this chapter. Nonetheless, the following paragraphs explain how
the work was done and what was expected using those techniques and the type of
information obtained from them. Further experimental details will be presented in each
chapter of results.

The first stage of this work was centered in the development and optimization of synthesis

parameters to produce silica nanocapsules (SiNCs) and polyurea microcapsules (PU-MCs)
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and the encapsulation of active compounds into those capsules. As corrosion inhibitor, 2-
mercaptobenzothiazole (MBT) was the selected compound due to its proved inhibition
effect on copper rich aluminum alloys, like aluminum alloy 2024 (AA2024), one of the
most used alloys in aeronautical industry, and also used in this work. To be used as
corrosion sensor, phenolphthalein (PhPh) was selected due to its intrinsic characteristics, in
particular the pH range when it turns from colorless to pink (~8.5) which is suitable for
identification of cathodic areas, as a result of the beginning of corrosive process. The
compound 4,5-dichloro-2-octyl-4-isothiazolin-3-one (DCOIT) was the biocide selected due
to their well-known performance and also because it has a rapid biodegradation and
minimal bioaccumulation. This compound is used commercially with the following names:
Sea-Nine™ 211N, Parmetol® S15 and Kathon™ 910 SB.

The capsule preparation and the encapsulation of different compounds were always made
in a single step. The methodology adopted for the encapsulation of compounds was based
on an oil-in-water (o/w) emulsion, where the continuous phase was hydrophilic (water
based) and the dispersed phase lipophilic (solvent based). All the compounds used for
encapsulation are soluble in organic solvents, thus they were dissolved in the adequate
solvents and added to the disperse phase of the o/w emulsion. The synthesis of SINCs was
performed using tetraethyl orthosilicate (TEOS) as silicon precursor and cetyl
trimethylammonium bromide (CTAB) as emulsion stabilizer and template for
condensation (polymerization) of TEOS. In the case of PU-MCs, the polymerization of
polyurea occurs at the interface between aqueous and organic phases, where both
monomers (diisocyanate and amine) react through an interfacial polycondensation,
promoting the encapsulation of the organic (dispersed) phase, resulting in microcapsules
loaded with the lipophilic compound.

After the preparation of our materials (SINCs and PU-MCs), they were fully characterized.
The morphological properties (size and shape) were assessed using microscopic techniques
such as scanning electron microscopy (SEM) and transmission electron microscopy
(TEM), which allow to confirm the success of the capsules preparation, their dimensions
and uniformity, and in some cases porosity and shell thickness. In terms of structural
characterization, x-ray diffraction (XRD) was used to confirm the absence of crystallinity
in SINCs. Another important property, based on the chemistry of the materials, was studied

by Fourier transform infrared spectroscopy (FTIR). In FTIR spectra, the main typical
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vibrational modes of silica and polyurea were identified. This technique was also used to
confirm the presence of the encapsulated compounds, although in most of the cases it was
difficult to achieve, due to the overlapping of those bands by other intense bands from the
capsules. As SiNCs are porous materials, isotherms of N, at 77K was performed and
Brunauer-Emmett-Teller (BET) model was applied for determination of surface area and
Barrett-Joyner-Halenda (BJH) model was used for measurement of pore size distribution.
Thermogravimetric assays were realized to assess the thermal stability of the produced
capsules and also to quantify the amount of active compound encapsulated in percentage of
the total mass of capsules.

The following stage was focus on the assessment of the developed containers performance
in solution and incorporated in coatings, in terms of anticorrosive pigment, sensor and AF
agent.

In solution, SINCs containing MBT were tested in the corrosion protection of AA2024,
using sodium chloride solution as electrolyte, where the capsules were dispersed. The
monitoring of corrosion protection of SINC-MBT was done using electrochemical
impedance spectroscopy (EIS). Regarding corrosion sensing, suspensions of capsules
containing PhPh were prepared and pH of those suspension was gradually increased to
verify the coloration of the suspension (or the capsules) as result of pH variation. This test
was done in order to simulate the conditions in corroding defects. Concerning AF tests,
modified E.coli with a bioluminescent gene was used to monitor the biocide effect of
SiNCs with DCOIT and MBT. The optimum conditions for bacteria growth was settled
and a suspension of biocide material was added to bacteria medium and the biocide effect
was assessed as a result of the bioluminescence decrease.

In parallel to those experiments, release studies of the encapsulated compounds were
performed varying the most important parameters relevant for the selected application,
such as pH, temperature and sodium chloride concentration. The release of the
encapsulated compound was monitored by high-performance liquid chromatography
(HPLC) or by UV-Vis spectroscopy.

The third stage of this work was based on the incorporation of developed capsules in
different coating formulations (epoxy, polyurethane and sol-gel), selected according to the
desired functionality under study and substrate used, and the assessment of the

performance of the developed coating.
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The corrosion protection properties of new coatings (primers) were assessed using
electrochemical techniques, like EIS and scanning vibrating electrode technique (SVET).
In one of the last coatings developed using sol-gel, electrochemical data was corroborate
by industrial standard tests performed in collaboration with a company, where neutral salt
spray (NSS) and adhesion tests were done.

Developed sensing coatings were characterized by visual inspection. Coated aluminum and
magnesium alloys were immersed in a sodium chloride solution to promote corrosion and
pictures were taken at defined times to capture the beginning of corrosive process, by color
modification of the coating due to the incorporation of sensor based in capsules containing
PhPh.

The evaluation of antifouling properties was performed by immersion of the coated carbon
steel with two modified formulations in a phosphate-buffered saline (PBS) solution. This
medium was selected because is suitable for bacteria growth and we took aliquots of these
solutions (where coated samples were immersed) and they were added to fresh modified
E.coli cultures to test the effect of biocide released from coating on their bioluminescence.
The correlation of bioluminescence with biocides release was also performed to assess the
most adequate type of formulation form this functionality.

In conclusion, all developed containers were fully characterized and their performance,
according to the functionality desired, were assessed firstly in solution and then

incorporated in specific coating models in similar conditions to the real applications.

PhD Thesis of Frederico Maia 44



Micro/nanoreservoirs for controlled release of active species in smart functional

coatings

CHAPTER 3

“Silica nanocontainers for active corrosion protection”
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Abstract

Novel self-healing protective coatings with nanocontainers of corrosion inhibitors open
new opportunities for long-term anticorrosion protection of different metallic materials. In
this paper a new type of functional nanoreservoir based on silica nanocapsules (SiNC)
synthesized and loaded with corrosion inhibitor 2-mercaptobenzothiazole (MBT) in a one-
stage process is reported for the first time. Unlike conventional mesoporous silica
nanoparticles, SINC possess an empty core and shell with gradual mesoporosity, arising
from the particular conditions of the synthetic route adopted, which confers significant
loading capacity and allows prolonged and stimuli-triggered release of the inhibiting
species. The kinetics of inhibitor release was studied at different pH values and
concentrations of NaCl. The results show a clear dependence of the release profiles on
corrosion relevant triggers such as pH and CI- concentration. When SiNC loaded with
MBT are dispersed in NaCl solution, there is a significant decrease of the corrosion
activity on aluminium alloy 2024. More importantly, when SINC-MBT is added to a
conventional water-based coating formulation, the modified coating hampers corrosion
activity at the metal interface, better than in the case of direct addition of corrosion
inhibitor. Furthermore, self-healing is observed before and after artificially inflicting
defects in the modified coatings. As a result, the developed nanocontainers show high
potential to be used in new generation of active protective coatings.

Introduction

The development of novel materials for prolonged or even controllable release of targeted
active substances is a challenge with a major impact in different areas, from
pharmaceuticals to the aerospace industry. Quite often, control over the release of species
is achieved by immobilization or encapsulation of the active species in inert carriers such
as micrometre and nanometre-sized hollow particles, which can be modified to release the
species in response to certain triggers and, ideally, on demand.

There has been a lot of work and debate concerning the development of ‘‘smart’’
functional coatings showing self-healing ability. Some authors have been focusing on the
recovery of coating integrity after defects being formed (recovery at the structural level)
[1], whereas others suggest that the recovery of coating properties for the specific
applications to which they were initially designed may be equally classified as self-healing
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(recovery at the functional level). In the latter category one may include the restoration of
anticorrosion action arising from the presence of smart nanoreservoirs loaded with
corrosion inhibitors [2-5].

In corrosion, the direct addition of corrosion inhibitors to coating formulations has been a
strategy commonly adopted to protect metallic substrates against corrosion. The coating
matrix works as a physical barrier, preventing direct contact between the metal surface and
aggressive species (e.g., chlorides) - passive protection - while the dispersed corrosion
inhibitors are responsible for damping corrosion activity at the metal surface when the
coating matrix is degraded (by development of pores, cracks, delamination zones and
blisters) and the barrier effect no longer works - active protection. However, there are
several issues related to the direct addition of corrosion inhibitors to coating formulations.
The inhibitor often interacts with the coating formulation, thereby resulting in deactivation
of the inhibitor and/or fast degradation of coating (adhesion, barrier properties) as reported
by Raps [6] and Shchukin [7]. In addition, the constant leaching of inhibitors from the
coating to environment, even when it is not necessary for the protection of metal, can pose
real threats to the ecosystems, especially when toxic or carcinogenic compounds, such as
chromates, are used. One way of overcoming these problems is by encapsulation of the
corrosion inhibitors in inert nanomaterials that are consequently dispersed in the coating
formulation (here, ‘‘inertness’’ does not mean lack of functionality, but tendency to not
interact detrimentally with the coating matrix).

There are reports of MBT immobilization in cyclodextrins [8, 9], halloysite nanotubes
[10], ion-exchange clay nano-pigments [11, 12] and polymer capsules [13]. However the
encapsulation of MBT in robust inorganic nanocontainers is still a very new topic. In fact,
this approach would allow the achievement of high loading capacity together with
mechanical stability, which is not only important during coating preparation if high shear
forces and application by roll-coaters is necessary to properly disperse the nanocontainers,
but also to impart additional stability to the coatings during the service life of structures.

In this work corrosion inhibitor 2-mercaptobenzothiazole (MBT) was encapsulated in silica
nanocapsules (SINC) with mesoporous shells via microemulsion oil-in-water in a single
stage polymerization process, with dynamic interaction at the water—oil interfaces [14].
This method was selected among others because it is a one-step process involving both

synthesis of SINC and encapsulation of MBT with high loading content, hence being a
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simpler and easier process when compared to more traditional routes for the preparation of
mesoporous silica nanoparticles [5]. This is a feature of paramount importance for scaling
up of the process at the industrial level. 2-Mercaptobenzothiazole was selected because of
its superior corrosion inhibiting properties [8, 10, 15, 16]. The obtained SiNC were
characterized using different techniques, giving particular attention to the factors triggering
the release of MBT from these nanostructures and to the anticorrosion efficiency of these
nanomaterials towards aluminium alloy 2024-T3 (AA2024-T3) both in solution and when

incorporated into protective coatings.

Experimental section

Materials

Ammonia solution (NH40H) (25-28%), sodium chloride (NaCl), ethyl ether (99.5%) and
buffer solutions were obtained from Riedel-de-Haén. Cetyltrimethylammonium bromide
(CTAB) (99%), tetraethoxysilane (TEOS) (99.9%) and 2-mercaptobenzothiazole (MBT)
(97%) were purchased from Sigma-Aldrich. Ethanol was supplied by Panreac (Spain) and
acetonitrile (HPLC grade) from ROMIL. All chemicals were analytic grade and were used

without further purification.

Synthesis of silica nanocapsules (SiNC)

SINC were prepared as described in the literature [14], by using CTAB as cationic
surfactant, ethyl ether as co-solvent and ammonia solution as catalyst (Scheme 3.1).
Firstly, a CTAB solution was prepared (0.25 g in 35 mL of water) and 0.25 mL of
ammonia solution (25-28%) was subsequently added (solution 1). Afterwards, 0.1 g of
MBT dissolved in 25 mL of ethyl ether (solution 2) was added to solution 1, and an oil-in-
water microemulsion was obtained. Then, 2.0 mL of TEOS was added to the
microemulsion under vigorous stirring and kept in a closed vessel for 24 h. The obtained
precipitate was filtered, washed with pure water and dried at 60 °C. A small portion of
these nanocapsules were calcined at 550 °C during 5 hours, with a heating rate of

10 °C.min’%, in order to facilitate the determination of MBT loading content.
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+

Ethyl ether

Microemulsion Porous nanocapsules

Scheme 3.1: Synthesis of SINC and encapsulation of MBT.

Characterization

Particle morphology was characterized by scanning electron microscopy (SEM) coupled
with energy dispersive spectroscopy (EDS) (Hitachi S-4100 system with electron beam
energy of 25 keV) and by transmission electron microscopy (TEM) (Hitachi H9000 TEM
system with an electron beam energy of 300 keV). FTIR experiments were carried out on a
Bruker IF55 spectrometer equipped with the ATR system (Golden Gate—SPECAC) and
X-ray diffraction (XRD) study of the powders was performed using a Philips X’Pert MPD
diffractometer (Cu Ka radiation, tube power 40 kV, 50 mA) at room temperature. A
PW1711 proportional detector and an X’celerator detector were used for the XRD data
collection over the angular ranges 1 < 20 < 6° and 4 < 260 < 65°, respectively.

A Malvern Zetasizer 4 instrument was used to perform dynamic light scattering (DLS) and
zeta potential measurements. Thermogravimetric analysis (TG/DTA) was carried out in a
Sataram-Labsys system under air atmosphere, with a heating rate of 10 °C.min! from room
temperature up to 800 °C.

The textural properties of samples were evaluated based on the adsorption—desorption
isotherms of N2 at -196 °C, performed on the equipment Quantachrome NOVA 4200e.
Samples were previously degassed at 180 °C for 6 h. The specific area (Sger) was
calculated by the BET method (Brunauer, Emmett and Teller), the volume of micropores
(Vmicro) was determined from the method-t, and the total pore volume (Vppje=098) Was
obtained from the total volume of N2 adsorbed to p/p°® = 0.98 [17]. The most frequent
diameter of pores (mode of pore diameter distribution) was calculated by two different
methods: the BJH method (Barrett—Joyner—Halenda) [17, 18], applied to the desorption
branch of isotherm, and the DFT method (density functional theory) using a routine
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available in the software of Quantachrome equipment that was developed for the
adsorption of N2 on porous materials based on silicon, assuming a cylindrical pore model.

Release studies of MBT from SiNC

The release profiles of MBT were monitored by high performance liquid chromatography
(HPLC) using a Shimadzu chromatograph equipped with a SPP-M20A diode array
detector, using a C18 column as the stationary phase and acetonitrile/pure water (90:10,
vIv) as the mobile phase with a flow of 1 mL.min. The correlation coefficient of the
calibration curves obtained with 5 MBT standards was higher than 0.999.

100 mg of SINC-MBT were dispersed in 20 mL of an aqueous solution where NaCl
concentration and buffered pH were systematically varied (NaCl concentration: 0.005 M,
0.05 M and 0.5; pH = 4, 7 and 10) and the MBT release profiles were determined by
HPLC. 1 mL sample of the mixture was extracted with a syringe and filtered with a
specific syringe filter (PTFE membrane with 0.20 mm pore size). In order to determine the
total amount of MBT encapsulated, 100 mg of SINC-MBT were dispersed in 20 mL of
ethanol during 24 hours to guarantee the maximum release of MBT. 1 mL of the resulting
solution was extracted with a syringe, filtered, and then analyzed by HPLC. The
encapsulation efficiency was determined by the expression: %E = nmetex/NmeTi X 100,
where nueText is the amount of MBT extracted from SiNC and nwmgeri is the initial amount of

MBT used in the encapsulation.

Anticorrosion efficiency in solution and in coated AA2024

The aluminium alloy 2024 substrates were cleaned and etched according to a standard
commercial procedure (alkaline cleaning in Metaclean T2001 at 68 °C for 25 min, alkaline
etching in Turco Liquid Aluminetch N2 at 60 °C for 45 s, acid etching in Turco Liquid
Smutgo NC at 30 °C for 7 min, each step followed by washing in distilled water).

Dried and cleaned AA2024 substrates were coated with an aqueous-based model film
generously provided by Mankiewicz GmbH with fast drying at room temperature. The
model film consists of a resin component and a hardener. The resin is a water-based epoxy
emulsion and the hardener consists of water-based amine, both without organic solvents.
The application was done through the incorporation (2 wt% with respect to the resin) of

SINC-MBT into the resin and stirred until obtaining uniform dispersion (~30 minutes).
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Subsequently, the hardener was added to the dispersion and the coating was applied on
AA2024 plates using a bar coater (30 um thickness). After application, samples were dried
at room temperature (~25 °C) for 12 h. The same procedure was followed for the
incorporation of empty SiNC and for the direct addition of MBT, using proportions stated
previously. In order to verify the active protection of SINC-MBT in the coated samples,
two circular defects (spots) were made with a needle tip in each sample.

Electrochemical impedance spectroscopy (EIS) measurements were carried out on bare and
coated aluminium alloy 2024 at room temperature in a three-electrode cell consisting of a
saturated calomel reference electrode, a platinum foil counter electrode and an AA2024
plate as the working electrode in the horizontal position (an exposed area of ca. 3 cm?).
The cell was placed in a Faraday cage to avoid the interference of external electromagnetic
fields. The electrolyte was 0.05MNaCl aqueous solution for the bare AA2024 and 0.5 M
NaCl for the coated plates (V = 10 mL), stagnant and in equilibrium with air. The
measurements were performed using a Gamry FAS2 Femtostat with a PCI4 Controller.
The selected frequency range was typically from 1 x 10° to 1 x 102 Hz, with a 10 mV
RMS sinusoidal perturbation vs. open circuit potential. The impedance plots were fitted
using different RC equivalent circuits, where pure capacitances were replaced by constant-
phase elements (CPE). The software used for the fittings was Gmary Echem Analyst 5.61,

and the 2 varied between 102 and 10,

Results and discussion

Synthesis and characterization of SINC

SINC were produced in a one-step process through an oil-in water microemulsion
polymerization (recall Scheme 3.1), using CTAB as template-surfactant and ethyl ether as
co-solvent. A white powder was obtained in the case of empty silica nanocapsules,
whereas when the inhibitor was encapsulated the color of the powder was found to be pale
yellow due to the presence of MBT. TEOS was the silica precursor used for the preparation
of SINC and for encapsulation of MBT. The polymerization of TEOS is an exothermic
process that increases the temperature in the reaction media, causing gasification of the
volatile co-solvent from the center to the outside of nanocapsules (ethyl ether has a low
vaporization point, ~35 °C). This creates differentiated porosity from core to shell allowing

the entrapment of MBT in the generated pores. The formation of SiNC is the result of a
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dynamic cross-coupling of two processes - namely, the dynamic gasification of the
template and stabilization process of condensation together with self-assembly controlled
by the presence of CTAB [14].

In order to analyze the morphology (size and shape) of synthesized nanoparticles, SINC
and SINC-MBT samples were observed by SEM (Figure 15). All the particles display a
spherical and regular shape, with a diameter between 100 and 150 nm. Moreover, in these
images, it is possible to verify that there is some residual polymer attached to the
nanocapsules from the synthesis step, contributing to their aggregation. Comparing Figure
15a and b, it is possible to observe that encapsulation of MBT in SiNC did not promote any
structural change in terms of size distribution and morphology. However, it appears that a
greater amount of polymer is present in the SINC-MBT sample, probably due to chemical
interactions between polymer (polymeric TEOS) and the product to encapsulate, i.e., MBT.
In order to obtain more detailed information about the structure and crystallinity of the
samples, TEM images were acquired (Figure 16). The particles have a regular morphology
(spherical), as expected after analyzing SEM pictures (Figure 15). Besides, all the particles
are porous displaying channels, which confirm that the silica particles under study are
capsules because there is a clear distinction between the wall, with a thickness of about 20
nm, and the porous core of the nanocapsules. Mesopores of 20 to 30 nm in diameter in the
core and channels connecting the core to the shell wall are visible. Assays of electron
diffraction were also performed to estimate crystallinity of the obtained nanoparticles.

However, as it can be seen in the inset of Figure 16, the material is completely amorphous.

25.0kV X60.0K ‘S0enm 2

Figure 15: SEM pictures of (a) empty SINC and (b) SINC with MBT encapsulated.
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Figure 16: TEM pictures of SINC with different magnifications; inset: electron diffractogram.

Furthermore, the XRD patterns of SINC presented in Figure 17 demonstrate a broad band,
which indicates the existence of short-range atomic order only. For both the unloaded and
MBT loaded nanocapsules this band is centered at 26 = 21 °. In terms of d-spacing (about
0.4 nm) it corresponds to the average dimension of the SiO2 unit cell. The low-angle XRD
patterns of both SINC and SINC-MBT demonstrate a well-marked peak at about 1.3° (see
inset in Figure 17). This peak, the same for both types of the samples, can be associated
with small-angle scattering by the shells of the nanocapsules. Recalling the TEM images,
the shell boundaries are well-defined and the variation of the shell thickness is small.
Simulation of the scattering intensity for the given X-ray wavelength using the model of
spherical shell was also performed [19]. The observed values of both internal and external
shell radii were used and independent normal distribution of the radii is here suggested.
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The simulation yields a maximum of intensity at the 26 ~ 1.3°. In the SINC XRD pattern, a
diffuse peak centered at about 1.75° is also observed. This peak, which is absent in the
XRD pattern of SINC-MBT, can be attributed to the scattering by the channels of the
nanocapsules. These channels with a typical diameter of 5-7 nm are characterized by a
weaker contrast in the TEM images and are less regular in shape than the shells. Therefore,
the 1.75° peak is rather more diffuse than that at about 1.3° In SINC-MBT the channels
are filled with MBT. As a difference between the form factors of silica and MBT at such

low scattering angles is negligible, the filled channels do not contribute to the correlated

scattering.
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Figure 17: XRD patterns of SINC and SINC-MBT nanocapsules for the angular ranges 4/65° and 1/6°

(inset).

The textural properties of silica nanocapsules (SINC and SINC-MBT) were evaluated
based on adsorption—desorption isotherms of N at -196 °C. Figure 18a shows adsorption—
desorption isotherms for both samples. The results are typical of multilayer adsorption in
mesoporous materials with a very wide pore size distribution. Table 6 presents the main

results of textural characterization of materials which include specific area (Sger), the
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volume of micropores (Vmicro), the total pore volume (Vpp=pe=098) and the most frequent
diameter of pores (mode of distribution of pore diameter). The samples show a similar
BET specific area, with minor variations, which means that encapsulation of MBT did not
promote any significant change in the surface area, from 151m?.g* (SiNC) to 168m?.g™
(SINC-MBT). The method-t revealed that the samples do not exhibit microporosity, even
the smaller pores presented in the shell of silica nanocapsules are bigger than 2 nm, which
means mesoporosity. Figure 18b and ¢ show the pore size distributions in each sample by
the two methods applied. For both methods pores were identified with a radius varying
between 16 and 450 A for the BJH method and between 16 and 270 A for the DFT
method. The encapsulation of MBT causes a broadening in the radius distribution curve
and a small shift towards higher values, between 30 and 150 A. Nonetheless, the statistical
mode is practically the same in both methods.

The zeta potential and particle size distributions are strongly connected. The low
magnitude of the zeta potential can explain the observed aggregation of the nanocapsules
(SEM, Figure 15). The low positive value of the zeta potential for empty SiNC (+8.39 mV)
is probably due to the presence of some traces of the cationic surfactant CTAB, adsorbed
on the nanocapsules surface. The size distribution (Figure 19) of empty nanocapsules
exhibits a peak centered at 86 nm, which is in agreement with the size of nanocapsules
observed by TEM and SEM. The increase of zeta potential to +34.2 mV, when MBT is
encapsulated, could suggest higher stability of the particles in solution, but the appearance
of secondary larger particles demonstrated by the particle size distribution (peaks centered
at 200 nm and another at 5560 nm) implies that this assumption is not likely. Although
SEM and TEM npictures show identical individual silica nanocapsules, the amount of
polymer observed together with SINC-MBT (Figure 15b) may explain the aggregation of
nanocapsules into larger particles.

FTIR tests were performed to confirm the encapsulation of MBT. In the FTIR spectra
depicted in Figure 20, several characteristic bands associated with empty SiNC can be
observed namely, Si—-O-Si stretching (1049 cm™) and Si—O-Si bending (800 cm™). With
respect to MBT, the FTIR spectrum exhibits bands ascribed to C—H stretching (2959, 2889
and 2839 cm™), C—H and C—N bending (1420 and 1319 cm™), C-N stretching (1246 and
864 cm™) and C=S stretching (1080 and 1026 cm™). In the case of SINC-MBT, the

presence of MBT is confirmed by the presence of bands observed at 1462 and 1408 cm™,
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which are associated with the vibrations of the C—N—H group. Another band observed at

1362 cm™? results from the interaction between the N-H bending and C-N stretching

vibrations of the C-N-H group. At low wavelengths, two relatively weak bands at 698 and

617 cm™ can be observed, and are due to C-S stretching mode. The presence of these

features in the spectrum of SINC-MBT spectra confirms the successful encapsulation of

the corrosion inhibitor.
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Table 6: Textural properties of the samples determined from the adsorption-desorption isotherms of
N2.

Seer Vo (t-method)  Vep/po=098  Gporos BIH @ Pporos DFT @ ®

Sample
(m2g™) (cm3 gt (cm3 gt (nm) (nm)
SiNC 151 0 0.96 3.7 5.5
SiINC-MBT 168 0 0.91 3.7 7.0

(@) The values shown represent the most frequent (mode) value of the distribution of pore
diameter. (b) Applying a routine that assumes porous silicon-based cylindrical geometry.
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Figure 19: Size distribution of SINC and SINC-MBT.

Thermogravimetry experiments were performed in order to verify the thermal stability of
silica nanocapsules and to determine the amount of MBT encapsulated. The obtained
nanocontainers demonstrate good thermal stability as can be seen in the TG profiles
(Figure 21). Moreover, the curve of calcined SINC shows no significant variation with
temperature as expected. The test with the calcined sample was conducted as a reference.
From comparison between SINC and the calcined nanocapsules, one can infer that the
mass reduction of approximately 27% is mostly due to degradation of the non-hydrolyzed
and non-condensed TEOS and also some residual amount of surfactant. The curve
corresponding to SINC-MBT capsules shows a similar profile, except for the mass

reduction between 200 and 300 °C that is more pronounced and attributed to the presence
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of MBT, degraded in this range of temperature [20]. The resulting mass loss is
significantly higher in this case and achieves 37%. Therefore, the difference of mass loss
for loaded and unloaded nanocontainers can be used to estimate the MBT loading in the
capsules, which in this case is 10 wt%. This value is consistent with the result obtained by
HPLC after extraction of MBT from the nanocapsules using ethanol, which gives ~8 wt%,
corresponding to an encapsulation efficiency of 68%. The value obtained by extraction of
MBT with ethanol is lower than the value obtained by TG, probably because the extraction
did not remove all MBT that was present in SiNC, leaving a small amount of inhibitor
inside. This MBT was consequently released when SiNC were re-dispersed in ethanol. The
one-step synthesis of SINC-MBT leads to an encapsulation of MBT four times more
(~340 mg.L?) than in the case of mesoporous silica nanoparticles loaded with one
corrosion inhibitor and coated with polyelectrolyte shells after four deposition steps
(=90 mg.LY) [5].
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Figure 20: FTIR spectrum of MBT, SiNC and SINC-MBT.
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Figure 21: TG profile of SiNC calcined, non-calcined and with MBT encapsulated.

Release studies of MBT

The release of the MBT from SiNC dispersed in aqueous solutions was monitored by
HPLC at different pH conditions (4, 7 and 10) and for different NaCl concentrations
(0.005, 0.05 and 0.5 M) because chloride concentration and pH are among the most
relevant parameters to be considered as corrosion triggers. The profiles obtained at
different pH values are similar in shape (Figure 22a) but differ in the amount of MBT
released. There are two well-defined stages for inhibitor release. The initial amount of
MBT released (first 4 hours) is most likely coming from the outer region of SiNC, i.e.,
from the shell. In the second stage, between 4 and 48 hours, there is a significant increase
of MBT released, coming from the core of the SINC. After 48 hours, the amount of
released MTB begins to stabilize. From the analysis of release profiles it is evident that the
MBT is released in greater quantities under alkaline conditions (1.5 x 10* M) and acidic
conditions (5.7 x 10 M), while in neutral conditions the extent of release is relatively low
(4.0 x 10° M). These differences can be partially explained by the variation of MBT
solubility with pH, which is low in the neutral range but relatively higher in alkaline and
acidic conditions. In addition, the amount of MBT released in acidic conditions can also be
attributed to hydrolysis of non-hydrolyzed TEOS that could have been blocking some
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pores in the nanocapsules, thereby facilitating the diffusion of MBT to solution. Hence, the
dependence of inhibitor release on pH is shown, confirming the stimuli-responsive
triggering of the nanocontainers. For higher times of immersion, the amount of MBT
detected in solution tends to stabilize due to the equilibrium between small release of MBT
(the solubility of MBT in aqueous solution is low) and degradation of MBT, forming sub-
products which are detected in the chromatogram, such as benzothiazole and 2-

hydroxybenzothiazole or their dimerization in 2-mercaptobenzothiazole disulfide [21, 22].
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Figure 22: Profiles of release of MBT from SINC-MBT at (a) different pH’s (inset: release of MBT
from calcined SiNC with MBT immobilized after synthesis) and (b) different concentrations of NaCl;
(¢) % of MBT remaining inside SiNC at different pH’s and (d) % of MBT remaining inside SiNC at
different concentrations of NaCl.

The effect of NaCl concentration (Figure 22b) on the release kinetics, although not so
significant as in the pH change, is also evident. The MBT release profiles show that MBT
is preferentially released for high NaCl concentration (0.5 M). For lower NacCl
concentrations (0.05M and 0.005 M), the amount of MBT released into solution is very

similar, yielding values very close to 4.9 x 10° M and 4.6 x 10° M, respectively. The
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increase of MBT release with the concentration of NaCl is most probably related to the
interaction of MBT with sodium cations and its ability to form sodium salt (NaMBT) with
a solubility much higher than pure MBT [23]. The sensitivity of the silica nanocontainers
to the presence of the ions in the electrolyte is also relevant for corrosion related processes
since the increase of the ionic strength of the corrosive environment is one of the factors
which accelerate the corrosion attack. A very relevant point in this study is the possibility
of a prolonged release of MBT. As can be seen in Figure 22c and d, more than 70% of
MBT is kept inside the nanocapsules and can be released later in a sustained manner. This
observation can be confirmed by the re-dispersion of silica nanocapsules loaded with MBT
into a fresh solution and consequent release of MBT as observed in Figure 23.
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Figure 23: Profiles of released MBT from re-dispersion of SINC-MBT at (a) different pH’s and (b)
different concentration of NaCl;% of MBT remaining in SiNC after the second release at (c) different

pH’s and (d) different concentration of NaCl.

To investigate the region of SINC where MBT is encapsulated (core vs. shell region), the

authors decided to immobilize MBT on calcined SINC by physical adsorption (sample
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I.a.s.), through dispersion of the calcined-SINC in a concentrated solution of MBT.
However, when calcined SINC were dispersed in the aqueous solutions to perform the
release studies, all the MBT was immediately released in less than five minutes (inset in
Figure 22a). This result shows that MBT encapsulated by the one step microemulsion
polymerization process was mostly allocated in the core of SINC, which allows a
prolonged release of MBT, whereas the post-synthesis immobilization of MBT by physical

adsorption resulted in a faster release of the inhibitor.

Anticorrosion efficiency in solution

The main idea of this work is to prove the effectiveness of SINC as functional elements of
active corrosion protective coatings. The first step to understand whether these
nanoreservoirs are able to provide any significant inhibition effect is to test them directly in
the NaCl solution. The inhibition efficiency of SINC and SINC-MBT towards corrosion
processes on AA2024 was assessed by EIS. This aluminium alloy is widely used in the
aeronautical industry and its corrosion protection is thus very important. The EIS spectra
acquired after 1 day and 1 month of immersion in 0.05MNaCl are depicted in Figure 24a-
d. In terms of impedance magnitude, the best (highest) results at low frequencies are
obtained for the electrolyte with SINC-MBT, followed by solution with empty SiNC and
bare electrolyte. The higher impedance modulus in the low frequency region indicates a
lower rate of the corrosion-related electrochemical processes on the alloy surface.
Moreover, the phase angle plot only shows one time constant for SINC-MBT and two time
constants for SINC and bare electrolyte. In the case of SINC-MBT, the single time
constant is assigned to the response of the native aluminium oxide, whilst in the other two
cases the time constant at intermediate frequencies is assigned to the aluminium oxide and
the time constant occurring at low frequencies is associated to the charge-transfer
processes (corrosion activity). After one month of immersion in the presence of SINC-—
MBT, the impedance increased and still only one time constant is observed. This means
that even after a relatively long period of immersion in the corrosive electrolyte the
corrosion activity is minimal, which is consistent with the prolonged release of MBT.
Moreover, the low-frequency impedance is even increased after one month in comparison
to the initial state. In the case of the other two systems, the impedance magnitude is

significantly lower.
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Figure 24: Electrochemical behavior of aluminium alloy 2024 in 0.05 M NacCl solution after (a and b) 1
day and (c and d) 1 month of immersion. (e) Variation of the aluminium oxide resistance (Roxide) as a
function of immersion time. Photographs of the AA2024 surface after 1 month of immersion in 0.05 M
NaCl in the presence of (f) SINC and (g) SINC-MBT.

The undoped electrolyte shows higher values than that of the system with empty SiNC
nanocapsules, which may be associated with SiNC being a source of hydroxyl anions that
contribute to the lower stability of the aluminium oxide. This is shown by the increase of
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pH when the silica capsules are added to solution (pH = 8). The resistance of the
aluminium oxide film can be used as a measure of the corrosion resistance since the oxide
layer is a last barrier for corrosive species before reaching the metal surface. High oxide
film resistance corresponds to low corrosion activity on the alloy surface. The evolution of
the oxide resistance obtained from fitting of the EIS spectra is presented in Figure 24e. In
the case of SINC-MBT, after initial decrease during the first 24 hours of immersion the
Roxide iNcreases remain constant for long immersion times. The recovery of the oxide
stability is attributed to self-healing of defects in the aluminium oxide layer and to the
active corrosion protection conferred by the presence of MBT [24]. In contrast, the two
other samples show values of Roxide almost 3 orders of magnitude lower than for SINC—
MBT.

The photographs of AA2024 immersed in 0.05 M NaCl for 1 month in the presence of
SINC and SINC-MBT are shown in Figure 24 (panels f and g, respectively). The
differences are remarkable: in the presence of SiNC there is a considerable amount of pits
and white deposits ascribed to corrosion products, but the surface of alloy immersed in the

SINC-MBT containing solution is intact without any signs of corrosion.

Anticorrosion efficiency of SINC-MBT in coated AA2024

The quality of the coating prepared with dispersed particles was investigated by SEM and
the cross-section of a coating prepared with SINC-MBT is depicted in Figure 25. As
shown, there are no visible agglomerates of particles, which suggest a good dispersion of
the nanomaterials in the coating formulation.

Figure 26 shows the EIS spectra acquired after 1 day and 1 week of immersion in 0.5 M
NaCl for coatings loaded with inhibitor only (MBT), empty SINC and SINC-MBT. After 1
day of immersion (Figure 26 a and b), the spectra show 3 time constants. The time constant
at high frequencies (10° Hz) is attributed to the coating response. The identical slope in this
frequency region indicates that the three coatings have identical thickness. However, there
is a considerable difference in terms of coating resistance (plateau of |Z| between 10% and
10® Hz): the coating without inhibitor shows better barrier properties than in the presence
of MBT. The worst coating in terms of barrier properties is the one with SINC-MBT. This
is probably due to the combination of the detrimental effect of MBT for the coating matrix,

together with some degree of disruption of coating barrier properties due to the presence of
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the hosting silica structures. The second time constant observed between 10° and 102 Hz is
ascribed to the charge-transfer resistance associated with corrosion processes occurring at
the metal/solution interface. This assignment is supported by the presence of black pits in
the mm range (Figure 28) and the negative OCP (<-600 mV vs. SCE), which already
indicates the destruction of the native aluminium oxide resistance. The low-frequency time
constant (<102 Hz) is ascribed to mass transport-controlled processes.

SU-70 15.0kV 18.9mm x2.20k SE(M) 20.0um

Figure 25: SEM cross-section of a coating modified with SINC-MBT.

After 1 week of immersion (Figure 26 ¢ and d) the ranking of coating performance
changes. In spite of the lowest coating barrier properties, the system with SINC-MBT
shows now the highest values of |Z| in the low frequency range, indicating higher active
corrosion protection. Active protection should reflect the hampering of redox reactions as a
result of inhibitor action. An important aspect of the coating test is long term protection.
To investigate the stability of coating properties in the presence of SINC-MBT, a coating
simulating typical aeronautical system (40 mm thickness) was tested for long immersion
times (5 weeks). The EIS spectra show that not only are the barrier properties constant
throughout the immersion time, but also the impedance magnitude at low frequencies does
not decrease extensively (panels e and f). An important effect can be seen during evolution
of the corrosion test. The low frequency impedance modulus increases after two weeks of
immersion when compared to one week. This increase of the low frequency impedance can

be associated with self-healing ability of the coating [24]. The slight decrease after several
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weeks more shows that the reservoirs can be already partially exhausted leading to slight
decrease of the active protection. However the values of the impedance modulus are still
very high and no defects can be seen on the surface proving efficient long term corrosion

protection of the system.

a) b}

10 4

£
a

= 44 ] —=— SINC-MBT
a1

Phase angle/degrees

—a— MBT
—ar= HINC
10 - 1day of mmersion in 0.5 MNaCl
100w’ o 10 w1 w10 w0 w1 o o et ot w
log f lagt
e} d)
00
o SINC-MBT
10" 4 —=— MBT
|0
N —o— BINC
=l
10° 5
" 3
g s
= 10" 4 N E
B —»— SINC-MBT s
—a— MBT B
i —a— SINC =
L 1 week of immersion in 0.5 M NaCl
w' 1w 1w w1 W w1 ‘o
legt
a) fl
o =100
Twieek 1
o Zweeks 20  SINC-MBT AR
10' 4 —r— Sweeks - ;‘f"
: 7
& 5 i
RS s ; o4
a " q{ 1 wesk
ﬁ E 40w ’ 2 wWashs
10 E —i— & weshs
SINC-MBT E =0l P
10" 4 rﬂﬂ"ﬂ*ﬁ
a' _4 e _1 “":' '1: ..-.1'. . 3 u‘ ! 1 - 1 - 1
10 10 'Ilﬂ'I 10 10 10 10 10 -1.“" 1“." -lo" 1u" -m‘ nm.’ 1“‘ -'m."
logf logf

Figure 26: (a—d) EIS spectra of coatings modified with MBT, SiNC and SINC-MBT. Evolution of EIS
spectra (e and f) for a coating (40 mm thick) modified with SINC-MBT as a function of time.
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Figure 27: (a and b) Parameters obtained by fitting of EIS spectra using the equivalent circuits

presented in (c).

The results of fitting of the impedance spectra are depicted in Figure 27 a and b, using the
electrical circuits presented in Figure 27c (see also details in the Experimental section). In
the beginning of the immersion tests only one time constant is detected, assigned to the
coating response (CPEcoat and Rcoat). As the immersion time progresses additional
relaxation processes are observed, which can be associated with the native aluminium
oxide (intermediate frequencies, CPEox and Rox) and the occurrence of corrosion (low
frequencies, CPEq and Rct). For long immersion times, the time constant associated with
the oxide layer can no longer be detected due to the extensive degree of corrosion, and the
time constant associated with mass transport of species participating in the redox reactions
at the metal surface can also be detected (CPEw and Rw).

The charge-transfer resistance (Rct) is a parameter directly dependent on the active
protection provided by corrosion inhibitors (Figure 27a). After 1 day of immersion Rct is
the highest for SINC, due to the high barrier effect provided by the coating and the
negative influence of MBT for the coating matrix in the other two systems (MBT and
SINC-MBT). As the time of immersion proceeds, Rct reaches a maximum for the empty
SINC after 1 week of immersion, decreasing afterwards. Conversely, Rct increases
continuously for systems with MBT, most notably for SINC-MBT which is twice as much

as for the MBT-loaded coating, demonstrating recovery of the active corrosion protection
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in the presence of the inhibitor within SINC and minimization of MBT interaction with the

coating matrix.

MBT SINC SINC-MBT

-
(@] [ o
5 2
= ’g
[o14]
g €
m - -—

Q
£ 5

©°
8 =
T ©
- @

Q
£ £
x —
o O
Q o}
= 3
- 3
S
£
-
TR
Q =T
s
i

Figure 28: Optical photographs of the coated samples under immersion in 0.5 M NaCl. The dashed
circles indicate the areas where artificial defects were made.

To unambiguously prove the self-healing effect in the modified coatings, two defects were
inflicted in the samples. The main aim of this procedure was to destroy the coating barrier
effect and analyze the evolution of corrosion activity. The variation of Rct is presented in
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Figure 27b. As it can be seen, in the MBT-free coating Rct decreases monotonically
reaching a value of 0.3 MQ.cm? one week after the defects were made. In the case of MBT
loaded coating RCT slightly increases 1.3 times (final value of 2 MQ.cm?), but in the case
of SINC-MBT-loaded coating Rct increases after initial decrease, by 2 times with respect
to its initial value (final value of 4MQ.cm?). The order in terms of Rcr values can be
correlated to the level of corrosion activity inferred from visual inspection of the samples
(Figure 28). Overall these results show that, in spite of the loss of a barrier effect due to the
insertion of nanomaterials, the active corrosion protection functionality provided to the
metal in the long-term, which is the ultimate objective of using a protective coating, is
better achieved using SINC-MBT.

Conclusions

The present paper reports the successful synthesis of silica nanocapsules with a corrosion
inhibitor encapsulated. The synthesized nanocapsules are thermally stable, with a regular
shape and diameter between 100 and 150 nm and show gradual meso-porosity. The loading
content of MBT was found to be 10 wt% and the encapsulation efficiency was 68%.

The release studies showed that SiNC release higher amounts of MBT in acidic pH and at
high concentrations of NaCl. The release of MBT is slow and could be used in systems
where a prolonged release is required. The active anticorrosion performance of SiNC
loaded with MBT is evident from the electrochemical studies and visual inspection. In
spite of the decrease in barrier effect, the inclusion of SINC-MBT in coatings provides
active corrosion protection functionality to underlying aluminium alloy, better than when
the inhibitor is directly dispersed in the matrix. The self-healing effect was observed for
long immersion times in the aggressive electrolyte and when defects were artificially
created, thereby demonstrating the prospective applications of SINC in protective coatings.
Besides the self-healing effect demonstrated by the SINC-MBT, the known biocide effect
of MBT makes SINC-MBT promising systems for application in the maritime industry and

offshore structures.
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Highlights:
»  Successful encapsulation of 2-mercaptobenzothiazole in polyurea microcapsules.
»  Encapsulation reduces the detrimental interaction between corrosion inhibitor and
sol-gel matrix.
» Loaded microcapsules suppresses corrosion activity and improves the adhesion of
sol-gel coatings to the metal substrate.
«  Self-healing corrosion protective coatings for AA2024 based on modified sol-gel
coating with MBT@PU-MC.

Abstract

In this work we report the synthesis of polyurea microcapsules loaded with corrosion
inhibitor 2-mercaptobenzothiazole (MBT) for corrosion protection of 2024 aluminum
alloy. The microcapsules were prepared by interfacial polycondensation. The resulting
capsules exhibit spherical shape, with diameter ranging between 100 nm and 2 pum. The
loading content of MBT was found to be 5 wt% and release studies showed that MBT is
preferentially released under acidic and alkaline conditions and follows a Fickian diffusion
model. This pH dependency seems suitable for protection of metallic alloys where
corrosion processes are accompanied by local pH changes. Furthermore, the microcapsules
were added to a hybrid sol-gel coating and its performance assessed by electrochemical
and accelerated standard tests. The results obtained indicate that capsules loaded with
MBT do not affect negatively the barrier properties of sol-gel coatings, and contribute for
the enhancement of adhesion of coatings to the metallic substrate. More relevant, these
additives impart active corrosion protection suppressing corrosion activity at defect sites,
which opens prospects for application of polyurea microcapsules as additives for high-

performance coatings.

Keywords: polyurea microcapsules, corrosion inhibitor, controlled release, corrosion

protection, sol-gel coating.

1. Introduction
In the last decade, one of the biggest challenge in the field of corrosion has been the

replacement of chromium based pre-treatments and primers by ‘green’ solutions [1].
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Several approaches have been reported for aluminum alloys, especially for AA2024,
because of its relevance for aeronautical industry [2].

Hybrid sol-gel coatings have been reported as promising systems for protection of
aluminum alloys. They are able to establish chemical bonds with the metal surface, which
renders good adhesion at the coating/metal interface [3]. Moreover, the fine tuning of
properties is possible due to implicit versatility of silane chemistry and wide range of
monomers available with different functionalities [4]. Nevertheless, the resulting sol-gel
films can exhibit micropores and fissures, allowing the diffusion of aggressive species
towards the metal surface [3], which ultimately leads to corrosion attack. Another
challenging aspect associated with sol-gel coatings is the lack of active corrosion
protection. To overcome this limitation different types of corrosion inhibitors have been
incorporated into sol-gel coatings with the aim to confer active protection [5-9].

Generally, the direct addition of corrosion inhibitors to coating formulations is not
straightforward due to compatibility issues. Some corrosion inhibitors may cause a
decrease in adhesion and coating barrier properties as a result of unwanted, detrimental
interactions between these active species and polymeric matrix [5, 8, 9]. To prevent the
contact between inhibitors and coating matrix, micro and nanostructured containers have
been proposed in the literature. The main role of these containers is the storage of
corrosion inhibitors, reducing spontaneous leaching and providing a controlled release of
inhibitor.

Several approaches for immobilization of corrosion inhibitors in reservoirs have been
reported. These include anion-exchange hydrotalcite loaded with decavanadate [10],
organic corrosion inhibitors encapsulated in S-cyclodextrins [11], or SiO2 nanoparticles
and halloysite nanotubes loaded with azole derivatives, covered by polyelectrolyte
multilayers [8, 12]. More recently, other carriers for corrosion inhibitors in multifunctional
coatings were suggested: TiO> nanocontainers loaded with 8-hydroxyquinoline [13],
montmorillonite modified with quaternary ammonium salt [14], NaY zeolites loaded with
two different inhibitors (cerium and diethyldithiocarbamate) [15] and pH-sensitive
polymeric particles loaded with 8-hydroxyquinoline [16]. There are several reviews
available describing the latest advances on nano and microcapsules for application in
corrosion protective coatings [17, 18], showing the diversity of reservoirs and the

respective triggers and mechanisms of action.
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Thiazole and triazole derivatives are known to be efficient corrosion inhibitors for AA2024
due to their chemisorption ability in the copper-rich intermetallic particles [8, 11, 12, 19]
and have already been encapsulated into different inorganic [20, 21] and polymeric
reservoirs [22].

In this work MBT was encapsulated in polyurea microcapsules. The microcapsules
obtained were added to hybrid sol-gel pre-treatments for corrosion protection of AA2024.
The resulting microcapsules were chemically and morphologically characterized by
scanning electron microscopy (SEM), thermogravimetry (TG/DTA) and Fourier transform
infrared spectroscopy (FTIR) The protective properties associated with microcapsule-
containing sol-gel coatings were assessed at lab scale by electrochemical impedance
spectroscopy (EIS) and the scanning vibrating electrode technique (SVET), as well as by
industrial standard testing (ASTM B 117-11, NP EN ISO 2409:2012 and ISO 16276-
2:2007).

2. Experimental Section

2.1. Materials

Cyclohexane and n-butanol were acquired to Alfa Aesar and to VWR Chemicals,
respectively. Span 85, diethylenetriamine (DETA) (99%), 2,4-toluene diisocyanate (TDI)
(98%), 2-mercaptobenzothiazole (MBT) (97%), Poly(vinylpyrrolidone) (average mol wt
40,000) (PVP) and acetone were purchased from Sigma-Aldrich. Sodium chloride (NaCl)
and buffer solutions were obtained from Riedel-de-Haen. Ethanol was supplied by
Panreac. Titanium-isopropoxide (TPOT) (97%), 3-glycidoxypropyl trimethoxysilane
(GPTMS) (97%) and acetylacetone were also purchased from Sigma-Aldrich. All

chemicals were analytic grade and were used without further purification.

2.2. Synthesis of Polyurea microcapsules and encapsulation of 2-
mercaptobenzothiazole

The synthesis of polyurea microcapsules (PU-MC) and the encapsulation of MBT in PU-
MC were performed in a single step. Two different phases were prepared, a continuous
phase where the non-ionic surfactant was dissolved in water and a dispersed phase where
MBT (compound to be encapsulated) was dissolved. A similar process was previously

reported for the encapsulation of phenolphthalein [23], but in this case TDI was used as
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monomer and PVP as emulsion stabilizer. Briefly, a solution of 1 g Span 85 in 100 mL of
water was prepared (continuous phase). A solution containing 0.25 g of PVP in 25 mL of
water was prepared and added to the continuous phase. Then, 3 g of TDI was diluted in
20 mL of cyclohexane and, in parallel 150 mg of MBT dissolved in 10 mL of acetone.
Both organic solutions were mixed (dispersed phase) and added to the continuous phase,
resulting in an oil-in-water microemulsion. n-Butanol (1 mL) was added to the o/w
microemulsion. After 15 minutes, 2 g of DETA were diluted in 20 mL of water and added
dropwise to the microemulsion. Then, the mixture was heated until 60 °C and stirred
during 3 h. The obtained precipitate was filtered, washed with pure water and dried at

room temperature.

2.3. Characterization of polyurea microcapsules loaded with MBT

The morphology of polyurea microcapsules loaded with MBT (MBT@PU-MC) was
characterized by SEM using a Hitachi S-4100 system with electron beam energy of
25 keV. Particle size distribution was determined using an image processing and analysis
in Java, free software, named “Imagel]” [24]. In order to characterize the chemical and
thermal properties of PU-MC, FTIR-ATR spectra were recorded with a Bruker IFS55
spectrometer equipped with a single horizontal Golden Gate ATR cell. TG/DTA was
carried out in a TGA-50 Shimadzu system under air atmosphere, with a heating rate of

10 C.min"! from room temperature up to 800 °C.

2.4. Release studies of MBT from polyurea microcapsules

The release profiles of MBT were monitored using a UV-1600 PC Spectrophotometer from
VWR. The correlation coefficient of the calibration curves obtained with 5 MBT standards
was higher than 0.999.

Briefly, 100 mg of MBT@PU-MC was dispersed in 20 mL of an aqueous solution where
pH was varied (4, 7 and 10) and the MBT release profiles were determined by UV-Vis
spectrophotometry at specific times. 1 mL sample of the mixture was extracted with a
syringe and filtered with a specific syringe filter (PTFE membrane with 0.20 um pore
size). To determine the total amount of MBT encapsulated, 100 mg of MBT@PU-MC
were dispersed in 20 mL of ethanol during 24 hours to guarantee the maximum release of

MBT. Ethanol was selected because MBT is very soluble in this solvent and facilitates
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MBT diffusion through the polymeric shell. The encapsulation efficiency was determined
by the expression:

0hE = “MEI=E 100 (Eg. 1),

RMETI

where nmeText is the amount of MBT extracted from PU-MC and nwmgri is the initial amount
of MBT used in the encapsulation. TG was also used to assess the MBT loading in PU-
MC.

2.5. Substrate preparation

Aluminum alloy 2024-T3 substrates were cleaned and etched according to a standard
commercial procedure: alkaline cleaning in Metaclean T2001 at 68 °C for 15 min, alkaline
etching in Turco Liquid Aluminetch N2 at 60 °C for 45 s, acid etching in Turco Liquid
Smutgo NC at 30 °C for 7 min, each step followed by washing in distilled water.

2.6. Sol-gel preparation, application and characterization

Epoxy-functionalized SiO2/TiO. based hybrid sol-gel was prepared using a similar
approach to the one previously reported, except for the use of titanium alkoxide instead of
zirconium alkoxide [9]. Briefly, hybrid sols (metalorganic and organosiloxane) were
prepared separately and then combined to form a hybrid solution. Titanium(IV)-
isopropoxide (TPOT) was mixed with acetylacetone and stirred in a water bath at constant
temperature of 22°C during 20 minutes to stabilize the metalorganic precursor by
acetylacetone complexant, followed by addition of 0.316 M HNOs solution (pH~0.5) drop
wise to start the hydrolysis process of the metalorganic compound. The solution was stirred
for 60 minutes. In parallel, 3-glycidoxypropyltrimethoxysilane (GPTMS) was dissolved in
2-propanol in 1:1 volume proportion, followed by addition of the acidic solution with
pH~0.5 to promote the hydrolysis of silane and the final solution was stirred at room
temperature during 60 minutes. After this time, both solutions were mixed and the
resulting hybrid solution was stirred for 1h at room temperature. After sol-gel synthesis,
MBT (or MBT@PU-MC) were dispersed in sol-gel and stirred until obtaining a uniform
dispersion.

The resulting hybrid sol-gel was applied by dip-coating onto the alloy plates for
electrochemical (EIS, SVET) measurements while samples for industrial tests were applied

by spray coating. The coated plates were held in open air during 1 h to let sol—gel
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hydrolyze and then cured at 120 °C during 80 min in the oven. The dried thickness was
measured using an “Elcometer” 456 Series Digital Coating Thickness Gauge.

Nanoindentation tests on the sol-gel coatings were performed using a CSM Micro-
Hardness Tester facility and a Berkovich diamond tip was used as indenter. Hardness (H)
and Young's modulus (E) were determined from the unloading part of the force—depth
curves. Hardness was calculated as the maximum applied load over the area of contact.
The hardness measurements on the sol-gel coatings were performed with a load of 1 mN

corresponding to a contact depth around 300 nm.

2.7. Assessment of corrosion protection performance of coated AA2024-T3

EIS measurements were carried out on coated aluminum alloy 2024-T3 at room
temperature in a three-electrode cell consisting of a saturated calomel reference electrode
(SCE), a platinum foil counter electrode and coated AA2024-T3 plate as the working
electrode in the horizontal position (an exposed area of ca. 3.3 cm?). The cell was placed in
a Faraday cage to avoid the interference of external electromagnetic fields. The electrolyte
was 0.5M NaCl aqueous solution for coated plates (V =10 mL), stagnant and in
equilibrium with air. The measurements were performed using a Gamry FAS2 Femtostat
with a PCI14 Controller. The selected frequency range was typically from 1 x 10° to 1 x 10°
2 Hz, with a 10 mV RMS sinusoidal perturbation vs. open circuit potential. The impedance
plots were fitted using different RC equivalent circuits, where pure capacitances were
replaced by constant-phase elements (CPE). The software used for the fittings was Gamry
Echem Analyst v5.61, and the 2 of the resulting spectra fittings varied between 102 and
104,

For SVET measurements the Applicable Electronics Inc. (USA) measurement system was
controlled by the ASET 2.0 software from ScienceWares Inc. (USA). The Pt-Ir vibrating
microelectrode had a 10-20 pum spherical platinum black tip. The scanning distance from
surface was 100 um. SVET measures potential differences in solution caused by ionic
fluxes arising from the sites of cathodic and anodic corrosion reactions at the surface [25].
Two artificial coating penetrating defects with diameter approximately 100 um and depth
around 50 pum were made by mechanical application of a stainless steel needle to all

samples before immersion in 0.05 M NacCl.
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Neutral salt spray (NSS) tests were performed according to Standard ASTM B 117-11
[26], where coated samples were assessed in terms of corrosion resistance in the presence
of a strong electrolyte (NaCl). Adhesion corrosion tests were performed according to NP
EN ISO 2409:2012 [27], where adhesion is tested in specific lattice pattern cuts made in
the coatings followed by application of a pressure-sensitive tape over the lattice then
removed, and according to 1SO 16276-2:2007 [28], where an x-cut is made through the
film to the substrate and immersed in deionized water for a defined time. All tests were
performed in triplicate.

Samples used in NSS and adhesion tests were coated with a full coating system composed
by the prepared sol-gel (modified with MBT@PU-MC or unmodified), followed by a
waterborne primer and an epoxy based top-coat. All layers were applied by spray and the

final thickness of those samples was 50 + 1.5 um.

3. Results and discussion

3.1. MBT encapsulation and characterization of polyurea microcapsules loaded with
MBT

Polyurea microcapsules were synthesized by interfacial polycondensation through an oil-
in-water microemulsion, where the dispersed phase containing MBT was encapsulated.
The polymeric shell results from the reaction of isocyanate group from TDI with amine
group from DETA in the interface between the continuous phase (hydrophilic) and the

dispersed phase (hydrophobic), forming a urea linkage, as represented in Scheme 1.

OCN H Moo H
H N ; N\C/NV\N/\/N
+ —- 3 i
NCO ™ NNk, & @/ 54
“ ...' n
TDI DETA polyurea urea llnkagc

Scheme 1: Reaction of the amine groups of DETA with isocyanate group of TDI forming the urea

linkage.

PU-MC prepared using this procedure have spherical and uniform morphology with a
broad distribution of sizes. The encapsulation of MBT does not promote any significant
modification on the microcapsules morphology when compared to empty ones, as observed

in Figure 29. The largest microcapsules show some signs of shrinkage, probably due to the
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high vacuum used during the SEM analysis. Both samples present signs of agglomeration.
This is attributed to the drying process during sample preparation which precedes SEM
analysis. To minimize this, only a small fraction of capsules was dried for characterization.
The remaining material was kept in slurry form to avoid agglomeration. The mean size of
obtained capsules is 277 and 219 nm for PU-MC and MBT@PU-MC, respectively.
However, the standard deviation was large due to the broad size distribution and presence

of microcapsules in the range of 1 - 2 um.
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Figure 29: SEM images of (a) empty PU-MC, (b) MBT@PU-MC; Size distribution histograms of (c)
empty PU-MC and (d) MBT@PU-MC.

The obtained MBT@PU-MC present a yellow pale coloration as result of MBT
encapsulation, confirming its successful immobilization. FTIR measurements allow the
identification of characteristic bands associated to the urea linkage at 1641 cm™ and
1745 cm?, corresponding to the stretching of carbonyl group and at 1551 and 3314 cm™
related to the stretching of N-H vibration from the urea linkage, directly connected to the

carbonyl group [29], confirming the successful reaction represented in Scheme 1. Bands
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associated with MBT cannot be detected. This may be due to overlapping with intense
bands corresponding to urea linkage.

In order to verify the thermal stability of MBT@PU-MC and to quantify the amount of
MBT encapsulated in PU-MC, thermogravimetric assays were performed and the obtained
data are represented in Figure 30. Considering that both MBT and the polymeric shell (PU)
are composed of organic material, they are affected by temperature in a similar way, as
verified in Figure 30. However, for MBT@PU-MC profile there is a smaller weight loss
when temperature reaches 400 °C, showing a smaller weight loss rate due to the presence
of MBT. MBT is a well-known organic vulcanization accelerator [30] and increases the
thermal resistance of rubber. In this case, this feature can be used to estimate the loading
content of MBT in MBT@PU-MC. According to the difference in TG profiles between
500 and 600 °C, the value roughly estimated for MBT loading content is ~5 wt%. At
temperatures higher than 600 °C all the remaining organic material is completely

decomposed.
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Figure 30: TG profiles of empty PU-MC and MBT@PU-MC.

3.2. Release studies of MBT from polyurea microcapsules

The methodology used for MBT encapsulation results in an encapsulation efficiency of
32 %, determined by extraction of MBT in ethanol (Equation 1). Ethanol was selected due
to the high solubility of MBT in this solvent, and the loading content of MBT obtained in

this way corresponds to 1 wt%, five times lower than the estimate from TG measurements

PhD Thesis of Frederico Maia 83



Micro/nanoreservoirs for controlled release of active species in smart functional

coatings

(~5 wt%). Although there may be some level of uncertainty associated with the estimate of
loading content by TG, one can expect that the extraction of MBT with ethanol is limited
and not all MBT inside the microcapsules is quantified in this manner.

MBT@PU-MC were dispersed in agueous solutions with different pH conditions (3, 7 and
10). These conditions were selected because pH is a corrosion relevant trigger for AA2024
since localized corrosion is accompanied with pH changes in cathodic and anodic areas.
Locally, pH can reach values around 3 at anodic zones and go up to 10 in cathodic areas
[31].

The release profiles of MBT are depicted in Figure 31. The low solubility of MBT in
aqueous solutions plays an important role in the extent of MBT released. Under neutral
conditions the release of MBT is low, reaching only 3% of total loading content
(determined by extraction with ethanol) after 48h of immersion, while for acidic conditions
this value rises up to 5% and for alkaline conditions reaches 14%. The largest release of
MBT under alkaline conditions is consistent with its solubility dependence upon pH and is
in agreement with release studies of MBT reported in the literature [32]. A similar pH
dependence was observed for the release of phenolphthalein from PU-MC, due to the
barrier effect of the capsule and the low permeability of the organic compound in the
polymeric shell under these conditions [23]. More importantly, this trend (higher release in
acidic and alkaline conditions) matches well the localized nature of corrosion processes in
AA2024, allowing for a more effective release of inhibitor when either anodic or cathodic
processes occur. On the other hand, the relative low values of MBT released can be
advantageous for long-term applications.

Experimental data from MBT release profiles were fitted using established Kinetic-
mechanistic models. The kinetic models selected were Higuchi’s square root of time
(diffusion) [33] and Power Law [34] equations, presented in Table 7. W represents the
percentage of MBT released at time t and ki is the release rate constant of diffusion model.
In the Power law equation, M¢M., represents the fractional drug (MBT) released into the
dissolution medium and k> is a constant incorporating structural and geometric
characteristic of the material. The parameter n is a diffusion exponent that characterizes the
release transport mechanism of the active. When n=0.5, the drug diffuses through and is

released from the polymeric matrix with a quasi-Fickian diffusion mechanism. For n > 0.5,
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anomalous, non-Fickian drug diffusion occurs, and when n = 1, a non- Fickian, Case Il or
zero-order release kinetics occurs [34].

The parameter which significantly affects the release of MBT from PU-MC seems to be
diffusion through the polymeric walls of the microcapsules. This influence is observed by
the adjustment of experimental data to the Higuchi’s model, as presented in Figure 3C and
Table 7. On the other hand, Power Law model, a simple model which is typically used to
characterize more complex systems also fits the experimental data with reasonable R2
values. The diffusional exponent n obtained is smaller than the theoretical value for
spherical particles (n=0.43), probably associated with the broad distribution size diameter
of MBT@PU-MC [34].
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Figure 31: (A) Release profiles of MBT from MBT@PU-MC in different pH conditions. Fittings of
experimental data using different kinetic models: (B) Power Law and (C) Higuchi’s square root of time

(diffusion model).
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Table 7: Fitting kinetic models to MBT release experimental data at different pH’s.

Experimental conditions (pH):

L. . Kinetic
Kinetic models Equation
constants 3 7 10
Higuchi’s square W=k, t12 k 0.3926 0.4178 1.3764
root of time R? 0.8883 0.9213 0.9196
M, k 0.0246 0.0119 0.0644
L n
Power law M_ fp R? 0.9595 0.9321 0.8972
n 0.1837 0.2850 0.2045

3.3. Coating properties and corrosion protection performance of coated AA2024-T3
MBT@PU-MC were dispersed in the prepared sol-gel and applied on etched AA2024
plates using dip-coating and spray methods, followed by thermal curing at 120 °C. As
observed before, in TG analysis (Figure 30), MBT@PU-MC shows good thermal stability
and can be used at this temperature without significant changes.

The resulting coatings show good uniformity and thickness around 2-2.5 um for coatings
applied by dip-coating, while the ones applied by spray for industrial testing had thickness
around 5 pm.

Mechanical properties of sol-gel coating were determined by nanoindentation tests. The
average values obtained for sol-gel coating was 1.2+0.2 GPa and 6.4+0.7 GPa for hardness
(H) and Young's modulus (E), respectively. The values were calculated on the basis of five
measurements. The obtained hardness value was found to be higher than the values
reported in the literature, which was 0.15 GPa for GPTMS sol-gel coating [35]. The higher
hardness obtained in this work is associated with the presence of titania nanoparticles
(formed during the sol-gel synthesis procedure) and better reticulation of GPTMS matrix
leading to more rigid matrix. Indeed, as the inorganic content in sol-gel matrix grows both
hardness and Young's modulus increase [36]. The latter was reported to be around 3-8 GPa
for 25-50 % of organic content in a sol-gel coating, which is consistent with our
measurements.

The corrosion protection of thinner samples was assessed by EIS and SVET, while thicker
samples were tested industrially under standard conditions (ASTM D1654, 1SO 2409:2007
(cross-cut test) and ISO 16276-2:2007 (x-cut test)).

Figure 32 shows Bode plots of coated AA2024 samples immersed in a 0.5M NaCl solution
after 5 days (A) and after 14 days (B). The impedance data in the high frequency range,

associated with the coating response, demonstrates that when MBT is directly added to sol-
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gel, a significant decrease in impedance modulus (|Z|) occurs for both times of immersion,
highlighting the negative effects of the MBT directly added to sol-gel. Contrastingly, when
MBT is introduced in encapsulated form that negative effect on the sol-gel coating is
negligible, resulting in a similar performance as the control (undoped sol-gel) system.
Therefore, encapsulation limits the negative interaction of MBT with sol-gel matrix,
maintaining the barrier properties of sol-gel layer. The same behavior related to sol-gel
barrier is observed even after 14 days of immersion in NaCl solution (Figure 32 B).
Additionally, the coating with MBT@PU-MC exhibits the highest |Z| in the low frequency
region, ascribed to a lower rate of the corrosion-related electrochemical processes on the

alloy surface, thereby demonstrating the active effect of MBT in the system.

= Control
A = Control B
. « MBT 10 10 MBT )
1094 MBT@PU-M ] MBT@PU-MC oon,
" L rETEe0R0, = nn"”"aﬂ‘i Oooo
6 s, A e e 120 6] 'I-... o o 1-20
g 5 ° o’ = oo = g 5 a 5055;. 0y | - o o [0}
c 1073 o o o Ooo & o 40 g = 1074 '-. ] =2 40 z
£ . o R “u o et o ° .°o 0 a » = 7]
O .q¢] % ° k- 6 © b O 4] R o ]
= 10 by © - Og..."; . 160 Jo = 10 e O"o Da;‘;:________ . =d-60 &
=~ <. e . - L o o..' e, .
10° TonndeB, o N 10°4 0t ". ey
; o4, *020ss 2
Sol-gel barrier -0 Sol-gel barrier %0
10° ey 10° e e e s |
10° 10” 10" 10° 10" 10° 10° 10' 10° 10° 10% 10" 10° 10' 10° 10° 10" 10°
f, Hz f, Hz

Figure 32: Bode plots of coated AA2024 immersed in 0.5M NacCl solution after (A) 5 days and (B) 14
days.

The typical Bode plot of a failed coating shows 3 time constant elements, attributed to sol-
gel coating, intermediate oxide layer and corrosion activity [9].Values of resistances and
capacitances associated with those elements can be determined using equivalent circuits to
fit experimental data, as represented in the scheme of Figure 33.

The resistance associated with sol-gel coating provides valuable data on the stability of the
coating upon addition of inhibiting compounds as well as on the evolution of coating
barrier properties during immersion in corrosive electrolyte. On the other hand, the
intermediate oxide layer is often seen on chemically cleaned alloy surface [38] and
constitutes the last barrier against corrosive species. Thus, when damages occur in oxide,
corrosion processes can easily initiate on the unprotected metal surface. In this context,
monitoring the properties of intermediate oxide layer can unveil the improvement of

corrosion protection of metal by coating with inhibitors. The evolution of sol-gel film and

PhD Thesis of Frederico Maia 87



Micro/nanoreservoirs for controlled release of active species in smart functional

coatings

intermediate oxide layer resistances (Rcoat, Rox) during immersion in 0.5M NaCl is depicted

in Figure 34.
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Figure 33: Schematic representation of EIS fitted data (left) using equivalent circuits model (right).
Adapted from [37].
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Figure 34: Evolution of sol-gel film resistance (A) and intermediate oxide layer resistance (B) for
samples with unmodified sol-gel, sol-gel with MBT and MBT@PU-MC during immersion in 0.5 M
NaCl.

The direct addition of MBT decreases the coating resistance with respect to the control
system during the immersion time monitored, being more evident after 100 h of immersion
until the end of the assay (Figure 34a). On the other hand, when MBT is added in its
encapsulated form (MBT@PU-MC) there is no decrease in the film resistance when
compared to the control (undoped sol-gel) system (Figure 34a). The same trend is observed
for the intermediate oxide layer resistance. When MBT is directly added to the sol-gel, Rox
is similar to the control in the first measurement, but as time progress a significant decrease

of approximately one order of magnitude is observed (Figure 34b), probably due to the fast
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coating degradation promoted by MBT as a result of the chemical interaction between
MBT and the sol-gel matrix. For MBT@PU-MC, Rox values are significantly higher than
control during most of the immersion time, except for the last measurement when that
value is slightly lower than control (Figure 34b). Thus, three significant conclusions can be
made from EIS data analysis: the first one is the degradation of barrier properties when
MBT is added directly to sol-gel, being not favorable from the point of corrosion
protection; the second one is related to the preservation of sol-gel matrix properties when
MBT@PU-MC are added; and the third one is based on the improvement of corrosion
protection of sol-gel modified with MBT@PU-MC observed and highlighted by higher
oxide layer resistance values determined, showing signs of active corrosion protection.

The corrosion protection properties at localized defect sites were examined by SVET. All
the sample coupons, with two artificially-inflicted defects made using a needle, were
immersed in 0.05M NaCl solution. Usually, the cathodic and anodic corrosion processes
occur at different defects [39]. The ionic fluxes caused by these activities can be detected
by SVET. In Figure 35a the SVET maps taken after 2 hours of exposure in corrosive media
are presented. The reference sample shows already high current densities, while the
characteristic anodic peak reaches up to 12.1 pA cm™. The coating impregnated directly
with MBT inhibitor shows only slightly lower activity (9.3 HA cm) and the sample with
MBT@PU-MC stays at 6.5 pA cm™. The visual degradation of coatings, especially at
defect areas, can be seen in the optical micrographs (Figure 35b), where the ‘active spots’
in the reference sample have grown more than others after 72 hours of exposure in
solution. The selected ionic current profiles in Figure 35c and SVET maps at Figure 35b
demonstrate the level of corrosion activity on all samples after 72 hours of immersion. The
sample with MBT@PU-MC performs clearly better than the others, as the maximum
anodic current density slightly decreases down to 3.4 pA cm, while for the reference sol-
gel and coating with MBT the current densities raised up to 27.4 and 19.2 pA cm?,
respectively. These results demonstrate that the impregnation of sol-gel matrix with
MBT@PU-MC gives functional self-healing properties to the coating, while the direct

addition of MBT corrosion inhibitor does not improve but degrades the sol-gel matrix.
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Figure 35: Optical micrographs and SVET maps after 2 hours of immersion (a) and after 72 hours of
immersion in 0.05M NacCl (b) and selected ionic current profiles (c) for all samples.

Multilayer coatings (50 + 1.5 um), where sol-gel was applied by spray coating as pre-

treatment, followed by primer and top layers, were subjected to standard tests. Coated
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AA2024 were placed in neutral salt spray (NSS) chamber to assess the corrosion protection
in corrosive environments according to ASTM B 117-11 standard. After one week in the
NSS chamber coated AA2024 samples were removed and significant differences between
samples with and without MBT@PU-MC were observed, as depicted in Figure 36. The
sample coated with unmodified sol-gel presents numerous spots of corrosion (pitting),
particularly in the vicinity of the hole and on the left side of the image. Oppositely, the
sample coated with sol-gel mixed with MBT@PU-MC shows several pits on the left side
and no signs of pitting near the hole. This evidence suggests that MBT@PU-MC not only
limits the interaction between MBT and sol-gel matrix, keeping its barrier properties, but
also improves the corrosion protection of modified sol-gel on the AA2024 surface.

In addition to corrosive testing, adhesion corrosion tests were performed according to NP
EN ISO 2409:2012 (cross-cut test) and ISO 16276-2:2007 (wet x-cut test), being the
results shown in Figure 37 and Figure 38, respectively.

Figure 36: Coated AA2024 with (A) unmodified sol-gel and (B) with sol-gel containing MBT@PU-MC,
after 168 hours in NSS.
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Cross-cut tests show signs of separation between the coating and surface of aluminum
alloy on the right angle and some delamination in a few squares for sample pre-treated
with unmodified sol-gel (samples A from Figure 37), being more evident for samples A2
and A3. According to the NP EN ISO 2409:2012 scale, sample A is classified with 3-4
(“Coating has flaked along the edges of the cuts partly or wholly in large ribbons, and/or it
has flaked partly or wholly on different parts of the squares. A cross-cut area significantly
greater than 15 %, but not significantly greater than 65 %, is affected”). On the opposite
way, samples pre-treated with sol-gel containing MBT@PU-MC (samples B from Figure
9) show no significant signs of detachment and delamination, resulting in an improved ISO
classification when MBT@PU-MC is added to the sol-gel. In this case, samples are
classified with 1 (“Detachment of small flakes of the coating at the intersections of the

cuts. A cross-cut area not significantly greater than 5 % is affected”).
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Figure 37: Coated AA2024 with (A) unmodified sol-gel + primer/top and (B) modified sol-gel with
MBT@PU-MC + primer/top, after cross-cut test.

The same trend was observed in adhesion of x-cut tests performed after immersion in
deionized water and depicted in Figure 38. The evaluation of samples was performed
according to the scale used in ASTM D3359 — 09 [40]. Sample A (without sol-gel) shows
trace peeling along incisions and was classified with 4A. Sample B (unmodified sol-gel +
primer/top) shows trace peeling along the incision and removal at the intersection, as
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observed in Figure 38 B, being also classified with 4A. Sample C containing MBT@PU-
MC in the sol-gel matrix + primer/top presents a rough surface due to the presence of some
capsules aggregates, nevertheless shows no peeling or coating removal (Figure 38 C),
being classified with 5A.

According to the scale used in ASTM D3359 — 09, the adhesion of samples containing
MBT@PU-MC in the sol-gel matrix shows better performance when compared with

samples coated with unmodified sol-gel (sample B) and without sol-gel (sample A).

Figure 38: Coated AA2024 with (A) primer/top, (B) unmodified sol-gel + primer/top and (C) sol-gel
with MBT@PU-MC + primer/top, after wet x-cut test.

In a general way, the addition of inhibitor in encapsulated form preserves barrier
properties, avoiding the negative interaction between MBT and the sol-gel matrix,
observed by EIS measurements, and improves the corrosion protection as also verified by
EIS and when coated samples were submitted to corrosive atmospheres in the salt spray
chamber. In terms of adhesion, samples containing MBT@PU-MC also demonstrate better
performance than unmodified sol-gel, for both tests realized showing less signs of
detachment or delamination.

The good performance of MBT@PU-MC when incorporated in sol-gel can be attributed to
the presence of two “unreacted groups” (isocyanates and amines) from the polyurea
polymer used in the encapsulation of MBT and the consequent formation of microcapsules.
These two groups can react with sol-gel matrix, acting not only as filler but also as
crosslinking agent, improving their protective properties.

Due to the performance of MBT@PU-MC in laboratory tests and in semi-industrial scale
tests, they show a high potential to be incorporated in pre-treatment or in primer corrosion
protective coatings for aeronautical applications.
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4. Conclusions

In this work the successful synthesis and encapsulation of MBT in polyurea microcapsules
is reported. As-prepared microcapsules show uniform and spherical morphology with a
broad size distribution, from 100 nm up to 2 um. The developed microcapsules have good
thermal stability up to 300 °C and have a MBT loading content around 5 wt%.

When incorporated into sol-gel matrix and applied in AA2024 pre-treatments, MBT @PU-
MC corrosion protection was assessed by EIS, SVET, NSS and adhesion tests. The data
obtained from different tests show the improvement of pre-treatment performance in the
presence of MBT@PU-MC.

Therefore, the use of PU-MC seems an effective way of incorporating corrosion inhibitors
within coating formulations, overcoming negative effects related to direct addition of
inhibitors and resulting in an increase of the corrosion protective performance of the

modified coating system.
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CHAPTER 5

“Nanocontainer-based corrosion sensing coating”

TOP PUBLISHING NANOTECHNOLOGY
Nanotechnology 24 (2013) 415502 (9pp) doi: 10. 1088/0957-4484/24/41/415502

Nanocontainer-based corrosion sensing
coating

F Maia, J Tedim, A C Bastos, M G S Ferreira and M L Zheludkevich

Department of Materials and Ceramic Engineering, CICECO, University of Aveiro, 3810-193 Aveiro,
Portugal

E-mail: mzheludkevich@ua.pt

Received 27 June 2013, in final form 13 August 2013
Published 17 September 2013
Online at stacks.iop.org/Nano/24/415502

Manocontainers with pH indicator

l l 0, + 2H,0 + de- a
O

\ Coating / ‘ Corrosion ' \ Coating /

damage of substrate response

PhD Thesis of Frederico Maia 99



Micro/nanoreservoirs for controlled release of active species in smart functional

coatings

PhD Thesis of Frederico Maia 100



Micro/nanoreservoirs for controlled release of active species in smart functional

coatings

Abstract

The present paper reports on the development of new sensing active coating on the basis of
nanocontainers containing pH-indicating agent. The coating is able to detect active
corrosion processes on different metallic substrates. The corrosion detection functionality
based on the local colour change in active cathodic zones results from the interaction of
hydroxide ions with phenolphthalein encapsulated in mesoporous nanocontainers which
function as sensing nanoreactors. The mesoporous silica hanocontainers are synthesized
and loaded with pH indicator phenolphthalein in a one-stage process. The resulting system
iIs mesoporous, which together with bulkiness of the indicator molecules limits their
leaching. At the same time, penetration of water molecules and ions inside the container is
still possible, allowing encapsulated phenolphthalein to be sensitive to the pH in the
surrounding environment and outperforming systems when an indicator is directly
dispersed in the coating layer.

The performed tests demonstrate the pH sensitivity of the developed nanocontainers being
dispersed in aqueous solutions. The corrosion sensing functionality of the protective
coatings with nanocontainers are proven for aluminium- and magnesium-based metallic
substrates. As a result, the developed nanocontainers show high potential to be used in a

new generation of active protective coatings with corrosion-sensing coatings.

Introduction

Corrosion prevention remains an important challenge of the technological world, affecting
everyone’s lives, with great economic impact, often associated with safety and
environmental hazards [1]. The most widespread method for preventing corrosion is the
use of protective coatings which create a barrier between the metal and the corrosive
environment and optionally contain active elements in their composition to actively
suppress the corrosion (e.g. inhibitors) [1]. However, the barrier layers also hide the
corrosion processes from human eyes and complicate the detection of an initiated
degradation processes in the substrate. The early detection of corrosion and coating
damage can avoid catastrophic accidents and trigger simpler and less onerous maintenance

actions.

PhD Thesis of Frederico Maia 101



Micro/nanoreservoirs for controlled release of active species in smart functional

coatings

Corrosion is typically characterized by a reaction of two part, one anodic (oxidation of the
metal) and another cathodic (reduction of oxygen or water molecules from the

environment),

Anodic reaction: M — ne” + M"™ (1)

Cathodic reaction: Oz + 2H20 + 4e- — 4HO (2) [1].

With the onset of corrosion, pH increases in the local cathodic areas due to the formation
of hydroxide ions whilst acidification often occurs at anodic sites as a result of hydrolysis
reactions. The cathodic and anodic sites are often separated in space especially in the case
of coated metallic substrates. Thus, the respective pH variations can be used to detect and
locate the active corrosion spots in confined defects of the coatings or under the coatings if
pH indicators are incorporated in a polymer protective layer.

In recent years there have been several reports published on the development of high-
performance coatings with functionalities capable of ‘sensing’ and ‘responding’ to external
stimuli that may cause coating degradation and, as a result, undermine the integrity of
metallic structures [2-9].

Zhang and Frankel showed that the addition of phenolphthalein to an acrylic-based coating
confers sensing functionality [2]. The sensitivity of the sensing coatings was determined by
passing a cathodic current and determining the charge at which a colour change occurs. A
similar approach was employed by EI-Nahhal et al for monitoring acid—base reactions
using a silica-based sol-gel matrix doped with phenolphthalein as pH sensing agent [3]. In
both cases phenolphthalein was the selected pH indicator because of its good colour
intensity at high pH and high contrast between the low-pH (colourless) and high-pH (pink)
states. Another important aspect of this indicator is the colour transition occurring at
alkaline but close to neutral pH (pH > 8.2), being very useful for the indication of
corrosion onset, avoiding false-positive corrosion indication.

The active compounds can be sometimes added directly to the coating formulations
without compromising their intrinsic properties [2]. However, in many cases the
interaction of active functional compounds with components of the coating formulation
leads to undesirable effects such as loss of functionality, decrease of barrier properties and

compromised adhesion [4]. One way to overcome this negative effect is by the
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encapsulation of the active compounds before their introduction to the coating formulation,
which can be considered as a promising alternative in such situations [5]. The
immobilization of active molecules in different nanocontainers confers control over the
release and prevents undesirable interactions.

In the specific example of phenolphthalein, Engelmann et al have suggested dextran
carbamate derivatives for encapsulation of this indicator [6]. The encapsulation of
phenolphthalein in pH-sensitive microcapsules based on film-forming monomers and pre-
polymers including urea-formaldehyde and melamine-formaldehyde, combined with a
cross-linking agent that has one or more ester and mercapto groups such as pentaerythritol
tetrakis (3-mercaptopropionate), was also reported [7—9]. According to these works, the
shell of microcapsules breaks down under alkaline conditions, releasing the pH indicator as
a result of corrosion activity. Nevertheless, the important questions of the capsule
mechanical stability and the container size constraints are not resolved in such systems.

In the present work we suggest the encapsulation of phenolphthalein in a new
nanocontainer system based on mesoporous silica nanocapsules. A new mechanism for
detection of corrosion-induced pH changes is suggested. The main idea is to provide a
colour change signal as a result of pH change in the vicinity of a nanocontainer with
consecutive diffusion of hydroxide ions into the mesopores reacting with pH indicator
within the container. The suggested approach is significantly different from the situations
reported in the literature in which the indicator is released from the nanocontainer and
reacts in the surrounding solution. To the best of our knowledge it is the first time that

nanocontainers have been used as nanoreactors in the active sensing coatings.

Experimental section

Materials

Phenolphthalein ~ (PhPh),  cetyltrimethylammonium  bromide (CTAB) (99%),
tetraethoxysilane (TEOS) (99.9%) and acetone were purchased from Sigma-Aldrich.
Ammonia solution (NH40H) (25-28%), sodium hydroxide (NaOH), sodium chloride
(NaCl), ethyl ether (99.5%) and buffer solutions were obtained from Riedel-de-Hé&en.
Ethanol was supplied by Panreac (Spain) and acetonitrile (HPLC grade) from ROMIL. All

chemicals were analytic grade and were used without further purification.
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Phenolphthalein encapsulation

The silica-based nanocontainers (Si_NC) were prepared via an oil-in-water microemulsion
approach as shown in scheme 1.

The nanocontainers were prepared using CTAB as cationic surfactant, ethyl ether as co-
solvent and ammonia solution as catalyst. First, a CTAB solution was prepared (0.25 g in
35 ml of water) and 0.25 ml of ammonia solution (25-28%) was subsequently added
(aqueous phase). Afterwards, 0.1 g of PhPh dissolved in 25 ml of ethyl ether was added to
the aqueous phase, and an oil-in-water microemulsion was obtained (scheme 1). Then, 2.0
ml of TEOS was added drop wise to the microemulsion under vigorous stirring and kept in
a closed vessel for 24 h at room temperature. The obtained precipitate was filtered, washed
with pure water and dried at room temperature. A small portion of these nanocontainers
was calcined at 550 °C during 5 h, with a heating rate of 10 °C.min, in order to determine

PhPh loading content.

Monomers/precursors, surfactants,
water, solvents and active compounds

O/W emulsion Silica nanocontainers

Scheme 1: Encapsulation of PhPh in mesoporous Si_NC.

Characterization of silica nanocontainers

The morphology of obtained nanocontainers was characterized by scanning electron
microscopy (SEM) coupled with energy dispersive spectroscopy (EDS), (Hitachi S-4100
system with electron beam energy of 25 keV), and by transmission electron microscopy
(TEM) (Hitachi H9000 TEM system with electron beam energy of 300 keV).
Thermogravimetric analysis (TG/DTA) was carried out in a Sataram-—Labsys system under
air atmosphere, with a heating rate of 10 °C.min from room temperature up to 800 °C.
The textural properties of samples were evaluated based on the adsorption—desorption
isotherms of N2 at -196 °C, performed on the equipment Quantachrome NOVA 4200e.
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Samples were previously degassed at 180 °C for 6 h. The specific area (Sger) was
calculated by the BET method (Brunauer, Emmett and Teller), the volume of micropores
(Vmicro) was determined from the method-t, and the total pore volume (Vppipe=0.98) Was
obtained from the total volume of N, adsorbed to p/p°=0.98 [10]. The most frequent
diameter of pores (mode of pore diameter distribution) was calculated by two different
methods: the BJH method (Barrett—Joyner—Halenda) [10, 11], applied to the desorption
branch of isotherm, and the DFT method (density functional theory) using a routine
available in the Quantachrome equipment software that was developed for the adsorption

of N2 on porous materials based on silicon, assuming a cylindrical pore model.

Release studies of PhPh

The release profiles were monitored by high-performance liquid chromatography (HPLC)
using a Shimadzu chromatograph equipped with a SPP-M20A diode array detector, using a
C18 column as stationary phase and acetonitrile/pure water (90:10, v/v) as the mobile
phase with a flow of 1 mL.min. The correlation coefficient of the calibration curves
obtained with 5 PhPh standards was higher than 0.999, using the wavelength 275 nm as
maximum.

100 mg of Si_NC with PhPh were dispersed in 20 mL of aqueous solutions where NaCl
concentration and buffered pH were systematically varied: NaCl concentrations of
0.005 M, 0.05 M and 0.5 M; pH =4, 7 and 9. These conditions were selected as relevant
parameters found in corrosive environments. 1 mL sample of each mixture was extracted
with a syringe, and filtered with a specific syringe filter (PTFE membrane with 0.20 um
pore size). In order to determine the total amount of PhPh encapsulated, 100 mg of Si_ NC—
PhPh was dispersed in 20 mL of ethanol during 24 h to guarantee the maximum release of
PhPh. 1 mL of the resulting solution was extracted with a syringe, filtered, and then
analysed by HPLC as well. The encapsulation efficiency was determined by the expression
%E = nphehext / Nphphi X 100%, where npnenext 1S the amount of PhPh extracted from silica

nanocontainers and npnpni IS the initial amount of PhPh used in the encapsulation.

Preparation of substrates and coating
Two different substrates were selected as representatives of light alloys widely used in

different industrial applications, such as aeronautics, where detection of early corrosion is
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essential considering the high reliability requirements and elevated maintenance costs.
Substrates of aluminium alloy 2024 were cleaned and etched according to a standard
commercial procedure (alkaline cleaning in Metaclean T2001 - Chemie Vertrieb Hannover
GmbH and Co KG - at 68 °C for 25 min, alkaline etching in Turco Liquid Aluminetch N2 -
Turco Chemie GmbH - at 60 °C for 45 s, acid etching in Turco Liquid Smutgo NC - Turco
Chemie GmbH - at 30 °C for 7 min, each step followed by washing in distilled water).
Magnesium alloy AZ31 coupons were abraded with sandpaper of different grain sizes to
remove all oxides and impurities followed by cleaning with ethanol.

Dried and cleaned substrates (Mg and Al alloys) were coated with an aqueous-based two-
component room temperature cured epoxy non pigmented paint provided by Mankiewicz
GmbH (Germany). The nanocontainers with PhPh were incorporated into the resin (5 wt%
with respect to the resin) and stirred until uniform dispersion (~30 min) was obtained.
Subsequently, the hardener was added to the dispersion and the coating was applied on
metal plates using a bar coater (30 um thickness). Samples were left to cure at room
temperature (~25 °C) for 12 h.

Sensing activity in solution and in coated substrates

The sensitivity of the developed nanocontainers to pH changes was verified using different
approaches, including dispersion of the encapsulated indicator in the corrosive electrolytes
and corrosion tests on the alloy coupons coated with polymer layers containing PhPh-
loaded nanocontainers. The first and simplest test consisted of suspending PhPh
nanocontainers in distilled water and then changing the pH of the suspension by the
addition of one drop of sodium hydroxide solution (5% (m/m)). A second test consisted of
deposition of PhPh nanocontainer slurry on top of a glass plate by casting, followed by
drying at room temperature, creating a layer of PhPh-loaded nanocontainers. Then, one
drop of sodium hydroxide solution (5% (m/m)) was placed on the formed layer and the
evolution of the drop spreading was monitored by the change of colour in the affected
zone. In a third test the PhPh-containing nanocontainers were dispersed in a 0.5 M NaCl
electrolyte used for corrosion testing of zinc—iron galvanic couple embedded in an epoxy
resin. The colour change in the vicinity of the cathodic site was then observed. Finally, to
evaluate the sensing activity of indicator-containing nanocontainers incorporated in

coatings, the painted metal substrates were immersed in a corrosive electrolyte (0.5 M
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NaCl) and monitored over time to detect the colour changes. The evolution of the colour
was followed by visual inspection and recorded with a digital camera.

Results and discussion

Encapsulation of phenolphthalein in Si_NC

Silica nanocontainers were prepared by oil-in-water microemulsion polymerization, using
CTAB as emulsion stabilizer and template surfactant, ethyl ether as co-solvent and
ammonia as catalyst, in a single-step process. After the formation of a stable
microemulsion, TEOS was added to the reaction medium and was hydrolyzed in the
interface of both phases, followed by alkaline condensation, forming a porous wall around
the organic phase promoting the encapsulation of PhPh. The resulted porosity in the
nanocontainer shell is a consequence of the gasification of co-solvent, ethyl ether, due to in
situ temperature increase as a result of exothermic condensation of TEOS.

The formation of Si_NC is the result of a dynamic cross-coupling of two processes,
namely, the dynamic gasification of the template and the stabilization process of
condensation together with self-assembly controlled by the presence of CTAB, as
explained in our previous publication [12].

The prepared empty mesoporous silica nanocapsules display a regular, spherical shape
with size diameter between 100 and 150 nm as shown in Figure 39. Gradual porosity of the
Si_NC shell and narrow particle size distribution can be confirmed by TEM (image inset in
Figure 39 (left)). Nonetheless, the encapsulation of PhPh promotes a few modifications on
the final structure of silica nanocontainers. As can be observed in Figure 39 (right side),
the silica nanocontainers have a consistent size distribution but irregular shape. In the inset
of the same figure, TEM highlights the irregularity of the Si_NC-PhPh, with part of the
capsule shell not completely formed resulting in higher porosity probably due to the
bulkiness of PhPh molecules.

This irregular shape found in Si_NC—PhPh seems to be also related to the increase of pore
diameter promoted by the encapsulation of PhPh. To verify this hypothesis, textural
properties of silica nanocontainers (Si_NC and Si_NC-PhPh) were evaluated based on
adsorption—desorption isotherms of N, at -196 °C. Figure 40(a) shows the isotherms for
both samples. The observed results are typical for the case of multilayer adsorption in

mesoporous materials with a wide pore size distribution [10, 11]. Table 8 presents the main
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textural parameters of the silica nanocontainers: specific surface area (Sger), the volume of
micropores (Vmicro), the total pore volume (Veppe=0.98) and the most frequent diameter of
pores (mode of distribution of pore diameter). The pore size distribution in the silica
nanocontainers increases with the PhPh encapsulation as can be observed in Figure 40(b),
(c) and in Table 8. The pore diameter also grows by more than three times, from 3.7 to
13.1 nm, according to the BJH method, and 5.5 to 17.3 nm, according to the DFT method.
As a result of the pore size increase, the surface area (Sget) decreases from 151 to
144 m2.g*.

N4

Figure 39: SEM picture of Si_NC: (left) empty (inset: TEM picture of Si_NC with scale bar of 100 nm)
and (right) with PhPh (inset: TEM picture of Si_NC-PhPh with scale bar of 100 nm).

The porosity analysis has demonstrated that the obtained nanocontainers have
mesoporosity and high specific surface area available for the absorption of the active
species. The achieved loading of the developed nanomaterials was tested using thermal
analysis. The thermogravimetry experiments in air were performed to verify the thermal
stability of Si_NC and to determine the amount of PhPh encapsulated (Figure 41). The
curve of calcined Si_NC (used as reference) shows no significant weight loss with
temperature. The difference between the weight reduction of the as-synthesized Si_NC and
the calcined nanocontainers is approximately 27% and mostly originates from thermal
degradation of residual TEOS and traces of surfactant. The plot corresponding to Si_ NC—
PhPh shows a similar profile from room temperature until 300 °C, but then an additional
mass reduction can be observed in the temperature range from 350 to 500 °C. Around 10%
of the observed weight loss can be attributed to the selective degradation that occurs

preferentially from relatively weak bonds (C—N and C-O) to form free radicals, which
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undergo a variety of reactions, such as recombination, rearrangement, degradation, etc, and

further degradation at elevated temperatures is attributed to PhPh [13] and to part of TEOS
degradation. The following step from 530 °C until 800 °C is completely attributed to PhPh

degradation. The resulting mass loss is significantly higher in this case ant 36%. Therefore,

the difference of mass loss for loaded and unloaded nanocontainers can be used to estimate

the PhPh loading in Si_NC, which in this situation is at least 9 wt%.
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Table 8: Textural properties of the samples determined from the adsorption-desorption isotherms of
N2.
SeeT Vmicro (t-method) Ve pipe=0.08  dpores BIH @ dpores DFT @ ®)

Sample
(m*g?) (ecm®g™t) (ecm®g™t) (nm) (nm)
Si_NC [12] 151 0 0.96 3.7 55
Si_NC-PhPh 144 0 0.91 13.1 17.3

(@) The values shown represent the most frequent (mode) value of the distribution of pore
diameter. (b) Applying a routine that assumes porous silicon-based cylindrical geometry.

The loading of the indicator was additionally verified by extraction experiments. The
extraction of PhPh from Si-NC was performed using ethanol and the obtained result was
about 6 wt% which is lower than the value obtained by the thermogravimetry. This
difference can arise from possible chemisorption of PhPh or a kind of grafting to Si-NC
preventing the leaching during the extraction. It can also be related to the retention of PhPh
in small pores. As pores are closed, PhPh is not accessible to solvent and it can be removed

only with temperature.
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Figure 41: TG profile of Si NC calcined, non-calcined and with PhPh encapsulated.
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According to the above-described numbers for loading content, an encapsulation efficiency
of 57% was achieved, which corresponds to ~284 ppm of PhPh of loading content. The
release of PhPh from mesoporous silica nanocontainers in aqueous electrolytes at different
pH conditions and NaCl concentration was studied in order to understand the behaviour of
the system in corrosive conditions (Figure 42). The acidity and chloride concentration were
varied since they are the most relevant parameters in corrosive environments. The ionic
strength and pH also have an important influence on the diffusion of species absorbed in
mesoporous nanocontainers [12]. The release studies were carried out at pH equal to 4, 7
and 9; and the NaCl concentrations used were 0.005, 0.05 and 0.5 M. All the experiments
were performed four times for each condition in order to guarantee reproducibility.

The release of PhPh from Si NC significantly depends on pH value of the electrolyte. The
amount released is very low (1.6 ppm) at neutral pH while at pH = 9 the value is slightly
higher (2.7 ppm) and under acidic conditions the released amount reaches 12.1 ppm. The
higher value in acidic conditions can be associated with additional hydrolysis of non-
hydrolyzed TEOS precursors unblocking the pores [12]. However, after the first hours of
immersion this value drops because of possible precipitation of PhPh-containing products,
as visually observed. Before injection to HPLC the solution is filtered and precipitates are
trapped by the filter leading to a decrease in the level of PhPh detected. Overall, the
amount of released indicator is relatively small even in acidic conditions. Also, the level of
chlorides in the electrolyte has a certain effect on the release of (Figure 42 (b)). The higher
the NaCl concentration, the more PhPh is released. However, this correlation is not very
significant because all the values are very low (less than 2 ppm), near the detection limit of
the technique, and consequently the errors associated with them are very high, as can be
observed in the error bars in Figure 42 (b).

The highest observed value was 12 ppm of PhPh at pH = 4, corresponding to 4% of the full
amount of indicator encapsulated. This value is significantly lower than in the case of
similar but even denser nanocontainers with 2-mercaptobenzothiazole where 28% of the
total loaded inhibitor was released [12]. This significant difference can be attributed to the
differences in structural size and stereochemistry (in other words bulkiness) of PhPh [14,
15] with respect to MBT and also due to the possible interactions of PhPh with silica

surface.
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Figure 42: Release studies of PhPh from Si NC at different: (@) pH and (b) sodium chloride

concentration.

Sensing ability of nanocontainers in solution

The pH sensing ability of the developed nanocontainers was tested before their
incorporation in the polymer protective coating. First, a glass slide was covered with silica
nanocontainers. The slurry of nanocontainers was applied by casting on glass substrate
forming a uniform layer of Si_NC after drying at room temperature. A small drop of
NaOH solution (5% (m/m)) was spread through this dried layer. The colour has locally
changed from colourless to pink as a result of pH increase, as observed in Figure 43 (top).
A similar test was performed using PhPh-loaded nanocontainers suspended in an aqueous
solution (figure 5.5, bottom). When one drop of 0.5 M NaOH was added to the suspension,
the colour immediately changed to pink. After a few minutes, due to poor stability of the
suspension, the silica nanocontainers deposited at the bottom of the beaker and a clear
separation appeared between the colourless solution and the pink bottom. This fact
suggests that change in colour occurs by diffusion of hydroxide anions into the
nanocontainers and not by release of PhPh from the mesoporous silica nanoparticles. This
Is consistent with the release studies presented before, where the amount of PhPh released
at different conditions of pH is very low (less than 5 ppm). The relative sizes of PhPh and
hydroxide anions play an important role, the ingress of hydroxide anions into the
nanocontainers being easier than the release of PhPh molecules, causing the colouration of
loaded nanoparticles instead of the solution. In this situation the developed nanocontainers
with PhPh molecules can be considered as a kind of ‘sensing nanoreactor’.

Approaching real conditions, another pH sensing test was performed using a Zn—Fe

galvanic couple on Si-NC—PhPh containing corrosive electrolyte as shown in Figure 44(a).
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Addition of one drop of Only the nanocapsules change to pink,
NaOH solution (5%). the solution remains colorless.

Figure 43: Colour development of PhPh-containing nanocontainers in solution.

PhPh capsules
suspensionin 0.5M~=

|
NaCl solution ‘

a) -
Zn Fe

Epoxy _
holder

Electrical connection

Figure 44: (a) Scheme of Zn—Fe galvanic couple embedded in an epoxy holder; colouration of PhPh
nanocontainers in the cathodic area of Zn—Fe couple, using different forms of metallic substrates: (b)

plates and (c) rods.

The idea of this experiment was to prove that the nanocontainers are able to detect cathodic
activities on the Fe electrode. When the electrical connection between both metals is
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established, two electrochemical parallel reactions occur: zinc starts to oxidize (being the
anode) and the cathodic reduction of dissolved oxygen begins on the iron/solution
interface. The cathodic process results in the formation of hydroxide anions on Fe surface
according to reaction 2. The observed colour change (Figure 44(b) and (c)) proves that the
addition of the sensing nanocontainers permits detection of local alkalinization resulted
from the cathodic processes on iron. The colouration of loaded PhPh nanoreactors occurred
only above Fe (the cathode), due to the ingress of hydroxide to the core of mesoporous
silica nanoparticles in that location. No colour change was visible in other zones not
associated with the cathodic electrochemical activities. The performed model experiments
clearly demonstrate that the cathodic processes can be visualized when PhPh-containing
nanocontainers are added to the corrosive medium. An additional advantage of this method
is the possibility to reuse the PhPh nanocontainers, because they can be recovered by

filtration and washed with water until they turn colourless again.

Active corrosion sensing coatings with nanocontainers of pH indicator

The main aim of the present work was to achieve sensing of the corrosion activity on the
coated substrates in the confined defects or under paint without compromising the coating
intrinsic properties, such as barrier and adhesion. Aluminium and magnesium alloy
substrates were coated with a transparent water-based epoxy paint loaded with Si_NC—
PhPh. The resulting coating had 20 um dry thickness and the incorporated nanocontainers
were very well dispersed without signs of aggregation. Even with some clusters, their
medium size was very small compared to the coating thickness. The coated substrates were
tested in a 0.5 M NaCl solution to promote corrosion and monitored by visual inspection.
After several days of immersion a few pink spots appeared showing local pH changes
under the paint or in local defects. The colour change can be associated with the local
alkalinization at the cathodic corrosion sites. The increase of pH led to a colouration of pH
sensing nanocontainers incorporated in the coating as schematically shown in Figure 45.

In the case of coated aluminium alloy an artificial scratch was created on the coated
surface in order to accelerate the corrosion processes. The defected zone normally becomes
preferentially anodic while the cathodic activity is distributed along the surface and
especially concentrated in places where oxygen is most accessible. The coloured spots can

be seen in Figure 46(b) in more detail, as a result of the magnification of the Figure 46(a).
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Figure 45: Scheme of pH sensing response from coating.

Figure 46: Pictures of coated substrates doped with Si NC-PhPh and tested during 3 days in 0.5 M
NaCl: (a) and (b) coated aluminium alloy with artificial scribe, (¢) and (d) coated magnesium alloy
without scribe.

In the case of magnesium alloy the corrosion was indicated even without any defect or
artificial scribe as shown in figures Figure 46(c) and (d). The change in colour was faster

in magnesium than aluminium alloys because of the higher corrosion rate of the former
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[16] and also because magnesium hydroxide precipitates only at pH higher than 11 [17],
I.e. the initial OH" formed were free to penetrate to the mesoporous nanoreactors and react
with PhPh, changing the colouration of coating.

As one can clearly see, the developed nanoreactor sensing system based on nanocontainers
with pH indicator can be used for conferring a corrosion sensing functionality to the

protective coatings on different metallic substrates.

Conclusions

Active corrosion-sensing coatings based on nanocontainers with pH-indicating agent
introduced in the polymer matrix are reported in the present work.

The synthesis of the mesoporous silica nanocontainers is performed in a one-stage process
allowing high encapsulation degree and reasonable loading of phenolphthalein. The loaded
pH indicator is efficiently stored in the nanocontainers without significant uncontrollable
leaching in the aqueous environments.

The nanocontainers act as pH sensing nanoreactors in solution, detecting the onset of an
alkaline environment since hydroxide anions can react with PhPh immobilized into the
container, turning them from colourless to pink. The pH sensing ability was retained when
the silica nanocontainers were incorporated in a water-based organic coating applied to
aluminium and magnesium alloys.

The developed approach seems to be a simple and promising solution to be used in general
structures for warning of their degradation at an early stage. Other corrosion detection
coatings can be created on a similar basis using various sensing agents for specific metallic
cations as well as for tuned pH ranges. The inclusion of sensing mechanism in self-healing

protective coatings can be also a way to monitor their service life.
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CHAPTER 6

“Active sensing coating for early detection of corrosion processes”
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Abstract

A corrosion sensing coating based on specially developed polymeric microcapsules with a
pH-indicator is reported. The synthesis of the microcapsules is designed in a way to ensure
their optimal compatibility with the polyurethane protective coatings and to allow release
of the indicator at higher pH values. The obtained polyurea microcapsules have a regular
and microsized morphology and a loading content of 12 wt%. The developed sensing
coating applied on aluminium and magnesium alloys is able to indicate initiation of
corrosion processes through a pink coating coloration, as a result of local pH increase in

the cathodic areas.

Introduction

Corrosion processes lead to degradation of metal and corresponding alloys, which
ultimately can cause structural failures if no action is promptly taken to tackle this issue at
the initial stages. Early detection of corrosion can be a way to trigger necessary
maintenance actions reducing the probability of potential structural failures and high costs
associated with repair.

Very often the metallic structures are protected by coating systems to increase the service
life. One of the most used types of coatings is based on polyurethane/polyurea due to its
high performance, easy functionalization and ability to form different nanocomposites by
incorporation and interaction with nano-pigments [1]. The range of PU coating
applications is so wide due to versatility in selection of monomeric materials from a vast
list of macrodiols, diisocyanates and chain extender [1]. According to the type of reaction
promoted with diisocyanate compounds is possible to obtain different characteristic
groups. The reaction of diisocyanate with a diol or with an amine, results in urethanes and

ureas (Scheme 1), respectively.

N o N N
L~ N |~ N
R \”/ SR R \”/ Nk
o O
L dn L an
polyurethane polyurea

Scheme 1: Generic chemistry of polyurethane and polyurea.
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The incorporation of corrosion sensors in a protective coating, simple and accessible to
non-specialized personnel, is an important improvement with respect to traditional coatings
and potentially complement some of the existing technologies for corrosion assessment of
structures (electrochemical methods such as polarization resistance) and visual inspection
of corrosion products.

Commonly, corrosion occurs according to two parallel processes: (i) metal oxidation in the
anodic zone with possible hydrolytic acidification, and (ii) reduction of oxygen and/or
water in the cathodic areas, leading to the formation of hydroxide anions [2]. The corrosion
induced change of pH in the local defects of coatings or in confined areas can be used to
detect the corrosion onset and locate the cathodic or anodic spots.

Different pH indicators can be employed for visualization of pH changes. For example
phenolphthalein seems to be one of the best options because it is colourless at pH below
8.2 and turns pink at pH higher than 8.2. Therefore, it can be used to monitor the raise in
pH associated with the cathodic reaction and overall with ongoing corrosion activity.

Since the pioneering work of Zhang and Frankel [3], where a paint system containing
phenolphthalein and sensitive to corrosion processes was presented, several other
researchers followed the idea. EI-Nahhal and co-workers reported the immobilization of
phenolphthalein in a sol-gel matrix for monitoring acid—base reactions.4 Showing the
industrial relevance of this approach, Frankel and co-workers published a patent based on
the introduction of a pH indicator in a gel based corrosion sensing coating able to modify
its colour as a response to a change in hydrogen ions concentration near the surface of the
material [5].

Although the direct incorporation of active compounds to some coating formulations can
be simple but effective, normally it encloses some drawbacks such as deactivation or
degradation of the active compound, and a decrease in adhesion and barrier properties
provided by the coating itself [6]. One of the best ways to overcome these problems can be
the encapsulation or immobilization of active compounds in capsules that protect the
compound from deactivation or interaction with the coating matrix and can additionally
provide a triggered and localized response.

Some examples available in literature show the application of nanostructured materials for
phenolphthalein encapsulation. Engelmann and co-workers proposed dextran carbamates

with hydrophobic properties as wall material for microparticles with core/shell structure
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for phenolphthalein encapsulation [7]. In another work, Li and Calle described a new type
of pH-sensitive microcapsules, based on film-forming monomers and pre-polymers
including urea—formaldehyde and melamine—formaldehyde. The shell of those
microcapsules is sensitive to alkaline pH, breaking down and releasing the pH indicator as
a result of corrosion activity [8-10]. A different approach for the application of
encapsulated phenolphthalein was presented recently by Maia and coworkers, where silica
nanocontainers filled with phenolphthalein were used as nanoreactors, with the colour
change taking place inside the nanocontainers. Accordingly, no release of phenolphthalein
was detected, only diffusion of hydroxide anions into the porous silica shell reacting with
phenolphthalein inside the nanocontainer, and acting as a corrosion sensor when tested in
solution or incorporated in coatings applied different metal substrates [11].

In this paper we report the encapsulation of phenolphthalein in polyurea microcapsules for
the first time. The aim of this work is the incorporation of polyurea microcapsules
containing phenolphthalein in a coating formulation based on polyurethane, resulted from
the polymerization of hydroxyfunctional polyacrylic with aliphatic polyisocyanates. The
polymeric system for the microcapsule walls (polyurea) is suggested in order to improve
the compatibility between the microcapsules and the coating matrix, due to their similar
(polyurethane/polyurea) chemistry. This way is possible to obtain corrosion sensing feature
in a uniform, homogeneous and compatible coating without compromising the barrier

properties.

Experimental section

Materials

Phenolphthalein (PhPh), Span 85, diethylenetriamine (DETA) (99%), isophorone
diisocyanate (IPDI) (98%) and acetone were purchased from Sigma-Aldrich. Sodium
hydroxide (NaOH), sodium chloride (NaCl) and buffer solutions were obtained from
Riedel-de-Héen. Ethanol was supplied by Panreac. All chemicals were analytic grade and

were used without further purification.

Phenolphthalein encapsulation
The synthesis of polyurea microcapsules (PU_MC) and the encapsulation of PhPh in

PU_MC were performed for the first time in a single step, as described in Scheme 2.
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PU_MC were prepared using Span 85 as non-ionic surfactant and PhPh as encapsulated
product. Firstly, a solution of 1 g Span 85 in 100 mL of water was prepared. Then, 3 g of
IPDI and 150 mg of PhPh were dissolved in 20 mL of acetone and added to the aqueous
solution, leading to an oil-in-water microemulsion (Scheme 2). With a vigorous agitation,
2 g of DETA were diluted in 20 mL of water and added drop-by-drop to microemulsion.
Then the mixture was heated at 60 °C and stirred for 3 h. The obtained precipitate was

filtered, washed with pure water and dried at room temperature.

IPDI, PhPh
Span 85 and water and acetone DETA and water

O/W emulsion PU_MC-PhPh

Scheme 2: Preparation of PU_MC and encapsulation of PhPh.

PU_MC-PhPh morphology characterization

PU_MC-PhPh morphology was characterized by scanning electron microscopy (SEM)
coupled with energy dispersive spectroscopy (EDS), using an Hitachi S-4100 system with
electron beam energy of 25 keV, and by transmission electron microscopy (TEM) using an
Hitachi H9000 system with electron beam energy of 300 keV.

In order to characterize the chemical and thermal properties of PU_MC, ATR-FTIR
spectra were recorded with a Bruker IFS55 spectrometer equipped with a single horizontal
Golden Gate ATR cell. Thermogravimetric analysis (TG/DTA) was carried out in a TGA-
50 Shimadzu system under nitrogen atmosphere, with a heating rate of 10 °C.min* from

room temperature up to 800 °C.

Release studies of PhPh

The release profiles of PhPh were monitored by ScanSpec miniature UV-Vis
spectrophotometer (ScanSci) at wavelength ~ 280 nm. The correlation coefficient of the
calibration curves obtained with 5 PhPh standard solutions was higher than 0.999.
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For that purpose 100 mg of PU_MC-PhPh were dispersed in 20 mL of aqueous solutions
where temperature and pH were systematically varied: T =40, 60 and 80 °C; pH =4, 7 and
9 (pH buffer solutions were used to maintain the pH constant during the release studies).
Then 1 mL sample of each mixture was extracted with a syringe, and filtered with a
specific syringe filter (PTFE membrane with 0.20 um pore size). In order to determine the
total amount of PhPh encapsulated, 100 mg of PU_MC-PhPh were dispersed in 20 mL of
ethanol during 24 hours to guarantee the maximum release of PhPh. Ethanol was the
solvent selected because it is one of the solvents where phenolphthalein dissolves better
[12]. 1 mL of the resulting solution was extracted with a syringe, filtered, and then

analyzed. The encapsulation efficiency was determined by the expression:

%E = Nphphext/Nehphi X 100,

where npnpnext is the amount of PhPh extracted from capsules and npneni is the initial amount

of PhPh used in the encapsulation.

Preparation of substrates and coating

Magnesium alloy AZ31 specimens were abraded with sandpaper of different grain sizes
finishing with 600/1200 grades to remove all oxides and impurities followed by cleaning
with ethanol and immediately dried.

Aluminium alloy 2024 substrates were cleaned and etched according to a standard
commercial procedure: alkaline cleaning in Metaclean T2001 (Chemie Vertrieb Hannover
GmbH & Co KG) at 68 °C for 25 min, alkaline etching in Turco Liquid Aluminetch N2
(Turco Chemie GmbH) at 60 °C for 45 s and acid etching in Turco Liquid Smutgo NC
(Turco Chemie GmbH) at 30 °C for 7 min, each step followed by washing in distilled
water.

Dried and cleaned substrates (Mg and Al alloys) were coated with Bayhydrol® A 145, a
water-reducible, hydroxyfunctional polyacrylic dispersion, used in combination with
aliphatic polyisocyanates (Bayhydur® 304) with fast drying at room temperature, from
Bayer. PU_MC-PhPh were incorporated into the formulation (5 wt% with respect to the
total wet formulation) and stirred during 30 minutes until obtaining uniform dispersion.

Subsequently, the coating formulation was applied on metal plates (AA2024 and
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Mg AZ31) using a bar coater with a wet thickness of 30 um. Samples were left to dry at
room temperature (~25 °C) for 48 h. Finally, the edges and the backside of the metal plates
were covered by a protective varnish (Lacomit® from Agar Scientific).

The remnants of the formulation were applied in a Teflon mould, dried and detached, in
order to obtain a free standing coating composed by the PU matrix with the developed

microcapsules (Film 1 and Film 2).

Sensing activity in solution, inside the coating matrix and on coated substrates

A suspension of PU_MC-PhPh in water was prepared and one drop of 0.5 M sodium
hydroxide solution was added to assess the ability of the prepared capsules in sensing pH
changes in solution. The colour evolution was recorded with a digital camera during one
week. A similar test was carried out with coatings modified with PU_MC-PhPh. Film 1
was immersed in distilled water and one drop of 0.5 M sodium hydroxide solution was
added. Film 2 was immersed for 48 hours and then removed before the addition of
hydroxide solution to verify whether PhPh was released under neutral conditions. For
evaluation of the corrosion sensing activity, aluminium and magnesium alloy specimens
coated with coatings modified with PU_MC-PhPh were immersed in a corrosive
electrolyte (0.5 M NaCl) and monitored over time to follow any colour development. The

colour evolution was followed by visual inspection and recorded with a digital camera.

Results and discussion

Encapsulation of phenolphthalein and characterization of PU_MC

Polyurea microcapsules of PhPh were synthesized by interfacial polymerization in an oil-
in-water microemulsion. The suggested methodology allows the microcapsule synthesis
and the encapsulation of hydrophobic compounds in a single step. The polymerization
occurs at the interface between phases, where the surfactant plays an important role in the
stabilization of the emulsion droplets. Initially, the hydrophobic phase containing PhPh and
IPDI — a hydrophobic monomer — was dispersed in water, forming the emulsion. Then
DETA, hydrophilic monomer, was added to the emulsion drop-by-drop to react with IPDI
at the interface between phases (Scheme 3). This reaction, which consists of
polymerization between IPDI and DETA, results in the formation of a shell and

consequently encapsulation of PhPh within the hydrophobic core. For the best of our
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knowledge this is the first time that PhPh is encapsulated in polyurea capsules and also the
combination of IPDI and DETA as monomers for the shell formation.
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Scheme 3: Representation of the polyurea microcapsule shell formation at the oil in water interface.

The obtained PU_MC have spherical morphology and broad size distribution between
100 nm and 1 mm as shown in Figure 47. The encapsulation of PhPh, when compared to
empty capsules did not promote any significant morphological modification on PU_MC
and the obtained capsules do not appear to be porous. The TEM image of PU_MC-PhPh
(Figure 48) shows that the wall thickness is approximately ~8 nm.

Figure 47: SEM micrographs of: (left) empty PU_MC and (right) PU_MC-PhPh.
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Figure 48: TEM micrograph of a typical single PU_MC-PhPh microcapsule.

The resulting polyurea polymer used as a microcapsule shell presents the typical vibration
bands of polyurea as depicted in Figure 49. The most important bands for this specific
polymer are the ones resulted from the vibration of N-H and C=0 bonds, representing the
urea linkage. In the spectra of Figure 49 two bands are observed at 1738 cm™ and 1633 cm"
! related to stretching of carbonyl group, corresponding to the hydrogen bonded to the
carbonyl group [13]. The broad band at 3334 cm™ is related to stretching of NH [13] in
particular to the secondary amines from DETA and the strong band at 1552 cm™ is related
to the vibration of the stretching bond N—H from the urea linkage, directly connected to the
carbonyl group. The band presented at 2257 cm™ corresponds to the stretching vibration of
NCO bond, probably due to unpolymerized residues from the diisocyanate (IPDI) that was
not fully consumed.

Thermogravimetry was used to investigate the thermal behaviour of polyurea as can be
observed in Figure 50. The resulted thermogravimetric profile shows that PU
microcapsules are thermally stable until 300 °C and after this temperature the degradation
of soft and hard segments of the urea linkage [14] is observed.

Using FTIR and TG techniques to characterize the prepared PU_MC was possible to
demonstrate the typical chemical and thermal properties of the polyurea polymer.

The encapsulation of PhPh in PU_MC was successful and the loading content of PhPh,
determined by extraction with ethanol (see Experimental section), was 611.5 ppm (loading

content of 12.2 wt% in the capsules), corresponding to an encapsulation efficiency of 82%.
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Figure 49: FTIR spectra of polyurea microcapsules.
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Figure 50: TG profile of polyurea microcapsules.

Release studies were performed under different pH and temperature conditions. Since
PU_MC has a polymeric structure, temperature should play an important role on the
viscoelastic behaviour and consequently on the release of PhPh. At the same time, sensing
of corrosion via pH is a very important factor for assessing the application of PU_MC-
PhPh in protective coatings for corrosion, so pH was the second parameter under survey.

The release of PhPh under different conditions of pH (4, 7 and 9) and temperature (40, 60
and 80 °C) was performed four times for each condition and the mean is depicted in Figure

51.
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The concentration of PhPh released at different pH is less than 1% of the total loading
content, due to the very low solubility of phenolphthalein in water, only with the increase
of pH their solubility slightly increases [12], and also due to the barrier effect of the
microcapsule, limiting the PhPh release. More specifically, the concentration of PhPh
released in neutral conditions (3.6 ppm) is lower than in alkaline (5.9 ppm) and acid
conditions (4.4 ppm), as observed in Figure 5la. The values have a high uncertainty
associated because of very low concentrations near the detection limit of the analytical

method.
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Figure 51: Release of PhPh from PU_MC at different: (a) pH and (b) temperature.

PhPh release profiles at different temperatures are shown in Figure 51b. The amount of
released PhPh increases with temperature but is still lower than 10% of the total loading
content: at 40 °C the concentration released is 6.5 ppm, at 60 °C is 15.2 ppm and at 80 °C
the value reaches 42.4 ppm. The results obtained suggest that the increase of temperature
promotes a higher mobility of the polymeric chains and consequently the PhPh permeation

across the capsule wall to solution increases.

Sensing activity of PU_MC-PhPh in suspension and incorporated into the coating
matrix

In order to verify the pH sensitivity of PU_MC-PhPh, one drop of 0.5 M sodium
hydroxide solution was added to an aqueous suspension of PU_MC-PhPh, and the results
are depicted in Figure 52. Immediately after the addition of sodium hydroxide the colour of
solution turned pink, as a result of pH increase. After homogenization of the pink

suspension, by manual stirring, part of the microcapsules begins to deposit in the bottom of
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the beaker and after 30 minutes the solution was found to remain pink while the
microcapsules presented a very pale coloration. These findings imply that even the small
amount of PhPh released under alkaline condition is sufficient to promote a visible
coloration of the suspension.

Some materials lose their functionality when incorporated into a coating matrix, and before
the characterization of the coated metallic alloys, the sensitivity of the free standing films
composed by the coating matrix with PU_MC-PhPh to pH changes was tested in contact

with water.

Figure 52: Colour evolution of a PU_MC-PhPh suspension: (a) PU_MC-PhPh aqueous suspension, (b)

after addition of one drop of sodium hydroxide solution (0.5 M), (c) after colour homogenization, (d)
after 30 minutes (microcapsules deposition and solution with pink coloration) and (e) magnification of
previous picture (microcapsules in the bottom with a very pale coloration).

Detached films (Film 1 and Film 2), with white coloration, were immersed in distilled
water and one drop of 0.5 M sodium hydroxide solution was added. The pH of the solution
increased up to =10 and the detached film started to be coloured, with a pink coloration, as
can be observed in Figure 53.

The coloration of Film 1 in the solution becomes more intense with time, due to the release
of PhPh from PU_MC. It seems that polyurea polymeric matrix allows the diffusion of
hydroxide ions and phenolphthalein molecules, resulting into a pink coloration of the
solution present in the Petri dish. One similar test was done with Film 2 to verify the
influence of pH in the PhPh release form the coating matrix. Film 2 was immersed for 48
hours in the same conditions as Film 1, without the addition of sodium hydroxide solution.
After that time, Film 2 was removed from the aqueous solution and one drop of 0.5 M
sodium hydroxide solution was added and the coloration of the solution was not observed.
It means that under neutral conditions the release of PhPh from the coating with capsules is
very low being not sufficient to promote the colour change of the solution, which is in
agreement with release studies performed before. To confirm that Film 2 was in good
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conditions, it was immersed again in the same solution, now with alkaline pH (due to the
addition of sodium hydroxide) and the pink coloration was observed in a similar way like
with Film 1. This experiment shows that PhPh is only released from polyurea
microcapsules and from the coating matrix with alkaline pH, not only because of the
higher solubility of PhPh at this pH, and probably, due to the higher mobility of the
polymeric network, allowing the diffusion of the PhPh through the PU shell and the
coating matrix. This is exactly the trigger that is intended to be used for self-sensing of

corrosion protection.

Figure 53: Scheme of pH sensing response detached Film 1, after addition of one drop of sodium

hydroxide solution (0.5 M). (a—i) Colour evolution with time; (j) after removing the solution from Petri
dish.

Sensing activity of PU_MC-PhPh in coated metallic substrates

In order to verify the ability of PU_MC-PhPh to sense the corrosion onset, these
microcapsules were incorporated into the coating formulation and applied on two metallic
alloys (2024 Al alloy and AZ31 Mg alloy).

Since the polymeric shell of these microcapsules and the coating formulation have the
same chemistry (based on polyurethane), the compatibility was visually good, leading to
uniform and homogeneous coatings with no signs of aggregates or defects. The coated
substrates were immersed in a 0.5 M sodium chloride solution to promote the corrosion
activity and to verify the sensing ability of PU_MC-PhPh.

After 24 h of immersion coatings applied on AA2024 substrates showed small pink spots,
as a result of the corrosion activity (Figure 54). However, these spots fade away rapidly

due to the diffusion of hydroxide ions into the bulk solution.
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Using a similar strategy, coated AZ31 magnesium alloy was immersed in a 0.5 M NaCl
solution. After 20 hours of immersion the effects of the cathodic reaction are remarkably
different compared to AA2024 (Figure 55). There is formation of bubbles as a result of
hydrogen evolution and the pink coloration comes from the formation of hydroxide ions.

Figure 54: Evolution of coated AA2024 immersed in a 0.5M NacCl solution.

For this coated substrate the sensing ability of the modified coating (with PU_MC-PhPh)
is more evident due to the higher reactivity of magnesium and consequently to the higher
amount of hydroxide ions formed. Additionally, Mg?* is stable in solution up to pH 10-11
[15, 16], thus allowing for the accumulation of OH and its detection by PhPh. As observed
before, the coating matrix allows the diffusion of ions and molecules, particularly under
these alkaline conditions and the reaction between phenolphthalein and hydroxide ions is
clearly observed by the coloration of the coating.

The importance of this type of functional coatings is recognized, but for very reactive
substrates, such as magnesium, it is even more important because their degradation rate is
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very high [17]. Thus, it is very important to detect the degradation in early stages and act in
a preventive way in order to guarantee the structural safety of the materials.

F)Mor 20 h of immersion ‘

Figure 55: Evolution of coated AZ31 Mg alloy immersed in a 0.5 M NaCl solution.

Figure 56 depicts the specimen of Figure 55 after 72 hours of immersion. The Mg alloy is
damaged and the coating is heavily delaminated, as a result of the corrosion processes and
associated coating degradation. An intense pink coloration is also observed, underlining
the ability and usefulness of this system (PU_MC-PhPh). After one week of immersion,
coated samples were removed from NaCl solution and dried at room temperature. In Figure
57, is possible to observe the corroded surfaces of both alloys. Those surfaces present signs
of corrosion activity, namely pitting and delamination. This observation confirms that the
coloration observed in the coating is due to the beginning of corrosion activity and not only
due to the release of PhPh. And also because PhPh needs the hydroxide ions (to increase

pH) resulted from the cathodic process to turn pink, otherwise it continues colourless.
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Figure 56: Coated AZ31 Mg alloy after 72 h of immersion in 0.5 M NacCl.

Figure 57: Surface of coated (a) AA2024 and (b) AZ31 Mg alloy after immersion tests.

Conclusions

This paper reports the new synthesis for encapsulation of phenolphthalein to be used as
corrosion sensor in multifunctional protective coatings.

This system is based on polyurea microcapsules with a regular and microsized morphology
and with a loading content of 12 wt%. The same chemical nature of coating and capsules
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improves their compatibility resulting in very uniform and homogeneous coatings.
Alkaline pH induces the release of phenolphthalein which ensures sensing the localised
corrosion onset.

Aluminium and magnesium alloys coated with a formulation, containing polyurea
microcapsules with encapsulated phenolphthalein, acted as a corrosion sensor, displaying
the corrosion processes, through a pink coating coloration, as a result of local pH increase
in the cathodic areas. The sensing performance expectedly works better for magnesium
alloy than for aluminium alloy. This seems to be a simple, compatible and promising
solution to be used in general coating technologies for metallic structures, being useful to
identify the corrosion degradation in early stages. These PU microcapsules confer a way to
immobilize/encapsulate  different  functional compounds to attribute different

functionalities to protective coatings, i.e. anticorrosive and antifouling properties.
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Highlights:
e Successful encapsulation of biocides in silica nanocapsules.
e Expedite and real-time screening method to assess the inactivation of bacteria.
e Antibacterial activity of silica nanocapsules loaded with biocides.
e The developed nanomaterials show high potential to be used in antifouling

coatings.

Abstract

This work reports the synthesis and characterization of silica nanocapsules with
biologically-active compounds 2-mercaptobenzothiazole and 4,5-dichloro-2-octyl-4-
isothiazolin-3-one. The resulting particles were characterized by scanning electron
microscopy, thermogravimetry and adsorption—desorption isotherms of N.. The
antibacterial activity was assessed for both nanocapsules dispersed in solution as well as
incorporated in coating systems, using a recombinant bioluminescent Escherichia coli
expressing the luxCDABE genes from the marine bioluminescent bacterium Aliivibrio
fischeri. The decrease in light emission of the bacterial model, indicative as decrease of
metabolic activity, was directly correlated with the level of biocide detected in solution by
UV-Visible spectrophotometry. The results show that the developed nanomaterials show

great potential for application in antifouling coatings.

Keywords: Antifouling coatings, encapsulation of biocides, silica nanocapsules,

antibacterial activity.

1. Introduction

Marine environments are particularly aggressive for metals and corresponding alloys
because of the high salinity, presence of microorganisms, algae, plants and nutrients which
lead to the occurrence of biofouling and corrosion issues [1,2]. Despite the settlement of
macro and microorganisms on the substrate occurring at the coating/aquatic environment
interface, the presence of living organisms can generate a set of specific conditions that
weakens the coating. The result is the occurrence and propagation of cracks and pores,
thereby contributing to the initiation and progress of corrosion at the metal/coating

interface. The economic impact of these processes is considerable and includes costs
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associated with maintenance operations, replacement of offshore structures, expenditure of
extra fuel in maritime transportation and consequent increase in greenhouse gas (GHG)
emissions associated with the increase of drag forces [3].

To overcome biofouling, antifouling agents have traditionally been used and added to
coating formulations, most notably tributyltin (TBT). However, since 2003, TBT was
banned by the International Maritime Organization due to its high toxicity and
bioaccumulation [1]. The rapid change enforced by the prohibition of organotin paints,
combined with the current low carbon revolution, rising of fuel prices and heightened
environmental awareness, have stimulated massive research efforts in the last decade or so
in the area of antifouling technology.

In the last couple of years, several reviews reporting current antifouling technologies and
highlighting strategies to achieve more environment friendly approaches were published
[1,4-8]. Generally, the innovative approaches to prevent the settlement of microorganisms
and the development of biofilms involve the modification of the physicochemical
properties of surfaces or the embedding of antimicrobial compounds in coating materials
[9]. Surface functionalization decreases surface energy and prevents adhesion of molecules
and microorganisms. This has been achieved by modification of surface topography and
biomimetic strategies using natural products, cells and enzymes [6,7], application of sol-
gel systems [7,10], by the use of biodegradable polymers [11], self-assembly polymers and
nanostructured polymer thin films [12]. On the other hand, the encapsulation of biocides to
control the release of bioactive species has been attempted by the
entrapment/encapsulation in latex nanocapsules [13] and chitosan/xanthan gum
microcontainers with a core—shell structure [14]. An approach based on the combination of
nanocontainers loaded with a formulation of corrosion inhibitors and biocides, combining
anticorrosive and antifouling properties in the same coating, has been recently proposed
[15].

Although the biocidal activity of encapsulated materials has been experimentally
demonstrated, the potential toxic effects introduced by capsules and their performance in
coatings with different properties in terms of propensity to biocide release have not been
sufficiently addressed. In this work we investigated two compounds with known biocidal
properties, in their free and encapsulated form: 2-mercaptobenzothiazole (MBT) which has

a minimum inhibitory concentration (MIC) for Escherichia coli of 50 ppm [16] and the
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antifouling agent, 4,5-dichloro-2-octyl-4-isothiazolin-3-one (DCOIT) with a MIC of
16 ppm for E. coli [17]. These compounds were encapsulated in silica nanocapsules [18]
and the resulting materials were fully characterized by scanning electron microscopy
(SEM), thermogravimetric analysis (TG/DTA) and adsorption/desorption isotherms. The
antibacterial activity was assessed using a recombinant bioluminescent E. coli expressing
the luxCDABE genes from the marine bioluminescent bacterium Aliivibrio fischeri [19].
This expedite method allow the real-time monitoring of the inactivation of the bacterium as
result of the biocide release from silica nanocapsules. The activity observed for the
encapsulated biocides, either in solution or incorporated into coatings applied on carbon
steel substrates was correlated with the release profiles of biocides obtained by UV-Visible

spectrophotometry as a function of time.

2. Experimental Section

2.1. Materials

The active compounds used for encapsulation were 2-mercaptobenzothiazole (MBT) from
Sigma-Aldrich and the marine antifouling agent SEA-NINE™ 211N, which is 30% of 4,5-
dichloro-2-octyl-4-isothiazolin-3-one (DCOIT) in xylene, obtained from Rohm and Haas
Company. For the preparation of capsules, cetyltrimethylammonium bromide (CTAB)
(99%) and tetraethoxysilane (TEOS) (99.9%) were purchased from Sigma-Aldrich.
Ammonia solution (NH40H) (25-28%), sodium hydroxide (NaOH), sodium chloride
(NaCl), ethyl ether (99.5%) and buffer solutions were obtained from Riedel-de-Haén.
Phosphate buffered saline (PBS) pH 7.4, containing 0.138 M NaCl; 0.0027 M KCI, was
prepared with Sigma-Aldrich reagents. The recombinant bioluminescent strain of E.coli
was provided by Alves et al [19]. All chemicals were analytic grade and were used without

further purification.

2.2. Encapsulation of MBT and DCOIT in Silica Nanocapsules, SiINC

The encapsulation of MBT was performed as reported in our previous paper [18]. The
encapsulation of DCOIT (SEA-NINE™ 211 N) was performed in a similar way. Briefly,
an aqueous solution containing 0.1 g of CTAB dissolved in 35 mL of water was prepared
and placed under stirring. Then, 0.25 mL of ammonia solution was added. In parallel, 5 mL
of DCOIT solution (SEA-NINE™ 211 N) was diluted in 20 mL of ethyl ether, and added
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to the aqueous solution under constant stirring, forming an oil-in-water emulsion. After 30
min of emulsion stabilization 2 mL of TEOS was added to the emulsion. The reaction was
left during 24 h at room temperature and under constant stirring. The resulting
nanocapsules were filtered under vacuum and washed several times with distilled water

and dried at room temperature.

2.3. SINC characterization

The morphology of obtained nanocapsules was characterized by scanning electron
microscopy (SEM) coupled with energy dispersive spectroscopy (EDS), (Hitachi S-4100
system with electron beam energy of 25 keV). Particle size distribution was determined
using a free software named “ImageJ” for image processing and analysis with Java [20].
Thermogravimetric analysis (TG/DTA) was carried out in a Sataram—Labsys system under
air atmosphere, with a heating rate of 10 °C min™!' from room temperature up to 800 °C.
The textural properties were evaluated based on the adsorption—desorption isotherms of N>
at —196 °C, performed on Gemini V2.00 equipment (Micromeritics Instrument Corp.) -
samples were previously degassed at 180 °C for 6 h.

The specific area (Sget) was calculated by the BET method (Brunauer, Emmett and Teller)
[21, 22].

2.4 Preparation of substrates and coating

Carbon steel AISI 1008 samples were blasted with glass microspheres until reaching a
roughness of ~30-40 pum, followed by degreasing with an alkaline solution (10% Extran
(Merck)), rinsed with water and ethanol, and dried with hot air.

Two types of formulation were used to coat carbon steel substrates: (i) water-based and (ii)
solvent-based. The first one was a water-reducible, hydroxyfunctional polyacrylic
dispersion (Bayhydrol® A 145), used in combination with aliphatic polyisocyanates
(Bayhydur® 304) with fast drying at room temperature, from Bayer (Germany).

The second one was a bi-component Sumadur120 without pigments composed by an epoxy
based resin (component A) cured with a polyamide (component B) from Sherwin Williams
Sumare (Brazil). In general, a specific amount of nanocontainers loaded with biocides was
added to the component A, mixed, and followed by addition of component B, in a 1:1

proportion between both components. Carbon steel samples were coated with the prepared
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formulations using a brush. In Table 9 the composition of all the coatings prepared is

shown.

Table 9: Composition of prepared coatings.

Sample Name Type of formulation wive (?f [biocide]/ppm™*
nanocontainers*

Reference - - -
AC Blank - -
AC MBT 0.5% PU 0.5-0.6 ~20
AC MBT 5% (aqueous based 5-6 ~200
AC DCOIT 0.5% coating) 0.4-0.5 ~8
AC DCOIT 5% 4-5 ~80
OC Blank - -
OC MBT 0.5% Epoxy 0.5-0.6 ~20
OC MBT 5% (organic based 5-6 ~200
OC DCOIT 0.5% coating) 0.4-0.5 ~8
OC DCOIT 5% 4-5 ~80

*For 10 g of coating formulation.

2.5. Microbiological studies of MBT@SINC and DCOIT@SINC in suspension and
immobilized in coatings

The antimicrobial effect of biocides MBT and DCOIT encapsulated in silica nanocapsules
was evaluated using a recombinant bioluminescent strain of E. coli [19], in liquid
suspensions and immobilized in a paint for carbon steel. Bacterial cells suspensions
(107 cell mL™") in PBS were exposed to the nanocontainers, during 6 h time course
experiments. The concentration of nanocontainers was that corresponding to 20 and
200 mg L' MBT or 8 and 80 mg L™! DCOIT. The inactivation was assessed, in real time,
as the decrease in bacterial light emission, read in a luminometer (TD-20/20, Turner
Designs). A negative control corresponding to cell suspensions in PBS without any
amendment and controls corresponding to an equivalent concentration of SiINC without
biocides, and to equivalent concentrations of the biocides delivered in the form of solution

were also included.
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For experiments with coated carbon steel, a similar methodological approach, based on
bioluminescence detection, was used. Carbon steel panels (2 cm x 6 cm x 0.15 cm) were
coated with two different formulations, one aqueous and other solvent based, containing
MBT@SINC and DCOIT@SINC, as described earlier. The amount of nanomaterials added
to the formulations was determined to achieve 20 and 200 ppm of MBT and 8 and 80 ppm
for DCOIT, as shown in Table 9. The metal panels were immersed in sterile PBS solution
for 8 days and incubated at room temperature, in the presence of ambient light. During the
incubation, aliquots of the immersion liquid were collected and added to a fresh PBS
suspension of bioluminescent E. coli. Light emission was determined as a measure of the
biocidal effect of the immersion liquid. In order to evaluate the long-time effect of
immersion on the coating stability, the metal panels were left in immersion after the initial

8-day experiment, for a total period of 4 months.

2.6. Release studies of MBT and DCOIT

The release profiles of MBT and DCOIT were monitored by ScanSpec miniature UV-Vis
spectrophotometer (ScanSci) at wavelength =310 nm and =280 nm, respectively. The
correlation coefficient of the calibration curves obtained with 6 standard solutions was
higher than 0.999 for both compounds.

The aliquots collected to quantify light emission were also used to quantify the amount of
biocide released in solution.

An extraction using ethanol was made, by dispersing 50 mg of DCOIT@SINC in 10 mL of
ethanol to determine total loading content. The suspension was stirred at room temperature
during 24 h and the ethanolic solution was analyzed by UV-Visible spectrophotometry.

3. Results and Discussion

3.1. Encapsulation of MBT and DCOIT in SiINC and their characterization

The SiNC synthesis and encapsulation of biocide (MBT or DCOIT) in a single step is the
result of the TEOS condensation at the interface of an oil-in-water miniemulsion, using
CTAB as surfactant and template for silica shell formation. This encapsulation
methodology was already reported for MBT encapsulation [18] and small adjustments
were performed to promote the encapsulation of DCOIT, reported here for the first time

(stabilization of the emulsion and in the selection of a compatible solvent with
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SEANINE™ 211 N composition). Silica nanocapsules loaded with DCOIT show a
yellowish coloration as result of the encapsulation of DCOIT and other components
(organic solvents) of SEA-NINE™ 211 N. The synthesized capsules present a uniform
spherical morphology. SINC have a narrow size distribution centered at 126 nm with a
standard deviation of 22 nm for 100 measurements, as observed in Figure 58. Capsules
resulting from the encapsulation of DCOIT seem larger than empty ones, resulting in a
broad distribution size centered at 300 nm, with a standard deviation of 126 nm, for 40
measurements. The broadening in the size distribution and the enlargement of the capsules,
are probably related to the presence of xylene (less soluble in water) in the dispersed phase
resulting in a small increase of the droplet size during the miniemulsion step, which leads
to a small increase in the size of the filled nanocapsules when compared to empty ones, as
depicted in Figure 58. Oppositely, when encapsulation of MBT was performed, no
significant variation on the size of filled capsules was observed [18]. The differences in the
effect of the encapsulation of DCOIT and MBT in SINC may be explained by differences

in size and arrangement of DCOIT and MBT molecules, as presented in Figure 59.

Mean=12¢
Suandare deviation=22

Mean=300
Standard deviation®125

N&100 N4

0 130 120 140 150 130 200 220 X o
dameter/nm clameter/nm

Figure 58: SEM npictures of synthesized (a) SINC and (b) DCOIT@SINC. Histograms with size
distribution of (c) SINC and (d) DCOIT@SINC, determined using ImageJ.
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Figure 59: Molecular structure of MBT and DCOIT. Approximated length values were determined

using ImageJ software, based on bond lengths of crystal structure of MBT [23].

Samples presented in Figure 58 show some degree of agglomeration because they were
completely dried to be observed by SEM. However, silica nanocapsules were used in
coating formulations in the form of slurry to facilitate the dispersion.

Another important property of this type of nanomaterials is porosity which can affect the
release of encapsulated biocides. The nitrogen adsorption—desorption isotherms were
recorded to assess the influence of DCOIT and MBT encapsulation on the textural
properties of silica nanocapsules (Figure 60). Silica nanocapsules show a curve of isotherm
type IV representing an adsorption of nitrogen in multiple overlapping layers with a
hysteresis type H3 which indicates capillary condensation in meso and macropores,
associated to soft aggregates of particles, resulting in large pores or voids with slit-shape
[22]. Surface area and pore size distribution were determined according to BET theory [21]
and BJH model [22], respectively, and are depicted in Table 10 and in Figure 61b. The
analysis of nitrogen adsorption isotherms (Figure 61) and data presented in Table 10
demonstrates the increase in the surface area with the encapsulation of DCOIT. Values for
SiNC and for MBT@SINC are similar, 157 and 162 m? g’!, respectively, whereas for
DCOIT@SINC it reaches 214 m? g~'. This increase of surface area is due to the increase in
the meso and macroporosity in the nanocapsule shell, as shown in Figure 61b. There is a
shift in the pore size distribution to larger pores: SINC < MBT@SINC < DCOIT@SINC.
This increase in the pore size distribution is due to the increase of the size of the
encapsulated molecules. DCOIT has an approximated length of 14.2 A, while MBT is
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smaller with 8.1 A. This difference conjugated with solvation of these molecules can result
in larger pores in the former case. The solvent used during the synthesis of silica
nanocapsules and encapsulation of MBT and DCOIT also plays an important role in the
formation of pores, acting as porogen (material used in the formation of pores) [24-27].
For MBT encapsulation only ethyl ether was used, and due to the low boiling point
(~37 °C), channels and gradual porosity was formed during the vaporization of ethyl ether
[18]. For DCOIT, xylene was mixed with ethyl ether, so the composition of the dispersed
phase was a mixture of ethyl ether/xylene in a proportion of 4:1. The composition of this
mixture has a direct influence in textural properties, mainly in the porosity of synthesized
DCOIT@SINC. In a first step ethyl ether is vaporized (acting as gaseous porogen) creating
micro and small mesoporous, but xylene has higher boiling point (~140 °C) and stays
entrapped in the initial structure formed during the condensation step, resulting in bigger
mesopores when compared to empty capsules and the ones with MBT.
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Figure 60: Nitrogen adsorption—desorption isotherms and pore size distribution of SINC, MBT@SINC
and DCOIT@SINC.

Table 10: Surface area of the samples determined from the adsorption-desorption isotherms of N,
according with BET theory.

SBET
Sample
(m*.g™)
SiNC 157
MBT@SINC 162
DCOIT@SINC 214

PhD Thesis of Frederico Maia 149



Micro/nanoreservoirs for controlled release of active species in smart functional

coatings

In order to assess the thermal properties of developed silica nanocapsules and to quantify
the amount of MBT and DCOIT encapsulated, thermogravimetric experiments were
performed (Figure 61). As previously reported, calcined silica is thermally stable, while
SINC (not calcined) and MBT@SINC have a total weight loss of 27 % and 37 %,
respectively, with the difference ascribed to MBT loading content (10 wt%) [18].
Concerning DCOIT encapsulation and corresponding TG profile (DCOIT@SINC), the
difference for SiNC is only 3 %, corresponding to 3 wt% of loading content. To confirm
this value, the extraction of DCOIT from SiNC was performed and quantified by UV-Vis
spectrophotometry. The amount of DCOIT extracted was =~ 190 mg.L™!, corresponding to
3.8 £ 0.2 wt%, close to the DCOIT loading content previously determined by TG.
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Figure 61: TG profile of calcined SINC, SINC, MBT@SIiNC and DCOIT@SiNC.

3.2. Biological activity of developed silica nanocapsules in suspension

The antimicrobial activity of the developed silica nanocapsules containing MBT and
DCOIT was assessed using a simple and fast method to monitor the photodeactivation
process of E. coli involving the use of recombinant bioluminescent bacterial strain,
previously reported [19]. In parallel with the light emission measurements, the amount of
active species released from SINC at those specific times was also monitored by UV-Vis
spectrophotometry in cell-free extracts, as depicted in Figure 62. The amount of DCOIT
released is almost four times higher than that of MBT, which can be explained by
differences in the textural properties of SINC@MBT and SINC@DCOIT.
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Under neutral conditions (pH 7.4) the release of MBT is very low (around 1 ppm), as
previously reported [18], although MBT solubility (118 ppm) is significantly higher than
that of DCOIT. The released MBT is ascribed to those molecules adsorbed in the outer,
external surface of SINC only. The release is much more limited by the shell constituted by
micropores (<2 nm). When exposed to solutions with different pH values, these pores may
open, namely by dissolution of non-hydrolyzed silica precursor [18]. Increasing the
concentration of SINC@MBT 10 times results in an increase of MBT released of around
5-10 times. Considering that the amount of MBT released is well below the solubility
limit, the results indicate that the porosity is an important factor in the regulation of the
release of MBT.

On the other hand, the amount of DCOIT released is higher than MBT, reaching 4 ppm,
but there is no direct relation between the amount of DCOIT@SINC added to the
suspension and the amount of DCOIT released (Figure 62). In this case, the porosity of
DCOIT@SINC is the greatest among the studied systems and the shell has a larger number
of big mesopores, which allows the release of DCOIT up to values near the solubility limit
(4 ppm), regardless of the amount of SINC@DCOIT added. In this case, the solubility of
DCOIT is the parameter determining the release extent and not the textural properties of
SiNC.
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Figure 62: Release profiles of (a) MBT and (b) DCOIT, during the biological activity tests in solution.
The percentage values correspond to the fraction of MBT/DCOIT released.

The release extent of MBT (or DCOIT) can be correlated with the corresponding
biological activity, detected by the decrease in light emission of the suspension of the
bioluminescent bacterial strain. The inactivation of the bioluminescent E. coli upon
exposure to MBT, DCOIT, MBT@SINC and DCOIT@SINC, as a function of time, is
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represented in Figure 63. The bioluminescence of the negative control (cell suspension in
PBS) shows a decrease that is typical for this model microorganism [19], and represents
the reference light emission of the strain for each experiment. SINC did not significantly
inhibit E. coli bioluminescence, indicating a negligible level of toxicity. For the lowest
concentration of the biocide (Figure 63a), a significant decrease in the light emission of the
luminescent bacteria was observed upon exposure to DCOIT. For free dissolved DCOIT,
there was a significant and immediate decrease in light emission and the detection limit
was reached within 45 min. A similar pattern was observed for DCOIT@SINC, but the
inactivation was delayed in relation to the condition in which the biocide was in the free-
(non-encapsulated) form, due to the release of DCOIT from SiNC. Nevertheless, it seems
that when encapsulated in a concentration that corresponds to half the MIC, DCOIT is
more efficient in the inactivation of modified E. coli than MBT. At 20 ppm, MBT showed
no significant inactivation, neither in the free state nor encapsulated, as expected from the
MIC values. When the concentration of active species was increased ten-fold, the
inactivation of E. coli was much faster (Figure 63b). Immediately after the exposure, the
values of light emission dropped significantly for both free species (MBT and DCOIT) and
after 15 min, bacteria are completely inactivated. The inactivation level achieved with the
encapsulated biocides was similar to that of the dissolved biocides although delayed, such
as observed in the experiments with the low concentrations, because of the time needed for
the release of biocides from SiNC. After 45 min, complete inactivation occurred in the
presence of the highest concentrations of MBT@SINC (equivalent to 200 ppm of biocide)
and DCOIT@SINC (80 ppm of biocide). Despite the lower MIC of DCOIT, in experiments
with the highest concentrations, MBT@SINC promoted faster inactivation of E. coli than
DCOIT@SIiNC.

MBT antimicrobial action has been demonstrated against virus, bacteria and fungi and it is
considered more of a microbialstatic type [28]. In bacteria, MBT affects outer cellular
structures, namely membrane integrity, and the transference of electrons between donors
and acceptors involved in the bacterial membrane respiratory chains, without the absolute
requirement of entering the cell [29]. The biocidal activity of DCOIT is thought to involve
translocation through the membrane to the intracellular compartment where it reacts with
intracellular sulfur-containing proteins inhibiting vital cellular functions [30]. This

difference between the initial mechanisms of action of the two tested biocides and the fact
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that whereas the release of MBT is much higher at high biocide concentration, the release
of DCOIT does not change significantly between the low and high concentrations, may
contribute to the difference on the kinetics of bacterial inactivation of the two biocides in

experiments conducted with concentrations below or above the MIC.

] " b) 6

[ ]
L
LB
»
»

-

IS @«
1

»

-»

w
1

PBS (control)
SINC empty
SINC-MBT
SiNC-DCOIT*
DCOIT

MBT

& PES [onin)
24 a b & SiNC amply
& SIMNC-MET

¥ SikC-DCOIm
4 DT .
v WET h -

Light ambsslon [Log BLLY
Light emmission (Log RLU)

N
vaAdronm

T f ¥ ¥ U 7 T
3 w1 [ 1] L] 0 30 60 20 120 150
1 jmin} t (min)

Figure 63: Biological activity of developed silica nanocapsules in solution containing: (a) 20 ppm and
(b) 200 ppm of active species. (*In the case of DCOIT@SINC the concentration is lower than initially
expected, being 8 and 80 ppm, respectively.)

3.3. Biological activity of developed silica nanocapsules in coatings

Using the same methodology to assess the biological activity (by measuring the
inactivation of a recombinant bioluminescent strain of E. coli) of SINC loaded with MBT
and DCOIT, carbon steel panels were coated with two different formulations (one aqueous
and other solvent-based) containing MBT@SINC and DCOIT@SiNC.

The amount of nanomaterials added to the formulations was determined to achieve 20 and
200 ppm of MBT and 8 and 80 ppm for DCOIT, as shown in Table 9 (Section 2), while the
obtained data from release studies and biological activity for both aqueous- and organic-
based formulations are depicted in Figure 64 and Figure 65, respectively.

Comparisons between the amount of MBT and DCOIT released from the AC systems
(Figure 64a) and biological activity (Figure 64b) show a direct correlation between amount
of biocide and biological activity. The highest level of inactivation was observed for
coatings with the highest concentration of biocide (MBT 5% and DCOIT 5%), after 8 days
of immersion, which is consistent with the amount of MBT and DCOIT detected in
solution. In these cases, the bioluminescence signal decreased 45% and 90% (normalized

units), respectively.
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Figure 64: (a) release studies and (b) biological activity of MBT@SINC and DCOIT@SINC when

incorporated in carbon steel aqueous based coating.
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Figure 65: Biological activity of MBT@SINC and DCOIT@SINC when incorporated in carbon steel

organic based coating.

The application of developed nanomaterials in organic-based coating formulations failed to
cause significant biological effects for this period of time, as observed in Figure 65. This is
in full agreement with absence of spectroscopic signal ascribed to MBT or DCOIT in
solution (not shown) which indicates that biocide was not released from the coating during
the experiment.

Additionally, the decrease in bioluminescence in the negative control [31] may be due to
the corrosion of uncoated carbon steel which may have led to a considerable release of
iron-derived species, with inhibitory effect on the bioluminescent bacteria.

The results depicted in Figure 64 and Figure 65 show clear differences in terms of coating
degradation as visually inferred from the photographs presented in Figure 66. After 8 days
of immersion, signs of blistering were already visible in the aqueous coating sample

without SINC (blank). Moreover, after 4 months of exposure, corrosion products, blisters
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and “wires” of iron oxide are clearly visible. Contrastingly, the solvent-based coating
appeared intact even after 4 months of immersion, with the exception of the uncoated area
(coated with pink varnish) which led to the formation of the “iron oxide wire-like

products” in the edge of the beaker.

Figure 66: Photographs of coated carbon steel samples: (a) blank agueous based coating after 8days of
immersion, (b) blank aqueous based coating after 4 months of immersion and (c) blank organic based

coating after 4 months of immersion.

The differences in coating degradation are mainly due to the barrier properties intrinsically
connected to the chemical nature of each coating formulation. The solvent-based coating
formulation used in this work was designed to confer long-term anticorrosion protection
under aggressive conditions, with a dense matrix and high content of pigments whereas the
aqueous coating system herein used is a model polymeric matrix not optimized for any sort
of protection under real service life conditions. The fact that the solvent-based coating
formulation acts as a more impenetrable layer when compared with the aqueous-based
system herein investigated is the same reason why the diffusion of biocides to the
coating/solution interface is minimum in the former case and maximum in the latter one.

4. Conclusions

In this work, the encapsulation of DCOIT and MBT in silica nanocapsules was performed
successfully. The resulted silica nanocapsules were found to display regular and spherical
morphology, with gradual porosity. Both size and textural properties of obtained capsules
were influenced by the solvent used in the oil-in-water emulsion and by the molecular size
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of the biocide. The release studies performed in solution showed that the release of MBT
was affected by the small pores of MBT@SINC whereas in the case of DCOIT@SINC
pores were large enough and the release of DCOIT was limited only by its solubility.

The biological assays used in this work showed that empty silica nanocapsules have no
effect on the cell viability of the tested bacterium, while MBT@SINC and DCOIT@SINC,
show antibacterial efficacy, as detected by the inactivation of a recombinant
bioluminescent strain of E. coli. Identical tests were performed for carbon steel samples
coated with two distinct coating systems: an aqueous-based and a solvent-based
formulation. The decrease in light emission of the bacterial model, indicative as decrease
of metabolic activity, was directly correlated with the level of biocide (MBT or DCOIT)
detected in solution after 8 days of immersion. In the presence of aqueous-based coating
the level of inactivation increased with the concentration of SINC with MBT or DCOIT
within the coating. Contrastingly, no biocide and no corresponding bacterial inactivation
were detected with solvent-based coating loaded with MBT@SINC or DCOIT@SINC.
These results are consistent with differences in terms of barrier/permeability of the coating
matrix to mass transport: the aqueous-based coating displayed higher permeability than the
solvent-based coating.

The developed nanomaterials show great potential for application in antifouling coatings
and the methodology to assess the inactivation of bacteria is an expedite, real-time
screening method to determine biological activity of nanomaterials and new biocidal

compounds.
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CHAPTER 8

Final Remarks
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Final Remarks

The aim of this work was the development of nanocontainers for incorporation of active
compounds in multifunctional coatings aiming the assignment of new functionalities to
these coatings. Another interesting feature achieved with nanocontainers is the possibility
to control the release of the species encapsulated as result of specific stimulus.

In this work two new types of containers were developed, one in the nanometer range,
silica nanocapsules (SINCs) and other in the micrometer range, polyurea microcapsules
(PU-MCs). Both types of capsules allow immobilization of lipophilic compounds, being
the capsule formation and the encapsulation performed in a single step. The encapsulation
enables the incorporation of functional species in the coatings keeping their intrinsic
properties intact and adding new functionalities.

SiNCs were prepared by an oil-in-water (o/w) miniemulsion where the active compound to
be encapsulated was dissolved in the dispersed phase. Silica precursor in contact with
water and the surfactant (which also act as template) hydrolyses and immediately start their
condensation step, until consumption of the precursor. The resulting capsules present a
regular and spherical morphology with size diameter between 100 and 150 nm. The shell
of SiNCs is porous, being constituted by channels from the core until the external capsule
surface. These tubular channels are formed as a result of the co-solvent vaporization, due
to the local temperature increase originated from the exothermic reaction that occurred in
the condensation step.

PU-MCs were prepared through an interfacial polycondensation in an o/w microemulsion.
The reaction occurs at the interface of the emulsion when the two monomers, one
lipophilic (diisocyanate) and other hydrophilic (amine), are in contact and the
polymerization begins. The resulting microcapsules are uniform and spherical with a broad
size distribution, from 100 nm to 2-3 um. The PU-MCs present a typical core-shell
structure, where the walls thickness represents less than 10 % of the capsule diameter. The
polymeric shell is continuous and has no porosity.

The incorporation of capsules loaded with active compounds allowed the introduction of
new functionalities, such as anticorrosive, sensing and antifouling properties, in coating
models. The corrosion inhibitor MBT and the pH indicator phenolphthalein were
encapsulated in SINCs and in PU-MCs, while the biocide DCOIT was only encapsulated in

SINCs. The encapsulation of these compounds causes some modifications in the
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morphological and textural properties of the resulting capsules when compared to empty
capsules. The encapsulation of MBT in SiNCs resulted in a higher level of aggregation,
while the encapsulation of phenolphthalein led to particles with irregular shape and pores
with larger diameter. The encapsulation of DCOIT also leads capsules with higher surface
area when compared to the empty ones.

Regarding the performance of developed capsules, they were assessed and characterized

according to the medium, substrate, coating formulation and functionality.

1. Controlled release studies

The release studies of all the encapsulated compounds were performed in conditions
similar to the real application, where parameters like pH, temperature, concentration of
NaCl and phosphate-buffered saline (PBS) medium were used as respective stimuli. Thus,
the compounds encapsulated in SiNCs are released preferentially at higher concentrations
of sodium chloride and in acidic solutions. The mechanism of release is mainly by
diffusion and the solubility of the encapsulated compounds also plays an important role in
their release. In the specific case of phenolphthalein there is no release under neutral
conditions (only adsorbed molecules were released) due to the possible grafting between
the silane precursor and phenolphthalein.

The PBS conditions were selected to keep the bacterium viable for the biocidal studies and
also due to the high concentration of dissolved salts in the medium. Under these conditions
the release of MBT and DCOIT were limited by their solubility in those media and the low
amount released occurred by diffusion from the core of SiNCs through the porous channels
towards the exterior of the capsules.

In the case of PU-MCs, encapsulated compounds are released preferentially in alkaline
conditions and at higher temperatures. The increase of temperature turns the polyurea wall
more permeable and allows the diffusion of small molecules, while the alkaline conditions

improve the solubility of the compounds under study.

2. Performance in solution
The performance of developed containers (SINCs and PU-MCs loaded with active

compounds) were assessed in solution before their incorporation in the coatings.
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Anticorrosion

SINC-MBT showed corrosion protection activity with increased oxide resistance on
AA2024, when dispersed in the electrolyte solution, as a result of the inhibitor release. A
prolonged protection effect demonstrated by the absence of visual signs of corrosion and a
minimal corrosion activity was observed by EIS even after one month of immersion in the
electrolyte solution.

Sensing

SINC-PhPh and PU_MC-PhPh in suspension showed pH sensitivity, acting as a pH sensor,
turning from colorless to pink with the increase of pH values. The pH increase was
obtained by adding NaOH to the suspension or in the presence of a galvanic couple. When
SINC-PhPh was added to a NaCl electrolyte in the presence of a Zn—Fe galvanic couple,
the corrosion process promotes the formation of hydroxide ions in the cathodic area and
consequently a local pH increase. These capsules have pH sensing properties and also
allow the identification of the cathodic spots.

Biocidal

The MBT@SINC and DCOIT@SINC biocide activity was assessed in the presence of a
bioluminescent modified E. coli. The bioluminescence of modified E. coli decreases in
contact with MBT@SINC and DCOIT@SINC as result of their biocide activity. However
the effect is slower than where there is direct contact with the free biocides.

3. Performance in coatings

The developed containers, when incorporated in model coatings, added extra
functionalities to those coatings, namely anticorrosive self-healing properties with the
incorporation of SINC-MBT and MBT@PU-MC, corrosion sensing properties with the
incorporation of SiINC-PhPh and PU_MC-PhPh, and biocide (antifouling) properties with
the incorporation of MBT@SINC and DCOIT@SINC.

Active Corrosion Protection

SINC-MBT were incorporated in an epoxy-based coating applied to AA2024. The
resulting coating was very uniform and no signs of agglomeration were found. The
performance of the modified coating was assessed by EIS and visual inspection, showing
no negative effects of the addition of MBT encapsulated an also showed active corrosion

protection (and self-healing effect) for long immersion times.
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MBT@PU-MC were included in sol-gel primer and applied to AA2024, resulting in
uniform coating, but in some places, a few agglomerates were identified, due to the
presence of bigger capsules in contrast with such a thin film. Nevertheless, the assessment
of this coating, by EIS, NSS and adhesion tests, showed that addition of MBT@PU-MC
did not promote any negative effect in the barrier properties of sol-gel and also showed that
loaded microcapsules suppress corrosion activity and improve the adhesion of sol-gel
coatings to the metal substrate when compared with sol-gel without microcapsules.
Sensing

SiNC-PhPh and PU_MC-PhPh were incorporated in an epoxy-based formulation and in an
acrylic based polyurethane formulation, respectively, and both systems were applied to
aluminum and magnesium alloys. The resulting coatings showed corrosion sensing
properties with the beginning of the corrosive process, being more visible for magnesium
due to its higher reactivity and consequently more extensive formation of hydroxide ions.
Biocidal

MBT@SINC and DCOIT@SINC were incorporated in two different formulation types; an
aqueous acrylic based polyurethane formulation and an organic epoxy based formulation,
and applied to carbon steel. The samples coated with organic based formulation didn’t
show biocide effect, because the coating was very dense due to the high level of solids
content, limiting the diffusion of biocides (DCOIT and MBT). In opposite way, samples
coated with the aqueous based formulation showed biocide activity due to the diffusion of

biocides though the coating.

In conclusion, the developed nanocontainers showed potential to be used as carriers of
active compounds for incorporation in a new generation of functional coatings, capable of
adding extra functionalities and properties to coatings. They constitute an alternative of

actual additives and should be considered in the design of new multifunctional coatings.

My contribution to the work presented (published papers)

The core work and data reported in chapters 3-7 were mainly obtained and analyzed by
myself as well as the writing process of the same. Nevertheless, in the papers reported |
had the contribution from other people, in particular, regarding the use of some

characterization techniques and data obtained using those techniques. In general my work
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was focused on capsules preparation, their characterization, incorporation into coating
formulations and application to metallic substrates. More specifically: In chapter 3, |
prepared all materials and coatings and did the general characterization, except XRD
measurements, some SEM images and EIS fittings. In chapter 4, | carried out the core
work, namely the microcapsules preparation and their characterization; the sol-gel
synthesis, the incorporation of microcapsules into sol-gel, EIS measurements, standard salt
spray and adhesion tests were performed by my colleagues and other partners in the frame
of NATAL project. In chapters 5 and 6, | performed all the work, except the assays using
the Zn-Fe galvanic couple (Chapter 5). In chapter 7, | prepared the capsules and coating
and did their characterization, while the experiments with modified E.coli, using capsules
in suspension and incorporated into coating formulations were performed by our

colleagues from Biology Department.

The path...

The synthesis of micro and nanocapsules is very sensitive procedure because the
polymerization process occurs in the interface of agueous-organic phases. Thus, during the
execution of this work several attempts to obtain capsules failed. Then, several parameters
were tested and adjusted until the desired capsules were achieved. Several times they
looked very well in the end of the reactions and after their visualization on SEM, no
capsules were found and was necessary to restart and change or adjust another parameter.
However, with persistency the procedures for synthesis of silica nanocapsules and polyurea
microcapsules were defined.

The following step was also a challenge. The encapsulation of compounds was even more
difficult. As active compounds most of the times react with polymer precursors during the
encapsulation or were deactivated by the synthesis conditions. Nevertheless, the
encapsulation of several compounds in those two types of capsules was successful and
their incorporation in coating formulations performed.

Despite the purposed objectives were achieved, many other ideas and approaches to

develop multifunctional coatings were not fully explored.
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Future activities

As future activities for this work, there are many others capsules and active compounds
that could be studied as well as the encapsulation of more than one compound in the same
capsule, in order to achieve synergic effect between the encapsulated species.

| started the modification of the synthesis procedure for encapsulation of hydrophilic
compounds instead of lipophilic, for both capsules. That is something that | would like to
continue and optimize.

Another point that | would like to study is the combination of different nanocontainers with
multiple triggers and different release kinetics in order to achieve a prolonged and constant
effect in terms of corrosion and biofouling protection.

Although great advances were achieved, there are still a huge challenge to replace the toxic
compounds used nowadays, in particular chromium based compounds in the aeronautical
industry and the booster biocides in the maritime industry.

From my point of view the scientific community needs to find effective and less toxic
solutions (corrosion inhibitors and antifouling agents) to be incorporated in coatings in
their free form or immobilized. | think that the search for new and less toxic active
compounds together with the combination of different carriers are the two key strategies to

find an efficient and more environmental-friendly protective coating in the near future.

PhD Thesis of Frederico Maia 168



