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Abstract. This review covers recent achievements in the Idpwgent of nanocontainers for
self-healing corrosion protection coatings. Thectionality and design of Layer-by-Layer
assembled, polymer and inorganic nanocontainersdareonstrated in the coatings for
protection of steel and aluminium alloys. The rsteaf the corrosion inhibitors from
nanocontainers occurs only when triggered by lpehlchanges or other internal or external
stimuli, which prevents leakage of the corrosiohibitor out of the coating and increases

coating durability. This leads to the self-healingility of the coating and terminates

corrosion propagation.

1. Introduction

Intelligent bulk structures and surfaces modifiadorder to respond to a specific external
stimulus in a defined manner play a significanerm a new generation of smart materials
possessing both active and passive functionaliidsch enable fine spatial and temporal
control over surface properties in three-dimendi@pace and mimic natural events during
materials’ exploitation time. Over the past decatles advances in chemistry, materials
science and biotechnology resulted in new clasdepotentially active structures for

application as components of either smart bulk rmedgeor films. This includes intrinsically
1



WILEY-VCH

active polymers, nanocapsules and nanotib@he formulation of these structures requires,
however, advanced knowledge in nanomaterials aighpotential to meet specific industrial

requirements. This is very challenging task faairsgwith multiple requirements depending

on the specific application, such as efficient @scdation of molecules, retention of their

self-healing or other activity during the encapsala process and storage, protection of
encapsulated active agents against degradatidmeimoulk structures and controlled release
over extended time periods at defined target sites.

Mimicking the concept of the natural feedback axtsystems in the field of synthetic
coatings and surfaces provides broad avenue fodékelopment of “smart” coatings with
stimuli-responsive behavior. Self-healing coatingsdergo a change in response to an
external stimulus in a defined manner to enhaneesyistem performance. These coatings are
of great scientific and technological importancetteey can be applied in various fields such
as medicine, biotechnology or material science fa8er polymer films and capsules can
enable fine spatial and temporal control over si@fproperties in three-dimensional space
and better mimic natural events. To provide susthior immediate release of the functional
material on demand, the active part of the codtigto be incorporated into a passive matrix
or form a layered structure together with the passiatrix.

Recent developments in surface science and teawgboovide modern engineering
concepts for fabrication of active feedback coatitigrough the integration of nanoscale
layers (carriers) loaded with active compounds. (@xibitor, lubricant, drug, vitamin) into
existing "classical" films thus designing complgteew coating systems of the "passive" host
- "active" guest structur®. For example, active corrosion protection aimsestore material
properties (functionality) if the passive coatingtnx is penetrated and corrosive species
come into contact with the substrate. In addittbe, partial recovery of the main functionality
of a material can also be considered as self-tgadibility!®! The main function of

anticorrosion coatings is protection of the undedy metallic substrate against
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environmentally induced corrosion attacks. Thusjsitnot obligatory to recuperate all
properties of the film; only the protection of thebstrate has to be guaranteed. Consequently,
the coatings have to release the active and regamiaterial within short time after changes

in the coating’s integrity (Figure 1).
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Figure 1. Schematic representation of the nanocapsule-basdidhealing coatings. Reproduced with

permissior” Copyright 2007, Wiley-VCH.

One of the main approaches for self-healing coatirsgnanocontainers employed for
loading of active agents with shell possessing rolietl permeability specific to several
triggers[.4] The use of the term “nanocontainers” was introdutte distinguish them from
“capsules” because nanocontainers have more btoactuise and properties than common
capsules for drug delivery. Being uniformly distribd in the passive matrix, these
nanocontainers keep the active material in “trapstdte avoiding undesirable interaction
between the active component and the matrix as agekpontaneous leakage. If the local
environment undergoes changes or the coating isctefi by an outer impact, the
nanocontainers respond to this stimulus and releasapsulated active material.

Designing functional micro- and nanocontainershia $ize range of 20 nm to 50 um is of

high interest in various research areas such dasdbinology, medicine, cosmetic, catalysis
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and functional coatings. In general, research eoantainer formation and loading requires
the ability to form a nanocontainer shell, whiclosld be stable, permeable to release/upload
materials and should also possess other desiredtidnalities (magnetic, catalytic,
conductive, targeting, etc.). One has to combinversg properties in the shell structure and
composition. There are several approaches demtettrao far for the design of
nanocontainer systems: (1) polymer contaifls(2) polymer or glass fibré$! (3)
nanocontainers with polyelectrolyte sHéll, layered double hydroxides and mesoporous
inorganic material¥ and, finally, design of the coatings by Layer-tayer assembly (LbL)
employing polyelectrolyte multilayefS) All of the mentioned methods have specific
advantages and drawbacks concerning the upscabsgjlplity, performance and feasibility
to employ different active materials. Here, we maksurvey of the pros and cons of the

nanocontainers of different nature which were tefte application in self-healing coatings.

2. Nanocontainerswith Layer-by-L ayer assembled shell
The Layer-by-Layer technology was presented in 989 Decher and othef®! This
technique is very simple and based on the iterafidsorption of oppositely charged
molecules or nanopatrticles on a flat surface omptata particle. In most cases, the technique
employs electrostatic forces between oppositelyggthpolymers and surfacés. However,
other mechanisms of film formation can be employlegdrogen bonding for biomedical
applications (most of these multilayers can be sdismbled under physiological
conditions).*?! covalent bonding*®! base-pair interactiodd?’ guest-host interactiohs
hydrophobic interactio®$! or biological recognitiof-"!

The use of the LbL technique to prepare structufibds offers many attractive
possibilities. The method allows control over tlenposition and thickness of the multilayers
(e.g., by control over the number of layers depoBitesulting in nanometer-scaled films. A

wide variety of polyelectrolytes, both syntheticddamatural, can be used in LbL assembly. In
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addition, almost any charged material, such aseiuacids?® peptided!® enzymes?®
polysaccharideS lipids??! and also particulate structures such as vifti¥esnd a wide
variety of nanoparticléd’ can be incorporated into LbL assemblies.

The main principles of LbL deposition on colloidaérticle$® are similar to those for
planar surfaces: the concept of capsule formatimolves coating of a colloidal template
followed by decomposition of the sacrificial coeadling to the formation of hollow structures

similar to the templates in terms of size and shape

Figure 2. Schematic illustration of the polyelectrolyte calesformation. a-d: stepwise polyelectrolyte LbL
assembly; e-f: decomposition of template core tagplin polyelectrolyte hollow capsules. Reproduaeith
permissior?® Copyright 2004, Wiley-VCH.
As depicted in Figure 2, the core can be dissobfésl applying LbL layers yielding hollow
LbL capsules. The ability of precise manipulatidncapsule structures enables the tailoring
of permeability, loading and release, mechanicaperties as well as other functionalities of
the capsules.

The shell of the polyelectrolyte capsules is senm@@able and sensitive to a variety of

physical and chemical conditions of the surroundmgdia which might dramatically

influence the structure of polyelectrolyte compkexad permeability of the capsules. Table 1



WILEY-VCH

represents an overview of the different triggerffuencing permeability of polyelectrolyte
capsules. In addition to well-characterised infeeerof pH, solvents, ionic strength and
temperature on the capsule permeability, the othxéernal factors can control it: external

light, magnetic field, ultrasound, oxidation/redootand enzymatic degradation.

Table 1. Release properties of polyelectrolyte ckgss

Factor Release characteristics Ref.

Local changes of pH Capsules can be opened/clegeehding on pH value at al[26]
pH range (0-14). Applicable only for capsules witkak

polyelectrolytes in the shell

Local changes of ioni¢Increase of the ionic strength of solution leadth&ocapsule [26]

strength opening. Applicable for all polyelectrolyte capsle

Solvent changes Unpolar solvents damage integfitgotyelectrolyte shell [27]

and open capsules

Temperature Temperature increase leads to the leapslosing.; [28]
Applicable for capsules with strong polyelectrolytethe

shell

Light Irradiation leads to the capsule opening. Wggble for| [29]

capsules with light-sensitive elements in the shell

Magnetic field Magnetic treatment opens capsulgplidable for capsules[30]

with magnetic particles in the shell

Ultrasound Ultrasonic treatment leads to irreveesitapsule opening.[31]

Applicable for capsules with nanoparticles in thelk

Redox treatment Oxidation/reduction of the capssiell can lead to the[32]
capsule opening. Applicable for capsules with redox

materials in the shell (conductive polymers)

Enzymatic degradation Enzymatic treatment irrebdysiopens capsules with[33]

biodegradable components in the shell

First successful application of the Layer-by-Lagssembly for self-healing anticorrosion
coatings was demonstrated in 2006 on the examplsilma nanoparticles with LbL
assembled shell containing corrosion inhibitors cwhivere impregnated into Zy&iOy

hybrid sol-gel coatin§” As nanocontainers, 70 nm SiParticles coated with poly(ethylene
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imine)/poly(styrene sulfonate) (PEI/PSS) polyelelgtie layers were employed. The inhibitor,

benzotriazole, was entrapped within the polyeldgtieomultilayers during the LbL-assembly
step; its release was initiated by pH changes duwamrosion of the aluminum alloy.

The average diameter of the nanocontainers obtaiftech the light-scattering
measurements increases with the layer number. Heofitst PElI and PSS monolayers, the
increment is about 8 nm per layer. Benzotriazofersincrease the size of the nanocontainers
by a smaller ca. 4 nm step which confirms the sdgttoretic mobility data for the lower
adsorption efficiency of benzotriazole as compasgtth the polyelectrolytes. Growth of the
average diameter of the nanocontainer unambiguopstwes LbL assembly of the
polyelectrolytes and the inhibitor on the surfaéehe SiQ nanoparticle$® The scanning
vibrating electrode technique (SVET) was employedptove the self-healing ability of
nanocomposite coatings by mapping the distributiocathodic and anodic currents along the
surface. Defects of about 200 pm in diameter wenaéd on the sol—gel pre-treated AA2024
surface, as shown in Figure 3. A high cathodic entrdensity appears immediately in the
origin of the defect when the undoped coating imarsed in 0.05 M NaCl, revealing well-
defined corrosion activity. The defects remain\actduring tests (Fig. 3c, e, and g). The
sample coated with sol-gel film doped with nanoaordrs behaves completely differently.
During the first 10 h, there are no remarkable enis in the defect zone (Fig. 3d). Cathodic
current appears only after about 24 h. However, 2ftar the activity started, effective
suppression of corrosion takes place to decreastdal current density (Fig. 3h). Cathodic
activity in the location of the defects becomes admundetectable again after 48 h of
continuous immersion. This effective suppressiothefcorrosion activity at a relatively large
artificial defect formed in the coating system dggroves the self-healing ability of the

hybrid pretreatment films doped with nanocontainers
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Figure 3. SVET maps of the ionic currents measured abovesuhi@ace of artificially defected aluminium alloy
(a,b) coated with undoped silica-zirconia sol-gehfc, e, g) and film with inhibitor-loaded nanattainers (d, f,
h). The maps were obtained 5 (c, d), 24 (e, f) 2Bidg, h) hours after defect formation. ScalenitA cn¥.

Reproduced with permissidif! Copyright 2006, Wiley-VCH.

Introduction of the inhibitor in the form of nanodainers instead of the direct addition to
the sol-gel matrix prevents the interaction of tle@zotriazole with components of the coating
which negatively influences the barrier propertefs the hybrid film and lead to the
deactivation of the corrosion inhibitor.

Next stage in the application of LbL assembly felf-bealing coatings is the formation of
the core-shell type containers with oil core antymer/polyelectrolyte shell. Several groups
employed LbL technology to fabricate stable oilmater emulsions with a high
monodispersity (depending on the size of the ai€assed in capsule preparation) and free of
surfactanf®® A usual preparation method for LbL coated emulsiarriers involves several
steps (Figure 477! To stabilize the dispersed phase of initial enauisithe oil phase
(dodecane) was doped by small amount of cationfastant dioctadecyldimethylammonium

bromide (DODAB). The colloidal stability of initialemulsion was achieved due to
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concentrated monolayer of strongly positively clearddODAB (z-potential was about +90
mV) at the surface of each droplet. Then, the syuesst LbL deposition was performed from
concentrated aqueous salt-free solutions of payeytes. The further repetition of the
alternating adsorption steps leads to the formatiocontainers with desired shell thickness

depending on the particular demand.

Figure 4. Schematic representation of several steps durib polyelectrolyte emulsion encapsulation.

Reproduced with permissiéi! Copyright 2008, ACS.

The improved stability of the LbL coated emulsiotts droplet aggregation can be
attributed to the ability of the multilayered irferes to increase the repulsive colloidal
interactions between the droplets (e.g., electriostéad steric) and to increase the resistance
of the interfacial membrane to rupture.

Pickering emulsions (or colloidosomes) are emuksiatabilized by solid particles
localized at the oil-water interface. Since paetictabilized droplets resemble core shell
architectures, they have a high potential to beliegppn the field of active molecule
encapsulation. The application of the Layer-by-lragssembly approach for Pickering

emulsions not only stabilizes the emulsion parsiclae to the electrostatic repulsion, but also
9
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closes the interstitial pores of the emulsion namiqulated shell thus providing its controlled
permeability and release of the materials dissolmetle oil core.

The affinity of weak polyelectrolyte coated oxidarficles to the oil-water interface can be
controlled by the degree of dissociation and thektiess of the weak polyelectrolyte lay&t.
Thereby the oil in water (o/w) emulsification abjliof the particles can be enabled. To
demonstrate this, weak polyacid poly(methacrylid sodium salt) and the weak polybase
poly(allylamine hydrochloride) were selected fore tsurface modification of oppositely
charged alumina and silica colloids. To prepare e¢haulsion samples, first the aqueous
components were mixed and, depending on the pHopidal or gelated suspensions of
nanoparticles in water were obtained. Highly stadaeulsions can be obtained when the
degree of dissociation of the weak polyelectrogteoelow 80%. Cryo-SEM visualization

shows that the regularity of the densely packedighes on the oil-water interface correlates

with the degree of dissociation of the correspoggialyelectrolyte (Figure 5).

Figure 5. Cryo SEM images of dodecane droplets stabilizet gilica-poly(allylamine hydrochloride) particles.
Corresponding pH values of emulsions are (a) 869(1, and (c) 9.8. Length of unlabeled scale bgtsgls 500

nm. Reproduced with permissi&fl. Copyright 2011, ACS.

Silica- poly(allylamine hydrochloride) particlesrange themselves in a monolayer, which
partially consists of some aggregates below pH Blbve this pH value, flocculation of

particles takes place; consequentially, the drophell consists almost entirely of particle
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aggregates. Less pronounced but still establishele fact that for the same emulsion pH,
particles with thicker polyelectrolyte coatings aapable of creating smaller droplets. The
average droplet size reaches a minimum between pHadd 5.5 (0.15<R<0.45). The
nanocontainers were well dispersed in the coaBMET measurements indicated a decreased
rate of corrosion in scratches of coatings dopeth v8-hydroxyquinoline loaded S;O
Pickering emulsion. For all samples, maximum curmensities different from zero were
observed immediately after immersion in 0.1 M Nat@icating the formation of an anodic
area in the scratch. However, addition of 20 wt-%ty8roxyquinoline loaded SiPickering
emulsion to the coating suppressed corrosion aftdr of immersion in 0.1 M NaCl. Another
demonstration of the application of Pickering enauisfor self-healing coatings was shown
for the shell made of lignin nanoparticules withcgpsulated isophorone diisocyanate as
healing agent®

In general, nanocontainers for self-healing coatimade by LbL assembly approach have
one big advantage — the possibility to tailor fumality of the shell. Besides pH-responsive
release of encapsulated inhibitor, the releasgeriggd by UV or IR light was demonstrated for
successive localized healing with either Ti@ Ag nanoparticles in the shell [skorb]. The
drawback, however, is the poor mechanic stabilitythe shell which makes difficult to

stabilize LbL nanocontainer integrity in the drismmmercial coatings.

3. Nanocontainer swith polymer shell
More rigid core-shell type nanocontainers can lepared by polymerization methods at the
oil-water interface of emulsion droplets. The sheill this case, has no so well controlled
structure like for LbL assembled shells, but ithgcker and can be responsive to the local
changes of the pH.

Urea-formaldehyde microcapsules filled with linseatl were used for the healing of

cracks in an epoxy coatitlj! Microcapsules were synthesized ilysitu polymerization in
11
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o/w emulsion. Initially, fully water-compatible weand formaldehyde react in continuous
aqueous medium to form poly(urea-formaldehyde). M@ecular weight of this polymer
increases the fraction of polar groups graduallyrei@ses till the polymer molecules become
hydrophobic and get deposited on the surface of-emwilsion droplets. Obtained
microcapsules were then incorporated into epoxyimgaThe encapsulated linseed oil was
released by the coating crack and filled the crack coating matrix. Oxidation of linseed oil
by atmospheric oxygen led to the formation of ammbus film inside the crack. Similar
containers were developed by interfacial polymeioraof commercial methylene diphenyl
diisocyanate and polyamidoamine dendriffér. Spherical with some irregular shape
microcapsules were observed with average diameger 20 to 270 um at different agitation
rates (3000-8000 rpm). Microcapsule size decreasts increasing agitation rate applied
during the emulsion step. The results from theason immersion tests in salt solution (5 %
NaOH) clearly demonstrated that coating with insie@ microcapsule content from 2 to 5%
revealed decreasing order of corrosion and bliggeat the scribed lines after 120 h of
immersion. In contrast, rapid corrosion was seethe control specimen within 24 h and
exhibited severe corrosion after 120 h, most peut within the scribed area also extending

rusting across the substrate surface.
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Figure 6. Optical images after 12 h of immersion in 0.1 MQWaolution of a) aluminum alloy plates covered
with the standard epoxy coating (control samplg)sdif-healing coating consisting of standard epoasting
and 6 %wt. microcontainers loaded with mixture lkbaysilanes. c-h) SVET current density maps aftéc,f),
1 (d,g) and 12 (e,h) hours of immersion in 0.1 MON#or control coating (c-e) and self-healing cogti(f-h).

Reproduced with permissidif! Copyright 2011, RSC.

Depending on the application purpose, encapsulatedan also contain either water-
repelling agent (alokoxysilane) forming dewettestspround the damaged site or sealant
covering this site with the protective polymeridmfi*?! Appropriate protection of the
substrate at the damaged site is achieved by therggtic combination of the passivation

effect of the resulting film with its water-repelf properties. A humid or aqueous
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environment is one of the key preconditions fore¢beosion onset; therefore minimization of
its contact with the substrate is important for shkecessful corrosion protection. Creation of
non-wetting conditions prevents the contact of wé&md dissolved ionic species) with the
substrate surface leading to better protection.réfyldobic compounds with ability to be
bound covalently to the substrate under proteci@used as active encapsulated agents. The
visual corrosion test confirmed the effectivenekthe proposed self-healing system (Figure
6). All control samples showed the corrosion ordetady 6 hours after immersion in 0.1 M
NaCl solution (the process starts with the blackgrof the defect surface followed by the
appearance of a white fluffy precipitate within tigeoove of the scratched regions). In
contrast, the self-healing samples showed no vieuiglence of corrosion even 3 days after
exposure. Liquid corrosion inhibitor (2-methylbetinazole) was encapsulated into similar
polymer capsules for self-healing protective caglf®’ The capsules with a mean diameter
of 5 um and inhibitor content around 50 wt.% we@nbgeneously introduced into a
conventional two-component waterborne epoxy priofe80 pum thickness. The results of the
electrochemical impedance spectroscopy measurenstiolw that the polymeric coating
system containing capsules loaded with 2-methylb@nazole has better anticorrosion
protection than the original unmodified coating.eTimprovement can be attributed to both
the presence of the inhibiting species as welhasimprovement of the barrier properties of
the coating. Cinnamide moiety containing polydiny&thoxane shells (CA-PDMS) was
prepared and used as a healing alféhtCA-PDMS was microencapsulated with a urea-
formaldehyde polymer shell. Upon photo-irradiaticBA-PDMS generates viscoelastic
substances which have intrinsic recoating (or lse#tng) capability when scribed with a
cutter blade. The prepared microcapsules were ratieg) into commercial enamel paint to
create a self-healing coating.

Nanocapsules filled by dicyclopentadiene as sedlithg agent were synthesized using

ultrasonic treatment for the preparation of initév-emulsions® Up to 2 v/v.% of these
14
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capsules can be dispersed in an epoxy matrix lgatdinthe slight decrease of its tensile
strength accompanied by a significant increaseractdire toughness. Fracture toughness
increase up to 59 % was found for a capsule voldraetion of 0.015. Copper/liquid
microcapsule composite coatings with polyvinyl &lab gelatin or methyl cellulose as shell
materials were prepared by electrodepositfhThe influence of shell materials on the
corrosion resistance of the composite coatings InM) H,SO, was investigated by means of
electrochemical techniques, scanning electron mompy and energy dispersion
spectrometry. The results show that the particymatif microcapsules enhances the corrosion
resistance of the composite coatings compared théttraditional copper layer. The release
from microcapsules was triggered by changes oftreletemical potential of the copper
coating. Gelatin and methyl cellulose as the shwdterials of microcapsules are easy to
release quickly in the composite coating.

The bilayer nanocapsules, which have an intermediptirophilic shell and a hydrophobic
outermost shell, were capable of loading amine-tgreosion inhibitors by interaction of the
carboxylic acid in the core polymer and the amiff@sThe amines with high water solubility
were more efficient in both swelling and encapsofatthan the amines with low water
solubility. The strongly basic amines were moreeeilely encapsulated due to higher
dissociation activity than the weak bases. Amomxgasnines used in the study, 5-amino-1-
pentanol, diethanolamine and triethanolamine etdubi self-healing anticorrosion
performance with recovering coating resistance. ddreosion resistance of the coating film
gradually decreased and then increased via thdnsaling protection of the amines released
from the nanocapsules. On the other hand, ethammarpropylamine and dipropylamine
exhibited a rapid drop in the coating resistanoé, the resistance continued to decrease with-
out self-recovery.

Nanocontainers with organic (polymer) shell canelfiectively applied for water-borne

polymer coatings used for protection of the aluommialloys and steel. These coatings have
15
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mild curing conditions (in most cases can be singigd in open air). The advantages of
such core-shell containers are high loading capé#sihce all inner volume can be filled with
liquid inhibitor) and possibility to design permdél properties of the shell. However, the
nature of the nanocontainers limits their applmatiThey can hardly be applied for oil-borne
coating because of the potential solubility of gieell in organic solvent of the coating
formulation. They cannot withstand harsh curingdibons (high temperatures and pressure).
Polymer shell is stable up to 120-150 °C and tmeerircargo undergoes thermal expansion.
Therefore, nanocontainers of other nature should ekplored to attain self-healing

functionality for all types of the coatings.

4. I norganic nanocontainers
An interesting alternative to the organic core-sh@nocontainers described above is
mesoporous inorganic materials, especially silivlesoporous silica particles are inert
towards the corrosion inhibitors and UV light, caamnpg to mesoporous Tgand ZrQ, and
have large pore volume (~ 1 rgl?) and surface area (~ 1000-g# which makes possible to
incorporate up to 40 wt.% of inhibit§f! Inhibitor-loaded silica nanoparticles enhance both
passive and active functionalities of the anticeiwe coatings. On one hand, the coating
barrier properties are improved by reinforcementhef coating matrix due to introduction of
mechanically stable, robust silica nanoparticldssTs an advance of silica nanocontainers
because the incorporation of polymer-based nanaswrs usually makes the coating more
brittle. On the other hand, the large amount ofagsalated inhibitor and its controlled, local
release provide superior active corrosion inhibiticAdditionally, the outer surface of
inhibitor-loaded silica nanoparticles can be fumcélized with octyl groups for better
dispersibility in the oil-based coatin§g.

Dispersion of mesoporous silica nanocontainers ddadith the 20 wt.% non-toxic

corrosion inhibitor 2-mercaptobenzothiazole (MBTH) a hybrid sol-gel (Si@ZrO,) layer
16
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resulted in the substantial enhancement of theosimm protection activit{’® The following
concentrations of MBT—loaded silica hanocontairéspersed homogeneously everywhere in
the cured coatings were studied: 0.04, 0.1, 082,07, 0.8, and 1.7 wt%

The coating samples were scratched in order tdexete the corrosion process and assess
their active anti-corrosive properties. In the SVEB&ps this process is expressed as a single
positive peak with a constant position over the sneament duration, indicating one defined

corrosion site being the anode.

| —e—0.04 wt%

| —=—0.8 wt%

| =%=0.2 Wt%

: 1.7 wt%

—o— 0.1 Wt%

| —=— 0 wt% control

| —v—0.5wt%
—o— 0.7 Wt%

Figure 7. Maximum anodic current densities detected with $\iver the scanned scratched area during 12
hours immersion in 0.1 M NaCl. Results for coatisgmples containing different MBT-loaded $iO

concentrations are shown. Reproduced with pernris§icCopyright 2012, ACS.

A distinct corrosion propagation expressed by tigh lvalues of current density (> 5 A

cm?) were seen for samples with too high (0.8 - 1.P4ytand too low (0.04 - 0.2 wt.%)

17
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MBT-loaded SiQ concentrations. These samples reached -currentitidensbove the
nanocontainer-free suggesting an unsatisfactoryveaatorrosion protection due to an
insufficient inhibitor quantity in the coating sgsts with low MBT-loaded Si©
concentrations. In the case of too high MBT-load&®, concentrations the bad anti-
corrosive properties of the coatings can be expthiny deterioration of the passive layer due
to microdefects introduced by the embedded nanagwers. Thus, according to the SVET
study, a concentration window in which the corrasfrocess successfully inhibited was
defined to be between 0.5 and 0.7 wt% MBT-loaded, Sncorporated in a single sol-gel
layer in direct contact with the metal surface. BMET results were also supported by the

SEM micrographs depicting the scratched area eftewpleting the SVET test.
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Figure 8. (a) The premature leakage of benzotriazole (BTéinfl (native MCM-41), 1l (FSNs 1, en-SjQvith
organic content 0.22 mmol/g), Ill (FSNs 2, en-sidth organic content 0.7 mmol/g), IV (FSNs 3, wittganic
content 0.26 mmol/g), V (FSNs 4, en-(CPSIiO, with organic content 0.78 mmol/g), VI (FSNs 5, (€@0Q0)s-
SiO, with organic content 0.23 mmol/g), VII (FSNs 6;@100);-SiO, with organic content 0.68 mmol/g) with
Co-carbonate nanovalves. The data have been naaddy effective release capacity. (d) Releaseilpsobf

BTA from the Co-carbonate loaded FSNs 5. Reprodudtidpermissio®™® Copyright 2015, ACS.

Despite demonstrated high efficiency of mesoporsilisa as nanocontainers for self-

healing coatings, the open structure of the poassstill provoke premature leakage of the
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encapsulated inhibitor. Therefore, the next staghe development of silica nanocontainers
requested the mechanism for controlled openingfuosf the pores on molecular level. This
was achieved by organosilyl-functionalization of smporous silica nanoparticles with
ethylenediamine (en), en-4-oxo-2-butenoic acid (®dtCOO) and en-triacetate (en-(COg)
with higher and lower organic contérft. The cobalt carbonate nanovalves are based on all
modified silica nanoparticles (FSNs), accordingh® method reported by 65Cc** can form

a stable complex with iminodiacetic acid with’1@rder of magnitude formation constant,
while the one for Co-carboxylate complexes is asvaglow 1°Y Co-capped loaded FSNs 5
(VI in Figure 5a) lead to the best performanceawdring leakage to 2%. For FSNs 4, a
notable leakage of inhibitor at 40% was detectedicating that even the high dose of en-
(COOQO) groups cannot stabilize cobalt basic carbonatesamovalves. For the other capped
containers except FSNs 6 the premature leakagesllaabove 60% of the loaded amount.
Figure 5b confirms the negligible premature leakafeapped loaded FSNsGith a flat
baseline at neutral environment. Furthermore, loweepH value helps to accelerate the
release of BTA. At the same time, increasing thevalie to 12 was found to stimulate the

release of inhibitor as well.
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Figure 9. Maximum anodic currents detected with SVET overgbanned scratched area during 12 h immersion
period in 0.1 M NacCl. Results are shown for sampglested with an epoxy coating containing nothingef
inhibitor, capped loaded FSNs 2, FSNs 4 and FSN$1& measurement was conducted (a) without andfig)
pre-wash with a flowing artificial seawater envinoent for 1 hour to remove free or leaked inhibitors

Reproduced with permissiétt! Copyright 2015, ACS.

Nanovalve-based pH sensitive nanocontainers arecedly suitable for responsive
anticorrosion effects, because they provide rapiwbitor release and protection in response
to acidic as well as basic microenvironment. Thiected anodic current densities (SVET) as
a function of time for the samples coated with dbp&d non-doped organic coatings are
shown in Figure 9a. Except the pure epoxy coattiger samples exhibit obvious corrosion
resistance and self-healing ability. All the anodicrent densities were effectively suppressed
at around 21A/cm?. This behavior can be attributed to enough inhibitmmcentration near the
artificial defect. However, after putting the frslscratched samples in a flowing artificial
seawater environment for 1 hour to remove freeeakéd inhibitors the coatings containing
free BTA and capped loaded FSNs 2 and 4 lost plufiteffective self-healing (Figure 9b).
The one hosting capped loaded FSNs 5, on the egnstil maintained the suppression of
anodic current. This constantly effective self-iveglsuggests that the inhibitor can be well
preserved in capped FSNs 5 and released when ¢hé gl value is shifted. So, the en-
(COO-%-type functionalization of mesoporous silica nanmdamers with organic content of
0.23 mmol/g was shown to be the best nanovalvarfocorrosive nanocontainers.

Second type of highly potential inorganic nanocoass is the industrially mined, viable
and inexpensive halloysite nanotubes. Halloysites tao-layered aluminosilicates with
hollow tubular structure. Their size varies witlli¥fl5 pm of length and 10-150 nm of lumen

inner diameter. Inner halloysite lumen can rea@uilog capacity for corrosion inhibitors up
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to 20 wt.% depending on the depdgit.Additional selective etching of the alumina inside
halloysite lumen with sulfuric acid increases caiyday 2-3 timed>*!

The typical procedure of the loading of halloysinotubes is as folloW¥! Halloysites
are mixed with the solvent possessing high solybdf desired corrosion inhibitor and low
temperature boiling point (e.g., acetone, ethafidign, the vial containing solution is placed
in a desiccator under vacuum which deaerates thaybide lumen. The vacuum treatment is
followed by washing and centrifugation. This prasetican be repeated several times. On the

final stage, halloysites are removed from centeftigoe and dried.

Figure 10. Distribution of inhibitor-loaded halloysite nanbts inside sol-gel coating. Reproduced with

permissior> Copyright 2009, Wiley-VCH.

Embedding of the inhibitor-loaded halloysites ittte coating requires intensive mixing of
the dried halloysites with coating formulation wgihigh-speed stirrers, UltraTurrex or
ultrasound. It is very important step to avoid #ggregation of the halloysites in the coating
formulation. Formation of the any aggregated nantainers will make defects in the coating
integrity thus reducing coating barrier propertza®l corrosion protection performance. The

halloysite should be homogeneously distributednencbated area to protect every part of the
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metal (Figure 10). Halloysite nanotubes were loadedth the inhibitor, 2-
mercaptobenzothiazole and covered by a LbL polyebte shell to improve the control
over the inhibitor releade” Sol-gel coatings doped with halloysites demonsttatery good
corrosion inhibition in long-term corrosion test®hese results are due to the favourable
halloysite structure, which provides good inhibitetorage in the lumen and limits
spontaneous inhibitor leakage at the small-diamé2®-50 nm) ends covered by the
polyelectrolytes. Another promising approach to keke inhibitor inside the lumen and
release it in response to a pH change is by dewjgpH sensitive stoppers. Successful
formation of stoppers for halloysites was demoneattdy exposing halloysites loaded with
benzotriazole to a Cu(ll) containing solution tornfo insoluble metal-benzotriazole
complexes at the halloysite ertfs.The release time was tuned by controlling thekiféss

of the stopper complexes. Further time expansicnttorrosion agent release was achieved

by the formation of stoppers with urdarmaldehyde copolymét”! The corrosion protection

efficiency was tested on ASTM A366 steel platesa 0.5 M NaCl solution with the study of
corrosion development by microscopy inspection paidt adhesion. The best protection was
found using halloysite/mercaptobenzimidazole andnzb#iazole inhibitors. Stopper

formation with ureaformaldehyde copolymer provided an additional iaseein corrosion

efficiency as a result of the longer release ofhitbrs. More detailed information about the
structure and properties of the halloysite nanaulman be found in two recent,
comprehensive review!

Performance of the organic coatings with inhibitzaded halloysite nanotubes was also

tested by industrial neutral salt-spray test (I2®standard, 5 wt.% NaCl, 35°C, Figure 11).
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A | B C

Figure 11. Neutral salt spray test results for pure polyepomgting (A, 1000 h), polyepoxy coating directly
loaded with Korantin SMK corrosion inhibitor (B, () and polyepoxy coating in the presence of Kiman

SMK loaded halloysite nanotubes (C, 1000 h).

Standard commercial polyepoxy coating was used bBsnghmark. Corrosion inhibitor
Korantin SMK, which is alkylphosphoric ester proddcby BASF with the chain length of
alkyls in the ester group ranging from C6 to C1Gwadded into the coating in free form (1
wt.%) and in the same amount but encapsulatedhalioysite nanotubes. One can see in
Figure 11, addition of free corrosion inhibitor anbrganic coating drastically reduces
corrosion protection performance even after 500f hthe neutral salt-spray test. On the
contrary, encapsulated inhibitor with controlleddasustained release ability increased
corrosion protection by 5 times comparing to theeppolyepoxy coating. This is clear
evidence on industrial level employing widely spr@adustrial test that halloysite nanotubes,
loaded with industrial inhibitor, can develop newyolutional generation of the self-healing
anticorrosion coatings.

Toxicity of inorganic nanocontainers was studiethgsa protozoan model organisi
caudatum.® Biochemical and behavioural tests were employesiutdy the viability, vitality,

nutrition and oxidative stress induction in ciligieotozoans. The toxicity of all nanoclays
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tested here is lower that of the similar size gemghoxide particles. Among analysed
nanoclays, halloysite nanotubes are the most bipatible and hence may be safely used for
different industrial applications, including biomeal ones. The biosafety of the nanopatrticles
studied may be placed in the following order: tagest halloysite > kaolin > montmorillonite

> silica > bentonite > graphene oxide. Up to 10mig’ of halloysite nanotubes were safe for

one of the most common fresh water ciliate prdRistaudatum. This is 10 times more than

the generally accepted safe halloysite dose féerint cell cultures.

5. Conclusions& Outlook

Innovative nanocontainers of various types frontanable materials gain more and more
attention for application in various smart systefrem drug delivery though bioactive
surfaces to corrosion protection and further. Ipooation of different functionalities into
nanocontainer shell will increase the potentiah@hocontainers for multifunctional materials.

This paper aims to give concise review on the agrakent of micro- and nanocontainers
for self-healing corrosion protection coatings parfed in the Department of Interfaces,
Max-Planck Institute of Colloids and Interfacesidgr2006-2012 years. The idea of using
capsules (or, later, nanocontainers) as active oaemt of the self-healing anticorrosion
coatings came from Layer-by-Layer assembled capspleviously developed for drug
delivery systems. First successful application b lInanocontainers for self-healing coatings
was demonstrated for polyelectrolyte/inhibitor @mh&iQ nanoparticles in 2006. Then, both
organic and inorganic nanocontainers loaded withoua inhibitors were developed for
protection of steel and Al alloys on the lab scale.

Nowadays, the work on nanocontainers develops awrays. First, the nanocontainers are
very close to the industrial application and thenrefforts are devoted to the up-scaling of
nanocontainer production and performing industeats (salt-spray tests, etc.) for perspective

self-healing coatings. Second, the know-how acquiuring development of the
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nanocontainers for self-healing anticorrosion cagdiis applied for encapsulation of other
active materials into nanocontainers: biocidestdya; sensors phase change materials and
ATP. This will lead in the future to the materialgh unique properties or their combinations,
for example, smart packages, paints with energsage ability, self-controlled antifouling
surfaces and others. All of this indicates the aed® of the intelligent nanocontainers is still a

hot topic and can be applied in different areasaferials science.
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