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Coatings against corrosion and microbial adhesion
Dedicated to Professor Dr. Wolfgang Sand on the occasion of his 60th birthday
J. Telegdi*, T. Szabó, F. Al-Taher, É. Pfeifer, E. Kuzmann and
A. Vértes
A systematic study on anti-corrosion and anti-fouling effect of hydrophobic
Langmuir–Blodgett and self-assembled molecular layers deposited on metal
surfaces, as well as anti-microbial adhesion properties of coatings with biocide
is presented. Both types of efficiencies produced by LB films are enhanced by
Fe3þ ions built in the molecular film. The quaternary ammonium type biocide
embedded into the cross-linked gelatin decreased significantly the microbial
adhesion, the biofilm formation.

1 Introduction
Coatings of metal surfaces by nanolayers of amphiphiles can
reduce the undesired influence of the environment. In the last
decades the tailor-made modification of solid surfaces has been
widely investigated. Amphiphilic molecules with small ionic head
group and long hydrophobic chains are suitable for preparation of
ultra thin, dense, protective Langmuir–Blodgett (LB), and selfassembled molecular (SAM) layers. Mainly thiol derivatives were
used for protection of metals like gold, copper [1–8], and alkanoic
acids were applied in case of iron [9–11]. The inhibition efficiency
of these layers was explained by the blocking effect of the organic
films, i.e., the aggressive components of the environment are
inhibited from contacting the metal surface. Interesting approach
is to control the corrosion by layers of biopolymers [12, 13].
The microbiologically influenced corrosion (MIC) which can
cause problems all over the world where water is present (e.g., in
cooling towers, in drinking water pipelines, in sewage systems as
well as in the food industry, on ship halls, and in oil production)
is a special form of corrosion when the undesired material
deterioration is the consequence of the biofilm, of aggressive
microbial metabolites and exopolymeric substance (EPS) produced by microorganisms.
The MIC is caused by bacteria, in some cases by fungi and
algae. The planktonic population is much less dangerous than
the microorganisms embedded into biofilm. The formation of a
biofilm plays important role in the initialization of corrosion [14].
During biofilm formation, the adsorption of a conditioning film
is followed by the primary adhesion of microorganisms and then
starts the growth and colonization of the microorganisms,
production of EPS, and the result is a massive biofilm. Beneath
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the biofilm starts the corrosion. Many preventive approaches can
act against the biofilm formation like use of dissolved chemicals
(biostatics, biocides) that influence the growth, adhesion, and
colonization of microorganisms. In prevention of biofilm formation one of the effective methods is when the initial adhesion of
microorganisms to the surface is reduced [15–17]. In suppressing
of the attachment of organisms onto the surfaces, the most
commonly used method is the coating that alters the metal
surfaces and changes its wettability. Another procedure is the
application of biocides either incorporated into the surface
coating and released over time, or covalently linked to the solid
surface coating [18, 19].
In the literature there are some examples on the application
of SAM layers against microbial adhesion used mainly in
biomedical field [20–22]. Experiments by SAM layers on solids
with molecules of different types (fluorinated amphiphiles,
trimethoxysilane derivatives, zwitterionic carboxibetain polymers, etc.) have shown that there are microorganisms that
prefer the hydrophobic, others the hydrophilic solids for adhesion. In other cases the same microbes can colonize on surfaces
with opposite wettability but the number and the shape of the
colonies are different.
In our earlier papers some results were published on the
effect of modified metal surfaces in the presence of corrosive
environment. Amphiphiles could control the corrosion processes
[23, 24] and in some cases the anti-fouling effect was also
demonstrated [25, 26].
Our goal, to enhance the efficiency of nanolayer coatings and
to develop new strategies to control metal corrosion and, parallel,
to prevent microbial adhesion and colonization with the same
surface modification, will be presented in this paper, where
we shall show how the anti-corrosion and, at the same time,
microbial adhesion repellent activity is accomplished by modified
surfaces. Two techniques were applied to achieve our aim. In the
first set of experiments, the surfaces are modified by molecular
films of different amphiphiles deposited by two techniques
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(LB and SAM). In the other set of experiments, effective
substance incorporated into the surface coating is released over
time that can control the microbial adhesion.

2 Experimental

Coatings against corrosion and microbial adhesion

The presence of the iron ion in the LB layer was proven
by Mössbauer spectroscopy. 57Fe conversion electron Mössbauer
spectroscopy (CEMS) was used with a conventional Mössbauer
spectrometer (WISSEL) and detector (RANGER) at room
temperature to check the presence of the Fe(III) in the LB film.
For spectrum evaluation the MOSWINN program was applied.

2.1 Chemicals
2.6 Electrochemical measurements
Alkyl hydroxamic acid (abbreviations: C10N, C12N, C16N, C18N)
molecules were synthesized in our laboratory by acylation of
hydroxyl amine with the proper acid chloride (Merck). After
recrystallization the purity was checked by infrared spectroscopy,
thin layer chromatography and elemental analysis.
The octadecyl phosphonic acid (abbreviations: C18P) was
synthesized by Michaelis–Arbusov reaction.
2.2 Microorganisms
The microorganisms used in the adhesion experiments were
either mixed population of cooling water (aerobic and anaerobic
cell number: 0.1–5105 cm3) or isolated cultures (Desulfovibrio
desulfuricans, Acidothiobacillus ferrooxidans) used in their proper
media.
2.3 Metals
The metal coupons (size: 10 mm  12 mm  2 mm) were polished with diamond paste to a finish 0.25 mm in case of iron and
with aluminum oxide powder to a finish 0.20 mm on copper. The
coupons were cleaned by water and acetone in ultrasonic bath.
2.4 Layer preparation
The preparation of Langmuir molecular layer at the air/water
interface, the deposition of LB mono- and multimolecular films
as well as the SAM layer preparation is described elsewhere [27].
Special attention was taken on LB layers with 57Fe ion.
Model surface layers with and without quaternary ammonium chloride (BARQUAT MD 50, Lonza) were prepared from
gelatin (mean molecular weight about 180,000 Da; native or crosslinked by glutaraldehyde). Glass coupons were dipped into a
solution of 2 g gelatin in 15 ml water at 30 8C. The glass with
gelatin layer was immersed into glutaraldehyde solution (25%)
for 20 s, the cross-linked samples were then washed repeatedly
with bidistilled water and air dried at 50 8C. The biocide was
mixed into the gelatin solution (1 ml of 50% BARQUAT MD 50).
2.5 Layer characterization
The structure of the nanolayers was investigated by infrared
reflection absorption spectroscopy (IRRAS).
Spectra of the metal surface were recorded on a Nicolet
Magna 750 FTIR spectrometer with a SPECAC 19650 Monolayer/
Grazing angle accessory, where the incidence angle of polarized
(Al/KRS-5 polarizer) infrared rays was 728 to the surface normal.
Five hundred and fifty-two scans were averaged for each
measurement at 2 cm1 resolution.
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2.6.1 Polarization measurements
In a three-electrode electrochemical cell, the working electrode
was copper or iron (embedded into epoxy) with and without
nanolayers. A platinum plate and a saturated calomel electrode
(SCE) were used as counter electrode and reference electrode,
respectively. Polarization curves were measured in a potentiostat
(Radiometer PGP-201) in aerated 0.1 M sodium sulfate solution
at pH 3 with the scan rate of 10 m/V s.
2.6.2 EIS measurements
Electrochemical impedance spectroscopic (EIS) measurements
were performed using the Zahner Electric Impedance Measuring
System (IM5d). Impedance spectra were obtained in the
frequency range of 10 kHz–10 mHz with perturbation amplitude
of 10 mV. All electrochemical measurements were carried out at
room temperature and all potentials were referred to the SCE.
2.7 Microcalorimetry
The heat evolution caused by corrosion reaction was measured
in a microcalorimeter (LKB Bromma 2277 Bio Activity monitor).
The metal coupons (d ¼ 2 mm, length ¼ 30 mm) with and without
nanolayers were immersed into 3.5 mM HNO3 and thermostated
at 25 8C. The anti-corrosion efficacy of the layers was calculated
from the heat evolution.
2.8 Visualization of the microorganisms
The microbes adhered to the surfaces were visualized after
acridine orange staining by fluorescence microscope (Zeiss
AxioImager A1 Mat FI).

3 Results and discussion
3.1 Characterization of the nanonlayers
The successful deposition of LB and SAM layers were proven by
dynamic contact angles. In the special case when iron ion was
involved into the LB layers it was important to prove the presence
of the iron ion in the LB layer. The coversion electron Mössbauer
spectroscopy (CEMS) helped us to solve this problem. As in the
last decades great interest rose up in the LB technique for
preparation of well defined thin layers, the Mössbauer spectroscopy turned to be a powerful method for elucidation of electric
and magnetic properties of iron containing LB films [28]. This
technique informs us about the chemical environment of iron
(bonding, molecular symmetry) through the hyperfine interactions between the atomic nucleus and electrons. CEMS was
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applied in our experiments since this technique is very efficient to
monitor thin surface layers. The spectra of our LB films proved
the presence of Fe(III) in the nanolayer. Figure 1 shows a typical
spectrum of a doublet. The characteristic parameters are
summarized in Table 1. On the basis of the isomer shift and
the quadrupole splitting that are characteristic for the Fe(III), we
could conclude that the iron in the LB film is in the form of
Fe(III).
3.2 IRRAS spectroscopic results
The C–H stretching region (3000–2800 cm1) intensively studied
in the literature shows the position and shape of the na(CH2) and
ns(CH2) bands that reflect the conformational order and packing
of aliphatic chains in monolayers [29]. When the alkyl chains are
highly ordered (trans-zigzag conformation), the bands appear
near to 2920 and 2950 cm1, respectively. If conformational
disorder is in the chain, there is an upward shift to higher wave
numbers that depends on the content of gauche conformers [30].
In our case the characters and the stretching bands proved a wellordered structure for the LB films (Fig. 2).
When all information got by different techniques has
unambiguously shown that the nanolayers with and without any
metal ions were successfully deposited onto the metal surfaces
and the iron was built in the C18N LB layer, the verification of the
corrosion inhibiting effectiveness of these nanolayers started.

Table 1. Mössbauer parameters and oxidation state of iron in C18N/
Fe3þ film

A, spectral area; d, isomer shift; D, quadrupole splitting
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3.3 The anti-corrosion efficiency of LB and SAM layers
The copper which is widely used not only in cooling systems but,
e.g., in the microelectronics, is an active metal which readily
undergoes oxidation in air. That is why the corrosion inhibition of
the copper is important. There are literature examples [31, 32]
when mainly amphiphilic thiol, in some cases Schiff bases, too,
form densely packed SAM layer on copper surface, and show
good anti-corrosion efficacy but only on oxide-free copper surface
[33, 34].
On the contrary, our amphiphiles can form dense and
ordered layers only on oxidized copper and iron surface (which is
the normal surface state under ambient condition).
In our previous paper [35], we have reported the anticorrosion efficiency of alkyl hydroxamic acids in LB layers on
copper surface. The results got by C18N nanolayer alone and with
metal ions (calcium, magnesium, copper(II)) built into the
molecular layers have proved that the presence of metal ions can
enhance the anti-corrosion efficacy. Among these metal ions the
copper ion was the most effective. Based on this result we have
continued the experiments with other metal ions. In this paper,
we report the importance of the iron(III) ion in the LB molecular
layer by polarization curves (Fig. 3). The potentiodynamic
polarization curves for uncoated and coated (LB films of C18N
and C18N/Fe3þ) copper electrodes in sodium sulfate solution are
shown in Fig. 3. The corrosion kinetic parameters and inhibition
efficiencies are given in Table 2. The inhibition efficiency was
calculated according to the following equation:
h¼

d/mm/s
D/mm/s
Oxidation state

3000

Figure 2. IRRAS spectra of the C18N/Fe3þ at different pH values

Figure 1. Room temperature conversion electron Mössbauer spectrum
of a LB film of 11 monolayers on copper

A(%)

3050

Wavenumber (cm-1)

10

100%
0.35 (1)
0.74 (2)
Fe3þ

icorr  icorr ðcoatedÞ
 100%
icorr

(1)

where icorr and icorr (coated) are the corrosion current density values
without and with LB films, respectively, determined by Tafel
extrapolation to the corrosion potential.
In the case of the copper electrode modified with C18N LB
film the corrosion potential (Ecorr) is shifted to a more negative
value (38 mV), and moderate inhibition efficiency (about 70%)
is achieved.

www.matcorr.com

Materials and Corrosion 2010, 61, No. 12

Coatings against corrosion and microbial adhesion

Table 3. Polarization resistance values (Rp) and calculated inhibition
efficiencies (h) of copper electrodes modified by LB films

Copper electrodes
Without modification
Coated with C18N LB film
Coated with C18N/Fe3þLB film

Figure 3. Polarization curves measured on copper electrodes with and
without LB film of five monolayers (0.1 M sodium sulfate, pH 3; scan
rate 10 mV/min)

The presence of C18N/Fe3þ LB layer results not only in a
more negative shift of the Ecorr (to 60 mV) but there is a decrease
in corrosion current and a significant increase in anti-corrosion
efficiency (92%). As the curves demonstrate (Fig. 3), both types of
LB layers inhibit the cathodic reactions of copper in acidic
solution, when the current density significantly decreases, most
likely due to the formation of a homogeneous insoluble, stable
salt/complex of C18/Fe3þ on the copper surface, which could
control the corrosion reactions.
Significant increase in the anti-corrosion efficacy was
achieved by the presence of the iron ion in the nanolayer, which
could be due to the more compact structure of the film and/or to
the effectual interaction between the metal oxide and the LB layer.
The reason of this effect of the iron ion is under investigation.
Electrode impedance spectroscopic measurements inform
us about the resistance of the LB layers against the aggressive
environment. The charge transfer resistance value (Rp) derived
from the impedance spectra and the calculated efficiencies
(Table 3) prove that the presence of the iron ion in the LB film
results in better corrosion effect than in the case of the C18N LB
film alone. These results are in good concordance with efficiency
values got by polarization measurements. After 2 h immersion in
sulfate solution, the inhibition efficiency of C18N/Fe3þ LB film is
still much higher than that of the C18N LB film, which could
be the consequence of the higher stability of the C18N/Fe3þ
nanolayer on copper. The increases of the Rp values (Table 3)
prove the enhanced resistance of the layer. The resistance of the
C18N nanolayer is three times, in the case of the C18N/Fe3þ more

Rp (V cm2)

h (%)

311
1046
3873

–
70
92

than ten times higher than the same value measured on bare
copper electrode. This indicates that the iron containing nanolayers are more compact with less pores and defect places.
The anti-corrosion effect of the SAM layers measured by
polarization shows that these films form effective barriers that are
able to protect the copper against corrosion (Table 4). Results of
the polarization measurement show that with increasing carbon
chain length—with higher hydrophobic surface density—the
efficiency increases. This is demonstrated by the increased
efficacy values (h) as well as by the atomic force images (inserted
into Table 4) that visualize the influence of the surface layers in
corrosive environment. The roughness of the surface is altered by
the corrosion processes. Without any nanolayer the metal surface
roughens, but the presence of the insulating surface coating
decreases the access of aggressive environment to the metal
surface. That is why the surface remains smooth after the
corrosion experiment.
The results presented above demonstrate how can control
these surface coatings the general corrosion. As the copper is very
sensitive to the pitting corrosion, the same surface modifications
were checked in chloride ion environment. The section analysis
Table 4. Anti-corrosion efficiency of SAM layers calculated from polarization measurements (0.1 M sodium sulfate, pH 3, room temperature)

Copper
Blank

C10N
C12N
C16N
C18N

SAM
SAM
SAM
SAM

Ecor
(mV)

jcor
(mA/cm2)

h
(%)

26

0.91

–

36
38
39
40

0.13
0.17
0.16
0.14

76
81
82
85

Table 2. Corrosion potential (Ecorr), corrosion current densities (icorr)
and inhibition efficiencies (h) of copper electrodes modified with LB
film of five monomolecular layers

Copper electrodes
Without nanocoating
Coated with C18N LB film
Coated with C18N/Fe3þ LB film
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Ecorr (mV) icorr (mA cm2) h (%)
27
38
60

7.2
2.1
0.56

–
71
92
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Figure 4. Influence of C18N SAM nanolayer deposited onto copper on pitting corrosion visualized by AFM (0.1 M sodium chloride, pH 3, room
temperature): (a) without layer; (b) with C18N in SAM layer

of the atomic force microscopy (AFM) images (Fig. 4) proves that
this surface modification is effective not only against the general
corrosion but it can control the pit formation and inhibit the
pitting corrosion too. The efficiency of these layers against
the general and the pitting corrosion proves that the molecular
films are really densely packed, the wettability of the metal is
significantly changed for more hydrophobic. The consequence is
the decreased surface energy calculated from the dynamic contact
angles (unpublished results). When methyl groups are on the
most upper part of the surface (as the sum frequency vibrational
spectra showed), the alkyl chains are kept well together by van der
Waals forces, so the peaks of the methylene groups are not visible.
In these well ordered, densely packed hydrophobic layer water
molecules with dissolved chemicals (that could enhance corrosion) cannot easily penetrate.
Another suitable method used for evaluation of anticorrosion efficacy was the microcalorimetry, data summarized
in Table 5. It can be noticed that the heat evolution caused by
copper corrosion processes is significantly decreased by the
presence of SAM layers deposited onto the metal surface. This
technique was also applicable for monitoring the proper time for
the formation of a densely packed molecular layer, as the evolved
heat was in direct proportion to the film compactness.
When not only electrolyte and oxygen but also microorganisms were in the aqueous environment we have to take into
consideration the influence of the corrosion relevant microorganisms. In experiments shown in Fig. 5 iron and copper
electrodes covered by SAM layers of alkyl hydroxamic acid

amphiphiles were dipped into cooling water with aerobic and
anaerobic microorganisms and the time dependent corrosion
rates were monitored by linear polarization technique. The
diagrams in Fig. 5 demonstrate how the corrosion processes were
influenced, especially in the case of copper it is slowed down by
coatings. It is evident that the amphiphilic molecules with longer
alkyl chain can better control the deterioration of metals. Coating
of shorter alkyl chain on iron could not significantly decrease the
corrosion rate. In these cases not only the corrosive chemical
environment, but also the presence of corrosion relevant
microorganisms contributed to the corrosion.
As the decrease in the corrosion rates does not separately
show the influence of the layers on the chemical processes and on
the microbial activity, we have proceeded to test the corrosion rate
in sterilized cooling water when the metal dissolution rate was
smaller than in the presence of microorganisms. We wanted to
learn more about the influence of the molecules used in
nanocoatings on the microbial life, that is why the effect of these
molecules onto the microbial growth was investigated by Malthus
instrument in separate experiments. It turned out that these
molecules have no effect on the microbial propagation. Then it
was clear that the microbial adhesion—parallel with the initialization of microbial corrosion—must be influenced by the nanolayers. The same types of coatings as used in anti-corrosion
experiments were investigated in the presence of microorganisms. As shown in Fig. 6. LB films deposited onto glass samples
could control the microbial adhesion of the acid producer
Acidothiobacillus ferrooxidans, but the effectiveness depended on

Table 5. Heat evolution measured by microcalorimetry in the presence of coated and uncoated copper and nitric acid (20 8C; 5–15–30–60 min: the
SAM layer formation time of C10–12–16–18N)

Time of SAM
layer formation
Cu þ C10N
Cu þ C12N
Cu þ C16N
Cu þ C18N

5 min

15 min

30 min

60 min

(mW)

h (%)

(mW)

h (%)

(mW)

h (%)

(mW)

h (%)

570
580
–
–

37
36
–
–

460
338
–
–

49
63
–
–

200
190
–
–

78
79
–
–

186
189
262
110

79
80
82
88

Cu, 910 mW
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Figure 5. Corrosion rate of iron and copper electrodes with and
without SAM nanocoatings measured by linear polarization (cooling
water, room temperature) -^- ^ -^- Fe; - & -& -&- Fe þ C10N; - ~
-~ -~ Cu; -*-*-*- Cu þ C16N; --- - Cu þ C18N

the head group of the amphiphiles. In the blank experiment the
microorganisms invaded the glass surface. The LB nanolayer of
alkyl phosphonic acid can less effectively decrease the microbial
attachment than the alkyl hydroxamic acid in nanocoating.
Another example when the surface coating benevolently
influenced the microbial adhesion and colonization is presented
in Fig. 7. Not only the effect of alkyl hydroxamic acid SAM layers
is demonstrated, but, in some extent, the influence of the carbon
chain length too. In the case of chemical corrosion we demonstrated that amphiphiles with longer hydrophobic chain are more
effective in nanocoatings than that ones with shorter chain. In the
case of microbial adhesion experiments, the more hydrophobic
molecules in nanocoatings can better repel the microorganisms
than the less hydrophobic ones. This indicates that the effec-

tiveness of a non-fouling coating is due to the surface packing
when the van der Waal forces among the longer hydrophobic
molecular parts can more firmly keep together the alkyl chains,
and the result is a more compact amphiphilic nanolayer.
The last example for the anti-adhesion property of nanolayers
is demonstrated in Fig. 8. The enhanced corrosion inhibition
caused by LB nanolayer of the C18N/Fe3þ on copper was
demonstrated in Fig. 3 and Table 2. Important question was
whether the microbial repellency will go parallel with the
increased anti-corrosion efficacy or not? The answer is presented
in Fig. 8. The microbial invasion on copper covered by LB films of
C18N hydroxamic acid with and without iron(III) ions is much
less than on the copper without coating. The presence of metal
ion in the LB layer caused increased anti-adhesion efficiency even
in comparison with the surface coverage by microbes on C18N LB
nanolayer.
In the other type of our coating experiments, the antimicrobial chemical was built in the surface layer based on gelatin.
The gelatin is a non-toxic, biodegradable, and inexpensive natural
polymer, which has been largely investigated for the preparation
of nano- and microparticles. Since gelatin is soluble in aqueous
solutions, gelatin-based materials for long-term applications
must be submitted to cross-linking, which improves both their
thermal and mechanical stability and can help in control of
release of active chemical built into it. Aldehydes such as
formaldehyde [36] and glutaraldehyde [37, 38] have been widely
used for cross-linking gelatin. In our experiments, the antimicrobial agent that can control not only the microbial
proliferation but also the microbial adhesion was built into the
gelatin (cross-linked or not). Layers were prepared on glass slides
and the coupons were immersed into cooling water. After 5 days,
the glass samples were removed from the cooling water, washed

Figure 6. Biofilm of Acidothiobacillus ferrooxidans on glass: (a) without coating; (b) C18P in LB film; (c) C18N in LB film

Figure 7. Microbes in biofilm of sulfate reducers on iron with and without nanolayers: (a) without coating; (b) with C10N in SAM layer; (c) C18N in
SAM layer
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Figure 8. Microorganisms adhered to copper surfaces with and without nanocoatings: (a) copper without any coating; (b) copper with C18 LB layer;
(c) copper with C18/Fe3þ LB layer

Figure 9. Influence of the quaternary ammonium derivative on the microbial adhesion: (a) gelatin alone; (b) gelatin with the biocide

with distilled water, and stained by acridin orange. The
microorganisms in the biofilm formed on the surface were
visualized by fluorescence microscope. The surface of gelatin was
heavily invaded by the microorganisms, but the presence of the
biocide resulted in a much less occupation (Fig. 9).
Summarizing the corrosion and microbially adhesion results
observed in the presence of nanolayers we have observed reduced
corrosion and adhesion of corrosion relevant microorganisms on
hydrophobic surfaces, which is likely caused by the lowered
surface energy. The reduced adhesion level has led to less biofilm
accumulation in microbial environment. On surfaces modified
by LB and SAM layers there were slight differences in the
accumulation of microorganisms. The phosphonic head group in
the amphiphile can increase the passivation of metals but these
molecules in surface films are less effective in suppression of
microbial attachment. On the other hand, the good anti-corrosion
and anti-adhesion efficacy of the nanolayers with hydroxamic
head groups could be increased by the presence of iron(III) ions
in the surface films. The reason of the enhanced activity could be
due to a more compact surface structure but further investigation
will make it clearer.
Our results on layers with built-in biocide put in evidence
that the quaternary ammonium molecules can significantly
reduce the microbial attachment. The activity could not only be
restricted to the superficial layer of the coated solid but the crosslinked gelatin allows a continuous molecular dissolution from the
layer which allows a long-term inhibition of bacterial biofilm
formation.
These new non-fouling coated surfaces have great potential
to increase the efficiency for industrial application.
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4 Conclusion
In this work we report a systematic study on molecular LB and
SAM layers deposited onto metal surfaces as well as on surface
coating when the active material is built into the layer. Results
show that:
- the corrosion of copper and iron is significantly reduced by
molecular nanocoatings. The efficiency depends on the length
of the alkyl chain but less on the head group. The built-in
iron(III) ion in LB film increases significantly the anti-corrosion
effect.
- in the microbial accumulation experiments reduced adhesion
was observed on surfaces modified by hydrophobic nanolayers.
The LB and SAM nanolayers of amphiphiles (with phosphonic
and hydroxamic head groups) can diminish the microbial
adhesion. The efficacy of the LB nanolayers is enhanced by the
presence of iron ion. A longer alkyl chain in the nanolayers
contributes to an enhanced anti-adhesion efficacy. The increased effectiveness is caused by the more compact hydrophobic
region of the layers kept together mainly by van der Waals forces
and by the interaction of the head groups.
The good anti-corrosion and anti-adhesion effect of the
hydrophobic nanolayers is due to formation of insulating layer
that inhibits the access of aggressive ions near to the metal
surface as well as the microbial adhesion and colonization. When
the solid surface was modified by a layer with active material, the
microbial adhesion was diminished by a continuous anti-fouling
effect.
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a b s t r a c t
Special microcontainers for producing self-healing and antifouling paints for corrosive and biocorrosive environment were elaborated. Our work aimed to improve the efficiency of anticorrosion paints in
cases of abrasion and scratching with application of microcapsules filled with film former and corrosion
inhibitor and, as well as of antifouling paints in underwater environment with application of slow-release
polymeric microspheres filled with antifouling agent. First the preparation and characterization of microcapsules/spheres were in the focus, then application in paints in order to see their anticorrosion and
antifouling efficiency.
The preparation of microcapsules and microspheres has been carried out by emulsion polymerization by traditional techniques. The characterization of microcontainers with different shells and cores
were done by complementary techniques. The morphology and the shell-thickness was visualized and
measured by scanning and transmission electron microscopy (SEM, TEM), by fluorescence and optical
microscopy (FM, OM). The presence and the amount of encapsulated corrosion inhibitor and antifouling
agent was measured by inductively coupled plasma spectrometer (ICP). The efficiency of coatings with
microcapsules and microspheres was checked on sandblasted mild steel and on glass in natural water.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
All over the world the corrosion is a serious problem that
could be controlled by different methods. Classical methods that
can reduce the corrosion rate are cathodic protection [1], passivation [2] and barrier protection caused by coatings [3]. Coatings
on metal surfaces provide a barrier against the corrosive species.
The effectiveness of the coating depends on its chemical composition, on the parameters they are developed and on the permeability
towards corrosive species. In the last decades water-borne paints
are replacing the solvent-borne ones because of the volatile component with health risk. Anticorrosion protection could be improved
by combination of different anticorrosion techniques. Corrosion
inhibitors built-in the water-borne paints help in diminishing the
corrosion mainly in time of the drying period. Smart coatings that
could be alternatives to traditional ones can improve the protection of metals, alloys and provide superior resistance to corrosion
especially then, when the coating is mechanically or chemically
stressed. When the paint is damaged either by mechanical forces
or by changes in the environment (pH, heat, light) the anticorrosion additives involved into the dry paint cannot further control
the corrosive processes. That is why researchers and industrial
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experts try to find resolution for the extended protection. One resolution is when the active anticorrosion chemicals are involved
into the coating [4]. Another possibility is when the inhibitors
and sealants are encapsulated. The idea of microencapsulation of
active ingredients was taken from the nature. In the pharmaceutical
and agricultural industry the capsulation is a well-known technique. In case of paints microcapsules are added to the coating
material [5,6]. When a mechanical damage weakens the coatings,
the microcapsules will release their protective agents and heal
the coating by preserving the barrier properties [7,8]. The different copolymers (often urea-formaldehyde ones) can form the
wall of containers; the corrosion inhibitors involved into it are
well studied [9,10]. In the case of paints there are several studies [11–14] and patents [15] that describe the possible application
of microcapsules as microcontainers in coatings which has a big
advantage, as the active component i.e. the corrosion inhibitor, will
be available in the proper case and on the very place of injury. The
active components will be free on pressure (mechanical destroy,
abrasion, stress), on shell degradation (change in pH/temperature/
ionic strength) and on rupture after swelling (solvent effect).
There are a number of advantages in using microencapsulated chemicals. A primary advantage is the ability to extend
the life expectance over a period of time to avoid the need for
frequent treatments. The other benefit of application of microcapsules in coating systems is that the core material is protected
from the environment and their release is controlled, sustained or
timed.

T. Szabó et al. / Progress in Organic Coatings 72 (2011) 52–57

The microencapsulation is a combination of materials. The two
main components of a capsule are the shell and the core. The shell
must be compatible with the components of paints; it could be
permeable, semi-permeable or non-permeable. A permeable shell
allows slow release of active additives from the core. This is good
in those cases when elongated active period is expected (e.g. in
case of antifouling paints). When the shell is non-permeable, the
active ingredient will get freed on special environmental effects
like mechanical injury, change in temperature, pH, etc. The chemicals of core could be pigments, catalysts, polymeric substances, etc.
The variety of chemicals in microcapsule shells is very wide which
allows the application of the most suitable ones in all cases. The size
of the microcapsules influences the permeability, diffusion and the
controlled release of active components of the core. The diversity of
the capsulation techniques offers broad ranges of chemicals built-in
the capsules.
The other problem our research was focused on, is the control
of fouling process with special coatings. There are a lot of additives
used as antifoulants [16,17]. The most effectives are tin-derivatives
but because of their toxicity they are banned. Nowadays several
commercial products (e.g. Zn pirithyon) and paints with high Cu2 O
concentration (which limits its use because of the copper accumulates in the natural waters) are used. The application of other
additives in a so-called slow-release form was a challenge for us.
That is why our interest turned to the silver (its antibacterial activity
is well-known) and to its involvement in permeable microspheres.
In this case the concentration of the applied active material could
be decreased to a low level and a continuous antifouling effect is
insured.
Our work aimed to elaborate cost-effective, self-healing materials with low toxicity, to improve the efficiency of anticorrosion
paints with application of microcapsules filled with film formers
as well as with corrosion inhibitors. On the other hand, to develop
special microspheres for paints with slow release of the antifouling
additive.
2. Experimental
2.1. Materials
Chemicals used for preparation of microcapsules are the follows: urea, aldehydes as crosslinking agents, polyvinyl alcohol
(PVA), vegetable oil, inhibitors.
Chemicals used for preparation of microspheres for antifouling
purpose: natural polymer, crosslinking agent, urea, silver compound, vegetable oil.
The anticorrosion efficacy was followed on sand blasted mild
steel plates.
To evaluate the effectiveness of paints with microspheres, a
standard paint without any antifouling agent and a commercial
antifouling paint mixture were used.
The organisms adhered onto the coated surfaces were observed
with fluorescence microscope.
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temperature for 5 h. As the reaction mixture cooled down to room
temperature the capsules were separated by centrifugation (Sigma
3–16), washed with diluted ethanol and with aqueous surfactant
solution to remove the uncapsuled oil. The cleaned capsules were
stored in a dense suspension. When inhibitors were encapsulated,
the procedure was similar to the previously described one, except,
that the anticorrosion additives were mixed into the oily phase.
2.2.2. Microspheres of antifouling property
The preparation method is w/o type emulsion polymerization.
In distilled water natural polymer, urea and the silver compound
were dissolved and the crosslinking agent was added with intensive
stirring. Then this aqueous solution was poured into vegetable oil
to form a stable emulsion. The emulsion was heated and stirred at
80 ◦ C for 5 h. The microspheres were dispersed in the oil without
sedimentation. When the reaction mixture cooled down to room
temperature, the oil was washed out, the dry microspheres were
ground.
2.3. Techniques used for characterization and evaluation of grain
size and for chemical composition analysis
The structure and the diameter of the microcapsules were analyzed by transmission electron microscope (Fei Morgagni 268D
100 keV). Samples for TEM measurements were prepared by freezefracturing microtome (Balzers – BAF400). The morphology of the
microspheres was visualized by scanning electron microscope
(Zeiss EVO 40 XVP) as well as by optical microscope (OM, Olympus BH-2). After acridine orange staining the presence of microand macroorganisms was visualized by fluorescence microscope
(FM, Zeiss Axio Imager A1).
2.4. Functioning of microcapsules in paints
The microcapsules with self-healing additives were mixed into
the primer and then spread onto sandblasted metal plates. The
thickness of the dry coating was about 50 m. The coated plates
were let to dry for a week. The painted surfaces were scratched
and placed into corrosive medium; the corrosion phenomena were
visually followed.
2.5. Functioning of microspheres in paints
Glasses coated by paints with microspheres mixed with
antifouling additives (applied in two different concentrations) were
dried for 2 days, dipped into natural lake water. Samples were
removed from time to time and the macro- and microorganisms
were fixed with ethyl alcohol and then stained by acridine orange.
3. Results and discussion
In the first set of experiments the formation of the microcapsules
was followed and the reproducibility of the process was proven.
Important question was the average diameter and the grain size
distribution of the microcapsules.

2.2. Preparation of the microparticles
3.1. Self-healing microcapsules and coating
2.2.1. Self-healing microcapsules
Microcapsules for self-healing coatings were prepared by emulsion polymerization. The two non-miscible liquid phases were
air-drying vegetable oil and an aqueous solution. In a beaker urea
was dissolved in aqueous PVA solution and the vegetable oil was
emulsified with stirring or with sonication (Hielscher Ultrasound
Technology UP200S). To the emulsion crosslinking agent was added
under continuous stirring. The temperature of the reaction mixture
was raised to 70 ◦ C and the reaction mixture was stirred at this

3.1.1. Diameter, appearance
The effect of emulsification type on the diameter of the emulsified droplets and the capsule size is shown in Fig. 1. It proves
that both ways of emulsification (stirring and sonication) result in
narrow diameter distribution, but by sonication the average microcapsule diameter is about 1–10 m which is significantly smaller
than in the case of a stirring (25 m). These date illuminate the
importance of the emulsification. In the further experiments the
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Fig. 4. TEM image of a replica copied from a freeze-fractured microcapsule which
is filled with oil.

Fig. 1. Diameter distribution of microcapsules prepared by stirring (a), and by sonication (b).

sonication technique was applied which resulted in very small
microcapsules with proper size distribution.
The other important factor which influences the application
possibilities of capsules in paints is the shape of the capsules as
well as the wall thickness. The SEM images in Fig. 2 show the microcapsules during the formation. The images present round shaped
capsules of smooth surfaces at the beginning of the polymer film
formation. In the course of the shell formation more and more small
polymer particles cover the outer surface.
Scanning electron microscopy was performed to analyze not
only the surface morphology but to evaluate the shell thickness.
On the SEM micrograph (Fig. 3) capsules with single wall (Fig. 3(a)),

with a shell built from massive excess of polymer (Fig. 3(b)), and
with double wall (Fig. 3(c)) are presented. A single shell wall
seems to be fragile. The increase in the monomer concentrations
resulted in a little thicker but more granular microcapsule wall
which showed that the excess of polymer does not increase the
wall thickness significantly. Instead of that small polymer particles
are deposited onto the outer part of the shell. This is represented in
Fig. 3(b). On the other hand, when the polymerization process was
doubled (in each case with the same monomer concentration) the
shell thickness increased as the Fig. 3(c) demonstrates on a broken
microcapsule. The capsules with different wall thickness were supposed to elucidate the importance of the wall strength during the
abrasion of paints filled with microcapsules.
By the SEM method the wall thickness was semi-qualitatively
evaluated. The TEM technique allowed us to measure the thickness
of the shell wall precisely. As Fig. 4 shows the single walled shell
thickness is about 10 nm. The other information derived from the
TEM measurement is that the core is not empty but filled with oil.
The core material was coloured for visualization of the inner part
of the microcapsules. For colouring methyl red and fluorescent dyes
e.g. acridine orange and fluorene were used. The colours were very
useful in the preliminary experiments when we wanted to prove

Fig. 2. Microcapsules under formation.

Fig. 3. SEM image of microcapsules (filled with oil and inhibitors) with different wall thickness; single wall (a), capsule with massive wall thickness (b), capsule with double
shell wall (c).
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Fig. 5. Microcapsules filled with the film-former; the stain is in case of (a): methyl red, in case (b): transmission optical/reflection fluorescence microscopic image of
oil-filled microcapsules coloured with acridine orange. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the
article.)

the presence of the oil with or without anticorrosion additives in
the core (Fig. 5).
3.1.2. Healing performance: microcapsules in paints
After mechanical crack the microcapsules incorporated into
paint should break immediately and release the healing core material. This self-healing process when a mechanical injury is followed
by the escape of the core material from the capsule is recorded in
Fig. 6. Fluorescence microscopic images of injured capsules show
how the core material invades its environment, fill the gap, and heal
the destroyed surface. The release of the oil from microcapsules can
be seen in Fig. 6 fluorescence microscopic image. Capsules have a
green halo because of the fluorescence. There are two perpendicular scratches (cut with lancet) as deep as the thickness of the paint.
As the figure shows, when the paint is scratched the self-healing
agent leaks and additionally fills the gap.
This experiment proved us that these microcapsules will serve
the purpose, i.e. when the coating with microcapsules will be
mechanically damaged, along the scratch line the gap will be covered by the core material and it can prevent the metal surface from
a direct contact with aggressive environment and so from a further
corrosive deterioration.
3.1.3. Effectiveness of self-healing coatings
The corrosion of a metal is caused by aggressive materials and
oxygen in presence. When the coating cracks, the accessibility for
corrosion accelerating components to the metal-coating interface
is easier. But when microcapsules are involved into the paint, due to
the healing process, the oil and the inhibitor from the capsules will

Fig. 6. Release of film-forming material: optical (a) and fluorescence microscopic
(b) image of oil-filled microcapsules in colorless paint.

be freed, activated and the consequence is that they prevent the
metal from the corrosion. In our experiments microcapsules filled
with oil and corrosion inhibitor were mixed into the primer and
carbon steel coupons were coated by it. After complete drying the
surface was cross-cut up to the metal and the injured surface was
covered by electrolyte with sodium chloride and sodium sulphate
solution, pH 6.5. The control specimen were covered with the same
paint without microcapsules. Results are presented in Fig. 7. Longer
interaction of electrolyte with the injured metal surface without
microcapsules caused serious deterioration of the coupon, but the
presence of the capsules could control the corrosion reactions. This
is the first result, in the near future experiments with microcapsules
with different properties (wall thickness, grain size, etc.) will be
performed to elaborate the preparation of capsules with the most
proper properties.
3.2. Antifouling microspheres and coating
The ban of tin-based antifouling paints increased the application
of formulas with Cu2 O more and more. But it also has a disadvantage, i.e. in these paints the concentration of Cu2 O is high. The
consequence is that the copper load of the natural waters increases.
This is why we tried to replace the Cu2 O with other additives that
could replace the Cu2 O and their efficiency could be similar to its.
In order to achieve this result the topic we worked on was to control the adhesion of micro- and microorganisms onto coatings with
microspheres filled with special additives which were supposed to
inhibit the adhesion of different organisms by slow-release mech-

Fig. 7. Coatings with and without microcapsules after different exposure periods.
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Table 1
Dissolution of the antifoulant into natural water.
Concentration of silver in release experiment [mg/l]
Sampling
Ag concentration in dist. water [mg/l]

1 week
0.79

2 week
1.11

3 week
1.59

4 week
1.81

5 week
2.01

anisms. The active ingredient applied in our experiments interacts
with the outer membrane of the organisms; it inhibits the enzymes
responsible for the cell wall synthesis and, after its penetration,
enzymes within the cell.
3.2.1. Diameter, appearance
Fig. 8 shows the SEM image of microspheres. The microspheres
have a narrow diameter distribution with an average value of
2–4 m. In fact, the shape of the ‘spheres’ is more polyhedral than
spherical because of the preparation method: before drying process
the spheres are wet and swollen, soft enough to become deformed.
The drying process fixes this deformed shape.
3.2.2. Release of antifouling agent
The question arisen was how quick is the dissolution of the
active material from the inert microsphere? In the first set of experiments the slow release process of the antifoulant was followed
(Table 1). As ICP measurement data show, there is a continuous
dissolution of the antifoulant which means that a continuous flux
of inhibitor material is expected. Glass panels were coated by paint
without and with microspheres and placed into natural waters. At

Fig. 8. SEM image of microspheres with silver load.

Fig. 9. Antifouling experiments: coating without any antifouling additive (a), with traditional additive (b) and with microspheres (c). The yellow scales on the pictures
indicate 1 mm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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different exposure periods the coated surfaces were stained and the
adhesion of micro- and macroorganisms were visualized by fluorescence microscope. Fig. 9 summarizes the images that present
the adhesion of organisms on coated surfaces.
The images prove that on the coated surface without antifoulant
additive the mass of the adhered organisms increase in time dramatically (Fig. 9(a)). The traditional antifoulant has inhibitive effect,
but the effectiveness deceases with increasing time (Fig. 9(b)). The
red spots that represent the adhered organisms appear much later
on the surface than on uninhibited paint panels but after 15 weeks
thousand and thousand organisms adhere to the painted panel.
The presence of microspheres in the coating inhibits the adhesion
with a constant rate (Fig. 9(c)), i.e. the efficacy does not decrease
in time which proves the slow-release of the active component
(which was demonstrated by the preliminary dissolution experiments (Table 1)). The dark spots on the pictures of Fig. 9(c) mark
the microspheres in the paint. The continuous dissolution of the
active inhibitor of adhesion – proven by ICP measurement results
– are reflected in the dramatically decreased amount of adhered
micro- and macroorganisms, i.e. in the fouling. It also shows that
there are significant differences between the types of application
of active materials. In the case when the same active ingredient
is distributed in the paint, the inhibitor is quicker dissolved in the
environment and the coating is earlier exhausted. In the other case
the microspheres allow a continuous dissolution of the inhibitor,
and this slow-release process allows a longer antifouling activity of
the coating.
In the future experiments the effectiveness of the additives and
the permeability of the microspheres will be varied in order to find
the best composition for migration of the active ingredients from
the microspheres.
4. Conclusion
The microencapsulation experiment results show that microcapsules with both film-forming material and corrosion inhibitor
as well as microspheres with anti-fouling agent were successfully
produced.
The physical and chemical characteristics of microcapsules and
microspheres that could influence their application were determined. Experiments that elucidate their applicability prove that
in case of mechanical injury the microcapsules built in paint loose
their core material which fills the scratch line and so the corrosion is
decreased by a self-healing mechanism. The fouling of the coatings
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built from the same paint depends significantly on the ingredients. Films formed from paints without antiadhesion additives
were invaded by organisms after 15 weeks. When the antifoulant
was homogeneously dissolved/distributed in the paint, the coating was earlier exhausted than in the other case, when the active
material was masked in microspheres which allowed a continuous
slow-release of the antifoulant. In summary, we can conclude that
the microspheres with antifoulant built in coating can successfully
control/reduce the adhesion of micro- and macroorganisms. The
elongated inhibition is due to a slow-release process.
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a b s t r a c t
Scratch tests were performed on epoxy coated steel samples with and without microcapsulated linseed
oil, known to develop a polymerized protective layer after having been released from the capsules at
the damaged sites. The scanning electrochemical microscope has been applied to monitor the protection
efficiency of this self-healing coating in aqueous acidic solution. In the proximity of the local damage,
both the anodic metal dissolution and the cathodic oxygen reduction showed that the coating with
microcapsules substantially and spontaneously decreased the rate of corrosion proving the self-repair
concept of the coating. Electrochemical impedance measurements underline the protective effect of the
coating as well.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Polymeric coatings are commonly used to isolate metals from
the corrosive environment, but the protection efficiency can
decrease substantially if the coating is damaged. Traditionally, the
only remedy was to renew or otherwise manually repair the deteriorated coating. Recently, however, the concept of self-healing,
self-repairing coatings emerged in the research of functional
polymers. The main objective is, preferably without manual intervention, the regeneration of the functionality of damaged, cracked
coating [1]. The methods of self-healing process vary: some are
autonomous, some require external stimulus like temperature
increase. Special polymeric chains that are separated by cracking or scratching can reconnect, building up a physical network
by intrinsic (chemical/physical interactions) or extrinsic (healerloaded tubes, fibres, capsules) repairing effects [1]. Hollow carriers,
microcapsules containing polymerizable materials like epoxy resin
[2], dicyclopentadiene [3,4], air-drying oil [5] when damaged, break
together with the coating, releasing the fluid material. This liquid fills up discontinuities and soon fixes the polymer by initiator,
catalyst, latent hardener [3,6] or other reagent, e.g. air-oxygen [7].
The most explored self-repairing bulk phases are epoxy [3,4,8–10]
and polyester matrices [11]. Self-healing microcapsules and slow
release microspheres in paints studied by several authors [12]
showed that microcapsules built in paint lose their core material
which fills the scratch line and so the corrosion damage is diminished by an autonomous self-healing mechanism [13].
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There are a few quantitative methods to investigate the defensive, anti-corrosive effect of these coatings [14]. The scanning
electrochemical microscope (SECM) [15] has been introduced to
the corrosion field, giving valuable microscopic information from a
corroding surface [16–20] allowing the measurement of local differences in electrochemical reactivity [21] or pH [22–24] of the
scanned surface [25]. With the SECM, by adequately selecting the
potential applied to the microelectrode tip, scanned over the damaged area, both the release of metal ions at the anodic sites and the
consumption of oxygen at cathodic sites can be monitored [26,27]
at a localized damage site where these anodic and cathodic processes occur in near proximity. The important advantage of the
SECM technique is that it operates on both insulating (coated) and
conducting (non-coated) surfaces, thus allowing one to easily distinguish between the coated and scratched surfaces [28]. The SECM
allows us to monitor in situ the corrosion taking place within a
coating defect [29]. The deterioration of organic coatings through
a defect on metallic surfaces [28,30–32], the spontaneous deterioration of the organic coatings on different metals [32–34] and the
defect repair in self-healing, shape-memory polymer coating [35],
and encapsulated silyl esther [36], coil-coated cladding [37] were
all monitored by the SECM technique.
Here we show an example for SECM characterization of steel
corrosion under scratched epoxy resin coating, with or without
encapsulated linseed oil incorporated in the resin. Linseed oil, a
mixture of triglyceride esters of unsaturated fatty acids, upon drying in air, is known to form a strong, continuous film due to its
oxidative degradation and cross-linking [38]. It is, therefore, an
ideal candidate to study autonomous self-healing.
In this paper we report the results of SECM experiments
which follow the spontaneous corrosion process occurring at
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by scanning electron microscope and by optical/fluorescence
microscope.

2. Experimental
2.1. Materials, sample preparation

Fig. 1. SEM micrograph of urea-formaldehyde microcapsules.

scratched steel surfaces, without and with the protective microcapsulated healing agent. The spontaneous corrosion protection
of encapsulated microcapsules embodied into the epoxy primer
has been monitored. The scratched surfaces were visualized

The chemicals used for preparation of microcapsules were as
follows:
(a) Shell-forming materials: urea (Fluka, p.a.), resorcinol
(Reanal, purum), formaldehyde (Sigma–Aldrich, purum, 37%);
ammonium-chloride (Reanal, purum); polyvinyl alcohol (PVA) –
surfactant (Reanal, purum); (b) film forming material – linseed
oil (Aldrich, purum). Microcapsules for self-healing coatings were
made by emulsion polymerization. In a 200 ml beaker 1.250 g urea,
0.125 g resorcinol, 0.125 g ammonium chlorides were dissolved in
65 ml of 2% aqueous solution of PVA and 15 ml linseed oil was emulsified with sonication for 5 min (at 24 kHz, with a S7 size microtip).
Then the emulsion was stirred at 600 rpm and 3.210 g of formaldehyde was added to the emulsion. The temperature of the reaction
mixture was raised to 70 ◦ C at a rate of 1 ◦ C/min and kept for 5 h.
After cooling down to room temperature the capsules were separated, washed with diluted ethanol or with aqueous surfactant

Fig. 2. SEM images (A, C) and fluorescence micrographs (B, D) taken of a scratched surface of the microcapsule-containing epoxy resin on the coated steel samples. Scratch
width: ∼200 m (A, B) and ∼20 m (C, D).
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3. Scratches of either 20 or 200 m width were produced in the
coating on the metal substrate by a scalpel or by a sharp needle.
The samples were left to dry after scratching for several hours.
The coated and scratched samples were immersed in aerated
aqueous solution of 1 M NaClO4 and 1 mM HClO4 at room temperature, and examined in situ with the SECM across the scratch.
The corrosive media was chosen taking in consideration that the
perchlorate ions are not exhibiting a specific interaction with the
surface, it is an inert electrolyte. The pH of the electrolyte solution
was 2.83. The specimen was left unbiased at its open-circuit corrosion potential for all experiments. Experiments were conducted at
ambient temperature.
2.2. Experimental methods

Fig. 3. Time dependence of the Fe2+ oxidation current across the wide scratch (no
microcapsules). Tip potential: 0.5 V vs. Ag/AgCl/KCl reference electrode.

The structure, diameter and the morphology of the microspheres and the scratched surface were visualized by scanning
electron microscope (SEM, Zeiss EVO 40 XVP) as well as by optical/fluorescence microscope (Zeiss Axio Imager A1); sonicator

solution to remove excess oil. The capsules were then dried at room
temperature.
The used two-component epoxy wax was purchased from
Ablonczy Ltd. Hungary. Resin ‘A’ and hardener ‘B’ components were
mixed at a volume ratio of 25 to 1.
Experiments were performed on steel sheets. The composition
of the steel sheets was determined by EDX measurements and the
results given in at% are as follows: Fe (88.6 ± 0.7), C (10.8 ± 0.6) and
Al (0.6 ± 0.1).
Wet grinding on silicon carbide abrasive papers (220–4000 grit)
was used as surface preparation prior to coating. The steel sheets
were ultrasonically cleaned and rinsed with acetone. Finally the
samples were dried in argon flow.
Sample preparation steps were as follows:
1. The microcapsules were mixed into the resin in 4% (w/w).
2. The steel plates were coated with the above-mentioned mixture
and with the epoxy without microcapsules. The thickness of the
dry coating was about 50–60 m.

Fig. 4. 3D plot of line scans performed by SECM at different immersion times in
the electrolyte solution on an epoxy coated and narrow scratched (20 m) steel
sample. The Fe2+ oxidation process is monitored. Tip potential: 0.5 V vs. Ag/AgCl/KCl
reference electrode. Immersion time: 30 min (•), 60 min (), 90 min (), 120 min
().

Fig. 5. The oxygen reduction process is monitored. (A) 3D plot of line scans performed by SECM at different immersion time in the electrolyte solution on an epoxy
coated and scratched (20 m) steel sample. Tip potential: −0.7 V vs. Ag/AgCl/KCl
reference electrode. Immersion times: 10 min (), 20 min (), 30 min ( ), 60 min
(), 90 min ( ), 120 min (). (B) The time dependence of oxygen reduction current
measured in the middle of the scratch.
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Fig. 6. Line scans, following the Fe2+ oxidation at 0.5 V potential value vs. (Ag/AgCl,
3 M KCl), performed at 30 min immersion time in the electrolyte solution on a
scratched (scratch width: 20 m) epoxy coated (opened symbols) and a scratched
microcapsules embodied epoxy coated steel sample (filled symbols).
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oxygen reduction −0.7 V vs. (Ag/AgCl, 3 M KCl). The measurements
of line scans were generated with the tip at ∼10 m from the specimen surface in all the cases. The scan rate was 10 m/s.
Electrochemical impedance spectroscopy (EIS) measurements
were carried out at open-circuit potential using a Zahner Im5d
Impedance Spectrum Analyzer. The impedance spectra were
recorded in the frequency range between 1 kHz and 25 MHz, using
a sinusoidal perturbation of 10 mV p–p amplitude. The frequency
sweep was started after 15 min of immersion in the electrolyte
and was repeated for 24 h in every hour. The evaluation of the
impedance spectra was made using the EQUIVCRT software written
by Boukamp [39] by assuming a parallel combination of a charge
transfer resistance and a dispersive double layer impedance (a
constant phase element) with a simple series resistance. R1 (R2 Q)
was found to adequately represent all the data. A standard threeelectrode cell was used for the electrochemical measurements. The
counter electrode was platinum. The electrode potential was measured against a saturated calomel electrode. The coated electrode
whole surface area during the EIS measurement was 3.8 cm2 . In
the middle of the coated electrode two crossed scratch lines each
1.5 cm length were made. The results are given in relative values
without surface area correction.
3. Results and discussion

applied in emulsification was a Hielscher ultrasound technology
UP200S.
A model of Sensolytics Base SECM (Bochum-Germany) was used.
The instrument was operated with a 10 m platinum tip as the
probe, an Ag/AgCl/KCl (saturated) reference electrode and a platinum counter electrode. All potential values are referred to the
Ag/AgCl/KCl (saturated) reference electrode. The diffusion regime
for Fe(II) oxidation was 0.5 V vs. (Ag/AgCl, 3 M KCl) and for the

Fig. 7. Plots of line scans, monitoring the oxygen reduction process, performed
by SECM at different immersion times (indicated on the figure) in the electrolyte
solution on a scratched (scratch width: 20 m) epoxy coated (open symbols) and a
microcapsules embodied epoxy coated steel sample (filled symbols). Tip potential:
−0.7 V vs. Ag/AgCl/KCl reference electrode.

Fig. 1 presents the structure, size and the morphology of the
microspheres visualized by scanning electron microscope. The
diameter of the microcapsules was between 3 and 10 m with a
narrow size-distribution peaked at about 6 m. The fluorescence
microscopy pictures of the scratched samples (cf. Fig. 2) show the
wide and narrow scratch morphology. The green dots in the resin
matrix are the microcapsules.
Prior to each SECM scanning experiment, the tip-sample distance was established by approach curves performed above the
insulating part of the coating at −0.70 V, showing negativefeedback behaviour.
The status of a scratched sample was studied by monitoring the oxidation of dissolved Fe2+ (tip potential: 0.5 V vs.
Ag/AgCl/saturated KCl reference electrode) and reduction of oxygen (tip potential: −0.7 V, cf. Figs. 3 and 4) in test solutions.
Corrosion activity is observed from 10 min after immersion in the
electrolyte solution. The process of oxidation of Fe2+ is not the
best choice after long time exposure into the electrolyte solution
because the current decreases quite rapidly. This can be due to the

Fig. 8. Topographic map of oxygen reduction in time after 2-h immersion in the
electrolyte on a coated steel sample (A – no microcapsules, B – microcapsules) with
a 20 m wide scratch. The tip potential was set at −0.7 V vs. (Ag/AgCl, 3 M KCl).
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Fig. 10. The change of polarization resistance values in time of scratched epoxy
coated () and a scratched microcapsules embodied epoxy coated steel sample ()
immersed in the electrolyte solution.
Fig. 9. Nyquist plot of scratched epoxy coated (filled symbols:  after 75 min and 
after 1455 min immersion in the electrolyte) and a scratched microcapsules embodied epoxy coated steel sample (filled symbols: 䊉 after 75 min and ⋆ 1455 min
immersion in the electrolyte) (solid lines-fit results).

precipitation of corrosion products, which block the active zones
and hinder the electrochemical activity of Fe2+ ions. Nevertheless,
the dissolution of Fe2+ ions can be followed for at least 2 h for both
the wide and the narrow scratches (Figs. 3 and 4).
The other possibility to follow the corrosion process is to set the
tip potential to that of oxygen reduction. By doing so, one initiates a
competition for oxygen: oxygen is both consumed by the corrosion
process and by the microelectrode. As shown in Fig. 5, oxygen concentration reaching the tip is very low above the scratch indicating
a vigorous corrosion process. It can also be seen that as time passes,
oxygen concentration decreases further and further away from the
damaged site as oxygen is depleted more and more.
The current of oxygen reduction (cf. Fig. 5) measured in the middle of the scratch shows a decreasing tendency, not apparent at the
scale of Fig. 5A, indicating accelerating corrosion even after 2 h.
Comparing the currents across the scratch on a sample when
the microcapsules were incorporated in the coating, with the reference sample (no microcapsules) shows the protection effect of the
linseed oil, released from the broken capsules, is able to produce.
By monitoring Fe2+ oxidation, the protective effect of the selfhealing coating is obvious (Fig. 6). Since, as discussed above, this
oxidation current is not a reliable measure of the rate of corrosion
at longer times due to insoluble precipitation formation, the oxygen
reduction currents are to be monitored.
The corrosion rate, as indicated by the local oxygen consumption, is considerably lower in the microcapsule-protected sample
(Fig. 7). By measuring maps, of which an example is shown in Fig. 8,
it was proven that the protection effect is fairly uniform along the
scratch, i.e. there are no unprotected areas left, thereby validating
the capsule density and linseed oil quantities used in the coatings.
This finding demonstrates that practical amounts of corrosion protection agents which can be easily incorporated in the capsules are
indeed sufficient to offer reliable and uniform protection along the
damaged sites.
As a further test, the corrosion behaviour of epoxy coated steel
samples with and without microcapsulated linseed oil was followed by electrochemical impedance measurements. The epoxy
coated samples of steel sheet with microcapsulated linseed oil
modified the metal behaviour in the corrosive medium.

An example of Nyquist plots (cf. Fig. 9) recorded after 1 h 15 min
and 24 h 15 min immersion in the corrosive test medium of an
epoxy coated steel sample with and without microcapsulated linseed oil.
The main purpose was to estimate the polarization resistance
values of the treated surfaces in comparison with the untreated
one. The change of the polarization resistance values are summarized in Fig. 10. The results show that the linseed oil spread on the
surface of the electrode had effect on the behaviour of the steel
samples. However, the epoxy coated steel samples with microcapsulated linseed oil shows a decreasing tendency in the polarization
resistance values, do not reach even after 24 h of immersion in the
electrolyte solution the polarization values of the reference sample.
The electrochemical impedance spectroscopy measurements
prove the effect observed with the SECM technique. While the
SECM measurement gives local information from the surface of
the electrode, the EIS measurement shows a global result from the
whole electrode surface, in this case from the whole region of the
scratch.
4. Conclusion
The present study demonstrates that the SECM is an eminently
suitable technique to visualize and to investigate the processes of
self-healing in coated steel samples. The protective effect of the
microcapsule incorporated linseed oil along the scratched surface
of the steel was followed. The SECM tip measured the oxidation and
reduction currents participating in the corrosion process. By comparing the corrosion-produced Fe2+ concentration and the oxygen
consumption in scratched samples with and without microcapsulated linseed oil, it was established that the capsulated material
shows self-healing properties indeed. Our next plan is to incorporate corrosion inhibitors in the microcapsules, which, together with
the linseed oil, may cause an even more pronounced protection
against corrosion caused by coating damage. Results obtained by
the two independent methods (SECM and EIS) proved the surface
modification and the protective effect of the linseed oil.
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a b s t r a c t
Gelatinous polymer matrix microparticles containing silver nanoparticles (AgNPs) were prepared by a
novel method to obtain quasi non-swelling anti-fouling paint additives with slow-release characteristics. A w/o type dispersion were elaborated with the aqueous phase of gelatin, urea, silver-nitrate
and formaldehyde dispersed in linseed oil. Gelatin was cross-linked by formaldehyde, together with
urea for limiting the swelling of the product. Silver-nitrate was reduced with the assistance of gelatin
and formaldehyde into homogenously dispersed AgNPs. The microparticles and embedded AgNPs were
visualized by scanning and transmission electronmicroscopy. Encapsulated AgNPs with ∼18 nm crystallite size were identified by X-ray powder diffraction. Characterization of gelatin–urea–formaldehyde
polymer matrices was carried out by attenuated total reflectance FTIR spectroscopy. Silver dissolution
from microparticles and paints with AgNP-containing microparticles was measured by inductively coupled plasma spectrometer and resulted in highly sustained release, compared to unmodified gelatin
microparticles and paints containing uncapsulated silver salts. A 7-month-long fouling experiment run
in natural sweetwater media showed that solvent-based acrylic paint with AgNPs-containing gelatinous
microparticles as additives offered resistance against biofouling at low Ag-release ratio.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
After centuries of questionable and not reliable usage, during
the last few decades silver is about to be involved into scientific
fields of antibacterial, biocidal applications. Biocide effect of silver
which is assigned to its ionic and metallic nanoparticle form (herein
AgNP) either, is expressed against certain lifeforms due to catalytic
oxidative reactivity, disruption of electron transfer, prevention of
DNA unwinding, etc. [1].
Today AgNPs or Ag+ ions as biocide agent are being investigated
for numerous applications like water filter membranes [1], fabrics
[2–5] thin layers [6–9], anti-fouling thick coatings [10–14], dental
materials and devices [15,16], surface modified implants [17–21],
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catheters and bone cements [22]. In the surgery they have major
role as disinfectants in burn wound dressings [23–25].
AgNPs immobilized in certain biopolymeric carrier structures are quite in sight of interest in the last decade. AgNPs
are embedded in- or fixed on the surfaces of hydrogel beads
[26,27] or fibers [28,29] of nano/micron range. General criteria
toward them are the homogenous distribution of AgNPs in the
polymer matrix or on the surface and the accessibility for aqueous
media.
General incidence of biopolymers in nature, low cost,
biocompatibility, biodegradability makes biomaterials apparent to use as host material for AgNPs. Biopolymers such
as peptide-based (gelatin [28,30–35], glutathione [36], keratin
[37]) or polysaccharide-based (alginate [26,27,38–41], chitosan
[32,34,42–47], starch [48]) polymers are good capping agents for
silver ions [38,49,50]. Amine groups, oxygen atoms present in
ring or –OH groups stabilize Ag+ s via complexation and ensure
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mentioned size. The polymer particles should contain homogenously distributed AgNPs embedded without higher agglomeration. The last criterion was that the hydrophilic microparticles
should not swell significantly in aqueous neither in organic media.
Swelling of the microparticles may cause inner strains in the
applied coating which leads to disintegration. Indifferency toward
organic solvents is also important because the particles would be
stored in solvent-based ship paints.
In order to fulfill all these criteria we have realized a onestep process in which the reduction of Ag+ ions and the polymer
cross-linking run parallely in time. To reduce the swelling of
gelatin (which could happen even in cross-linked form) we copolymerized it with another biocompatible material, urea. The
method was water-in-oil dispersion polymerization where the
aqueous phase contained the matrix materials (gelatin, urea), the
silver source (silver-nitrate) and the cross-linking + reducing agent
(formaldehyde).
Fig. 1. SEM micrograph of AgNPs@GMPs. The white scale bar represents 10 m.

homogenous distribution of later reduced AgNPs within the polymer solution or matrix. Biopolymer-driven reduction of metal ions
into stabilized AgNPs without further reducing agents is also being
investigated [28,51,52].
The preparation methods of AgNPs in micro/nano-biopolymers
consist of four major steps in various orders depending on their
purpose. The steps are the following: polymer shaping (fibers:
spinning/extrusion, microspheres: mostly emulsification in w/o
systems); cross-linking polymeric chains (precipitation in another
liquid phase (e.g. alginates) or with linking agents (e.g. aldehydes);
silver incorporation into polymer (swelling in Ag+ -containing solution); silver ion reduction to metallic AgNPs. Depending on the
circumstances, the mentioned steps might be changed or combined. Combination of polymer shaping and silver incorporation
(Ag+ or Ag0 ) is general, it is followed by reduction and cross-linking.
It is even usual that silver incorporation follows the shaping and
cross-linking of host polymer.
In this paper we extend the preparation and characterization
of our former work [53] presenting in details the one-pot synthesis
of AgNPs-containing gelatin–urea microparticles cross-linked with
formaldehyde (herein AgNPs@GMP) as well as their application in
solvent-based anti-fouling paint.
The aim of our work was to prepare hydrophilic polymer particles of 10–20 m diameter with the ability of releasing ionic silver
into aqueous media. As we tend to use the particles as additives
for underwater paints or coatings, their diameter is limited to the

2. Experimental
2.1. Materials
2.1.1. Chemicals used for preparation of microparticles and
coatings
Urea (Fluka, p.a.); gelatin (Reanal, purum); formaldehyde
(Sigma-Aldrich, purum, 37% aqueous sol.); silver-nitrate (Reanal,
a.r.); silver-carbonate (Reanal, puriss.); linseed oil (Aldrich,
purum); toluene (Carlo Erba, a.r.); anti-fouling paint without
commercial anti-foulant: dry matter ∼50% acrylate resin, solvents: isobutyl acetate 3–12% and methoxypropyl acetate 20–45%
(Dunaplast Anti-fouling from Dunaplast Ltd., ‘DPL’); natural sweetwater from Lake Balaton.
2.1.2. Chemicals used at sampling
Sample preparation for inductively coupled plasma spectrometer (ICP) measurements: nitric acid 65% (Spektrum 3D, a.r.),
hydrogen-peroxide 30% (Molar Chemicals Ltd., a.r.); solvent mixture as paint model: isobutyl acetate–methoxypropyl acetate at a
mass ratio of 6:40; biofilm fixation: ethanol (Molar Chemicals Ltd.,
a.r.); biofilm visualization: 0.01% acridine orange in ethanol.
2.2. Preparation of AgNPs@GMPs
The dispersion polymerization method (Scheme 1), was based
on our previous work [53]: in 15 mL distilled water 2.0 g gelatin,
3.0 g urea, 0.45 g silver-nitrate were dissolved at 40 ◦ C and then

Scheme 1. Preparation scheme of AgNPs-containing gelatin–urea–formaldehyde microparticles.
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11.21 g formaldehyde solution (in excess) was added with stirring.
Afterwards this aqueous solution was poured into 65 mL linseed oil
and stirred at 1000 rpm with magnetic stirrer. The obtained emulsion was heated to 85 ◦ C with 1 ◦ C/min heating speed and kept
stirred for 5 h. In 1 h the color of the emulsion turned into dark
brown. The microbeads were left to settle for a few minutes, then
were cleaned from oil via decantation with toluene, finally dried
under IR light and ground.
Two reference samples were produced. One without urea and
formaldehyde and another without silver-nitrate. All other circumstances were constant.
2.3. Preparation of paint samples
2.3.1. Preparation of paint samples for anti-fouling efficiency test
AgNPs@GMPs were mixed into ‘DPL’ in 4.23% (w/w). The paint
was applied on glass surfaces then dried for 2 days. Two reference series were prepared: ‘DPL’ with 0.2% (w/w) silver-carbonate
(0.16%, w/w Ag), and ‘DPL’ without any additives.
2.3.2. Preparation of paint samples for Ag+ dissolution test
Samples for monitoring Ag+ dissolution were prepared by
adding AgNPs@GMP to ‘DPL’ paint. The concentration was 4.23%
(w/w) for microparticles (and 0.16% (w/w) for Ag because the Ag
content of microparticles is 3.55% (w/w)) based on fouling test in
which this composition showed excellent efficiency in preliminary
experiments. The as prepared paints were applied on 5 × 5 × 5 mm
polymeric foam cubes to enlarge the surface of the coating. For
comparison two other silver-containing coating were obtained:
one with silver-nitrate (0.252%, w/w) and an other with silvercarbonate (0.2%, w/w). Both had the same concentration of Ag as
the microparticle-containing coating (0.16%, w/w). The coated surfaces were dried for 2 days under room temperature airstream until
no weight-loss was measured.

resin, then were sectioned into 100 nm-thick slices with microtome
(Leica EM UC6 Ultramicrotome). To obtain the smallest possible
thickness, these slices had to be weakened with argon ion beam
thinner (Ion Beam Thinning Unit type: IV 4/F/L, Technoorg Linda
Scientific Technical Development Ltd. Co.).
In order to determine the oxidation state of the nanoparticles
shown by TEM, X-ray diffraction measurements were involved. Xray powder diffraction (XRPD) patterns were obtained in a Philips
model PW 3710 based PW 1050 Bragg-Brentano parafocusing
goniometer using CuK␣ radiation ( = 0.15418 nm, 40 kV, 35 mA),
graphite monochromator and proportional counter. The XRD scans
were digitally recorded with a stepsize of 0.04◦ in the 2 range of
10 to 85◦ .
2.4.3. Swelling of microspheres in water and solvent mixture
The swelling ratio of AgNPs@GMPs could not be measured by
weighing the water uptake as it was comparable with the mass of
moisture absorbed onto the surface of microparticles. That is why
an optical microscope with built-in camera was chosen to record
the volumetric swelling of both the cross-linked and not crosslinked gelatinous microparticles during 24 h of leaching. Distilled
water and model organic solvent mixture was applied as swelling
media.
2.4.4. Release of silver and organic residues from microparticles
into water and organic solvent mixture

2.4. Characterization methods and equipments
2.4.1. Size, size distribution and chemical structure of
microparticles
The size and size-distribution of the AgNPs@GMPs were visualized by scanning electron microscope (Zeiss EVO 40 XVP, SEM) as
well as by optical microscope (Zeiss Axio Imager A1, OM). Samples
for electronmicroscopy were sputter-coated with gold.
Fourier-transform infrared (FTIR) spectroscopy was applied in
determination of the chemical composition of the microparticles
with or without cross-link and AgNPs.
FT-IR spectra were recorded using attenuated total reflection
(ATR) technique by means of a Varian 2000 (Scimitar Series) FTIR
spectrometer (Varian Ltd., USA) equipped with nitrogen cooled
MCT (mercury-cadmium telluride) detector and adjusted with a
‘Golden Gate’ (Specac Inc., UK) single reflection diamond ATR unit.
Spectra were collected by co-addition of 128 individual interferograms with a spectral resolution of 4 cm−1 . Each spectrum was ATR
corrected using the Varian Resolutions Pro 4.0 software package.
2.4.2. Determination of active component in microparticles
Determination of overall silver content of microparticles was
carried out with inductively coupled plasma spectrometer (Jobin
Yvon ‘Emission’ JY 138 ULTRACE sequential, ICP) after dissolving
and oxidizing the samples in boiling cc nitric acid and hydrogenperoxide (in 65% HNO3 at 190 ◦ C for 3 h then cooling down to 100 ◦ C
and addition of H2 O2 , finally heated up to 180 ◦ C for 1 h).
The microparticles with silver were visualized by transmission
electronmicroscopy (Fei Morgagni 268D 100 keV, TEM). To make it
easier to observe the inner content of the microparticles with TEM,
they were embedded into two-component sample-fixing epoxy

Fig. 2. Fine brown powder of microparticles containing AgNPs after drying and
grinding. The black bars represent 10 mm.
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Fig. 3. ATR FTIR spectra of gelatin (A), cross-linked gelatin recorded without, and with AgNPs, (B) and (C), respectively and gelatin with AgNPs (E). Spectrum of condensed
urea-formaldehyde polymer (D) is also present.

2.4.4.1. Silver and organic compound release in aqueous media. 0.5 g
of the microparticles were suspended in 200 mL distilled water
and were stirred 1 h/day at room temperature. 5 mL samples were
taken and acidified with nitric acid to dissolve silver nanoparticles
or salts. Ag-content was measured by ICP. FTIR–ATR method was

used to investigate the dissolution of any organic residues from the
microparticles.
2.4.4.2. Dissolution in organic solvent. This investigation was carried out similarly to the aqueous experiments but here the media
was isobutyl acetate and methoxypropyl acetate mixture, used as
paint model. In this case FTIR–ATR method was also appropriate to
detect organic residues.
2.4.5. Silver dissolution from paint into water
Equal amounts of the three painted foam samples were put in
600 mL room-temperature distilled water. The mixture was stirred
only for a short time per day. During two months water were taken
out in 10 mL aliquots and nitric acid was added to dissolve waterinsoluble silver salts if there were any. The silver ion dissolutions
were followed by ICP.
2.4.6. Anti-fouling effectiveness
Anti-fouling effect was followed during an informative adhesion test. Glass slides coated with ‘DPL’ (see Section 2.3.1) were
dipped into two-2 L natural lake water and the containers were
held at room conditions. The monitoring lasted 7 months, this was
a much longer test period than reported earlier [53]. The growth of

Fig. 4. TEM micrographs of sliced and ion-beam thinned microparticles containing
AgNPs with diameter of ∼20 nm (A) and homogenously dispersed in the modified
gelatinous matrix (B).

Fig. 5. Powder XRD pattern of gelatin-urea-formaldehyde cross-linked microspheres containing AgNPs and AgCl.
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Fig. 6. Ratio (%) of released Ag+ to the total Ag content of different microspheres, as
a function of time. Left and right ‘y’ axis refers to unmodified (continuous line) and
cross-linked (dashed line) gelatin microspheres (AgNPs@GMP), respectively.

biofilm as a function of time is represented. At sampling, the panels
were dried and organisms adhered on the surface were stained with
acridine orange solution and were photographed through optical microscope in fluorescence mode. Images of adhered biolayers
were evaluated by Axio Vision rel. 4.6.3. software.
3. Results and discussion
3.1. Size and morphology of microparticles
Based on SEM micrograph, average diameter of the
AgNPs@GMPs is between 10 and 20 m, represented in Fig. 1.
Though during emulsification step no surfactants were used, the
viscous linseed oil helped to obtain the proper particle size and
size distribution. The polyhedral surface of the particles can be
originated to their pre-drying state: after separation from linseed
oil the microparticles still contain water, they are soft and deform
each other. During the drying process, the particles physically
adhere to each other but can be separated easily by grinding. The
result is a fine brown powder of compact microparticles (Fig. 2).
3.2. Chemical structure of microparticles
The FTIR-ATR spectrum of gelatin (Fig. 3A) shows characteristic
absorption bands of natural proteins [54]: around 3300 cm−1 the
broad band, named also Amide A band, belongs to N H stretching band of peptide linkage in proteins, overlapped with the broad
H-bonded OH stretching. The two other very specific bands are

Fig. 7. Ratio (%) of released Ag+ to the total Ag content of different coatings, as a
function of time. Left ‘y’ axis refers to paints with silve-nitrate (dashed line) and
silver-carbonate (dotted line), right ‘y’ axis refers to paint with AgNPs@GMPs (continuous line).

the Amide I and Amide II bands, at 1648 and 1635 cm−1 , respectively. The former is composed mainly of C O stretching (around
80%), the later originates from the NH2 bending (40–60%) and the
C N stretching (20–40%) of amide groups. The Amide III band of
medium/weak intensity at 1239 cm−1 is assigned as N H deformation.
After cross-linking reaction with formaldehyde and urea
(Fig. 3B), slight spectral changes can be observed. The bands at
2939, 2862 cm−1 and 1735 cm−1 (belonging to stretchings of CH2
and C O groups, respectively) are due to linseed oil impurities used
as reaction medium.
In the Amide A region, the shape of the broad band is changed;
the band envelop maxima is shifted for higher wavenumber
(from 3285 cm−1 to 3293 cm−1 ) and a new shoulder at 3366 cm−1
appears. These changes indicate that the N H, O H bonding
structure of the gelatin is affected by the cross-linking reaction.
As to the Amide I band at 1630 cm−1 , no changes was witnessed
suggesting that the carbonyl moiety of the peptide linkages are not
involved in the cross-linking reaction. At the same time an increase
in intensity and a shift at Amide II was observed indicating as well
that mainly NH2 groups are participating in cross-linking reaction
(probably by a Schiff-base related reaction mechanism) [55]. The
spectral features between 1500 and 1200 cm−1 indicates a higher
number of CH2 groups compared to ‘pure’ gelatin, as presented
also by the medium intense CH2 rocking band at 1249 cm−1 . The
bands around 1375, 1172, and 1002 cm−1 can be assigned as C H
deformation of CH2 OH, C O C stretching and C O stretching of
CH2 OH moieties, respectively, indicating that not all OH groups of
(tri)methylol urea formed by condensation of urea with formaldehyde are participating in cross-linking of gelatin. (The absence
of the strong C O vibration of urea-derivates from all the crosslinked gelatin spectra could be explained by the fact that due to the
strong H-bonding network they should be down-shifted to lower
wavenumbers and overlapped with the Amide II band.)
When the cross-linking reaction was carried out in the presence
of Ag-salt (AgNPs@GMPs), the spectrum (Fig. 3C) resembles much
more to the spectrum of condensed urea–formaldehyde (Fig. 3D),
suggesting that the Ag+ blocks some of the NH groups (primary
silver binding sites) of gelatin active in the cross-linking reaction.
As to the spectrum of gelatin added with Ag-salt (Fig. 3, E), no
differences were detected compared to the one of ‘pure’ gelatin. All
the above observations suggest that the presence of Ag+ plays a role
in cross-linking reaction of gelatin with formaldehyde and urea.

3.3. Active agent content in microparticles
The overall silver content of cross-linked (AgNPs@GMPs) and
not cross-linked polymer microparticles was 3.55% (w/w), yielded
by ICP measurements.
By TEM visualization the Ag-content can be seen in Fig. 4A
and B. The images of the Ar+ ion beam-thinned, sliced polymer microsphere layers show the homogenously dispersed silver
nanoparticles in them. Due to the relatively small concentration of
metallic particles in polymer matrix, electron-diffraction pattern
was not possible to record.
Results of powder XRD measurements on AgNPs@GMPs are
shown in Fig. 5. In our experiments AgNPs were formed relying
on major characteristic peaks of cubic Ag4f (metallic form) found
at 38.150◦ , 44.317◦ , 64.487◦ , 77.550◦ on 2 scale referring to the
crystal planes (1 1 1), (2 0 0), (2 2 0) and (3 1 1) respectively.
Further characteristic peaks were found at 32.271◦ , 46.274◦ ,
54.878◦ , 57.532◦ , 67.535◦ , 74.544◦ and 76.810◦ with lower intensity,
corresponding to chlorargyrite (cubic AgCl) crystal planes (2 0 0),
(2 2 0), (3 1 1), (2 2 2), (4 0 0), 3 3 1) and (4 2 0) respectively. Chlorargyrite formed due to the presence of chlorine contamination.
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Fig. 8. Biofilm adhesion results: ratio of biofilm-covered area to total painted area (%, logarithmic scale) as a function of time. (a) Reference – without anti-foulant; (b) with
silver-carbonate; (c) with encapsulated AgNPs. Reddish areas on the built-in fluorescence images represent the actual state of biofilm coverage after ∼20 weeks.

Average size of AgNPs and AgCl were 18 nm and 52 nm, respectively. The weight ratio of AgCl to overall Ag content is small, 4.8%.

3.4. Swelling of microparticles in water and solvent mixture
The swelling of AgNPs@GMPs in water and paint solvent mixture of isobutyl acetate and methoxypropyl acetate was negligible,
about 0.5% in diameter. Without cross-linking the microparticles
behaved similarly to cross-linked ones in apolar media with negligible swelling but they showed 40% swelling in water in 24 h.

3.5. Dissolution of silver and organic residues from microparticles
in water and organic solvent mixture

3.6. Silver dissolution from paint into water
Fig. 7 summarizes a 2-month-long observation performed on
Ag+ -release from three different paint samples, doped with AgNO3 ,
Ag2 CO3 and AgNPs@GMPs, respectively. Released quantities are
referred to the total Ag-content of the paints. AgNO3 a watersoluble source provided the fastest release rate: in 10 days this
sample lost ∼80% of its total silver content and further it did not
change significantly. Water insoluble Ag2 CO3 showed slower and
more linear profile with an end-point around 40% of its total silver
content. Paint with AgNPs@GMPs had the slowest release rate, the
diagram runs parallel to the carbonate curve but with values of two
orders of magnitude lower, and by the end of the experiment the
Ag+ loss was only 0.7%.
3.7. Anti-fouling effectiveness of the coatings

In paint solvent mixture there were no traces of silver and unreacted monomers or other organic compounds, confirmed by ICP
and FTIR spectroscopic measurements. Therefore no components
of AgNPs@GMPs would be released when stored in the paint. Furthermore organic compounds were not present in aqueous media
either. In Fig. 6 the released ratio of encapsulated silver can be followed along the nearly one month experiment carried out in water.
The results show that cross-linked microparticles allow one magnitude slower Ag+ release into aqueous media than not crosslinked
ones.

The fluorescent dye causes reddish colorization to biolayers,
wherethrough with captured fluorescent micrographs it was possible to follow the actual state of biofilm coverage. Based on
software-processed photographs, diagrams of Fig. 8 demonstrate
the growth of biofilm on three different paint samples as a function of time. The inserted pictures taken at the 20th week show
the actual spreading of biolayers in natural water. By the end of
the 7-month-long experiment, the reference samples without any
anti-foulant became almost totally covered by biofilm (Fig. 8a).
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Ag2 CO3 - and AgNPs@GMPs-containing ship coatings had relevant
inhibiting effect even in the 23th and 28th weeks (Fig. 8b and c,
respectively). It is important to note that though these two compositions had similar efficacy, by the 6th week the coating with
AgNPs@GMPs had lost only 0.6% of its total silver content, while
the other with Ag2 CO3 had lost 40% (based on Fig. 7).
4. Conclusion
On the basis of results it can be concluded that our novel,
one-step w/o dispersion polymerization method is a proper way
to obtain hardly swelling microparticles of peptide with in situ
reduced, well-dispersed AgNPs. The advantage of this polymeric
substance is its assistance in the proper reduction of silver. With
the use of urea as co-monomer, the swelling was successfully
blocked, thus the microparticles have an elongated release profile
of the active component. Based on the adhesion test, application of
AgNPs@GMPs as additive in paints opens a prosperous future for
antifouling coatings.
It was important for us to build microspheres from biocompatible materials. The only component in the reaction is the
formaldehyde which is no bioacceptable, but it could be replaced
by other, more eco-friendly chemicals.
This method and its product are, however, not limited to the
coating technology. With certain changes in molar ratios and conditions, the reaction can result in softer or harder materials with
tailored characteristics, for example with higher release ratio or
swelling rate, thus the product could be applied in the medical field.
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Abstract
Core-shell microcapsules of urea-resorcinol-formaldehyde shell and linseed oil (LO) core
material as paint additives for self-healing coatings were prepared. The capsules contained LO
either with or without Co-octoate as drier material and/or octadecylamine (ODA) as corrosion
inhibitor. The microcapsules embedded in a commercial paint were applied on sandblasted
mild steel sheets. After scratching the coated surface, the inhibition efficiency of core-shell
microcapsule-containing coat, dipped into corrosive media, was followed visually and
evaluated numerically by electrochemical impedance spectroscopy (EIS). In separate
experiments, to optimize for the self-healing process, the composition of the core material, the
effect of the drier and/or the inhibitor ODA on drying process of LO films were monitored by
infrared spectroscopy. Pure LO needed 6-7 days to dry completely. The drying period could
be shortened (to 5 h) via application of a drier, but the addition of the corrosion inhibitor
alone increased significantly the time needed for solidification. To minimize the drying period
we have found the proper combination of the ODA and the drier of the LO.
The EIS measurements, in accordance with the drying tests, resulted in the next order of selfhealing ability: LO<LO(+ODA)<LO(+Co-octoate)<LO(+ODA+Co-octoate).
Keywords
linseed oil, microcapsules, self-healing, inhibitor, octadecylamine, Co-octoate
1. Introduction
Coatings of metals that can restore their sealing ability and show anti-corrosion profile after
physical damage have a broad range of research directions.
Amongst these coating research there are two major classes. One direction is the study on reorganizable polymer coatings with the ability of molecular bonds curable via ultraviolet or
infrared irradiation.
On the other hand researchers make huge effort to develop porous nano/microcarriers and
core-shell capsules as paint additives, that, in case of mechanical decay, deliver corrosion
inhibitors or liquid glue-like monomers which serve as sealant barrier between metallic
surface and corrosive media. These two types were reviewed lately in details [1,2].
Both strategies have adventages and disadvantages. Porous nanoparticles provide inhibitive
effect upon pH-change when damaged sites are in contact with humidity. There are ceriumbased particles in carriers like chitosan [3], CeO2 nanoparticles [4], hydroxyapatite- [5] and
CaCO3 [6] microparticles; mercaptobenzothiazole in layered double hydroxides [7] and
polyelectrolyte nanocapsules [8] as well as benzotriazole in mesoporous silica particles [9].
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Nanoparticles in general do not weaken significantly the mechanical properties and
permeability of coatings [7,10,11,12], but their inhibition lasts only until the depletion of the
nanocarriers. In contrast to it, core-shell capsules with special core materials form a novel
insulating coating layer that prevent further connections to corrosive media. The mechanical
properties of the microcapsules-embedded coatings are somewhat weaker according to pulloff- [13], adhesion- [14] or tensile tests [15].
In the literature there are several papers on preparation of core-shell microcapsules with
various core materials: linseed oil [13,15,16,17,18,19,20], tung oil [21], two-component
epoxy hardeners [22], water reactive silyl esters [23], methyl methacrylate [24],
dicyclopentadiene [23,25,26,27] etc. are mentioned as the most important techniques.
Mostly polycondensed polymers as shell materials are chosen like urea-formaldehyde
[23,25,26,27,28], melamine-urea-formaldehyde [29].
Combination of these two strategies appeared in the literature, where CeO2 and Cr2O3
nanoparticles as corrosion inhibitors were co-encapsulated with linseed oil as healing material
[30].
When materials as film formers and anticorrosion additives are considered, amines are
preferred as inhibitors due to their affinity to the steel surfaces like triethanolamine [31].
Compounds with smaller molecular weight are directly combined with paints, and in the last
years some others like triethanolamine [32], dodecylamine [33], ethanolamine,
diethanolamine, 5-amino-1-pentanol, propylamine, dipropylamine [34] are encaged in porous,
slow-release micro- or nanoparticles.
Amines with longer carbon chains, e.g. octadecylamine form superhydrophobic insulating
layer thus they can be applied even in harsh circumstances like high-temperature steam tanks,
pipes, etc. [35,36].
Attempts were made to use ODA mixed directly in coating, but due to its hydrophobicity, first
it had to be intorduced into an amphiphilic carrier, this was the ring-like, thoroid shaped βcyclodextrin [37].
Our research aimed the combined application of a film former self-healing material (linseed
oil) as well as of a corroison inhibitor (octadecylamine) in the core of microcapsules which
were used as additives in self-healing paint.
Another aim of this study was to elucidate the influence of special additives that can increase
the rate of solidification of the film former linseed oil, can affect the self-healing ability, and
could be built in the microcapsules, too.
2. Experimental
2.1. Materials
Used for encapsulation: linseed oil (‘LO’, Poli Farbe, raw); urea (Fluka, p.a.); resorcinol
(Reanal, purum); formaldehyde (37% aqueous solution, Sigma-Aldrich, purum); ammoniumchloride (Reanal, purum); hydrochloric acid (10% solution, Reanal, a.r.); poly(vinyl alcohol)
(’PVA’, Sigma, purum); sodium-dodecylsulfate (’SDS’, Sigma-Aldrich); ethanol (Molar
Chemicals Kft., a.r.).
Other: sandblasted mild steel sheets (SB2½ grain size; atomic composition: Fe (88.6±0.7), C
(10.8±0.6), Al (0.6±0.1) at%); dual function paint (vinyl polymer-type, primer and topcoat in
one, ALVIKORR, Egrokorr Zrt.); octadecylamine (’ODA’, Fluka, puriss); cobalt-octoate
(drier, industrial grade); sodium chloride (Reanal, a.r.).
2.2. Preparation of microcapsules, coatings and linseed oil films
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Our modified microcapsule preparation was based on the literature [16]. 10 ml LO with Cooctoate (drier) and inhibitor ODA was dispersed in 100 ml 2% PVA solution which contained
1.25 g urea, 0.125 g resorcinol and 0.125 g ammonium-chloride via stirring with 2000 rpm
speed for 25 min. When the drier and inhibitor was introduced into LO, the aqueous phase
contained 0.5% SDS surfactant. Into the homogenous dispersion 3.21 g formaldehyde
solution was added. With continuous stirring, the reaction temperature was set to 70°C by
1°C/min heating speed and kept at this temperature for another 5 hours. After cooling down
to room temperature, the microcapsules were washed with 50% aqueous ethanol, filtrated and
dried under vacuum.
Microcapsules, prepared as described above, were mixed into the dual function (primer- and
topcoat) paint in 5%, and this mixture was applied on sandblasted mild steel sheets. The
thickness of the paint layers was 100 µm.
In order to investigate the drying process of the LO, in separate experiments 50 µl of LO was
spread on one side of a glass (26x76 mm) slide. The thickness of the LO film was 0.025 mm
which was comparable with the diameter of the microcapsules. Ten different compositions
were tested. The LO was applied without any additive; with 1-, 2-, 3 and 5 v/v% Co-octoate
alone or in combination with 2% ODA.
2.3. Infrared investigation of linseed oil films drying
Fourier transform infrared (FTIR) spectra of drying LO were recorded using attenuated total
reflectance (ATR) technique by means of a Varian 2000 (Scimitar Series) FTIR spectrometer
(Varian Ltd, USA) equipped with nitrogen cooled MCT (mercury-cadmium telluride) detector
and adjusted with a ’Golden Gate’ (Specac Inc, UK) single reflection diamond ATR unit.
Spectra were collected by co-addition of 128 individual interferograms with a spectral
resolution of 4 cm-1. Each spectrum was ATR corrected using the Varian Resolutions Pro 4.0
software package. The samples were mounted on the ATR crystal.
2.4. Visual and electrochemical characterization of paints with microcapsules
LO-filled microcapsules are visualized by scanning electronmicroscope (‘SEM’, Zeiss EVO
40 XVP).
For the corrosion test, the coated mild steel sheets were scratched with a blade, leaving 200
µm wide and 15 mm long, X-shaped scars. Around the cuts, glass rings were fastened with
silica gel to form cells. The surface area was 3.8 cm2. The cells were filled with corrosive,
aerated 0.5 M NaCl solution.
Electrochemical impedance spectroscopy (EIS) measurements were carried out with a Zahner
Im5d Impedance Spectrum Analyzer, at open circuit potential. The spectra were recorded in
the frequency range of 10 mHz–100 kHz, using a sinusodial perturbation of 10 mV p–p
amplitude. The measurements were started after 15 min of immersion in the corrosive media
and spectra were collected in every hour during 24 h. The impedance spectra were evaluated
with the Equivcrt software [38] by assuming a parallel combination of a charge
transfer resistance and a dispersive double layer impedance (a constant phase element) with a
simple series resistance. R1(R2Q) was found to adequately represent all the data. A standard
three-electrode cell was used for the electrochemical measurements. The counter electrode
was platinum. The electrode potential was measured against a saturated calomel electrode.
3. Results and discussion
3.1. Drying of linseed oil films
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Fig. 1. Changes in the FTIR spectra due to the drying process in the linseed oil film, A: after 1
day; B: after 3 days, C: after 6 days and D: after 7 days.

Fig. 2. FTIR spectral changes of drying linseed oil films. A: Drying of LO film in 5 h with
different amounts of Co-octoate. B: influence of 2% ODA in the LO film on the drying
process. C: Drying of LO film in 5 h, containing 2% ODA and different amounts of Cooctoate.
The IR spectra of pure linseed oil during the drying process were monitored for a week (Fig.
1.). Maxima of absorption bands found at 2855, 2926, 2963 and 3013 cm-1 can be assigned as
υs(C–H)CH2, υa(C–H)CH2, υa(C–H)CH3 and υ(C–H)=CH, respectively (υs: symmetrical
stretching; υa: asymmetrical stretching) [39]. The latter C–H stretching belongs to the doublebond in the unsaturated alkyl chain of the glycerides. Its weakening and disappearence is the
consequence of chemical reactions in the oxidative drying process of the linseed oil [39].
From the spectra on Fig. 1. one can see that after 3 days, the absorption band at 3013 cm-1 is
still present, but after 7 days the shoulder totally vanishes, the oil has no traces of
unsaturation.
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There are no more significant changes in spectra helping to track the drying, with the
exception of absorption bands at 633 and 546 cm-1. Both of these bands’ intensity decreased
and finally disappeared after the solidification of the LO film. However these bands belong to
the sapphire crystal which ensures that the samples are downforced onto the ATR-diamond.
When Co-octoate siccative was mixed into the LO film, the time of the total drying was
reduced to several hours. The results are summarized in Fig. 2.A. The infrared spectra of LO
films (A, B, C and D) represent the influence of the changing concentration of the Co-octoate
(1-, 2-, 3 and 5 v/v% respectively) recorded 5 h after the Co-octoate addition. They all lack
the 3013 cm-1 band, and at sampling it was obious that the LO films are in solid state.
In order to get a more efficient self-healing as well as anticorrosion ability, 2% corrosion
inhibitor ODA was added to the LO. This concentration is almost the maximum that can be
dissolved in LO at room temperature. Important question was how can the presence of ODA
influence the solidification of the LO film? Spectra in Fig. 2.B follow the drying films of LO
mixed with ODA. The peak at 3013 cm-1 can not help to define the state of drying. The LO
film was not solid even after a month, its surface inhomogenously dried. This unexpected
behaviour, caused by the presence of ODA, weakens the self-healing process. In order to
overcome this undesired effect and to increase the oxidation of the LO, to the LO/ODA
mixture different amounts of Co-octoate were added in order to find the most proper core
material composition which is able not only to dry faster but show an enhanced anticorrosion
activity. Fig. 2.C shows the spectra of LO with 2% ODA which contained different amounts
of Co-octoate (A: 0-, B: 1-, C: 2-, D: 3 and E: 5 v/v%, respectively), 5 h after the ODA- and
Co-octoate addition and film drawing. With 0- or 1 v/v% Co-octoate the LO/ODA film did
not dry in the monitored interval, witnessed by the present υ(C–H)=CH shoulder on the
spectrum A and B. Further increase in the Co-octoate concentration (3-5 v/v%) helps in
curing the LO, shown on C, D and E spectra.
3.2. Microcapsules and coatings; their efficiency evaluated by visualization and
electrochemical impedance spectroscopy
All numerical results got in experiments on the drying process of LO were used in the
preparation of core-shell microcapsules when the core contained mixed compositions:
LO+Co-octoate, LO+ODA, LO+ODA+Co-octoate.
In the first set of experiments the microcapsules are shown as prepared and their use in the
preliminary healing experiments.

Fig. 3. SEM micrograph of LO-filled microcapsules. The scale represents 20 µm.
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The microcapsules with LO core are illustrated with the SEM micrograph on Fig. 3. The
surface of the capsules is smooth, their average diameter is 10±3 µm. The smaller objects on
the picture are urea-formaldehyde polymeric particles.
After drying of the coatings which contained 5% microcapsules filled with LO, cuts were
made on the surface (Fig. 4.A). The blade reached the metal surface, leaving a 200 µm wide
wound. Some white particles appear along the scratching which originated from the paint.
These coated and injured metals were dipped into the corrosive media. As the second photo
(Fig. 4.B) shows, the microcapsules filled with LO were not enough to inhibit the corrosion
after several days immersion. It was important to study the drying process of the LO in order
to use the most porper conditions for the microcapsule preparation.

Fig. 4. Scratches cut in the coating, before immersion (A) and after the corrosion test (B). The
scales represent 200 µm.
In more detailed experiments microcapsules were prepared when the core was filled with LO,
LO/Co-octoate, LO/ODA and LO/Co-octoate/ODA and these particles were combined with
paint and investigated in corrosion experiments.
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Fig. 5. Evolved corrosion of coated samples (A–G) in 0.5 M NaCl solution during 4 days,
immersed different lapses after scratching. A: reference, without microcapsules, immersion
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after 5 h. B: coating with LO-filled capsules, immersion after 5 h. C: coating with LO-filled
capsules, immersion after 7 days. D: coating with LO + 1 v/v% Co-filled capsules, immersion
after 5 h. E: coating with LO + 2% ODA-filled capsules, immersion after 5 h. F: coating with
LO + 2% ODA-filled capsules, immersion after 7 days. G: coating with LO + 2% ODA + 2
v/v% Co-octoate-filled capsules, immersion after 5 h.
These core compositions listed in Table 1. were encapsulated and the microcapsules were
added to paint in 5%. To evaluate their corrosion inhibiting efficiency, the painted and
scratched surfaces were immersed into highly corrosive NaCl solution, with different lapses
after the scarring. The corrosion phenomenon was followed visually for 4 days. The initial
period of the coating degradation, which is very important in case of corrosion, was
monitored in the first 24 h by electrochemical impedance spectroscopy.
The results of 4 day-long corrosion test are demonstrated in Fig. 5. The photos of
experimental sets A–G show the oxidation of the scratched mild steel sheets coated previously
with paint either with microencapsulated substances or without them. Table 1. summarizes the
samples and lapses.
Table 1. Symbol of coated samples with different microcapsule-additives, their components
and the lapses between the scratching of the coating and its immersion into electrolyte.
Sample ##
A
B
C
D
E
F
G

Lapse (hour/day)
5h
5h
7d
5h
5h
7d
5h

Oil present
(Yes/No)
N
Y
Y
Y
Y
Y
Y

Co-octoate
(v/v%)
–
–
–
1
–
–
2

ODA (%)
–
–
–
–
2
2
2

The photos allow to evaluate the influence of microcapsules present in the coating, of the core
materials, as well as of the drying time. It is obvious that in 4 days all of the samples suffered
smaller or bigger degradation since the environment was very corrosive. The main aim was to
optimize the core composition to get the best results.
The sample ‘A’ which represents the reference coating with no capsules, is highly corroded.
Sample ‘B’, coating with microcapsules filled with LO shows some resistance, even without
drying, as corrosion test with aqueous electrolyte started before the scratched coating was
solid (according to the FTIR spectra). When the LO, after got free in the cutting, had 7 days
to dry in the case of ‘C’, the self-healing worked more effectively than with sample ‘B’; its
efficiency was similar to that result got on sample ‘D’, where the LO’s oxidation was helped
with siccative (Co-octoate) but the drying time was much shorter, only 5 h. The presence of
2% ODA affected the inhibition negatively, the sheet corroded (E), almost as intensely as the
reference sample. This could also be explained by the incomplete drying of the LO–ODA
composition before coming in contact with the electrolyte. When the sample had time (7 days)
to dry and only then was immersed in the corrosive solution, better corrosion resistance was
observable (F). When in the core the LO contained 2% ODA and 2 v/v% drier, the drying was
complete in 5 h, in accordance with the FTIR spectra. Though there is not significant
difference between samples (F) and (G), the importance of a solidified surface is emphasized
here. Curing of the LO can be achieved either by addition of siccative or by waiting for longer
time, especially in presence of oxygen-consuming amines. For quantitative evaluation of the
influence of microcapsules embedded in coatings four samples (A, B, D and G) were selected
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and characterized electrochemically.The EIS results are plotted on Fig. 6.A, B, D and G,
respectively. The complex impedance values of the samples are represented on Nyquist plots;
1-, 2-, 4-, 8- and 24 hours after immersion in each case.

Fig. 6. Nyquist plots of scratched coatings, 1-(●), 2-(○), 4-(■), 8-(□) and 24 hours (♦) after
immersion in 0.5 M NaCl solution. The samples are coated by paint: (A): with no capsules,
(B): capsules with LO, (D): capsules with LO + 1 v/v% Co-octoate and (G): capsules with
LO + 2% ODA + 2 v/v% Co-octoate.
From Nyquist plots, polarization resistance values (Rp) of all the samples were determined
with software. These values which characterize the quality of coatings were calculated for the
1-, 4-, 8-, 12 and 24 h immersion times and are plotted on Fig. 7. All Rp curves show
descending trend, with higher drop in the first hour.
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Fig. 7. Changes of polarization resistance (Rp) values of scratched coatings, 1-, 4-, 8-, 12- and
24 hours after immersion in 0.5 M NaCl solution. A, B, D and G samples are the coatings
with no capsules (A, □), capsules with LO (B, ■), capsules with LO + 1 v/v% Co-octoate (D,
○) and capsules with LO + 2% ODA + 2 v/v% Co-octoate (G, ●), respectively.
Resistance of A, B and D samples are in the range of 7–17 kΩ after 1 h. The weakest coating
was the reference. The barrier property of the paint can be enhanced by adding LO (B). In this
case, drying of LO raises the resistance of the coating (D). These values are represented on
the left ‘y’ axis. Although the visual observation did not show significant difference between
coaintgs (D) and (G) in the period of 1-4 days, EIS measurements prove that in the first 24 h
the sample (G) shows superior perfomrance to the others, with its Rp curve running one
magnitude higher in the first several hours.
4. Summary
Microcapsules were prepared with the same shell material but with different core
compositions of LO. In order to elucidate what will happen when LO is the main component
in the core, its drying process was first in the focus of our work. The solidificaiton of LO film
– either alone or in combination with additives like the siccative Co-octoate and the inhibitor
ODA - was followed by FTIR technique and the most important bands, representing the
oxydation reactions of the double bonds in the LO, were determined.
It turned out that because of special chemical reactions of the double bonds, the Co-octoate
can significantly decrease the drying time of the LO. On the other hand, the presence of the
ODA in the LO elongates that time. But when the siccative and the inhibitor are dissolved
parallel in the LO film, the solidification time of the film decreases. This knowledge helped us
in preparation of the microcapsules filled with different compositions.
These microcapsules were embedded into paints and their film forming and anticorroison
activity were tested. Corrosion tests were run with commercial coatings containing LO-based
microcapsules.
Based on the results, the difference between the barrier effect of the liquid and solid state LO
is remarkable. Though LO has barrier properties even as liquid, for the quick recovery of a
damage, it is necessary to use driers in the oil. To improve the self-healing activity,
octadecylamine was encapsulated together with the LO. After compensating its drying
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impeder effect, the coating showed higher electrochemical resistance than the coatings
without or with only LO-containing microcapsules.
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Abstract: The mitigation of corrosion and biofouling is a challenge.
Though application of chemicals and special techniques can slow these
undesired processes, an effective resolution requires a multidisciplinary
approach involving scientists, engineers and metallurgists. In order to
understand the importance of the use of nano- and microlayers as well
as self-healing coatings, the basic concepts of corrosion, corrosion
mechanisms, corrosion inhibition and microbiologically influenced
corrosion will be summarized. The preparation, characterization and
application of Langmuir–Blodgett and self-assembled nanolayers in
corrosive and microbial environments will be discussed. Preparation and
characterization of microcapsules/microspheres and their application in
coatings will be demonstrated by a number of examples.
Key words: nano- and microcoating, self-healing, slow-release,
anticorrosion, antifouling.

7.1

Introduction

Corrosion is a well-known problem all over the world. It consumes a
significant part of the gross national product (GNP) of developed and
developing countries. A number of authors have provided comprehensive
introductions to corrosion mainly in aqueous and wet environments (Jones,
1991; Kaesche, 2003; McCafferty, 2010). Corrosion is the destructive
result of the chemical/electrochemical reactions between metals and the
environment. Most corrosion reactions are electrochemical processes. These
involve electron or charge transfer in aqueous solution which leads to metal
dissolution (anodic reaction). Depending on the pH of the solution, either
hydrogen or hydroxonium ions evolve, resulting in oxides, oxy-hydroxides,
hydroxides and salts forming on the metal surface (cathodic reaction). The
electrochemical potential or electron activity affects the rate of corrosion
135
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reaction. To understand corrosion, it is necessary to discuss briefly the types
of corrosion and the reactions involved.
Corrosion occurs in various forms:
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•

Uniform corrosion: The metal surface must be compositionally uniform;
the aggressive environment has the same access to all parts of the metal.
This type of corrosion is mainly characteristic of atmospheric corrosion
and of corrosion in acidic media. Uniform corrosion is predictable.
• Crevice corrosion: Crevice corrosion occurs at metal–metal interfaces
and is caused by retention of water from the atmosphere while the outer
surface is dry. A crevice shields a part of the surface and enhances the
formation of differential aeration and ion concentration cells. Both play
an important role in the initiation and propagation of the crevice.
• Pitting corrosion: This is the result of a localized, rapid penetration of
aggressive ions which produce deep or undercut pits. Pitting corrosion
often remains undetected until the bulk metal is perforated. The
continuous presence of water and chloride ions facilitates the growth of
the pits. In the case of stainless steels, pitting corrosion can occur in
neutral-to-acidic solutions in the presence of chloride ions. Iron and
aluminium pit in alkaline chloride solutions by mechanisms similar to
the stainless alloys but less aggressively. Pitting corrosion is unpredictable
and its rate is variable and depends on the migration of corrosive
elements into and out of the pit. The differential aeration cell may be
considered a macroscopic model for the initiation of pitting and crevice
corrosion (Tsutsumi et al., 2007).
• Galvanic corrosion: When two dissimilar metals are connected electrically, a galvanic cell is formed. In a corrosive electrolyte when two
dissimilar alloys (with different corrosion potentials) are coupled,
one corrodes and the other is protected from corrosion. This type of
corrosion may be avoided by eliminating the galvanic couple. The metal
or alloy, which is less noble, will corrode. Galvanic attack is concentrated
in small areas and relative surface area influences the rate of galvanic
corrosion. A larger cathodic area provides a greater surface for the
reduction reaction, and the anodic dissolution rate must increase to
compensate.
Other types of the corrosion are (Stack and Wang, 1999; Sanchez et al.,
2007; Song, 2009):
•
•
•
•
•
•

stress corrosion;
hydrogen damage;
intergranular corrosion;
environmentally induced cracking;
dealloying;
erosion corrosion.
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Corrosion of different metals: mechanisms,
monitoring and corrosion inhibitors

Scully (1983) and Marcus (2002, 2011) have contributed to the understanding
of corrosion considering the electrochemical, chemical and adsorption
processes on different types of metal deterioration. Corrosion processes are
strongly influenced by environmental perturbations at the surface. Important
classes of variables that affect the type of corrosion include the nature of
the electrolyte (conductivity), dissolved chemicals (inorganic/organic solids
and gases, e.g. oxygen, carbon dioxide), pH, temperature and the parts
submerged in the electrolyte.
Corrosion in aqueous environments proceeds via an electrochemical
mechanism, when coupled anodic and cathodic reactions take place at
different sites on the metal/environment interface. One part of the surface
(anode) is exposed to electrolyte and the metal dissolves. The other surface,
where reduction but no metal dissolution takes place is the cathode. For a
corroding metal (M), the general formula of the anodic reaction consists of
a number of steps:
M → M n + + ne −

[7.1]

In the case of iron, the reactions in an aqueous environment are as follows:
Fe + H 2O ⇔ Fe(OH)ads + H + + e−

[7.2]

Fe(OH)ads ⇔ [ Fe(OH)]+ + e−

[7.3]

One explanation for the anodic processes is that water molecules are first
adsorbed onto the metal surface which alter the surface characteristics.
When the reaction is of a catalysed type:
Fe + ( FeOH)ads ⇔ Fe( FeOH)

[7.4]

Fe( FeOH) + OH − ⇔ [ Fe(OH)]+ + Fe(OH)ads + 2e−

[7.5]

In this case, the second reaction determines the rate of metal dissolution.
The final step in both mechanisms is the transformation of the [FeOH]+
species:
[ Fe(OH)]+ + H + ⇔ Fe2+ + H 2O

[7.6]

The rust layer formed on the anode contains different iron oxides as well
as hydroxides which are porous and penetrable by aggressive ions and
gases. Aerobic corrosion initially accelerates the metal dissolution in the
pores (Sherar et al., 2011).
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Another example is copper. The dissolution proceeds in two steps
(Crundwell, 1992):
Cu → Cu + + e−
Cu → Cu
+

2+

+e

[7.7]
−

[7.8]

When oxygen is present in the neutral aqueous solution, the anodic
dissolution of copper proceeds as follows:
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Cu +

1
O2 + H 2O → Cu 2+ + 2 OH −
2

[7.9]

The presence of ions such as Cl− that can form complexes with the copper
ion in aqueous solution results in the formation of CuCl2. In a near neutral
solution, saturated with oxygen, the following reactions occur:
Cu + Cl − ⇔ CuCl + e−

[7.10]

CuCl + Cl − → CuCl 2 −

[7.11]

In a third example, when the environment is acidic and the metal is zinc
dipped in hydrochloric acid, the dissolution of the metal is represented by
the following overall reaction:
Zn + 2 HCl → ZnCl 2 + H 2

[7.12]

This can be broken down as follows:
Zn → Zn 2+ + 2e− (anodic reaction)

[7.13]

2 H + + 2e− → H 2 (cathodic reaction)

[7.14]

In neutral/alkaline aqueous solution, oxygen reduction represents the
cathodic reaction. In the absence of other reduction reactions, water will be
reduced and the end products of the cathodic reactions (H2, H2O or OH−)
will then depend on the pH of the solution.
Corrosion in aqueous solution involves electron or charge transfer. A
change in electrochemical potential or electron activity at the metal surface
has a profound effect on the rate of corrosion. When a metal is submerged
in solution, mobile electrons on the metal surface form a complex interface
and water molecules of dipole character will face the metal with the oxygen
atom. An oriented solvent layer is formed on the metal surface which
inhibits the close approach of charged species from the bulk solution.
Charged ions attract polar water molecules which further insulate them
from the conducting surface. The result is an electric double layer (referred
to as the outer Helmholtz plane) which regulates charge transfer as well
as limiting electrochemical reactions at the surface. During corrosion,
aggressive ions or gas molecules penetrate into this double layer, reaching
the metal surface and initiating metal dissolution.
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In an electrolyte, the rate of corrosion depends on the concentration of
ions present, on pH and on temperature. With increasing concentration
of aggressive ions, the corrosion rate increases up to a point. When
corrosion products cover the metal surface, they can act as a barrier and
thereby hamper migration of further undesired corrosive components
to the solid surface. However, this layer is not homogeneous but porous
and allows further penetration of aggressive species to the metal
surface.
Corrosion also depends on other factors such as the chemical nature of
the metal, the microstructure resulting from the manufacture method, heat
treatment and roughness (Córdoba-Torres et al., 2002; Malayoglu et al.,
2005). The flow velocity of the electrolyte around the electrodes could
further influence the corrosion potential due to disturbed mass transport
(Kear et al., 2007).
Pourbaix diagrams thermodynamically predict whether certain reactions
will occur on metals covered by aqueous electrolytes. The acidity or alkalinity
can influence the metal dissolution/corrosion. Certain metals have a
sensitivity to corrosion that depends on pH. pH could also play a crucial
role in the degradation rate of mechanical properties, for example in the
case of aluminium alloys (Berkeley et al., 1998).

7.2.1 Monitoring of corrosion
There are several techniques that are useful to follow reaction steps and
identify intermediate products as well as to obtain information on the
corrosion mechanisms. Marcus and Mansfeld (2005) summarized the major
surface analytical techniques, their principles and instrumentation. This
book discusses possible application of scanning electron spectroscopy,
ion analytical methods, nanoprobes, infrared spectroscopy, Raman spectroscopy, glow discharge optical emission spectroscopy and recent developments in the application of radiotracer methods, nanoscratching, and
nanoindentation.
Photoelectron, Auger, Mössbauer and Raman spectroscopy, as well as
mass spectrometry, electrogravimetry, polarization techniques and electrochemical impedance spectroscopy (EIS) (Collazo et al., 2010) all
contribute to the understanding of corrosion processes. Salt spray tests yield
important information on pitting, intergranular and general corrosion.
Mechanisms may also be quantified by optical microscopy and laser
profilometry (Kelly et al., 2002; Walton et al., 2012). Electrochemical noise
measurement supplies statistical parameters (electrochemical noise
resistance, coefficient of variation of current and localization index) and
parameters derived from shot noise are related to the type of corrosion
(Sanchez-Amaya et al., 2005).
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7.2.2 The use of corrosion inhibitors
Corrosion inhibitors are chemicals that can significantly decrease the
corrosion rate at very low concentration and where their concentration
does not change. Inhibitors are classified based on their chemical nature
(organic/inorganic), on the type of reaction they influence (oxidants, nonoxidants, complex or precipitation, anodic, cathodic), or on the layer the
inhibitors form on the metal surface. In this respect, there are 2D- and
3D-type inhibitors. The 2D-types hinder the surface reaction by direct
adsorption when a neutral monomolecular layer is formed or where
adsorption takes place only on the active sites. The 3D-type inhibitors
change the activity at the metal/solution interface such that chemicals of
low solubility form a protective layer (Mansfeld et al., 1985; Lorenz and
Mansfeld, 1986; Kuznetsov, 1996).
In an aqueous environment, chromium(VI) salt was a very effective
inhibitor, but since 2005 its use has been banned due to its toxicity. Later,
phosphoric and phosphonic acid derivatives combined with other heteroatoms (sulphur, nitrogen) replaced the chromium(VI). There are several
non-toxic inhibitors that can now replace molecules containing nitrogen,
sulphur and phosphorous atoms or aromatic rings (Rocca et al., 2001).
Examples summarized in Fig. 7.1 show the synergistic effect of some
additives that increase the efficacy of an inhibitor. Under neutral conditions,
phosphonic acid forms a complex layer on the metal surface that controls
the corrosion of mild steel. The presence of divalent cations changes not
only the efficiency but also the mechanism of inhibition. Atomic force
microscopy (AFM) images show the significant changes to the metal surface.
The presence of barium ions results in a continuous film, and zinc ions form
small particles precipitated on the metal/solvent interface. The third example
with strontium ions is interesting. During the first hour, the efficacy increases
but later the whole surface is perforated.
The inhibitor layer formation is the consequence of the equilibrium
between the sorption–desorption of the inhibitor molecules. The result is
physisorption or chemisorption. The efficiency of the inhibitor molecules
depends on the number of the active sites on the metal surface and on their
structure. According to Thomas (1976) the inhibitors can diminish the
dissolution of the passive layer, can re-passivate the surface with nonsoluble chemicals or can stop the pores.
Solvation and complex formation also play an important role in inhibition.
The type of molecule used for corrosion inhibition depends on the type of
metal, on the environment and on the type of corrosion. The inhibitor
efficiency could differ for different metals.
On a galvanic electrode, the influence of carboxylic acids with long alkyl
chains and their salts used as inhibitors were investigated using a number
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7.1 Anticorrosion effect of N,N-diphosphonomethyl glycine (INH) alone
and together with cations on the corrosion of mild steel, visualized by
AFM: (a) mild steel in air; (b) mild steel in perchlorate solution, pH 7,
after 20 min; (c) INH added alone, after 1 hour; (d) INH + Ba2+ ions
added, after 1 hour; (e) INH + Zn2+ ions added, after 1 hour; (f) INH + Sr+
ions added, after 1 hour; (g) INH + Sr2+ ions added, after 2 hours.

of differing techniques. The protective layers formed on carbon steel and
stainless steel surfaces, characterized by infrared spectroscopy and AFM,
showed that the layer formed on the carbon steel was more compact than
on the stainless steel (Ai et al., 2006).
Temperature also influences inhibitor efficiency. An example is the
octadeceneamide derivative that, following the Frumkin isotherm, forms a
protective porous bi-layer. The type of adsorption changes with an increase
in temperature and inhibitor concentration (Desimone et al., 2011).
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7.1 Continued

7.3

Microbiologically influenced corrosion (MIC) and
biofouling: mechanisms, monitoring and control

Microbiologically influenced corrosion (MIC) was first reported by Garrett
(1891) where he discussed the deterioration of lead covered cables by
metabolites of bacteria. Later Gaines (1910) explained the high sulphur
content in corrosion products with microorganism activity. More detailed
investigations on MIC began in 1923 and continued into the 1940s. The
importance of MIC was accepted and became a subject of mainstream
research from 1960.
MIC is a special type of corrosion caused or promoted by microorganisms
with their exopolymeric substances and aggressive metabolites that may
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render the environment corrosive and increase the rate of material
deterioration. An understanding of MIC requires an interdisciplinary
approach including chemistry, biochemistry, microbiology and metallurgy.
This type of corrosion occurs, for example, in industrial cooling systems,
drinking water and sewage systems, the food industry, during sailing or oil
production.
The following summarize the most important phenomena caused by
microorganisms: Borenstein, 1994; Kearns, 1994; Videla, 1996; Little and
Lee, 2007; Javaherdashti, 2008. MIC occurs both on metallic and nonmetallic surfaces, in the presence or absence of oxygen. The most dangerous
microorganisms are the anaerobic sulphate-reducing species (Desulfovibrio,
Desulfomonas); they produce hydrogen sulphide (that causes sulphide
stress cracking). In the presence of oxygen, aerobic microorganisms can
directly oxidize sulphur, producing sulphuric acid, or can oxidize iron
(including Thiobacillus thiooxidans, Thiobacillus ferrooxidans, Spherotilus,
Pseudomonas and Gallionella).
Microorganisms involved in MIC include bacteria, algae, fungi, plants and
animals. They are less dangerous in planktonic form than sessile form. The
accumulation of microorganisms and macroorganisms on wet surfaces,
known as biofouling, is a widespread problem both in freshwater and
seawater. Biofilm formation consists of a sequence of steps, beginning with
adsorption of macro- and small organic molecules at the surface. This
conditioning layer is where the organisms adhere and start to build the
biofilm. There are many factors that influence film formation: microorganism
type, surface roughness, dissolved chemicals, hydrodynamics and diffusive
transport (Lewandowski, 1998; Beyenal and Lewandowski, 2002).
The biofilm consists mainly of water (75–90%) and of microorganisms,
of exopolymers as well as organic and inorganic materials. Forces in biofilms
that determine the structure are weak interactions including van der
Waals forces, electrostatic interactions and hydrogen bonds. The anaerobic
microbes are close to the solid surface, the aerobic ones near to the
water/air interface. The microorganisms, by their presence and aggressive
metabolites, initiate pitting corrosion which begins beneath the biofilm
where concentration cells are formed, leading to localized corrosion.

7.3.1 Monitoring of MIC
There are numerous monitoring techniques that allow evaluation of the
impact of microbes on corrosion. If electrochemical methods are applied
separately (e.g. redox potential, open circuit potential, electrochemical
noise analysis, microsensors, scanning vibrating electrode technique, dual
cell technique, EIS; Little and Lee, 2007) it is necessary to use a number
of complementary measurements. Change in the redox potential is not
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selective so that noise analysis is recommended in the case of local corrosion,
and electrochemical impedance spectroscopy is applicable to general
corrosion. Microbiological techniques are useful for the identification of
microbes. Spectrophotometric and conductivity measurements are used
for quantitative analysis and different staining procedures make some
constituents of the cell structure visible.

7.3.2 Control of MIC
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MIC can be treated in four ways:
•
•
•
•

physical-mechanical treatment (pigging, ultrasound);
electrochemical (cathodic protection);
biological (microorganism against another);
chemical treatment with biocides (oxidizing, non-oxidizing, chelate
former, electrophiles and membrane active).

Chemicals can either regulate the growth of microorganisms or influence
the microbial attachment. They must have a broad spectrum as they should
be able to regulate both aerobic and anaerobic microorganisms. Coatings
of different origin (coal tar, asphaltic bitumen, zinc-aluminium, lead and
plastic) are very vulnerable to MIC. If microbial adhesion and biofilm
formation is inhibited, the corrosive impact of micro- and macroorganisms,
the rate of pitting, stress and general corrosion will all decrease.

7.4

Inhibition of corrosion and biofilm formation
by nanolayers

Corrosive deterioration could also be decreased by layers. The dissolution
of metals in an aggressive environment could be decreased by surface pretreatment, by application of coatings that could be metallic, non-metallic
and organic, and in macroscopic or microscopic layers. These films hinder
the direct contact between the aggressive medium and the metal surface,
and alter the characteristics (e.g. hydrophobicity/hydrophilicity) to be
unfavourable to the aggressive environment. The application of these
techniques dramatically reduces the mass of chemicals used as dissolved
inhibitors. With special coatings, the deterioration processes may be significantly decreased.
As compared to the traditional concept of inhibitors, where the metal is
in direct contact with a dilute solution of the active species, nanolayers of
anticorrosive molecules form pre-fabricated protective coatings. The word
‘nano’ refers to the thickness of such layers, but can also mean that the
respective coating contains nanoparticles. In mono or multimolecular layers
the oriented molecules are sensitive to pressure, temperature and to the
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presence of other ions. The advantages of such nanolayers are that the
active molecules are used in smaller quantity, costs are lower and potential
environmental impact is reduced.
In corrosive environments these layers can function as anodic, cathodic
and mixed inhibitors as well as barrier layers. The same layers could be
effective against microbially influenced corrosion by decreasing the surface
free energy, hampering the adsorption of the biomolecules and cells (Baier,
2006; Telegdi, 2009; Románszki et al., 2012; Románszki et al., 2013b). In
addition, the compounds in nanolayers could be toxic for many different
microorganisms such as bacteria (Sun et al., 2002, 2003; Skrivanova et al.,
2006; Shin et al., 2007), viruses (Bergsson et al., 2001) and fungi (Avis and
Bélanger et al., 2001; Wang et al., 2002), because they interfere with the cell
membrane and compromise its integrity, leading to cell death (Fig. 7.2).
In the following sections, Langmuir–Blodgett (LB) films and selfassembled molecular (SAM) layers will be discussed as they are the most
important and most studied nanolayers. SAM layers are of higher industrial
importance, while LB films, owing to the nature of the process, are of mainly
scientific interest.
A common feature of SAM and LB films is that they are built up by
amphiphilic organic molecules (surface-active compounds, also surfactants).
In the structure of such molecules, a small hydrophilic functional (head)
group and a long hydrophobic tail can be distinguished. The head group is
polar or ionic (carboxylic, phosphonic, sulphonic, hydroxamic, etc.) and is
therefore capable of forming strong, often salt-like, ionic bonds with the
metal surface, which is crucial for the layer stability. The hydrophobic part
is usually an alkyl chain. The tails of neighbouring molecules interact via
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7.2 Bacterial cells affected by chemicals: (a) partly destroyed cells with
coagulated plasma; (b) total lysis of a cell.
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dispersive forces and this interaction also contributes to the stability of the
layer. Some amphiphilic compounds used in LB or SAM preparation are
presented in Fig. 7.3.
The major difference between LB and SAM films is that the former are
the result of a non-equilibrium process, while the latter are formed under
equilibrium conditions. Self-assembly occurs spontaneously upon dipping
the solid substrate into a solution of the surfactant molecules. In contrast,
molecules at the air/water interface are forced to build a tightly packed
monomolecular layer by compression in the LB-film balance.
Despite their reduced thickness, nanolayers can be studied, measured,
and even optically visualized. Techniques and devices include: isotherm
recording, static and dynamic contact angle measurement, Brewster angle
microscope (BAM), AFM, reflection-adsorption infrared spectroscopy
(RAIRS), sum-frequency generation spectroscopy (SFS) and X-ray photoelectron spectroscopy (XPS). Since the fabrication of such layers requires
a solid, most often metal, substrate; layer fabrication aspects that relate to
the substrate characteristics (roughness, cleanness, oxide layer) will also be
discussed.

7.4.1 Preparation of LB films
A monomolecular layer with a compact structure at the air/water interface
is called a Langmuir film. Such films have been known for several centuries,
although it was Irving Langmuir who conducted the first thorough study of
them (Langmuir, 1917). Preparation starts by spreading a dilute solution of
an active amphiphilic compound dissolved in a volatile, water-immiscible
solvent onto a clean water surface (subphase) in the trough of the LB film
balance. After evaporation of the solvent, a barrier compresses the molecules
until they reach a densely packed state. The stages of compression are
recorded, and the change of surface tension (known as surface pressure) is
measured and plotted as a function of the area per molecule. Since these
curves are usually recorded at constant temperature, for historical reasons
they are known as ‘isotherms’ of a Langmuir film, but should not be confused
with a Langmuir adsorption isotherm. During compression, the available
area for the molecules decreases and the surface pressure increases first
slowly, during which time the molecules are said to be in a 2D gas-like state.
The surface pressure then starts to rise suddenly with a moderate slope. In
this region the molecules are referred to as existing in a liquid-like state.
Finally, the slope of the curve becomes even steeper and reaches its
maximum value. In this region the molecules are highly packed and ordered,
just as in a pseudo-solid state. Any further compression of the film results
in collapse. The shape of the isotherm and the location of the Πc collapse
surface pressure, Ac molecular area at collapse and A0 molecular area in
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Molecular area

7.4 A generalised isotherm of a Langmuir film and the orientation of
film-forming molecules at different compression stages.
Table 7.1 The effect of temperature on the collapse pressure (mN/m)
of hydroxamic acid Langmuir films
CnHA

20 °C

25 °C

30 °C

C16HA
C18HA

38
46

34
37

27
31

the solid state extrapolated to zero pressure are characteristic of the
surfactant type and depend on concentration, temperature, pH and on the
ions present in the subphase. Figure 7.4 shows a typical isotherm and
the state of the Langmuir film corresponding to each region of the curve.
Langmuir films of some compounds are more sensitive to temperature than
others (Telegdi et al., 2005a; Románszki et al., 2008). Table 7.1 presents
the temperature-dependent collapse pressure values in the case of two
hydroxamic acids.
Dissolved molecules in the subphase may also have an impact on the
Langmuir film. For example, bivalent cations are known to contract, stiffen
and stabilize the monolayers by forming salt-like or coordinative bridges
(Table 7.2). In the case of metal samples with an oxide layer, the influence
of cations on the layer characteristics depends on the valence and the
volume of the ions (Wang et al., 2012).
An LB film consists of one or more Langmuir monolayers transferred
onto a solid substrate via a perpendicular dipping technique (Blodgett,
1934, 1935). The transfer of the monolayer is carried out at constant surface
pressure, and in the high surface pressure region, where the packing order
of the molecules is greatest. This high degree of order will be preserved in
the LB film on the solid substrate, which accounts for its performance as a
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Table 7.2 The effect of copper (II) ions present in the subphase on the
molecular area (Å2/molecule) values of two α-amino acid derivatives,
N-(t-butoxycarbonyl)-2-hexadecyl-glycine methylester (AA16) and N-(tbutoxycarbonyl)-2-octadecyl-glycine (AA18)
Subphase
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Water
1 mM CuAc2

AA16

AA18

Ac

A0

Ac

A0

48.3
43.4

50.8
48.5

23.9
19.7

27.1
24.4

protective layer. The substrate is dipped in and pulled out through the
interface, and depending on its hydrophilic/hydrophobic nature, high quality
multilayers are formed.
The morphology and properties of the fabricated LB film strongly depend
on the conditions of preparation. The pH of the subphase is important since
it determines the dissociation state of the head groups, and hence the bonding
to the metal surface and the structure of the film (Telegdi et al., 2005a).
Another relevant parameter is the detail of the molecular structure of
the film-forming compound. The functional group determines the tilt angle
of the hydrophobic tails and thus affects the packing of the molecules.
Double bonds and bulky substituents present in the carbon chain generally
hinder the packing resulting in a more fluid-like behaviour of the film.
Chains shorter than 12–14 methylene units are too small to form stable
Langmuir and LB films.

7.4.2 Preparation of self-assembled molecular layers
In contrast to the LB films, SAM layers are formed spontaneously upon
dipping the substrate into a solution of the film-forming compound and do
not require any special equipment. The first reported SAMs were thiols on
gold (Nuzzo and Allara, 1983). Since then, countless combinations of
surfaces and functional groups have been reported.
In conventional systems, the active species adsorb from the solvent by
forming SAM layers. Compared with LB films, SAMs are formed in
equilibrium systems. The substrate can be of any shape or size but the
formation time of the SAM layer may be affected by these parameters.

7.4.3 Study and characterization of nanolayers
Monitoring the contact angle (CA) is possibly the simplest measurement
and yields information about how successful the coating procedure has
been (Románszki et al., 2013a). The principle was formulated by Young
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(1805). There are many different techniques for measuring CAs, but the
most common are the sessile drop and the Wilhelmy plate techniques.
In the first approach, a droplet is placed on the surface to be characterized,
and the contact angle formed at the gas/liquid/solid interfaces is evaluated
based on a CCD camera-captured image. This method can be used in both
static and dynamic mode. Separate measurement of advancing and receding
CAs is important for correct surface characterization (Románszki et al.,
2014). The difference of these two values is the CA hysteresis.
The principles of the Wilhelmy plate technique are also well established
(Wilhelmy, 1863). The substrate to be studied is perpendicularly immersed
in and then withdrawn from the test liquid at a known rate. One advantage of this method is that several immersion cycles can be recorded
over a relatively large area; thus the in situ changes due to breakage or
reorganization of the layer can be studied over time. Surface roughness also
affects the measured CA.
Surfaces are often composed of high and low energy domains. An example
would be a metal oxide with a loosely packed SAM. In this case, the metal
oxide mainly contributes to the receding CA whilst the SAM contributes
to the advancing CA. The Cassie–Baxter theory (Cassie and Baxter, 1944)
describes the overall CA of such composite surfaces. The measured data
allow the calculation of the surface free energy values using Neumann’s
(disputed) equations of state (Neumann et al., 1974). Zisman’s method can
also be used (Zisman, 1963) in which the surface is characterised by its
critical surface tension.
SFS is an efficient technique for obtaining information about the molecular
level order of the prepared nanofilm, which is directly correlated with its
performance as a protective layer (Keszthelyi et al., 2006). It is based on
the nonlinear optical phenomenon that occurs when a light beam with a
fixed wavelength in the visible part of the spectrum interacts with one at
infrared wavelength that scans the surface. The resulting outgoing light beam
has a frequency which is the sum of the two incoming ones. This phenomenon
is extremely surface sensitive and in a nanolayer, methylene groups in the
alkyl chains extended in an all-trans conformation do not contribute to the
sum frequency generation, they are not ‘visible’ unless their symmetry is
broken in the form of gauche defects. On the contrary, terminal methyl
groups make a strong contribution to the generation of the outgoing signal.
CH3 peaks present in the spectra indicate a highly ordered, compact film
structure with molecules in fully extended all-trans conformation. The
appearance of CH2 modes indicates gauche defects (Lambert et al., 2005).
Figure 7.5 compares the spectra of SAM layers of a saturated and an
unsaturated compound. Palmitic acid (PA) molecules pack tightly and give
rise to strong characteristic CH3 SFS peaks, while the double bond present
in the oleic acid (OA) alkenyl chain causes distorted conformations,
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7.5 Order and disorder in SAMs: SFS spectra of a saturated (palmitic,
PA) vs. an unsaturated (oleic, OA) carboxylic acid monolayer on glass
and schematic representations of the orientation of molecules within
the layers.

resulting in less intense CH3 peaks and the appearance of CH2 modes
(Románszki et al., 2008).

7.4.4 Efficiency of different types of nanolayers
against corrosion
In this section, results of the application of LB, SAM and other types of
nanolayers to metals (iron, steels, copper, and other industrially important
metals and alloys) in a corrosive environment are summarized. Types
discussed are:
•
•
•
•
•
•
•
•
•
•
•
•

alkyl amines;
alkyl alcohols;
thiols;
phosphates;
sulphates;
thiosulphates;
carboxylic acid;
hydroxamic acids;
amino acids;
phosphonic acids;
sulphonic acid;
silane derivatives.
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Alkyl amines and alcohols
Alkyl amines (C10–C18) can form SAMs on SS 316L stainless steel surfaces.
As confirmed by XPS, the amino groups are bound to the oxide-free surface
of the steel; however, the nature of the binding is not clear (Ruan et al.,
2002). Contrarily, according to Feng et al. (2007) these amines can selfassemble on an iron surface even in the presence of oxygen.
Mixed films of C14-amine and C12-thiol prepared by consecutive
immersions, however, show higher inhibition efficiencies though the reason
for this is unclear.
The use of alcohol nanolayers is not widespread. Octadecanol cannot
form a SAM layer on an oxide-free surface of stainless steel 306L (Ruan
et al., 2002).

Thiols
Historically, alkanethiol molecules in SAMs were applied to copper and
silver. The thiol group is always bound to the pure metal surface, never to
the oxidized surface. SAMs of octanethiol, dodecanethiol, hexadecanethiol,
octadecanethiol and docosanethiol protect copper from corrosion in oxygen
(Laibinis and Whitesides, 1992; Jennings and Laibinis, 1996).
Studying the corrosion of copper by XPS revealed that the SAM films of
C16–SH and C22–SH protect the metal from corrosion, but the molecules
with longer carbon chain in the SAM film offer better protection. Generally,
the protective effect is attributed to the densely packed alkyl chains that
prevent the penetration of water molecules to the metal surface. The
structural changes of the thiol films occurring during the corrosion tests
were followed by contact angle measurements in hexadecane. After two
weeks SAM films of C8–SH, C12–SH and C16–SH became completely
wettable by the hexadecane. When SAM films of 22-hydroxy-docosanethiol
(HO–C22–SH) were treated with octadecyltrichlorosilane, an alkenyl chain
with 22 + 18 methylene groups formed a double layer and this was somewhat
more effective than the simple C22–SH SAM film.
Thiol derivatives of trimethoxysilane (MPTMS) applied at optimal concentration in SAM film preparation efficiently inhibit the corrosion of
copper in 100 mM KCl solution (Tremont et al., 2000; Sinapi et al., 2004).
The highest inhibitor efficiency was obtained in the case of a 30 min SAM
formation time. Based on polarization measurements, in the presence of
dissolved oxygen the silane films behave as mixed-type inhibitors. Using the
grazing angle polarized Fourier transform infrared (FTIR) technique the
presence of a polymer was detected in the adsorbed layer, moreover, from
the absence of a S–H signal it was concluded that the silane compound is
bound to the metal by a chemical copper–sulphur bond.
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12-(N-pyrrolyl)-n-dodecanethiol SAM films formed from a 10 mM ethanol
solution on polycrystalline copper efficiently protect the metal from
corrosion, as shown by polarization and CV studies (Mekhalif et al., 2001).
The main conclusion was that the thiol molecules attach to the copper
surface by S–Cu chemical bonds when metal oxide is not present in significant
amount. The protective effect of the thiol coating against corrosion was
demonstrated also by XPS. Other studies on various alkanethiols (Yamamoto
et al., 1993), octadecanethiol (Hutt and Liu, 2005; Zhang et al., 2005),
dodecanethiol (Tan et al., 2004; Metikoš-Huković et al., 2007) are also
available.
Other studies compare nanolayers of octadecanethiol, 1-dodecanethiol
and 1-hexanethiol (Ma et al., 2003), 1-decanethiol and thiophenol (Whelan
et al., 2003). There is a comprehensive study on hexane-, octane-, decane-,
dodecane-, tetradecane- and octadecanethiol SAMs (Ishibashi et al., 1996),
another on decanethiol, dodecanethiol, hexadecanethiol, octadecanethiol
(Ruan et al., 2002) and on thiophenol and its derivatives (Tan et al., 2006).
The conclusion is that the alkyl thiols form a stable nanolayer on oxide-free
copper surfaces and that anticorrosion efficiency increases with increasing
alkyl chain length.
Phosphates
The advantage of phyitic acid is that it is a naturally occurring substance
found in vegetable seeds and bran. Its six phosphoric groups make it
especially suitable for complex formation with metals. Hao et al. (2008)
produced phytic acid coatings on CuNi 70/30 samples by simple immersion.
In 3% NaCl solution, EIS and photoelectrochemical measurements were
performed on the samples in order to test the anticorrosion efficiency
of the formed SAM layers. The morphology of the layers formed was
investigated by scanning electron microscopy (SEM), and their composition
by energy dispersive spectroscopy (EDS). It was found that a phytic acid
layer is formed relatively easily on a CuNi 70/30 alloy surface. The inhibition
efficiency was correlated with the phytic acid concentration and immersion
time. Samples prepared by immersion on timescales between 1 and 8 h
exhibited 73–91% inhibitor efficiency.
Sulphates and thiosulphates
There is little published in the literature on sulphate nanolayers. One good
example is a study on sodium dodecyl sulphate and ammonium dodecyl
sulphate (Hong et al., 2005). Some authors (Lusk and Jennings, 2001) suggest
that SAM films of sodium S-alkyl thiosulphate (R–S–SO3−Na+) of various
carbon chain lengths (8, 10, 12 and 14) might be potential alternatives to
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the traditional thiol-based SAMs as protective layers against the corrosion
of copper. As the authors correctly point out, the main advantage of such
thiosulphates, in contrast to thiols, is that they are water-soluble and more
easily applied in industry. The results of EIS, IR, contact angle and XPS
measurements indicate that short-chained compounds give lower quality
films and thus provide only modest corrosion protection, while SAM films
of longer chain compounds are more compact and protect the metal better.
However, thiosulphate SAMs are generally less packed, less ordered and
less crystal-like than the corresponding thiol SAMs and thus provide lower
protection.
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Carboxylic acids
Other types of amphiphiles that can form self-assembled molecular layer
on metal surfaces are the alkyl carboxylic acids. In corrosive environments,
stearic acid nanolayers were deposited and their inhibiting efficiency
investigated (Románszki et al., 2008; Raman et al., 2010). Other studies
include palmitic acid on aluminium (Tao et al., 1996), sodium oleate (Li
et al., 2006) and 12-aminolauric acid (Ghareba and Omanovic, 2010) and
demonstrate the usefulness of these layers in mitigation of corrosion.
Studies have shown that longer alkyl chains offer better protection, and
the influence of ω-substituents has also been investigated (Raman and
Gawalt, 2007; Sahoo and Biswas, 2009). Aramaki and Shimura (2004)
studied the efficacy of sodium salts of lauric, myristic, palmitic, stearic and
16-hydroxy palmitic acid on passivated iron. The anticorrosion efficiency
increased with increasing hydrophobic molecular part, but the presence of
a substituent in the alkyl chain disturbed the formation of a compact
nanolayer, which led to decreased anticorrosion efficiency.
Hydroxamic acids
Fatty hydroxamic acids are another class of potential candidates in corrosion
protection. Results are detailed in Telegdi et al. (2004, 2005b, 2006, 2007,
2008, 2010), Rigó et al. (2005), Románszki et al. (2007) and Raman et al.,
(2010). As the efficiency results presented in Tables 7.3 and 7.4 show, the
molecular layers are capable of diminishing the corrosion rate. The influence
of the chain length and the deposition time on the quality of the formed
SAM layer are presented in Figs 7.6 and Table 7.3. With both increasing
chain length and deposition time, the ordering of layers (according to the
reflection adsorption infrared spectra (RAIRS)) as well as the anticorrosion
efficiency (as proven by polarization resistance values obtained from EIS
measurements) increases. These nanolayers are more efficient in prevention
of pitting corrosion of copper than fatty carboxylic acids (Románszki et al.,
2008).
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Table 7.3 Influence of SAM layer formation on anticorrosion
efficiency (Rp: polarization resistance; film-forming compound:
hexadecanohydroxamic acid; medium: 0.1 M NaClO4; temperature:
25 °C)
EIS after →

1h

20 h

Rp [kΩ cm2]
5
106
2564

15
305
8596

Table 7.4 Polarization measurement: anticorrosion efficiency of
Langmuir–Blodgett films deposited onto iron (Ecorr: corrosion potential;
jcorr: corrosion current density; η: anticorrosion efficiency; medium:
0.1 M NaClO4, pH = 7; temperature: 25 °C; C18P: 1-phosphono
octadecane; C18N: octadecanohydroxamic acid)
Iron

Ecorr [mV]

jcorr [μA cm−2]

η [%]

Blank
With C18P
With C18N

−412
−268
−251

2.36
0.13
0.09

–
94
96

12
Absorbance 104
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7.6 RAIRS spectra of SAMs of hydroxamic acids with various chain
lengths (10–18). Intensities of the detected characteristic methyl and
methylene peaks increase with increasing chain length.
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7.7 AFM images of copper surface after immersion in NaCl solution:
(a) bare copper surface after 20 min; (b) copper surface protected by a
SAM layer of octadecanohydroxamic acid after 60 hours. Scanned
areas: 50 × 50 μm2; height/depth scale: ±1000 nm.

Figure 7.7 demonstrates how a self-assembled molecular layer can inhibit
pitting corrosion. The copper surface held in NaCl solution for 20 minutes
is full of pits, but the pre-coated surface is still smooth after 60 hours. As
confirmed by CA, SFS and also AFM studies, high quality, closely packed,
well-ordered protective LB films are formed if the chain length is suitably
long (16–18 carbon atoms), and when the temperature is kept relatively low
(around 20 °C). The quality of these LB films is better than those of the
corresponding SAM films. According to the results of polarization
experiments run with copper samples coated with such SAM and LB films,
the corrosion inhibition efficiency is up to 85%, higher in the case of the
SAM layers and improves with increasing chain length (Tables 7.4 and 7.5)
(Telegdi et al., 2005a).
XPS and SFS studies revealed that octadecanohydroxamic acid LB
layers are compact and well ordered, adopting a predominantly all-trans
conformation, irrespective of the substrate. On a copper surface, the
amount of hydroxide species present decreased after surface modification,
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Table 7.5 Polarization measurement: anticorrosion efficiency of SAM
layers deposited onto copper surface (Ecorr: corrosion potential; jcorr:
corrosion current density; η: anticorrosion efficiency; medium: 0.1 M
NaClO4, pH = 7; temperature: 25 °C; C10N: decanohydroxamic acid,
C12N: dodecanohydroxamic acid; C16N: hexadecanohydroxamic acid;
C18N: octadecanohydroxamic acid)
Copper

Ecorr [mV]

jcorr [μA cm−2]

η [%]

Blank
C10N SAM
C12N SAM
C16N SAM
C18N SAM

−26
−36
−38
−39
−40

0.91
0.13
0.17
0.16
0.14

–
76
81
82
85

Table 7.6 Correlation between the surface energy of bare and
LB-coated copper and iron surfaces and the number of adhered
microorganisms (C18N: octadecanohydroxamic acid; C18P:
1-phosphono octadecane)

Iron
+C18N LB monolayer
+C18P LB monolayer
Copper
+C18N LB monolayer
+C18N LB multilayer

Surface energy
(mJ/m2)

Surface density of
microorganisms in
biofilm (cell/cm2)

62.99
25.06
42.39
56.67
25.66
21.28

5.2
3.6
1.6
1.2
6.8
1.7

×
×
×
×
×
×

105
103
105
105
102
102

indicating that metal hydroxide is necessary for fixing the organic molecules.
It is probable that water is desorbed during the binding of the molecules
(Keszthelyi et al., 2006).
Oleohydroxamic acid and stearohydroxamic acid in SAM layers
were compared (Románszki et al., 2008) as well as decanohydroxamic
acid and octadecanohydroxamic acid SAMs (Alagta et al., 2008) and
dodecanohydroxamic acid, octadecanohydroxamic acid, 12-hydroxy
octadecanohydroxamic acid and a hydroxamic acid polymer (Deng et al.,
2008). Results showed that in SAM layers of molecules with double bonds,
the anticorrosion as well as the antifouling efficiency decreases due to the
disturbed conformation of the carbon chain.
Anticorrosion and antifouling activity has been studied in parallel in the
presence of phosphonic and hydroxamic nanolayers. When molecular films
of these amphiphilic molecules cover iron and copper surfaces they can
effectively control the corrosion and, at the same time, the microbial
adhesion as shown in Table 7.6. The presence of hydrophobic nanolayers
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decreases the surface energy and consequently the number of adhered
microorganisms is by orders of magnitudes lower.
Amino acids
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Arginine SAM coatings formed on a pure copper surface show a degree of
anticorrosion effect in acidic solution (Zhang et al., 2009). According to EIS
polarization measurements, the inhibitor efficiency of the layers reaches a
maximum of 63%. The same research group investigated the inhibitor effect
of histidine SAM coatings also under acidic condition (Zhang et al., 2010a,
2010b). In the presence of iodide ions, the anticorrosion efficacy of the SAM
layers increased by up to 75%.
Phosphonic acids
Phosphonic acid nanolayers have also been studied (1H,1H,2H,2Hperfluorodecyl phosphonic acid, 1-octyl, 1-decyl and 1-octadecyl phosphonic
acids) (Rigó et al., 2005; Telegdi et al., 2005b; Keszthelyi et al., 2006; Hoque
et al., 2009; Raman et al., 2010). These works showed that with increasing
carbon chain length, the compactness of the surface SAM layer improves
and the anticorrosion and antifouling effect significantly increases. When
protein-repellent polymeric nanolayers are prepared, the application of an
octadecyl phosphonic acid SAM primer enhances the layer efficiency (Yang
et al., 2013).
Sulphonic acids
A good example of protective sulphonic acid nanolayers is provided by
1-octadecanesulphonic acid (Raman et al., 2010).
Silane derivatives
Silane derivatives in nanolayers have also been extensively studied
as potential corrosion inhibitors. An example involves 1H,1H,2H,2Hperfluorodecyltrichlorosilane (Hoque et al., 2006). The efficacy is explained
by the high hydrophobicity of the layer.

7.5

Self-healing coatings against corrosion and
biofilm formation with nano-/microcapsules and
nano-/microspheres

7.5.1 The principle of self-healing
Self-healing is observed in biological systems. For example, in the
case of scars forming on skin the damaged tissue regenerates. The
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microcapsule-driven self-healing of artificial coatings is similar to such
processes in living systems. Small hollow vessels, core–shell structured
spheres (in the nano- or micrometre range) immobilize a specific glue-like
fluid in the coating layer. In case of external or internal mechanical stimuli
(cuts, crackings, scars) these containers break up within the paint matrix,
and release their fluid content along the damaged site. The healing
mechanism is finished when the liquid, ‘healant’, solidifies through drying
or polymerization, forming a protective layer between the damaged coated
substrate and the corrosive environment. Self-healing materials are a
combination of initiators, catalysts and co-monomers that are present in
the environment, in the paint matrix or are released from other types of
capsules embedded in the same coating (Ghosh, 2006; Wu et al., 2008;
Mauldin and Kessler, 2010; Samadzadeh et al., 2010; Murphy and Wudl,
2010).
Certain types of functional paints are slow-release coatings that contain
active agents entrapped in a usually solid matrix-structured carrier. Slowrelease is generally attributed to coating systems that require prolonged
and continuous self-healing efficiency against corrosion or biodeterioration
without the burst-out phenomenon (the early-stage fast release of active
agents). The objective of entrapment of active materials into microsphere
matrices is to slow the release rate through the coating, thus ensuring a
long-lasting effect (Ghosh, 2006; Zheludkevich et al., 2012).
There are two main types of carrier structures: capsules and spheres.
Capsules are spherical, hollow containers with an outer protective shell
and inner core (active) material. Spheres have a matrix structure with
solid, usually homogeneous, chemical and physical composition with
active materials dispersed within. Based on diameter, both are sorted into
nano- and microcapsules/spheres.

7.5.2 Core–shell structures
A broad spectrum of polymers are suitable for shell formation: polyurethanes, polyesters, polyamides, melamine resins, polyureas, polysiloxanes,
polyacrylates and its copolymers (Podszun et al., 2002), hydrolysed polyvinyl
acetate (or hydroxy/alkyl-cellulose derivatives), phenolic resin, urea–
formaldehyde (Reybuck et al., 2008), melamine–urea–formaldehyde resin
(Tong et al., 2010), silica gel, etc.
Slow-release microcapsules often consist of gelatine and a polyionic
substance: gum arabic (Guarda et al., 2011, Miale et al., 1981), polyphosphate,
alginate, carboxymethyl cellulose, carrageenan, ethylene/maleic/acrylic acid
copolymers (Mihm et al., 1995; Podszun et al., 2002). Cross-linking agents
are glutaraldehyde, tannic acid (Miale et al., 1981) and quinone (Mihm et
al., 1995).
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As core materials, hydrophobic tributyltin chloride/fluoride (Miale et al.,
1981) or essential oils thymol, carvacrol (Guarda et al., 2011), 4,5-dichloro2-n-octyl-3(2H)-isothiazolone (Hart et al., 2009), 2-n-octyl-3(2H)isothiazolone, benzisothiazolinone, pyridine-triphenylborane, Diclofuanide,
Chlorothalonil, Irgarol, Folpet, Diuron (Podszun et al., 2002; Reybuck et al.,
2008; Hart et al., 2009) are applied. Tributyltin derivatives have been banned
since 2008 because of their toxicity (Dafforn et al., 2011).
The most common core substances for self-healing systems are
dicyclopentadiene and Grubbs catalysts (White et al., 2001), epoxy resins
(Liu et al., 2012; Zhao et al., 2012), diglycidyl ether bisphenol-A based
epoxy resins with an imidazole hardener (Rong et al., 2007), epoxy
resins with mercaptan hardener (Yuan et al., 2008a), vinyl-functionalized
poly(dimethylsiloxane) resins and platinum catalysts (Keller et al., 2007),
styrene (Wang et al., 2008, 2009), polythiol epoxy hardeners (Yuan et al.,
2008b), reactive amines (McIlroy et al., 2010), diisocyanate resins (Yang
et al., 2008) and methyl methacrylate (He and Shi, 2009). Drying oils can
be used in coatings in contact with air: linseed oil (Szabó et al., 2011; Boura
et al., 2012; Nesterova et al., 2012; Selvakumar et al., 2012), tung oil
(Samadzadeh et al., 2011) and water-reactive silyl ester (García et al., 2011).
Shell materials are polyurethane, amino or phenolic resins, and silica.

7.5.3 Nano-/microspheres
Micro- and nanospheres are dense, polymeric matrices or porous, spongelike structures with active substances dispersed in the matrix or loaded
into the pores. Active components tend to leach in a moist environment.
For antifouling purpose, biocides are encapsulated into various carriers:
zinc pyrithione in 2–10 nm silica aerogel particles (Wallström et al.,
2011), 3-iodoprop-2-ynyl N-butylcarbamate in porous silica microspheres
(Sørensen et al., 2010), silver nanoparticles in gelatinous microparticles
(Szabó et al., 2011), medetomidine in poly(methyl methacrylate)
microspheres (Nordstierna et al., 2010), medetomidine, Sea-Nine, Irgarol,
tolylfluanid in poly(methyl methacrylate) (Mok, 2010) and in hydroxystyrene
homo- and copolymer microspheres (Ghosh et al., 2003), isothiazolinone
derivatives in acrylic microgels (Gold et al., 2003), in acrylate, gum arabic,
formaldehyde–melamine resin microparticles (Baum et al., 2008), or
adsorbed on the surface of carbon, silica and zeolite microparticles (Dai
et al., 2004; Aldcroft et al., 2005).
Anticorrosive self-regeneration is realized by slow, mostly pH-triggered
release of inhibitors from micro- or nanoreservoirs (Shchukin and Möhwald,
2007; Motornov et al., 2010). Lately, various compositions have been
considered: cerium(III) in zeolite microparticles (Dias et al., 2012), mercaptobenzothiazole in cerium molybdate hollow nanospheres (Montemor
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et al., 2012), cerium nitrate in zirconia nanoparticles (Zheludkevich et al.,
2005), triethanolamine in methacrylate–styrene nanoparticles (Choi et al.,
2012) and benzotriazole in mesoporous silica nanoparticles (Borisova
et al., 2011; Zheludkevich et al., 2007).
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7.5.4 Nano- and microencapsulation techniques
Encapsulation methods all require the development of a solid layer around
the effective materials (Samadzadeh et al., 2010). Methods to achieve
encapsulation can be divided into chemical and physical or physicochemical
processes. Each method has its advantages. Generally, physical techniques
are faster and relatively simple compared with chemical ones. Chemical
techniques have the advantage of resulting in a precisely tuned capsule
structure that is especially applicable to slow-release systems. By chemical
techniques, the formed shell is a chemically new material composed of
former reactants, while physical methods are mostly based on phase
separation of the shell material so that its chemical structure doesn’t change
during the process.
The following discussion considers chemical microencapsulation techniques. To prepare core–shell capsules, liquid core substances are emulsified
in a non-miscible medium, thus oil-in-water or water-in-oil micro- or macroemulsions are often used. The shell-forming compounds are dissolved in the
continuous phase (emulsion polymerization) or in both the continuous
and non-continuous phase (interfacial polymerization) and throughout
polymerization reactions (addition, condensation) they form a polymeric
layer at the oil/water interface (Nesterova et al., 2011).
When powdery core materials are dispersed in a liquid phase, the shell
may be developed on the surface by reactions similar to those in the case
of liquid core droplets. Preparation of solid matrix microspheres is carried
out by dispersion polymerization. The components of the matrix material
and the active substances are dissolved in the same liquid phase and then
this liquid is dispersed in a non-miscible liquid. The polymerization reaction
takes place in the droplets.
Turning to physical or physicochemical techniques, coacervation, sol–gel
deposition, layer-by-layer deposition, and solvent evaporation techniques
with modifications can be used to prepare capsules as well as spheres.
Simple coacervation is a phase separation phenomenon on that occurs
when the solubility of a dissolved hydrocolloid is reduced. Complex
coacervation (phase separation) happens also in a liquid phase when a
charged polyelectrolyte is added to an oppositely charged component
(Mihm et al., 1995). Both processes are suitable for shell-deposition from
an aqueous phase onto surfaces of oil droplets or solid powders. The

Copyrighted Material downloaded from Woodhead Publishing Online
Delivered by http://www.woodheadpublishingonline.com
Judit Telegdi (986-88-164)
Friday, March 14, 2014 4:12:03 AM
IP Address: 193.224.67.126

162

Handbook of Smart Coatings for Materials Protection

coacervation method usually results in permeable, porous shells applicable
to slow-release coatings (Grigoriev et al., 2012).
Sol–gel deposition is a multi-step process: silica or metallic alkoxides
hydrolysed in aqueous medium go through a condensation reaction with
the elimination of water, providing a solid material (e.g. Stöber silica) that
can be deposited onto oily surfaces or else forms solid matrix spheres.
Layer-by-layer deposition is a method to fabricate thin layers of oppositely
charged polyions on surfaces. By this process, one can deposit molecules or
nanoparticles onto droplets to yield a shell with a well-defined structure
(Sonawane et al., 2012).
By the solvent evaporation technique, a solution of polymer with active
agent is dissolved in a volatile solvent (Nordstierna et al., 2010; Mok, 2010)
and dispersed in an aqueous medium to obtain the desired droplet diameter.
The organic solvent is removed by heating in a vacuum. If the active
substance is solid, the remaining material is a solid matrix sphere with
dispersed active agent. In the case of a liquid active material, by evaporating
the solvent the liquid will be enclosed in the polymer as a result of phase
separation.
Fluid bed coating is a method for coating fluidized powder-like materials
with vapours of shell material solution.

7.5.5 Single-, double and multi-shelled capsules
Increasing the shell width of a capsule is necessary if the permeability or
the mechanical stability of the layer is not satisfactory. Preparation methods
for different layers may differ. Shells of slow-release microcapsules in
solvent-based paints must resist the solvent but should be hydrophilic
enough to ensure water accessibility. This criterion can be fulfilled, for
example, with a stable melamine–formaldehyde resin and a hydrophilic
urea–resorcinol–formaldehyde combination (Reybuck et al., 2008). It is also
possible that shells formed by interfacial polymerization are mechanically
stable but their solvent stability is poor (e.g. polyurethane). A second or
further layer (e.g. urea–resorcinol–aldehyde) can be deposited from the
aqueous phase by emulsion polymerization, precipitation or coacervation.

7.5.6 Characterization of microparticles
Size distribution of particles can be determined by microscopy (optical or
scanning/transmission electron microscopy (SEM, TEM)) or light scattering
methods. Measuring shell wall thickness is also possible by SEM after proper
sample preparation (Fig. 7.8). Surface characteristics, e.g. morphology, can
be visualized by microscopes. For detailed information, AFM is necessary.
Specific surface area is usually calculated from gas adsorption results.
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(a)

(b)

7.8 Scanning electron microscope images of urea–formaldehyde
core–shell capsules with diameter around 80 μm. Intact (a) and broken
(b) capsule, revealing shell thickness.
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Characterization of mechanical stability is also possible with AFM or
nanoindentation (Lee et al., 2012; Su et al., 2012). The chemical structure
of polymer-containing capsules is determined by differential scanning
calorimetry with regard to the glass transition temperature (Tg) and thermal
stability (Zhao et al., 2012), FTIR spectroscopy, nuclear magnetic resonance
(NMR) spectroscopy, and small and wide angle X-ray spectroscopy. The
encapsulated substance can be quantified by X-ray and UV-VIS spectroscopy,
microscopy, and quantitative NMR methods (Nordstierna et al., 2010).
Further investigations on release properties generally involve liquid or gas
chromatography, atomic absorption/emission spectroscopy, etc.

7.5.7 Compatibility of microcapsules with
paint components
The question of compatibility addresses two main points: stability of the
capsules in liquid paint and the duration for drying of the layer. The stability
of capsules in liquid paints is called in-can stability, and is demonstrated by
the amount of released active material during storage, measured after 90
days and at a given temperature (Reybuck et al., 2008). After applying the
paint with capsules or spheres, the coating should not contain inner strains
or show visual disturbance. Cohesion between capsules and binder can be
improved by surface modification or using shell material similar to the
coating components, e.g. sol–gel coatings with silica particles (Borisova
et al., 2011).

7.5.8 Release of the active substance
The release mechanism of encapsulated or encaged corrosion and
fouling inhibitors varies with the structure of the carrier (Fig. 7.9). Matrix
type particles placed in an aqueous environment with given parameters
(temperature, pH, ionic strength) take up a certain amount of water
depending on their structure and this permits continuous leaching of the
active materials by diffusion. The timing and release rate can be controlled
through a carefully constructed composition.
From core–shell capsules, self-healing materials are released upon rupture
of the capsule shell (Fig. 7.9). Corrosion inhibitors and antifoulants leach
out, hence shell permeability should be adjusted by the ratio of hydrophobic–
hydrophilic monomers or shell thickness. Melamine–formaldehyde resin
forms very stable shells with low permeability to both solvents and water
(Reybuck et al., 2008).
Antifoulants from paint leach into an aqueous environment, repulsing or
destroying organisms and should therefore be added to the cover paint
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(a)

Release

(b)

Release

(c)

7.9 Illustration of structure and release mechanism of microcontainers; (a) core–shell capsule with permeable shell, slow release
by diffusion: (b) core–shell capsules with dense shell, release at
rupture of capsule wall; (c) solid matrix or porous sphere, slow-release
by diffusion.

layer (Fig. 7.10). Release characteristics are investigated by a comparison
of paints with free and encaged active components in deionized or model
water (Mok, 2010) using chromatography (Guarda et al., 2011), UV-VIS
spectrophotometry (Wallström et al., 2011), radioactivity measurements
with isotope labelling (Mok, 2010; Nordstierna et al., 2010) and atomic
absorption spectroscopy. Release rates from capsules and solid spheres, as
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(a)

(b)

Substrate
(c)

(d)

7.10 Illustration of coatings with microcapsules and microspheres. For
anticorrosion purposes, micro- or nanocarriers are embedded in the
primer: core–shell capsules with self-healing liquid (a), slow-release
spheres with homogenously dispersed inhibitor (b). For antifouling
purpose, carriers are in the top coat: slow-release spheres (c) and
core–shell capsules with permeable shell (d).

well as from paints, decrease with time though the blending of encapsulated
and free substances in the paint may lead to an equilibrated flux of the
active agent (Reybuck et al., 2008).
The self-healing material remains adhered within the wounds of the
paint. To preserve the continuity of the coating under wet conditions, drying
of healing liquid must be accelerated. Efforts have been made towards
combinations of healing agents and corrosion inhibitors reducing the
decay of metal substrate during the healing process (Kumar et al., 2006;
Selvakumar et al., 2012).

7.5.9 Assessing the efficiency of coatings
On antifouling coatings, microbial adhesion tests, optical monitoring, weightgrowth rate measurements, raft or yacht tests, laboratory tests with natural
water or model water (Wallström et al., 2011) are performed. For
investigation of corrosion phenomena, visual observations, salt spray tests,
electrochemical measurements and elemental analyses are usually
carried out.
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Surface visualization
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Macro- and microscopic visualization of coatings gives information on
anticorrosive and antifouling efficacy. Foulants and corrosion products on
coated surfaces can be easily observed by eye; microbes in thinner biofilms
should be stained with dyes for fluorescence microscopic visualization.
Visibility of self-healing agents encapsulated or released can be enhanced
by colorants and pigments for optical monitoring; contrast materials for
element spectroscopy, and energy dispersive X-ray spectroscopy help the
identification of biofouling. For detailed mapping of the corrosion and
fouling site, photoelectron spectroscopy and scanning probe microscopy is
also used.
Electrochemical techniques
Electrochemical techniques have great importance in the characterization
of anticorrosive coatings and are able to determine the corrosion rate and
permeability of the paints in a corrosive environment. EIS measures the
impedance of a substrate through damaged or undamaged coating as a
function of frequency and time (Montemor et al., 2012). EIS spectra have
relevance in the determination of global corrosion mechanisms. Additionally,
electrochemical techniques may be used to measure the corrosion of metals
with organic coatings using, for example, the scanning vibration electrode
and scanning Kelvin probe techniques (Grundmeier et al., 2000; Valentinelli
et al., 2002; Deflorian et al., 2003; Fedrizzi et al., 2003).
It is important to follow and quantify the corrosion phenomenon of
coatings with encapsulated materials that act only in the case of damage
(thin cracks or scratches). Local corrosion along coating discontinuities can
be monitored by SEM (Montemor et al., 2012) and scanning electrochemical
microscopy (Zheludkevich et al., 2005; Pilbáth et al., 2012). The current of
the scanned surface over a scratched coating is decreased significantly by
the presence of microcapsules in the coating (Fig. 7.11).
Microbiological methods
The antimicrobial efficiency of the coating can be determined by agar plate
tests. The released biocide will inhibit the cell-growth in a growing halo
around the coated substrate. This halo is called the zone of inhibition
(ZoI), and its size is representative of the efficiency of the coating.
An important microbiological method is the determination of minimal
inhibitory concentration when the biocide visibly inhibits the microbial
growth after an overnight incubation (Andrews, 2001). Liquid media tests
show the inhibition effect of microparticles or paints submerged in
inoculated aqueous media.
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7.11 Corrosion current measured by scanning electrochemical
microscope across the scratches on coating without (Ⴜ) and with (Ⴠ)
microcapsules.

Testing the efficacy of self-healing coatings in a corrosive environment
A corrosive environment is mimicked with a test medium that contains
electrolyte (perchlorate, sulphate, etc.) and pH-controller/corrosive compound (perchloric acid, chloride ion, oxygen, salts). Liquid healants in
coatings need time to set after release, otherwise no sealing efficacy will be
observed. The advantage of this solution is that once the solid layer is set,
the metal surface is protected. In some cases, the active inhibitor slowly
releases from a sponge-like capsule when a certain corrosive pH (trigger)
is reached in the crack or scratch. Their disadvantage is that efficiency
decreases in time with the exhaustion of the carrier capsules.
Efficacy of slow-release particles in paints on microbial accumulation in
the presence of micro- and macroorganisms
Encapsulation of thymol and carvacrol leads to controlled release efficiency against Escherichia coli, Staphylococcus aureus, Listeria innocua,
Saccharomyces cerevisiae, and Aspergillus niger (Guarda et al., 2011).
Against fungus Cladosporium cladosporioides, isothiazolinone-loaded
carriers in paint films retain more biocidal activity after leaching than those
containing free biocides (Edge et al., 2001).
The controlled release from paint films with 3-iodo-2-propinylbutylcarbamate (IPBC) encapsulated in microparticles as well as with IPBC
in model solution has been tested and resulted in prolonged release of

Copyrighted Material downloaded from Woodhead Publishing Online
Delivered by http://www.woodheadpublishingonline.com
Judit Telegdi (986-88-164)
Friday, March 14, 2014 4:12:03 AM
IP Address: 193.224.67.126

Use of nano-/microlayers, self-healing and slow-release coatings

169

encapsulated biocide compared to IPBC in reference solution (Sørensen
et al., 2010). Raft and yacht tests have shown that paints with acrylic resin
and hydrogenated resin binder, embedded with zinc pyrithione-loaded
silica aerogel nanospheres, show extended water uptake and the coating
shows similar efficacy compared to commercial paints (Wallström et al.,
2011). In laboratory tests, paints with encapsulated silver nanoparticles
showed sustained silver release and more efficient antifouling effect than
those with free silver compounds (Szabó et al., 2011). When the antifouling
silver was not dispersed in microspheres but distributed directly in the
paint, its dissolution rate increased and the antifouling timespan decreased.
The silver in the solid matrix guaranteed a prolonged inhibition against
microbial deposition (Fig. 7.12). Medetomidine in poly(methyl methacrylate)
spheres shows a slower and balanced release for both water and solventbased wall paints (Nordstierna et al., 2010).
Efficacy of slow-release and self-healing particles against corrosion
Realization of coatings with micro- or nanocontainers is still in an
early development stage but there are promising results based mostly on
electrochemical measurements which were carried out in acidic or neutral
media. Slow-release systems with good corrosion resistance under acidic
pH were obtained using benzotriazole in mesoporous nanoparticles
embedded into SiOx/ZrOx sol–gel coating on AA2024 alloy (Borisova
et al., 2011). Benzotriazole in polyelectrolyte layers formed around ZnO
nanoparticles mixed in alkyd resin on mild steel showed good corrosion
resistance under pH 3–7 with sustained inhibitor release (Sonawane et al.,
2012). Zheludkevich et al. reported the modification of sol–gel films applied
on AA2024 alloy with cerium nitrate-loaded zirconia nanocontainers
(Zheludkevich et al., 2005) and with benzotriazole in polyelectrolyte layers
of silica nanoparticles (Zheludkevich et al., 2007). Both films were resistant
to corrosion and the barrier properties were not reduced by the addition
of nanocontainers. Epoxy primers on galvanized steel, containing a
mercaptobenzothiazole inhibitor in cerium molybdate showed weaker
barrier properties but good results during longer exposure. The same
inhibitor in layered double hydroxide nanoparticles performed well during
early exposure as the barrier properties were not affected (Montemor
et al., 2012). Attempts were made towards simultaneous encapsulation of
corrosion inhibitors and film-forming healing agents (e.g. CeO2 and Cr2O3
nanoparticles in linseed oil). These capsules improved the self-healing of
epoxy resin applied on mild steel (Selvakumar et al., 2012).
Self-healing driven by film formation of an encapsulated liquid is being
widely investigated. There are encouraging results on self-healing of epoxy
resins on AA2024 alloys by water-reactive silyl ester in urea–formaldehyde
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(a)

(b)

7.12 Biofouling on coated mild steel surfaces dipped into natural
water: (a) coated surface before experiment; (b) coated surface
without additive, after 27 weeks; (c) coated surface with dispersed
silver compound, after 27 weeks; (d) coated surface with microspheres
that contained silver nanoparticles, after 27 weeks.

shells (García et al., 2011), sol–gel silica coatings on AA2024 alloys by
methyl methacrylate in silica gel microcapsules (He and Shi, 2009), epoxy
resins on carbon steel by epoxy binders in epoxy–amine shells (Liu et al.,
2012), epoxy resins on carbon steel by linseed oil in urea–formaldehyde
shells (Boura et al., 2012), and epoxy resins on carbon steel by tung oil in
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(c)

(d)

7.12 Continued

urea–formaldehyde shells (Samadzadeh et al., 2010). Liquid paints with
capsules are also an active area of research, with most of the coatings
applied under low mechanical stress. Spray-applying is not yet in practice
(Keller et al., 2007). Capsules reduce adhesion when embedded directly
onto a layer near to the metal surface (Keller et al., 2007), with the exception
that sol–gel particles bond covalently onto oxide layers. In certain cases
inhibitors change the coating structure thus their encapsulation improves
barrier properties (Dias et al., 2012).
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7.6

Conclusion

In this chapter, a broad range of surface protection by different nano- and
microcoatings against corrosion and microbial adhesion has been discussed.
The selection of molecules, nano- and microparticles and coatings depends
on the solid to be protected from electrochemical and microbial corrosion
as well as from the environment (pH, temperature, dissolved ions, etc.). The
adhesion of Langmuir–Blodgett and self-assembled molecular layers to
solid surfaces is determined by the surface state of the metal. Some groups
of molecules prefer an oxide layer where they are chemisorbed. Others can
adhere only to pure metals. These densely packed nanolayers can prevent
the penetration of aggressive ions to the metal surface. Anticorrosion and
antifouling activity increases with increasing hydrophobicity of the surface.
Reduction of surface energy results in increased repellent activity.
Results on preparation, characterization and use of micro- and nanocapsules as well as particles embedded in coatings used against corrosion or
microbial adhesion have been summarized. The principles of self-healing and
slow-release mechanism have been demonstrated. Through engineered
matrix or capsule shell, an appropriate release of inhibitors and antifoulants
can be achieved. For the present, the mechanisms of action of capsules
against corrosion represent two separate ways, namely, sustained release
and trigger-induced (shell-breaking) mechanism, their development goes
in parallel.
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