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ARTICLE INFO ABSTRACT

Keywords: The use of micron sized nanoporous diatom algae exoskeletons for inhibitor storage and sustained corrosion
Diatomaceous Earth protection of coated aluminium structures upon damage is presented. In this concept the algae exoskeleton
Microcarrier allows local inhibitor loading, limits the interaction between the cerium and the epoxy/amine coating and allows
Biosm“_a . for diffusion-controlled release of the inhibitor when needed. The inhibitor release and corrosion protection by
fr?}:;illzz Inhibitor loaded exoskeletons was evaluated by UV/Vis spectrometry, a home-built optical-electrochemical setup, and
Raman Raman spectroscopy. Although this concept has been proven for a cerium-epoxy-aluminium alloy system the
EIS main underlying principle can be extrapolated to other inhibitor-coating-metal systems.
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1. Introduction

Two of the major challenges faced by scientists replacing toxic and
carcinogenic hexavalent chromium (CrVI) —based corrosion inhibitors
by environmentally friendly ones are (i) the reduction of the negative
inhibitor-coating matrix interactions that limit the new inhibitors effi-
ciency, and (ii) the control over the release of the inhibitor in time [1].
For this reason several encapsulation methods have been proposed in
the last decade. The most common and successful concepts use 2 di-
mensional (2D) inorganic nanoparticles (e.g. montmorillonites [2],
bentonites [3] and hydrotalcites [4]) and since more recently 3 di-
mensional (3D) inorganic nanocarriers (e.g. zeolites [5,6] and halloy-
sites [7]). Such carriers allow controlling the inhibitor release by dif-
ferent mechanisms (e.g. diffusion, pH, redox, ion exchange) while at the
same time prevent unwanted inhibitor reactions with the surrounding
polymer matrix and too fast inhibitor release leading to blistering [1].
Despite the significant progress and reported evidence for nanocarriers
yielding protection of small damages (< 100 pm width scratches) for
short periods of immersion time, their long-term protection of relatively
large damages is constantly under question. This, together with their
limited versatility, often synthesis complexity and insufficient local
release capacity motivates the constant search for alternatives. In this
work we introduce the use of diatom algae exoskeletons as carriers for
corrosion inhibitors allowing lower inhibitor-matrix interactions, high
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local inhibitor storage and time-based release leading to sustained
protection at damaged coated metals under immersion in salt solution.

Diatoms are a major group of unicellular algae with the unique
feature of forming highly ordered hollow nanoporous silica exoskele-
tons (named frustules). Each of the estimated 100.000 extant species as
well as the species found as mineral (diatomaceous earth) has a dis-
tinctive frustule (typically two symmetric sides hold together) which
varies in size (from 2 pm to 4 mm), shape (star, cylinder, disk, oval, etc)
and nanopore distribution and size [8]. For their characteristics the
diatom exoskeletons are described as forming “pill-box” structures [9].
The availability, morphological characteristics and potential applica-
tion of the bio-based diatom exoskeletons as carriers has recently at-
tracted significant attention in the biomedical field where their use as
drug delivery systems in fluid media has been studied [10-18].
Nevertheless, to the best of our knowledge, no dedicated studies of such
silica based structures for corrosion inhibition have been reported in the
scientific literature.

The proof of concept is here demonstrated for an epoxy-amine
coating on an aerospace aluminium alloy AA2024-T3 system. Cerium
nitrate was used as the model corrosion inhibitor for two reasons: (i)
trivalent cerium (Ce*) ions are known for being excellent corrosion
inhibitors in copper-rich aluminium alloys as AA2024-T3, and (ii) the
industrial application of cerium containing inhibitors is highly limited
by its reactivity with the surrounding coating matrix [19,20]. Cerium
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nitrate was here stored into refined diatomaceous earth (DE) and its
loading, release kinetics and corrosion inhibition efficiency of bare A-
A2024-T3 in salt solution studied by real-time UV/VIS spectroscopy,
scanning electron microscopy (SEM), energy-dispersive X-ray spectro-
scopy (EDS) and Raman spectroscopy. The active corrosion protection
of the cerium-loaded DE particles (Ce-DE) was then evaluated in a
particle-loaded epoxy coating by a home-made in-situ optical-electro-
chemical setup after creating highly controlled scratches of 130 um
width at the bottom of the scratch. The results obtained are compared
to those obtained for an unloaded epoxy coating and two epoxy coat-
ings directly loaded with cerium nitrate and potassium dichromate re-
spectively. Although potassium dichromate is not typically used in
coating systems due to its high solubility leading to blistering, the very
fast action and high efficiency to protect large damages after short
immersion times makes it a very useful model inhibitor to compare to
and was therefore used in this study. The in-situ optical-electrochemical
approach allowed obtaining real-time optical and electrochemical in-
formation on the corrosion/protection processes. This approach de-
creased the subjectivity and difficulty of interpreting traditional elec-
trochemical signals of damaged corrosion inhibiting coatings. The
analysis of the results showed a significant delay of the on-set and ki-
netics of the degradation process when the Ce-DE were used compared
to the protection achieved by the direct addition of cerium nitrate to the
coating. The role of the cerium ions on the corrosion inhibition was
further confirmed by a post-test analysis of the damaged site by SEM-
EDS and Raman spectroscopy. While the protection offered by the in-
hibiting species was detected with both techniques, the higher spatial
resolution of the Raman signal at the scratch gained additional in-
formation on the interaction between cerium species and copper-rich
intermetallic phases. The results here presented prove the high poten-
tial of the use of diatom exoskeletons to encapsulate corrosion in-
hibitors to avoid coating-inhibitor negative interactions and improve
active corrosion protection in coated systems.

2. Experimental
2.1. Materials and preparation

Diatomaceous earth Diafil 525 mainly consisting of cylinder shaped
diatom exoskeletons was supplied by Profiltra Customized Solutions
(The Netherlands, NL). The as-received diatomaceous earth consists of
89.0 wt.% amorphous silica (SiO,), a tapped powder bulk density of
0.42 g/cm® and a mean particle size of 12 um. Cerium nitrate hexahy-
drate (Ce(NO3); 6H,0) and Potassium dichromate (K,Cr,O;) with >
99% purity were purchased from Sigma-Aldrich. Commercial 2 mm
thick bare AA2024-T3 sheet obtained from Kaizer Aluminium was used
as metallic substrate. Commercially available bisphenol-A based epoxy
resin (Epikote™ 828) and amine crosslinker (Ancamine”2500) were
supplied by AkzoNobel (NL) and used as received to form the coating
binder [21]. Xylene with a purity of 99% was used as epoxy solvent. All
aqueous solutions for the particle doping, corrosion and release studies
were prepared using Milipore” Elix 3 UV filtered water.

2.2. Refined diatomaceous earth (DE)

In order maximize the amount of intact diatom exoskeletons and
reduce the impurities content (i.e. non-silica) a refining process was
applied based on the work of Zhang et al. [22]. Fig. 1 shows the
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Fig. 1. Schematic illustration of the refining process of the diatomaceous earth.
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Evaporating solution at 80° C

0.15 g Ce(NO3)3 +
0.85 g refined DE

Fig. 2. Schematic illustration of the DE doping process leading to Ce-DE particles.

schematic illustration of the refining process whereby 8.0 g of as-re-
ceived diatomaceous earth was suspended in 120 ml demineralized
water and sonicated for 30 min. This was left in unstirred condition for
30 min to allow the silica intact exoskeletons to settle down. The su-
pernatant (containing the impurities and small diatom parts) was dis-
carded with the help of a glass pipette. This settling process was re-
peated 5 times (without sonication). Finally the settled particles were
filtered using a Whatman® grade 595 paper filter and dried in a vacuum
oven at 60 °C for 24 h. The refined diatomaceous earth, named DE for
simplicity across the manuscript, was used in the rest of the study as the
corrosion inhibitor carrier.

2.3. DE doping with cerium nitrate

For the doping procedure as illustrated in Fig. 2, a powder mixture
of 0.85 g refined DE and 0.15 g cerium nitrate hexahydrate was added
to 2.0 ml demineralized water. The mixture was then placed on a
shaking table at 320 rpm for 24 h followed by complete drying in an
oven at 80 °C under ambient atmosphere for another 24 h. As a result of
the process a DE powder containing 15 wt.% of cerium nitrate was
obtained. The loaded powder was then screened through a stainless
steel sieve of 50 um aperture to reduce agglomerates and conform the
here on called cerium-doped DE (Ce-DE).

2.4. Coatings preparation

The AA2024-T3 metal sheets were cut into pieces of 25 X 50 mm
prior to surface modification and coating application. The metal surface
preparation followed previously reported procedures [6] consisting of
the following sequential steps: (i) removal of native oxide layer and
surface chemistry homogenization using SiC sandpapers down to grit
320; (ii) surface roughness formation by Scotch Brite 3 M “Clean N
Finish grade AVFN”; (iii) degreasing with acetone; and (iv) immersion
in a 2 M sodium hydroxide (NaOH) aqueous solution for 10 s followed
by rinsing with distilled water and air drying in order to increase the
surface hydroxide (OH) fraction and therefore adhesion with the sub-
sequent organic coating.

The organic coatings were prepared using a mixture of Epikote™
828, Ancamine 2500 and Xylene (2.70:1.57:1 wt ratio) as reported
elsewhere [21]. Five coating systems (named Epoxy, DE, Ce, Ce-DE and
Cr) were formulated as summarized in Table 1. In all cases the epoxy-
amine-xylene mixture was first high-shear mixed for 5 min at 2500 rpm
in a high-speed mixer. In order to reduce possible side reactions with
the epoxy/amine matrix the mixtures were then let pre-cure at ambient
conditions for 30 min before the corrosion inhibiting components
(cerium nitrate powder, DE, Ce-DE or potassium dichromate) were
added. The mixtures were then manually stirred to form a homo-
geneous mixture, applied on the AA2024-T3 coupons by a 100 ym
spiral bar coater and cured at 60 °C for 24 h as reported elsewhere to
achieve complete crosslinking [6]. After curing the coated panels were
stored in a desiccator until 30 min before testing. The final pigment
volume concentration (PVC) in the dry coatings was calculated using
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Table 1
Overview of the coatings compositions, sample coding and relevant coating parameters.

Sample Coding Particle Thickness (um) PVC (%)  Active inhibitor
(epoxy-amine content (wt. content (moles/
based coating) %) kg binder)
Epoxy o° 110 + 20 0 0

DE 12¢ 80 + 20 25 0

Ce 24 80 + 20 0.5 0.04

Ce-DE 14¢ 110 = 20 25 0.04

Cr 2 100 + 20 0.8 0.06

2 Minhibiting particles/M epoxy-amine coating; where M is mass.

b coating Epoxy contains no particles (epoxy-amine clear-coat).

¢ coating DE contains 12 wt.% refined diatomaceous earth (DE) particles.

d coating Ce contains 2 wt.% cerium nitrate hexahydrate (Ce(NO3); 6H,0).

¢ coating Ce-DE contains 14 wt.% refined diatomaceous earth (DE) doped with cerium
nitrate hexahydrate (Ce(NO3); 6H50).

f coating Cr contains 2 wt.% potassium dichromate (K;Cr,0-).

equation 1.

Vinnivitor + Vo

PVC (%) = *100%

(€]
Where Vipnibitor i the volume of cerium nitrate powder, Vpg is the vo-
lume of refined DE, and Vepoxy/amine iS the volume of the epoxy-amine
binder in the system. It should be noted that the amount of active
species in weight was kept constant as shown in Table 1, resulting in a
lower molar content of cerium compared to the molar content of
chromium calculated as shown in Section 1 of the support information
(S.I).

Vinnivitor + VpE + Vepoxy/amine

2.5. Scratch damage in coated metals for corrosion inhibition evaluation

Reproducible and controlled 5 mm long and 130 um wide scratches
(at the bottom of the scratch) were created on the coated panels with a
CSM Microscratch tester using a 100 pm Rockwell C diamond tip in
multi-pass mode. For this, the tip was programmed to give 5 passes at
each load of 5N, 10N and 15N at the same location until the AA2024-T3
substrate was reached.

2.6. Testing methods and equipment

2.6.1. Diatomaceous earth particle analysis

A JEOL SJM-840 scanning electron microscope coupled with energy
dispersive X-ray spectroscopy (SEM-EDS) was used to analyse the to-
pological and elemental composition of the diatomaceous earth pow-
ders. Images were recorded at 5 kV accelerating voltage. Samples were
coated with a 15 nm gold layer before SEM examination.

A Malvern Mastersizer 2000 particle size distribution analyser (PSD)
was used to evaluate the effect of the refining process of the as-received
diatomaceous earth. The effect of the cerium doping on the crystalline
structure of the exoskeletons was monitored with a Bruker D8 advanced
X-ray diffractometer (XRD) using Cu-Ka radiation (A=1.54 A) with
scattering angles (26) of 5—130°.

2.6.2. Real-time inhibitor release from DE carrier

Cerium inhibitor release was studied in real immersion time with a
PerkinElmer LAMBDA 35 UV/VIS spectrometer. For the real-time re-
lease studies the UV/VIS cuvette was modified as shown in the S.I. (Fig.
S1) allowing for measurements without the need of aliquot extraction.
Samples containing Ce(NO3); salt and Ce-doped DE were placed inside
a cone-shaped Whatman" grade 1 paper filter on top of the cuvette filled
with demineralized water. UV-vis spectra were taken every second. In
order to ensure an even inhibitor dispersion in the cuvette and to avoid
false measurements the solution was constantly magnetically stirred at
1400 rpm. Both samples were analysed in threefold. Cerium inhibitor
release was followed by the variation in the 252 nm wavelength signal
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camera

Fig. 3. Schematic illustration of the optical-electrochemical set-up used in the study. The
microscope camera is visible on the left hand of the image and the analysed sample
(working electrode) on the right hand.

corresponding to Ce III as shown in the S.I. (Fig. S2) and reported in
literature [23,24]. For the inhibitor concentration quantification from
the UV signal a linear calibration curve was constructed with an R? of
0.999 over 10 predefined inhibitor concentrations in the range 103 M
to 1075 M, as shown in the S.I (Fig. S3). The UV/VIS calibration curve
was validated with a PerkinElmer Optima 3000DV inductively coupled
plasma analyser (ICP). An acceptable margin of error on the final
cerium concentration of around 10% was measured probably due to
small weighting variations and hygroscopic effect of the cerium nitrate.

2.6.3. In-situ optical-electrochemical set-up (corrosion protection studies)

The corrosion protection behaviour of the scratched coatings was
monitored with a home-built in-situ optical-electrochemical set-up
during immersion in 0.05 M sodium chloride (NaCl) aqueous solution.
A minimum of two repeats per coating system was performed. The set-
up consisted of a three-electrode electrochemical cell coupled to a mi-
croscope camera allowing for real-time electrochemical and surface
optical analysis at the damaged site. A schematic illustration of the set-
up is shown in Fig. 3 and a photo of the set up for more clarity can be
found the S.I. (Fig. S4). A potentiostat Metrohm PGSTAT 302 and a
universal serial bus (USB) Celestron handheld digital microscope
camera with 1.2 megapixel (Mpx) resolution were used for the elec-
trochemical tests and optical monitoring respectively. The coated
sample was placed vertically in the electrochemical cell by clamping it
with a copper block to a hole made on one side of the electrochemical
cell as reported elsewhere [25]. Opposite to the studied sample, a hole
closed with a transparent Plexiglas window allowed aligning the
handheld digital microscope to the exposed sample thereby optically
monitoring the immersed sample. Both the camera and the three-elec-
trode electrochemical cell were placed inside a Faraday cage to avoid
external interferences. During immersion Electrochemical Impedance
Spectroscopy (EIS) and Open Circuit Potential (OCP) measurements
were performed. The three-electrode electrochemical cell consisted of a
silver/silver-chloride (Ag/AgCl) reference electrode (RE), 6.6 mm dia-
meter graphite rod as counter electrode (CE) and the coated and da-
maged AA2024-T3 samples as working electrode (WE). The frequency
range of study was 10°-10 2 Hz, with applied amplitude of 10 mV root
mean square (RMS) over OCP to minimize the influence of the test on
the metal-coating system while still obtaining a reliable response. The
potentiostat was controlled with a USB interface through the software
package NOVA V1.11.1.

The microscope camera and the potentiostat were programmed to
take an optical image and an EIS measurement every hour so that the
optical images correspond to the moment of the EIS analysis. It should
be here noted that all the relevant surface variations were found within
a 0.9 mm lateral distance from the centre of the scratch as well as from
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scratch ends as shown in the S.I. (Fig. S5). The absence of optical var-
iations outside that area confirmed the good barrier properties of the
coatings during the studied immersion time. The optical images were
then converted to 8-bit greyscale files and processed with the use of
ImageJ free software as shown in the S.I. (Figs. S6-S10). Once the
images were converted to 8-bit, the lighter background corresponding
to the undamaged area was removed using a bimodal threshold
method. The increase of the dark area over time with reference to the
initial dark areas is caused by the degradation of the system (AAgegraded)
and can be can calculated using equation 2:

AAdegmded (%) = AtTSAO*]-OO% o)
Where A, is the increased dark area (degraded area) at time t, Ay the
initial dark area (e.g. caused by scratch) and A, the total studied area of
12 mm?,

2.6.4. Cerium interaction with the exposed AA2024-T3 metal surface

In order to confirm the involvement of cerium in the active corro-
sion protection at damage sites both SEM-EDS and Raman spectroscopy
analysis were performed at the bottom of the scribe (i.e. metal surface)
of the damaged coated samples used in the optical-electrochemical
study. For the Raman analysis a Renishaw inVia reflex microscope
equipped with a research-grade Leica microscope objective at
50 x magnification and numerical aperture of 0.55 was used. A 532-nm
laser light with an effective laser power of 32 mW in 1 s excitation
measurements was employed. Control tests were performed on a copper
block, cerium oxide precipitates, and on bare AA2024-T3 exposed to
inhibited and non-inhibiting solutions, which are included in the sup-
port information.

3. Results and discussion

3.1. Particle characterization

Fig. 4 shows a set of SEM images and EDS spectra of the diatom

Corrosion Science 128 (2017) 164-175

exoskeletons before (4a and 4c) and after (4b and 4c) the refining
process. Fig. 4d shows the effect of the refining process on the particle
size distribution. From the SEM images it becomes clear that the re-
fining process significantly reduced the amount of broken diatoms and
other impurities of the as received diatomaceous earth as intended. The
SEM inserts in Figs. 4a and 4b further confirm the removal of very small
particles blocking the nano-pores in the as-received exoskeletons. The
particle size analysis showed a near Gaussian-shaped size distribution
with an increased peak centred at 12 um (Fig. 4d) as well as a drop of
the small fraction particles after the refining process. A detailed SEM
image analysis of the refined diatomaceous earth (DE) allowed re-
cognising exoskeletons of four clearly different diatom species whereby
the, by far, most abundant one was identified as sp. Aulacoseira with
exoskeletons similar to those reported in literature having a cylindrical
pill-box structure with nanopores of around 500 nm evenly distributed
around the exoskeleton wall [11].

EDS analysis (Fig. 4c) was used to determine the effect of the re-
fining process on the removal of the chemical species other than the
silica of the diatom shell. Fig. 4c shows the predominance of silicon (Si)
and oxygen (O) constituents as expected for diatom silica (SiO,) exos-
keletons. Small traces of aluminium (Al), Iron (Fe), Calcium (Ca) and
Magnesium (Mg) were also detected and assigned to impurity oxides
(Al,03, Fe;03, CaCO3, CaO, and MgO) as reported in previous studies
[12]. The presence of the same constituent elements in the refined
diatomaceous earth as in the as received ones revealed that the refining
process used was not capable of removing, at least not fully, the oxide
impurities. The presence of the impurities in the clean DE did never-
theless not have an effect on the ulterior cerium doping when the
doping procedure proposed in this work was employed. This was
proven by a further study on the chemical treatments of the DE with
alkali and acidic solutions leading to the disappearance of the impurity
oxides but no significant difference in the Ce-uptake as shown in the S.I
(Figs. S11 and S12 ; section 4). As the impurities did not have a sig-
nificant effect in the doping it was decided to skip the acid and alkali
post-treatments to simplify the process.

Diatom exoskeleton loading with corrosion inhibitors was

Fig. 4. SEM images of diatom exoskeletons and their
open porous structure (insets) for as-received (a) and
refined (b) diatomaceous earth. Energy dispersive
spectroscopy (EDS) spectrum and particle size dis-
tribution of the two samples are shown in (c¢) and (d)
respectively.
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Fig. 5. (a) SEM image of a single fractured diatom exoskeleton after corrosion inhibitor. (b) Comparative XRD spectra of refined DE, Ce(NO3)3 6H>O corrosion inhibitor salt, and Ce-DE.

confirmed by SEM and XRD analysis (Fig. 5). The XRD spectra in Fig. 5b
show that the DE (refined diatomaceous earth) primarily consisted of
amorphous silica with some minor diffraction peaks at 22.0° and 26.6°
corresponding to crystalline structures of quartz and cristobalite. The
XRD spectra for the Ce-DE (cerium doped DE) shows the amorphous
silica baseline combined with crystalline peaks corresponding to Ce
(NO3)3. The increased intensity of the peaks compared to pure Ce
(NO3)3; 6H,0 is presumably caused by the decrease of water in the
crystal lattice due to drying and localized deposition on the diatom
silica surface. The results confirm that, during the doping process, the
cerium inhibitor did not change its crystalline structure and remained
as an inorganic salt primarily inside the diatom exoskeletons body
space and nanopores, thereby confirming the success of the developed
doping procedure.

Fig. 6 shows the difference in the release behaviour (dissolution and
diffusion) of the Ce(NO3); salt directly placed in the paper filter of the
UV-vis system as shown in the S.I. (Fig. S1) and that of the cerium salt
contained in the Ce-DE particles. By analysing the release plots it can be
seen that the inhibitor is fully dissolved after one hour in both cases,
which is in line with the diffusion coefficients of the ionic species in
aqueous media [26]. The release response for both systems is com-
parable whereby the release at the beginning increases exponentially
due to the high solubility of Ce(NO3); and ends asymptotically due to
the equal distribution of Ce(NO3); in the UV/VIS cuvette. Interestingly,
the release curve for the Ce-DE particles is slower than that of the
cerium salt over the entire time domain. Such a delay can be attributed

Time (s)
1004 10] 10]0 10]00 3600

j252 nm]
~ 807
= 1 y
[o) y
(72} 1
SRENE DE
g ] Effect 4 y
= y
k=) ] y
$ 403 Ay
5
= ] —7/ ——Ce(NO,), (average)

20_; [ 4 I Difference (3 measurements)
V. —— Ce-DE (average)
] [ Difference (3 measurements)
0 e
0 10 20 30 40 50 60
TimellZ(SWZ)

Fig. 6. Cerium release kinetics of cerium nitrate from the salt powder (black) and from
cerium-loaded DE particles (Ce-DE) (red) obtained with a real-time UV/VIS spectroscopy
from the 252 nm wavelength. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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to the chemical or topological trapping of the cerium included in the DE
exoskeleton structure together with the delay due to diffusion through
the porous walls of the diatom exoskeletons. Furthermore, the in-
creasing separation in time between the two release curves plotted
against t'/? shows the entire release spectrum of Ce from DE is delayed
between 10 and 10° seconds with respect to the cerium salt in the filter.
These results confirmed that the cerium inhibitor loaded in the DE
structure was able to come out by a time diffusion controlled process in
aqueous solution as intended.

The active corrosion protection by the release of cerium from the
Ce-DE particles in solution was studied by a detailed SEM/EDS and
Raman study on bare AA2024-T3 immersed in 0.05 M NaCl solutions
(S.L; section 5 Fig. S13 and section 6 Figs. S14-S17 respectively).
Despite the delay with respect to the salt observed with UV-VIs, the
results confirmed that the cerium is released from the DE particles at a
sufficient rate to prevent local corrosion by the formation of protective
cerium precipitates at copper-rich phases.

3.2. Inhibitor-loaded particle/epoxy coating interaction

The presence of cerium inhibitor in the coating matrix and a vali-
dation of its active state when Ce-DE particles were used was monitored
by SEM and colour changes (yellowing). Fig. 7 shows the SEM-EDS
micrograph of a fractured epoxy coating containing Ce-DE particles.
The fractured plane shows a DE cylindrical particle (from the top)
embedded in the epoxy matrix. The EDS analysis further confirmed the
presence of high cerium concentrations inside the exoskeleton with a
low carbon signal of the polymeric matrix. This confirms that the
cerium inhibitor remained in the inner volume of the DE during the
particle mixing with the epoxy coating and is therefore available for
local release as intended.

When the coatings were prepared a fast deep yellowing was ob-
served in the case of the Ce coating (Cerium nitrate salt directly added
to the epoxy-amine coating). This yellowing can be seen in the S.I.
(Section 7; Fig. S18) when the amine was added directly to the cerium
nitrate salt after one hour (Fig. S18a, b). Such yellowing has been well
reported and indirectly attributed to the oxidation of Ce III to Ce IV by
the amines [27-30]. Although this reaction does not lead to any sig-
nificant changes in the overall mechanical properties of the epoxy-
amine matrix it has been reported as one of the factors leading to lower
inhibition efficiencies than expected in Ce-rich epoxy coatings [29]. A
reduction in the yellowing is therefore desired as it indicates a lower
matrix-inhibitor reaction and therefore an increase of the expected in-
hibition power in the Ce-loaded coating systems. When the amine was
added to the Ce-DE particles (Fig. S18c and S18d) a significant decrease
in the yellowing was observed during the 1 h test. Such a result is in
agreement with the intended isolation of the Cerium inhibitor from the
epoxy-amine matrix by means of the silica diatom exoskeleton thereby
leaving higher amounts of Ce III available in the interior of the particles
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ready to act as corrosion inhibitors.

3.3. Corrosion protection of damaged coatings

Fig. 8 shows selected EIS Bode plots (|Z| and phase) for the scrat-
ched coatings after 3 h (8a and 8c) and 90 h (8b and 8d) immersion. At
3 h immersion it becomes clear that the Cr coating shows the highest
total impedance (|Z|) and phase shift of all coatings, particularly in the
low frequency range. Such high impedance in the Cr coating indicates a
fast active corrosion protection due to the inhibitor high solubility and
its high inhibiting power. On the other hand, the observed instabilities
for the other coatings at short immersion times highlight the high ac-
tivity at the scribe. After 90 h of immersion all coating systems are more
stable and differences amongst them become more clear. Three coatings
showed a total impedance increase from 3 h to 90 h: Cr, CE (2) and Ce-
DE (2). Although the increase over time is often used to confirm suffi-
ciently protecting systems [31] it remains unlikely to be the case for Ce
(2) due to its lower initial and final total impedance value compared to
the non-inhibiting Epoxy reference coating. On the other hand, the Cr
and the two Ce-DE coatings show higher total impedance values than
the Epoxy, DE and Ce coatings. Such higher impedance and the absence
of clear signs in the phase related to pit formation seem to suggest an
active corrosion protection in the case of the Cr and Ce-DE systems. Due
to the complexity of the degradation processes at and around the scribes
impedance analysis are generally complemented with other post-test
studies. Yet this allows only to identify the final degradation state and
not to undoubtfully relate impedance observations with degradation
processes. To gain more information of the on-going degradation in
time the optical images during the electrochemical measurements were
analysed with the optical-electrochemical setup described in the ex-
perimental section and the support information.

Fig. 9 shows selected optical microscopy images of the scratched
coatings after 3h and 90 h of immersion taken during the electro-
chemical measurements. The formation of delaminated areas, corrosion
products (grey “clouds”) and local corrosion sites (dark spots) can
clearly be seen at the scribe of the non-inhibited coatings (Epoxy and
DE). Similar features can be observed in the case of the Ce coatings
(cerium salt added to the coating matrix) although up to a minor extent.
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Fig. 7. SEM and EDS micrographs for C, Ce and Si of
the fractured plane of an epoxy coating loaded with
Ce-DE. The SEM/EDS analysis confirms the presence
of high Ce-concentrations in the diatom frustule after
mixing with the epoxy-amine coating.

5 um
|

These optical observations point at the low or non-corrosion protection
offered by the Epoxy, DE and Ce coatings. On the other hand, both Ce-
DE coatings and the Chromium containing coating (Cr) do not show
significant variations with the immersion time at the scribe, which re-
mains bright in both cases, thereby indicating a clear active corrosion
protection of the damaged site. For the two Ce-DE coatings a dark area
under the coating appeared next to the scratch (indicated with the red
oval in Fig. 9). Interestingly, the two dark areas appeared at a similar
location, are of about the same size, and they both grew slowly in size
and colour intensity after their first appearance until stabilization. Al-
though the degradation phenomenon that caused this process is not yet
clear it seems clear that the process was somehow controlled by the
inhibitors in the coating. The presence of these degradation areas could
justify the relatively low impedance values of the Ce-DE coatings
compared to the epoxy, DE and Ce coatings despite the clear bright
scribes indicating no corrosion.

A dedicated image analysis of the images taken with the in-situ
optical-electrochemical setup followed the EIS study. In the analysis the
degraded area at and around the scratch with immersion time was
calculated and represented by the parameter AAgegradea- This parameter
is obtained after a sequential image analysis of the micrographs by
converting the images into grey scale, removing the lighter background
and calculating the increase of the degraded area in time as explained in
the experimental section and the support information. In this work the
‘degraded area’ is identified as darkening and is related to corrosion
signs such as oxide formation, localized corrosion (e.g. pits) and dela-
mination. When plotting the AAgegradea Parameter in% against the im-
mersion time both the on-set time of the optically-detectable ‘de-
gradation processes’ and the kinetics of the degradation process itself
(slope after the on-set time) can be obtained. A more detailed de-
scription of the quantification process can be found in the S.I. (section
3). Fig. 10 shows the degraded area around the scratch for the two DE,
Ce and Ce-DE coatings. The two non-inhibiting DE coatings show a
stable period with no visible degradation during the first 30 h followed
by a fast propagation of the degraded area at similar kinetics of 0.13
and 0.20% per hour. On the other hand in the Ce coatings first signs of
degradation start short after immersion but grow at a much lower pace
of 0.08 and 0.07% per hour, thereby highlighting the moderate
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Fig. 8. Bode plots showing the total impedance (a and b) and phase (c and d) EIS plots for the coatings (1x Epoxy, 2x DE, 2x Ce, 2x Ce-DE and 1x Cr) after 3h (a and b) and 90 h (c and d)

immersion in 0.05 M NaCl.

corrosion inhibiting effect of Ce. Based on the detail image analysis, the
initial stable period seen in the DE coatings was attributed to a higher
adhesion strength between the coating and the metal substrate com-
pared to the Ce coatings. Such interphase improvement leads to a delay
of the delamination on-set but not to a decrease in the delamination
growth kinetics as there is no inhibiting effect, A different result was
found for the Ce-DE inhibited samples. In this case, the samples remain
stable with no visible degradation during the first 70 h, at which some
degradation is detected around the scribe (red oval in Fig. 9) and
propagate at a degradation growth kinetics of around 0.002% per hour.

In order to facilitate the reading of the impedance results in relation
to degradation and protection Fig. 11 was developed. In Fig. 11 the
variation of the total impedance at a given frequency (0.01 Hz) between
two consecutive time measurements (i.e. Z;/Z..;) and the OCP are plot
against immersion time. The normalizing of the impedance to the
previous measurement was used to filter out possible effects of initial
coating properties, delamination, and changes in barrier protection.
Impedance at 0.01 Hz and OCP time evolution were chosen for the
comparison between samples as this frequency highlights the on-going
processes at the metal surface related to corrosion or protection phe-
nomena [32] and the OCP also relates to delaminations and other un-
derfilm corrosion processes [33,34]. Results for the variation in im-
pedance obtained at other frequencies (e.g. 0.014 and 0.1 Hz) did not
lead to trend or interpretation changes but show less enhanced signals
as shown in the S.I. (Fig. S24).

Fig. 11a and 11b show the impedance variation and OCP evolution

over time for the two non-inhibited coatings DE (1) and DE (2), re-
spectively. Both systems show instabilities and high impedance jumps
during the first 27 h of immersion. Such a behaviour is in good agree-
ment with initial local corrosion such as pitting, dealloying and re-
plating processes typical observed on non-inhibited AA2024-T3 [20].
After 30h the impedance for both systems stabilize and the OCP
dropped from —0.5V until it reached a plateau at —0.7 V for coating
DE (1) and —0.75V for DE (2). This drop is in agreement with values
reported in literature for dealloyed AA2024-T3 [20] and is in agree-
ment with the onset of delamination and underfilm corrosion optically
observed and plot in Fig. 10. Fig. 11c and 11d show the impedance
variation and OCP evolution over time for the Ce containing coatings,
Ce (1) and Ce (2), respectively. Ce (1) shows impedance instabilities
until 60 h with two very strong impedance jump events at 10 and 27 h.
These two impedance jumps are accompanied by a sudden drop in OCP
followed by a slow recovery back to —0.5V during the consecutive
hours. This recovery can be related to the passivation of the metallic
surface by cerium species (i.e. inhibiting event) as is not observed in
non-inhibited samples. At 60 h (two times longer than the non-inhibited
system) the impedance stabilizes and the OCP drops, indicating that the
dealloying has been reduced but not stopped and that delaminations
take place as can also be seen by the change in degradation kinetics
shown in Fig. 10 after 60 h. On the other hand, coating Ce (2) only
shows one single instability after 3 h coupled to a sudden OCP drop
down to —0.77 V, indicating a fast degradation and no (significant)
inhibition effect of the contained cerium. This trend is also in good
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Fig. 9. Optical microscopy images obtained with the optical-electro-
chemical setup for the coatings (1x Epoxy, 2x DE, 2x Ce, 2x Ce-DE and

90 hours

1x Cr) after 3 and 90 h immersion in 0.05 M NaCl. The red oval in the
Ce-DE marks the formation and development of a dark area under the
Ce-DE coating. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Ce-DE (2)

to impedance instabilities which are slowly recovered with the im-
mersion time. These trends are in agreement with the slow degradation
growth kinetics of 0.002% area increase per hour (Fig. 10) as well as the
absence of features related to abundant oxide formation (grey clouds)
and local corrosion sites (dark spots) at the scribe observed in the other
samples (Fig. 9). When compared to the Ce-coating, the behaviour of
the Ce-DE coating suggests that the new encapsulation concept allowed,
as intended, for a fast and sufficient local cerium release during the first
immersion hours followed by a sustained inhibitor supply capable of
maintaining the overall corrosion protection level for the studied time.
Yet the presence of lateral delaminations shown in Fig. 9 and the un-
doubtful better results with the chromated system highlight the room
for improvement of this new concept despite the initial promising re-

In order to identify any direct relationship between the observed
inhibition at the scribe and the inhibitor release a detailed optical, SEM-
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Fig. 10. Optical variation of the degraded area (AAgegradea) including regressions after the
on-set time obtained from the processed optical images for coating systems CE, DE and
Ce-DE during immersion in 0.05 M NaCl.

agreement with the high amount of corrosion attack visible in Fig. 9
and the stable degradation kinetics in Fig. 10 directly after immersion.
The big differences between the two Ce coating systems clearly show
that adding (Ce(NO3); salt pigments directly to the epoxy binder results
in uncontrolled behaviour with high scatter in the level of corrosion
protection achieved probably due to differences in inhibitor dispersion
degree as well as reactivity of the cerium with the epoxy matrix as
indicated by the strong yellowing of the coating. Fig. 11e and f show the
impedance variation and OCP evolution over time for the coatings
containing cerium doped DE particles, Ce-DE (1) and Ce-DE (2) re-
spectively. In both cases the OCP remains between —0.5V and —0.6 V
over the whole exposure time. Sudden drops in OCP are again coupled

EDS and Raman spectroscopy analysis was performed at the scribe at
the end of the immersion time. Fig. 12 shows the optical and SEM
micrographs of the DE, Ce and Ce-DE damaged coatings after 4 days of
immersion. It can clearly be seen that the corrosion products completely
block the exposed aluminium surface at the scratch in the case of the DE
and, to a minor extent, the Ce coating. On the other hand, the metal
surface remains clearly visible and partially shiny in the case of the Ce-
DE (1) coating. Despite the clear lack of oxide products and measured
protection in the Ce-DE coating, trenching could be observed (red oval
in Fig. 12) and assigned to localized corrosion attack around inter-
metallic sites as reported elsewhere for non-inhibited AA2024-T3
during the first hours of immersion [35]. In the same sample, signs of
oxide cracking as observed in AA2024-T3 directly exposed to Cerium
ions was also observed. The low presence of features possibly related to
aluminium oxides and subsurface attack [37] confirms the local action
of the released cerium ions from the coating and its interaction with the
intermetallic compounds (IMs). The presence of cerium at the scribe
was confirmed by SEM-EDS analysis (Fig. 13). In this image it can be
seen how the diatom exoskeletons remain in the coating (Si signal)
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Fig. 11. Open Circuit potential (OCP) and the impedance variance Z,/Z., at 0.01 Hz evolving over time for (a) DE (1), (b) DE (2), (c) Ce (1), (d) Ce (2), (e) Ce-DE (1), and (f) Ce-DE (2).

while the cerium is located primarily at the scribe (metal surface)
confirming the cerium was released from the coating. It should be noted
that similar cerium signals were detected in the case of the Ce-coating.
However, EDS is highly sensitive to Ce but quantification is not pos-
sible. It is therefore assumed that even if some cerium was released
from the Ce-coating, the amount was not sufficient or was released too
slowly to lead to any significant corrosion protection of the damaged
site.

As SEM-EDS was not capable of identifying the exact location of
cerium ions the scribe was further analysed by Raman spectroscopy. For
the purpose, detailed analysis was performed on some control samples;
a copper block and cerium oxide precipitates on a glass substrate to
establish the wavelengths of the characteristic peaks related to cerium
oxides and copper sites (S.I.; section 6, Fig. S14, S15). Two main

characteristic sharp peaks were then detected: (i) a 625 cm ™! peak
assigned to CuyO; and (ii) a peak at the F,; Raman active mode at
463 cm™! attributed to the symmetrical stretching of the Ce-80 vi-
brational units as reported elsewhere [36-40] and confirmed by the
presence of CeO, precipitates on glass. Subsequently the interaction of
cerium ions with the AA2024-T3 substrate was studied for Ce-DE par-
ticles and Ce(NOs)3 in solution (S.L; section 6, Figs. S16 and S17). It
was then observed that the cerium peak signal was always detected at
the same locations where the copper oxide peak signal was found being
thus possible to determine the location of Cu-rich IMs and Cerium de-
position. Finally a Raman analysis of the scribe of the Ce-DE coated
sample was performed. Fig. 14 shows the Raman shift region of interest.
Again the two characteristic peaks were found at the same locations on
the metallic surface although the Raman shift corresponding to the
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Ce-DE (1)

Fig. 12. Optical microscopy and SEM low secondary electron image (LEI) at the damaged sites of the DE (1), Ce (1) and Ce-DE (1) coatings after 4 days immersion in 0.05 M NaCl. The red
circle indicates trenching around IM particles at the scribe of the Ce-DE (1) coating system. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

CeO, was found to be broader than that of the CeO, precipitates (Fig.
S15; SI) and having a maximum peak located at Raman shifts ranging
from 455 to 461 cm~ ! depending on the location. Such a variation can
be explained by the disorder of the oxygen sublattice, changes in the
valence band, or grain-size induced effects [36,39]. The Raman analysis
at the scribe clearly shows the interaction of the Ce ions at Cu-rich sites
thereby confirming that the observed inhibiting effect of the Ce-DE
coatings with the optical-electrochemical setup can be related to suf-
ficient release of cerium at the damage site followed by its interaction
preferentially at cathodic Cu-rich sites. The use of the different optical-
electrochemical techniques and local analysis of inhibitor-metal inter-
action at the scribe site with Raman spectroscopy confirmed the

appropriateness of using diatom exoskeletons to encapsulate efficient
inhibitors that otherwise cannot be used due to their tendency to react
with the surrounding matrix. Such an approach opens the path for the
development of more efficient Cr-free technologies based on inhibitor
release from organic coatings.

4. Conclusions

The potential use of bio based algae exoskeleton as powerful carriers
for local inhibitor storage leading to high active protection at damaged
sites in coated metals is presented. The concept, based on the use of
diatom algae silica exoskeletons, has been proven for the protection of

Fig. 13. EDS elemental mapping for the Ce-DE (1) coating showing: the location of the organic coating (C map), the diatom exoskeletons (Si map), the metallic substrate (Cu, Al maps)

and the cerium (Ce map).
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Fig. 14. Raman spectrum for Ce-DE (1) at the da-
maged sites of the coatings after 4 days of immersion
and the Raman shift intensity plots at 455-461 cm-1
and 625 cm-1. Image clearly shows the preferential
deposition of Ce (455-461 cm™ ') at Cu-rich sites
(625 cm™?) for two random locations.
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AA2024-T3 structures by cerium nitrate corrosion inhibitor. In order to
evaluate the corrosion protection at damaged sites a home-made op-
tical-electrochemical set-up was used. High levels of active corrosion
protection at damage sites were obtained for at least 4 immersion days;
this being about 4 more times than coatings using the same inhibitor
without the diatom shell. The high protection levels achieved are due to
the isolation of the cerium inhibitor by the silica algae cage from the
epoxy coating reducing unwanted reactions, the elevated inhibitor
storage in the silica cages and the fast and sustained release of the
cerium inhibitor at the damaged site. The study also shows the feasi-
bility of developing protective systems based on fast release and in-
hibition at damaged sites followed by a time-sustained or on-demand
release of corrosion inhibitors supplied at a sufficient concentration to
ensure the long term protection. Despite the obvious corrosion inhibi-
tion offered by the newly developed Ce doped diatomaceous earth
particles a faster and sufficient inhibitor release during the first im-
mersion hours would be beneficial to prevent the formation of all kind
of localized corrosion signs (e.g. trenching) and ensure long-time pro-
tection. The use of inhibitor loaded algae exoskeleton particles for
sustained corrosion inhibition here presented is not restricted to cerium
and epoxy coatings on aluminium substrates but should be regarded as
a generic concept with high versatility and potential for developing
environmentally friendly active corrosion protection in coated metals.
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