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Surface modification of natural porous silica
microparticles to control the loading and release of
organic corrosion inhibitors in coatings

Jingjing Zhao®', Dong-Hyuk Na' and Santiago J. Garcia'

Abstract

Recent works have shown the potential of diatomaceous earth (DE) as an efficient and environmentally friendly
storage system for active chemicals such as corrosion inhibitors in coatings. The storage of organic inhibitors is
nevertheless challenging. To address this challenge, in this work, we study the effect of surface modification of DE
particles on the loading and release of organic corrosion inhibitors in solution and from coatings. To this aim, three
trichlorosilanes with varying alkyl chain lengths (C4, C8, C18) were used to modify the surface of sp. Aulacoseira-type
diatomite (DE). 2,5-Dimercapto-1,34-thiadiazolate di-potassium salts (KDMTD) were selected as a model corrosion
inhibitor for its high solubility and effectiveness in protecting Cu-rich aerospace alloys, such as AA2024-T3. UV-Vis
spectroscopy revealed a relationship between chain length and inhibitor loading and release, with mid-length silane
(C8) adsorbing 3.5 times more inhibitor with no negative effect on release kinetics. When incorporated into epoxy-
amine coatings, C8 surface modification significantly improved DE particle dispersion and protection of the inhibitor
from the polymer matrix, preventing unwanted side reactions. This increased the availability of active organic
inhibitors for protection at damaged sites. In-situ reflected microscopy during immersion and postmortem analysis of
damaged coatings demonstrated high levels of corrosion protection and the formation of stable protective layers at
damaged sites. The research opens the path to more efficient use of functional DE particles in coatings.

Introduction

Incorporating corrosion inhibitors in organic coatings
is a widely used strategy to protect metallic surfaces
from corrosion induced by environmental conditions
(e.g., electrolyte, pH, temperature)l_s. Among corrosion
inhibitors, organic corrosion inhibitors are promising
alternatives to inorganic inhibitors containing toxic or
critical elements such as Cr(VI), Li and Rare Earths
(RE)*® used to protect aerospace aluminium alloy
structures, amongst others. Even though many organic
inhibitors show excellent intrinsic corrosion inhibition
efficiency in solution, relatively low toxicity and low
molecular weight”®, their integration in sufficiently high
amounts into organic coatings without unwanted reac-
tions remains challenging”™'".
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Inhibitor storage in nano, and to a lower extent, micro-
sized inorganic particles has been explored to prevent
negative interactions and provide on-demand inhibitor
release'> 1%, Nanocarriers such as nanotubes'®, nanofi-
bers'®, layered double hydroxide (LDH)'”, and mesopor-
ous silica'® provide good dispersion and protection for
inhibitors. However, the relatively low loading of inhibi-
tors in nanocarriers and the relatively low CPVC of
nanoparticles in coatings limit the use of the nanocarriers
and their efficiency for long-term protection at relatively
large damages (e.g. >100um wide)'®”. In contrast,
microcarriers such as CaCO3%° and diatomaceous earth
microparticles or diatomite (DE)*""** provide the potential
of higher loading and long-term protection against larger
damages. DE microparticles offer very attractive oppor-
tunities as they are readily available as mining products
and are currently used as fillers in coatings due to their
innocuous amorphous silica composition and price,
amongst other properties. In our previous works, we
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demonstrated the potential of these DE particles as car-
riers of inorganic salts (Ce-salts), leading to very high
corrosion inhibition levels at large damaged locations
during immersion*"** and explored their potential as
carriers of 2,5-Dimercapto-1,3,4-thiadiazole (HDMTD), a
highly effective corrosion inhibitor*®. Nevertheless, when
loaded in DE particles embedded in an epoxy coating,
HDMTD showed limited protection at damage locations.
This was related to (i) a very low loading below 2% of the
available internal volume of DE particles, and (ii) side
reactions with the organic matrix or the coating leading to
reduced release®’.

The effect of surface modification of silica particles,
such as nanoparticles and diatomaceous earth (DE)
microparticles, has been investigated for their use as fillers
to improve the mechanical properties of polymeric
matrices and as carriers for drug delivery in solution®**”,
Among the different approaches, increased loading
capacity of drugs using DE has been shown after mod-
ifying the surface with opposite water affinities (ie.,
hydrophobicity) to the silica surface and/or surface charge
balance between carrier and drug*®?’. Despite significant
differences in molecular structure and size, organic cor-
rosion inhibitors and drugs are somewhat similar in terms
of water solubility and the presence of certain reactive
functional groups (e.g., amines, thiols). However, unlike
drugs, corrosion inhibitors used in coatings must be
evenly distributed in organic matrices while remaining
isolated to avoid unwanted side chemical reactions. They
must also retain their activity for long periods of time
(years), dissolve quickly but not too quickly to prevent
blistering and fast depletion, amongst others, and be
transported from the coating to a damage location to
react with the exposed metal surface in adequate quan-
tities. These requirements pose an extra challenge when
dealing with organic inhibitors in DE microparticles
beyond loading and release challenges in aqueous solu-
tions typically faced in drugs.

In this work, we studied how and to what extent alkyl
chains of different lengths and their hydrophobic nature
can affect the loading and release of an organic corrosion
inhibitor from DE microparticles in solution and in a
reactive coating. To this aim, we chose 2,5-Dimercapto-
1,3,4-thiadiazolate di-potassium salts (KDMTD), a
hygroscopic organic inhibitor of relevance for Cu-rich
aluminium structures yet difficult to load in DE particles
and resins without side reactions. To control the surface
hydrophobicity of the DE and the surface wettability dif-
ference with the hydrophilic organic inhibitor, three
hydrophobic silanes with varying chain lengths (C4, C8,
and C18) were selected. The modified DE particles exhi-
biting the most optimal combination of high loading and
release kinetics and efficiency were further embedded into
a prototype epoxy-amine coating and applied onto
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aerospace-grade AA2024-T3. The coating properties,
including aspects like pigment distribution, resin pene-
tration into pigments, and release kinetics, were evaluated
using confocal microscopy, scanning electron microscopy
(SEM), energy-dispersive X-ray spectroscopy (EDS), and
UV/Vis spectroscopy. Additionally, the corrosion inhibi-
tion efficiency and inhibitor layer stability at damaged
locations were investigated by exposing the damaged
coating to NaCl electrolytes and monitored and quantified
using an in-situ, high-resolution image reflectometry set-
up and image treatment protocols.

Experimental
Materials

Diatomaceous earth (DE) DiaFil525 particles were
supplied by Profiltra Customized Solutions. A cleaning
protocol using the decantation principle in water was
used to maximize the content of intact DE particles, as
reported earlier*"*>, Commercial-grade bare AA2024-T3
(2.5 mm thick rolled sheets) were cut into 3 x 3 cm pieces
and used as the substrate for the coated panels. 2,5-
dimercapto-1,3,4-thiadiazolate di-potassium salts
(KDMTD > 99%), Butyl trichlorosilane (BTS), Octyl tri-
chlorosilane (OTS) and Octadecyl trichlorosilane (ODTS)
(>97%), and hydrogen peroxide (30%) were purchased
from Sigma-Aldrich and used without further purifica-
tion. Sodium chloride (NaCl, >98%), ethanol (>99.9%),
anhydrous toluene (>99.85%), and toluene (>98%) were
purchased from VWR Chemicals and used as received.

Surface modification of DE particles

Firstly, the cleaned DE particles were hydrolyzed to
increase the content of active hydroxyl sites for silaniza-
tion as reported elsewhere®®, Specifically, 10 g of cleaned
DE particles were dispersed in 30 ml of 30 wt% hydrogen
peroxide in water and sonicated for 10 min. The sonicated
dispersion was refluxed at 90 °C for 3 h in N,. DE particles
were collected using Whatman® filter paper grade 595
(pore size 7 um) with vacuum suction. The DE particles
residue collected at the filter was dried at 80 °C for 6 h,
removed from the filter and stored in a glass vial.

After hydroxylation, the DE particles were modified
with three different hydrophobic silanes using the fol-
lowing silanization protocol based on a previously
reported protocol®®: (i) DE particles were dried in nitro-
gen at 150 °C for 15h; (ii) 0.5g of DE particles were
dispersed in 20 ml of anhydrous toluene and stirred using
magnetic stirring for 30 min; (iii) A solution composed of
16 ml of toluene and 4 ml silane was added dropwise to
the dispersion prepared in (ii) while stirring. After 15 min
stirring, the dispersion was refluxed at 150 °C for 24 hin a
nitrogen atmosphere. After 24 h, the solution was let to
cool down to room temperature for 2 h; (iv) The modified
DE particles were collected using Whatman® filter paper
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grade 595 with vacuum suction; (v) The DE particles
collected residue was scrapped from the filter and soni-
cated in 30 ml of ethanol for 5min to remove residual
silane; (vi) The modified DE particle dispersion in ethanol
was then filtered using Whatman® filter paper grade 595
with vacuum suction. The steps (v) and (vi) were repeated
twice to finally dry the collected modified DE particles
residue in a vacuum at 80 °C for 4 h and stored in a vial.

The same procedure, with or without silane, was repe-
ated to obtain DE particles with four surface treatments:
cleaned and hydrolyzed (DE), silanized with BTS
(C4@DE), silanized with OTS (C8@DE), and silanized
with ODTS (C18@DE).

Loading of organic corrosion inhibitors in DE
Figure 1 shows the loading protocol of KDMTD organic
corrosion inhibitor inside the (modified) DE particles. The
inhibitor loading process consisted of the following
sequential steps shown in Fig. 1:
Step 1: KDMTD was dissolved in demineralized water
under magnetic stirring to create a 0.5M KDMTD
aqueous solution. This defines ¢; and my;
Step 2: 0.5g DE particles (mpg), with/without surface
modification, were added to 20mL 0.5M KDMTD
aqueous solution in a glass jar and stirred with a high-
speed mixer for 5 min. After this, the dispersions were
transferred to a stirring table and kept stirring for 24 h at
300 rpmy;
Step 3: The dispersions were centrifuged at 4000 rpm for
10 min for separation;
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Step 4: The supernatant solution on top of the densely
packed DE particles was removed with a glass pipette
and collected in a separate vial to measure the unloaded
KDMTD concentration (c;) and mass (my=m;-mj o).
The separated DE particles with leftover solution was
weighted with a balance to obtain m=m; o + mpg, where
the mpg is the original mass of DE added, allowing to
calculate m; o;
Step 5: The vial with the DE cake obtained from
centrifugation was then moved to a vacuum oven at
70 °C for 6h to evaporate the remaining water. The
inhibitor-loaded DE particles were then collected with a
spatula and brought to a smaller vial for storage. After
drying, the particles (DE-KDMTD, C4@DE-KDMTD,
C8@DE-KDMTD, and C18@DE-KDMTD) appeared as
a loose powder not requiring further grinding before
further use.
The loading protocol shown above allowed loading and
a quantified approximation method to identify the inhi-
bitor loading fraction that is adsorbed and absorbed in the
DE powder, as shown in Fig. 2 and discussed below.
Adsorbed KDMTD inhibitor attributed to the attraction
forces between DMTD ions and the DE (modified) silica
surface during the loading process in solution is depicted
by the yellow region in Fig. 2. Absorbed inhibitor, pri-
marily happening during the final drying step, can be
subdivided into three different categories®”°, namely: (i)
externally absorbed (green), (ii) internally absorbed (red),
and (iii) non-bound (loose) inhibitor salts (purple). When
slowly drying the DE cake after centrifuge, most of the

preparation
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non-bound or loose inhibitor salts mixed with the DE particles (purple).

Fig. 2 Idealized diatomite shell particle loaded with corrosion inhibitor. Schematic showing an idealized diatomite shell particle loaded with a
corrosion inhibitor and a cross section of the particle with a close up (right drawing) of the shell wall to indicate the different states of the inhibitor in
the carriers: adsorbed onto the silica frustule walls (yellow, surface loading), absorbed (red and green being inner and outer shell absorption) and

* 1. Loose inhibitor

2. Externally absorbed inhibitor

Diatomite silica structure

3. Internally absorbed inhibitor

J

KDMTD-rich electrolyte retreats to the interior volume of
the DE particles, hence allowing local precipitation of
KDMTD after concentration increases above the local
solubility limit in a constrained space. However, a small
portion of electrolyte remained trapped between the
particles, leading to inhibitor salt precipitation on the
outer surfaces of the DE particles. Besides this, some
KDMTD-rich pockets remain trapped between the dry
DE particles, leading to non-bound (loose) KDMTD
agglomerate salts (purple). The presence of KDMTD in
different states in the DE powder is expected to lead to
different release mechanisms and kinetics (faster when
absorbed or loose, and slower when adsorbed) and can
hence be used as a design parameter when using this
loading strategy. To calculate the amounts of adsorbed
and absorbed inhibitor, the following equations were
used:

mMap = 1000 * (Cl - C2) * M *MKDMTD /pl (1)

where, map (mg) is the amount of inhibitor adsorbed, c;
(mol/L) and m;(g) are the concentration and mass of the
KDMTD solution prepared for the loading process, c,
(mol/L) is the concentration of KDMTD in the super-
natant after the centrifugation, Mypymrp (g/mol) is the
molar mass of KDMTD and p,(g/L) is the density of the
solution.

and,
mMaB — 1000 = Cy * Mo * MKDMTD /p2 (2)

where, map (mg) is the amount of inhibitor absorbed, c,
(mol/L) is the concentration of KDMTD in the

supernatant after the centrifugation, mj g is the mass of
the leftover KDMTD solution filling the inter and intra
volume of the densely packed DE particles (cake). We
assume that the retention capacity of diatomite for the
solution is similar to its absorption capacity for pure
water. Ideally, when the diatomite particles are stacked
very densely, m; o should be 1.6 times heavier than mpg
based on the 160 wt% water absorption capacity men-
tioned in the datasheet of diatomite particles provided by
Profiltra. Mgpymtp (g/mol) is the molar mass of KDMTD,
and p,(g/L) is the density of the solution.

Particles characterization

The structural integrity of DE before and after surface
modification was analysed by SEM-EDS in a JEOL JSM-
7500F field emission scanning electron microscope
equipped with energy dispersive X-ray spectroscopy. Both
secondary electron mode (SEM) and backscattered elec-
tron mode (BSE) were used with magnification ranging
between x 250 up to x 3000 and voltage of 5.0kV or
15.0kV. To reduce electrostatic charging, DE particles
were first sputtered with a 15 nm thick gold layer.

The hydrophobic surface modification with BTS, OTS
and ODTS hydrophobic silanes was evaluated with FTIR
spectroscopy with a wavenumber ranging from 700 up to
4000 cm ™! and a wavenumber resolution of 0.5 (cm Y).
To construct the final spectrum for each sample, 40 scans
were averaged.

The loading and release of the corrosion inhibitor in
and out of the DE particles were quantified by UV-Vis
spectroscopy using a calibration curve for KDMTD in
distilled water and in NaCl aqueous solution, respectively.
All the tests were repeated three times. Since the
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Coating formulations as a function of Epikote™ 828 (phr = parts per hundred epoxy resin in weight), and the

calculated inhibiting active component in wt% of the total coating dry weight.

Sample Name Pigment DE particles (phr) Inhibiting active component Inhibiting active component Dry thickness (um)
(phr) (Wt.%)

Epoxy/DE-KDMTD ~ DE-KDMTD 265 7.2 3.8% 73+ 5

Epoxy/C8@DE- C8@DE-KDMTD 259 78 4.1% 73+ 5

KDMTD

The DE pigment volume concentration (PVC%) was set at 30%. Inhibitingthe active component refers to KDMTD.

corrosion inhibitor solution shows the highest absorbance
at 315 nm, this wavelength was used to construct the
calibration curve (intensity-concentration) and as an
identifier to calculate KDMTD content in solution.

The Inhibitor Loading (Ir) is here defined as the amount
of KDMTD (mg) that was loaded in 1g of diatomite
carrier particles. It can be calculated using the following
equation:

IL(I’}’lg 1<DMTD/1gDE) = (WIAD + WIAB)/I’}’IDE (3)

Where, map (mg) is the amount of inhibitor adsorbed,
obtained from Eq. 1, map (mg) is the amount of inhibitor
absorbed, obtained from Eq. 2, mpg (g) is the mass of the
DE particles used for loading.

To calculate the release kinetics from the carriers, 100
mL of H20/0.05 M NaCl solution in a glass jar was used
as the release medium. The media was stirred with a
magnetic stirring table at 400 rpm during the whole
duration of the release experiment to homogenize the
solutions. For each modified diatomite sample, a What-
man 42 filter paper with the shape of a cone was filled
with 10 mg of KDMTD-loaded diatomite particles and
submerged in a fresh release medium with the help of a
large tweezer holder. Aliquots of 4 ml were taken at given
time intervals (2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 90,
120, 150, and 180 minutes) and analyzed using UV-Vis
spectroscopy. The aliquots were returned to the release
media each time after the UV-Vis measurement. At each
time point, the absorbance magnitude was measured at
the characteristic peak absorbance wavelength (ie.,
315nm). With the help of a calibration curve for the
selected inhibitor in NaCl, the release kinetics and inhi-
bitor concentration in solution were obtained.

The Inhibitor Release (Ir) is defined as the amount of
KDMTD (mg) that can be released from 1g of DE par-
ticles over a specific time. It can be calculated using the
following equation:

Iz(mg KDMTD/1gDE) = c3 + 2264+ V /mlpe  (4)

Where, c3 (mM) is the concentration of KDMTD released
in the release medium at time t, V(1) is the volume of the

release medium, m/pg (g) is the mass of DE particles used
for release tests.

As a maximum release reference point to calculate
release fractions (from 0 no release to 1 full release), a
theoretical maximum release was defined as the total
amount of KDMTD initially loaded in the DE particles
(calculated from Eq. 3).

Preparation of coatings and coated panels

2.5 mm thick bare aerospace-grade aluminium alloys
AA2024-T3 metal plates were surface cleaned as fol-
lows: (1) grinding with Scotch Brite 3M in water to
remove the native oxide layer; (2) wiping with a paper
tissue wet in acetone; (3) immersing in 2 M NaOH for
10 s followed by 30 s rinsing in distilled water and drying
with N, gas. The coating compositions are shown in
Table 1. Briefly, Epikote™ 828, Ancamine® 2500, and
xylene (weight ratio of 2.70:1.57:1.06) were mixed in a
high-speed mixer at 2500 rpm for 5 minutes. This mix-
ture was then pre-cured at ambient temperature for
15 minutes. Selected DE particles loaded with inhibitors
(DE-KDMTD, C8@DE-KDMTD) were introduced by
stirring the coating formulation manually for 3 minutes.
This mixture was then applied onto AA2024 metal
coupons with a spiral bar of 100 um wet film. Following
a 30-minute flash-off period at room temperature, the
coatings were cured at 60 °C for 24 hours leading to a
coating dry thickness of 73+5 um. Before inhibitor
release and corrosion testing, the coated panels were
preserved in a desiccator.

Coatings characterization

The effect of surface treatment on the particle dis-
tribution in the as-prepared coatings was evaluated by a
Keyence VK-X1000 confocal scanning microscope. The
coatings were analysed for a second time after manually
wet-grinding up to 4000 grit sanding paper using SEM-
EDS.

The release capacity of the coatings containing DE-
KDMTD and C8@DE-KDMTD was quantified by
grinding the surface of the coatings with a 1000-grit
paper for 15seconds and exposing them to 20mL
0.05M NaCl solution in a 1cm diameter container.
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Electrolyte aliquots were measured with a UV-Vis
spectrometer using the same calibration curve and
wavenumber as shown above to quantify inhibitor
release with time. This process allowed direct exposing
the loaded particles in the coating to the solution by
removing the top thin polymer barrier layer formed
during the coating deposition. Aliquots of 3 mL were
taken at 1, 5, 15, 30, 60, 120, 240, 360, 1440, and
2880 minutes and returned to the solution to keep the
exposure volume constant. A parafilm cover prevented
evaporation during the release test. The coating release
tests for each sample were repeated three times.

Wet/dry cyclic corrosion inhibition tests

Damages of 1 mm diameter and 0.25 mm deep from the
coating surface were performed on the coated panels with
the help of a Roland EGX-350 engraver equipped with an
end mill carbide tip (1 mm in diameter). The resulting
chips were removed by a vacuum cleaner.

The damaged samples were placed in a Raman elec-
trochemical flow cell with 4.5 ml electrolyte and an Ag/
AgCl (3M KCI) reference electrode. This setup was
placed vertically on an optical table inside a Faraday cage

to avoid electromagnetic and vibrational disturbances.
Visualization was achieved through a 150x magnification
Dino-Lite digital microscope, positioned adjacent to the
viewing window of the cell, thereby enabling the acqui-
sition of high-resolution imagery at one-minute intervals
throughout the electrolyte exposure period. Image ana-
lysis was performed using Image] software, applying a
pixel-level correlation method described in our earlier
studies*"**. To do so, images were processed into 8-bit
greyscale, offering 256 levels of intensity from black to
white. This approach allows detecting slight surface var-
iations in refractive index affecting the histogram at pixel
level (330nm) produced by corrosion and inhibition
processes over time within a specified region of interest
(ROI). A static thresholding limit of 10 was used to ana-
lyse the metallic surface, to address low-intensity changes,
and to optimize signal-to-optical noise ratio without los-
ing relevant information.

After the immersion, the electrolyte solutions were ana-
lysed with UV-Vis spectroscopy to quantify the corrosion
inhibitor released from the damaged coatings. The damaged-
coated panels were finally analysed with a Keyence VK-
X1000 confocal scanning microscope at 50x magnification.
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Results and discussion
Surface modification of DE using hydrophobic silanes

Figure 3a illustrates the chemical structures of the three
hydrophobic silanes (BTS, OTS, and ODTS) used to
modify the surface of the DE particles. DE particles
modified with BTS, OTS and ODTS are referred to as
C4@DE, C8@DE and C18@DE. The cleaned and hydro-
lyzed DE particle without surface modification is used as
reference. Figure 3b shows the SEM images of the DE
particles with and without surface modification with
hydrophobic silanes, highlighting no detectable effect on
particle size distribution (remained between 7 and 15 pm)
or particle integrity during the silanization process.

To verify the success of silane modification, FTIR
spectroscopy was used. As shown in Fig. 3¢ for all 4 DE
particle samples, the following five main characteristic
peaks are visible: (i) a peak at 800 cm™ attributed to the
stretching vibration of Al-O-Si*"% (i) a peak at
1060 cm ™! attributed to the asymmetric stretching mode
of Si-O-Si bonds; (iii) a peak at 1635 cm ™' due to absor-
bed water®; (iv) a shoulder peak at 3619 cm™ due to the
surface hydroxyl moieties; and (v) a broadening OH peak
in the wavenumber range between 3100cm ' and
3700 cm ' '°. These features are present in all the sam-
ples, regardless of the surface modification, and indicate
that the silanization process did not change the basic
particle surface chemistry.

Besides the above peaks, the silane-modified DE particles
show the presence of IR peaks at 2929 cm ™' attributed to
-CH,— asymmetric stretching and 2869 cm ™! attributed to
-CH symmetric stretching®®, in good agreement with the
presence of the carbon alkyl chains corresponding to the
hydrophobic silanes. The relatively higher amplitudes of
the -CH,— and -CH peaks in the order of C18, C8, and C4
is in good agreement with the increasing length, and hence
carbon content, of the alkyl chains used for surface mod-
ification. As expected, DE sample did not show the IR peaks
related to the alkyl chain.

Effect of surface modification on loading and release of
organic inhibitors in DE microparticles

Figure 4a—c show loading and release kinetics as a
function of the surface modification calculated as indi-
cated in Section 2.4. The overall loading of KDMTD
corrosion inhibitor, as shown in Fig. 4a, increased for DE
samples modified with longer alkyl chains (C8 and C18)
compared to unmodified DE, while the C4-modified
sample showed a decrease in overall loading. This overall
trend can be explained by the differences in absorbed and
adsorbed loading states.

The absorbed loading (blue column related to absorbed
inhibitor in Fig. 4a) decreased across all silanized DE
samples, indicating that surface modification generally
reduced the absorption (ie, less KDMTD in the
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container). This is attributed to the hydrophobic nature of
silanized DE particles decreasing (bulky) inhibitor
absorption on the DE outershell in water. On the other
hand, the adsorbed loading (orange bars in Fig. 4a)
increased significantly when longer alkyl chains were used
(C8@DE-KDMTD and C18@DE-KDMTD), particularly
in comparison to unmodified DE-KDMTD. This is
attributed to the higher attractive forces between the alkyl
chains on the DE surfaces and the DMTD organic ions
than between -OH on the DE unmodified surfaces and the
DMTD in presence of water, where DMTD needs to
compete with surrounding H,O molecules adsorbing on
the DE surface, as illustrated in Fig. 4d. In agreement with
this, the effect is more predominant when C8 and C18
alkyl silanes are used than when C4 alkyl chain was used.
In the case of C8@DE-KDMTD and C18@DE-KDMTD
the silanes create relatively thick hydrophobic zones that
favour the presence of less polar DMTD (ionic state) over
polar water molecules through diffusion. The comparable
adsorption between the two was likely due to the coiling
effect of the longer C18 silane chains slightly limiting the
further expansion of the hydrophobic zone in the pre-
sence of water compared to C8, as illustrated in Fig. 4d.
Figure 4b and c show the release kinetics of the corrosion
inhibitor as a function of the DE surface treatment during 3 h
of immersion in water and in 0.05M NaCl water solution,
respectively. As shown in Fig. 4a (blue and red dots within the
columns), the presence of NaCl ions did not significantly
increase the total inhibitor release after 3 h immersion for any
sample compared to the absence of NaCl. Similarly, NaCl in
solution did not have a major effect on the release kinetics
profile as seen when comparing Fig. 4b and c. This suggests
release was dominated by rapid water dissolution and internal
diffusion in the particles, while ion charge balance does not
play a measurable role as opposite to other reported loading
systems‘%.
When attending at the release kinetics profile, the sur-
face modification had a clearer effect as observed in
Figs. 4a—c. The release profile of the DE-KDMTD parti-
cles without surface modification plateaued at around
45 minutes at 80% release fraction of the maximum the-
oretical release calculated based on the loading. The
surface-modified C4, C8 and C18 DE-KDMTD particles
showed a slower release profile and lower relative release
fraction at the end of the experiment (3 h) than the DE
particles. In spite of this lower release, the total inhibitor
released for the same particle amount was comparably
high for DE-KDMTD, C8@DE-KDMTD and C18@DE-
KDMTD and lower for the C4@DE-KDMTD samples
(blue and red dots in Fig. 4a). The samples modified with
C4 silane showed a comparable release profile (kinetics
and plateau at 60 min immersion) to the DE-KDMTD
sample yet plateauing at 65% release fraction. The samples
modified with the C8 and C18 silanes showed slower
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Fig. 4 Influence of surface modification on the loading and release of KDMTD corrosion inhibitor in DE particles. a Loading and release of
KDMTD corrosion inhibitor in the DE particles as a function of the surface modification; b and ¢ Fractional release kinetics of KDMTD corrosion
inhibitor as a function of the surface modification in distilled water (b) and in 0.05 M NaCl ag. solution ¢. Theoretical maximum release is given by the

total loading shown in Fig. 4a. d Schematic describing the loading principle of KDMTD corrosion inhibitor as a function of the DE surface
L modification. The yellow blocks indicate the hydrophobic zones governed by the alkyl chains.

release kinetics profiles, plateauing at around 90 min for
the C8@DE-KDMTD and with no clear plateau for the
C18@DE-KDMTD sample even at the end of the
immersion time (3h). This slower release rate can be
explained by the hydrophobic character of the surface
modification and is expected to be beneficial for corrosion
protection as it combines a fast initial release of inhibitor
with a sustained release in time, while no modification of
the surface led just to a rapid release of inhibitor in the
first minutes of immersion. While C4@DE-KDMTD did

not seem to have a big impact on the release rate, the
interactions between the inhibitor and surface modifica-
tion may have affected the total inhibitor released in a
comparable manner to the surface modification with C8
and C18. Nevertheless, more inhibitor molecules can be
stored when the more hydrophobic silanes are used, as
shown in Fig. 4d and discussed above, which in turn
affects the diffusion kinetics of the adsorbed inhibitors. As
expected, long carbon chains (C18) may collapse in water
media and decrease release kinetics when compared to
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C8@DE-KDMTD. This may also affect the total amount
of inhibitor released in the studied time of 3 h (C8@DE-
KDMTD 75% at 3 h, yet with C18@DE-KDMTD < 70%).
Considering the requirements for corrosion inhibitor
loading (as high as possible) and release (sufficient
amount quickly released to rapidly protect the metal and
then sustained release in time for maintenance of the
protective layer), the C8 surface modified particles per-
form the best amongst the surface modified ones as they
combine high loading (almost 3 fold the adsorbed inhi-
bitor than DE-KDMTD), faster release behaviour amongst
the surface modified ones and higher inhibitor fraction
released (75%). For this reason, in the remaining part of
the work, it was decided to compare the behaviour
between coatings loaded with DE-KDMTD and C8@DE-
KDMTD particles.

Effect of surface modification on particle dispersion in the
coating

Figure 5a shows representative confocal microscope
images of the coatings prepared with 30% PVC DE-
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KDMTD and C8@DE-KDMTD microparticles. In both
coatings, the particles appeared to be well dispersed in the
absence of large (>100 pm) agglomerates. Nevertheless,
the particles modified with C8 alkyl silane showed a clear
improvement in particle dispersion, with individual DE
particles clearly identifiable (Fig. 5a-right).

Figure 5b shows SEM/EDS micrographs of the epoxy
coatings containing DE-KDMTD and C8@DE-KDMTD
after wet-grinding. In agreement with the confocal ima-
ges, both coatings showed homogeneous particle dis-
tributions without agglomerates over the entire coating
surface, even though the particles modified with C8(OTS)
were more clearly identifiable and presented an even more
homogeneous dispersion. When looking at the particles a
bit closer (Fig. 5b), it became clear that the inner volume
of the DE particles without silane modification was
completely filled by organic matter (elemental C map)
attributed to the epoxy-amine matrix, in good agreement
with our previous reports with such DE-loaded coatings®”.
Quite opposite to this, the C8@DE-KDMTD particles
appeared empty after polishing. This is attributed to a

C8@DE-KDMTD

Epoxy-Amine

E

Epoxy-Amine

Fig. 5 Microscopic and elemental analysis of coatings containing DE-KDMTD and C8@DE-KDMTD particles. a Confocal microscope images of
as-prepared coatings with DE-KDMTD and C8@DE-KDMTD particles; b SEM-EDX analysis of wet-ground coatings containing DE-KDMTD and C8@DE-
KDMTD particles. EDX is unable to detect the presence of KDMTD because it can be dissolved during the wet grinding process. The images show
how the C8 treatment help decrease the penetration of the epoxy-amine resin into the DE particles as opposed to the DE-KDMTD particles, as shown
in the right scheme.
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(see figure on previous page)

Fig. 6 Release behavior of KDMTD from coatings containing DE-KDMTD and C8@DE-KDMTD particles in 0.05 M NaCl solution. Release
profiles from coatings containing DE-KDMTD and C8@DE-KDMTD particles exposed to 0.05 M NaCl solution over 6 h using as-produced intact
coatings (a) and dry-ground coatings (c). Shadow regions represent deviation between repeats. Schemes b and d show representations of KDMTD
inhibitor release from intact coatings, where the diatomite structure is covered by epoxy-amine coating binder (b), and ground coatings, where the
diatomite shell structures are exposed to the solutions (d). Blue semi-spheres at the coating surface represent initial inhibitor exudation leading to

barrier effect induced by the silane surface modification
that ensured epoxy-amine polymerization at the surface
and prevented it from getting into the DE inner volume,
as also shown in the EDX mapping.

Effect of surface modification on inhibitor release from
coatings

The effect of DE surface modification on the release of
KDMTD from the coatings was investigated by exposing
the coatings as-produced (Fig. 6a) and the coatings after
grinding (Fig. 6b) to 0.05M NaCl solutions and mon-
itoring DMTD concentration in solution with UV-Vis
spectroscopy. The release fraction was calculated by
dividing the “inhibitor concentration released into the
container above the coating” by the “maximum inhibitor
concentration that can be released from the coating
beneath the container.” This calculation takes into
account the PVC used and the estimated inhibitor loading
in the particles. As seen in Fig. 6, the release takes place in
two stages independently of the diatomite surface treat-
ment and the coating surface condition (ground or intact),
namely: (i) very fast initial release right after exposure to
electrolyte, followed by (ii) sustained release until 2 or 6 h,
depending on the sample. In all cases, higher release
fractions and total inhibitor release were observed when
C8 surface modification of the diatomite shell was used.

In the case of intact coatings (Fig. 6a), the initial fast
release fraction is quite comparable (~20%), indepen-
dently of the surface treatment of the diatomite carrier. A
close look at the intact coating surfaces exposed to air for
1 day, unveiled the presence of droplets at the coating
surface, as shown in the optical images in the left column
in Fig. 7 and illustrated in Fig. 6b. These exudate droplets
were attributed to the hygroscopic character of KDMTD.
Despite the similar exhumation phenomena in both
coatings, the droplets on the C8@DE-KDMTD coating
were smaller than those on DE-KDMTD coating high-
lighting the beneficial effect of the hydrophobic nature of
the modified carriers. We hence attribute the initial fast
release from intact coatings right after immersion to this
exudation phenomena. Important to notice is that, after
2 h immersion in NaCl solution, drying and exposure to
air for 1 day, no exudates were detected anymore as
shown in the right images in Fig. 7.

Due to the surface grinding before immersion, the effect
of the exudates is not considered the main responsible for
the fast initial release observed in the ground coatings
(Fig. 6¢). Interestingly, the ground DE-KDMTD coating
shows comparable initial release as its intact counterpart
(~20%), while the coating with C8@DE-KDMTD particles
shows 2 times more initial release (~40%). Considering
the comparable inhibitor loading in the particles (Fig. 4)
and the good dispersion in both coatings (Fig. 5), we
attribute the higher released fraction in the case of the
C8@DE-KDMTD nparticles to the positive effect of the
surface treatment in isolating the inhibitor from the sur-
rounding polymer matrix. This protection leads to lower
resin penetration in the DE particles modified with C8
alkyl silane (Fig. 5 and scheme in Fig. 6d) and therefore
approximately 2 times more unreacted inhibitor is readily
available to be released upon exposure to the electrolyte.

Following the initial relatively fast release, the release of
the two intact coatings (Fig. 6a) gradually increased and
reached a plateau at 2 h, with a final release fraction of up
to 48% for C8@DE-KDMTD and 40% for DE-KDMTD.
This similar release amount suggests that inhibitor dif-
fusion from the inner coating to the surface in intact
coatings mostly happens during the first 2 h immersion,
possibly being limited due to local swelling closing dif-
fusion paths in the intact polymer coating at the top
surface. Interestingly, a similar release profile with com-
parable final release fraction and amount was found for
the DE-KDMTD coating after grinding. This is attributed
to a predominant release of absorbed KDMTD in the
coating regions closer to the surface, largely influenced by
diffusion through the polymer binder.

Clearer differences between intact and ground coatings
are found for the coatings containing C8@DE-KDMTD
particles. When surface ground, these coatings showed a
consistently higher release rate and release fraction during
the 6 h immersion test. At the end of the 6 h, around 80 to
90% fraction of the available inhibitor was released with-
out reaching a release plateau. This significantly higher
release fraction (around 35% more than for the DE-
KDMTD coating) can be attributed to the significantly
lower negative reactions between the organic inhibitor
and the surrounding polymeric matrix when using the
octyl alkyl silane surface treatment of the diatomite
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Fig. 7 Confocal microscopy images of the intact coatings containing DE-KDMTD and C8@DE-KDMTD particles. Images were taken after 1 day
of exposure to ambient conditions (left column) and after exposure to NaCl solution for 2 hours, followed by drying and an additional 1 day exposure
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particles. It is therefore hypothesized that the surface
modification in the C8@DE particles acts as a loading
layer (Fig. 4d) but also as a protective layer that prevents
the epoxy matrix from penetrating into the DE particles
and reacting with KDMTD. As a consequence, higher
amounts of KDMTD are readily available to be released
when the surface-modified particles are used. Overall,
these results suggest that a higher corrosion inhibition
efficiency would be expected for the coatings containing
C8 surface-modified DE particles loaded with KDMTD, as
addressed in the following section.

Effect of surface modification on active corrosion
protection at damaged coatings

Figure 8a—c show surface activity maps, surface activity
coverage with time, and post-mortem micrographs of the
damages for the coatings containing DE-KDMTD and
C8@DE-KDMTD particles exposed to pH 7 0.05 M NaCl
solution for 2 h, moment at which most of the releasable
KDMTD should have been released based on release tests
(Fig. 6). Figure 8d shows the absorbance peak of the
solutions at 2 h related to KDMTD release. As shown in
Fig. 8a, the local activity at the damage location for the
coating with DE-KDMTD started short after immersion
(black curve in Fig. 8a starting to rise at around 5 min),
then increasing to 45% surface coverage within 1h and
64% surface coverage at 2h, when it started plateauing.
This activity was identified as (minimal) corrosion-related
activity. This was confirmed with the post-mortem ima-
ging revealing dealloying and trenching (Fig. 8b) even if

lower than expected for unprotected coatings or coatings
using DMTD directly added to the coating''. The coating
with KDMTD loaded in C8@DE showed significantly
lower surface activity coverage and kinetics (Fig. 8b) and
intensity of activity (Fig. 8a) identified by the histogram
colours at the metal surface being mostly yellow-red
rather than purple as in the case of DE-KDMTD). The
imaged dynamic process stabilizes (surface activity pla-
teaus) at 1.5h and reaches 25% surface coverage at sig-
nificantly lower intensity levels. Post-mortem images
confirmed that the extent of localized corrosion was sig-
nificantly lower than for the DE-KDMTD samples
(Fig. 8c). Moreover, a UV-Vis analysis of the aliquots at
2h (Fig. 8d) showed there was 21% more KDMTD
released from the damaged C8@DE-KDMTD coating
than from the DE-KDMTD coating (1.6-10™* vs 1.3-10°
*M). Despite the clear improvement in KDMTD release
when using C8@DE particles, in both cases, the levels of
inhibitor released are lower, especially during the first
60 min immersion, than the inhibitor concentration
threshold necessary to fully stop the initial dealloying of
intermetallic particles occurring within the first 5-10 min
immersion®>*°, Nevertheless, the continuous inhibitor
release during immersion allowed stopping the dealloying
and trenching process, reflected in a plateau in the surface
activity% % and activity intensity map at 1.5 h immersion
for the case of the coating containing C8@DE particles.
In previous works, we demonstrated that one of the
factors responsible for the high levels of corrosion pro-
tection offered by an inhibitor related to KDTMD, namely
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Fig. 8 Corrosion activity and inhibitor release in damaged coatings containing DE-KDMTD and C8@DE-KDMTD particles under exposure to
pH 7 NaCl solution. a Optical images at t = 0 with global activity maps at selected immersion times. Colour bar shows the intensity histogram of the
local changes with black being changes of higher intensity with respect to image at time 0; b time evolution of the activity surface coverage in %;
¢ local post-mortem micrographs of the damage; and d UV-Vis spectra of the electrolyte at the end of the 2 h exposure in pH 7 NaCl solutions of
damaged coatings containing DE-KDMTD (black lines) and C8@DE-KDMTD (red lines). The diameter of the damage hole is 1 mm.

HDMTD, is its natural acidity (leading to pH = 2 in
starting neutral solutions)'™”. Different to HDMTD,
KDMTD salt studied in this work leads to a natural
neutral pH. In order to study the benefit of an acidic
environment in the corrosion inhibition potential of
coatings loaded with KDMTD, the active protection at
damaged coatings exposed to pH 5 was evaluated. As
shown in Fig. 9a and ¢, when the damaged coatings were
exposed to pH 5, no relevant signs of surface activity was
observed during the whole immersion time. This indicates
a full degree of protection in both coatings, as confirmed
by the post-mortem analysis shown in Fig. 9c. Notably,
the post-mortem solutions at pH 5 exhibited a higher
absorbance wavelength (326 nm) than those exposed at
neutral pH (320 nm) as shown in Fig. 9d. This shift in
wavenumber indicates a high degree of inhibitor de-
protonation when exposed to more acidic pH***"%,
factor that, together with the removal of the natural alu-
minium oxide layer leads to higher inhibitor adsorption
and high degrees of protection as also observed with
HDMTD in initially neutral solutions™.

Effect of surface modification on inhibiting layer stability:
wet-dry cyclic tests

As highlighted in our previous works "’ inhibitor layer
stability during re-exposure appears as a major, yet largely
unattended, factor to consider when developing antic-
orrosive coatings. Figure 10 shows the effect of sequen-
tially re-exposing to neutral NaCl solution the damaged
coatings first exposed to pH 5 shown in Fig. 9; i.e. expo-
sure to pH 5 + drying + 1* re-exposure to pH 7 +
drying + and re-exposure to pH 7.

Upon first re-exposure to pH 7 NaCl solution (as shown
in Fig. 10a—d), the C8@DE-KDMTD coating continued to
exhibit negligible surface activity at the damaged site,
whereas the DE-KDMTD coating showed initial local
activity that stabilized at around 2.5% surface coverage
within 5 minutes of exposure. This aligns with the post-
mortem imaging suggesting slight dealloying at some
local intermetallic particles for the DE-KDTMD sample
(Fig. 10c). Remarkably, the detected activity phenomena
occurring at the intermetallic particles stopped after the
initial 5min of immersion. A UV-Vis analysis of the

11,23
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electrolyte (Fig. 10d) revealed a good amount of inhibitor
being released during re-exposure (~10~°M). It is hypo-
thesized that this continued inhibitor release during
reimmersion contributed to the stabilization of the inhi-
biting layer initially created during the first immersion,
despite the initial destabilization induced by the neutral
pH exposure. In contrast with this initial (small) activity,
the sample with C8@DE-KDMTD particles showed no
local activity (Fig. 10a—c). This is in good agreement with
the relatively high amount of inhibitor being released
(~3x10"°M and 3 times higher than for DE-KDMTD),
leading to very efficient inhibiting layer stabilization. In
any case, both systems showed significant robustness of
the protective system in the event of a wet-dry-wet cycle.

A more noticeable difference between the two
coatings emerged during the second re-exposure event
(Fig. 10e—h). During this second re-immersion, the coat-
ing with non-modified particles (DE-KDMTD coating)
exhibited immediate surface activity propagating at a

surface coverage propagation rate of 17% h™~' and stabi-
lizing at 25% surface activity after 1.5h exposure. Inter-
estingly, the surface analysis showed large optical
fluctuations, which, considering the relatively reduced
local corrosion extension observed in the micrograph
(Fig. 10g), may be attributed to the continuous de-
stabilization and stabilization of the inhibiting layer due to
extra inhibitor supply. This suggests that the inhibiting
layer formed during immersion was unstable with the
immersion time (total of 6 h) and/or that the inhibitor
release at similar amounts as in the first re-immersion
(Fig. 10a) was insufficient to fully counterbalance the
instability of the inhibiting layer at pH 7 for this sample.

In contrast to the DE-KDMTD coating, the coating
loaded with C8@DE-KDMTD particles showed sig-
nificantly better results with: (i) a delayed onset of surface
activity (detectable surface activity starts after 15min
immersion); (ii) a surface activity propagation rate sig-
nificantly lower (64% h™') and at significantly lower
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Fig. 10 Corrosion activity and inhibitor release in damaged coatings containing DE-KDMTD and C8@DE-KDMTD particles under sequential
re-exposures. Optical images at t =0, global activity maps at selected immersion times, time evolution of surface activity and related intensity
histogram, local post-mortem confocal microscopic images of the damage, and UV-Vis spectra of the electrolyte at the end of the 2 h exposure in pH
5 NaCl solutions of damaged coatings containing DE-KDMTD (black lines) and C8@DE-KDMTD (red lines) exposed to pH 5 NaCl solution, following by
a-d 1% re-exposed to pH 7 NaCl solution and e-h 2nd re-exposed to pH 7 NaCl solution. The diameter of the damage hole is 1 mm.

intensity (yellow colour activity instead of the purple); (iii)  postmortem analysis confirmed the surface activity was
a rapid end of the surface activity progression after 1.5h  related to very reduced localized activity at some inter-
immersion at a low surface coverage of 9%; and (iv) the = metallic particles (Fig. 10g). Interestingly, also in this case,
absence of noise in the activity progression. The the amount of inhibitor released was similar to the
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amounts measured during the first re-exposure test (2.5 x
10° M, being 3 times higher than for the DE-KDMTD
sample, Fig. 10h) and points at a threshold concentration
of inhibitor needed to maintain the full stability of the
inhibiting layers formed at first instance at pH 5; which are
intrinsically more stable when more inhibitor is released in
the first instance (i.e. first immersion step). Interestingly,
the release amounts during the second re-exposure for the
C8@DE-KDMTD coating is comparable to our previous
work using HDMTD particles protected by a thin nano-
layer deposited by CVD in fluidized bed (2.5x 10> M
during re-exposure)''. In the concept here presented
using diatomite as carrier, this threshold of inhibitor
being released during re-immersions (1 = x
10 °M < [inhibitors] <2.3 x 107 °M) can better be
better supported when using a C8 alkyl silane surface
treatment due to the improved loading and the
improved protection of the loaded inhibitor from the
surrounding matrix.

Page 16 of 18 27

The results and hypothesis discussed above are sum-
marized in Fig. 11, for the coatings with DE-KDMTD and
C8@DE-KDMTD particles when exposed to pH 7 0.05 M
NaCl solution (a), and pH 5 0.05M NaCl solution fol-
lowed by two subsequent exposures to pH 7 0.05 M NacCl
solution (b). DE-KDMTD and C8@DE-KDMTD particles
show slightly different degrees of dispersion (better dis-
persion for C8-modifed particles). More relevantly, while
particles without any surface modification are filled with
the polymer binder leading to some degree of reaction
and immobilization of the loaded KDMTD, the alkyl
silane surface modification (OTS) prevents resin infiltra-
tion in the diatomite shell resulting in the presence of
empty particles well dispersed in the coating (as shown in
Fig. 5). Consequently, more inhibitors remain protected
from the surrounding matrix and therefore active and
ready to be quickly released at damaged locations.

When exposed to a pH 7, 0.05M NaCl solution
(Fig. 11a), a significant improvement in KDMTD release

DE-KDMTD
(@)

Exposed
topH7
NaCl
solution

(b)
Exposed
topH5
NaCl
solution

1st re-
exposed to
pH7
NaCl
solution

2m re-
exposed
topH7

NaCl
solution

protecting the exposed metal surface.

Fig. 11 Schematic illustration of the damaged coatings containing DE-KDMTD and C8@DE-KDMTD particles under different exposure
conditions. a pH 7 0.05 M NaCl solution, and b pH 5 0.05 M NaCl solution followed by two subsequent exposures to a pH 7 0.05 M NaCl solution. The
continuous supply of inhibitor beyond a critical level as achieved by C8(OTS) surface modification allows sustaining the inhibiting layer efficiently

C8@DE-KDMTD
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and corrosion inhibition was observed if C8@DE particles
were used. This improvement was attributed to better
particle dispersion, storage of inhibitor in the alkyl layer,
and the prevention of resin penetration in the carrier.
However, the initial dealloying and trenching corrosion
could not be completely avoided as attributed to the
relatively reduced inhibitor release and, more importantly,
the complex ionic state of KDMTD limiting its efficiency.

In contrast, despite the particle dispersion and resin
infiltration differences, both coatings show high levels of
protection at damage sites when coatings are exposed to
pH 5 0.05 M NaCl solution (Fig. 11b), even though a more
stable protective layer is still formed in the C8@DE-
KDMTD coating attributed to a higher inhibitor release
(Fig. 9d). Upon re-exposure to pH 7 NaCl solution, both
damaged areas remain well-protected, likely related to the
robust stability of the inhibiting layer on the metal and a
sufficient resupply of inhibitor to maintain inhibiting layer
stability (Fig. 10d). During the second re-exposure to pH 7
NaCl solutions, the DE-KDMTD partially lost its effective
protection attributed to a limited supply of inhibitor
estimated to be below a critical level to fully maintain
inhibiting layer stability. The samples loaded with
C8@DE-KDMTD particles on the other hand showed full
protection attributed to a very stable inhibiting layer
further sustained by sufficient inhibitor release from the
coating (approximately 3 times higher, Fig. 10h. The
results indicate that a good isolation of the organic cor-
rosion inhibitor from the surrounding matrix and an
adequate inhibitor chemical state led to stable inhibiting
layers offering high levels of protection, while sustained
release beyond a critical level contributes sustaining high
degrees of corrosion protection.

Conclusions

This study demonstrates that the loading and release of
organic inhibitors from diatomite particles can be tuned
using surface modification of the diatomite carriers with
hydrophobic silanes. Of the three alkyl silanes used (BTS
(C4), OTS (C8), and ODTS (C18)) the mid-length silane
(OTS, C8) led to the best combination of higher inhibitor
loading, 3.5 times higher inhibitor adsorption ratio than
the reference non-modified diatomite, sustained release in
time, and high inhibitor release fraction with respect to
loading (70-75%).

When added to organic coatings, the C8-modified DE
particles showed better particle dispersion within epoxy-
amine matrices with minimal resin infusion into the hollow
core of the diatomite particles. As a consequence, about 35%
more inhibitor was available to protect damaged locations
than without surface modification. Quantitative image
reflectometry analysis during immersion showed slightly
better protection at damaged sites (1 mm diameter) of the
coatings using C8-modified particles when exposed to pH 7,
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even though minimal local corrosion attack in the first
exposure stages was not completely stopped in either of the
two coatings. At pH 5, both coatings showed excellent pro-
tection of the damage site with no apparent corrosion. Sam-
ples exposed to pH 5 and then re-exposed to pH 7, 0.05 M
NaCl demonstrated very high stability of the inhibiting layers
during the first re-immersion cycle of 2h. In a second re-
immersion step in neutral pH 0.05M NaCl, the coatings
loaded with unmodified diatomite slightly lost their highly
protective efficiency, while the coatings loaded with C8
modified particles maintained very high levels of protection.
This is attributed to the higher inhibiting layer stability and the
improved continuous inhibitor supply facilitated by the inhi-
bitor loading protection from the surrounding polymer
matrix provided by the alkyl silane surface modification. This
study demonstrates that organic corrosion inhibitors can be
efficiently loaded into diatomite particles through surface
modification to allow reduced negative interactions with the
surrounding coating matrix and therefore offer enhanced and
sustained protection at damaged locations, at least during
three wet/dry cyclic exposure tests in the absence of delami-
nation and blistering. Future studies with this technology will
benefit from long-term cyclic exposure, neutral salt fog
exposure, and overall coating performance with formulations
closer to end-user coatings.
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