Open Access Article. Published on 09 December 2024. Downloaded on 8/1/2025 11:54:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

#® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 38739

steel corrosiont

Silica nanocontainers with rhodamine B
acylhydrazone for early fluorescent detection of

Anna Mal'tanova,{? Nikita Bel'ko,@;tb Tatsiana Kulahava,® Michael Samtsov®

and Sergey Poznyak & *2

Developing new materials for efficient fluorescent detection of metal corrosion is a highly relevant task. One

challenge is that highly sensitive sensors might lose functionality after exposure to certain coating

formulations. In this work, silica nanocontainers are used to encapsulate rhodamine B acylhydrazone, an

efficient pH sensor. The resulting nanomaterial is then used in water-based epoxy and acrylic coatings for

early-stage detection of steel corrosion. Coatings with as little as 0.01 wt% rhodamine B acylhydrazone show

a marked increase in fluorescence intensity that correlates with the onset of steel corrosion. Coatings

containing the dye encapsulated in silica nanocontainers demonstrate a significantly stronger response (4

times) compared to coatings containing the dye without an encapsulating agent. Furthermore, encapsulating

rhodamine B acylhydrazone improves the dispersion of this hydrophobic dye in epoxy and acrylic coating

formulations without requiring an organic solvent. The ability of the resulting coatings to detect corrosion by

Received 27th October 2024
Accepted 3rd December 2024

changes in fluorescence is validated by fluorescence spectroscopy and microscopy. Impedance spectroscopy

investigations indicate that silica nanocontainers improve the barrier properties of the composite epoxy
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1 Introduction

Corrosion of metals is a problem of great economic importance,
limiting the service life of most man-made structures and
causing enormous losses. In some countries, the corrosion
costs account for up to 4% of a nation's gross domestic
product.™® The most common method for preventing the
corrosion of metallic structures is the application of organic
coatings.*>* Although this measure can substantially delay the
destruction of a metal structure, any coating has a finite life,
and a complete inhibition of corrosion is unattainable. This is
particularly true for metal structures exposed to aggressive
environmental factors, such as seawater, humidity, high
temperatures, etc. In such conditions, most polymeric systems
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coatings on steel. The encapsulation of highly sensitive and hydrophobic molecules in silica hanocontainers
can be an effective method for preparing smart coatings with desired characteristics.

fail to prevent the ingress of corrosion-aggressive ions like Cl™.
Ultimately, this leads to the onset of corrosion and the
destruction of the protective oxide layer, promoting the local
dissolution of metals. For this reason, smart coatings are being
developed to provide active protection and early detection of
corrosion of the underlying metal.

Upon the onset of corrosion in neutral media, the following
set of redox reactions takes place:*°

Anodic part: Me — Me™* + ne”
Cathodic part: O, + 2H,O + 4e~ — 40H".
Apart from electrochemical reactions, the acid-base inter-
action occurs. The metal dissolution leads to the formation of

metal ions. The hydrolysis of the ions results in the formation of
hydroxide complexes accompanied by acidification:’

Me — Me"™" + ne”

Me,,"" + H,O < (Me(OH))," V" + H,,".

At the same time, the hydroxide ions (OH") formed at the
cathodic side provoke alkalization.
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Early detection of corrosion can be achieved by applying
organic coatings that contain fluorescent dyes capable of
sensing metal ions or changes in pH.*** However, preparing
such coatings presents a challenge as the incorporated dyes
must be sensitive to the corrosion process while maintaining
their structure and spectral properties when introduced into
a coating formulation. Coating formulations may exhibit high
acidity or alkalinity and contain reactive components, which
may result in a loss of functionality of pH-sensitive sensors. To
prevent this, sensors can be encapsulated in inert nano-
containers before being added to a coating formulation.

Several types of encapsulation agents were previously re-
ported in the literature. Layered double hydroxides,*>**
clays,""” and polymeric nano- and microcapsules'® have been
used in smart coatings for corrosion detection and prevention.
Silica nanocontainers (SiNCs) are excellent candidates for
encapsulating various active compounds due to their mild and
facile one-step synthesis process and high loading capacity.***®
SiNCs have been successfully utilized to prepare smart coatings
loaded with corrosion inhibitors,>® sensors,*! or biocides.? The
encapsulation in SiNCs can prevent interactions between active
compounds and the coating, while ensuring a controlled release
of the contents of the containers.

Rhodamine B acylhydrazone (RBA) has been used as an
indicator in smart epoxy coatings to detect steel corrosion in
early stages due to its high sensitivity toward ferric ions.’
However, as shown in our previous work, the dye is susceptible
to hydrolysis under acidic pH.*® This finding suggests that the
dye may lose its functionality when exposed to certain coating
formulations. Furthermore, RBA is a water-insoluble compound
and cannot be directly added to water-based coating formula-
tions. More recently, Wang et al. successfully demonstrated the
use of ~5 um large silica structures as a support for RBA in the
preparation of smart coatings for early corrosion detection.*

In contrast to the mentioned study, we employ the micro-
emulsion method,* which results in the formation of spherical,
100 nm large SiNCs. In this work, SiNCs are utilized for the
encapsulation of RBA due to several key reasons: (1) SiNCs
prevent the transformation of this pH-sensitive dye when
introduced into coating formulations; (2) RBA-loaded SiNCs are
readily integrated into water-based coatings without the need
for an organic phase; (3) SiNCs guarantee optimal dispersion of
the dye within a coating, which is particularly important for eco-
friendly, water-based formulations; (4) RBA remains entrapped
in SiNCs while its fluorescence is activated under service
conditions. The properties of epoxy and acrylic coatings con-
taining RBA-loaded SiNCs are studied using fluorescence
spectroscopy and microscopy along with electrochemical
impedance spectroscopy. Coatings containing RBA-loaded
SiNCs and coatings with directly added RBA are compared.

2 Experimental
2.1 Materials

RBA  (3/,6'-bis(diethylamino)-2-(propan-2-ylideneamino)spiro
[isoindole-3,9'-xanthene]-1-one) was synthesized following the
procedure described in ref. 23. Toluene (anhydrous, 99.8%),
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dichloromethane (>99.8%), MeCN (>99.9%), EtOH (>95%), 25%
aqueous ammonia solution, FeCl;-6H,0 (97%), NaCl (99%),
and 37% HCIl were purchased from Sigma-Aldrich. Cetyl-
trimethylammonium bromide (CTAB, >99%) and tetraethox-
ysilane (TEOS, 98%) were purchased from Acros Organics.

Epoxy coatings were prepared using the water-based CHS-
Epoxy 200 V 55 (Spolchemie) epoxy resin with the Telalit 180
(Spolchemie) hardener (w/w = 100:27). Acrylic coatings were
prepared using a water-based acrylic emulsion 76 (Bisley
International LLC).

2.2 Synthesis of SiNCs

Bare SiNCs were prepared via the single-step polymerization
process in an oil-in-water microemulsion, as described in ref.
20, with some modifications. TEOS served as a precursor of
silica, CTAB was used as a cationic surfactant, and 25%
ammonia solution was used as a catalyst. Toluene or dichloro-
methane was used as a co-solvent. Initially, 0.1 g CTAB was
dissolved in 35 mL deionized (DI) water. After allowing the
surfactant to swell for 2 h, 0.25 mL ammonia solution was
added. Then, 25 mL co-solvent was added dropwise under
vigorous stirring to form a microemulsion. Next, 2 mL TEOS was
added, and the emulsion was kept under vigorous stirring for
the following 24 h. Finally, the precipitate was filtered using
a paper filter (PRAT DUMAS) with a pore size of 2-3 um, washed
with DI water, and dried at 40 °C for 24 h.

To prepare SiNCs loaded with RBA (RBA@SiNCs), 50 mg of the
dye was dissolved in 25 mL of a co-solvent before adding it to the
aqueous phase. When dichloromethane was used as the co-
solvent, the emulsion gradually turned from white to light
pink. RBA was previously shown to undergo protonation and
spirolactam ring opening under acidic pH, resulting in pink
color.”® The color change in the emulsion may be attributed to
the oxidation of dichloromethane in air, resulting in the forma-
tion of HC], a decrease in pH, and the subsequent protonation of
RBA. When toluene was used as the co-solvent, the micro-
emulsion remained white during the synthesis. However, after
the precipitate was filtered, it acquired a pinkish hue, which may
be due to a slight decrease in pH associated with the hydrolysis of
silica. The color of RBA@SiNCs prepared using toluene as the co-
solvent was barely visible, while RBA@SINCs prepared using
dichloromethane had a much more pronounced pinkish hue
(Fig. S17). The following studies focus on SiNCs and RBA@SiNCs
that were prepared using toluene as the co-solvent. The oxidation
of chlorinated organic solvents should be considered when
preparing SiNCs loaded with pH-sensitive molecules.

To determine RBA content in SiNCs, 1 mg RBA@SiNCs was
dispersed in 1 mL MeCN and sonicated for 2 h. The suspension
was then centrifuged at 12000 rpm for 10 min, and the
concentration of RBA in the supernatant was determined using
spectrophotometry. The dye content in SiNCs was found to be
1.6 wt%.

2.3 Preparation of coatings

Either RBA@SINCs (0.5 wt%) or an equivalent amount of pure
RBA (7.2 x 107 wt%) was added to coating formulations. To

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ensure the dispersion of RBA@SiNCs in coating formulations,
the nanomaterial was first dispersed in DI water at a concen-
tration of 4.5 mg mL™ " and sonicated for 15 min. The resulting
suspension was centrifuged at 12 000 rpm for 10 min, and the
supernatant was decanted. The remaining slurry was then
thoroughly mixed with coating formulations. Pure RBA was
dissolved in EtOH and added to coating formulations at 5 wt%
EtOH.

For epoxy coatings, the epoxy resin was mixed with RBA@-
SiNCs (as wet slurry) or pure RBA (as EtOH solution) followed by
the addition of the hardener. Free-standing (not attached to
a substrate) epoxy films were prepared by pouring the epoxy
coating formulation into a silicone mold and curing it for 72 h
at room temperature. The resulting films were 1.1 mm thick.
For acrylic coatings, RBA@SiNCs (as wet slurry) or pure RBA (as
EtOH solution) were mixed with the water-based acrylic emul-
sion. Free-standing acrylic films were not prepared.

Samples for corrosion sensing were prepared on A622DQ
carbon steel coupons measuring 5.0 x 3.0 x 0.1 cm. The steel
contained C (0.08 wt%), Mn (=0.40 wt%), P (<0.03 wt%), and S
(=0.03 wt%). This type of metal was chosen for the measurements
in the described model system because low-carbon steels are prone
to corrosion in the presence of chloride ions.**** The steel coupons
were sandblasted and degreased with EtOH. Coating formulations
containing RBA@SINCs or pure RBA were applied to one side of
the coupons. These formulations were tape-cast onto the coupons
using a casting blade and left to cure for 72 h at room temperature.
The thickness of cured epoxy and acrylic coatings, as measured
using scanning electron microscopy (SEM), was 50 and 18 pm,
respectively (Fig. S21). The back and edges of the steel coupons
were brush-coated with the corresponding blank formulations.

2.4 Characterization

The morphology of the synthesized SiNCs and RBA@SiNCs was
characterized using a Hitachi S-4800 scanning electron micro-
scope at an operating voltage of 15 kV in the secondary electron
detection mode. Particle size distribution was then determined
using the Image] software.

The specific surface area and porous structure of SiNCs were
estimated by nitrogen adsorption at 77 K and a gradual increase
in pressure using a QuadraSorb SI device. The specific surface
area was calculated using the Brunauer-Emmett-Teller (BET)
theory. The pore sizes were determined using the Barrett-Joy-
ner-Halenda (BJH) model. Before the measurements, the
samples were degassed by heating in a helium stream at
a temperature of 250 °C for 2 h. Thermogravimetry/differential
scanning calorimetry (TG/DSC) measurements were carried out
using a NETZSCH STA 449C thermal analyzer in the 20-800 °C
temperature range in air at a heating rate of 10 °C min~"'. X-ray
diffractometry (XRD) measurements were performed on a PAN-
alytical Empyrean diffractometer using CuKa-radiation. The
recording speed was 0.4° min~'. Fourier-transform infrared
(FTIR) spectrum was collected using a PerkinElmer Spectrum
Two FT-IR spectrometer.

The optical properties of the prepared coatings were char-
acterized using fluorescence spectroscopy and microscopy.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fluorescence spectra were acquired for RBA@SiNCs suspen-
sions, free-standing epoxy films, and coated steel coupons using
a Horiba Scientific Fluorolog 3 spectrofluorimeter. RBA@SiNCs
suspensions were placed in 1 mm quartz cuvettes, and their
fluorescence spectra were measured in the front-face geometry.
Absorption spectra for aqueous suspensions of RBA@SiNCs
were measured using a SOLAR PV1251 spectrophotometer in
1 cm quartz cuvettes. The coated steel samples were immersed
in 0.5 M aqueous NacCl solution to accelerate steel corrosion.
Fluorescence microscopy images were captured using an
inverted Nikon Eclipse Ti2 microscope with a 10x Nikon CFI
Plan Fluor DLL objective (0.3 NA). The excitation light source
was an LED with an emission peak at 554 nm and a FWHM of
23 nm. The emission signal was filtered using a BrightLine
Pinkel filter set (576-615 nm emission band) and detected with
a TOUPTEK ToupCam E3ISPM09000KPB color camera equip-
ped with a 9 MP color CMOS matrix sensitive in the 380-650 nm
range.

The corrosion process in a chloride-containing solution was
monitored in situ using electrochemical impedance spectros-
copy (EIS). EIS measurements were conducted at room
temperature using a three-electrode cell with an Ag/AgCl/KCl
(sat.) reference electrode, a 3 cm® Pt foil as a counter elec-
trode, and the coated steel samples serving as a working elec-
trode. Acrylic glass tubes (2.5 cm in diameter, 5 cm high) were
glued to the surface of coated steel samples and filled with 0.5 M
aqueous NaCl solution. Long-term corrosion testing was peri-
odically performed by impedance measurements. The NaCl
solution initiated the corrosion process and served as the sup-
porting electrolyte for the EIS measurements. During the
measurements, the electrochemical cell was placed in a Faraday
cage to prevent interference from external electromagnetic
fields. Impedance was measured in the range of 100 kHz to
0.1 Hz using a Metrohm Autolab PGSTAT 302N potentiostat/
galvanostat. All impedance spectra were acquired at the open-
circuit potential, with 10 mV sinusoidal perturbations. Before
acquiring the spectra, the system was allowed to reach a stable
open circuit potential.

3 Results and discussion

As shown in Fig. 1, the SiNCs and RBA@SiNCs synthesized with
toluene as the co-solvent had a uniform spherical shape with
mean diameters of 110 + 8 and 126 £ 9 nm, respectively
(averaged over 200 particles). Encapsulation of RBA slightly
increased the dimensions of SiNCs without compromising their
shape. SiNCs exhibited a type IV isotherm with a N, hysteresis
loop at a relative pressure (P/P,) of 0.4-1.0 (Fig. S3t), which is
characteristic of mesoporous solids.”” The specific surface area
of SiNCs was 488.9 m® g™, and the average pore diameter was
3.6 nm. The XRD pattern (Fig. S41) indicates that the prepared
SiNCs possessed amorphous structure.*

TG/DSC analysis was performed to examine thermal prop-
erties of the prepared SiNCs. The low-temperature endothermic
events in the DSC curve (peaking at 76 and 248 °C) were
accompanied by a ca. 4% mass loss (Fig. S5t). These effects
probably reflected the removal of weakly bound water molecules

RSC Adv, 2024, 14, 38739-38745 | 38741
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Fig.1 SEM images (A and B) and histograms of the size distribution (C
and D) for SiNCs (A and C) and RBA@SINCs (B and D).

from the mesopores in Si0,.”® At temperatures above 250 °C, an
exothermic event was evident (peaking at 339 °C), coupled to
a substantial mass loss of ca. 22%. This exothermic event could
be due to the oxidation of organic compounds (in particular,
CTAB and non-polymerized TEOS) that were used during the
synthesis of SiNCs and remained adsorbed on their surface.?*?®
The mass loss in the 400-800 °C range was ca. 5% and could be
linked to the removal of chemically bound hydroxyl groups.*
The exothermic event occurring at temperatures above 800 °C
was probably connected to the onset of SiO, crystallization.*

FTIR spectrum for SiNCs exhibited bands characteristic of
amorphous hydroxylated silica peaked at 1066, 964, 797, 565,
and 451 cm ™' (Fig. S61). The bands at 1066 and 797 cm ™'
correspond to the stretching vibrations of the Si-O-Si and Si-O
bonds, and the bands at 964 and 451 cm™' belong to the
deformation vibrations of the Si-OH and Si-O-Si bonds.** The
band at 565 cm ™" can be assigned to Si-O-Si bending vibrations
of the tetrahedra of silicate groups. The observed frequencies of
the deformation vibrations of the Si-O-Si bonds are charac-
terized by lower values compared to crystalline silica due to the
presence of water in the xerogel structure. This is confirmed by
the presence of bands at 1642 and ~3350 cm ™, which corre-
spond to the bending vibrations of H,O and the asymmetric
stretching vibrations of -OH groups in the prepared sample,
respectively.*?

The corrosion process is associated with a local decrease in
pH and an increased concentration of Fe** ions.® Colorimetric
and fluorescent responses of RBA to these stimuli were studied
in solution in our previous work.”® A substantial increase in
absorbance and fluorescence intensity in the visible range is
detected immediately when 25 uM H* or Fe*" ions is added to
a 25 puM solution of RBA. These effects are the result of the
protonation of RBA accompanied by the opening of the spi-
rolactam ring. Then, the absorbance and fluorescence gradually
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decay (over several hours) due to the hydrolysis of RBA, which
leads to the formation of rhodamine B hydrazide. Both the
protonation and the hydrolysis of RBA are acid-catalyzed. As
a result, the dye cannot sense Fe** ions directly. Rather, the
response of RBA is triggered by the drop in pH caused by the
hydrolysis of Fe*" ions. At higher concentrations of RBA and
added ions, the amount of protonated dye molecules and the
rate of hydrolysis increase. For instance, at 1.3 mM RBA and
13.0 mM added H' or Fe*" ions, RBA is fully hydrolyzed in
20 min.

The nanoencapsulation of RBA in SiNCs was performed in
an attempt to inhibit the hydrolysis of RBA thus enabling
a stable response for long-term monitoring. The colorimetric
and fluorescent responses of RBA@SINCs to corrosion-related
stimuli (namely, added H" or Fe*" ions) were first investigated
in suspensions. An aqueous suspension of as-prepared RBA@-
SiNCs showed weak fluorescence under 510 nm excitation. After
exposure to 5 mM H" (as HCI) or Fe** (as FeCl;) for 1 month, the
fluorescence intensity increased 3- and 10-fold, respectively
(Fig. 2). The absorbance of RBA@SiNCs exposed to 5 mM H'
ions steadily increased over the course of 22 days (Fig. S7at),
while the absorbance of RBA in solution was shown to decrease
due to hydrolysis.”® The release of RBA from SiNCs was also
studied. RBA@SiNCs were exposed to 5 mM aqueous HCI for 22
days, and then the supernatant of the suspension was collected.
The absorbance of the dye in the supernatant turned out to be
10 times lower compared to the suspension (Fig S7bt). We can
conclude that the colorimetric and fluorescent responses
mostly stem from the dye encapsulated in SiNCs, and the
release of RBA into the supernatant is almost negligible. The
hydrolysis of dye molecules entrapped in SiNCs seems to be
inhibited.

The fluorescence response of RBA@SiNCs was also tested in
free-standing epoxy films. Epoxy films with RBA@SiNCs or with
directly added RBA were immersed in 0.1 M aqueous solutions
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Fig.2 Fluorescence spectra excited at 510 nm for 1 mg mL~* aqueous
suspensions of RBA@SINCs: as prepared (blue curve) and after a 1
month exposure to 5 mM Fe®* (red curve) or H* (yellow curve). As Fe®*
ions exhibit strong light absorption in the visible range, they were
removed by washing RBA@SINCs with centrifugation before acquiring
the spectrum.
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Fig. 3 (A and B) Fluorescence spectra excited at 510 nm for free-
standing epoxy films with RBA@SINCs (A) and with directly added RBA
(B): as prepared (blue curves) and after 2 months of exposure to 0.1 M
aqueous Fe®* (red curves) or H* (yellow curves). (C and D) Fluores-
cence spectra excited at 510 nm for epoxy coatings on steel with
RBA@SINCs (C) and with directly added RBA (D): as prepared (blue
curves) and after 7 days of exposure to 0.5 M aqueous NaCl (red
curves).

of FeCl; or HCI. No color changes or fluorescence were observed
over a 3 days period. However, after 10 days, weak fluorescence
appeared, whereas the as-prepared films were virtually non-
fluorescent. After 2 months of exposure to Fe** or H', the
epoxy films showed intense fluorescence under 510 nm excita-
tion (Fig. 3A and B). The peak of the spectra for the epoxy films
exposed to Fe*" was red-shifted by 8 nm, which could be due to
light absorption by Fe®" ions adsorbed on the films. Since the
diffusion of H" and Fe** ions through the epoxy resin was rather
slow, the strong fluorescent response was observed only after
a long period of time, which is not always practical. However,
the free-standing epoxy films were over 1 mm thick, which
greatly exceeds the typical thickness of coatings applied on
metals. Remarkably, the change in color of an epoxy film filled
with RBA@SINCs could even be observed with the naked eye
(Fig. S81).

RBA@SINCs developed fluorescent and colorimetric
responses to H or Fe** ions substantially slower compared to
free RBA molecules in solution. The incorporation of RBA@-
SiNCs into an epoxy matrix further retarded these processes. On
one hand, this can be considered as reduced sensitivity of RBA
inside such a composite system. On the other hand, the drastic
reduction in the hydrolysis rate allow us to avoid the drop in
fluorescence intensity over time observed for RBA in solution.
To trigger a response of RBA@SiNCs inside an epoxy matrix, the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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external stimuli should be strong and prolonged, thus protect-
ing this system from false sensitivity.

More importantly, coatings should exhibit a response to the
corrosion of the underlying metal. To that end, the performance
of RBA@SINCs was studied in an epoxy coating applied on
a steel coupon. The coating was scribed to accelerate the
corrosion process. As mentioned in Section 2.2, RBA@SiNCs
had a pinkish hue, possibly due to silica hydrolysis. Conse-
quently, the as-prepared epoxy coating with RBA@SiNCs
showed weak fluorescence under 510 nm excitation. After being
immersed in 0.5 M NacCl solution for 7 days, the fluorescence
signal increased 3-fold (Fig. 3C). It should be noted that the
fluorescence signal was collected from an area of ~5 mm?, while
the most pronounced response of the coating was expected in
the vicinity of the scribed area. As a result, the actual response
of the coating was significantly stronger than what was reflected
in the fluorescence spectra. To illustrate this point, the changes
in fluorescence were also imaged using fluorescence micros-
copy (Fig. 4A). The onset of corrosion was clearly visualized by
the fluorescence of RBA@SiNCs just after 1 day of immersion in
NacCl solution.

>

Epoxy coatings
As prepared 1 day 2 days

RBA@SINCs

RBA

B Acrylic coatings

As prepared 1 day 2 days
. ol
el p
%

RBA

o X N

Fig. 4 Fluorescence microscopy images for scribed epoxy (A) and
acrylic (B) coatings on steel with RBA@SINCs and with directly added
RBA: as prepared and after 1 day and 2 days of exposure to 0.5 M
aqueous NaCl. The bars are equal to 100 um.
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The performance of an epoxy coating with directly added
RBA was also examined. After immersion in 0.5 M NacCl for 7
days, the coating showed a significant increase in fluorescence
intensity (Fig. 3D and 4A). However, the resulting intensity was
ca. 4 times lower compared to the coating containing RBA@-
SiNCs with the same dye content. This difference could be
attributed to the degradation of the dye exposed to epoxy resin
and hardener and/or the crystallization and poor dispersion of
RBA in the coating formulation. Thus, the encapsulation of RBA
in SiNCs led to a stronger fluorescence response while elimi-
nating the need for organic solvents in coating formulations.
This resulted in increased efficiency of corrosion detection and
allowed for the use of coatings with a low dye content
(<0.01 wt%), leading to a lower price. In a previous work,’
a substantially larger amount of RBA (0.5 wt%) was directly
added to epoxy coatings for the detection of steel corrosion.

EIS measurements were performed to gain additional
information on the anticorrosion efficiency of the prepared
coatings. The Bode plots (Fig. 5A) indicate that epoxy coatings
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Fig. 5 EIS measurements performed for epoxy coatings on steel with
RBA@SINCs and directly added RBA to follow the corrosion process.
(A) Bode plots measured after 0.2 and 168 h of exposure to 0.5 M
aqueous NaCl. (B) Impedance modulus (|Z]) at a frequency f = 0.1 Hz as
a function of exposure time to 0.5 M aqueous NaCl.
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with RBA@SiNCs and directly added RBA initially have similar
values of the impedance modulus (|Z]). After 7 days of exposure
to 0.5 M aqueous NaCl, the impedance drops for both coatings,
but |Z| at low frequencies (f = 0.1 Hz) is 6 times higher for the
coating with RBA@SiNCs compared to the coating with directly
added RBA. As |Z| at low frequencies correlates in a certain way
with the corrosion resistance, the evolution of |Z| is illustrated
in Fig. 5B. These data indicate that SINCs improve the barrier
properties of epoxy coatings thus delaying their failure.

Despite the durability and prevalence of epoxy coatings,
some applications may require other types of coating formula-
tions, such as acrylic emulsions, which do not require a hard-
ener. An acrylic coating with RBA@SiNCs shows a strong local
increase in fluorescence intensity caused by the onset of
corrosion (Fig. 4B). In contrast, an acrylic coating with directly
added RBA exhibits a very weak response to the corrosion
process, which could be due to the degradation or crystalliza-
tion of the dye in the water-based acrylic emulsion.

4 Conclusions

Epoxy and acrylic coatings containing RBA@SiNCs and directly
added RBA were prepared and tested for their ability to detect
the onset of steel corrosion. The results showed that the epoxy
coatings with both RBA@SINCs and directly added RBA were
effective in visualizing corrosion. The fluorescence response of
the coating with RBA@SiNCs was three times higher than that
of the coating with directly added RBA. The acrylic coating
containing RBA@SINCs also showed a strong response to the
corrosion process, while the coating with directly added RBA
was significantly less effective. EIS measurements revealed that
the presence of SiNCs in epoxy coatings improved their barrier
properties.

Encapsulating RBA in SiNCs enabled the preparation of
coatings with well-dispersed dye without the need for organic
solvents. The coatings demonstrated a marked response to the
onset of corrosion despite the low dye content (<0.01 wt%).

This work was meant to describe an approach to the prepa-
ration of smart coatings containing a sensitive pH sensor. SiNCs
were shown to be an effective carrier for incorporating hydro-
phobic and sensitive organic compounds into various coating
formulations, including water-based and eco-friendly ones. At
this point, the method is not fully optimized and was tested on
a rather small set of coating formulations. Low-carbon steel was
chosen to accelerate the corrosion process. The corrosion
medium contained 0.5 M Cl~ ions, representing a rather
aggressive environment. In industrial applications, conditions
would be different, calling for further optimization of the
described method. In addition, future work will concentrate on
the search for other organic compounds that could be encap-
sulated in SiNCs and used in smart coatings.
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