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ARTICLE INFO ABSTRACT

Keywords: This study reports a sustainable, pH-responsive microcapsule-based coating for the corrosion protection of iron in

pH—trigge_red release a 3.5 wt% NaCl solution. Epoxy and cerium nitrate were encapsulated in microcapsules (UFM) and immobilised

(S:elf'hefﬂmg in a tannic acid-based epoxy biopolymer (T). The effect of microcapsule levels (0, 1, 3, 6, or 15%) on coating
0IT0S10N

performance was examined. The synthesised microcapsules were characterised using Fourier-transform infrared
spectroscopy, X-ray diffraction and thermogravimetric analysis. Morphological features were examined with
scanning electron microscopy and optical microscopy, while UV-visible spectroscopy revealed controlled, pH-
dependent release of the healing agents, with enhanced release under acidic conditions. Electrochemical tests
demonstrated that the coating containing 6% microcapsules exhibited the best corrosion protection, with a low
corrosion current density (icorr = 6.13 x 10® A/cm?) and a high polarisation resistance (7.55 x 10* Q cm?).
Cyclic polarisation tests revealed a breakdown potential of 0.4 V without any sign of iron dissolution. Using
electrochemical impedance spectroscopy, the coating capacitance was determined to be 4.36 x 107! F. The
developed microcapsule-based coating system responded to both pH changes and mechanical damage, providing
effective protection for iron. The environmental compatibility of the coating was further assessed by quantifying
formaldehyde release using the Nash colourimetric assay. The resulting data confirmed negligible formaldehyde
release, supporting the eco-friendly nature of the formulated coating system.

Urea—-formaldehyde microcapsules
Tannic-based epoxy
Controlled release system

1. Introduction occurs. These systems, also known as self-healing coatings, are designed

to perform multiple functions. Their behaviour is generally based on the

Corrosion remains a challenge across various sectors, with conven-
tional coatings often failing to provide long-term protection for metallic
materials, thereby increasing the demand for smart anti-corrosion
coatings [1]. In addition, many traditional coatings contain hazardous
chemicals, such as solvents, that pose risks to both the environment and
human health. For example, coatings based on volatile organic com-
pounds (VOCs) contribute to air pollution and require strict safety
measures. Common coatings such as polyurethane and epoxy, although
valued for their strong adhesion and durability, frequently rely on
solvent-based formulations that limit their environmental sustainability
[2,3]. To address these concerns, increasing attention has centred on
green epoxy coatings that eliminate the use of solvents. These sustain-
able alternatives are often derived from renewable resources and pro-
vide improved safety while maintaining effective corrosion protection.
Despite advances in these protective coatings, there is a need for smart
protection systems capable of inhibiting and repairing damage when it
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detection of damage through a stimulus, followed by activation, with the
release of protective agents and the repair or restoration of the damaged
area [4]. One of the most widely studied triggers for smart coatings on
metal surfaces is pH because it is highly effective for corrosion protec-
tion and self-healing applications. Once the corrosion event initiates, it
is accompanied by a change in pH, making pH an effective trigger [5]. In
addition, pH-responsive coatings are versatile and can be combined with
other stimuli, enabling controlled encapsulation and release of active
agents [6,7]. The active substances primarily include healing agents that
repair coating defects and corrosion inhibitors that protect the metal
substrate [8].

In many systems, these healing agents or corrosion inhibitors are
encapsulated within microcapsules. The core-shell structure of micro-
capsules typically consists of a polymeric shell enclosing corrosion in-
hibitors or healing agents. Upon exposure to external stimuli or when
cracks form in the coating, the microcapsules rupture and release the
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active materials to inhibit corrosion or repair damaged regions and help
restore the integrity of the coating [9]. To date, many types of
self-healing microcapsule systems have been developed, consisting of
linseed oil [10,11], tung oil [12,13], alkyd resins [14,15], and epoxy—-
amine systems [16,17]. Typical shell materials include poly(ure-
a-formaldehyde) [18,19], polyurea [20,21], polyurethane [22,23], and
polycaprolactone [24].

Recent studies have focused on bio-based polymers, such as chitosan
[25], cellulose [26], and lignin [27], as environmentally friendly alter-
natives for smart anti-corrosion coatings. These biopolymers can
improve coating sustainability while providing additional corrosion
protection and self-healing functionality. For example, chitosan coatings
containing cerium ions exhibit self-healing and anti-corrosion properties
by releasing cerium ions and forming protective cerium hydroxide layers
[25]. Among these biopolymers, tannin-based materials have attracted
significant attention due to their natural polyphenolic structure, corro-
sion inhibition ability, and film-forming properties [28]. Tannic acid can
interact with metal surfaces through hydroxyl groups, forming protec-
tive complexes that inhibit corrosion. Tannic acid has also been loaded
into mesoporous silica containers to give self-healing epoxy coatings
[29].

The primary objective of this study is to introduce a new class of
sustainable pH-responsive urea—formaldehyde microcapsules that
contain epoxy as the healing agent and cerium nitrate as a corrosion
inhibitor. Both are embedded in a biopolymer that exhibits shape
memory effects. This not only inhibits the release of formaldehyde, but
also contributes to the healing of defect sites or corrosion sites. Urea-
formaldehyde microcapsules in self-healing coatings can pose environ-
mental and health risks due to potential release of formaldehyde [30].
Therefore, employing green and sustainable polymer matrices that can
trap formaldehyde is needed to minimise its release into the environ-
ment while ensuring effective corrosion protection.

Cerium was selected because it is well known to provide self-healing
corrosion protection and, when released, acts as an effective inhibitor by
forming Ce(OH);3 at corrosion sites. Indeed, cerium nitrate has been
encapsulated in pH-sensitive poly(melamine-formaldehyde) microcap-
sules for corrosion inhibition [31-34]. Unlike previous pH-sensitive poly
(melamine—formaldehyde) systems, this design integrates both a
crack-sealing epoxy phase and an active cerium-based inhibitor within a
single microcapsule, enabling synergistic protective responses. This
system exhibits a hybrid self-healing mechanism. The microcapsules
release the epoxy healing agent and cerium inhibitor upon corrosion,
while internally, the shape memory biopolymer aids crack closure. The
released epoxy can also undergo crosslinking and polymerisation, aiding
the healing step. Together, these inhibition mechanisms inhibit iron
corrosion, highlighting the unique properties of this multifunctional
capsule-biopolymer system. This approach not only enhances the
durability and performance of iron-based materials but also promotes a
new, sustainable, and environmentally friendly method for developing
smart corrosion-protective coatings.

2. Experimental

Details of the chemicals employed and the equipment used in the
characterisation and electrochemical measurements are provided in the
supplementary data.

2.1. Synthesis of urea-formaldehyde microcapsules loaded with epoxy
and cerium nitrate (UFM)

Urea-formaldehyde microcapsules (UFM) were synthesised utilising
an in situ polymerisation technique. A solution was prepared by dis-
solving 5 g of NaCl, 5 g of urea, 0.5 g of NH4Cl, and 0.5 g of resorcinol in
250 mL of deionised water. This mixture was mechanically stirred at
420 rpm. SDBS at a concentration of 2 wt%, was then incorporated into
the solution, and the pH was adjusted to 3.5. A mixture of epoxy resin
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(1 g) and CeNOg3 (0.03 g) was then added dropwise and stirred for an
additional 30 min until the composite droplets were well dispersed in
the solution. Following this, 12.6 g of formaldehyde was added to the
emulsion, and the mixture was heated to 70 °C, allowing the reaction to
proceed for approximately 2 h, during which white microcapsules began
to form. Finally, the synthesised microcapsules loaded with epoxy and
cerium nitrate (UFM) were filtered and dried at room temperature for
24 h. This microencapsulation process is illustrated in Scheme 1.

2.2. Synthesis of tannic-derived epoxy (T)

Initially, 10 g of tannic acid was dissolved in 100 mL of 0.5 M NaOH
under mechanical stirring, then transferred to a 250 mL round-bottom
flask. Subsequently, epichlorohydrin was added dropwise at 40 ° C.
The reaction mixture was subsequently heated to 65 °C, at which point
the pH was adjusted to 7.5 by adding drops of NaOH. The reaction was
refluxed at 80 °C for 2-3 h until a dark brown product was formed. The
resultant resin was then transferred to a separating funnel, and the
aqueous phase was decanted. The resin was washed thoroughly with
water three times to ensure purification. Finally, the resin was dissolved
in THF to remove any unreacted species and dried in a rotary
evaporator.

2.3. Coating development

Initially, iron electrodes with a surface area of 0.07 cm?* were pol-
ished with 1200-grit SiC abrasive paper, then thoroughly cleaned with
ethanol and water. To formulate the microcapsule-based coating system,
various concentrations of the UFM microcapsules (0, 1, 3, 6, or 15 wt%
relative to the bio-epoxy matrix) were systematically incorporated into
the tannic-derived epoxy matrix to give a coating thickness of 0.70 +
0.05 mm at the iron, as presented in Table 1. Subsequently, the coatings
deposited on the iron electrode were dried under an infrared lamp for
1h to remove moisture from the resin matrix and ensure structural
stability. The coating thickness was controlled by preparing three sam-
ples under the same coating and curing conditions. The thickness was
measured using a USB microscopic device at three different spots on
each coating surface, and the average value was reported. According to
ASTM D3359, a standard tape adhesion test with 180° pull-off was
performed to evaluate the coating adhesion to the iron substrate. Eleven
cuts with 1 mm spacing were made, followed by tape application and
removal after 60 s. No coating delamination or removal was observed.

The environmental compatibility of the coating was further assessed
by quantifying formaldehyde emissions using the Nash colourimetric
assay (based on the Hantzsch reaction between formaldehyde, acetyla-
cetone, and ammonia) in accordance with ASTM D5910. Standard
calibration curves were prepared using formaldehyde concentrations of
0.05, 0.1, 0.2, and 0.3 mg/L after reaction with Nash reagent. The
sample solutions were reacted with the Nash reagent, heated at 50 °C for
15 min, and then cooled to room temperature before UV-Visible anal-
ysis. The absorbance of the samples was measured at 412 nm.

2.4. Control release studies

The release of cerium ions from the coating was monitored using
UV-visible spectroscopy (Cary 50 UV-visible spectrometer) by com-
plexing the cerium ions with alizarin red. Initially, calibration curves
were generated at different pH values using cerium nitrate at concen-
trations of 1, 3, 6, and 9 mg/mL. Alizarin red S (ARs) at a concentration
of 1 mM was used to complex cerium at pH values of 4, 7, and 10. The
release of cerium from the microcapsules within the biopolymer matrix
was then monitored as a function of pH (4, 7, and 10) and over time
intervals of 24, 48, and 72 h. All samples were diluted with 15 mL of
deionised water after mixing the cerium-containing solution and ARs
solution in a 1:1 (volume) ratio.

To further analyse the released fraction and the amount of residual
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Scheme 1. Illustration of the formation of the epoxy and cerium, their encapsulation in urea-formaldehyde, the formation of the tannic-derived epoxy, T, and the

final coating comprising the UFM immobilised within T.

Table 1

Summary of composition of the T and UFM and sample codes.
Sample Code ™ (g) UFM (g)
T-UFM—-0 1 0
T-UFM-1 1 0.01
T-UFM-3 1 0.03
T-UFM—6 1 0.06
T-UFM-15 1 0.15

cerium inhibitor within the UFM, the encapsulation efficiency was
determined using Eq. 1. Here, W; and Wg refer to the initial and final
weights, corresponding to the weight of the UFM and the weight of the
capsule on removing its contents. In a typical analysis, 67.2 mg of UFM
was weighed out and ground to break up the microcapsules. This sample
was then washed 3 times with acetone to dissolve the core epoxy and
cerium nitrate. Then the residue was dried to give Wy, representing the
shell material without its contents. Using this approach, the encapsu-
lation efficiency was determined to be 80%.

Encapsulation efficiency = (1 - Wg/Wp) x 100 (€D)

Based on this analysis, the core content of the coatings was calculated to
be 0.144, 0.432, 0.864, and 2.16 mg of cerium nitrate (CeN) for T-
UFM-1, T-UFM-3, T-UFM—6, and T-UFM—15, respectively.

3. Results and discussion
3.1. Characterisation studies

Morphological analysis was performed using scanning electron mi-
croscopy (SEM), and representative micrographs are presented in Fig. 1.

The UFM, containing the epoxy and cerium nitrate, consists of closely
packed, nearly spherical particles with a relatively narrow size range, as

shown in Fig. 1(a). The surfaces of the individual particles appear
smooth and well-defined. At higher magnifications, Fig. 1(b), some ir-
regularities, including the presence of small particles on the surface of
the microcapsules, are evident, likely resulting from unreacted mono-
mers. The spherical particles have diameters ranging from 0.6 to 1.6 um,
as indicated in the histogram in Fig. 1(e). Most particles are approxi-
mately 0.7-1.1 um in diameter, with an average particle size of about
0.86 pm, as indicated on the plot. This confirms that the microcapsules
are predominantly composed of sub-micrometre to micrometre-sized
particles with only a small fraction of larger particles.

The T matrix, utilised to host the UFM, exhibits a rough morphology
with a non-uniform particle-size distribution. In the higher-
magnification SEM image in Fig. 1(c), the material appears as irregu-
larly shaped structures and agglomerates composed of smaller-sized
particles. These agglomerates exhibit a broad range of sizes extending
to a few hundred micrometres. This irregular structure extends over the
surface, as evident at lower magnification in Fig. 1(d). In Fig. 1(f, g), T-
UFM-6 shows an even distribution of microcapsules throughout the
biopolymer matrix. The microcapsules maintain their shape during
mixing, indicating good stability and uniform dispersion.

In Fig. 2(a), the FTIR spectra, recorded for the T, the UFM and the
composite T-UFM—6, are presented. The broad absorption bands
observed in the range of 3300-3500 cm ™ *correspond to the stretching
vibrations of hydroxyl and amine groups within the urea-formaldehyde.
Notably, this broad peak shows increased intensity for the UFM con-
taining cerium nitrate, indicating the presence of water molecules
within hydrated cerium nitrate that contribute additional hydroxyl
groups detectable in this spectral region. Peaks specific to urea-
formaldehyde are identified around 1500-1600 cm 2, with character-
istic peaks at 550 cm ™! (N-H), 1640 cm ™! (C=0), and 3330-3350 cm !
(N-H and O-H) in good agreement with previous studies [35]. The
terminal epoxide group is seen at 830 cm™! [36]. Additional peaks at
1125 cm ™! and 1168 cm ™! correlate with C-OH vibrations, and small
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Fig. 1. The SEM images of (a, b) UFM, (c, d) T and (e) particle size distribution of UFM, and (f, g) optical microscopy images showing the distribution of micro-

capsules in T-UFM—6.

peaks near 1200 and 1300 cm ™! confirm the presence of C-N bonding in
the UFM [37,38]. The peak at approximately 1560 cm™ indicates the
N-H group, while the presence of C=0 bonding is denoted by a peak at
1629 cm™!. Sharper peaks near 1600 cm ™! are associated with the
incorporation of cerium nitrate in the UFM [35].

The presence of tannins or phenolic compounds within T is evi-
denced by a broad peak ranging from 3000 to 3600 cm ™, centred
around 3275-3330 cm ™!, which corresponds to the phenolic hydroxyl
group [39,40]. Peaks in the 1000-1275 cm ™' range confirm the pres-
ence of C-H bending modes, while the bands between 600 and 800 em™!
demonstrate C-C bond deformation within the aromatic skeleton, with
absorption observed at 1500-1570 cm™'. These findings align with
previous studies highlighting that the epoxidation of tannins alters peak
positions, with peaks at 920 cm™! and 673 cm ™%, indicating the pres-
ence of epoxy rings in tannic-based epoxy [39]. For the composite
containing 6% UFM, the FTIR spectra indicate that the positions and
intensities of the T peaks, both in isolation and in the presence of UFM,
are very similar, consistent with the relatively low concentration of
UFM.

The XRD analysis reveals that both components, T and UFM, exhibit
a mix of amorphous and crystalline structures. The prominent peaks are
located at nearly the same position and correspond to the amorphous
epoxy composite, specifically at around 20 of 20° (111) [41,42]. These
peaks are characteristic of the epoxy present in both the T and the UFM
microcapsules. Notably, the peak intensity for the T is greater than that

for the UFM, due to the encapsulation of relatively small amounts of
epoxy within the UF shell. The XRD pattern of tannic acid shows
amorphous features with broad peaks at approximately 28.5° and 40°
[43]. However, when combined with the epoxy, the structure exhibits
more crystalline behaviour, with peaks at 20.8° and 45.6°. This shift in
peak position is attributed to the epoxidation of tannic acid [44-46]. The
XRD patterns for UFM also show a combination of amorphous and
crystalline phases. Although research on the UFM structure is limited, it
is known that crystallinity is influenced by the formaldehyde-to-urea
(F/U) ratio. A higher F/U molar ratio tends to yield an amorphous
structure with peaks near 21.0° and 31.5° [47,48]. In this study, the
overlapping broad peaks of the epoxy (core material) and UFM (shell
material) around 20° exhibit lower intensity in the UFM microcapsules.
Additionally, peaks near 45° (311) and 56° (400) are associated with the
crystalline structure of cerium nitrate incorporated into the core of the
UFM [49].

The thermal stabilities of UFM, T, and the composite, T-UFM—6,
were studied using TGA and the corresponding data are shown in Fig. 2
(c). The temperature was varied from room temperature to 700 °C. The
UFM sample exhibits a multi-step weight loss, with the first step at about
100 °C, reflecting the removal of adsorbed water molecules from the
UFM shells. This is followed by the decomposition of less-stable organic
components at higher temperatures, combined with the loss of water
from the cerium nitrate salt within the UFM shells. This initial weight
loss is due to the evaporation of physically adsorbed water and does not
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Fig. 2. (a) FTIR, (b) XRD, and (c) TGA data recorded for UFM, T and T-UFM—6.

involve chemical degradation, showing that the microcapsule shell re-
mains stable at this stage. The subsequent weight loss observed at about
250 °C is consistent with the degradation of the urea-formaldehyde shell
material. This degradation involves the breaking of methylene
(-NH-CH>-NH-) and ether bridges in good agreement with previous
studies [50,51]. The final weight loss is linked to epoxy degradation,
which commences at about 350 °C [52].

Both T and T-UFM-6 show more gradual weight-loss behaviour and
retain a significantly higher residual mass at elevated temperatures,
indicating improved thermal stability. The similarity between the T and
T-UFM-6 curves suggests that the structural changes responsible for the
stability mainly occur due to the T component. The T matrix likely
promotes additional crosslinking and hydrogen-bonding interactions,
which restrict polymer chain mobility and delay the onset of thermal
bond cleavage. There is minimal weight loss near 100 °C, indicating few
adsorbed water molecules. For the T, degradation commences at about
200 °C, with approximately 20% weight loss observed by 350 °C. A more
substantial degradation with about a 60% loss occurs at 450 °C,
reflecting very good thermal resistance. Notably, earlier research has
indicated that significant degradation of tannic acid occurs around 250
°C [53]. This is not evident, suggesting that the tannic acid is effectively
integrated within the T matrix. This integration likely suppresses the
independent thermal decomposition of tannic acid by stabilising it
through intermolecular interactions within the matrix. The weight loss
of the T-UFM-6 is somewhat higher, consistent with the presence of the
UFM.

3.2. Electrochemical and corrosion studies

To evaluate the effectiveness of UFM, T and the T-UFM composites,

the potentiodynamic polarisation technique was employed. Various
coating formulations were prepared by incorporating UF microcapsules
containing epoxy and cerium nitrate (0, 1, 3, 6, and 15%) into T, as
shown in Table 1. The coatings were applied to the iron substrate and
immersed in 3.5 wt% NaCl solution for time intervals of 1 h and 24 h
before the electrochemical tests. Polarisation curves recorded at 1 mV/s
are shown in Fig. 3(a). In the Tafel plots, the influence of the concen-
tration of the cerium corrosion inhibitor immobilised within the UFM is
shown. Pure iron has the lowest E o (corrosion potential) and the
highest icor (corrosion current density). With the T coating applied but
without the UFM (T-UFM—0), the i, is lower than that of the uncoated
iron. Notably, the introduction of 3% microcapsules to give T-UFM—3,
results in a marked reduction of the i, relative to the unmodified
electrode and an increase in the E.y,. The T-UFM—6 formulation
incorporating 6% microcapsules demonstrates the optimal performance,
exhibiting significant enhancement in corrosion resistance compared to
the bare iron, Fig. 3(b). Both the anodic and cathodic branches of the
Tafel plots are markedly suppressed for T-UFM-6 relative to bare Fe,
indicating mixed-type corrosion inhibition. However, the shift in E¢q; to
higher values indicates a greater decrease in the rate of the reduction
reaction. This is consistent with a compact layer that inhibits both iron
oxidation and the oxygen reduction reaction or hydrogen evolution re-
action. However, increasing the microcapsule concentration to 15%
compromised the structural integrity of the coating, likely leading to
increased porosity and the formation of pathways that facilitate the
ingress of corrosive ions and water molecules. For comparison, data
recorded at a lower scan rate of 0.166 mV/s are shown in Figure S1 and
Table S1 (supplementary data). This comparison shows the same trends
but with somewhat lower currents, as expected under near-steady-state
conditions. The uncoated iron exhibits higher i.,, whereas all coated
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Fig. 3. Tafel curves recorded for T-UFM-modified iron and pure iron following (a) 1 h and (b) 24 h immersion in NaCl, (c) cyclic potentiodynamic polarisation curves

for Fe and T-UFM—6, (d) icorr of Fe and T-UFM—6 as a function of pH (n = 3).

samples show lower values. T-UFM—6 and T-UFM-3 provide the
greatest corrosion protection, with T-UFM—6 being the optimal coating
with the lowest icorr.

Cyclic potentiodynamic polarisation curves were recorded at a scan
rate of 1 mV/s in a 3.5% NaCl solution, and typical data are shown in
Fig. 3(c). With this extended potential window, active iron dissolution
occurs, whereas T-UFM-6 maintains low currents over a much broader
potential range, consistent with the development of a highly stable
coating. As shown in Fig. 3(c), the potential can be increased up to
approximately 0.4 V without signs of iron dissolution. Additionally,
when the potential is reversed, the current remains low, and there is
minimal hysteresis, suggesting no significant corrosion of the substrate.
These results clearly demonstrate the strong corrosion resistance pro-
vided by the T-UFM—6 coating.

The corrosion protection capacity of the optimal T-UFM-6 coating
system was monitored over a large pH range. The potentiodynamic
technique, shown in Fig. 3(a), was performed at pH values ranging from
2 to 10 after a 1-h immersion in the aggressive solution. In Fig. 3(d), the
extracted iy is plotted as a function of the pH of the solution. For pure
iron, i,y decreases slightly as pH increases, consistent with iron
behaviour, where corrosion is more severe in acidic solutions and less

aggressive in near-neutral to mildly alkaline media. When the iron
electrode is modified with T-UFM-6, i, decreases by two to three or-
ders of magnitude across the entire pH range, indicating that the coating
effectively protects the iron substrate. This wide pH tolerance indicates
that T-UFM-6 forms a dense coating that maintains high inhibition ef-
ficiency across both acidic and alkaline conditions, which is beneficial
for practical applications where local pH levels can vary.

The experimental data were further analysed to determine the
polarisation resistance (R,) using Eq. 2. In this equation, b, and b, are
the anodic and cathodic Tafel constants, respectively. The calculated
parameters are summarised in Table 2, which clearly indicates that the
T-UFM—6 coating offers the highest R;, and the lowest i¢or.

1
i 141
2.303ic0r (,,a + m)

Electrochemical impedance spectroscopy (EIS) was employed to
characterise the corrosion resistance of the optimal coating system, T-
UFM-6, in a 3.5 wt% NacCl solution. EIS measurements were conducted
over a frequency range of 0.01 Hz to 100,000 Hz. Typical data observed
after a 30-min immersion period are presented in Fig. 4(a), with Bode

R, = ©)

Table 2
Summary of corrosion parameters derived from the Tafel curves.
Ecorr Rp b, b, (mv/dec) Teorr
(mV) (Q cm?) (mv/dec) (A/cm?)
Fe —-576 1.10 x 10° 21.07 32.69 5.04 + 0.25 x 107°
T-UFM—-0 —485 1.91 x 10* 37.30 18.09 2.76 + 0.38 x 1077
T-UFM-1 —550 2.83 x 10* 27.97 24.27 1.99 £ 0.45 x 107
T-UFM-3 —486 5.03 x 10* 45.01 27.47 1.47 + 0.38 x 107
T-UFM—-6 —543 7.55 x 10* 29.18 16.80 6.13 4+ 0.28 x 10°°
T-UFM-15 —552 1.19 x 10* 19.29 12.13 2.71 4+ 0.08 x 1077
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Fig. 4. EIS measurements (a) logarithm of |Z| as a function of frequency for T-UFM—6 modified iron with inset showing the response of pure iron, (b) corresponding
Nyquist plots, and (c¢) impedance response as a function of time, recorded at pH of 7.0 in 3.5 wt% NaCl, and (d,e) circuits used in fitting impedance data. The
continuous traces represent the simulated data from circuit fitting, while the symbols indicate the experimental data.

plots showing impedance as a function of frequency for pure iron and the
T-UFM—6-modified iron. The Bode plot recorded for the T-UFM—6
coating reveals a high impedance modulus of 2.12 x 10 kQ over a
broad frequency range, indicating a highly resistive and capacitive
barrier to electrolyte penetration, characteristic of high-performing
coatings. The corresponding Nyquist plot, depicted in Fig. 4(b), displays
a large, depressed semicircle and a smaller one at lower frequencies,
confirming that the electrochemical response is dominated by two time
constants. The insets compare the impedance response of bare Fe, which
exhibits much lower impedance and a significantly smaller semicircle,
highlighting the substantial improvement in charge-transfer resistance
imparted by the T-UFM-6 coating.

The equivalent electrical circuit was selected, as shown in Fig. 4(d)
and (e), according to the features observed in the Nyquist and Bode
plots. For T-UFM-6, the Nyquist spectrum shows two capacitive loops,
indicating two electrochemical processes with different time constants.
Therefore, the data were fitted using Rg — (R1]|C1) — (R2||C2), where Ry is
the solution resistance, R;||C; represents the response of the protective
coating layer, and Ry||Cy represents the charge-transfer process at the
coating/iron interface. In contrast, the response of bare Fe is better
modelled using a constant phase element, with R¢—(R3||CPE;) as the
circuit. The elements Ry and CPE; correspond to the charge-transfer
resistance and double-layer capacitance at the metal/electrolyte inter-
face, respectively, where the constant phase element accounts for the
non-ideal capacitive behaviour arising from the corrosion reactions at
the uncoated iron surface. Using these equivalent circuits, the charge-
transfer resistance was computed to be 18.6 + 0.2 kQ for pure iron,

but was much higher at 2.12 + 0.03 x 10 kQ for the T-UFM—6-modi-
fied iron. This high resistance was accompanied by a low capacitance of
2.67 + 0.02 x 10711 F, consistent with a highly protective coating. This
confirms that the T-UFM—6 coating strongly suppresses corrosion re-
actions. These measurements compare favourably with some recent
studies, in which the charge-transfer resistance values of the coatings are
in the 10*-10° Q region [9,54].

The second capacitance term (Cy) has a value of 3.5 + 0.04 x 107 F,
and the corresponding Ry is 51 + 0.04 kQ. This suggests some electro-
lyte penetration and possible hydration of the iron-coating interface. In
this pH-responsive system, such electrolyte penetration can help trigger
the release of the encapsulated healing agent. Despite the higher C2, the
high charge-transfer resistance indicates that the coating still provides
good corrosion protection.

Further studies were carried out using EIS, over a 20-day period, and
these data are presented in Fig. 4(c). Initially, the impedance is high at
2.12 x 10% kQ, but it decreases with increasing immersion, reaching
3.94 x 10% kQ after 10 days of immersion. This gradual decrease in
impedance at lower frequencies with immersion time suggests water
uptake and the onset of minor defect formation within the film. How-
ever, even after 20 days of immersion, the impedance of the coated
samples remains several orders of magnitude higher than that of bare Fe,
indicating that the coating preserves an effective barrier and minimizes
corrosion processes at the metal/coating interface.

The self-healing capacity of the optimised T-UFM-6 coating was
evaluated using a combination of EIS and optical imaging after a defect
was introduced into the coating. Following 24 h of immersion in the
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chloride-containing solution, the surface was mechanically scratched
with a razor blade to generate the defect and activate the microcapsule-
based self-healing system. The impedance was monitored over an
additional 4-day immersion period to assess its self-healing capability.
Prior to scratching, the initial impedance was high, as shown in Fig. 5(a),
indicating the presence of a protective coating. Following the formation
of the defect, the impedance decreases significantly, consistent with
corrosion at the defect. A slight increase in impedance was observed on
the second day of immersion, attributed to the release of healing agents
from the microcapsules and subsequent crack sealing. Previous studies
have reported that cerium salts can promote epoxy polymerization and
ring-opening reactions, acting as curing catalysts or curing promoters
[55,56]. Therefore, besides forming a protective cerium hydroxide/-
oxide passivation layer on the metal surface, the released Ce>* ions may
also facilitate local crosslinking of the released epoxy within the
damaged region, thereby healing the damaged coating. The impedance
value further increases substantially on the third day, confirming the
healing ability. Light microscopy images supported these findings,
showing the initiation of the healing process on the second day and the
disappearance of the cracked region by the third day, as illustrated from
the comparison of Figs. 5(b) and 5(c), thereby demonstrating the
effective sealing of the damaged site by the contents released from the
microcapsules. This is further illustrated in Figs. 5(d), 5(e) and 5(f),
which highlight the progressive healing of the damaged site.

To determine whether the cerium hydroxide passivation layer forms
at the corrosion site, an additional experiment was designed. The
scratched T-UFM—6 coating was immersed in 3.5 wt% NaCl solution for
3 days. After this immersion period, the coating was removed, rinsed
with deionised water, dried, and the scratched region on the iron sub-
strate was analysed using FTIR to investigate the formation of the
cerium hydroxide layer after healing and the release of Ce®* ions into
the medium. The FTIR results, shown in Figure S2, revealed a broad
band at 3000-3600 cm™ , corresponding to hydroxyl groups, indicating
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the formation of hydroxide species. A sharp peak around 550 cm™ was
attributed to the Ce-O bond, confirming the formation of cerium hy-
droxide/oxide compounds on the metal surface. Peaks observed in the
2100-2400 cm™ region were attributed to aromatic C-H stretching of
the tannic acid-based matrix, likely due to residual coating residues left
after peeling. In addition, no peak was detected in the
900-915 cm™ region, indicating that the epoxy compound was not
released directly onto the metal surface.

To complement these healing studies, an elevated temperature was
used. The scratched coated samples were immersed in a 5 wt% NaCl
solution at 35 + 2 °C for 3 days, and digital images of the healing process
were collected, as illustrated in Figure S3. After healing, the scratch lines
are largely filled and bridged by the coating. The continuity of the
barrier layer is effectively restored, demonstrating the ability of the
coating to repair defects and re-establish protection of the iron sub-
strate. These results clearly show the self-healing capability and dura-
bility of the coating, without any blistering or delamination after
immersion, even at this elevated temperature.

To gain further insight into the release rate of the cerium corrosion
inhibitor and the residual concentration remaining in the UFM capsules,
a spectrophotometric study was conducted. Firstly, the influence of pH
on the release of cerium nitrate from the UFM immobilised in the T
matrix was monitored over 24, 48, and 72 h, at pH 4, 7, and 10. Typical
data are shown in Fig. 6(a) and (b), which illustrate the controlled-
release profile of the cerium inhibitor from various T-UFM coatings,
demonstrating their pH-responsive and time-dependent behaviours.

At pH 7.0, the T-UFM—15 exhibits the highest release, increasing
from approximately 0.006 mg/mL at 24 h to 0.007 mg/mL at 48 h,
indicating sustained high release over 48 h. However, this release rate
decreases over longer times. On the other hand, T-UFM—1 showed the
lowest release rate with a more sustained release over 72 h, whereas T-
UFM-3 and T-UFM—6 released somewhat higher amounts of the cerium
inhibitor. The T-UFM—6 exhibits a moderate, stable, and well-balanced

Fig. 5. (a) Impedance response of the T-UFM—6 coating before mechanical scratching and following 4 days of immersion in 3.5% NaCl solution, (b) optical images of
the coating area near the damaged region, (c) healing of the defect, (d,e,f) scratched coating showing release of the healing core material at the damaged site.
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Fig. 6. The influence of time (a) and pH (b) for different coating formulations. The fraction of inhibitor release, (c) and residual content (d) for various formulations
at pH 7 and after 72 h of immersion. Inset in (c) shows the rate of release for T-UFM—6 over the first 5h (n = 3).

release, which is desirable for long-term corrosion protection, and this is
consistent with its good corrosion protection properties, as highlighted
in Fig. 3.

In Fig. 6(b), the cerium release as a function of pH is shown. All
samples exhibit higher absorbance under acidic conditions, confirming
that the microcapsules are pH-responsive. Optimal release occurs at
mildly acidic to near-neutral pH (pH 4-6), with T-UFM—6 showing the
highest release. This aligns well with corrosion-induced local acidifica-
tion, which triggers the release of cerium ions, leading to the precipi-
tation of cerium hydroxide at cathodic sites and halting the corrosion
process.

The bar charts in Fig. 6(c) and (d) show the fraction of cerium
released and the residual cerium levels remaining following 72 h,
respectively. Based on this analysis, it is evident that the T-UFM—1 re-
leases a large fraction of its cerium content within 72 h, and the residual
concentration is low, making it unsuitable for long-term corrosion pro-
tection. Both T-UFM—3 and T-UFM—6 exhibit good release (Fig. 6(b))
and higher residual content (Fig. 6(d)), making them better suited for
long-term corrosion protection. This is consistent with the data pre-
sented in Fig. 3 and Table 2, where both coatings protect the iron sub-
strate with low corrosion currents. Although T-UFM—15 shows high
overall release and high residual content, its corrosion protection
properties are somewhat lower than those of T-UFM—6, indicating that
the structural integrity of the coating is also an important parameter, in
addition to the triggered release. This high UFM loading within the T
polymer clearly affects its protective properties, which cannot be
compensated for by the increased release rate of cerium and epoxy once
a corrosion site is initiated.

The release kinetics of the optimised sample, T-UFM—6, were studied
at pH 7 over 5 h to gain insight into the initial release. The concentration
was plotted as a function of time and is shown in the inset in Fig. 6(c). A
near-linear increase in cerium concentration is seen, indicating that the
release follows zero-order kinetics. The cerium concentration increases
gradually from about 0.00412-0.00502 mg/mL, suggesting a relatively
slow release, which is beneficial for long-term corrosion protection by
providing a continuous, uniform supply of the inhibitor.

A proposed mechanism is schematically shown in Scheme 2. When
the T-UFM—6 coating on iron is damaged or corroded, the microcapsules
at the corrosion site rupture and release their core contents, triggered by
the pH change at the developing corrosion site. The trivalent cerium ions
migrate to the exposed metal surface, where they react with hydroxide
ions to form an adherent Ce(OH)3 passive layer. This, in turn, suppresses
anodic dissolution and mitigates further corrosion at the defect site. The
released epoxy fills the crack and subsequently undergoes crosslinking
and polymerisation, facilitated by the released cerium ions, thereby
restoring the physical continuity of the coating and re-establishing its
barrier properties. This healing process is further aided by the shape-
memory effect of the biopolymer. This concept enables the develop-
ment of smart, stimuli-responsive coatings derived from renewable
polymer matrices.

To investigate the sustainability and safety of the coating system
containing UFM microcapsules, the release of formaldehyde was studied
daily using the Nash method according to ASTM D5910 standard. As
shown in Figure S4, the T-UFM—6 coating showed no significant form-
aldehyde release after 7 days of immersion in PBS solution (pH 7.4) at 37
°C, indicating good stability of the UFM capsules with negligible
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Scheme 2. Schematic representation of the healing of corrosion sites for iron modified by the T-UFM—6 coating.

formaldehyde release during the test period.
4. Conclusion

A sustainable, pH-responsive self-healing coating was developed by
incorporating urea-formaldehyde microcapsules containing epoxy and
cerium nitrate into a tannic acid-derived epoxy biopolymer matrix. The
optimal formulation, T-UFM—6, features dual-function microcapsules
that deliver both a crack-filling epoxy and an active cerium-based
corrosion inhibitor promoting the epoxy polymerisation in damaged
areas. This provides corrosion protection across a broad pH range and
maintains the integrity of the coating. Controlled-release experiments
showed that cerium nitrate is released in a pH- and time-dependent
manner, with increased release observed in mildly acidic to near-
neutral conditions. These release conditions are ideally suited to
corrosion sites initiated by local acidification.

In addition, a substantial residual inhibitor content is retained in the
capsules for continued corrosion protection. Self-healing tests in highly
concentrated chloride solutions on scratched coatings confirmed that
mechanical damage triggers the release of microcapsule contents,
leading to crack filling by the epoxy and release of the cerium inhibitor.
Overall, this work introduces a sustainable, multifunctional, bio-based
coating platform that integrates passive barrier effects with smart,
dual-triggered self-healing and active inhibition, and hinders the release
of toxic moieties into the environment. These findings have important
implications for designing responsive release systems suitable for the
corrosion protection of corrosion-susceptible materials.
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