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This work evaluates the effectiveness of coating bronze coupons, with 3% Benzotriazole (BTA)
-loaded nanocontainers mixed with Paraloid polymer. Mesoporous silica nanoparticles (MSNs)
were prepared and loaded with 3% BTA (BTA@MSNSs) followed by dispersion in 3% Paraloid
B72 and B44. Bronze disc samples with the chemical composition of Cu 85%, Sn 10% and Pb
5% simulating archaeological artifacts were coated with a single and double layer of BTA@MSNs
in Paraloid B72 and B44 and evaluated using several techniques. Colorimetric measurements
(CM) were used to evaluate changes in the surface appearance following the coating with single
and double protective layers. The corrosion inhibitive performance of the coating was investigated
using electrochemical impedance spectroscopy (EIS). Transmission electron microscope (TEM)
was performed to characterize the shape and size of the prepared SiO, nanoparticles, while
X-ray Diffraction (XRD) was performed to confirm the presence of amorphous mesoporous
SiO, nanoparticles. The specific surface area, pore volume and pore size distribution were
measured by nitrogen adsorption— desorption technique, while the release rate of benzotriazole
at various experimental pH values was estimated using UV-Vis spectroscopy. Results confirmed
the sustained release of benzotriazole to varying pH levels. The release was higher with an
increase in the pH of the medium, which signifies that the release rate rises in the alkaline
medium. The best corrosion inhibitive performance was for the double layer BTA@MSNs —
B72 samples at 91.73% efficiency, while single layer BTA@MSNs — B72 samples displayed

Release study

the least change in color AE 3.28.

1. Introduction

Standard anticorrosion coatings passively prevent the inte-
raction of corrosive species with the metal [1], but do not
offer sufficient protection over long periods of time due to
aging, the formation of micro-pores and cracks, and areas
of low cross-linking density, which provide a path for diffu-
sion of corrosive species such as water, oxygen, and chloride
ions to the coating/metal interface [2]. Corrosion processes,
in particular, develop fast after disruption of the protective
barrier [3]. Moreover, the direct addition of corrosion inhib-
itors to coatings often leads to coating degradation, inhibitor
deactivation, or undesired leaching [4,5]. Direct introduction
of the inhibitor into the coating matrix shows successful
results for some classes of inhibitors; however, there are
difficulties with the application of inhibitors with very high
or low solubility in coatings [6,7]. A very low solubility of
the inhibitor leads to its deficit in the damaged area. In cases
of too high solubility, metal substrates can be protected for
only a relatively short time due to the rapid spontaneous
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leaching of inhibitor from the coating [8]. Another drawback,
which can appear due to high solubility, is the osmotic press-
ure initiating blistering and, finally, delamination of the coating
[9,10]. Recent studies investigated avoiding the direct interac-
tion of the polymer and inhibitor by the encapsulation of the
inhibitors within inert host nanostructures, generally referred
to as nanocontainers, to control the release of the active com-
ponent, i.e., the inhibitor activated by an external corrosion-
related stimulus. There are numerous reports validating the
favorable effect of inhibitor encapsulation on the quality of
coatings in comparison to cases in which an inhibitor is added
directly to the coating [11]. The immediate advantage of
nanocontainers is the possibility of controlling the release of
the active material. Once corrosion reactions commence, such
nanostructures allow a controllable leaching of the inhibitor
triggered by corrosion related stimuli [12,13]. Triggers could
be in the form of mechanical damage of the coating, fluctua-
tions in relative humidity, temperature or change in pH [15].
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Among all of the stimulus response coatings, the pH-
responsive coatings are the most significant, since the corro-
sion reaction on the metal surface usually causes the changes
of the pH value in the cathodic and anodic areas [15]. In
corrosion cases, dissolved oxygen or H+ ions are involved
in the corrosion reaction. The cathodic reaction results in an
increase in pH at the metal surface, while the oxidation of
the metal at the anodic site often leads to a decrease in pH
[16]. Therefore, the development of nanostructures that inc-
orporate pH-responsive complexes facilitates the release of
corrosion inhibitors at the active corrosion sites, allowing
pH-sensitive systems to activate a self-healing mechanism
as soon as the corrosion process begins [17]. Researchers
developed complex systems, by adjusting the response of
the nanocontainers with respect to specific conditions, aiming
to release the corrosion inhibitors in conditions similar to
specific corrosion mechanisms. As a result, various studies
were focused on optimizing the release of corrosion inhibitors
in acidic, alkaline or both environments [18]. Corrosion inhibi-
tors are usually encapsulated within polymeric microcapsules
[19] or inorganic meso- and nanoporous materials [20], such
as mesoporous silica and TiO2 nanotubes. Mesoporous silica
nanocontainers (MSNSs), which can be synthetized by a mod-
ified Stober process [21], by hydrolysis and condensation of
silica precursors [22], gained widespread interest because
of their large surface area, high pore volume, low density
and stability favorable for the storage of healing agents [23].
Their well-controlled pore size, narrow pore size distribu-
tion, controllable functionality, and pore surface chemistries
promote their use as the encapsulating material for controlled
release of corrosion inhibitors. These encapsulated corrosion
inhibitors can be added to different coating materials to pro-
mote long-term protection [24,25]. MSN can be synthetized
by a modified Stober process [21], by hydrolysis and cond-
ensation of silica precursors [22]. Usually tetraethylortho-
silicate (TEQOS) or tetramethylorthosilicate (TMOS) [26] are
used, but also other precursors are often reported. Moreover,
surfactant, micelles forming materials, polymers or other
dopants [27] are added to the selected precursors. In particular,
the most used surfactant is cetyltrimethylammonium bromide
(CTAB) [28]. In the mesoporous silica nanoparticles growth,
by selecting adequately the pH, the condensation of silicon
is enhanced with respect to the Stober process, promoting
the formation of Si—-O-Si bonds, instead of Si—OH [29]. The
pores are then formed with the template removal in the nano-
particle structure through calcination or by solvent extraction
[26]. In all cases, micro- and nanocontainers are first filled
with an active agent and then dispersed in the whole coating
matrix. The capsules are filled in different ways, e.g., by
agitating the suspension of capsules and fillers, also under
reduced pressure, the soaking of capsules in inhibitor solution,
and by applying the LBL deposition procedure [30,17]. The
evaluation of the corrosion protection efficiency of the anti-
corrosive systems is usually performed on metallic substrates
according to specific field applications [26] using various
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analytical techniques, including electrochemical, morpho-
logical and spectroscopic. The morphological and structural
properties of the prepared nanocontainers are characterized
by various techniques such as scanning electron microscope
(SEM), transmission electron microscope (TEM), X-ray diff-
raction (XRD) and nitrogen adsorption-desorption and Fourier
transform infrared spectroscopy (FTIR) [31], while the eva-
luation of inhibitor release as a function of pH is examined
via ultraviolet- visible (UV-vis) spectroscopy [31]. When
dealing with cultural heritages, however, further restrictive
characteristics of the protective layer are needed. Specifically,
besides the corrosion protection, the coating has to be optically
transparent in order to preserve the appearance of the artifact,
and it has to be easily removable without compromising the
integrity of the metallic surface [32]. The main objective of
the present work is to establish the applicability of using
intelligent release systems for the long-term protection of
bronze archaeological artifacts against corrosion by preven-
ting the uncontrolled leaching of inhibitor from the coating
material.

2. Materials and Methods
2.1. Materials
Bronze alloy coupons were cast based on the chemical compo-
sition of archaeological bronze artefacts into 20mm diameter
circular rods, then cut into disc-shaped samples of 2mm thic-
kness. The cast samples were subjected to elemental analysis
using Energy Dispersive X-ray to verify the composition after
casting. The coupons were polished using emery paper of
different grades up to 1200, then washed with alcohol in an
ultrasonic bath, degreased with acetone and kept in a desicc-
ator to prevent atmospheric corrosion. Tetraethylorthosilicate
(TEOS) was used as a silica precursor. N, Cetyltrimethyl-
ammonium bromide (CTAB) a surfactant used in nanopartic-
les synthesis (pore generating agent) with sodium hydroxide
(NaOH). Benzotriazole (BTA) ‘Sigma-Aldrich’ a heterocyclic
compound, CsHsNs, is an effective corrosion inhibitor for
copper and its alloys, the solvent used was ethyl alcohol.
Paraloid™ B-72 ‘Dow’, and Paraloid™ B-44 ‘Dow’, in ethyl
alcohol. All chemicals that were used in this work are ana-
Iytical grade reagents.
2.2. Synthesis of mesoporous silica nanoparticles
(MSNs)
Synthesis of mesoporous silica nanoparticle was prepared
from reaction mixture with optimum concentrations of rea-
gents as outlined in tab. (1) CTAB was dissolved in water.
Aqueous NaOH (2.0 M) was added to the CTAB solution,
and the solution temperature was adjusted to 80°C in a
silicon oil bath with stirring using a magnetic stirrer at 800
rotations per minute (rpm). The solution was heated for 30
min after which TEOS was added dropwise, and the mixture
was allowed to stir for 2 h at 80°C. The resultant white pre-
cipitate was isolated by vacuum filtration using a Buckner
funnel and washed several times with copious amount of water.
The product was dried in an oven for 2 h at 140°C and
ground into powder using a pestle and a mortar. Calcination
of the material was performed at 550°C for 5 h to remove
the template [33].



Table (1) reagents compositions for MSN synthesis.

Samplecode CTAB mM TEOS NaOH H20
mM mM moles
MPS 2.74 27.09 3.8 21.11

2.3. Synthesis of BTA-loaded MSNs (BTA@MSNS)
The processes for loading BTA into MSNs were as follows:
0.9 g of MSNs was dispersed in 100 mL of deionized water
and 10 mL of methanol. 100 mg of BTA was then dissolved
in the mixture. The mixture was adjusted to pH 7.5 and then
stirred for 12 h. The mixture was centrifuged, washed by
deionized water and vacuum-dried at 40 °C to obtain BTA-
loaded MSN (BTA@MSNS).
2.4. Preparation of self-healing coatings and coating
of bronze coupons
The assembled BTA@MSNs was dispersed into 3% Paraloid
B72 and B44 in acetone by sonication. The final material was
applied onto the cast disc-shaped bronze coupons wt.% Cu
85, Sn 10, and Pb 5. in a single and double layer by brushing
with a 72 h interval between layers. The samples were left
to completely cure for a week (ASTM D1640-95). [34]
2.5. Characterization
The surface morphology (size and shape) of the mesoporous
nanoparticles was examined using a TEM JEOL JEM-2100
high resolution transmission electron microscope at an acce-
lerating voltage of 200 kV, respectively. X-ray diffraction
was performed using XPERT-PRO Powder Diffractometer
system, with 2 theta (20°-80°), minimum step size 2Theta:
0.001, and at wavelength (Ka)=1.54614". The specific surface
area, pore volume and pore size distribution were measured
by nitrogen adsorption— desorption technique. The samples
were degassed at 453 K for 6 h under vacuum before ana-
lysis, the N2 isotherms were obtained at —196 °C. The specific
surface area was calculated using the BET (Brunauer—
Emmett-Teller) method. The pore size distributions were
determined by applying the BJH (Barrett-Joyner—Halenda)
model to the nitrogen desorption branch. To determine the
amount of BTA encapsulated in the MSN a UV-vis spectro-
photometer (Cary series UV-Vis- NIR, Australia) was used.
A calibration curve was prepared for BTA ranging from a
concentration of 1 ug mL™ to 50 pg mL? (in 3.5% NaCl aqu-
eous solution). After the separation of NPs from the reaction
mixture, the absorbance of the supernatant was recorded at
259 nm and the concentration of free BTA was estimated
based on the standard curve. Then EE and LC were calculated
according the equation (1) [35].

Entrapment efficiency: intial Conc.—free concentration *100 (1)

Intial Conc

Loading capacity (LC%). The amount of total entrapped
inhibitor was divided by the total nanoparticle weight.

2.6. Release Study

To examine the amount of BTA released by external pH
variation, 1.0 g of BTA@ MSN was dispersed into 15 mL
3.5 wt% NaCl solution with different pH values (pH 5.0,
7.0 and 9.0 respectively) adjusted by HCI or NaOH solution.
The suspension was placed into a dialysis bag (MWCO 10:
12 KDa) which was directly immersed into 60 mL of the
corresponding solution at 25 °C. The UV-vis absorbance
of the released BTA solution was recorded at 259 nm to
determine the concentration of BTA at time t (Ci). The cum-
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ulative release percentage of BTA is calculated according
to the equation (2).

Cumulative release
_ V0CO0.+V Sum (Ci — 0)

m

Where m is the initial loading amount of BTA in the nanoco-
ntainers (g), Vo represents the total volume of the release
solution (Vo = 75.0 mL) and V is the volume per sampling
(V=1.0mL).

Colorimetric measurements

Color measurements were used to monitor the behavior or
possible change in color instigated by the application of pro-
tective coatings. A CS-10 Digital Handheld (CHN Spec) Color
Difference Meter SCI Lab, Aperture 8mm. was used. It
measures the sample color data L*a*b*, color difference AE
and ALab according to CIE color space. For each coupon,
three measurements were conducted at different spots and
the mean value was calculated. To characterize the color var-
iation before and after treatment, the parameter AE* (color
difference) was determined using the CIE equation (3).

AE* = V(ALH)? + (Aa*)? + (Ab*)? (3)

2.7. Electrochemical Impedance Spectroscopy
Electrochemical Impedance Spectroscopy (EIS) was used
to evaluate the efficiency of the nano capsule-impregnated
coatings for the protection of bronze against corrosion. (EIS)
measurements were performed in aerated 3.5% NaCl solut-
ion in triply distilled water at the temperature of 25°C, using
AUTOLAB 302NFRA32 M [Metrohm-Autolab Instruments
Netherlands] workstation, with Nova software. Impedance
spectra were recorded at Potential (V) linked with O.C.P.
(Open Circuit Potential) value in the frequency range from
0.1 to 60000 Hz, at an amplitude of 5mV. The impedance
diagrams are given in the Nyquist plot representation. The
IE% was calculated from the charge transfer resistance (Rct)
values which were obtained by subtracting the high-frequency
impedance using the equation (4). The degree of surface
coverage (0) was calculated using equation (5).

Rct(in) - Rct(un)
R (in)
g=1E (5)

100

Where; Ret (in) and Re (un) are the charge transfer resistance
of bronze alloy with and without the coating, respectively.

«100 (2)

IE % =

x 100 (4)

3. Results

3.1.Characterization

The surface morphology examined using TEM revealed the
presence of solid monodispersed spherical silica particles,
with a well-ordered porous structure. The average particle
diameter is approximately 60 + 5 nm, fig. (1-a & b), while, fig.
(1-c) shows the Selected Area Electron Diffraction (SAED)
which is a technique used alongside TEM to evaluate the sam-
ple's crystallinity, lattice parameters, and crystal structure
by evaluating the electron diffraction pattern created by the
electron beam's interaction with the sample atoms, it shows
the absence of concentric rings confirming that the material



is amorphous. From the XRD pattern, fig. (2), the character-
istic diffraction broad peak centered on 23° (20) confirmed
its amo_ronus nature.

.. = £y
Figure (1) a. & b. TEMhimage of MP Silica nanoparticles (NPs), c. sel-
ected area electron diffraction (SAED) confirming that the material is
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Figure (2) XRD pattern of the prepared SiO; nanoparticles confirming its
amorphous nature

The specific surface area, pore volume and pore size distri-
bution measured by nitrogen adsorption— desorption technique
provided the results stated in tab (2). Vm is the number of gas
molecules that would occupy one cubic centimeter at standard
temperature and pressure, as calculated via the ideal gas law
is 36.267 cm?3 (STP)g. -1, as BET (specific surface area) is a
method to estimate the area per mass of a solid by measuring
the gas adsorption on its surface and in its pore. Determining
the surface area is important because the functionality of the
silica nanoparticles depends on their properties which are
often changing as a function of particle size and surrounding
medium. General properties are shown in tab (3).

Table (2) the surface area measurements of silica nanoparticles

Vm 36.267 [cm"3(STP) g"-1]
as (BET) 1.58E+02 [m"2 g~-1]
Total pore volume (p/p0=0.9900) 0.5055 [cm”3 gn-1]
Average pore diameter 12.81 [nm]

Table (3) general properties of silica nanoparticles

Appearance (Color) White
Appearance (Form) Powder
Molecular weight 60.08 g/mol
Phase Amorphous
Size 60+5 nm

3.2.Release study

From the calibration curve, fig. (3), the amount of benzotriazole
encapsulated in the mesoporous silica was determined. The curve
was created by measuring the absorbance of a series of standard
solutions with known concentrations of Benzotriazole ranging
from 1 pg mL™ to 50 pg mL* (3.5% NaCl aqueous solution). The
absorbance values were then recorded after the separation of the
nanoparticles and plotted against the concentration to create the
calibration curve. The concentration of free Benzotriazole was
estimated based on the standard curve.
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3.2.1. Cal. equation

Abs= 0.07244+0.04247*Conc.
= |.C= 1000 pg/mi
= Absorbance of free = 0.789
= Concentration of free Benzotriazole (Conc.) = 168.7 pg/ml
= Entrapment efficiency (EE)=83.13 %
Encapsulation efficiency (EC)= 8.313% wi/w is the perce-
ntage of inhibitor entrapped into the MSP. The encapsulation
efficiency is the amount of benzotriazole that is effectively
enclosed with the mesoporous silica nano-containers, while
the entrapment efficiency is the amount of Benzotriazole
that is released from the nanocontainers once triggered with
a suitable stimulus.

3.0

2.8 wave legnth= 259 nm

os.

Abs

BTA 1oug-mi
BTA Sug-mi
BTA m

g-m1
BTA 50ug-mi
BTA 25ug-mi

¥ T T T T T
200 3oo0 400 600 600 700 80

Wavelength (nm)

Figure (3) the calibration curve of BTA ranging from a concentration of 1
pg mL—1 to 50 pgml-1 (3.5% NaCl aqueous solution)

The amount of Benzotriazole released at pH levels (5.0, 7.0
and 9.0) was monitored via UV-Vis spectroscopy. The results
show the release behavior of the BTA molecules from the
mesoporous silica nanocontainers before their dispersion in
Paraloid B44 and B72. As shown in fig. (4), the BTA release
rate is obvious at different pH values. The presence of two
stages of release can be detected which include an induction
period (stage 1), and sustainable release to level off (stage II).
Under acidic conditions, the BTA release is slightly delayed.
The accumulative release amount of BTA is at 42% within
100 h at pH 5.0. At neutral conditions, the accumulative release
amount of BTA is 61% within 100 h. While in alkaline con-
ditions, the release of BTA accelerated significantly showing
77% at pH 9.0. Clearly the alkaline conditions accelerate
the release of BTA compared to the neutral and acidic
conditions. These results demonstrate that BTA@MSN is
pH sensitive and can be triggered to accelerated release
under alkaline condition. However, there is unconstrained
leakage of BTA even in neutral conditions.
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Figure (4) the release kinetics at different pH



3.2.2. Colorimetric measurements

The color change measurement of the coated samples, tab. (4)
and fig. (5), revealed that the single coated MSP-B72 samples
gave the best results displaying least color change average
of AE 3.28, while the double coated sample displayed AE
3.93, and the single and double coated samples MSP-B44
displayed AE 3.54 and AE 5.21, respectively. AE* values
lower than 3 are believed to be not perceivable by the human
eye, while those bigger than 5 are. [36] These results demo-
nstrate that the samples coated with MSP/BTA dispersed in
Paraloid B-72 show better results than those dispersed in
Paraloid B-44. The AE of'the single layer displayed the least
average, and the difference between the single and double
layer is minimal.

Table (4) color change measurements (AE*) for the coated samples com-
pared to the blank sample

Samples Colorimetric Variations
L* A* B* EA Image
Blank 65.92 6.37 24.63 e e
328
MSP-B728 63.71 4.67 19.52
3.93 |
MSP -B72 D 62.66 3.46 21.45
3.54 T/
MSP —B44 S 62.24 4.47 22.96
521
MSP -B44 D 63.11 2.85 17.13

Color change measurements (AE*) for the coated
samples compared to a blank sample.

6 521

393
% 4 398 354

2 ' l l

0 MEsB72S  MBSBTD  MBS-MS MBS-44 D
Coated samples

Figure (5)the color change of the coated samples compared to blank

3.3.Electrochemical impedance

EIS technique was applied to study the efficiency of the coa-
ting enhanced with mesoporous silica nanocontainers loaded
with Benzotriazole, and to evaluate its corrosion protection
performance. The results are shown in the form of Nyquist
plotsin fig. (6-a & b). Using Nova (2.1.2) software, the imp-
edance spectra of the different Nyquist plots were analyzed
by fitting the experimental data to a simple equivalent circuit
model. Equivalent circuit models help in understanding the
development of corrosion and properties of the protective
films or coatings. For accurate fitting of experimental impe-
dance data, CPE element was used to represent non-ideal
capacitors behavior, which corresponds to the electrode poros-
ity, roughness, inhomogeneity of the surface and non-uniform
current distribution [31]. It was found that the equivalent circuit
that fit the experimental data consists of model Rs (CPE C
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RpW) for the blank bronze coupons and Rs(CPE Rp) for the
single and double layer coated bronze alloy electrodes in NaCl
solutions as given in tab. (5-a). The circuit representing the
blank coupon includes the solution resistance (Rs), constant
phase element (CPE), capacitance (C), polarization resistance
(Rp) and Warburg impedance. While the circuits representing
the single and double layered coated coupons include solution
resistance (Rs), constant phase element (CPE), and polariza-
tion resistance (Rp). The Impedance parameters for the blank
and coated samples are noted in tab. (5-b). The polarization
resistance value of the blank coupons is 2.77 Q, while the
values for the samples coated with a single layer of MSP/
BTA -B72 is 6.64 Q with an efficiency of 58.28%. The values
for the double layer of MSP/BTA —B72 is 33.5 Q with an
efficiency of 91.73%, which is the highest showing minimal
corrosion rate. The values for the single and double MSP/BTA
—B44 are 4.27 Q, with an efficiency of 35.13% and 18.8 Q
with an efficiency of 85.26% respectively. In both coating
systems the double layer showed higher efficiency rates.

5000 10000 15000 20000 25000 30000 35000
z@

50 55 80 &3 70 75 B0 85 40

zZ(

Figure (6) the Nyquist plots of coated samples and blank sample

Table (5-a) the equivalent electrical circuit model used to fit the EIS plots
for the single and double coating layers and the blank.

Coating Systems R:(Q cm?) CPE Rp(KQ) C(uF) WYs(uMho) IE% [}
Yu(uMho) nl
Blank 526 477 0637 277 110 [} JR—
Single MSP/BTA -B72 6.05 6.01 0.751 664 o 5828  0.5828
Double MSP/BTA -B72 573 206 0645 35 e 9173 09173
Single MSP/BTA B4 497 244 0715 427 331303513
26

Double MSP/BTA -B44 -10.5 5.08 0.658 0.8526

Table (5-b) impedance parameters for the blank and coated samples in
3.5% NaCl solution operated at room temperature

Blank

Single MSP — B72

Double MSP —B72

Single MSP — B44

Double MSP —B44

4. Discussion

Smart self-healing coatings present significant advancements
in protecting metallic artifacts by offering innovative solutions
to prevent corrosion and damage. These coatings can indep-
endently repair minor defects, reducing the need for frequent



maintenance, conserving resources, and extending the lifespan
of artifacts. Additional benefits include controlled delivery
of active ingredients, making encapsulation particularly val-
uable in corrosion protection. The combined potential of these
features promotes more sustainable and efficient preservation
practices in cultural heritage conservation [38,39]. In encapsu-
lation systems, coatings usually consist of a polymer matrix
and a nano capsule, which generally has two key components:
the shell and the core. The shell serves as a protective barrier,
requiring high thermal stability and appropriate mechanical
properties, while the core contains the corrosion inhibitor,
which heals damaged areas. This action is triggered by an
external corrosion related stimuli [40,41]. However, these
advanced coatings have some limitations such as finite nature
of the self-healing function—once the active species are
depleted, the coating loses its ability to repair itself [42].
Mesoporous silica nanoparticles (MSNs) were selected in
this study because of their high specific surface area, thermal
and mechanical stability, availability, low cost, and suitability
for use in different coating layers. Following the synthesis
and characterization of the MSNs, Benzotriazole (BTA) a
heterocyclic compound with the chemical formula Ce¢HsNs,
an effective corrosion inhibitor for copper and its alloys was
encapsulated within the nanocontainers. The encapsulated
BTA were dispersed into 3% Paraloid B72 and B44 in
acetone by sonication and applied into cast bronze coupons
with composition similar to archaeological bronze artefacts.
The encapsulation and entrapment efficiency of BTA was
determined. The amount of Benzotriazole released at pH levels
(5.0, 7.0 and 9.0) was monitored via UV-Vis spectroscopy.
The results indicate that alkaline conditions accelerate the
release of BTA compared to neutral and acidic conditions,
confirming that BTA@MSN is pH-sensitive and can be
triggered for accelerated release under alkaline conditions.
These results are comparable to those obtained by Wen [31],
where the pH-sensitive release property of BTA@MSNs-
COOH-PEI was assessed using UV-Vis spectroscopy, sho-
wing that the release rate of benzotriazole (BTA) increases
under alkaline conditions. However, it was observed that BTA
leakage persisted even under neutral conditions, which sugg-
ests a need for further investigation. Calorimetry confirmed
the possibility of the use of a single coat of BTA@MSN
dispersed in Paraloid B-72 with minimal impact on the
aesthetic attributes and surface appearance. The corrosion
inhibitive performance of the coating was also verified, with
the highest performance observed in the case of applying a
double coat of BTA@MSN dispersed in Paraloid B-72.

5. Conclusion

The performance of the BTA-Loaded Mesoporous silica nano-
containers added to Paraloid B-44 and B72 was investigated using
various techniques, such as release study, colorimetric measurements
and electrochemical impedance spectroscopy (EIS). The sustained
release of Benzotriazole to varying pH levels was confirmed. The
release was higher with an increase in the pH of the medium, which
signify that the release rate is more in alkaline medium compared to
the neutral and acidic. These results demonstrate that BTA@MSN
is pH sensitive and can be triggered to accelerated release under
alkaline condition. Further studies will be performed for the study of
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delayed release under acidic conditions The colorimetric measure-
ments revealed that the samples coated with a single layer MSP/
BTA dispersed in Paraloid B-72 showed the best results compared
to those dispersed in Paraloid B-44. And whilst the AE of the single
layer displayed the least average, but the difference between the single
and double layer is minimal. The electrochemical impedance spec-
troscopy values for the double layer of MSP/BTA —B72 is 33.5 Q
with an efficiency of 91.73%, which is the highest showing minimal
corrosion rate. The use of BTA-Loaded Mesoporous silica hanoco-
ntainers added to polymer coatings showed promising results for the
corrosion protection of archaeological bronze artefacts in museum
environments by preventing the uncontrolled leaching of inhibitor
from the coating material and to circumvent direct interaction
between the coating polymer and inhibitor. This approach facilitates
controlled release of the active inhibitor from the coating material.
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