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Abstract
The present study aims to investigate the loaded mesoporous silica with sulfamet-
hazine and the effect of its dispersion in the epoxy coating on the corrosion behav-
ior of coated mild steel. The composite coating was synthesized by mixing 1wt. % 
mesoporous silica without (Mes) and with sulfamethazine (Mes-S) and an epoxy 
polymer. Electrochemical impedance spectroscopy (EIS), field emission scanning 
electron microscopy (FESEM), and X-ray photoelectron spectroscopy (XPS) were 
used to analyze corrosion resistance of the epoxy coating containing Mes and Mes-
S. Results revealed the higher corrosion resistance of epoxy/Mes-S in the NaCl solu-
tion after 1000 h of immersion compared to epoxy/Mes, indicating higher barrier 
behavior of epoxy/Mes-S due to the inhibition effect of sulfamethazine. Specifically, 
epoxy/Mes-S exhibited a Rct of 67 kΩ cm2 after 1000  h of immersion, while the 
epoxy/Mes and epoxy showed Rct of 9.8 and 7 kΩ cm2, respectively. Besides, it was 
shown that the epoxy/Mes-S coating could inhibit the growth of E. coli as the anti-
bacterial coating due to the effect of sulfamethazine on the bacteria.
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Introduction

The application of polymeric coatings on metal substrates is known as one of the 
conventional methods to minimize corrosion damage observed in many industries 
[1–7]. However, poor structural integrity and lack of durability against corrosive 
ions are key disadvantages of these coatings. A promising approach to resolv-
ing this issue is to introduce inert active corrosion inhibitors into the polymeric 
matrix [8, 9]. Consequently, it is in recent years that the encapsulation of corro-
sion inhibitor molecules in micro- or nano-containers before their incorporation 
into the coating and the synthesis of an intelligent coating has been invented [10]. 
It can be said that the applied containers are the main part of the smart coating 
that releases the encapsulated corrosion inhibitors when the pH and/or potential 
change in the corrosive area [11–14].

The carriers in the smart coatings are supposed to possess certain features such 
as environmental stability, compatibility with the coating matrix, and the ability 
to release the corrosion inhibitor [11, 15]. Among several types of containers, 
mesoporous silica has received a special interest for its ordered hexagonal struc-
ture, high value of surface areas and pore volumes, good resistance to thermal 
and chemical shocks, remarkable biocompatibility, and adjustable chemistry for 
functionalization [16–20]. Many researchers have noted the potential of this inor-
ganic material to be used as a container for corrosion inhibitor molecules [8, 11, 
21, 22]. Some of them have applied mesoporous silica without any modification 
and loaded the inhibitor directly into the structural pores [21]. On the other hand, 
the modification and functionalization of mesoporous silica have also been stud-
ied, and a decrease in the active sites of mesoporous was observed due to reaction 
with the functional groups of the molecules or unwanted leakage of the inhibitor 
from the pores of mesoporous silica [8, 11].

Many types of inorganic and organic corrosion inhibitors have been utilized 
to be loaded in the pores of mesoporous silica [23–26]. Mesoporous silica has 
been loaded with the different types of inhibitor including organic, inorganic, and 
complex compounds. Organic molecules are the most commonly applied inhibi-
tor type in this classification. Mesoporous silica suspension was usually mixed 
with the aqueous or organic solution of inhibitor [27]. However, most of the 
utilized organic inhibitors are expensive and may be toxic [21, 22]. Sulfa drugs 
with –NH2 group, –SO2–NH– group, O and/or N heteroatoms, and aromatic rings 
functional groups in their molecular structures are low-cost, eco-friendly com-
pounds that revealed desired green corrosion inhibition performance in the corro-
sive media [28, 29]. This drug is one of the oldest classes of synthetic antibiotics 
that are still prescribed in medicine nowadays [30]. The heterocyclic antibiotic 
sulfamethazine is an important antibiotic. Due to its low cost and broad spectrum 
of antibacterial properties, it is one of the most widely used antibiotics in the 
world [31]. However, its degradation in the environment by traditional biological 
treatment methods is of challenge [32].

Mesoporous materials can be applied as remarkable carriers for different types 
of drugs including sulfa drugs [33–35]. However, there are rare reports describing 
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the loading of sulfa drug into the mesoporous silica to obtain a carrier for corro-
sion protection and antibacterial application [36]. Asadi and her co-workers have 
loaded a sulfa drug in a mesoporous silica carrier and embedded it in a poly-
mer coating. They found that the presence of sulfa drug could enhance corrosion 
protection of coating in the 3.5 wt.% NaCl after 30 days of immersion [36]. In 
this work, mesoporous silica suspension was loaded with sulfamethazine under a 
reduced pressure. Then, composite epoxy/sulfamethazine-loaded mesoporous sil-
ica was prepared. In this study, a drug molecule (sulfamethazine) was loaded into 
mesoporous silica and studied for its effect on mesoporous silica characterization 
and performance. The characterizations of the mesoporous silica powders after 
immersion at the different pHs were investigated by Brunauer–Emmett–Teller 
(BET), field emission scanning electron microscopy (FESEM), X-ray diffraction 
(XRD), and Fourier transform infrared spectroscopy (FTIR) techniques to find 
out proper solution. The corrosion resistance efficiency of the produced compos-
ite epoxy coating containing drug-loaded mesoporous silica in the 0.05 M NaCl 
solution was studied using electrochemical impedance spectroscopy (EIS), elec-
trochemical noise (EN), FESEM, and X-ray photoelectron spectroscopy (XPS). 
Additionally, the antibacterial performance of mesoporous silica loaded with sul-
famethazine was evaluated compared to the blank mesoporous silica.

Experimental procedures

Materials

Hexadecyltrimethylammonium bromide (C19H42BrN, 99%), tetraethylorthosilicate 
(SiC8H20O4, 98%), and sulfamethazine (C12H14N4O2S, 99%) were purchased from 
Sigma-Aldrich. Hydrochloric acid (HCl) with 37% purity, NaCl, and NaOH was 
obtained from Mojallali Co. Iran without any further purification. The steel speci-
mens with dimensions of 10 × 10 × 0.1 cm were provided from Foolad Mobarakeh 
Co. with a chemical composition of 0.5% Mn, 0.05% S, 0.12% C, 0.046% P, 0.32% 
Si, and balanced Fe (in weight. %). The solutions were prepared using double-dis-
tilled water.

Methods

Coating synthesis

In a similar manner to previous studies, mesoporous silica powders and mesoporous 
silica loaded with sulfamethazine were synthesized [36, 37]. These powders are now 
referred to as Mes (unloaded mesoporous silica) and Mes-S (sulfamethazine-loaded 
mesoporous silica). Low carbon steel plates were ground with SiC sandpapers from 
100 to 1200 grit, degreased with acetone, rinsed with water, and finally dried in the 
air. An epoxy resin with the approximate equivalent weight of 500 was mixed with 
the appropriate amount of toluene. The epoxy containing 1 wt.% Mes or Mes-S was 
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homogenized for 1  h and ultrasonically stirred for 10  min. The mixture was then 
applied using a film applicator to steel plates with a thickness of 50 ± 5 µm. Finally, 
the coatings were placed in an oven at 80 °C for 45 min. Three types of blank epoxy 
coating, epoxy coating containing Mes, and epoxy coating with Mes-S were pro-
duced and labeled as Ep, Ep/Mes, and Ep/Mes-S, respectively.

Characterization of Mes and Mes‑S

A scanning electron microscope (Field-Emission; CamScan Mira; 15 kV) equipped 
with an energy dispersive X-ray spectroscopy (EDS) detector was used to evaluate 
the size and morphology of Mes and Mes-S powders. Low-angle X-ray diffraction 
tests were performed in the range of 1–10° with a Philips X’Pert MPD diffractom-
eter (Cu Kα source) to estimate the pore size diameter of synthesized powders. The 
specific surface area, average pore diameter, and the pore volume were measured 
using an adsorption–desorption isotherm (liquid N2, BELSORP mini-II; Belsorp; 
Japan). Fourier transforms infrared (FTIR) technique (Nicolet IR 100) was also per-
formed in the wavelength range from 4000 to 500 cm−1.

Corrosion performance of the coating

Electrochemical impedance spectroscopy (EIS) was used to examine the corrosion 
performance of epoxy composite coatings in 0.05 M NaCl solutions. A resin matrix 
had been used to mount the samples, so only 1 cm2 of surfaces were exposed to 
the corrosive solution. Measurements were conducted at 25 °C under open circuit 
potential conditions. Next, a three-electrode configuration including a saturated sil-
ver/silver chloride reference electrode, a Pt counter electrode, and a working elec-
trode (i.e., the produced Ep, or Ep/Mes, or Ep/Mes-S coatings) was utilized. The 
EIS analyses were conducted at 10–2–105 Hz and after immersing the working elec-
trodes in the 0.5 M NaCl solution for 10 and 1000 h. The EIS data were recorded 
using an AUTOLAB PGSTAT 30 potentiostat equipped with NOVA software. Each 
experiment was repeated three times to ensure the accuracy. ZView software was 
used for EIS data fitting [38]. A fast Fourier transform (FFT) was used to transform 
the potential and current noise data collected in the time domain to the frequency 
domain. After 1000 h of immersion, electrochemical noise data were collected for 
512 s.

Characterization of the coatings

An EDS detector was used to study the oxygen and sulfur distribution in Ep/Mes-S 
coating. The chemical state of the corroded area was investigated using X-ray pho-
toelectron spectroscopy (XPS) with an Al K anode at 1486.6 eV after scratching the 
surface of Ep/Mes-S coating and immersing it in 0.05 M NaCl for 10 h.
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Antibacterial activity

The diffusion disk test was conducted to evaluate the antibacterial properties of 
mesoporous silica loaded with sulfamethazine in diluted chloride media. In a Petri 
dish, 1 mL of Escherichia coli (E. coli) bacterial suspension was added onto a solid 
growth medium. 10 ml of agar solution was poured into sterile Petri dishes followed 
by 15 ml of seeded medium previously inoculated with bacterial suspension to pro-
vide a 105 CFU/ml solution. Three sterile paper disks with a diameter of 6 mm were 
placed on top of each agar plate. Before this stage, one disk was permeated with 
20 µL of the solution with released sulfamethazine from mesoporous silica in the 
diluted chloride media. Another disk was impregnated without sulfamethazine. The 
third disk served as the control specimen and was impregnated with an antibiotic 
drug. These plates were kept in the fridge at 5  °C for 2  h and then incubated at 
35  °C for 24  h. Finally, a ruler with a 1  mm resolution was used to measure the 
width of inhibition zones, which were regarded as indicators of antibacterial activity. 
Besides, fluorescent microscopy (OLYMPUS) was applied to show the presence of 
E. coli after attachment on the samples.

Results and discussion

Mesoporous silica characterization

Figure 1 presents a micrograph of the as-produced mesoporous silica (MS) powder. 
The synthesized particles (about 100 nm in diameter) had an elongated worm shape 
due to the high concentration of structural water [39]. As a result of hydrolyzing 

Fig. 1   FESEM morphology of the produced mesoporous silica
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TEOS molecules during the mesoporous silica synthesis stage, the molecules only 
attach to a preformed droplet and grow preferentially onto the nucleus in a single 
orientation [40]. The length of the particles was in the range of 200 nm to 1 µm.

N2 adsorption/desorption test was conducted before and after immersion of the 
powders in the corrosive solutions of 0.05  M NaCl, 1  M HCl, or 1  M NaOH to 
understand the effects of pH values on the structural integrity of the particles as 
shown in Fig. 2. The results indicate that mesoporous silica (MS) displayed a typi-
cal type IV isotherm before immersion, as well as a distinct hysteresis loop of H2 
in the range of 0.4–1.0 P/Po (P is the partial pressure and Po is the saturated vapor 
pressure of the adsorbate [41]). Furthermore, the specific surface area, the pore vol-
ume, and the average diameter of the MS powder were measured to be 881.1 m2 g−1, 
0.65 cm3 g−1, and 2.9 nm, respectively. When MS was immersed in NaCl, HCl, and 
NaOH solutions, the surface area values decreased to 521, 254.5, and 81.5 m2 g−1, 
respectively, indicating a reduction of active surfaces caused by reaction with the 
solution species. Moreover, a type II isotherm was obtained for MS exposed to the 
alkaline solution, suggesting the nonporous or macroporous nature of the adsorbent. 
This isotherm also represents the adsorption on open surfaces, mainly resulting from 
the destruction of mesoporous silica [41]. This means that mesoporous silica has 
lost its ordered structure in the alkaline media due to the breakdown of the Si–O–Si 
structure in the high-pH solution [36, 42]. Other solutions, however, resulted in a 
reduction of surface area, but mesoporous structure did not deteriorate.
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Fig. 2   N2 adsorption/desorption plots for a mesoporous silica (MS) before immersion, and after immer-
sion in b 0.05 M NaCl, c 1 M HCl, and d 1 M NaOH solutions
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In Fig. 3, low-angle X-ray diffraction patterns of MS are shown before and after 
immersion in 0.05 M NaCl, 1 M HCl, and 1 M NaOH solutions. The observed (100), 
and (110) peaks are related to the hexagonal mesoporous silica with space group 
p6mm [43]. There is a peak at 2θ values of 2.16, 2.22, and 2.36° with an inter-pla-
nar d100 spacing of approximately 4.08, 3.97, and 3.73 nm for the as-received MS, 
and for powders immersed in NaCl, HCl, and NaOH. Figure 3 also displays (110) 
peak, illustrating more ordered hexagonal structure of MS powder before immersion 
in different solutions [44]. On the other hand, after immersion in acidic or alkaline 
solutions, only (100) peaks were detected, indicating degradation of MS at very low 
and high pH levels. Additionally, in the case of high-pH alkaline solution, the deter-
mined peak was not very intense, and the characteristic peak of MS had almost dis-
appeared due to the destruction of the MS structure. MS in neutral media exhibited 
the highest peak intensity, indicating a lower destruction of Si–O–Si bonds, thus a 
minor reduction in crystallinity.

Figure 4 shows FTIR spectra of MS with and without treatment in acidic, neu-
tral, and basic solutions. MS shows the bands at 3395 and 1604 cm−1 are, respec-
tively, attributed to the stretching and bending vibrations of the adsorbed water mol-
ecules. Peaks at 1080, 795, and 455 cm−1 correspond to the stretching vibrations of 
the mesoporous framework (Si–O–Si). Moreover, the band at 960  cm−1 is caused 
by the symmetry stretching vibration of Si–OH [45]. On the other hand, the struc-
tural bonds of mesoporous silica powders exposed to neutral and acidic media did 
not significantly change as a result of attacking by corrosive ions in these solutions, 
indicating that such ions were ineffective in significantly altering the covalent bonds 
of MS. Nevertheless, the intensity of the Si–O–Si peak decreased in an alkaline 

Fig. 3   XRD pattern of (a) mesoporous silica (MS) before immersion, and after immersion in b 0.05 M 
NaCl, c 1 M HCl, and d1 M NaOH solutions
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solution due to the destruction of MS hexagonal structure. In other words, covalent 
bonds were strongly destroyed in the presence of hydroxyl ions.

Figure  5a–d  depicts the surface micrographs of MS particles before (Fig.  5a) 
and after immersion in 0.05 M NaCl, 1 M HCl, and 1 M NaOH solutions. As can 
be observed, the morphology of MS did not change remarkably after immersion in 
either neutral (Fig. 5b) or acidic (Fig. 5c) media. The morphology of MS changed to 
spherical (Fig. 5d) after being exposed to NaOH solution, possibly due to deteriora-
tion of Si–O–Si bonds in the high-pH solution [11]. As the hydroxyl ions decom-
pose the carrier, the corrosion inhibitor is released more quickly in alkaline media 
[46]. In neutral media, mesoporous silica exhibited high surface area, stable covalent 
bonds, high crystallinity, and unchanged morphology. Therefore, corrosion studies 
of mesoporous silica as a carrier were performed in neutral chloride solutions to 
ensure stability of mesoporous silica during the corrosion tests.

Corrosion behavior of Mes‑S in the epoxy coating

Figure 6 shows electrochemical impedance spectroscopy (EIS) results for Ep, Ep/
Mes, and Ep/Mes-S coatings after immersion in 0.05 M NaCl for 10 and 1000 h. 
These coatings showed similar capacitive behavior based on the Bode plots. Due to 
the barrier effect of the mesoporous silica embedded in the epoxy coating, the com-
posite coatings had a higher impedance modulus than the blank coatings in the entire 
frequency range [37]. Besides, high-frequency region shows the coating response, 
whereas low-frequency region indicates a double-layer reaction [47]. The Ep/Mes-S 
coating also shows a greatest impedance magnitude (|Z|) and phase angle (θ) over a 
wide frequency range, indicating highest electrochemical resistance of this coating. 
The impedance magnitude (|Z|100 mHz) of all coatings is closer together (around 1 GΩ 
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cm2) at 10 h of immersion, while it has a highest value for Ep/Mes-S after 1000 h of 
immersion, suggesting the release of sulfamethazine from mesoporous silica and the 
development of a barrier against the diffusion of corrosive Cl− ions [11]. Ep/Mes-S 
coating shows phase angle (θ10 kHz) values of 89° and 64° for 10 and 1000 h, while 
the Ep/Mes and Ep coatings have the lower values in the same period of time, indi-
cating a higher capacitance behavior for Ep/Mes-S due to its higher charge trans-
fer resistance [37, 48]. Electrochemical behavior of a metal–electrolyte interface is 
capacitive when the charge transfer resistance and/or double-layer capacitance are 
high. The phase angle in this situation would be close to 90° since most of the cur-
rent passes through the capacitor [4]. Accordingly, the highest phase angle of Ep/
Mes-S after 10 and 1000 h of immersion indicates its high corrosion resistance to 
chloride media.

Fig. 5   FESEM micrographs of (a) mesoporous silica before immersion, and after immersion in b 0.05 M 
NaCl, c 1 M HCl, and d 1 M NaOH solutions
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Figures  7a and b illustrates the applied equivalent circuit for fitting the EIS 
data and determining the corrosion parameters for coatings immersed in the cor-
rosive solution for 10 and 1000 h, respectively. In these circuits, Rs, Rcoat, and Rct 
refer to the solution resistance, coating resistance, and charge transfer resistance, 
respectively. An alternative to pure capacitance (C) is a constant phase element 
(CPE), which corresponds to A−1(iω)−n, where A is a constant number related 
to the interfacial capacitance, i is the complex number, ω represents the angular 
frequency, and n is an exponential factor which varies between -1 and 1, with a 
value between 0 and 1 [8]. If n = 1, the coating has pure capacitance behavior 
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Fig. 7   The proposed equivalent circuits were utilized to calculate the corrosion resistance parameters of 
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[49]. CPE of the coatings and the double layer is denoted here as CPEcoat and 
CPEdl, respectively.

Table 1 presents the corrosion parameters of the coating at different times in the 
chloride solution. Based on this table, the chi-squared (χ2) values are low, indicating 
that EIS curve fitting is accurate [8]. Furthermore, composite coatings showed higher 
Rcoat values than blank epoxy coatings, indicating the addition of mesoporous silica 
or Mes-S particles improved corrosion resistance. Rcoat reduces from 1.5 × 107 to 7.3 
kΩ cm2 and from 1.1 × 107 to 2.3 kΩ cm2 for epoxy/Mes-S and epoxy/Mes, respec-
tively. On the other hand, Rcoat of epoxy decreased from 8.3 × 106 to 2.1 kΩ cm2 
during this period of time. This reduction in coating resistance may be explained by 
the diffusion of aggressive ions into the coatings during immersion or by an increase 
in the number of conducting species entering the developed porosities in the coat-
ing during immersion [5, 8]. It must be noted that the Rcoat of Ep/Mes-S coating at 
any time was higher than the other coating, indicating a better barrier effect due to 
the presence of mesoporous silica and sulfamethazine. Additionally, as time passes, 
CPEcoat increases primarily due to water permeation and ions moving through the 
coating [5, 37]. After 1000 h of immersion, the CPEcoat of Ep/Mes-S, Ep/Mes, and 
Ep were 4, 11, and 13 µ cm−2, respectively, indicating a lower water permeation in 
Ep/Mes-S. Due to a lack of electrolyte diffusion, the coatings do not demonstrate Rct 
after 10 h of immersion in the NaCl solution [50]. At 1000 h, Ep/Mes-S coatings 
showed the highest Rct value, potentially due to the release of sulfamethazine from 
Mes-S particles during the corrosion. As a matter of fact, the surface adsorption of 
sulfamethazine released from Mes-S increases the charge transfer resistance of Ep/
Mes-S coating. A further advantage of the sulfamidic group is that it is possible to 
increase the adsorption of the compound on mild steel surfaces by using sp2 electron 
pairs on the nitrogen and oxygen atoms [36, 51]. Mild steel becomes deposited with 
sulfamethazine, forming a layer of adsorbed inhibitor and preventing corrosion on 
the surface. This adsorption layer can also be the reason for low CPEdl and high Rct 
for Ep/Mes-S [52–54].

Figure  8 shows the power spectral density (PSD) of current for the coatings 
immersed in the 0.05 M NaCl after 1000 h. The lower PSD (I) content for epoxy/
Mes-S is indicative of its higher corrosion resistance. Low electrochemical response 
of the interface could be responsible for the drop in noise current measured [55]. 
The noise resistance (Rn) is calculated by dividing the standard deviations of voltage 
fluctuations by the amount of current variations [55]. Ep/Mes-S had a noise resist-
ance of 250 kΩ cm2, whereas Ep/Mes and Ep had noise resistances of 90 and 37 
kΩ cm2, respectively. Ep/Mes-S coating exhibited higher noise resistance due to the 
release of sulfamethazine in the chloride media, which blocked charge transfer reac-
tions or diffusion of aggressive species toward the interface. In addition, the trans-
ferred charge (q) in a corrosion phenomenon can be calculated using the following 
equation [56]:

(1)q =

√

�i�v

B
.
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Here, Ψi, Ψv, and B represent low-frequency values of power spectrum density 
(PSD) (I), low-frequency values of PSD (V), and the Stern–Geary coefficient, respec-
tively [56]. The q for the Ep/Mes-S, Ep/Mes, and Ep obtained 1.5 × 10–10, 4.3 × 10–9, 
and 5.5 × 10–9 C cm−2, respectively. Hence, the Ep/Mes-S coating provides higher 
protection because of the release of sulfamethazine from the mesoporous silica par-
ticles, resulting in lower charge transferred across the interface.

Figure 9a shows the surface micrograph of the scratched zone of the Ep/Mes-S 
coating together with the line scan of sulfur element demonstrating the presence 
of S and the release of sulfamethazine in the scratched area where the coating was 
corroding in the 0.05 M NaCl solution. Figure 9b shows the XPS spectrum of the 
scratched area after the immersion. In the XPS analysis, a S2p peak at about 163 eV 
was detected due to sulfamethazine adsorption on the surface of mesoporous silica 
[57, 58]. It is believed that the presence of lone sp2 electron pairs of heterocyclic 
rings and the sulfamidic functional group in sulfamethazine enhances the adsorption 
process onto carbon steel surfaces [36]. Other detected peaks (Fe2p, O1s, and C1s) 
can be related to the carbon steel and oxidation process during the immersion in the 
corrosive media.

Figure 10a shows the fluorescence images of E. coli for identification after expo-
sure on the surface of Ep, Ep/Mes, and Ep/Mes-S coatings. Due to high surface 
area of mesoporous silica, epoxy containing Mes has a greater antibacterial effect 
than blank epoxy, since mesoporous silica was found to have antibacterial proper-
ties against E. coli [59]. It was found that the Ep/Mes-S displayed the highest level 
of antibacterial activity. As mentioned earlier, sulfamethazine has antibacterial 
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Fig. 9   a SEM micrograph and EDS line scan of sulfur. b XPS spectrum of the scratched surface of Ep/
Mes-S coating
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properties, which inhibits the growth of E. coli [28, 32]. The –SO2 group in the 
molecule structure can explain the reaction rate of this antibacterial inhibitor [60]. 
This type of drug can act as competitive inhibitors of the enzyme dihydropteroate 
synthase, and, therefore, these are bacteriostatic and inhibit the growth and multi-
plication of bacteria [61].  Figure  10b  shows the results of the disk diffusion test, 
indicating a higher inhibition zone for Mes-S. The measured inhibition zone for the 
control, Mes, and Mes-S samples were about 10, 24, and 30 mm, respectively. The 
most significant inhibition zone associated with Mes-S may result from sulfamethaz-
ine’s antibacterial properties. Sulfamethazine or its ions can release from the Mes-S 
through the mesoporous channels and interact with bacteria or high local concentra-
tion of sulfamethazine on surface of mesoporous silica interact with the bacterial 
cell walls and consequently cause cell membrane damage [62].

Conclusions

This study examined the corrosion and antibacterial properties of epoxy coatings 
containing mesoporous silica loaded with sulfamethazine. According to the results, 
sulfamethazine acts both as a corrosion inhibitor and an antibacterial agent. When 
released from the mesoporous silica, it reacts with the surface by linking sulfameth-
azine sp2 electron pairs and iron atoms. During the corrosion process, S-containing 
compounds adsorb onto the surface of mild steel, which results in the greater charge 
transfer resistance of Ep/Mes-S than Ep/Mes. Also, the coating with Mes-S showed 
the highest level of antibacterial effect due to the presence of sulfamethazine. By 
interacting with the bacterial cell wall, it damages the cell membrane.
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