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Evaluation of novel multifunctional polymeric
Schiff bases as anticorrosive agents for the medical
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{ ") Check for updates ‘

Cite this: RSC Ad\v., 2026, 16, 6768

Aisha Hendy,? Jehan El-Nady,” Asmaa Nour, €2 ¢ Safaa M. Ali, T. M. Tamer, (¢
Amal S. . Ahmed,? Rabab Mohamed Abou Shahba® and Nazly Hassan (2 *©

In the field of biomaterials, the 316L stainless steel (316L SS) alloy is utilized in several countries as
a temporary biomaterial without any prior treatment. In this work, corrosion protection and
biocompatibility enhancements of the 316L SS alloy were performed. The influence of recently
synthesized novel antibacterial, antimicrobial, and antioxidant polymeric materials, as corrosion
inhibitors, on the 316L stainless steel surface was investigated. Initially, the primary amino groups of
casein were reacted with the active carbonyl group of cinnamaldehyde to yield casein—cinnamadehyde
(Ca-Cin) Schiff bases. These Schiff bases were then allowed to interact with the 316L SS alloy, resulting
in self-assembled monolayers (SAMs) covering its surface. The features of these SAMs were then
evaluated under simulated body fluid (SBF) conditions by electrochemical methods. Results confirmed
the formation of SAMs from the studied Schiff bases, serving as mixed-type inhibitors on the 316L SS
surface via a charge transfer mechanism. Moreover, these materials displayed both concentration- and
immersion time-dependent corrosion inhibition efficiency, which exceeded 90% at 1000 ppm for Ca-
Cin6 after 120 minutes of immersion in its solution. The corrosion inhibition efficiencies of these Schiff
bases were optimized by investigating their dependence on the studied variables. The calculated
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eceived Sth September 2025 thermodynamic parameters pointed out spontaneous adsorption of the Schiff base molecules on the
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metallic surface, obeying the Langmuir adsorption isotherm. These results reinforce that the materials
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rsc.li/rsc-advances applications.

1. Introduction

Biomaterials are biocompatible materials, either natural or
synthetic, that are implanted into the human body to repair or
replace damaged or diseased parts."* The essential feature of
biomaterials is their implantation in direct contact with the
human body. From a medical perspective, these materials must
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under investigation exhibit promising features for refining the 316L stainless steel surface for implant

exhibit qualities such as superior bioactivity, excellent biocom-
patibility, controlled degradability, biological non-toxicity and
non-allergenicity, modulus of elasticity, good mechanical prop-
erties, and superior wear and corrosion resistance."**> Generally,
ceramics, polymers, or metallic materials are wused as
biomaterials.>” Among these, metallic biomaterials (e.g., stainless
steels, Mg alloys, Cr-Co alloys, and Ti or Ti alloys) are popular
because of their significant characteristics, such as excellent
mechanical and chemical properties and ease of fabrication.**°

The medical-grade low-carbon 316L stainless steel is exten-
sively employed as a temporary implanted material in several
countries owing to its easy availability, low cost, reasonable
durability, good mechanical properties, acceptable biocompat-
ibility, and high corrosion resistance."*'* However, over time, it
corrodes in the aggressive environment of human body fluids,
resulting in the release of some toxic ions that may act as
carcinogens or allergens. This process boosts inflammatory
reactions and ultimately contributes to implant failure.**** In
order to address this problem, refining of the stainless-steel
surface is substantially required.

The self-assembled monolayers (SAMs) approach is an ordinary
and promising technique for modifying the surface of the metallic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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implants. This method produces a thin passive layer that acts as
a barrier against corrosion of the metallic surfaces.”*** SAMs are
nano-sized, well-organized films regulated by non-covalent inter-
actions, which are formed by the physical and/or chemical
adsorption of densely packed organic molecules on metallic
surfaces.”™® SAMs exhibit micro-nanoscale features, physico-
chemical characteristics, and long-term stability, which make
them suitable and promising for medical applications.****™**

Due to their strong affinity for metallic surfaces, organic
molecules that include polar functional group(s), heteroatom(s),
multiple bonds, and/or aromatic ring(s) in their molecular struc-
ture are able to adsorb spontaneously onto metallic surfaces,
forming SAMs.”*** In this regard, Schiff bases have been previ-
ously considered as valuable materials to be utilized against
metallic corrosion in aggressive environments."”**” The inhibi-
tion efficiency of Schiff bases is rationalized to the entity of
a specific functional azomethine group (-RC=N-) and any elec-
tronegative heteroatoms in the molecular moiety.'”**?62%2%

In this study, novel non-toxic antibacterial, antimicrobial,
and antioxidant Schiff bases were synthesized in our labora-
tory® from the interaction of casein with cinnamaldehyde (a
phenolic compound) with different degrees of substitution.
These synthesized Schiff bases were suggested to create SAMs
on the medical-grade 316L SS surface. Consequently, these
Schiff bases were investigated as anticorrosive materials in SBF
conditions using electrochemical tools. The effect of concen-
trations of the Schiff bases and different immersion time
intervals was also studied. Analyzing and optimizing corrosion
inhibition efficiency data was investigated through the response
surface modeling (RSM) methodology by examining the impact
of its reliance on the factors under study. Moreover, thermo-
dynamic calculations were also performed.

2. Materials and methods

2.1. Materials

Casein bovine (Sigma, Germany) was dissolved in sodium
hydrogen carbonate solution (99%, Fluka, Germany). Cinnam-
aldehyde (98%) was purchased from Scharlau, Spain. The compo-
nents of the simulated body fluid (SBF), mentioned in ref. 31, are
dissolved in double-distilled water. The SBF is freshly prepared
according to ref. 32.

2.2. Methods

2.2.1. Synthesis of Schiff bases. The Schiff bases were
synthesized by reacting casein's primary amino groups with
cinnamaldehyde's active carbonyl group with different degrees
of substitution (from Ca-Cinl to Ca-Cin6), as presented in
Fig. 1. More details can be found in ref. 30.

2.2.2. Preparation of metallic specimens. A sheet of 316L SS,
with chemical composition presented in Table 1, was cut into small
specimens with dimensions of 70 mm x 10 mm x 2 mm (L x W
x T). More details are mentioned in ref. 31. Before each experi-
ment, these specimens were polished to obtain a mirror-finish
surface with different grades of emery paper (320, 400, 500, 600,
and 1200). Only a 2 x 1 cm” area was selected for exposure to the
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Fig. 1 Schematic of the synthesis of casein—cinnamaldehyde Schiff
bases.*®

electrolyte solution, whereas the rest of the specimen was covered
with coat material and Teflon tape. After that, the metallic speci-
mens were thoroughly rinsed with acetone to dislodge fine pol-
ishing debris and remove any contaminants or residual abrasive
metallic particles that may interfere with the formation of SAMs.
Then, the specimens were washed with double-distilled water and
finally dried to be used for measurements.

2.2.3. Formation of self-assembled monolayers (SAMs).
The 316L SS specimens were immersed in 0.1 M aqueous NaHCO;
solution containing different concentrations (100, 300, 500, 700,
and 1000 ppm) of casein—-cinnamaldeyde Schiff bases to allow the
formation of SAMs on the specimens' surface. The NaHCO;
solution was selected because the casein Schiff bases are typically
dissolved and activated in mild alkaline carbonate buffers.***
Additionally, the NaHCO; solution is non-aggressive toward the
316L SS alloy. The mentioned Schiff bases were prepared by
reacting cinnamaldehyde with casein at various degrees of
substitution (Ca-Cin1, Ca-Cin2, Ca-Cin3, Ca-Cin4, Ca-Cin5, and
Ca-Cin6).** The samples were then immersed at ambient
temperature for 60, 90, and 120 minutes in the SAMs' solutions.

2.2.4. Electrochemical measurements. A three-electrode cell
was used for the investigation. Blank and treated 316L SS samples
were used as the working electrodes. A platinum wire and a satu-
rated calomel electrode were employed as counter and reference
electrodes, respectively. The experiments were performed at 37 £
0.2 °C in 100 mL of freshly prepared simulated body fluid (SBF)
electrolytic solution. All the experiments were performed in trip-
licate to ensure reproducibility and accuracy; subsequently, the
optimal results were adopted for analysis.

2.2.4.1. Tafel polarization measurements. Before each exper-
iment, to acquire the steady-state conditions, the electrodes
were maintained in the electrolyte solution at open-circuit
potential (OCP) for approximately 10 minutes. Such a short
stabilization time is adequate, as the presence of SAMs enables
fast potential stabilization. The measurements were performed
at a scan rate (d£/d¢) of 0.5 mV s " in the potential range —250 >
Egce > 250 mV. A Voltalab potentiostat/galvanostat (PGZ 301
model, Radiometer Analytical, France) utilizing VoltaMaster
software Version 4.0 was used. The inhibition efficiency (%) of
the inhibitors and their surface coverage (f) were calculated
based on eqn (1) and (2):***”

o

NV = o o 100 (1)

corr

n%

0= 100 (2)
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Table 1 Chemical composition of 316L stainless steel

Element C Mn Si S P Mo Cr Ni Co Cu Al
Percentage 0.024 1.89 0.512 0.0092 0.0115 2.08 17.33 12.95 0.0712 0.178 0.0193
where i, and i, are the corrosion current density of the impedance module using Nova 1.11 software and then illus-

blank and treated SS samples, respectively.

2.2.4.2. Electrochemical impedance study (EIS). The EIS was
performed using a potentiostat (model AutoLab 87070) with an
amplitude of 10 mV in the 0.1-10° Hz frequency range. The data
were analyzed with a frequency response analyzer (FRA)
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trated as Nyquist and Bode plots. The data were interpreted
depending on particular equivalent circuits. The inhibition
efficiency was computed according to eqn (3):2°>7®
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Fig. 2 Tafel curves at 37 £ 0.2 °C in SBF solutions of blank and immersed SS specimens for 60 min in Schiff base solutions of different

concentrations. de/dt = 0.5 mV s %,
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where R, and R, are the charge transfer resistance values of the
blank and treated electrodes, respectively.

2.2.5. Treated sample appearance. Visual observation was
considered to verify the accuracy of the electrochemical results
and to ensure that the samples did not undergo corrosion in the
Schiff base solution over time. A photograph was taken of
a sample after two hours of immersion in the Schiff base solu-
tion, followed by electrochemical measurements conducted in
the SBF solution.

2.2.6. Reliance of corrosion inhibition efficiency on the
studied variables. The parameters affecting the corrosion
process and its inhibition efficiency were analyzed and opti-
mized. A correlation between the examined parameters,
namely, the concentrations of Schiff base solutions and
immersion times of the samples, and the inhibition perfor-
mance was established. The optimization process and data
analysis were clarified with Statistica, a statistical software.

3. Results and discussions

3.1. Electrochemical measurements

3.1.1. Tafel polarization technique. Fig. 2 displays the Tafel
curves at 37 + 0.2 °C in SBF of bare and immersed SS samples at
various concentrations of the Schiff base solutions (from Ca-

View Article Online
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Cinl to Ca-Cin6, respectively) at an immersion time of 60
minutes with a 0.5 mV s~ * scan rate in the —250 > Egc > 250 mV
potential range.

As presented in Fig. 2, a slight positive shift is observed in
the corrosion potential (E.o,) values of the modified samples
relative to the blank one, suggesting the formation of SAMs by
Schiff bases, pointing out their performance on the SS surface.
The electrochemical parameters obtained from Tafel curves,
besides the 7% and 6 values of the treated electrodes calculated
from eqn (1) and (2), are listed in Table 2.

As illustrated in Table 2, the positive shift of E.,,, is less than
+85 mV in the case of the treated electrodes. This indicates that
the Schiff bases are classified as mixed-type inhibitors*®**** with
a slightly anodic predominance. This outcome is also supported
by the shift of the cathodic and anodic slope values (8. and 3.,
respectively), which is greater for 8,,"**** as demonstrated in
Table 2.

Moreover, lower corrosion current density (i.o;) values were
obtained for the treated electrodes than for the blank one.
Additionally, the effect of Schiff bases increases with increasing
concentration of their solutions. This is because of the increase
in the number of molecules approaching the metallic surface.
Consequently, the rate of molecular interaction with the active

Table 2 Electrochemical parameters at 37 + 0.2 °C in SBF solutions of blank and immersed SS specimens for 60 min in Schiff base solutions of

different concentrations

Corrosion rate

Schiff bases Conc. (ppm) Ecorr (MV) icorr (LA cm™?) Ba (mV) B (mV) (um per year) 0 n%
Blank — —242 3.232 121 —231 37.92 — —
Ca-Cin1 100 —201 1.731 137 —138 20.30 0.4643 46.43
300 —209 1.633 170 —141 19.16 0.4945 49.45
500 —202 1.549 148 —144 18.16 0.5207 50.07
700 —229 1.519 202 —153 17.81 0.5300 53.00
1000 —224 1.496 227 —140 17.55 0.5369 53.69
Ca-Cin2 100 —241 1.276 332 —277 14.97 0.6049 60.49
300 —240 1.239 491 —115 14.39 0.6166 61.66
500 —234 1.227 467 —226 14.12 0.6203 62.03
700 —236 1.128 394 —239 13.22 0.6509 65.09
1000 —233 1.015 436 —150 11.89 0.6857 68.57
Ca-Cin3 100 —240 1.055 750 —137 12.37 0.6734 67.34
300 —235 0.936 734 —236 10.97 0.7104 71.04
500 —239 0.901 702 —109 10.56 0.7209 72.09
700 —234 0.836 749 —100 10.16 0.7411 74.11
1000 —199 0.741 407 —101 8.690 0.7707 77.07
Ca-Cin4 100 —239 0.7848 648 —99 9.201 0.7571 75.71
300 —240 0.7661 633 —98 8.985 0.7629 76.29
500 —231 0.7349 553 —94 8.619 0.7726 77.26
700 —229 0.7249 529 —-107 8.591 0.7757 77.57
1000 —238 0.6439 620 —94 7.551 0.8007 80.07
Ca-Cin5 100 —208 0.6691 761 —96 7.845 0.7929 79.29
300 —197 0.6604 808 —159 7.744 0.7956 79.56
500 —222 0.5930 776 —94 6.954 0.8165 81.65
700 —206 0.5805 746 —97 6.801 0.8203 82.03
1000 —215 0.5376 779 —89 6.304 0.8336 83.36
Ca-Cin6 100 —234 0.6129 339 —67 7.187 0.8103 81.03
300 —214 0.5732 329 —87 6.721 0.8226 82.26
500 —219 0.5547 373 —91 6.504 0.8283 82.83
700 —227 0.5441 370 —-90 6.354 0.8316 83.16
1000 —218 0.4735 344 —84 5.559 0.8535 85.35

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Tafel curves at 37 + 0.2 °C in SBF solutions of blank and immersed SS specimens for 90 min in Schiff base solutions of different

concentrations. de/dt = 0.5 mV s %,

sites of the metal surface will increase, leading to greater
adsorption.*>**

The maximum corrosion inhibition efficiency (~53.7, 68.6,
77.7, 80, 83.4, and 85.4%) was obtained at 1000 ppm for Ca-
Cin1, Ca-Cin2, Ca-Cin3, Ca-Cin4, Ca-Cin5, and Ca-Ciné,
respectively. These maximum values illustrate an increase in
corrosion inhibition efficiency is achieved, rising from 54% to
85%. This performance is attributed to the increase in the
degree of substitution of the amino group present in the casein
with cinnamaldehyde molecules and the C=N bond formation
increases the number of carbonyl and phenolic groups. These

6772 | RSC Adv, 2026, 16, 6768-6785

results indicate the formation of SAMs and demonstrate their
corrosion inhibition efficiency.'®*">?

To examine the impact of immersion time on SAMs forma-
tion, the 316L SS corrosion behavior was tested after 90 min of
immersion in polymeric solutions. The acquired polarization
curves are illustrated in Fig. 3. A similar behavior, as in the case
of 60 minutes of immersion, was observed. However, a further
corrosion rate reduction and enhanced corrosion inhibition
efficiency were achieved (from ~61% to 86%) in the same
sequence, as demonstrated in Table 3. These findings may be
attributed to the densely packed, more compact SAMs on the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Electrochemical parameters at 37 + 0.2 °C in SBF solutions of blank and immersed SS specimens for 90 min in Schiff base solutions of

different concentrations

Corrosion rate

Schiff bases Conc. (ppm) Ecorr (MV) icorr (LA cm™?) Ba (mV) B (mV) (um per year) 0 1%
Blank — —242 3.232 121 —-231 37.92 — —
Ca-Cin1 100 —195 1.461 539 —156 17.13 0.5479 54.79
300 —238 1.409 358 —168 16.35 0.5638 56.38
500 —224 1.351 361 —-136 15.84 0.5818 58.18
700 —239 1.303 477 —244 15.28 0.5967 59.67
1000 —235 1.264 583 —212 14.83 0.6087 60.87
Ca-Cin2 100 —239 1.137 345 —242 13.34 0.6479 64.79
300 —237 1.092 528 —116 12.81 0.6618 66.18
500 —238 1.079 578 —118 12.66 0.6659 66.59
700 —232 1.007 500 —112 11.81 0.6882 68.82
1000 —220 0.994 554 —121 11.66 0.6922 69.22
Ca-Cin3 100 —231 0.920 464 —239 10.79 0.7152 71.52
300 —230 0.901 449 —200 10.57 0.7210 72.10
500 —233 0.862 413 —81 10.11 0.7331 73.31
700 —218 0.827 353 —165 9.701 0.7440 74.40
1000 —209 0.820 542 —-110 9.621 0.7461 74.61
Ca-Cin4 100 —236 0.7591 398 —202 8.902 0.7651 76.51
300 —234 0.7366 366 —204 8.638 0.7720 77.20
500 —226 0.7194 402 —-95 8.436 0.7774 77.74
700 —235 0.7131 402 —165 8.362 0.7793 77.93
1000 —221 0.6282 443 —98 7.363 0.8056 80.56
Ca-Cin5 100 —238 0.6472 468 —-94 7.589 0.7997 79.97
300 —221 0.6164 402 —100 7.060 0.8092 80.92
500 —236 0.5881 491 —-104 6.947 0.8180 81.80
700 —235 0.5651 465 —94 6.627 0.8251 82.51
1000 —220 0.5193 440 -85 6.081 0.8393 83.93
Ca-Cin6 100 —228 0.5869 285 —86 6.884 0.8184 81.84
300 —-207 0.5522 350 -89 6.493 0.8291 82.91
500 —213 0.5346 365 —87 6.269 0.8345 83.45
700 —240 0.5154 302 —94 6.045 0.8405 84.05
1000 —216 0.4774 393 -90 5.598 0.8522 85.22

316L SS surface, which required more time,'*** exhibiting
a higher effect in reducing the corrosion rate. The obtained
electrochemical parameters are also presented in Table 3.

Furthermore, the corrosion behavior of the 316L SS samples
immersed for 120 minutes in the polymeric solutions is demon-
strated in the Tafel curves (Fig. 4). The electrochemical parameters
and the calculated values of § and n% are collected in Table 4.

The data illustrated in Tables 2-4 indicate that the corrosion
rates decrease not only with increasing the concentration of
different Schiff bases but also with longer immersion times in
Schiff base solutions. However, the corrosion inhibition effi-
ciencies increase, following the same trend, and the Schiff base
(Ca-Cin6) always records the highest inhibition efficiency.
These consequences may be interpreted as the creation of more
ordered, compact, dense-packed SAMs, which require longer
immersion times to achieve.'®?*>%>%¢

For a clear comparison between the influence of the six Schiff
bases on the corrosion process of 316L SS in SBF, Fig. 5 displays
their corrosion inhibition efficiencies at different immersion
times and optimum concentration (1000 ppm). As demonstrated
in the figure, the corrosion inhibition efficiencies of all Schiff
bases are increased, to some extent, with increasing immersion
time in the SAMSs' solutions. The inhibition efficiency order is
clarified as Ca-Cin1 < Ca-Cin2 < Ca-Cin3 < Ca-Cin4 < Ca-Cin5 <

© 2026 The Author(s). Published by the Royal Society of Chemistry

Ca-Cin6. This may be attributed to the enhanced surface
roughness resulting from the increased substitution of cinnamyl
moieties, which leads to an increased specific surface area,*
thereby facilitating the interaction with the 316L SS surface.

The corrosion inhibition efficiency of Schiff bases depends
on the number of heteroatoms and C=N groups present in
their molecules. As a result, the first polymeric Schiff base (Ca-
Cin1) has the lowest corrosion inhibition efficiency since it
contains fewer heteroatoms and polar functional groups than
the other Schiff bases.**** Alternatively, the Schiff base Ca-Cin6
exhibits superior corrosion inhibition performance as a result
of multiple C=N bonds and polar functional groups in its
moiety. This modification enhanced the electron-donating
properties, leading to improved antioxidant potential via
providing additional active sites in the organic molecules* to
cover and protect the metallic surface. All these results sug-
gested the formation of SAMs by Schiff bases on the 316L
stainless steel surface, minimizing its corrosion rate.

3.1.2. Electrochemical impedance spectroscopy (EIS). As
further evidence for the formation of SAMs, the electrochemical
behavior of Schiff bases was examined using EIS and is pre-
sented as Nyquist and Bode plots. Fig. 6 shows the Nyquist plots
in the SBF of bare and treated SS samples with different Schiff
base solutions after 60 minutes of immersion. As is clear from

RSC Adv, 2026, 16, 6768-6785 | 6773
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Fig. 4 Tafel curves at 37 + 0.2 °C in SBF solutions of blank and immersed SS specimens for 120 min in Schiff base solutions of different

concentrations. de/dt = 0.5 mV s %,

Fig. 6, and as a result of surface roughness and inhomogeneity,
a depressed incomplete semicircle is attained in the chosen
frequency range for the blank and treated electrodes, indicating
a charge transfer-controlled reaction.?”**** This is further rein-
forced by single maxima acquired in the forthcoming Bode
plots.>*** Moreover, the diameter of the semicircles increased
for the treated electrodes with different Schiff base solutions,
referring to the formation of SAMs.

A further increase in the diameter is achieved by increasing
the concentration of polymeric cinnamyl casein Schiff base

6774 | RSC Adv, 2026, 16, 6768-6785

solutions and as a result of introducing more phenolic aldehyde
groups of cinnamaldehyde in the casein's moiety,* which
exhibit strong electron-donating properties, facilitating the
charge transfer mechanism.

To fit the electrochemical data, equivalent circuits were
proposed for the Nyquist plots of blank and treated electrodes
({R(Q[RW])} and {R(RQ)}, respectively), as displayed in Fig. 7. The
equivalent circuits comprise one electrical capacitance charac-
terizing the double-layer capacitance, which is replaced by
a constant phase element (CPE) owing to the non-homogeneity

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Electrochemical parameters at 37 4+ 0.2 °C in SBF solutions of blank and immersed SS specimens for 120 min in Schiff base solutions of

different concentrations

Corrosion rate

Schiff bases Conc. (ppm) Ecorr (MV) icorr (LA cm™?) Ba (mV) B (mV) (um per year) 0 1%
Blank 0 —242 3.232 121 —-231 37.92 — —
Ca-Cin1 100 —225 1.310 250 —143 15.37 0.5945 59.45
300 —204 1.222 251 —-176 14.33 0.6218 62.18
500 —241 1.105 262 —228 12.96 0.6578 65.78
700 —219 1.062 268 —210 12.46 0.6712 67.12
1000 —207 1.024 347 —136 12.10 0.6831 68.31
Ca-Cin2 100 —225 1.154 661 —178 13.45 0.6428 64.28
300 —239 1.037 669 —133 12.16 0.6790 67.90
500 —230 0.952 502 —-101 11.17 0.7052 70.52
700 —233 0.892 490 —-106 10.46 0.7238 72.38
1000 —229 0.863 633 —102 10.12 0.7328 73.28
Ca-Cin3 100 —231 0.862 380 -99 10.74 0.7331 73.31
300 —234 0.821 515 -79 9.630 0.7459 74.59
500 —236 0.792 473 -90 9.293 0.7548 75.48
700 —232 0.754 419 —104 8.849 0.7665 76.65
1000 —224 0.681 748 -97 7.990 0.7890 78.90
Ca-Cin4 100 —221 0.6888 441 —-97 8.077 0.7868 78.68
300 —231 0.6722 436 —-95 7.883 0.7920 79.20
500 —216 0.6455 416 —93 7.879 0.8002 80.02
700 —224 0.6058 439 -95 7.570 0.8125 81.25
1000 —220 0.5924 488 —93 7.194 0.8167 81.67
Ca-Cin5 100 —229 0.6234 560 —-95 7.290 0.8071 80.71
300 —217 0.6133 481 —-96 7.251 0.8102 81.02
500 —189 0.5757 586 -97 6.728 0.8218 82.18
700 —230 0.5600 448 —91 6.567 0.8267 82.67
1000 —224 0.5492 410 -84 6.335 0.8300 83.00
Ca-Cin6 100 —210 0.4908 833 -97 5.761 0.8481 84.81
300 —-214 0.4843 732 -99 5.679 0.8501 85.01
500 —200 0.4712 702 —-97 5.525 0.8542 85.42
700 —192 0.3919 588 —88 4.595 0.8787 87.87
1000 —201 0.3526 560 —86 4.182 0.8909 89.09
of the bare electrode, indicating the diffusion process. The
fitted data and the inhibition efficiency (n%) values, calculated
90 1 based on eqn (3), are presented in Table 5.
L ) * As demonstrated in Table 5, the charge transfer resistance
> 80- ; PN 4: values (R.) in the case of immersed electrodes for 60 minutes
5 N A are higher than in the case of the blank one. Moreover, there is
g - ° a further increase in the R, values with increasing Schiff base
e 7041 4 ® - concentration. The maximum inhibition efficiency (%) values,
§ / which ranged from 83.41 to 87.24%, were obtained at
g 604 - ::: g:g::; 1000 ppm, indicating the formation of SAMs and their corro-
"é / —A— Ca-Cin3 sion inhibition performance.
= u —#—CaCind The influence of the immersion time of the 316L SS electrode
504 _*_g:g:z in different polymeric solutions was also investigated by EIS.
—— T ——T Figs. 1S and 2S demonstrate the Nyquist plots after 90 and 120
60 70 80 90 100 110 120

Time (min.)

Fig. 5 Corrosion inhibition efficiency-immersion time curves derived
from Tafel plots in SBF solutions of 316L SS samples immersed in
solutions containning 1000 ppm of different Schiff base for various
time intervals.

of the surface. The equivalent circuits also include Ry and R
representing solution resistance and charge transfer resistance,
respectively. A Warburg element (W) is present only in the case

© 2026 The Author(s). Published by the Royal Society of Chemistry

minutes of immersion, respectively, and the electrochemical
parameters are collected in Tables 1S and 28, respectively, as
demonstrated in the supplementary information.

Comparing the data in Tables 5, 1S, and 2S reveals the
increase in charge transfer resistance as the immersion time
increases. The maximum inhibition performance values (ranging
from 84.16 to 91.84%) were obtained after 120 minutes of
immersion in the Schiff base solutions, as clarified in Table 2S.
This may be attributed to the creation of SAMs on the SS surface,
acting as a passive layer against the corrosive medium, which

RSC Adv, 2026, 16, 6768-6785 | 6775
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Fig. 6 Nyquist plots in the SBF solutions of blank and immersed SS specimens for 60 min in Schiff base solutions of different concentrations.

required longer immersion times for further rearrangement,
regulation, and stabilization.**>*** Ultimately, the results ob-
tained from the electrochemical impedance studies are in good
agreement with those of the Tafel polarization measurements.
Additionally, it is worth noting that these Schiff bases displayed
extremely high inhibition performance compared to absolute
casein, which achieved only 50% under the same conditions.*
The electrochemical behavior of different Schiff bases was also
demonstrated by Bode plots. However, there is no considerable
change with different concentrations. Thus, only the Bode plots for
the immersed electrodes in 1000 ppm solutions at different

6776 | RSC Adv, 2026, 16, 6768-6785

immersion time intervals (from 60 to 120 minutes) were selected
to be presented. As displayed in Fig. 8, the data for the bare and
treated electrodes exhibit only one time constant. These results are
consistent with the semicircles achieved from Nyquist plots.>**”

Besides, for the treated electrodes, as the immersion time in
the Schiff base solutions increases, the impedance modulus
observed at lower frequencies increases to some extent, as
illustrated in Fig. 8. Additionally, the phase angle exhibits
a similar increase with the same trend and shifts to a lower
frequency value, indicating the formation of SAMs on the SS
surface and suggesting their inhibition behavior.*”-*°

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Fitted equivalent circuits of the EIS data of the bare (left) and
immersed (right) 316L SS samples in different Schiff base solutions
(from Ca-Cinl to Ca-Cin6) for 60 minutes.

3.2. Visual observation

To reinforce the previous findings and demonstrate that the
sample did not exhibit any apparent corrosion as a result of
immersion in the inhibitor solution, a photograph was taken of the
sample showing its appearance after two hours of immersion in
the inhibitor solution, followed by electrochemical measurements.
In Fig. 9, area A represents the sample after polishing, immersion,
and measurements, while area B illustrates the sample without any
treatment. As is evident, there is no apparent change in the treated
sample, and no signs of surface corrosion are present.

3.3. Reliance of corrosion inhibition efficiency on the
studied variables

The inhibitory efficiency of various Schiff bases on 316L SS
corrosion in SBF was analyzed and optimized. The two

View Article Online

RSC Advances

optimization factors employed were the inhibitor concentration
(in ppm) and the immersion time (in min) of the 316L SS
samples. Fig. 10 displays the correlation between the expected
and experimental values.

The 3D surface plots, as shown in Fig. 10, illustrate the
optimal conditions and the interaction between the investigated
variables. Therefore, it is possible to estimate the ideal conditions
for the Schiff base inhibition process of 316L SS corrosion in SBF
solution. The data analysis revealed that when the inhibitor
concentration increases, the inhibition efficiency increases. The
same trend was obtained with longer immersion times.

These findings, which are consistent with Tafel polarization
and impedance measurements, confirmed that the inhibitor
molecules are initially adsorbed on the metal surface. Then,
more time is required for the time-dependent rearrangement
and regulation of organic molecules on the 316L SS surface,
resulting in higher surface coverage and the formation of well-
organized, stabilized, and compact SAMs, which subsequently
improve the corrosion inhibition performance.’”****¢ Finally,
Ca-Cin6 was found to exhibit the highest inhibitory efficiency at
1000 ppm and 120 minutes of immersion.

3.4. Adsorption isotherm

The corrosion inhibition action of organic molecules on
metallic surfaces depends on their nature of interaction with
the metal surface and the extent of adsorption. This can be
understood from adsorption isotherms, which give information

Table 5 Fitted EIS parameters at 37 + 0.2 °C in SBF solutions of blank and immersed SS specimens for 60 min in Schiff base solutions of different

concentrations

CPE
Schiff bases Conc. (ppm) Rs (Q) Y41 (1Mho) n Rt (kQ) W (uMho) 1%
Blank 0 7.54 82.7 0.890 11.5 92.1 —
Ca-Cinl 300 9.97 83.4 0.861 35.0 — 67.14
500 9.22 81.0 0.882 43.1 73.32
700 10.9 76.8 0.902 51.5 77.67
1000 10.8 66.1 0.903 69.3 83.41
Ca-Cin2 300 11.8 79.1 0.880 37.9 — 69.66
500 10.4 71.1 0.908 49.9 76.95
700 10.6 69.7 0.912 62.0 81.45
1000 9.72 66.7 0.911 72.3 84.09
Ca-Cin3 300 10.6 74.8 0.899 40.3 — 71.46
500 8.87 73.1 0.909 50.7 77.32
700 9.05 72.4 0.912 66.4 82.68
1000 12.9 72.1 0.909 79.4 85.52
Ca-Cin4 300 9.13 73.8 0.910 42.1 — 72.68
500 11.8 70.3 0.901 54.3 78.82
700 10.9 69.2 0.905 70.3 83.64
1000 16.2 64.7 0.886 85.3 86.52
Ca-Cin5 300 15.1 81.3 0.862 49.8 — 76.91
500 9.68 72.2 0.908 62.3 81.54
700 10.8 73.0 0.890 79.9 85.61
1000 13.2 69.9 0.897 88.3 86.98
Ca-Cin6 300 9.64 81.6 0.907 50.0 — 77
500 11.5 76.3 0.895 60.1 80.87
700 13.9 69.6 0.904 88.0 86.93
1000 9.77 70.3 0.887 90.1 87.24

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Bode plots in SBF solutions of blank and immersed 316L SS specimens with various immersion times in 1000 ppm of Schiff base solutions.

Fig.9 Features of the 316L SS sample after two hours of immersion in
the inhibitor solution, followed by electrochemical measurements
(area A) and without any treatment (area B).

about the inhibitors’ behavior and their interactions with the
electrode surface.***”** Multiple adsorption isotherms are
considered in thermodynamics. Depending on the obtained
correlation coefficient values, very close to one, the data were

6778 | RSC Adv, 2026, 16, 6768-6785

fitted with the Langmuir isotherm,>**** as the surface coverage
() is related to the concentration of the adsorbed compound (C)
as follows:*>?7:3¢

C 1

0" Ko + C (4)
where K,q4s is the adsorption equilibrium constant. A linear
relationship is obtained from the plot of C/f versus C, as shown
in Fig. 11. This confirms that the adsorption process obeys the
Langmuir adsorption isotherm. The values of K,qs obtained
from the plots as the reciprocal of the intercept, the correlation
coefficient (R*), and the slope derived from Langmuir adsorp-
tion isotherms are presented in Table 6.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Three-dimensional relationship demonstrating the corrosion inhibition efficiency (%) dependence on the concentration of Schiff bases

(in ppm) and immersion time (in min).

According to the determined K,q4s values, the change in free
energy of adsorption (AG, ) is computed based on eqn (5) and
tabulated in Table 6:*3°%¢°

AG,,, = —RT In(Cyo Kias) (5)

where T is the absolute temperature, R is the universal gas
constant (equal to 8.315 ] mol " K '), and Cy, is the molar
concentration of solvent, which equals 55.5 mol dm ™ as the
solvent is water.’>>”>

AG,, = —RT In(55.5 Kygs) (6)

© 2026 The Author(s). Published by the Royal Society of Chemistry

Thermodynamically, it is recognized that when AG,,, has
a negative sign, the adsorption process is spontaneous.?*?”*
Generally, when the values of AG,,, approach —20 k] mol " or
lower, a physisorption is expected because it is associated with
electrostatic interactions of the electrode surface and charged
inhibitor molecules.?***%

Moreover, when AG,,, values are equal to or greater than
—40 kJ mol™?, it refers to chemisorption, which is associated
with sharing or transferring electrons between inhibitor mole-
cules and the SS surface by means of coordinated bonds.****%

RSC Adv, 2026, 16, 6768-6785 | 6779
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Fig. 11 Langmuir adsorption isotherm of the treated 316L SS samples with different Schiff bases at different immersion times.

o

In this study, AG, 4 values ranged from —30 to —39 kJ mol .
This indicates that the adsorption of Schiff bases on the stain-
less steel surface may be comprehensive, involving both phys-
ical and chemical adsorption.>”*>%>¢>

3.5. Proposed adsorption mechanism

The adsorption of the Schiff base SAMs on the metallic surface
can proceed through one or more of the following interactions,
either individually or in combination: (a) an electron donor-
acceptor interaction between the vacant d-orbital of Fe atoms
and imine (C=N) groups of the Schiff base molecules, which
results in chemisorption,'**** (b) an electrostatic interaction

6780 | RSC Adv, 2026, 16, 6768-6785

between the heteroatoms of the Schiff base molecules and the
metal surface (physisorption),>>>****7° (¢) interaction between
the m-electrons of Schiff base molecules and the metal
surface,*»**57%% (d) due to the presence of amino groups,
a release of one of their hydrogen atoms is probable, resulting
in covalent bonding with the metal surface (chemisorption),
and (e) chelation is also suggested between two heteroatoms in
the Schiff base moiety and the metal surface to form five-
membered rings.'®**%** Accordingly, a strong protective film
is proposed to be formed on the SS surface predominantly due
to chemisorption. The probabilities of both physical and
chemical adsorption are demonstrated in Fig. 12.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Adsorption parameters of the six Schiff bases on the 316L SS surface at different immersion times

R Slope Kaas M) AG,, (k] mol™)
Schiff base Conc. (ppm) 60 min 90 min 120 min 60 min 90 min 120 min 60 min 90 min 120 min 60 min 90 min 120 min
Ca-Cinl 100 0.9996 0.9992 0.9993  1.22 1.21 1.23 8667 12119 14660  —33.71 —34.58 —35.07
300 3260 4308 5480  —31.19 —31.91 —32.53
500 2172 2782 3844  —30.15 —30.78 —31.62
700 1610 2113 2916  —29.38 —30.08 —30.90
1000 1159 1555 2155  —28.53 —29.29 —33.71
Ca-Cin2 100 0.9954 0.9994 0.9995  1.13 1.12 1.13 15310 18401 17995  —35.18 —35.65 —35.95
300 5360 6522 7050  —32.47 —32.97 —33.18
500 3267 3986 4784  -31.2 —31.71 -32.18
700 2663 3153 3743  —30.67 —31.11 -31.55
1000 2181 2248 2742 —30.16 —30.23 —30.75
Ca-Cin3 100 0.9982 0.9998 0.9990  1.27 1.32 1.25 20618 25112 27467  —35.94 —36.45 —36.68
300 8176 8614 9784  —33.56 —33.70 —34.02
500 5165 5493 6156 ~ —32.38 —32.54 —32.83
700 4089 4151 4689  —31.78 —31.81 —32.13
1000 3361 2938 3739  —31.27 —30.92 —31.55
Ca-Cin4 100 0.9990 0.9990 0.9998  1.24 1.23 1.21 31169 32571 36904  —37.01 —37.12 —37.45
300 10725 11286 12692  —34.26 —34.39 —34.69
500 6795 6984 8010  —33.08 —33.16 —33.51
700 4940 5044 6190  —32.26 —32.32 —32.84
1000 4017 4144 4455  —31.73 —31.81 —32.00
Ca-Cin5 100 0.9997 0.9997 0.9999  1.19 1.18 1.15 38285 39925 41840  —37.54 —37.65 —37.77
300 12974 14136 14229  —34.75 —34.97 —34.99
500 8899 8989 9223  —33.78 —33.81 -—33.87
700 6521 6739 6814  —32.98 —33.06 —33.09
1000 5009 5222 4882  —32.30 —32.41 —32.23
Ca-Cin6 100 0.9994 0.9998 0.9993  1.16 1.16 1.11 42714 45066 55832  —37.82 —37.96 —38.51
300 15456 16171 18903  —35.20 —35.32 —35.72
500 9648 10084 11717  —33.99 —34.10 —34.49
700 7054 7527 10348  —33.18 —33.35 —34.17
1000 5825 5765 8165  —32.69 —32.66 —33.56
electrochemically examined as anticorrosive compounds in
a freshly prepared simulated body fluid (SBF) solution. As ex-
pected, there is a marked change in the corrosion behavior of
N HN stainless steel. The results can be summarized in some points.

\z/

BHRE o R §

w=——r (Coordination bonding (Chemisorption)
Covalent bonding (Chemisorption)

it Electrostatic interaction (Physisorption)

Fig. 12 Schematic of the chemisorption and physisorption probabili-
ties of the Schiff base molecules on the 316L stainless steel surface,
along with the proposed bonding.

4. Conclusions

In this study, the as-synthesized casein-cinnamaldehyde (cin-
namyl casein) Schiff bases are used to create self-assembled
monolayers (SAMs) on the surface of a medical-grade 316L
stainless steel (316L SS). The proposed SAMs are

© 2026 The Author(s). Published by the Royal Society of Chemistry

The SAMs of the Schiff base derivatives are formed on the SS
surface. The Tafel polarization curves indicate that these poly-
meric compounds are classified as mixed-type inhibitors,
predominantly anodic. The corrosion inhibition efficiency
increases with the increase in the concentration of Schiff bases
and the immersion times in their solutions. The maximum
efficiency was found to exceed 90% at 1000 ppm after 120
minutes of immersion. These results show the superior
performance of the treated 316L SS. Meanwhile, the untreated
316L SS steel alloy is already being used as an implant bioma-
terial. The corrosion inhibition efficiency of the studied Schiff
bases is in the order of Ca-Cin1 < Ca-Cin2 < Ca-Cin3 < Ca-Cin4
< Ca-Cin5 < Ca-Ciné. The EIS results illustrate a charge transfer
reaction, a one-time constant, and an increase in the phase
angle. Additionally, the inhibition performance was optimized
at 1000 ppm after 120 minutes of immersion, presenting good
agreement with experimental measurements. Thermodynamic
calculations indicate a comprehensive adsorption, involving
both physical and chemical spontaneous adsorption that obeys
the Langmuir adsorption isotherm. Future work will focus on
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enhancing the adhesion of stainless steel surfaces to improve
inhibition performance and durability for biomedical
applications.
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