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ABSTRACT

Two novel nano-Schiff base ligands, (E)-2-((benzo[d]thiazol-2-
ylimino)methyl)phenol ~ (nano-HL1) and (E)-4-bromo-2-((benzo[d]
thiazol-2-ylimino) methyl) phenol (nano-HL2), were synthesised by
condensing 2-aminobenzothiazole with 2-hydroxybenzaldehyde and
5-bromosalicylaldehyde, respectively, and were obtained as nanostructured
solids with crystallite sizes well below 30 nm. FTIR, XRD, and FESEM
characterised their structures and morphologies. FTIR bands at 1616
and 1621 cm-1 for nano-HL1 and nano-HL2 verified azomethine (C=N)
production. Both ligands were semicrystalline, however nano-HL2 had
significantly higher crystallinity, probably due to the bromine substituent.
FESEM showed nanoscale rod-like and spherical aggregates. AutoDock Vina
molecular docking against human serum albumin (HSA, PDB: 1A06) showed
higher binding for nano-HL2 (-8.7 kcal/mol) than nano-HL1 (-7.9 kcal/mol),
likely due to additional halogen bonding interactions. Mild steel corrosion
inhibition in 1.0 M HCI was assessed by weight loss and potentiodynamic
polarisation. The maximum inhibition efficiency of nano-HL2 reached 94.2%
at 500 ppm and 303 K, while nano-HL1 was 89.6%. Adsorption of both ligands
on the steel surface followed the Langmuir isotherm. These nano-Schiff base
ligands with their nanoscale crystallite domains, nanostructured surface
morphology and pronounced surface activity—are promising candidates as
nano-organic corrosion inhibitors and potential bioactive nanomaterials.
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INTRODUCTION

Schiff bases are one of the most studied organic
ligands in coordination chemistry [1,2]. They are
produced by condensation reactions between
primary amines and carbonyl compounds. The

azomethine (C=N) group and donor atoms like
* Corresponding Author Email: lina.abdullah@stu.edu.iq

nitrogen, oxygen, and sulphur give them flexible
coordination properties that make them valuable
in catalysis, materials science, biological, and
medicinal applications [3,4]. Schiff bases from
heterocyclic amines, notably benzothiazole-based
derivatives, have garnered attention in the last two
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decades due to their biological activity and ability
to form stable chelates with transition metals
[5,6,7,8]. Mild steel corrosion in acidic media is an
important economic problem in many industrial
processes such as oil refining, chemical production
and acid pickling [9,10]. One of the most successful
and practical techniques to decrease corrosion-
related flaws is the adsorption of organic inhibitors
onto metal surfaces to produce a protective barrier
[11]. Schiff bases have been extensively explored
as inhibitors because of their large molecular
size, lone-pair electrons on heteroatoms, and pi-
electron systems, which allow strong adsorption
on metal surfaces [12,13]. Recent studies have
demonstrated that Schiff bases containing
benzothiazole moieties are frequently superior
inhibitors than simpler compounds because
of the electron-donating sulphur and nitrogen
atoms present in the heterocyclic ring [14,15].
Molecular docking, a strong computational
method for predicting small molecule binding
affinity and interaction patterns with target
proteins, has also provided useful insights into
possible pharmaceutical applications [16,17]. The
structure-activity relationships governing Schiff
base performance can be fully understood by
integrating experimental synthesis, spectroscopic
characterisation, theoretical docking studies, and
corrosion inhibition evaluation [18]. In recent
years, the design of nano-organic compounds
and nanostructured Schiff bases has emerged as
a particularly active research direction, because
reducing the crystallite domains of organic
ligands to the sub-100 nm range substantially
increases their effective surface area, enhances
their adsorption capacity on metal substrates,
and improves their accessibility to biological
targets. Within this context, the present study
synthesises two nano-Schiff base ligands
from 2-aminobenzothiazole condensed with
salicylaldehyde derivatives, characterises them at
the nanoscale using FTIR, XRD and FESEM (yielding
nanoscale crystallite sizes of 22—28 nm and particle
dimensions well below 100 nm), determines their
molecular docking behaviour against human
serum albumin, and tests their corrosion inhibition
potential on mild steel in hydrochloric acid.

MATERIALS AND METHODS
Chemicals and Reagents

All chemicals and solvents used in this
work were of analytical reagent grade and
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were employed without any additional
purification. 2-Aminobenzothiazole (98%),
2-hydroxybenzaldehyde (salicylaldehyde, 99%),
5-bromosalicylaldehyde (98%), absolute ethanol,
glacial acetic acid, and hydrochloric acid (37%)
were obtained from Sigma-Aldrich and Merck. Mild
steel specimens with the following composition: C
0.18%, Mn 0.35%, Si 0.17%, P 0.025%, S 0.023%,
and the remainder Fe, were supplied by a local
source and cut into coupons measuring 2.5 cm
x 2.0 cm x 0.1 cm. Before the experiments, the
steel coupons were mechanically polished using
successive grades of silicon carbide emery paper
(320, 600, 800, and 1200 grit), then degreased
with acetone, washed with distilled water, and
finally dried under ambient conditions [19].

Synthesis of Schiff Base Ligands

The two Schiff base ligands were prepared
following a general procedure adapted from
previous literature with some modifications
[20,21]. For the synthesis of nano-HL1, an
equimolar mixture of 2-aminobenzothiazole (1.50
g, 10 mmol) and 2-hydroxybenzaldehyde (1.22
g, 10 mmol) was dissolved in 30 mL of absolute
ethanol with 2-3 drops of glacial acetic acid as a
catalyst. The reaction mixture was heated under
reflux at 78 degrees Celsius for approximately
4 hours with continuous stirring. The progress
of the reaction was monitored by thin-layer
chromatography (TLC) using ethyl acetate/hexane
(3:7 v/v) as the eluent. Upon completion, the
resulting bright yellow solution was allowed to
cool to room temperature, and the precipitated
solid was collected by vacuum filtration, washed
thoroughly with cold ethanol, and recrystallized
from hot ethanol to afford nano-HL1 as pale
yellow crystals. Yield: 82%. Melting point: 178-180
degrees Celsius.

nano-HL2 was synthesized in an analogous
manner by reacting 2-aminobenzothiazole (1.50
g, 10 mmol) with 5-bromosalicylaldehyde (2.01 g,
10 mmol) under identical reflux conditions. The
product was obtained as light orange crystals after
recrystallization. Yield: 78%. Melting point: 195-
197 degrees Celsius. Both products were dried in a
vacuum desiccator and stored in amber vials until
further analysis.

Characterization Techniques
Fourier-transform infrared
were recorded on a Shimadzu

spectra
FTIR-8400S
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spectrophotometer in the range of 4000-400 cm™
using KBr pellets. X-ray diffraction measurements
were performed on a Rigaku MiniFlex 600
diffractometer equipped with Cu-Ka radiation
(lambda = 1.5406 angstroms) operating at 40 kV
and 15 mA, scanning over a 2-theta range of 10 to
80 degrees at a rate of 2 degrees per minute. The
surface morphology and nano-structural features
were examined using a TESCAN MIRA3 field-
emission scanning electron microscope operated
at an accelerating voltage of 15 kV. Samples for
FESEM analysis were sputter-coated with a thin
gold layer to enhance conductivity [22,23].

Molecular Docking Studies

Molecular docking calculations were carried
out using AutoDock Vina software (version 1.1.2)
[24]. The three-dimensional crystal structure of
human serum albumin (HSA) was retrieved from
the RCSB Protein Data Bank (PDB ID: 1A06) at a
resolution of 2.5 angstroms [25]. Prior to docking,
the protein structure was prepared by removing
water molecules, co-crystallized ligands, and
adding polar hydrogen atoms using AutoDock Tools
(ADT) v1.5.7. The three-dimensional structures of
nano-HL1 and nano-HL2 were built and energy-
minimized using Gaussian 09W at the B3LYP/6-
31G(d,p) level of density functional theory (DFT)
[26]. Gasteiger charges were computed for both
the protein and the ligands. A grid box centred
on the Sudlow site | binding pocket of HSA was
defined with dimensions 60 x 60 x 60 angstroms
and a grid spacing of 0.375 angstroms. The
exhaustiveness parameter was set to 32 to ensure
adequate conformational sampling [27]. The

N Reaction with

\ 2-hydroxybenzaldehyde
>7 NH,

s EtOH, reflux, H cat.

Reaction with
5-bromosalicyaldehyde

|

EtOH, reflux, H' cat.

docking results were analyzed and visualized using
Discovery Studio Visualizer 2021 and PyMOL v2.5
[28].

Corrosion Inhibition Studies
Weight Loss Measurements

Weight loss experiments were conducted in
accordance with ASTM G1-03 guidelines [29]. Pre-
weighed mild steel coupons were immersed in 100
mL of 1.0 M HCI solutions, both in the absence
and presence of various concentrations (100,
200, 300, 400, and 500 ppm) of nano-HL1 and
nano-HL2, at temperatures of 303, 313, 323, and
333 K. The exposure period was fixed at 6 hours.
After immersion, the coupons were removed,
cleaned with a bristle brush under running water,
rinsed with acetone, dried, and re-weighed to the
nearest 0.0001 g. The corrosion rate (CR) in mg
cm? h? and the inhibition efficiency (IE%) were
calculated using well-established expressions [30].
Each experiment was performed in triplicate, and
the average values were reported.

Potentiodynamic Polarization

Electrochemical polarization measurements
were performed using an Autolab PGSTAT302N
potentiostat/galvanostat operated with Nova
2.1 software. A conventional three-electrode
electrochemical cell was used, comprising a mild
steel working electrode with an exposed area of 1
cm2, a platinum counter electrode, and a saturated
calomel electrode (SCE) serving as the reference
electrode. Before each polarization experiment,
the working electrode was left to stabilize at
the open circuit potential (OCP) for 30 minutes.

H

N
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Fig. 1. Proposed synthetic scheme and chemical structures of Schiff base ligands nano-HL1 and nano-HL2.
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Tafel polarization curves were then recorded by
scanning the potential from -250 to +250 mV
relative to the OCP at a scan rate of 1 mV/s [31].
The corrosion potential (Ecorr), corrosion current
density (icorr), and the anodic and cathodic Tafel
slopes (ba and bc) were determined from the Tafel
plots through extrapolation of their linear regions.
The inhibition efficiency based on polarization
measurements was subsequently calculated from
the icorr values obtained in the presence and
absence of the inhibitors [32].

RESULTS AND DISCUSSION
FTIR Spectral Analysis

The FTIR spectra of synthesised Schiff base
ligands confirmed the effective production of the
target molecules. The large absorption band at
3200-3450 cm™ in the spectra of nano-HL1 was
due to the O-H stretching vibration of the phenolic

100

hydroxyl group of the intramolecular hydrogen
bonding [33]. The most convincing indication of
effective Schiff base production by condensation
of the amine group of 2-aminobenzothiazole
with the aldehyde group of salicylaldehyde was a
strong band at 1616cm™ indicative of azomethine
(C=N) stretching. This band was not observed in
the spectra of starting materials and indicated
condensation. The phenolic C-O stretching band
was seen at 1276 cm-1 and the aromatic C=C
stretching vibrations at 1580 and 1490 cm™. The
C-S stretching vibration characteristic of the
benzothiazole ring was detected at 748 cm™, in
agreement with published findings [34,35]. The
FTIR spectrum of nano-HL2 had same underlying
spectral properties but some important changes.
The azomethine C=N stretching band was seen at
1621 cm™ and was slightly blue shifted relative to
nano-HL1 (1616 cm™). This change is explained by

90
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30 H

Transmittance (%)

60 - O-H stretching C=N azomethine 1580Aromatic I
50 A hydrogen bonding stretch ’7?316 =0 stretch
40 A

HL2

20 - 748
10 A O-H stretching C=N azomethine Phenolic C- C‘S,
hydrogen bonding stretch —= O stretch Stretching
0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1200 400
Wavenumber (cm-)
Fig. 2. FTIR spectra of Schiff base ligands nano-HL1 and nano-HL2 in the range 4000-400 cm™.
Table 1. Selected FTIR absorption bands (cm™) for Schiff base ligands nano-HL1 and nano-HL2.
Assighment nano-HL1 (cm™) nano-HL2 (cm™)
O-H stretch 3200-3450 3180-3420
C=N stretch (azomethine) 1616 1621
C=C aromatic 1580, 1490 1580, 1490
C-0 phenolic 1276 1276
C-S benzothiazole 748 748
C-Br — 612
J Nanostruct 16(3): 3706-3717, Summer 2026 3709
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the electron-withdrawing inductive effect of the
bromine substituent at the para-position of the
salicylaldehyde ring, which raises the strength of
the C=N bond. The O-H stretching vibration was
broad at 3180-3420cm™. The effective insertion
of 5-bromosalicylaldehyde moiety into the Schiff
base structure was further confirmed by the
presence of a C-Br stretching vibration at 612 cm™
[36]. identical to nano-HL1, the remaining spectral
features were identical, suggesting that the core
structures of both ligands are comparable.

X-ray Diffraction (XRD) Analysis

Powder XRD patterns of nano-HL1 and nano-HL2
showed their crystalline nature and indicated the
average crystallite size of the Schiff base ligands.
The diffractogram of nano-HL1 showed multiple
diffraction peaks across a broad amorphous halo,
indicating semicrystalline structure. The strong
peaks at 2-theta values of 14.2, 18.5, 22.7, 25.1,

and 28.9 degrees were indexable but did not match
any database records, suggesting a new crystalline
phase [37]. nano-HL1’s average crystallite size
(D) was 28.4 nm, placing it in the nano-regime
[38]. K is the form factor (0.94) and lambda is
the X-ray wavelength (1.5406 angstroms). The
Debye-Scherrer equation determined the average
crystallite size (D): D = K*lambda / (beta*cos
theta). nano-HL2 had sharper and stronger peaks
at 2-theta values of 13.8, 17.9, 21.3, 24.6, 27.5,
and 31.2 degrees in its XRD pattern. This pattern
shows more crystallinity than nano-HL1. The
bromine atom in nano-HL2 increases molecule
polarisability ~and intermolecular  halogen
bonding, increasing crystallinity [39]. The Scherrer
equation gave nano-HL2 a slightly smaller average
crystallite size of 22.1 nm than nano-HL1. nano-
HL2’s reduced crystallite size may be due to lattice
strain or microstructural flaws caused by the bulky
bromine substituent, which can limit coherently

22.7°

Intensity (a.u.)

HL1 (semicrystalline)

20 (degrees)

Fig. 3. Powder XRD patterns of Schiff base ligands nano-HL1 and nano-HL2.

Table 2. XRD parameters and crystallite sizes for nano-HL1 and nano-HL2.

Compound Major 26 peaks (degrees) FWHM (degrees) Crystallite size D (nm)
nano-HL1 14.2, 18.5,22.7, 25.1, 28.9 0.289 28.4
nano-HL2 13.8, 17.9, 21.3, 24.6, 27.5, 31.2 0.371 22.1

FWHM = Full Width at Half Maximum; D calculated using Debye-Scherrer equation
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diffracting domain formation [40].

FESEM Morphological Analysis

Field-emission scanning electron microscopy
(FESEM) was deployed as the primary nano-
resolution technique to quantify the surface
morphology, primary particle dimensions and
aggregation state of the two synthesised nano-

SEM HV: 20.0 kV
View field: 6.92 ym ‘

Schiff base ligands at the sub-100 nm scale, thereby
complementing the bulk-averaged structural
information obtained from XRD (§3.2). For each
ligand, micrographs were acquired at three
independent magnifications (5,000%, 25,000x and
50,000x) and the particle-size distributions were
derived from a systematic image-analysis routine
performed in ImageJ v1.53 on a minimum of 250

‘WD: 4.69 mm
Det: SE

SEM MAG: 20.0 kx lDale(mldIy): 07121125

SEMHV:20.0kV |
View field: 2.77 ym Det: InBeam
SEM MAG: 50.0 kx | Date(m/dly): 07/21/25

SEMHV:20.0kV |
View field: 2.77 pm
SEM MAG: 50.0 kx | Date(midly): 07/21/25

Fig. 4. FESEM micrographs of (a) nano-HL1 and (b) nano-HL2 at different magnifications showing na-

r’

WD: 4.69 mm
Det: InBeam

no-scale surface morphologies.

Table 3. FESEM-derived nano-morphological parameters and E
tained from at least 250 particles per sample (ImageJ v1.53).

DS compositional analysis of nano-HL1 and nano-HL2 ob-

Parameter

nano-HL1

nano-HL2

Dominant morphology

Granular / spherical + rods

Platelets / faceted nano-flakes

Mean FESEM diameter D (nm) 68 + 14 45+10
Dio (nm) 49 32
Dso (nm) 67 44
Dgo (nm) 96 62
Polydispersity index (o/D) 0.21 0.22
Rod fraction (%) =18 <2
Mean rod aspect ratio 3.1+04 —
D_FESEM / D_XRD ratio 24 2.0
Geometric SSA (m?g™, p=1.35gcm™) =65 =99

EDS composition (wt%)

C67.2,N12.1,07.4,513.3

C53.1,N8.9,05.2,59.8,Br23.0

D = mean particle diameter; Dio, Dso, Deo = 10th, 50th and 90th percentiles of the cumulative size distribution; PDI = o/D; SSA = specific

surface area estimated geometrically as 6/(p-D).

J Nanostruct 16(3): 3706-3717, Summer 2026
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individual particles per sample, ensuring statistical
reliability of the reported nanoscale descriptors
[41].

The FESEM micrographs of nano-HL1 (Fig. 4a)
revealed predominantly granular, near-spherical
primary particles that further coalesced into
loose, micron-scale aggregates held together by
weak van der Waals interactions. The number-
based particle-size distribution was unimodal and
approximately Gaussian, characterised by a mean
diameter D_FESEM = 68 + 14 nm and statistical
descriptors Dio = 49 nm, Dso = 67 nm and Dgo =
96 nm; the resulting polydispersity index (PDI =
o/D) of 0.21 confirms a narrow, well-controlled
nanoscale distribution. Approximately 18 % of
the population consisted of secondary rod-like
nanocrystallites with an average aspect ratio of
3.1 + 0.4, scattered amid the dominant spherical
granules [42]. EDS spot analyses performed on
three representative regions returned C 67.2, N
12.1, O 7.4 and S 13.3 wt%, in good agreement
with the calculated stoichiometry of nano-HL1
(CiaH10N,0S) and confirming that no detectable
contamination from solvents or unreacted starting
materials was retained in the final nano-product.

In contrast, the FESEM micrographs of nano-
HL2 (Fig. 4b) revealed distinctly different nano-
morphological features: the dominant population
now consisted of platelet-like and faceted nano-
flakes with sharply defined crystalline edges, fully
consistent with the higher crystallinity inferred
from XRD (§3.2) and with the more directional
intermolecular interactions induced by the
bromine substituent, including o-hole halogen
bonding [39,41]. The size distribution was again
unimodal but appreciably shifted to smaller
values, with D_FESEM = 45 + 10 nm, Dio = 32 nm,
Dso =44 nm, Do = 62 nm and a comparable PDI of
0.22. Rod-like secondary objects were essentially
absent (< 2 %), confirming that halogenation
promotes a more isotropic two-dimensional
crystal habit. EDS spot analyses returned C 53.1,
N 8.9, 0 5.2, S 9.8 and Br 23.0 wt%, in excellent
agreement with the molecular formula of nano-
HL2 (CiaHoBrN,OS) and quantitatively validating
the successful incorporation of the bromine atom
into the nano-Schiff base framework.

A direct cross-validation between the FESEM-
derived morphological diameters and the Scherrer
crystallite sizes of §3.2 yields D_FESEM/D_XRD
ratios of = 2.4 for nano-HL1 (68/28.4) and = 2.0 for
nano-HL2 (45/22.1). The systematically lower ratio

3712

for nano-HL2 indicates that each morphological
particle of this sample comprises fewer coherent
diffracting sub-domains, in line with its more
crystalline, faceted appearance. Crucially, the
geometric specific surface area estimated from
the mean FESEM diameter as S_geo = 6/(p-D), with
an assumed density p = 1.35 g cm™3, reaches = 65
m? g™" for nano-HL1 and = 99 m? g™ for nano-HL2.
These values are an order of magnitude higher
than those typical of micron-sized Schiff-base
analogues, and they provide a direct quantitative
rationale for the elevated surface coverage (6
> 0.94 at 500 ppm; §3.5) and the consequently
high inhibition efficiencies reported below — a
structure—performance link that mirrors the well-
documented behaviour of other high-surface-
area nano-organic and activated nano-carbon
materials [43]. The full set of FESEM-derived nano-
morphological parameters is compiled in Table 3.

Molecular Docking Studies

Molecular docking simulations were utilised
to explore nano-HL1 and nano-HL2’s binding
interactions with human serum albumin, a blood
transport protein and model target for drug-
protein interactions [44,45]. Table 4 shows that
both Schiff base ligands bind well in HSA’s Sudlow
site | binding cavity, which accommodates bulky
aromatic and heterocyclic molecules. The optimal
docking position for nano-HL1 had -7.9 kcal/
mol binding energy. The ligand was stabilised
by hydrogen bonding with Tyr-150 and Arg-257,
pi-pi stacking with Trp-214, and hydrophobic
contacts with Leu-238 and Ala-291 [46]. The key
hydrogen bond acceptor sites of nano-HL1 were
the azomethine nitrogen (from the C=N linkage)
and the phenolic oxygen (from the salicylaldehyde
moiety), which formed contacts at 2.14 and 2.38
angstroms. nano-HL2 exhibited a more favourable
binding energy of -8.7 kcal/mol, surpassing nano-
HL1 by 0.8 kcal/mol. The enhanced binding affinity
of nano-HL2 can be primarily attributed to halogen
bonding interactions between the bromine
atom and Arg-222’s carbonyl oxygen, with a Br--
-O distance of 3.12 angstroms, which is within
the recognised range [47,48]. nano-HL2 also
maintained hydrogen bonding and pi-pi stacking
interactions as nano-HL1, but with stronger van
der Waals contacts due to the bromine-substituted
aromatic ring’s increased polarisability. These
docking data imply that halogen substitution
can improve Schiff base ligand binding to serum

J Nanostruct 16(3): 3706-3717, Summer 2026
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albumin, which may affect medication formulation
and delivery [49]. Such drug—protein interaction
studies are particularly relevant for the rational
design of nano-organic therapeutics—including
anti-inflammatory metal nanoparticles [50] and
chitosan-based  antibacterial nanocomposite
films [51]—targeting chronic conditions and
addressing persistent clinical challenges that span
inflammatory disorders, childhood obesity and
overweight, thalassemia-associated complications
and pediatric morbidities [52-56].

Corrosion Inhibition Studies

Weight Loss Measurements
The corrosion rates and inhibition efficiencies

HL1 LIGAND DOCKING

determined from weight loss measurements for
mild steel immersed in 1.0 M HCl in the absence
and presence of varying concentrations of nano-
HL1 and nano-HL2 at 303 K are compiled in Table 5.
The data clearly demonstrate that both ligands act
as effective corrosion inhibitors, with the inhibition
efficiency increasing progressively with increasing
inhibitor concentration up to the maximum tested
level of 500 ppm. This concentration-dependent
behaviour is typical of adsorption-type inhibitors
and arises from the greater surface coverage
achieved at higher concentrations [57,58]. At 500
ppm and 303 K, nano-HL2 achieved a maximum
inhibition efficiency of 94.2%, compared to 89.6%
for nano-HL1 under the same conditions. The

HL2 LIGAND DOCKING

hydrogen bond

_

Fig. 5. Molecular docking poses and 2D interaction diagrams of nano-HL1 and nano-HL2 within the Sudlow site | binding pocket of
HSA.

- ==~ pi-stacking

===~ hydrophobic interact.

hydrogen bond
===~ hydrophobic interact.
- === pi-stacking

Table 4. Molecular docking results for nano-HL1 and nano-HL2 with HSA (PDB: 1A06).

Ligand Binding Energy

Key Residues Involved

Types of Interactions H-bond Distances (A)

(kcal/mol)
: R Tyr-150, Arg-257, Trp- Hydrogen bonding, n-rt stacking,
nano-HL1 7.9 214, Leu-238, Ala-291 hydrophobic contacts 2.14,2.38
Hydrogen bonding, halogen . .
nano-HL2 -8.7 Arg-222, Tyr-150, Arg bonding (Br---0), r-1t stacking, van 2.14,2.38; Br-O:

257, Trp-214

der Waals 3.12
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superior performance of nano-HL2 is consistent
with the additional electron density contributed
by the bromine atom, which despite being an
electron-withdrawing group by inductive effect,
contributes to enhanced surface coverage
through its large atomic radius and polarizability,
thus enabling stronger interaction with the metal
surface [59]. Bromine atom can also accept back-
donation from the filled d-orbitals of the iron
surface to the empty antibonding sigma-star orbital
of the C-Br bond. This has been reported in several
recent investigations on halogenated chemical
inhibitors [60,61]. The influence of temperature
on inhibitory efficiency was also examined in the
range 303-333K. It was shown that the inhibitory
efficacy of both ligands reduced substantially with
increasing temperature to 81.3% and 87.1% at
333 K for nano-HL1 and nano-HL2, respectively,
at 500 ppm. This decrease is due to the increased
rate of desorption of inhibitor molecules from the
steel surface at high temperatures, a behaviour
characteristic of physical adsorption being the
predominant mechanism, although some chemical

adsorption cannot be excluded [62].

Potentiodynamic Polarization Results

The Tafel polarization curves obtained for mild
steel in 1.0 M HCI solution in the absence and
presence of 500 ppm of nano-HL1 and nano-HL2
revealed that both ligands caused a noticeable
reduction in the anodic and cathodic current
densities, indicating that they function as mixed-
type inhibitors [63]. The corrosion potential (Ecorr)
values shifted slightly in the negative direction
upon addition of the inhibitors, but the maximum
displacement was less than 85 mV relative to the
blank, confirming mixed-type behaviour rather
than purely anodic or cathodic inhibition [64]. The
electrochemical parameters extracted from Tafel
analysis corroborated the weight loss findings,
with nano-HL2 exhibiting a lower icorr value (42.8
microA cm-2) compared to nano-HL1 (67.3 microA
c¢m-2) and the uninhibited solution (586.5 microA
c¢cm-2). The inhibition efficiencies computed
from the polarization data, 92.7% for nano-HL2
and 88.5% for nano-HL1, were in reasonable

Table 5. Corrosion rate and inhibition efficiency data from weight loss measurements at 303 K.

Corrosion Rate (mg Surface Coverage

. - o

Inhibitor Concentration (ppm) cm2 h) ©) IE (%)
Blank (1 M HCI) — 8.42 — —

nano-HL1 100 3.67 0.564 56.4
nano-HL1 200 2.45 0.709 70.9
nano-HL1 300 1.68 0.8 80
nano-HL1 400 1.18 0.86 86
nano-HL1 500 0.88 0.896 89.6
nano-HL2 100 3.03 0.64 64
nano-HL2 200 1.94 0.77 77
nano-HL2 300 1.26 0.85 85
nano-HL2 400 0.76 0.91 91
nano-HL2 500 0.49 0.942 94.2

Table 6. Electrochemical polarization parameters for mild steel in 1.0 M HCI with and without 500 ppm inhibitors.

System Ecor Feor B . (mV/dec) B (%) IE
y (mV vs SCE) (nA cm™2) : (mV/dec) v
Blank

(1 M HCl) -486 586.5 92 118 —
nano-HL1

(500 ppm) -468 67.3 76 105 88.5
nano-HL2

(500 ppm) -452 42.8 71 98 92.7

SCE = Saturated Calomel Electrode; b_a = anodic Tafel slope; b_c = cathodic Tafel slope

3714

J Nanostruct 16(3): 3706-3717, Summer 2026
[@)er |



L. Naser et al. / Schiff Base Nano-Ligands for Corrosion Inhibition

agreement with those obtained from weight loss
experiments, thereby validating the consistency
of the results across different methodologies [65].

Adsorption  Isotherm  and
Considerations

The experimental weight loss data were
fitted with the classical adsorption isotherms
such as Langmuir, Freundlich, Temkin and Flory-
Huggins for better understanding of adsorption
mechanisms. The best fit for both ligands was the
Langmuir adsorption isotherm with regression
coefficients close to unity (R2 > 0.998). For the
Langmuir model, C/theta = 1/Kads + C, where C
is the inhibitor concentration, theta is the surface
coverage and Kads is the adsorption equilibrium
constant [66, 67]. The high Kads values for both
the ligands (nano-HL1: 2.84 x 104 M*; nano-HL2:
4.17 x 104 M) reflect the significant adsorptive
interaction of the inhibitor molecule with mild
steel. The standard free energy of adsorption
(delta-G-ads) was calculated using the equation
delta-G-ads = -RT In(55.5 K_, ), yielding values of
-35.4 kJ/mol for nano-HL1 and -36.8 kJ/mol for
nano-HL2 at 303 K [68]. These values, falling in
the range of -20 to -40 kJ/mol, suggest a mixed
physisorption-chemisorption mechanism, with a
relatively stronger chemical adsorption component
as indicated by the magnitude approaching -40
kJ/mol [69,70]. Such Langmuir-type adsorption
behaviour is also commonly reported for organic
adsorbates on a wide variety of nano-structured
surfaces, including activated nano-carbons used in
water treatment applications, which underscores
the broader relevance of the present adsorption
mechanism [43].

Thermodynamic

CONCLUSION

Two new nano-Schiff base ligands (nano-
HL1 and nano-HL2) were synthesised by
condensation of 2-aminobenzothiazole
with 2-hydroxybenzaldehyde and
5-bromosalicylaldehyde, respectively, and were
systematically characterised atthe nano-scale using
FTIR, XRD and FESEM. FTIR spectra corroborated
the azomethine linkage, while XRD investigation
showed that both compounds are semicrystalline
with nano-scale crystallite diameters of 28.4 and
22.1 nm for nano-HL1 and nano-HL2, respectively.
FESEM micrographs confirmed the ligands’
nanostructured morphology. Molecular docking
simulations against human serum albumin showed

J Nanostruct 16(3): 3706-3717, Summer 2026
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that both ligands bind well in the Sudlow site |
cavity, with nano-HL2 binding more strongly (-8.7
kcal/mol) due to halogen bonding interactions.
The weight loss and potentiodynamic polarisation
investigations showed that both ligands are
excellent mixed-type inhibitors for mild steel in
1.0 M HCI, with nano-HL2 inhibiting mild steel
at 94.2% at 500 ppm. Adsorption of both ligands
on steel followed the Langmuir isotherm model,
and thermodynamic analysis showed a mixed
physisorption-chemisorption mechanism with a
chemical component. These results suggest that
the synthesised benzothiazole-derived nano-Schiff
bases constitute a promising class of nano-organic
corrosion inhibitors and potential bioactive
nanomaterials, in which the nanoscale crystallite
domains, the nanostructured surface morphology
and the resulting large effective surface area
directly contribute to their enhanced adsorption
and inhibition performance, warranting further
study in in vivo biological assays and long-term
immersion corrosion tests.
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