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Abstract 
 
The article involves a novel synthesized Schiff base from a pharmaceutical compound, 
involving the condensation of amoxicillin with 4-(dimethylamino)-2-hydroxy aldehyde in a 
basic medium. Spectroscopic techniques such as elemental analysis, mass spectrometry, 
1H-NMR, FT-IR, and UV-Vis spectrometry were used to characterize the new compound. 
These methods helped identify the formation of copper (II), silver (I), and gold (III) 
complexes with the Schiff base ligand (Amox-S). All compounds were evaluated for 
antioxidant activity using DPPH radical scavenging, showing 71%-86% activity, which was 
considered good and comparable to the standard ascorbic acid. The corrosion inhibition 
ability of the Schiff base and its Cu(II) complex on carbon C45 in acidic media (1M 
hydrochloric acid) was also examined using weight loss measurements at 1x10-4 - 1x10-3 
M, for varying immersion times (1-10 days) at lab temperature of 25±2οC to determine the 
most effective concentration. It was found that the optimal concentration of the ligand and 
its complex as anti-corrosives was 1x10-3 M, which significantly enhanced the protective 
qualities of the coating. This optimal concentration was then evaluated for corrosion 
protection using polarization methods and the absence and presence of the Schiff base 
ligand and its copper(II) complex at three temperatures (293, 303, and 313 K). The Amox-
S maintained an inhibition efficiency of 91-92% across the temperature range, whereas the 
Cu-complex exhibited slightly superior performance with IE% values of 93-94%. 
 
Keywords: amoxicillin; Schiff base; spectrophotometric studies; complexes; antioxidant; 
anticorrosion 
 

1. Introduction 
 
Schiff bases, which are distinguished by the presence of the imine (-C=N-) functional 
group, are a significant class of compounds that have attracted a lot of interest in 
coordination and medicinal chemistry due to their wide range of biological activities, 
simplicity of synthesis, and structural versatility (Younus et al., 2023; Mushtaq et al., 2024). 
The presence of heteroatoms like nitrogen, oxygen, and sulfur in heterocyclic rings  
improves the chemical stability of drugs and offers more donor sites; consequently, Schiff 



Alabidia & Mohammedb   Curr. Appl. Sci. Technol.  , Vol. … (No…), e0268928 
 
 

2 

bases containing heterocyclic moieties often exhibit high biological efficiency, which 
contributes to enhanced therapeutic efficacy and greater selectivity in their 
pharmacological applications (Malik et al., 2018; Soroceanu & Bargan, 2022; Ali et al., 
2023). Their bio-reactivity is further enhanced through the formation of strong hydrogen 
bonding interactions. Moreover, these compounds are capable of stabilizing complex 
molecular architectures via efficient π–π stacking interactions, thereby contributing to their 
overall structural integrity and biological efficacy (Ramadan et al., 2025). Amoxicillin, a 
widely used β-lactam derivative, serves as a valuable scaffold for structural modification 
owing to its free primary amine group and proven clinical efficacy (Karaman et al., 2015).  

Amoxicillin's derivatization from Schiff base synthesis introduces more heterocyclic 
functionality that could improve its biological characteristics. These changes might deal 
with the limitations associated with standard β-lactam antibiotics, such as their limited 
anticancer effect and bacterial resistance (Podolski-Renić et al., 2024; Presenjit et al., 
2024). In addition to the fact that the formation of coordination complexes with Schiff bases 
derived from amoxicillin enhanced their biological potential and demonstrated antioxidant 
and anticancer properties. Therefore, Schiff base complexes are particularly interesting 
(Savcı et al., 2022; Moreno-Narváez et al., 2025).  

Schiff bases, which are practically derived from pharmaceuticals, have also been 
used as effective and environmentally friendly corrosion inhibitors (Betti et al., 2023; Abd 
El-Zahir et al., 2024). There is significant interest in replacing harmful inhibitors with non-
toxic alternatives. Therefore, the use of many drugs as corrosion inhibitors, such as 
amoxicillin and its derivatives, has gained great importance (Abdallah et al., 2023; Alamry 
et al., 2023). By condensing amoxicillin with an aromatic aldehyde, a new heterocyclic 
Schiff base was synthesized in this study. This was followed by complexation with Cu(II), 
Ag(I), and Au(III) ions. A variety of spectroscopic and analytical techniques were used to 
characterize the resulting compounds. These were evaluated for their antioxidant 
properties using DPPH radical scavenging tests. Additionally, the Schiff base and Cu(II)-
complex were assessed as anticorrosion agents in HCl solutions on mild steel through a 
weight loss technique. The results highlight the heterocyclic Schiff base and its complexes 
as promising candidates for developing anticancer and antioxidant medications. 
Establishing the relationship between complex formation and the biological/corrosion 
inhibition properties can expand their potential as multifunctional agents with both 
protective and biomedical applications. 
 

2. Materials and Methods 
 
In this search, all starting materials were obtained from significant companies such as 
Fluka, BDH and Sigma Aldrich, and mild steel plates (C45) were used for the weight loss 
method. All chemicals used were used without further purification.  
 
2.1 Chemical synthesis  
 
2.1.1 Synthesis of a new Schiff base ligand 
 
Amox-Schiff base ligand was synthesized according to Chaudhary and Mishra (2017) by 
dissolving the amoxicillin trihydrate (1 mmol) in 20 mL of absolute methanol and stirring it 
under hot conditions for 3 h. The pH was adjusted to neutral by adding 0.1N NaOH solution. 
4-(dimethylamino)salicylaldehyde (1 mmol) was added slowly to the well dissolved 
amoxicillin trihydrate solution and refluxed for 15 h at 55οC. A light purplish red solution 
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was left undisturbed for crystallization, then collected and recrystallized using methanol 
and later by acetone solvent. 
 Yield: 70%,  light red powder, m.p:141-143, C25H28N4O6S (512.58 g/mol), 
Cald.C(58.58%), H(5.51%), N(10.94), O(18.73%), S(6.26%); Found: C(58.91%), 
H(5.89%), N(11.23%), O(18.93%), S(6.59%), FT-IR (KBr) (cm-1): 3330 (O-H and N-H), 
2931 and 2882 (C-H aliph), 1735 (C=O β-lactam ring), 1622 (CH=N). 1H-NMR (400 MHz, 
d6 DMSO): 8.10 (OH-arom), 6.08-7.45 (H-arom), 9.64 (CH=N), 13.41 (COOH), 8.19 (N-H 
amide), 4.24 (CO-CH), 4.21 (N-CH), 3.52 (CH-C=O), 1.14 (2CH3), 3.39 (CH-S).  
 
2.1.2 Synthesis of metal complexes 
 
The metal complexes were prepared by slowly adding 1 mmol of Cu(II), Ag(I), and Au(III) 
metal salts in 15 mL of methanol to 1 mmol of Schiff base (Amox-SL) in 30 mL of warm 
methanol with stirring. Sodium hydroxide (0.1% in methanol) was used to adjust the 
solution pH to 7, followed by refluxing at 45°C for 4-6 h. The resulting complexes were 
collected, washed, purified (Reiss et al., 2015), and dried overnight at 50ºC, as shown in 
Figure 1. 

Cu(II) complex: Yield 65%,  greenish earthy powder, m.p:141-143, 
C25H29N4O7SCuCl (627.59), Cald.C(47.77%), H(4.65%), N(8.91), O(17.82%), S(5.10%), 
Cu(10.11%), Cl(5.64%) ; Found: C(47.94%), H(4.88%), N(9.23), O(18.092%), S(5.34%), 
Cu(10.42%), Cl(5.91%), FT-IR (KBr) (cm-1): 3238 (OH), 2926 and 2852 ( C-H, aliph ), 1610 
( HC=N), 1521 (C=C, arom), 563(M-O), 495(M-N).  

Ag(I) complex: Yield 68%,  greenish brown powder, m.p:141-143, C25H27N4O6SAg 
(619.44), Cald.C(48.48%), H(4.39%), N(9.05%), O(15.50%), S(5.18%), Ag(17.41%); 
Found: C(49.01%), H(4.91%), N(9.43%), O(15.96%), S(5.47%), Ag(17.62%), FT-IR (KBr) 
(cm-1): 3414 (OH), 2926 and 2852 ( C-H, aliph ), 1566 ( C=N), 1516 (C=C, arom), 530(M-
O), 432(M-N).  

Au(III) complex: Yield 67%, brown powder, m.p:141-143, C25H27N4O6SAuCl2 
(779.44), Cald.C (38.53%), H(3.49%), N(7.19%), O(12.32%), S(4.12%), Au(25.27%), 
Cl(9.10%) ; Found C(39.12%), H(3.87%), N(7.69%), O(13.01%), S(4.54%), Au(25.64%), 
Cl(9.89%), FT-IR (KBr)(cm-1): 3412 (OH), 2926 and 2852 ( C-H, aliph ), 1598( C=N), 1510 
(C=C, arom), 540(M-O), 435(M-N).  
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Figure 1. Synthesis for the Schiff base and its metal complexes 
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2.2 Evaluation of antioxidant activity 
 
The antioxidant activity of the Schiff base and their complexes was evaluated using 1,1-
diphenyl-2-picrylhydrazyl (DPPH) assay which was prepared in methanol at concentrations 
ranging from 50 to 200 μg/mL (Hilal & Kareem, 2025). An amount of 2 mL of synthesized 
compounds was mixed with 1 mL of DPPH solution at a concentration of 0.003% w/v. 
Ascorbic acid was used as the reference antioxidant, and the mixtures were incubated at 
room temperature in the dark before the absorbance at 517 nm was measured to assess 
the extent of radical scavenging. The percentage of inhibition (I%) was calculated using 
equation (1), where Ac is the absorbance of the control and As is the absorbance of the 
sample: 
 

I% = Ac−As
Ac

x 100 
 

(1) 

All experiments were carried out in triplicate (n = 3), and the results were expressed as 
mean±standard deviation (SD). The obtained data were statistically processed and plotted 
using Microsoft Excel 2019. Statistical comparisons were evaluated by one-way analysis 
of variance (ANOVA).  
 
2.3 Corrosion measurement 
 
2.3.1 Weight loss method 
 
Corrosion tests were performed using C45 carbon steel alloy; the chemical composition 
(wt %) of the alloy is shown in Table 1. 
 
Table 1. Chemical composition of carbon steel C45  

Metal C% Si% Mn% S% Cu% Ni% Cr% Fe%  P% 

Carbon 
Steel 45 

0.36-
0.42 

0.15-
0.30 

1.00-
1.40 0.05 0.50 0.20 0.20 96.88-

97.49 0.05 

 
In this method, the initial weight of thoroughly polished carbon steel samples (2 cm 

x 2 cm x 0.1cm) was measured before immersing them in corrosive acid solutions prepared 
from 1 M hydrochloric acid, with and without certain inhibitor concentrations (1x10-4 -1x10-

3 M), with varying immersion times (1-10 days) at lab temperature (25±2οC). The corrosion 
rate (CR), the percentage inhibition efficiency (IE%) were calculated using equations (2,3) 
(Affat, 2022): 

 

CR (mm/year) =
87.6 × ΔW
ρ × A × t

 

 

(2) 

Where ΔW is the weight loss (g) before and after immersion in the test solutions ΔW= 
Winitial − Wfinal, CR is the corrosion rate, A is the area of the specimen (cm2), ρ is the 
density of the alloy in g/cm3 and t is the immersion time (days). The inhibition efficiency 
(IE%) was computed using equation (3) (Alfakeer et al.,2020): 
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IE% =
CRblank − CRinh.

CRblank
𝑥𝑥100 

 

(3) 

 

θ =
CRblank − CRinh

CRblank
 (4) 

 
CRblank is the corrosion rate in the absence of inhibitor and CRinh is the corrosion rate in 
the presence of inhibitor and θ is the surface coverage. Each test specimen was taken out 
every 24 h, washed with distiled water and rinsed with acetone, dried and re-weighed 
(equation 4). 
 
2.3.2 Polarizatıon curves 
 
The corrosion current density (icorr) and corrosion potential (Ecorr) were determined by 
extrapolating the cathodic and anodic Tafel plots in both the absence and presence of 
inhibitor molecules in HCl (1M) solution. The anodic (ba) and cathodic (bc) Tafel slopes 
were also calculated from Figures 11-13 and Table 8 shows the data for corrosion potential 
Ecorr (mV), corrosion current density icorr (A/cm²), cathodic and anodic Tafel slopes 
(mV/Dec), and protection efficiency PE% (Khudhair & Al-Sammarraie 2019; Khudhair et 
al., 2020): 
 

%IE =
(icorr)o − (icorr)

(icorr)o
∗ 100 

(5) 

 
Where (icorr)o is the corrosion current density in the absence of inhibitors, (icorr) is the 
corrosion current density in the presence of inhibitors and %IE is inhibition efficiency. The 
tested sample was inserted into corrosion cell in which the diameter of the exposed surface 
to the solution was 16.55cm2 (equation 5).  
 

3. Results and Discussion 
 
3.1 Chemistry of synthesized compounds 
 
This work describes the synthesis of a new Schiff base derived from amoxicillin and 4-
(dimethylamino)salicylaldehyde in a 1:1 molar ratio, yielding the new organic compound in 
good yield. It was observed that the yield of the ligand was 70% and the yields of the 
prepared complexes were less than 65-68% (Table 2). This could be due to the multiple 
steps of preparation, the possibility of side reactions occurring during the coordination with 
the metal ion, and the loss of part of the complex during the filtration, washing, or 
recrystallization processes. It also reports three complexes of the new Schiff base with 
Cu(II), Ag(I), and Au(III) metal ions, which serve as effective antioxidants and anticorrosion 
agents. 
 
3.2 NMR spectra 
 
The 1H-NMR spectra of Schiff base observed were singles in the range of 6.08-7.45 ppm 
due to the aromatic hydrogen atoms and single peak attributed to hydroxyl group appeared  
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Table 2. The physical properties of new Schiff base (Amox-SL) and its complexes 
 

Compound Chemical Formula M.wt Color m.p οC Yield
% 

Amox-SL C25H28N4O6S 512.17 Purple 
red 

144-146 70 

[Cu(AmoxS)Cl(H2O)] C25H29N4O7SCuCl 627.07 Greenish 
earthy 

˃250 65 

[Ag(Amox-S)] C25H27N4O6SAg 619.44 Greenish 
brown 

˃250 68 

[Au(Amox-S)]Cl2 C25H27N4O6SAuCl2 779.44 Brown ˃250 67 
 
at 8.10 ppm. The proton of azomethine (CH=N) showed up as a single at 9.64 ppm, single  
peak attributed to hydroxyl group of carboxylic appeared at 13.41 pm (Alabidi et al., 2023). 
The N-H amide group appeared at 8.19 ppm, and other signals appeared at 4.24, 4.21 and 
3.52 ppm were due to protons (CO-CH and N-CH) on the β-lactam ring and CH-C=O, 
respectively, while the singlet signals of methyl groups appeared at 1.09 and 1.14 ppm 
(2CH3), as shown in Figure 2. It is worth noting that the proton of Ar-OH resonates at 7.45 
ppm. The peaks appeared at 3.39 ppm can be attributed to (CH-S) group (Chavelas-
Hernández et al., 2020; Kalluru et al., 2023). 
 
3.3 FT-IR spectra 
 
FT-IR spectra of the complexes were compared with the spectrum of the free ligand to 
identify any changes that may have occurred during the complexation process. The spectra 
displayed significant and distinctive features in the chemical structure of Amox-SL and its 
complexes, confirming the formation of the complexes. A broad, intense band in the region 
corresponds to O-H and N-H stretching at 3200-3400 cm-1, and the specific bands were 
observed at 1622 cm-1 corresponds to ⱱ(CH=N), and 1735 cm-1 corresponds to ⱱ(C=O β-
lactam ring). These bands showed shifts in the IR spectra of the synthesized complexes, 
with ⱱ(C=N) shifting to a lower wave number and ⱱ(C=O β-lactam ring) also shifting to a 
lower value in all the complexes, indicating coordination (Reiss et al., 2014). New 
absorption bands ⱱ(M-O) and ⱱ(M-O) appeared at 530-563 cm-1 and 432-495 cm-1, 
respectively, in the spectra of the complexes, indicating ligand coordination through nitrogen 
and oxygen (Alabidi et al., 2018). The results are shown in Table 3. 
 
3.4 Mass spectra 
 
Figure 3, Figure 4 and Table 4 show the mass spectrum of Amox-S ligand and Ag(I) 
complex recorded at room temperature, and Figures 5 and 6 present the proposed mass 
fractionation pathway. The peaks obtained confirm the formula which were proposed for 
the prepared compound. The molecular ion peak at m/z 512.4 confirms the reposed 
formula of the ligand, yet its low relative abundance is consistent with observations that 
high molecular weight compounds, especially those subjected to intense ionization energy 
and containing multiple heteroatoms, tend to produce weaker molecular ion signals 
(Patriarca & Hawkes, 2020). 
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Figure 2. 1H-NMR spectra of Amox-S ligand 
 
Table 3. Observed IR frequencies for Amox-S ligand and its metal complexes in cm-1 
 

Compound ⱱ(O-H) 
ⱱ(N-H) 

ⱱ(C=C) ⱱ(C=N) ⱱ(C=O)β-
lactam est. 

ⱱ(M-
O) 

ⱱ(M-N) 

Amox-S(L) 3302 1517 1622 1735 - - 
[CuLCl(H2O)] 3238 1521 1610 1720 563 495 

[AgL] 3414 1516 1566 1629 530 432 
[AuL]Cl2 3412 1510 1598 1630 540 435 

 

 
 

Figure 3. Mass spectra of Amox-S ligand 
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Figure 4. Mass spectra of Ag(I)-complex 
 

Table 4. The mass spectral data of Amox-S and Ag(I)-complex 
 

Amox-S Ag(I)-Complex 
Proposed 
Fragment 

m/z Relative 
Abundance 

Proposed 
Fragment 

m/z Relative 
Abundance 

S6O4N28H25C 512.58 2% S6O4AgN27H25C 619.07 1.40% 
+S5O4N25H25C 493.56 1.40% S3O3N19H20C 381.11 5.50% 
+S5O4N25H23C 469.54 20.70% OS3N23H20C 353.16 7.10% 
+2S5O4N20H21C 440.11 1.40% +S5O2N19H13C 315.1 2% 

S3O4N22H20C 398.48 6.90% +S3O2N10H13C 274.04 1.40% 
•C16H20N3O5S 366.11 6.90% S2O2N16H11C 240.09 1.40% 
•C14H20N4O3S 324.13 4.80% S4O2N8H7C 216.02 24.10% 
•C14H16N2O5S 324.35 4.80% +N12H14C 194.1 100% 
+S5O2N19H13C 315.1 2% +N12H8C 122.1 1.40% 

S4O3N17H11C 287.05 31.03% +7H7C 91.05 3.50% 
+S4O3N16H10C 274.09 1.40% +9H6C 81.07 26.20% 

S2O2N16H11C 240.09 0.70% •+4H5C 64.03 10.30% 
S4O2N8H7C 216.02 13.80% +7H4C 55.05 9% 
S3O2N12H8C 216.02 13.80%       

+N12H14C 194.1 100 %       
2+OS2N6H7C 166.2 10.30%       
2NO11H9C 166.08 10.30%       

N13H8C 123.2 1.40%       
2+NOS2H5C 123.98 1.40%       

+9H6C 81.14 0.70%       
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Figure 5. Mass spectrum fragmentation of Amox-S ligand 
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Figure 6. Mass spectrum fragmentation of Ag(I)-complex 
 

3.5 Absorption spectra of Amox-SL and its complexes 
 
The electronic absorption of Amox-S clearly shows two bands, as shown in Figure 7 at different 
wavelengths. The π-π* transition was assigned to the first band, which appeared at 403 nm, 
while the other band observed at 539 nm, assigned n- π* transition, which represents the λmax 
of ligand (Kyhoiesh & Al-Adilee 2021). The π-π* transition displayed a red shift as a result of 
chelation when binding with metal ions (Table 5). The copper(II) complex spectrum shows one 
broad peak at 624 nm, attributed to the 2E2g→ 2T2g transmissions in a distorted octahedral 
stereochemistry around ion of the Cu(II). A band at 458 nm is attributed to charge-transfer, 
fundamentally of the L→Cu kind (Figure 7) (Hernández et al., 2024). The Ag(I) complex 
spectrum displays a strong intense charge transfer transmissions (LMCT) bands at 587 nm. 
The Au(III) complex exhibited one band at 585 nm, which was assigned to the 1A1g → 1B1g 
transition (Hadi et al., 2021). This complex has a diamagnetic momentum and is square planer. 
The metal complexes were air stable at room temperature and were insoluble in water but 
soluble in ethanol, methanol and DMSO. The molar conductivities of 10-3 mol/mL solutions of 
Cu(II) and Ag(I) complexes in ethanol showed nonelectrolyte nature (Kanagavalli et al., 2024) 
and Au(III) complex showed ionic properties (1:2) (Kzar et al., 2023), which confirmed the 
validity of the proposed structures, as shown in Table 5. 
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Figure 7. Electronic spectra of Amox-S ligand and its Cu(II)-complex 
 
Table 5. The electronic, magnetic moment, and conductivity data of the prepared 
compounds ethanol solvent 
 

Compound λ 
nm 

ⱱ cm-1 Transition Stereochemistry  µeff Λm 
S.cm2.mol-1 

Amox-S(L) 539 18552.875 n- π* 
 

- - - 

[CuLCl(H2O)] 624 16025.641 2E2g→ 
2T2g 

 

Octahedral 1.83 9.44 

[AgL] 587 17035.775 LMCT  
 

Tetrahedral Dia 8.57 

[AuL]Cl2 585 17094.017 1A1g → 
1B1g 

Square planer  Dia 80.7 

 
3.6 Evaluation of the antioxidant activity of Amox-S ligand and its metal 
complexes compared to ascorbic acid 
 
DPPH radical test affords an easy and rapid means to evaluate antioxidants because 
DPPH is a stable purple colored free radical that is usually employed in chemical analysis 
for the detection of radical scavenging activity. DPPH is converted into a colorless form 
after its reaction with antioxidants. The reduction capability of DPPH radicals is evaluated 
from the decrease in its absorbance at 517 nm, which is induced by antioxidants. The 
antioxidant assay study was carried out using different concentrations of the ligand and its 
complexes with DPPH radicals and compared with ascorbic acid as the standard. Table 6 
and Figure 8 present the inhibition efficiency values (I%) of the Amox-S ligand and its metal 
complexes (Cu(II), Ag(I), and Au(III)-complexes), which were evaluated as potential 
antioxidants through their free radical scavenging activities, and compared to the standard 
ascorbic acid. The assessment was conducted at four concentrations: 50, 100, 150, and 
200 ppm. For every concentration, the mean values obtained show the average percentage 
of DPPH radical scavenging activity, while the standard deviation (SD) shows how 
repeatable the measurements really are. The accuracy and dependability of the 
experimental results were confirmed by the comparatively low SD values (<10%). The 
findings revealed notable differences in the antioxidant efficiency across compounds and 
concentrations (Al-Daffay et al., 2025). At 50 ppm, the Au(III)-complex exhibited the highest 
inhibition efficiency (86.08%), outperforming all other tested compounds, including 
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ascorbic acid (65%). This suggests that Au(III), due to its high oxidation potential, can 
rapidly neutralize free radicals even at low concentrations (Kyhoiesh & Al-Adilee 2023). 
The Cu-complex (78.95%) and Ag-complex (73.95%) also showed good activity, with the 
Amox-S ligand recording 72.03%. These results indicate that metal coordination enhances 
antioxidant behavior at low concentrations. At 100 ppm, the Au(III)-complex remained the 
most effective (84.63%), closely followed by the Amox-S ligand (83.05%). This reinforces 
the synergistic effect of the functional groups (–NH and –OH) present in the ligand, 
contributing significantly to radical scavenging (Kasare et al., 2019). At 150 ppm, the Cu- 
and Ag-complexes demonstrated moderate activity, while ascorbic acid showed limited 
improvement (85.30%), Amox-S ligand (84.36%) and Cu-complex (83.44%) maintained 
consistent and high antioxidant efficiency, suggesting structural stability (Todorov et al., 
2023). At 200 ppm, ascorbic acid demonstrated a near-complete scavenging effect 
(98.20%), asserting its position as the most potent antioxidant at higher concentrations. 
However, both the Amox-S ligand (87.41%) and the Cu-complex (85.09%) retained strong 
inhibitory activity, making them viable alternatives (Tabrizi et al., 2019; El-Lateef et al., 
2023). 
 
Table 6. The percentage of scavenging activity of Amox-S ligand and its complexes 

Conc. 
(ppm) 

Amox-
SL I% 

Cu-
complex 

I% 

Ag-
complex 

I% 

Au(III)-
complex 

I% 

Ascorbic 
acid 

Mean SD 

50 72.03 78.95 73.95 86.08 65 75.202 7.875 
100 83.05 79.5 74.8 84.63 73 78.996 5.049 
150 84.36 83.44 79.16 71.24 85.30 80.7 5.786 
200 87.41 85.09 71.50 84.03 98.20 85.246 9.525 

 

 
 

Figure 8. Scavenging activity of the Amox-S ligand and its Cu(II), Ag(I) and Au(III) 
complexes compared with ascorbic acid 



Alabidia & Mohammedb   Curr. Appl. Sci. Technol.  , Vol. … (No…), e0268928 
 
 

13 

3.7 Corrosion inhibitor 
 
3.7.1 Weight loss measurements 
 
The corrosion resistance of carbon steel (ST45) in 1M hydrochloric acid solution was 
evaluated experimentally in both the presence and absence of two synthetic compounds 
(Amox-ligand and Cu-complex) at different concentrations. The weight loss method for 
assessing metal corrosion in corrosive environments was used to investigate these 
compounds' capability as corrosion inhibitors. As the inhibitor concentration increased, the 
inhibition efficiency of both Amox-S and its Cu(II) complex improved, exceeding 83.87% in 
1 M HCl even at low concentrations. The optimum efficiency was observed at 1×10⁻³ M 
(Figure 9). The results indicate that the corrosion rate decreases with increasing inhibitor 
concentration due to the saturation of active sites on the steel surface, where adsorbed 
inhibitor molecules form a protective layer that limits metal–acid interaction (Al-Amiery et 
al., 2022; Youssif et al., 2023). The inhibition mechanism of the inhibitors can be interpreted 
through these molecules containing heteroatoms such as oxygen, nitrogen, and sulfur (O, 
N, S), which have non-bonding electron pairs. These lone pairs are capable of interacting 
with the vacant d-orbitals of the metal atoms on the surface (Farhan et al. 2024). These 
interactions enhance the bonding of organic inhibitor molecules to the metal surface, 
resulting in a protective layer that effectively isolates the metal from corrosive substances 
in the environment, thereby reducing the rate of corrosion (Ahmed et al. 2024; Shwetha et 
al., 2024). 
  

 
(A)  

(B) 

 
Figure 9. Inhibition efficiency (IE%) as a function of immersion time (24-240 h) at 

concentrations of 1×10⁻⁴ M and 1×10⁻³ M for (A) the Amox-S ligand and (B) Cu(II)-
complex 

 
Basic information on the interaction between the inhibitors and carbon mild steel 

surface can be provided by the adsorption isotherm (Figure 10). The degree of surface 
coverage (θ) at different concentrations was calculated from weight loss method (equation 
4). The adsorption equilibrium constant value was obtained through a straight line of C/θ 
and C as expressed in equation 6. 
 

𝐶𝐶
θ

=
1

Kads
+ 𝐶𝐶 (6) 
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Figure 10. Langmuir adsorption isotherm on the C45 steel surface of Amox-S ligand and 
its Cu-complex 

 
Where C is the inhibitor concentration in molar, θ the surface coverage and Kads is the 
equilibrium constant of the adsorption process. Kads is related to the standard Gibbs free 
energy of adsorption (ΔGads) by equation 7 (Farhan et al., 2024): 
 

ΔGads= -RT ln (55.5 Kads) (7) 
 
The negative ΔGads values shown in Table 7 are consistent with the spontaneity of the 
adsorption process and the stability of the adsorbed layer on the C45 surface. 
 
Table 7. Thermodynamic parameters using Langmuir adsorption isotherm on the C45 steel 
surface in 1M HCl at different concentrations of Amox-S ligand and its Cu-complex 
 

Inhibitor Temp.(K) Kads ΔGads 
Amox-S ligand 298 33333.33 -35.753 

Cu-complex 298 33333.33 -35.753 
 
3.7.2 Potentiodynamic polarization measurements 
 
The polarization data, including the corrosion potential (Ecorr), corrosion current densities 
(icorr), anodic (bc), cathodic (ac) Tafel slopes, corrosion Rate (CR) and Resistance for C45 
carbon steel alloy in 1 M HCl solution in the absence and presence of 1X10-3 M of Amox-
S ligand and Cu-complex inhibitors are given in Table 8 and Figures 11-13 as polarization 
curves. 

The corrosion behavior of C45 mild steel in 1 M HCl was examined using 
potentiodynamic polarization at 293-313 K, both without and with the Schiff base ligand 
Amox-S and its Cu(II) complex. The inhibitors markedly reduced corrosion rates, as 
reflected in the electrochemical parameters. The corrosion potential (−Ecorr) shifted from 
−0.427 to −0.385 V for the uninhibited steel to more negative values (−0.764 to −0.783 V) 
in the presence of Amox-S, suggesting a mixed-type inhibition mechanism with a 
predominant cathodic effect (El-Lateef et al., 2022; El Aloua et al., 2024). Similarly, the 
Cu(II) complex showed −Ecorr values between −0.657 and −0.645 V, confirming its strong 
adsorption and effective inhibition of the electrochemical corrosion reactions (Almomani et  
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Table 8. C45 carbon steel alloy in 1 M HCl solution in the absence and presence of 1x10-

3 M of Amox-S ligand and Cu-complex as inhibitors at three temperatures (293, 303, and 
313 K) 
 

Comp.  Blank (Absence 
Inhibitors) 

Amox-S  Cu-complex 

Temp.  
 

293 303 313 293 303 313  293 303 313 

-Ecorr((mV)  -0.427 -0.385 -0.425 -0.764 -0.765 -0.783  -0.657 -0.639 -0.645 
 

Icorr((µA/cm2)  493.9 563.2 620.6 39.43 45.76 54.91  30.32 38.30 49.53 
 

Icorr./r(A/cm2)  
 
9.878E-4 0.001 0.001 7.885E-5 8.352E-5 1.098E-4  6.064E-5 7.660E-5 9.906E-5 

 
Resis.  ( Ω )  70.31 28.96 57.49 1889 2195 2058  1843 1575 1592 

 
-Bc((mV/Dec)  0.156 0.055 0.166 0.320 0.371 0.508  0.248 0.252 0.331 

 
Ba((mV/Dec)  0.164 0.120 0.163 0.369 0.490 0.534  0.267 0.310 0.402 

Corr.Rate(mm/y)  
 

4.848 5.529 6.091 0.387 0.410 0.539  0.298 0.376 0.486 

IE%  - -  92 92 91  94 93 92 

 

 
 

Figure 11. Polarization curves of C45 carbon steel alloy in the blank solution 1M HCl 
at temperatures of 293, 303, and 313 K 
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Figure 12. Polarization curves of C45 carbon steel alloy in the presence of 500 ppm of 
Amox-S inhibitor at temperatures of 293, 303 and 313 K 

 
 

Figure 13. Polarization curves of C45 carbon steel alloy in the presence of 500 ppm of 
the Cu-complex inhibitor at temperatures of 293, 303, and 313 K 

 
al., 2021). The corrosion current density (icorr) of the uninhibited system increased with 
temperature (493.9 to 620.6 μA/cm²), whereas a notable reduction was observed upon the 
addition of the inhibitors, indicating their pronounced protective efficiency (Go et al., 2020; 
Mahmoud et al., 2022). The inhibition efficiency (IE%) further supports these findings. 
Amox-S maintained an inhibition efficiency of 91-92% across the temperature range, 
whereas the Cu-complex exhibited slightly superior performance with IE% values of 93-
94%. The improved efficiency of Cu-complex can be attributed to the increased adsorption 
strength and surface coverage resulting from the presence of the metal ion, which 
facilitates better interaction between the inhibitor and the steel surface through π-back 
bonding and d-orbital participation, in line with Pearson's Hard-Soft Acid-Base (HSAB) 
principle (Radi  et al., 2022). This small decrease in efficiency with temperature increase 
might be due to partial desorption of the inhibitors at higher thermal energy, though the 
efficiency remains high overall, confirming the thermal stability of the inhibitor films (Verma 
et al., 2024). 
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3.7.3 Kinetic and thermodynamic analysis of the corrosion ınhibition process 
 
To gain insight into the mechanism and energy dynamics of corrosion inhibition of C45 mild 
steel in 1 M HCl, kinetic and thermodynamic parameters were derived from the 
temperature-dependent corrosion rate data using Arrhenius and transition state models. 
These parameters help clarify whether the inhibition process involves physical or chemical 
adsorption and reveal how temperature influences inhibitor efficiency. The activation 
energy (Ea) of the corrosion process was determined using an Arrhenius equation 8 (Diki 
et al., 2021). 
 

lnicorr =
−Ea

R
.
1
T

 + lnA (8) 

 
A plot of ln(icorr) vs 1/T provides straight lines for calculating values of  Ea, as shown in 
Figure 14. The blank solution (without inhibitor) exhibited a relatively low Ea of 8.717 
kJ/mol), indicating a spontaneous and rapid corrosion process. In contrast, the presence 
of the Schiff base ligand Amox-S and its copper(II) complex significantly increased the 
activation energy to 12.6 kJ/mol and 18.69 kJ/mol, respectively. This suggests that both 
inhibitors raised the energy barrier for corrosion, thereby slowing the reaction. The higher 
Ea values point to the formation of a protective inhibitor layer that limits the accessibility of 
corrosive species to the steel surface. Moreover, the higher Ea for Cu-complex implies 
stronger interaction with the steel surface, likely due to enhanced π-backbonding and 
chelation effects from the Cu(II) ion (Emrayed et al., 2025; Lasri et al., 2025). 
 

 
 

Figure 14. A plot of Lnicorr vs. 1/T for a blank, Amox-S ligand and its Cu(II)-complex at 
different temperatures 

 
Thermodynamic parameters were analyzed via the transition state (equation 9) (Raheema 
et al., 2023), which provided the enthalpy (ΔH*) and entropy (ΔS*) of activation. 
 

ln �icorr
T
� = ln � R

Nh
� + ΔS∗

R
− ΔH∗

R
�1
T
�  (9) 

 
From equation 10, the Gibbs free energy (ΔG*) was estimated. 
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ΔG*= ΔH* - T ΔS*  (10) 

 
Where (icorr) is the corrosion current density, (ΔS*) is the entropy, (ΔH*) is the enthalpy, h 
is Planck's constant, N is the Avogadro number, R is the universal gas constant and T is 
the absolute temperature (K). A plot of ln(icorr/T) vs 1/T of equation 9 provides straight 
lines for calculating values of ΔH* and ΔS* for blank and inhibitors, as shown in Figure 15. 
The positive ΔH* values for all systems (6.2 kJ/mol for blank, 10.09 kJ/mol for Amox-S, 
and 16.8 kJ/mol for Cu(II)-complex showed that the corrosion process absorbs heat and 
needs energy, and this need is greater when inhibitors are present. These results correlate 
with the increased energy barrier needed for corrosion in inhibited systems (Adamu et al., 
2025).  
 The entropy of activation (ΔS*) showed negative values across all samples, with 
−172 J/mol.K for the blank, and much more negative values for Amox-S (−179.84J/mol•K) 
and CuL1 (−161.24 J/mol.K). The negative ΔS* values indicate a decrease in system 
disorder during the transition from reactants to the activated complex, characteristic of 
adsorption-controlled processes. The more negative ΔS* observed in the presence of 
inhibitors suggests increased molecular ordering associated with the formation of a stable 
and compact protective film on the metal surface (Olasunkanmi et al., 2020). The negative 
ΔG* values across all temperatures confirm the spontaneous nature of the corrosion 
process. However, these values become less negative in the presence of inhibitors—
shifting at 293 K from −8.24 kJ/mol (blank) to −2.06 kJ/mol for Amox-S and −1.42 kJ/mol 
for the Cu(II) complex—indicating thermodynamic suppression of corrosion (Praveen et al., 
2025). The kinetic and thermodynamic parameters (Table 9) further confirm that both 
inhibitors act via adsorption mechanisms. The Cu(II) complex exhibits predominantly 
chemisorptive behavior due to stronger metal–inhibitor interactions, whereas the ligand 
shows mixed physisorption–chemisorption characteristics. These results highlight the 
superior inhibition efficiency of the complex and emphasize the influence of molecular 
structure on thermal stability and corrosion protection performance. 
 

 
 

Figure 15. A plot of Lnicorr/T vs. 1/T for a blank, Amox-S ligand and its Cu(II)-complex at 
different temperatures 
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Table 9. Kinetic and thermodynamic analysis of the corrosion ınhibition process 
 

Sample T(K) Ea(kJ/mole) ΔH*(kJ/mole) ΔS*(J/mole.K) ΔG*(kJ/mole) 
 

Blank 

293 

8.717 
 

6.2 
 

-172 
 

-8.24499 

303 -8.7379 
313 -9.22744 

Amox-S 

293 

12.6 10.09 -179.84 

-2.0561 

303 -2.47064 
313 -2.88518 

Cu-complex 

293 

18.69 16.18 -161.24 

-1.41778 

303 -2.01827 
313 -2.61876 

 
3.8 Surface examination  
 
SEM analysis was performed using a scanning electron microscope equipped with a high-
vacuum system and a tungsten/field emission electron gun, providing high-resolution 
images of the sample surface. The surface morphology of the metal samples immersed in 
acidic solution for 10 days, with and without the corrosion inhibitor. The surface morphology 
of the prepared samples was examined to evaluate the protective performance of the 
inhibitor. Figure 16(a) shows the SEM image of the C45 steel specimen after 10 days 
immersion in 1 M HCl solution. The observed surface roughness and corrosion visible lines 
indicated significant damage in the surface and absence of protective layer. This indicates 
that the surface was fully exposed to the acidic solution without any protection. Figure 16(b) 
and Figure 16(c) show the SEM of C45 specimen in 1x10-3 M of Amox-S ligand and Cu-
complex inhibitors after 10 days of immersion. The surfaces appear smoother and less 
damaged compared to the unprotected samples. These solutions significantly improved 
the corrosion resistance of C45 steel that corroborates the high IE%  of the inhibitors. 
These findings show that the presence of inhibitors molecules get adsorbed onto the 
surface and form a layer of protection (Ladan et al., 2025). 
 

4. Conclusions 
 
Metal complexes, particularly Au(III) and Cu(II), functioned better as antioxidants at lower 
concentrations than ascorbic acid, showing that they may be used in therapies that require 
small amounts to be effective. Amox-S and its Cu-complex approached similar levels of 
activity at higher concentrations, which made them intriguing possibilities for use as 
artificial antioxidants. The results also indicate the importance of complex stability and 
redox behavior in determining long-term antioxidant efficiency, leading to the need for more 
structural and mechanistic research. 
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(a) 

 
(b) 

 
(c) 

 
Figure 16. The SEM of (a) Carbon mild steel (C45) in 1M HCl without inhibitors, (b) in the 

presence of 1x10-3 M of Amox-S ligand, and (c) in the presence of 1x10-3 M of Cu-
complex 

 
The Schiff base ligand derived from amoxicillin and its copper complex 

significantly reduced the corrosion rate of C45 mild steel in acidic solution. The Cu-complex 
consistently outperformed Amox-S likely due to better adsorption and film-forming 
capabilities. Thermodynamic and kinetic evaluations supported the formation of a 
protective film on the steel surface, which inhibited both anodic and cathodic corrosion 
processes. These findings suggest that Amox-S and especially its Cu-complex are 
effective and thermally stable corrosion inhibitors for mild steel in acidic environments. The 
polarization and weight loss study supported the effectiveness of inhibition in the following 
sequence Cu-complex> Amox-S > Blank. Inhibition is mixed type, with stronger cathodic 
suppression and efficiency is thermally stable, implying chemisorption rather than mere 
physisorption. 
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