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Abstract 

Chitosan (Chit) coatings were applied on zinc substrates by the dip-coating method. 

Subsequently, the coatings were impregnated with a corrosion inhibitor, 2-Acetylamino-5-

mercapto-1,3,4-thiadiazole (AcAMT) to obtain an increased anticorrosive effect. The coating 

thickness and the AcAMT accumulation were determined using UV-Vis spectroscopy on glass 

and quartz substrates, respectively. The surface morphology and coverage were investigated with 

atomic force microscopy. Electrochemical impedance spectroscopy and potentiodynamic 

polarization techniques were used to investigate the protective properties of the impregnated 

coatings. The chitosan coatings facilitated the accumulation of the corrosion inhibitor inside the 

polymeric matrix (a multiplication of 380 times compared to the impregnating solution 

concentration was calculated), channeling high amounts of AcAMT to the Zn surface, which 

resulted in an inhibition efficiency of >90%. This effect demonstrates the applicability of 

chitosan coatings as carriers for corrosion inhibitors, significantly reducing the amount of 

inhibitor needed to achieve good anticorrosive effects.  
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1. Introduction 

 Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked D-

glucosamine and N-acetyl-D-glucosamine [1], produced by the deacetylation of chitin obtained 

from natural sources. Due to its environmentally friendly nature, the relatively simple and low-

cost manufacturing process [2], the high availability of the raw material, as well as its solubility 

in acidic media through protonation of its amine groups [3], chitosan has attracted significant 

attention in recent years. On account of its versatility, chitosan is utilized in numerous fields of 

application, including the production of nanoparticles and thin films [4, 5]. 

Dip-coating has proven to be a highly efficient method to produce chitosan coatings with 

well-controlled characteristics on various substrates [6], however, the low barrier properties of 

native chitosan coatings [7, 8] can limit their application in anticorrosive protection. Modification 

of chitosan by ionic or covalent crosslinking has had mixed results regarding anticorrosive 

protection [6, 9], with the reduced flexibility of crosslinked chitosan often being an issue [10, 11]. 

An alternative approach can be to take advantage of the gel-form matrix and the positive charge 

of the protonated chitosan chains (Figure 1 A and Figure 1s B – supplementary data), which 

make the material an efficient adsorbent for negatively charged molecules [12, 13, 14]. A further 

advantage of chitosan-coating is the transparency of the layers, providing protection without 

modifying the visual aspect of the coated object [15].  

2-Acetylamino-5-mercapto-1,3,4-thiadiazole (AMT) is a non-toxic [16] organic molecule. 

AcAMT and similar compounds are currently studied as possible diuretics, antimicrobial and 

anticancer agents [17, 18]. Another application of AcAMT is its use as a corrosion inhibitor. 

Sulfur and nitrogen-containing molecules are preferentially adsorbed on metals [19], hindering 

the access of corrosive species to the metal surface. AcAMT was previously reported as an 

efficient corrosion inhibitor for copper and bronze [20], 2-amino-5-mercapto-1,3,4-thiadiazole 



4 
 

was used in the protection of mild steel [19], while other thiadiazoles and sulfur-containing 

molecules were successfully applied in the protection of bronze [21] and zinc [22]. Nevertheless, 

to the extent of our knowledge, no studies were reported on the anticorrosive properties of 

AcAMT on zinc. 

It is common knowledge that in neutral and slightly acidic conditions, a certain amount of 

AcAMT is negatively charged (Figure 1 B, Figure 1s – supplementary data) [23]. This generates 

the possibility of its accumulation in positively charged chitosan through ionic forces (including 

hydrogen bond formation) from such impregnating solutions.  

In this context, the present study aims to gain a high anticorrosive effect by accumulating 

AcAMT in the gel matrix of chitosan layers applied on zinc substrates. These novel coatings have 

the advantage of easy removability without damaging the underlying zinc surface, granting them 

high effectiveness in the temporary protection of zinc during transport [5, 14, 24]. 

The extent of inhibitor accumulation was determined on glass and quartz substrates by 

UV-Vis spectroscopy. Raman spectroscopy studies demonstrated the formation of the chitosan 

layer on the Zn substrate and the presence of AcAMT within the chitosan layer. The protective 

properties of the films were investigated by electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization methods. The coating coverage and changes of the surface 

morphology during the corrosion process were studied with atomic force microscopy (AFM), and 

showed increased protection during prolonged corrosive exposure when the chitosan layer was 

infiltrated by AcAMT. 

 

2. Materials and Methods 
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2.1. Reagents 

Zinc plates were acquired from Bronzker Bt. and cut into samples of 2  5 cm. Menzel-

Gläser microscope glass slides and Suprasil 1 quartz slides were purchased from Thermo 

Scientific and Optilab Kft., respectively. 

99% Na2SO4 from Merck was used to prepare the electrolyte solution. 99.8% acetic acid 

and isopropanol were provided by Lachner. WF-flex-16 abrasive paper was purchased from 

Hermes, while the micropolish alumina powder (with a particle size of 0.3 µm) was from 

Buehler. Medium molecular weight chitosan was acquired from Aldrich (viscosity: 200-800 cP 

for 1w/w % in 1% acetic acid solution). Deionized water 18.2 MΩ·cm, purified with Millipore 

Simplicity 185 filtration system was used to prepare all solutions. Pure AcAMT was acquired 

from Aldrich.  

All chemicals were of analytical grade and used without any purification step.  

 

2.2.Substrate preparation and coating 

Prior to coating, the glass and quartz substrates were cleaned successively by an aqueous 

detergent solution, 10% V/V H2SO4, isopropanol, distilled water and deionized water. Zinc plates 

were prepared for coating by polishing with abrasive papers with different roughness (P1200, 

P2000, P2500) and the 0.3 µm particle size Al2O3. Between each step, the plates were washed 

with distilled water. Finally, any residue from the polishing process was removed from the zinc 

surface with two rounds of ultrasonication in isopropanol for 5 minutes. Any left-over zinc oxide 

was cleaned by dipping the layers for 5 seconds in 0.1 M HCl solution [5]. 

A 1 w/w% aqueous chitosan solution was prepared by dissolving the appropriate amounts 

of chitosan powder in 1 w/w% aqueous acetic acid solution [25]. The mixture was left overnight 
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for the chitosan dissolution to take place. Due to the deacetylation degree of chitosan greatly 

affecting solubility [26], any insoluble chitosan residue (due to incomplete deacetylation) was 

removed by a 30-minute centrifugation step at 4000 rpm. 

The polished and cleaned zinc, glass and quartz samples were coated from the 1 w/w% 

chitosan solution, using the dip-coating technique (dip-coater, Plósz Mérnökiroda Kft., Hungary) 

at a constant immersion and withdrawal speed of 5 cm/min. The temperature of the chitosan 

solution was maintained constant at 25°C. The coated samples were left to dry for 24 hours at 

room temperature. 

During the coating and drying process, the samples were protected from any dust, which 

can be a source of inhomogeneity. 

For inhibitor impregnation, the dried samples were immersed with a speed of 1 cm/min into 

a 1 mM aqueous solution of AcAMT for 15 minutes, before being withdrawn and rinsed with 

distilled water [5]. 

 

2.3.UV-Vis and Raman spectroscopy 

The coating thickness, refractive index, AcAMT accumulation and leaching from the 

chitosan matrix were investigated using UV-Vis spectroscopy. 

The transmittance spectra of the bare and coated glass substrates were recorded at 350-1100 

nm wavelength range with a 10 nm/s scanning speed and 1 nm resolution on an Analytic Jena 

Specord 200-0318 spectrophotometer. 

Transmittance spectra of the samples were analyzed in terms of thin-layer optical models. 

The spectra recorded on glass substrates were fitted with a homogeneous layer model which is 

based on optical admittance [27]. The model supposes a perpendicular angle of incidence, as well 

as identical, homogeneous, isotropic and flat layers on both sides of the transparent substrate 



7 
 

[27]. The fitting procedures provided layer thickness and effective refractive index (at 632.8 nm) 

values. The glass substrates had weak absorption, therefore, in order to eliminate the effect, the 

transmittance spectra of the chitosan samples were corrected with the absorption of their 

substrates before fitting [27, 28]. For the fitting procedure, the Levenberg – Marquardt algorithm 

was used [29]. 

In order to ascertain the inhibitor accumulation, the absorbance spectra of the chitosan-

coated and AcAMT impregnated chitosan-coated quartz samples were recorded with a 10 nm/s 

scanning speed and 1 nm resolution at 190-500 nm wavelength range. Due to the weak 

absorbance of the unimpregnated, chitosan-coated quartz, the recorded spectra were corrected to 

determine the absorbance attributable to AcAMT. 

The approximate accumulation of the inhibitor was determined by using the molar 

absorptivity of AcAMT for aqueous solutions [5]. 

Raman spectroscopy was used to demonstrate the presence of AcAMT inside the chitosan 

coatings applied on Zn substrates. The Raman spectra of uncoated zinc, chitosan-coated zinc and 

Zn/Chit-AcAMT were recorded with an Ntegra Spectra, NT-MDT Spectrum Instruments Raman 

microscope, under air at ambient temperature in the range of 484 to 1952 cm-1. A 25 x 10 μm 

area was studied for Zn and 24 x 30 μm areas for Zn/Chit and Zn/Chit-AcAMT, respectively with 

a step size of 0.5 μm in both directions of the studied plane. A single spectrum was assigned to 

each system by averaging all recorded spectra in the studied area. In order to obtain the spectra 

attributed to the native and impregnated chitosan coatings, features characteristic of Zn were 

canceled out by subtracting the bare Zn spectrum multiplied by a wavenumber dependent linear 

weighing function. 

 

2.4.Atomic force microscopy 



8 
 

Atomic force microscopy images were recorded for Zn/Chit and Zn/Chit-AcAMT samples 

before and after 3 days of exposure to a 0.2 g/L Na2SO4 corrosive solution. 

High-resolution topographies were recorded with an MFP-3D atomic force microscope, 

(Asylum Research, Santa Barbara CA; driving software written in IgorPro 6.34A, Wavemetrics). 

Rectangular silicon cantilevers with a tetrahedral tip with a radius below 10 nm were used in 

these measurements (AC240, Olympus, Optical Co. Ltd. Tokyo, Japan). Prior to measurements, 

the spring constant for each cantilever was calibrated, according to standard built-in procedures 

[30, 31], prior to measurements. The images were recorded with a typical resolution of 512 by 

512 pixels, with a scan speed of 10 µm/s in a closed loop. In order to correct potential sample tilt, 

all height images were first-order flattened and planefitted.  

 

2.5. Electrochemical investigation 

In order to determine the anticorrosive effect of each sample, an electrochemical study was 

carried out on a PARSTAT-2273 single-channel potentiostat (Princeton Applied Research, 

United States) in an undivided electrochemical cell containing the zinc samples (active surface 

area = 2 cm2) as the working electrode, a platinum wire as the counter (Type P131 Radiometer, 

France) and a Ag/AgCl, KClsat reference electrode (Radiometer, France). All experiments were 

carried out at room temperature (25  1°C). 

 

2.5.1. Electrochemical impedance spectroscopy (EIS) 

EIS measurements were carried out in a frequency interval of 10-2 Hz - 104 Hz, with a 

potential amplitude of 10 mV, at open circuit potential (OCP) in 0.2 g/L aqueous Na2SO4 solution 

(pH = 5) to determine the effect of short and long term exposure of the samples to a corrosive 
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solution. Chitosan-coated samples were either kept continuously in the electrolyte solution during 

the 4 days of the study (while recording their EIS spectra each day); or were only immersed in 

the corrosive environment shortly before recording their impedance spectra, dried afterward and 

kept in air between measurement, forced to repeat swelling-drying cycles.  

Equivalent circuits were fitted to the experimental data by using ZSimpWin 3.21 from 

EChem software. 

 

2.5.2. Polarization studies 

Both linear (at low overpotentials - OCP ± 20 mV) and semilogarithmic (at high 

overpotentials - OCP ± 200 mV) polarization curves were recorded to determine the kinetic 

parameters and to ascertain the anticorrosive properties of the inhibitor and the coatings. 

Polarization curves were recorded with a scan rate of 10 mV/min and were interpreted with the 

aid of Electrochemistry PowerSuite v2.56, provided by the manufacturer. Corrosion current 

densities (icorr) were determined using the Stern-Geary equation [32]: 

icorr =
ba ∙ bc

2.3Rp ∙(ba+bc)
 ,         (1) 

where ba and bc are the Tafel slopes determined from the semilogarithmic polarization curves and 

Rp is the polarization resistance determined from the Nyquist impedance diagrams. 

For uncoated Zn and Zn/Chit, the low slope of the polarization curves in the cathodic 

branch points to a diffusion-controlled process. In diffusion-controlled cases, bc  → ∞, and a 

simplified version of the Stern-Geary equation was applied to determine the corrosion current 

densities [33]: 

icorr =
1

2.303Rp(
1

𝑏𝑎
+

1

│𝑏𝑐│
)

=
ba

2.303Rp
        (2) 
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The inhibition efficiency of each system was determined using the following equation:    

IE(%)= 100 ∙
𝑖𝑐𝑜𝑟𝑟

0 −𝑖𝑐𝑜𝑟𝑟

𝑖𝑐𝑜𝑟𝑟
0  ,         (3) 

where i0
corr is the value of the corrosion current density of the bare Zn sample, while icorr is the 

corrosion current density of coated systems.  

Given that polarization studies only reflect the behavior of the exposed metal surface (in 

our case the spots where open pseudo-pores are present in the chitosan coating), and presuming 

that the chitosan coatings are electrochemically inert at low overpotentials [34], a pseudo-

porosity can be calculated using the following equation [35]:   

P=
Rps

Rp
 ∙  10−(∆Ecorr/ba) ∙ 100 (%) ,       (4) 

where P is the pseudo-porosity of the protective layer, Rps is the polarization resistance of the 

metal, Rp is the polarization resistance of the coated Zn, ∆Ecorr is the difference between the 

corrosion potentials of the bare zinc and the coated metal (from the linear polarization 

measurements), and ba is the anodic Tafel coefficient for the substrate. 

 

3. Results and discussion 

 

3.1.Optical characterization 

The refractive index and thickness of the chitosan coating were determined using a thin 

layer optical model [27] from 6 chitosan-coated glass samples (Figure 2s – supplementary data). 

The determined mean refractive index of 1.5382 ± 0.0008 and mean layer thickness of 404 ± 9 

nm showed only small deviations, pointing to a good reproducibility of the coating. 
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After impregnation, the absorbance spectra of the samples showed a strong absorbance 

peak at 319 nm (suggesting the accumulation of the inhibitor). Additionally, a slight shift 

compared to the absorbance maximum of AcAMT in aqueous solution (313 nm) was observed.  

Using the molar absorptivity coefficient determined from the aqueous solutions (ɛ = 16.14 

cm-1µM-1, Figure 2 A), the concentration of AcAMT impregnated into the chitosan matrix was 

approximated. Results show a significant concentration-multiplication, compared to the 

impregnating solution, of 379 ± 13. It is assumed that AcAMT molecules enter the pores of the 

chitosan coating, reaching the metal surface, where they are adsorbed and exert an inhibiting 

effect. 

The successful incorporation of AcAMT was also demonstrated by Raman spectroscopy 

measurements, where multiple peaks appeared (684, 967, 1080, 1119, 1259, 1383, 1463, 1554, 

1682 cm-1) on the AcAMT impregnated chitosan. These peaks can only be attributed to the 

presence of AcAMT in the chitosan coating (Figure 2 B), as peaks with similar positions could 

also be observed in the Raman spectrum for pure AcAMT powder. Comparing the peak positions 

between AcAMT powder and impregnated AcAMT, some shifts can be observed, due to the 

chitosan matrix affecting the vibrations of the inhibitor molecule. The strong signal from the 

presence of AcAMT mostly overlaps that of the native chitosan. 

 

3.2.Morpho-structural analysis before and after corrosion 

Upon visual inspection (Figure 3s – supplementary data), no cracking or peeling of the 

coatings was observed before or after impregnation, despite conflicting results reported 

previously on the adhesion between chitosan and metal substrates [5, 36, 37]. Significant damage 

(peeling or cracking) to the coatings was only observed after long term immersion of the samples 

in the aqueous Na2SO4 solution (t > 3 days) and only in the vicinity of pre-existing metal defects. 
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This effect is more prominent in the case of native Chit coatings. A possible explanation for this 

good adhesion is the presence of trace amounts of zinc hydroxide and oxide on the substrate 

surface which can greatly improve adhesion [36].  

Atomic force microscopy measurements 

The effectiveness of the coating process was verified with atomic force microscopy.  

AFM images and height profiles show a homogenous coverage for both chitosan and 

AcAMT-impregnated chitosan coatings (Figure 3). The low surface roughness, which reaches a 

maximum at around 100 nm is significantly less than the layer thickness determined with UV-Vis 

spectroscopy (ca. 400 nm). This suggests a good coverage of the zinc substrates, protecting them 

from direct exposure to corrosive environments. 

After 3 days in a corrosive solution (Figure 4), the AcAMT impregnated samples retained 

their structural integrity. Native chitosan coatings, however, show notable signs of degradation 

with a highly increased surface roughness and even holes on the surface of the coating (Figure 4 

C). 

 Even if AcAMT cannot have a significant effect on the permeability of the chitosan 

coatings (ionic crosslinking cannot occur under the studied conditions due to it requiring multiple 

negative charges on the impregnating molecule), it protects the underlying zinc substrate, also 

preventing damage to the coating. 

 

3.3.Electrochemical study 

3.3.1. Polarization curves 

The linear and semilogarithmic polarization curves of all studied samples are presented in 

Figure 5 and the data obtained are summarized in Table 1.  
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The interpretation of polarization curves should take into consideration that the complex 

process of corrosion of the coated samples includes the swelling of the coatings by 

electrolyte/water intake, and even a possible adsorption/deposition of corrosion products on the 

coating surface. In addition, we need to take into consideration the fact that the Tafel curves 

reflect only the electrochemical activity of the exposed zinc surface, where the electrolyte 

permeates through the pseudo-pores of the chitosan coating, gaining access to the metal. In view 

of the above, determining electrochemical characteristics of the coated zinc samples is not 

completely rigorous with either AC or DC methods [5, 38], but even so, the interpretation of the 

polarization curves can provide valuable information on the anticorrosive properties of coated 

systems [5, 39]. 

3.3.1.1. Inhibition efficiency of studied systems 

The polarization resistance values of each system determined from EIS or linear 

polarization are in good agreement. Measurements done at both low and high overpotentials 

show similar results for bare Zn, bare Zn measured in the presence of 10-3M AcAMT solution, 

and chitosan-coated Zn, suggesting relatively weak corrosion resistance of these samples. On the 

contrary, impregnating the chitosan coatings with AcAMT has a significant anticorrosive effect, 

observed by the slope-hindering of the linear polarization curves and the decrease of the 

corrosion current densities of the semilogarithmic curves. Upon interpretation with the Stern-

Geary method, these initial observations were confirmed. The relatively low anticorrosive effect 

calculated for native chitosan coatings (IE = 64%) was attributed to the high permeability of the 

coatings, while the IE of 75% observed in the presence of the 10-3M AcAMT solution points to 

an insufficient concentration of inhibitor near the metal substrate for effective protection. Using 

the chitosan coatings to drive an increased amount of AcAMT through the pseudo-pores towards 

the metal surface increased the inhibition efficiency to 91%.  
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3.3.1.2. Effect of impregnation on the corrosion potential and pseudo-porosity of 

chitosan  

The corrosion potential of the Zn/Chit-AcAMT system shows a positive shift of 79 mV 

compared to that of bare Zn suggesting an ennoblement of the metal.  

The pseudo-porosity (calculated with equation (4)) of the coated samples (after 1 hour of 

OCP) was significantly lower (8%) than that of the native chitosan coatings (42%), suggesting 

that AcAMT has sealed the majority of the pores after adsorption on the metallic surface where it 

acted as a corrosion inhibitor.  

 

3.3.2. Electrochemical impedance spectroscopy  

To determine the corrosion rate for coated metals, an AC technique such as EIS has been 

proven to be more subtle than the DC technique of Tafel plotting. The Nyquist impedance 

diagrams for Zn, Zn/AcAMT, Zn/Chit and Zn/Chit-AcAMT systems are presented in Figure 6. 

All diagrams appear as depressed semi-circles, while a distinctive inductive loop was also 

observed for both chitosan-coated systems. It can be seen that after impregnation with AcAMT, 

the coating’s polarization resistance increased significantly. This is in good agreement with the 

data obtained from the polarization curves.  

The changes that occur to the coated systems over time were monitored by recording the 

impedance spectra during several days and by identifying the corresponding equivalent circuits 

(Figure 7). The suitability of the fitting was verified through the Chi2 values that were around 10-3 

or lower in all cases; the results are presented in Table 2.  

 

3.3.2.1. EIS study of Zn/Chit systems 
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For the Zn/Chit system, initially, an R(Q1R1(LR2)) equivalent electrical circuit gave the 

best fitting, with R representing the resistance of the electrolyte solution. R1 was attributed to the 

charge transfer resistance at the interface between the underlying zinc substrate and the 

electrolyte solution entering the chitosan matrix during the constant swelling of the polymer. The 

capacitance of the electric double layer was substituted with a Q1 constant phase element (due to 

the non-ideal behavior of the studied systems). The inductive portion of the impedance curves 

was attributed to the chitosan coatings’ behavior during the swelling process [5, 40]. Thus, the 

behavior of chitosan is represented in the equivalent circuit by an LR2 series, connected in 

parallel with the elements corresponding to the electron transfer on the zinc-electrolyte interface. 

It can be observed that, while being kept in the electrolyte solution, the corrosion resistance of the 

coated samples gradually decreased due to the increased permeability and degradation of the 

coatings. With the swelling of the chitosan reaching its end, the equivalent circuit is reduced to 

R(Q1R1) after 1 day of immersion. 

3.3.2.2.  EIS study of Zn/Chit-AcAMT systems 

For the impregnated Zn/Chit-AcAMT system, similar results were obtained, but the initial 

R1 resistance was significantly higher (7.78 kΩcm2) than in the case of native chitosan (2.05 

kΩcm2). Previous studies concluded that low amounts of a crosslinking agent cannot have a 

significant effect on the properties of chitosan coatings [5]. As only a small percentage of 

AcAMT has a negative charge at the studied parameters (pH = 5), we can conclude that AcAMT 

cannot have a significant crosslinking effect on the chitosan coatings. Thus, the increase in 

resistance points to significant accumulation of AcAMT in the chitosan coating ensuring an 

enhanced access of AcAMT to the metal surface, resulting in an increased protection efficiency. 

As in the case of the native chitosan coatings, the equivalent circuit was reduced to R(Q1R1) after 

1 day of immersion. 
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These results point to a good initial effect of the inhibitor that is diminished when exposed 

to the corrosive solution for a prolonged period of time. This is due to the leaching of AcAMT 

from the chitosan coatings in parallel with Na2SO4 diffusion into the polymer layer, which makes 

a corrosive attack possible. 

 Zn/Chit-AcAMT samples were also tested by removing them from the electrolyte solution 

after recording their impedance spectra and keeping them in air between measurements. This 

exposes the coatings to swelling-drying cycles, which could damage them significantly. 

However, during intermittent measurements over a period of 4 days, no damage was observed to 

the coatings and the anticorrosive resistance was preserved to a greater extent than in the case of 

the samples kept constantly in Na2SO4 (Figure 8). Swelling-drying cycles can induce degradation 

of the chitosan layer by producing cracks in the coating. The fact that the impregnated chitosan 

coating can be exposed to multiple swelling-drying cycles while retaining most of its resistance 

points to the retained flexibility and durability of the chitosan layer. 

 

4. Conclusions 

 

Chitosan coatings were applied to zinc substrates with the dip-coating method in an effort 

to enhance the anticorrosive effects 2-Acetylamino-5-mercapto-1,3,4-thiadiazole. The coating 

thickness and the AcAMT accumulation were studied by UV-Vis spectroscopy on coated glass 

and quartz substrates. The surface of the zinc samples before and after corrosion was analyzed by 

AFM. The anticorrosive effect of the coatings was investigated by electrochemical methods. 

AFM results showed a low surface roughness (ca. 100 nm) compared to the coating 

thickness (ca. 400 nm) and a good surface coverage from both the native Chit and the 
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impregnated Chit-AcAMT coatings. The Zn/Chit samples showed notable signs of degradation, 

while the Zn/Chit-AcAMT samples retained their structural integrity even after 3 days of 

exposure to a corrosive environment.  

Polarization studies proved a synergistic effect of AcAMT and chitosan, with the polymer 

coating channeling increased amounts (accumulation of ca. 380 times compared to the 

impregnating solution) of inhibitor to the zinc surface, resulting in an inhibition efficiency of 

>90%.  

Impedance spectroscopy studies showed a good initial effect from AcAMT impregnation, 

which becomes weaker at prolonged exposures to corrosive media. The stability of the coatings 

was considerably higher when they were kept in air and only exposed to the corrosive 

environment during intermittent measurements. 

Due to their non-toxic nature, and low requirement for raw material, Chit-AcAMT 

coatings can be successfully used in the temporary protection of zinc objects that require further 

processing at a later date. Once swollen, chitosan coatings are easily removable without 

damaging the metal substrate.  

Such coatings can also serve as good model systems to study the accumulation of 

negatively charged molecules inside a polymer matrix and the permeability of thin polymer films. 
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FIGURE CAPTIONS 

Figure 1. Molecular structure of protonated chitosan (A) and the deprotonation of the AcAMT 

molecule with the increase of pH (B)  

(Also see Figure 1s A and B – supplementary data) 

Figure 2 A: Calibration curves for AcAMT determined from aqueous solution with UV-Vis 

spectroscopy at 319 nm. Absorbance spectra of 50 μM AcAMT (inset) in an 

aqueous solution (continuous black line) and in an impregnated chitosan coating 

(dashed black line). 

B: Raman spectra of pure AcAMT powder, Zn, Chit and Chit-AcAMT after 

adjustments determined from coated zinc samples. 

Figure 3. AFM images (A, A1, B, B1) and height profiles (A2, B2) of the surface of Zn/Chit (A, 

A1, A2) and Zn/Chit-AcAMT (B, B1, B2) systems before corrosion 

Figure 4. AFM images (C, C1, D, D1) and height profiles (C2, D2) of the surface of Zn/Chit (C, 

C1, C2) and Zn/Chit-AcAMT (D, D1, D2) systems after 3 days of corrosion in a 0.2 g/L aqueous 

Na2SO4 solution.  

Some deposited crystals can be noticed on the surface, probably from Na2SO4 that has entered 

the chitosan matrix during swelling. 

Figure 5: Linear (A) and semi-logarithmic (B) polarization curves of Zn (●), Zn/AcAMT 

solution (∆), Zn/Chit (○) and Zn/Chit-AcAMT (▲) samples; Experimental conditions: 0.2 g/L 

aqueous Na2SO4 solution (pH =5), scan rate, 0.166 mV/s, OCP, 60 minutes. 
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Figure 6: Nyquist impedance spectra of Zn (●), Zn/AcAMT solution (∆), Zn/Chit (○) and 

Zn/Chit-AcAMT (▲) systems. Experimental conditions: 0.2 g/L aqueous Na2SO4 solution, (pH 

=5), frequency interval, 10 mHz - 10kHz, OCP, 60 minutes, amplitude, 10 mV 

Figure 7: A: Nyquist impedance spectra of Zn/Chit after different immersion times  

B: Nyquist impedance spectra of Zn/Chit-AcAMT after different immersion times 

I, II: Fitted equivalent circuits 

Immersion times: 1 hour - ●; 1 day - ○; 2 days - ●; 3 days - ▲; 4 days - ∆; all equivalent 

circuit fittings are noted with black lines. 

Experimental conditions: 0.2 g/L Na2SO4 solution, frequency interval, 10 mHz - 10kHz, OCP 60 

minutes, amplitude, 10 mV 

Figure 8: Nyquist impedance spectra of Zn/Chit-AcAMT system held in air between 

measurements, over a period of 4 days. Experimental conditions: 0.2 g/L aqueous Na2SO4 

solution (pH = 5), frequencies, 10 mHz - 10 kHz, OCP, 60 minutes (day 0), 10 minutes (days 1-

4), amplitude, 10 mV 
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TABLES 

 

Table 1. Corrosion parameters for various coated zinc samples determined with the Stern-Geary 

equation 

 

Sample Εcorr  

(V vs RE) 

(lin. pol) 

Εcorr
 

(V vs RE) 

bc
 

(V/dec) 

ba
 

(V/dec) 

icorr  

(µA / cm2) 

Rp 

(Ωcm2) 

(lin.pol) 

Rp 

(Ωcm2) 

(EIS) 

IE 

(%) 

Zn -0.975 -0.896 - 0.195 43.56 2002 1944 - 

Zn/AcAMT sol.  -0.975 -0.971 0.303 0.038 11.08 1151 1325 74.56 

Zn/Chit -0.936 -0.865 - 0.105 15.56 2315 2929 64.28 

Zn/Chit-AcAMT -0.884 -0.817 0.151 0.137 3.77 6676 8290 91.35 
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Table 2. Parameter values for Zn/Chit and Zn/Chit-AcAMT coated samples calculated by non-

linear regression of the impedance data using the equivalent electrical circuits from Figure 7 

 

Immersion 

time 

R 

(kΩcm2) 

R1 

(kΩcm2) 

Q1 

(μSsn) 

L 

(kH) 

R2 

(kΩcm2) 

Chi2 

Zn/Chit 

1 hour 0.231 2.05 108.40 27.33 5.50 7.62 × 10-3 

1 0.065 1.29 226.90 - - 6.82 × 10-3 

2 0.059 0.98 297.40 - - 1.86 × 10-3 

3 0.036 0.71 398.10 - - 1.41 × 10-3 

4 0.040 0.68 493.40 - - 1.71 × 10-3 

Zn/Chit-AcAMT 

1 hour 0.208 7.78 22.67 50.22 20.58 4.27 × 10-3 

1 0.116 1.40 250.60 - - 9.27 × 10-4 

2 0.139 0.91 467.20 - - 5.60 × 10-4 

3 0.050 0.82 462.20 - - 1.39 × 10-3 

4 0.067 0.84 530.60 - - 2.31 × 10-3 
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APPENDICES 

-supplementary material- 

 

 

 

 

 

 

 

 

  

Abbreviations and symbols used 

OCP open circuit potential 

i, icorr current density and corrosion current density 

E, Ecorr potential and corrosion potential 

bc, ba cathodic and anodic Tafel coefficient 

RP polarization resistance 

IE inhibition efficiency 

Zi imaginary part of the complex impedance 

Zre real part of the complex impedance 

R resistance 

Q electric charge 

L electric inductance 

AFM atomic force microscopy 

Chit chitosan 

AcAMT 2-Acetylamino-5-mercapto-1,3,4-thiadiazole 
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Figure 1s: pH dependence of the charge of 2-Acetylamino-5-mercapto-1,3,4-thiadiazole (A) and 

a chitosan molecule with a molar mass of 1526.46 g/mol (B) 

Source: chemicalize.com, accessed on 06.06.2019. 
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Figure 2s: Transmittance spectra of glass and chitosan-coated glass, fitted curve to determine 

layer thickness and refractive index (inset). Experimental conditions: wavelength range 350-

1100 nm 
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Figure 3s: Visual inspection of Zn/Chit and Zn/Chit-AcAMT samples before and after 3 days 

of exposure to 0.2 g/L Na2SO4 solution 

The color observed in the case of the coated samples is due to thin layer interference 

phenomenon.  
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Highlights 

 Zn substrates were coated with thin layers of chitosan 

 2-Acetylamino-5-mercapto-1,3,4-thiadiazole (AcAMT) was accumulated in the coating 

 Anticorrosive protection efficiency of the system was verified by multiple methods 

 The Chit-AcAMT coating provides good protection with >90% inhibition efficiency 

 Chit-AcAMT is an eco-friendly, low cost choice in the temporary protection of Zn 

 

 




