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In this paper, the synthesis of PKA-1 brand oligomeric corrosion inhibitor based on polyethylene polyamine (PEPA) and 
crotonaldehyde has been done. In this synthesis, it is observed that the reaction efficiency is high when the molar ratio of the 
initial substances is 1:1 and the temperature is 50°C. The duration of the reaction is 2 h and dimethylformamide is used as a 
solvent. The structure of this synthesized compound has been studied by IR-spectrum methods. The inhibitory properties of 
the obtained PKA-1 brand corrosion inhibitor have been studied in the prevention of hydrogen sulfide corrosion of steel 
materials by gravimetric and electrochemical methods at different temperatures and time and at different concentrations of 
50 mg/L, 75 mg/L, 100 mg/L and 150 mg/L. According to the obtained results, the inhibition efficiency increased as the 
inhibitor concentration increased, and the efficiency was 94.3% in OW (oil-water)+H2S (400 mg/L) medium at a 
concentration of 150 mg/L. Also, the thermodynamic and kinetic parameters of the adsorption mechanisms of this corrosion 
inhibitor on the steel surface are studied, and the adsorption of this corrosion inhibitor on the steel surface is studied using 
Temkin, Frumkin and Langmuir isotherms. According to the results, it was found that the adsorption process proceeds 
according to the Langmuir isotherm. In addition, the surface morphology of steel is studied and analyzed with the help of 
scanning electron microscope and atomic force microscope. 
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Introduction 
Despite the availability of corrosion inhibitors, 

there is an urgent need for effective inhibitors for the 
protection of metals against corrosion in various 
corrosive environments1–3. A corrosion inhibitor is a 
compound that is added in low concentrations to a 
corrosive solution to reduce and/or minimize the 
corrosion rate4-6. This effect is attributed to the 
adsorption of inhibitor particles on the metal surface 
resulting in the layer formation7,8. According to the 
results of international research conducted by NACE 
(IMPACT 2016), the annual economic damage of the 
corrosion process worldwide is 2.5 trillion US. It is 
concluded that, if we analyze this figure in each 
country section, it is about 3.4% of the average gross 
domestic product of each country9. The results of 
many years of scientific research carried out by world 
scientific community show that the environment 
should be taken into account when choosing corrosion 
inhibitors, and that the use of compounds containing 
nitrogen and sulfur and substances based on them is 
more effective for acidic environments. In addition, 

such as aldehydes, thioaldehydes, including various 
alkaloids, such as papaverine, strychnine, quinine, and 
nicotine, have been proven to be highly effective 
corrosion inhibitors and meet the requirements for 
corrosion inhibitors. Many researchers show that the 
use of corrosion inhibitors based on benzoates, 
nitrites, and inhibitors based on them, as well as 
chromates and phosphates, have a high inhibition 
efficiency for alkaline and acidic solutions10,11.  

In the oil and gas production industry, iron atoms 
in steel form Fe2+ ions, and these ions lead to forming 
derivatives of corrosion products with oxygen, 
hydrogen sulfide, or carbon dioxide. The extra 
electrons pass from the anode to the cathode, where 
water is reduced to form hydroxo ions. If there is no 
oxygen at the cathode, hydrogen ions turn into 
hydrogen gas. The anode and cathode regions are 
points where the electric potential differs. During the 
process, due to the formation of salts, electrolytes 
usually become electrolytes with higher electrical 
conductivity than water12,13. The main sources of 
corrosion in the oil and gas industry are hydrochloric 
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acid and its aqueous solutions, and they lead to 
hydrogen sulfide also carbon dioxide corrosion14. In 
the oil and gas industry, during the drilling and 
extraction processes, a corrosive environment is 
formed during treatment with acidic (HCl, HF, HNO3, 
H2SO4, H3PO4, NH2SO2OH) and other solutions15,16. 
The most effective ways to prevent and control 
corrosion of structures based on different grades of 
steel are the development of coatings, cathodic 
protection, and corrosion inhibitors17. 
 
Experimental Section 
 

Preparation of solutions and steel sample 
The experiments were carried out with samples of 

carbon steel grade St20, having a chemical 
composition (wt.%): 0.24 C, 0.37 Si, 0.65 Mn, ~0.04 
S, ~0.04 P, ~0.25 Ni , ~0.25 Cr, ~0.25 Cu, ~0.08 As, 
and ~98 Fe. Sodium sulfide and hydrochloric acid 
were used to create a hydrogen sulfide environment 
under laboratory conditions, and their concentration 
was measured by the iodometric titration method.  
The concentration of H2S in the resulting working 
solution was (400 mg/L). Practical experiments were 
mainly carried out in hermetic devices with a capacity 
of 1000 mL. 
 
Synthesis of PKA-1 oligomeric brand corrosion inhibitor 

A chemical compound with the following formula 
was synthesized using polyethylene polyamine and 
crotonaldehyde (1:1) in the presence of 
dimethylformamide solvent when mixed at 50°C for  
2 h as shown in Scheme 1. The obtained reaction 
mixture was cooled to room temperature and left for 

24 h. The importance of the temperature and the mole 
ratio of the initial materials on the reaction yield was 
studied as shown in Table 1. This reaction has been 
carried out with the highest yield at a temperature of 
50°C and a 1:1 mole ratio of the initial materials. The 
resulting product is a hard polymeric solid, soluble in 
alcohol and acetone, insoluble in water at normal 
temperature, but soluble at a slightly higher 
temperature. 
 
Characterisation techinques 

The functional groups of the synthesized PKA-1 
corrosion inhibitor was studied using IR-spectrometer 
technology (IQ-Fure, SHIMADZU, Japan). A CS350 
potentiostat-galvanostat was used to investigate the 
corrosion of steel St20. Weight loss measurements 
were carried out in a 1000 mL vessel without  
inhibitor and at different concentrations of PKA-1 
inhibitor (50, 75, 100 and 150 mg/L) and at different 
times (24, 240 and 720 h). Oil water, OW+H2S  
(400 mg/L) and OW+ CO2 (105 Pa) media were 
selected as corrosive media. For electrochemical and 
gravimetric studies, steel plates measuring 
1.0×3.5×0.1 cm were obtained from St20 steel. The 
oxide layer on the steel surface was removed by 
abrasive papers with from 400 to 1200 grades. The 
other organic contaminations and impurities were 
removed by acetone solvent. 

SEM-YEVO MA 10 (Zeiss, Germany) was used to 
study the surface morphology of our metal samples. 
In this case, it is possible to obtain information such 
as the surface structure (external morphology), 
chemical composition, orientation of components, as 

 
 

Scheme 1 — Synthesis of PKA-1 brand corrosion inhibitor 
 

Table 1 — Effect of temperature on the formation of corrosion inhibitor PKA-1 based on PEPA and crotonaldehyde 
Mole ratio of PEPA and crotonaldehyde Temperature (°C) Yield (%) Temperature (°C) Yield (%) 

1:1 
1:2 
2:1 

50 96.51 
92.12 
87.61 

30 89.24 
82.05 
72.62 
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well as the crystal structure of the sample from the 
signals obtained from the electronic interaction of the 
analyzed sample. AFM-Agilent 5500 (Agilent, USA) 
was used with 145 with a hardness of 9.5 N/m2 at a 
speed of up to 2.5-2.5-1 and 2.5-2.5-1 and 2.5-2.5-1 
microns for studying the topography of the surface 
along the X-Y-Z axes of the St20 sample A silicon 
cantilever with kHz frequency was used18 
 
Results and Discussion 
 
Characterisation 
 

IR spectroscopic analysis of corrosion inhibitor PKA-1  
The IR spectrum of the synthesized PKA-1 (Fig. 1) 

displays absorption bands characteristic of its 
polyamide and vinyl-derived structure. The broad 
band at 3365 cm⁻ 1 corresponds to N–H stretching 
vibrations of primary and secondary amines. Peaks at 
2935 cm⁻ 1 and 2860 cm⁻ 1 are assigned to aliphatic  
C–H stretching in –CH2– and –CH3 groups. A sharp, 
intense band at 1698 cm⁻ 1 is indicative of amide 
C=O stretching, confirming the formation of 
polyamide bonds via condensation with vinyl 
aldehyde. The 1555 cm⁻ 1 band is attributed to N–H 
bending (amide II) and/or C=C stretching of 
conjugated systems. Bands at 1452 cm⁻ 1 and 1384 
cm⁻ 1 are due to CH2 and CH3 bending vibrations. 
The signal at 1265 cm⁻ 1 likely corresponds to C–N 
stretching of amide or amine groups. The 1152 cm⁻ 1 
and 1027 cm⁻ 1 bands arise from C–O–C and C–N 
vibrations, respectively. The out-of-plane C–H 

deformation of substituted vinyl groups is observed at 
892 cm⁻ 1 and 784 cm⁻ 1, while the 657 cm⁻ 1 band is 
attributed to N–H wagging or skeletal deformation of 
amine functionalities. 
 
Corrosion rate and inhibition efficiency  

The inhibition efficiency and corrosion rate (K), 
also, weight loss (X) were determined based on the 
following formule: 	ܭ = (௠భି௠మ)∙ଵ଴଴଴ௌ∙ఛభ  [g/m-2·day]  … (1) 	Х = К೔೙೓Кబ ∙ 100, Z=100 – X, %  … (2) 

Where, m1 is the initial weight (g) of the sample, 
m2 is the weight (g) of the metal sample after 
exposure, S is the surface area of the sample taken for 
the practical experiment, t1 is the exposure time (h). 

From the data presented in Table 2, for 24 h, the 
level of protection of corrosion inhibitor PKA-1 in 
OW + H2S (400 mg/L) was found to be 81.3% at a 
concentration of 50 mg/L. From the data presented in 
Table 3, it follows that the level of protection of PKA-
1 corrosion inhibitor in OW + H2S (400 mg/L) was 
82.3% at a concentration of 75 mg/L. Table 4 shows 
that the corrosion rate was high in aggressive 
environments where no corrosion inhibitor was used, 
and the protection level of PKA-1 corrosion inhibitor 
in OW + H2S (400 mg/L) with a corrosion inhibitor 
was 85.3% at a concentration of 100 mg/L. From  
the  data  presented  in Table 5,  we  can  see  that  the  

 
 

Fig. 1 — IR-spectrum of the corrosion inhibitor PKA-1 
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Table 2 — Protection level Z (%) on St20 steel using corrosion inhibitor of concentration 50 mg/L 

t (h) Indicators Protection level Z ( %) 

Oil water (OW) OW + H2S (400 mg/L) OW + СО2 (105 Pа) OW + H2S (400 mg/l) + СО2 (105 Pа) 
24 К0 0.413 0.721 0.351 0.586 

К 0.072 0.135 0.0635 0.116 
Z 82.6 81.3 81.9 80.2 

240 К0 0.169 0.245 0.112 0.256 
К 0.0285 0.045 0.0197 0.049 
Z 83.1 81.6 82.4 80.9 

720 К0 0.0565 0.0989 0.0576 0.134 
К 0.0104 0.019 0.0108 0.027 
Z 81.5 80.7 81.2 79.8 

 

Table 3 — Protection level Z (%) on St20 steel using corrosion inhibitor of concentration 75 mg/L 

t (h) Indicators Protection level Z ( %) 

Oil water (OW) OW + H2S (400 mg/l) OW + СО2 (105 Pа) OW + H2S (400 mg/l) + СО2 (105 Pа) 
24 К0 0.431 0.728 0.387 0.612 

К 0.066 0.125 0.065 0.111 
Z 84.7 82.8 83.2 81.9 

240 К0 0.327 0.595 0.309 0.382 
К 0.048 0.098 0.049 0.067 
Z 85.3 83.5 84.1 82.5 

720 К0 0.208 0.305 0.223 0.297 
К 0.034 0.056 0.040 0.057 
Z 83.6 81.6 82.06 80.8 

 

Table 4 — Protection level Z (%) on St20 steel using corrosion inhibitor of concentration 100 mg/L 

t (h) 
Indicators 

Protection level Z (%) 

Oil water (OW) OW + H2S (400 mg/L) OW + СО2 (105 Pа) OW + H2S (400 mg/L) + СО2 (105 Pа) 
24 К0 0.453 0.711 0.392 0.598 

К 0.057 0.101 0.054 0.092 

Z 87.4 85.8 86.2 84.6 

240 К0 0.324 0.521 0.271 0.397 
К 0.0385 0.071 0.0346 0.058 

Z 88.1 86.3 87.2 85.3 

720 К0 0.211 0.351 0.151 0.267 
К 0.0286 0.052 0.0214 0.042 
Z 86.4 85.2 85.8 84.2 

 

Table 5 — Protection level Z (%) on St20 steel using corrosion inhibitor of concentration 150 mg/L 
t (h) 

Indicators 
Protection level Z (%) 

Oil water (OW) OW + H2S (400 mg/L) OW + СО2 (105 Pа) OW + H2S (400 mg/L) + СО2 (105 Pа) 
24 К0 0.413 0.671 0.381 0.613 

К 0.027 0.059 0.028 0.058 

Z 93.4 91.2 92.6 94.3 

240 К0 0.331 0.532 0.283 0.379 
К 0.0188 0.038 0.0195 0.0329 

Z 94.3 92.8 93.1 91.4 

720 К0 0.211 0.351 0.173 0.275 
К 0.015 0.033 0.015 0.031 
Z 92.8 90.6 91.5 88.6 
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corrosion rates were at high values in the aggressive 
environments where the corrosion inhibitor was not 
used, and then the corrosion rate slowed down and the 
level of inhibition increased in the environments 
where the corrosion inhibitor was used. The level of 
protection of corrosion inhibitor PKA-1 in OW + H2S 
was 91.2% at a concentration of 150 mg/L.  
 
Electrochemical measurements 

Corrosion kinetic parameters such as Ecorr, Icorr, βa, βc 
and percentage inhibition efficiency (%IE) obtained 
from the curves are recorded in Table 6 and 7. %IE is 
calculated by the following equation. 

%IE = (1 − Iinh/Iuninh)×100 … (3) 

where Iuninh and Iin are corrosion current densities in 
non-inhibited and inhibited in the presence of  
PKA-1. It is clear that from the functions listed in 
Table 6, with increasing concentration of PKA-1, it 
can be seen that: the values of βa and βc are practically 
unchanged.  
 
Potentiodynamic polarization analysis 

potentiodynamic polarization (PDP) analyses  
were applied to test the inhibition behaviour of the 
studied steel working electrode in an aggressive 
medium and an inhibited environment (Figs 2 & 3). 
The corrosion current density (݅௉஽௉௢ ) in the corrosive 
medium and (݅௉஽௉௜ ) in the inhibited medium were 
calculated to calculate the inhibition efficiency 
(η௉஽௉	ܽݐ	%) (Eq. 4)19  η௉஽௉,% = ௜ುವು೚ ି௜ುವು೔௜ುವು೚ × 100%  … (4) 

This indicates that PKA-1 is mixed-type inhibitor. 
This type of inhibitor works by adsorbing both anodic 

and cathodic sites on the surface of St20 carbon steel 
and thus delays the anodic dissolution of St20 and the 
cathodic H2 evolution reaction. The Ecorr values are 
not affected by the addition of PKA-1 inhibitor, the 
Icorr values decrease, which indicates the inhibitory 
effect of molecules. Thus, the %IE values increase by 
increasing the amount of PKA-1 inhibitor particles 
attached to the surface of St20 carbon steel20,21. 
 
Determination of activation thermodynamic parameters 

Knowing the thermodynamic energy of the system 
is very important in determining the mechanisms of 
action of the corrosion inhibitor. Based on this, we 
can say that the energy of the thermodynamic system 
in which corrosion is occurring is measured in cases 
with and without an inhibitor taken at different 
concentrations. For this, it is found by applying the 
Arrhenius equation as follows. ܣ=ܴܥexp(

ି୉ୟୖ୘ )  … (5) 

Where, Ea is the activation energy expressed  
in kJ/mol, R is the universal gas constant value of 
8.314 J/mol K, T is the temperature expressed in K,  
 is the pre-exponential coefficient22. 

If we compare the activation energy (Ea) of the 
solutions with an inhibitor to the solution without the 
inhibitor, we can see that Ea increases as a result of 
the addition of the inhibitor to the solution, and the 
activation energy also increases with the increase in 
the concentration of the inhibitor in the solution. A 
high activation energy causes physical adsorption, and 
if it does not change or becomes less, it causes 
chemical adsorption23,24. 

As the inhibitor concentration increased, the 
activation energy (Ea) values also increased dramatically.  

Table 6 — Corrosion parameters determined according to the PDP of carbon steel St20 in uninhibited oil water solutions and taking into 
account various concentrations of PKA-1 

PKA-1 concentration Corrosion parameter 

βа (mV dec-1) βc (mV dec-1) Ecorr (mV) (SCE) Icorr × 10-4 (mA cm-2) IE (%) 
Without inhibitor 115 139 -0.573 1.66 – 

50 mg/L 113 140 -0.569 0.424 82.01 
75 mg/L 112 141 -0.567 0.418 84.12 

100 mg/L 116 143 -0.565 0.379 87.14 
150 mg/L 117 145 -0.561 0.348 92.81 

 

Table 7 — Corrosion parameters determined according to the PDP of carbon steel St20 in uninhibited oil water +H2S(400 mg/L) 
solutions and taking into account various concentrations of PKA-1 

PKA-1 concentration Corrosion parameter 

βа (mV dec-1) βc (mV dec-1) Ecorr (mV) (SCE) Icorr × 10-4 (mA cm-2) IE (%) 
Without inhibitor 114 136 -0.576 1.68 – 

50 mg/L 112 138 -0.571 0.418 80.2 
75 mg/L 111 140 -0.566 0.409 81.9 

100 mg/L 115 141 -0.561 0.385 84.21 
150 mg/L 116 144 -0.558 0.352 93.16 
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Fig. 2 — Potentiodynamic polarization plots of the steel samples after 24 h immersion in the oil water solutions without (Blank) and with
different concentration of PKA-1 
 

 
 
Fig. 3 — Potentiodynamic polarization plots of the carbon steel samples after 24 h immersion in the oil water+H2S (400 mg/L) solutions 
without (Blank) and with different concentration of PKA-1 
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Therefore, in preventing corrosion, the primary 
function of the inhibitor is physical adsorption on the 
metal surface. From the large negative values of the 
entropies, we can see that the rate-determining step of 
corrosion, i.e., active complex formation, involves 
association rather than dissociation, which leads to a 
decrease in disorder25,26. In Fig. 4, Arrhenius plots 
were studied and used to determine activation energy 
values. The optimal concentration of PKA-1 corrosion 
inhibitor OW + H2S (400 mg/L) in the environment 
was found to be 150 mg/L. The values of Ea obtained 
on the basis of Arrhenius graphs and data given in 
Table 8 show that two layers are formed on the 
surface of annealing St20 steel. Therefore, the value 
of ܽܧ is high in solutions with added inhibitor, this 
value increases with the increase of inhibitor 
concentration, and the activation energy of the system 
also increases, increasing the inhibition efficiency. 

Positive values of ∆Н indicate that the melting 
process of St20 steel is endothermic. It should be 
noted that ∆Н is 32.12 kJ/mol in the medium without 

inhibitor, with the addition of inhibitor to the solution, 
the value of ∆Н increases with the increase of 
inhibitor concentration; for example, 46.81 kJ/mol at 
50 mg/L, 69.40 kJ/moL at 75 mg/L, 91.66 kJ/mol at 
100 mg/L, and 101.91 kJ/mol at 150 mg/L, of 
corrosion inhibitor PKA-1 which confirms that it 
maximally reduced the melting of St20 steel. 

Also, in solutions without an inhibitor, the value of 
∆S was -39.22 kJ/(mol·K), and with the introduction 
of an inhibitor into the system and its concentration 
increasing, its value was 84.18 J/mol (Table 8). As the 
concentration of PKA-1 corrosion inhibitor increases, 
the enthalpy value also decreases. In this case, a 
positive enthalpy value means that heat is absorbed. 
 
Adsorption isotherm 

The process of adsorption is desorption of water 
molecules by adsorbing inhibitor molecules on the 
metal surface, and this process can also be described 
as an exchange process. From this, we can see that the 
inhibitor is adsorbed on the metal surface and covers 

 
 

Fig. 4 — Arrhenius plot for activation energy of PKA-1 inhibitor in OW + H2S (400 mg/L) solution 
 

Table 8 — Kinetic and thermodynamic parameters of PKA-1 inhibitor in OW + H2S (400 mg/L) solution 

Parameter Without inhibitor 
PKA-1 concentration (mg/L) 

50 75 100 150 
Ea (kJ/mol) 40.30 48.14 70.12 92.53 105.56 
∆Н (kJ/mol) 32.12 46.81 69.40 91.66 101.91 
∆S kJ/(mol·К) -39.22 -19.35 48.22 61.20 84.18 
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the surface (θ) as the inhibitor concentration 
increases, the surface is covered to a higher degree 
and the efficiency increases. θ is a quantity indicating 
the effectiveness of the inhibitor and is taken as 100. 
To describe this process, the following adsorption 
isotherms of inhibitor were studied27. 

Langmuir: 	஼౟౤ౝఏ = ଵ௄ೌ೏ೞ +  ୧୬୥  … (6)ܥ

Frumkin:		 ఏ೒ೝೌೡଵିఏ೒ೝೌೡ (௚௥௔௩ߠ2݂−)݌ݔ݁ =  ௜௡௚  … (7)ܥ௔ௗ௦ܭ

Temkin: 	݁݌ݔ(݂ߠ௚௥௔௩) =  ௜௡௚  … (8)ܥ௔ௗ௦ܭ

Where, Сing is the concentration of the inhibitor in 
the solution (mg/L), θ-full coverage, Kads-adsorption 
equilibrium constant. 

The standard free energy of adsorption (ΔG°ads) is 
calculated by the following Eq. (8). ∆ܩ௔ௗ௦௢ = ௔ௗ௦௢ܪ∆ − ܶ∆ܵ௔ௗ௦௢  

Where, R is the universal gas constant, T is the 
absolute temperature in Kelvin, and ρW is the density 
of water in g/L. The values of Kads and ΔG°ads are 
calculated using the above isotherm equations. 

A negative value of ΔG°ads indicates that the 
adsorption has reached a high peak. The value of 
ΔG°ads showed a range of -40.5 kJ mol-1 and -43 kJ 
mol-1 for the Langmuir adsorption isotherm. The  
value of ΔG°ads for the Temkin isotherm is between  
-32 kJ mol-1 and -40 kJ mol-1. The value of ΔG°ads  
- 40 kJ mol-1 is the equilibrium state of chemical  
and physical adsorption. If the value of ΔG°ads is  
up to -20 kJ mol-1, it is considered to represent 
physisorption, if the value of ΔG°ads is more negative 
than -40 kJ mol-1, it is considered to represent 
chemical sorption. Langmuir, Frumkin and Temkin 
isotherms of corrosion inhibitor PKA-1 in OW+H2S 
(400 mg/L) medium were obtained8 and plotted in  
Fig. S1 (Supplementary Information). 

When studying the adsorption isotherms of 
corrosion inhibitor PKA-1, it can be concluded that the 
value of the correlation coefficients for the Frumkin 
(Fig. S1b) isotherm were 0.975, 0.9605, 0.9909 and 
0.9899. The value of the correlation coefficients for the 
Temkin isotherm (Fig. S1c) were 0.9179, 0.9229, 
0.9158 and 0.9213. It follows that the values of the 

correlation coefficients based on the Frumkin and 
Temkin isotherms are significantly different from 1, 
indicating that the PKA-1 brand corrosion inhibitor 
does not obey both of the above isotherms in the OW + 
H2S (400 mg/L) environment. However, the value of 
the Langmuir isotherm showed values higher than 
0.99, which shows us that the process is completely 
based on the Langmuir isotherm and is consistent with 
the data obtained on the basis of practical experiments 
in the calculation of thermodynamic parameters. 

The Gibbs energy of the process was found using 
the values of the adsorption equilibrium constant 
(Kads) at different temperatures using the Langmuir 
isotherm. 

As shown in Table 9, the standard adsorption 
enthalpy ∆ܪ௔ௗ௦௢  has a negative value (-13.15 kJ/mol), 
confirming that the adsorption of PKA-1 on carbon steel 
in OW + H₂S (400 mg/L) solution is an exothermic 
process. Furthermore, the negative value of the standard 
adsorption entropy ∆ܵ௔ௗ௦௢ = -112.3 J/mol·K suggests 
that the adsorption film formed in this medium is 
highly stable. This stability arises from the inhibitor 
replacing the pre-adsorbed water molecules on the 
metal surface. From this, it can be concluded that  
this process fully corresponds and confirms the 
mechanism of inhibition. 
 
SEM and AFM analysis 

SEM and three dimensional AFM micrographs are 
provided from the surface of mild steel samples 
exposed to the OW+H2S (400 mg/L) solutions 
without and with inhibitor to characterize the surface 
degradation26 

Steel samples with dimensions of 3.2×2.4 ×1.8 cm 
were treated with sandpaper of different brands 
(No.400 - No.1200). Samples after treatment were 
placed in solutions with different concentrations of 
inhibitors and without inhibitors for 240 h. As can be 
seen from Fig. S2 (Supplementary information) the 
effectiveness of the corrosion inhibitor at a 
concentration of 150 mg/L is high28,29. 

The AFM micrographs and the corresponding 
roughness values for the mild steel specimens 
immersed in the OW + H2S (400 mg/L) solutions 

Table 9 — Thermodynamic parameters of adsorption of PKA-1 inhibitor in OW + H2S (400 mg/L) solution obtained by Langmuir isotherm 
Temperature (K) ܭ௔ௗ௦ (M–1) ∆ܩ௔ௗ௦௢  (kJ/mol) ∆ܪ௔ௗ௦௢  (kJ/mol) ∆ܵ௔ௗ௦௢  (J/mol K) 

303 129.11 –19.2 -13.15 -112.3 
313 142.31 –20.18 
323 167.8 –22.76 
333 219.17 –25.1 
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without and with 150 mg/L PKA-1 are shown in  
Fig. S3. Results show that the roughness values in the 
presence of inhibitor are much lower than the one in 
the absence of inhibitor, reflecting the protective layer 
formation on the metal surface which inhibits the iron 
dissolution and surface damage. 

In Fig. S3a, St20 steel surface is studied and 
analyzed at 4.5 x 4.5 mm, we can see that the size of 
the convex peaks in the solution without inhibitor is 
about 350 nm, while the size of the depressions is and 
it was 135 nm. It follows that the values of the concave 
and convex dimensions are high at this level, which 
means that the peaks are at a high level of corrosion. In 
Fig. S3b, in the inhibitor solution, the value of the 
convex peaks decreased from 350 nm to 100 nm, and 
the concave decreased from 135 nm to 60 nm. It is 
known that the surface of the annealed steel sample is 
significantly less convex than the surface of the non-
annealed steel sample. It can be concluded that the 
inhibitors adsorbs on the surface and protects the 
surface against aggressive environments30-34. 

The research also evaluated different corrosion 
inhibitors based on their effectiveness in safeguarding 
carbon steel, highlighting their protection levels, 
molecular structures, and essential properties. The 
study examined the effectiveness of polyethyleneimine 
(PEI) as a corrosion inhibitor for ASTM 420 stainless 
steel in a 3% aqueous NaCl solution35. In another 
report HPAE-OHs, a third-generation hyperbranched 
polymer, as a green, cost-effective corrosion inhibitor 
is reported for Q235 steel in 1 M HCl. Synthesized via 
a simple solvent-free process, HPAE-OHs achieves 
94.9% inhibition efficiency at 100 mg L-1 within 24 h, 
as confirmed by weight-loss tests36. The oxidation of 
water-oil mixtures due to CO₂, H₂S, or carboxylic acids 
accelerates steel corrosion. The efficiency of synthesized 
inhibitors based on oil and polyethylene polyamines 
with imidazolines were reported. At 80°C, in a mixture 
of 3% NaCl solution (200 cm³), oil (800 cm3), and acetic 
acid (0.5–3.0 g/dm3), an inhibitor dose of 50 mg/dm3 
achieved 90–92% corrosion protection37. 

In contrast, PKA-1 exhibits a superior protection 
degree of 93.16%, making it the high effective  
among those compared. PKA-1 inhibitor is economic 
efficiency, combined with its environmentally friendly 
nature, distinguishing it from the primarily aromatic 
inhibitors. PKA-1’s dual mechanism of physical and 
chemical adsorption, facilitated by multiple amine and 
imino groups, provides corrosion protection, making it 
a superior choice for protecting St20 steel in CO2 and 

H2S environments. PKA-1 is the cost-effectiveness and 
high protection efficiency, underscores its potential as 
an excellent corrosion inhibitor.  
 
Conclusion 

Inhibition properties of the compound synthesized on 
the basis of polyethylene polyamine and crotonaldehyde 
were studied in hydrogen sulfide environments. Its 
inhibition efficiency was studied by gravimetric and 
electrochemical methods. According to the results, its 
inhibition efficiency was 94.3%. The adsorption process 
of this PKA-1 brand corrosion inhibitor on the steel 
surface follows the Langmuir isotherm. In addition, the 
surface morphology studies indicated that for in steel 
surface coated with PKA-1 inhibitor, corrosion is very 
less compared to those without inhibitors. 
 
Supplementary Information 

Supplementary information is available on the 
website http://nopr.niscpr.res.in/handle/123456789. 
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