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The use of polymers as corrosion inhibitors has attracted much attention due to their low prices, 

inherent stability, availability and cost-effectiveness. The corrosion inhibiting effect of 

poly(sodium-4-styrenesulfonate) on carbon steel in phosphoric acid solution has been investigated 

using weight loss and scanning electron microscopy techniques (SEM) and theoretical calculations 

based on density functional theory (DFT). In the presence of 1.0×10-3 mol/L of inhibitor, a 

maximum inhibition effect of 98.06 % was observed. The influence of the concentration of the 

inhibitor, the temperature of the solution and the immersion time on the corrosion of carbon steel 

was investigated. Activation parameters such as activation energy (Eact), activation enthalpy (ΔHact), 

activation entropy (ΔSact), heat of adsorption (Qads) and adsorption free energy (ΔGads) were 

evaluated based on the effect of temperature on the corrosion and inhibition processes. It was found 

that the adsorption behaviour of poly(sodium-4-styrenesulfonate) (PSS) follows the Langmuir 

isotherm and the free energy change values indicate mixed chemical and physical adsorption on the 

carbon steel surface. The results obtained with the different methods agree well. 

________________________________________________________________________________ 

Introduction 

Carbon steel is used in various industries 

due to its cost effectiveness and high 

mechanical strength [1-2]. It is highly 

susceptible to corrosion when exposed to 

oxygen under extreme service conditions such 

as chemical contamination and moisture. This 

phenomenon of degradation causes enormous 

safety and economic losses in the form of lost 

production, replacement of corroded parts, 

accidents and public risks, especially in industry 

[3]. Various efforts have been made in the past 

to reduce the unfavourable reactions, mainly by 

common industrial developments such as acid 

pickling, acid descaling and acid cleaning, and 

the use of corrosion inhibitors is one of the best 

methods. Phosphoric acid is used in various 

industries such as chemical and electrolytic 



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2022, VOLUME 10, ISSUE 01)  

71 

 

polishing and oxide layer removal. On the other 

hand, phosphoric acid is known to be highly 

corrosive to ferrous materials, so it is necessary 

to limit or protect the attack on metallic 

materials. The effectiveness of inhibition 

depends on several variables, such as the 

chemical structure of the inhibitor and its 

quantity in the medium, the composition and 

type of metal, the aggressive electrolyte, the 

temperature and the immersion time. In 

addition, it also depends on the number of active 

adsorption centres in the molecule, its 

adsorption capacity and its electronic structure. 

Organic compounds containing polar functional 

groups with nitrogen, oxygen and/or sulphur in 

conjugated systems are generally used as 

corrosion inhibitors to reduce the corrosion rate 

of metals in acidic media [4-6]. Corrosion 

inhibition of these organic compounds is mainly 

observed by physical or chemical adsorption, 

which results from the interaction of the polar 

centres of the inhibitor with active sites on the 

metal surface [7-9]. Polymeric corrosion 

inhibitors have recently become widely used for 

the following reasons: They are considered 

environmentally friendly organic compounds, 

they are available, inexpensive and stable on the 

surfaces of metallic materials in corrosive 

environments, and they have multiple 

adsorption sites due to cross-functional groups. 

Previous work in the literature has reported 

some polymers that can be used as corrosion 

inhibitors for carbon steel in corrosive media 

[10-19]. Polymers such as gum tragacanth [10], 

polyaspartic acid [11], diamine-aromatic epoxy 

prepolymers [12], soy polymer and 

polyvinylpyrrolidone [13, 14], povidone-iodine 

[15], pentaglycidyl ether pentabisphenol A of 

phosphorus [16], sodium polyacrylates [17], 

gelatinous protein [18], maltodextrin and 

chitosan [19]. As an extension of the studies 

conducted on the use of polymers as corrosion 

inhibitors for carbon steel in acidic medium, we 

have investigated the use of poly(sodium-4-

styrenesulfonate) as a corrosion inhibitor for 

carbon steel in phosphoric acid using various 

techniques; weight loss, (WL) scanning electron 

microscopy (SEM) and density functional 

theory (DFT). 

Experimental 

Materials and methods 

The composition of carbon steel used in 

this work was (in % by weight): C: 0.37 %, Mn: 

0.68 %, Cu: 0.16 %, Cr: 0.077 %, Ni: 0.059 %, 

Si: 0.023 %, S: 0.016 %, Ti: 0.011 %, Co: 0.009 

% and the remaining part was Fe. The solution 

of 0.33 M phosphoric acid was prepared by 

diluting H3PO4 (85 %, Sigma-Aldrich) with 

double distilled water. Poly (sodium 4-

styrenesulfonate) was prepared with (Mw 

~70,000, powder, Sigma Aldrich). Five different 

concentrations 5.0×10-5, 7.5×10-5, 1.0×10-4, 

1.0×10-3 and 5.0×10-3 mol/L of PSS were 

prepared in 0.33 mol/L concentration of 

phosphoric acid. 
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Weight loss method 

Weight loss measurement is a non-

electrochemical technique used to determine 

corrosion rates and inhibitor effectiveness. It 

provides more reliable results than 

electrochemical techniques because the 

experimental conditions are more realistic. The 

weight loss method was carried out at 20 °C to 

60 °C for 2 hours in 1.0 N phosphoric acid and 

the concentrations of inhibitor used ranged from 

5.0×10-5 to 5.0×10-3 mol/L. In addition, the 

carbon steel samples were sanded with emery 

paper, washed with double distilled water, 

degreased with acetone and dried at room 

temperature. After the tests, the steel samples 

were washed again with double distilled water, 

dried and then weighed. All measurements were 

carried out in triplicate and the average value of 

the weight loss was noted. The corrosion rate 

(CR), inhibition efficiency (IE, %) and surface 

coverage (θ) of the carbon steel were 

determined both in the absence and presence of 

the inhibitor at different concentrations using 

equations (1), (2) and (3) [20, 21]: 

1 2( ) / ( )  CR W W S t   (1) 

100 ( ) /InhIE CR CR CR     (2) 

/100IE     (3) 

where CR and CRInh are the corrosion rates in 

the absence and presence of the inhibitor, 

respectively, and W1 and W2 are the weight 

losses of the carbon steel in the absence and 

presence of the inhibitors, respectively. 

 

DFT Calculations  

In this work, the quantum chemical 

calculations were performed using the Gaussian 

09 W program suite. Density functional theory 

(DFT) is an application integrated in the 

commercial software (Gaussian). This 

application allowed the optimization of the 

geometry of single molecules at the B3LYP 

level with the basis set 6-31G(d). B3LYP with 

the Becke Lee-Yang-Parr three-parameter 

hybrid functional indeed gives good results, 

allowing to describe the behavior of organic 

compounds with high precision [22, 23]. The 

higher EHOMO value expresses the tendency of 

the molecule to donate electrons, while the 

lower ELUMO value indicates the ability of the 

molecule to accept electrons. The energy gap is 

then calculated as the difference between the 

ELUMO and EHOMO energies [24]: 

 gap LUMO HOMOE E E     (4) 

Low energy gap values indicate good 

reactivity for chemical interactions and good 

inhibitory activity. However, larger values of 

ΔEgap indicate low reactivity for chemical 

interaction and low inhibitory effect. According 

to Koopman theorem [25], the negative value of 

EHOMO is defined as ionization potential (I) and 

is given by: 

  HOMOI E      (5) 

The lowest unoccupied molecular orbital 

energy ELUMO is another parameter whose 

negative value is defined as the electronic 
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affinity (A) according to the following 

expression [25]: 

LUMOA E       (6) 

The hardness (η) of an atom or molecule 

is the energy required for its dismutation; it is 

the resistance to charge transfer. On the other 

hand, softness (S) reflects the ability of an atom 

or molecule to retain an acquired charge [2, 26] 

They can be represented as a function of 

ionization potential (I) and electron affinity (A) 

[27]: 

  ( ) / 2 ( ) / 2LUMO HOMOI  A E E      (7) 

  2/( ) 2 / ( )LUMO HOMOS I  A E E     (8) 

The global electrophilicity index (ω) is a 

measure of the energy decrease due to the 

maximum electron flow between donor and 

acceptor. It provides information about the 

nucleophilicity and electrophilicity of the 

inhibitory molecule. The electrophilicity index 

(ω) is calculated as follows [28]: 

2ω μ / 2η     (9) 

The fraction of electrons transferred (ΔN) 

from the inhibitor molecule to the metal was 

calculated according to Pearson’s 

electronegativity relationship [29]: 

( ) / 2 ( )    Fe Inh Fe InhN       (10) 

where χFe and ηFe, χinh and ηinh denote the 

electronegativity and hardness of iron and 

inhibitor molecule, respectively. In this study, 

we used the theoretical value χFe = 7.0 and ηFe = 

0 eV/mol for a metallic charge (I = A) because 

they are softer than the neutral metal atoms [30]. 

In a simple model of charge transfer for the 

donation and backdonation of charges, an 

electronic backdonation process can occur as a 

result of the interaction between the inhibiting 

molecule and the surface of a metal. The value 

of charge backdonation was calculated using the 

following expression [31]: 

/ 4back donationE         (11) 

The charges transferred to the molecule, 

are energetically favored when η>0 and ΔEback-

donation<0. 

Results and discussion 

Effect of Acid Medium 

Acid solutions are widely used in 

industry for removing mill scale from metal 

surfaces, acid pickling, acid descaling, 

acidifying oil wells and industrial acid cleaning. 

The inhibition effect of PSS is mainly used in 

various acidic media such as nitric acid, 

phosphoric acid, sulphuric acid, hydrochloric 

acid and perchloric acid. From Figure 1, the 

best inhibition efficiency (98.06%) is obtained 

in phosphoric acid solution compared to 

perchloric acid (44.35%), nitric acid (30.42%), 

chloric acid (15.45%) and sulphuric acid 

(11.66%). This could be due to the favourable 

adsorption of phosphate ions on the surface of 

carbon steel. The inhibitor molecules interact 

strongly with the metal surface in the presence 

of phosphate ions, which are normally 

characterised by a low adsorption capacity. On 

the other hand, the ions of perchlorate, nitrate, 

chloride and sulphate coordinate with the metal 
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surface and weaken it in adsorbing the inhibitor 

molecules. Moreover, the change in the 

effectiveness of inhibition compared to the 

change in the corrosive medium shows that the 

effectiveness of inhibition also depends on the 

type of corrosive medium. In this work, the 

study was conducted only in phosphoric acid, as 

PSS adsorbs better in this acid than in other 

acids tested.
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Figure 1. Variation of inhibition efficiency with different 

acid medium for carbon steel (PSS 1.0×10-3 mol/L for 2 h 

and at 303 K). 

Effect of concentration 

The anticorrosive performance of PSS 

against corrosion was investigated by monitoring 

the weight loss during the process. The weight 

loss was determined in phosphoric acid in the 

absence and presence of different concentrations 

of the inhibitor during a two-hour immersion 

period. From Table 1 the inhibitory effect of PSS 

increased to 99 % at a concentration of 1.0×10-3 

mol/L. The inhibitory effect increases with the 

increase in the concentration of inhibitor. PSS 

was found to cover the surface of carbon steel 

well. At the lowest concentration of PSS (5.0×10-

5 mol/L), the surface coverage (θ) on the carbon 

steel is significant 0.84.  

Table 1. The values of corrosion rate, inhibition 

efficiency and surface coverage by weight loss for 

different concentrations of PSS in H3PO4 at different 

temperatures. 

Cinh, 

mol/L 

T, 

K 

CR, 

mg/cm2 h 

IE, 

 % 
Θ 

0.0 

293 0.10366 - - 

303 0.18660 - - 

313 0.33589 - - 

323 0.60460 - - 

333 1.08828 - - 

5.0×10-5 

293 0.01624 84.33 0.843 

303 0.03876 79.23 0.792 

313 0.10040 70.11 0.701 

323 0.24698 59.15 0.591 

333 0.63196 41.93 0.419 

7.5×10-5 

293 0.01077 89.61 0.896 

303 0.03002 83.91 0.839 

313 0.07554 77.51 0.775 

323 0.24009 60.29 0.602 

333 0.54316 50.09 0.501 

1.0×10-4 

293 0.00514 95.04 0.950 

303 0.01726 90.75 0.907 

313 0.06157 81.67 0.81 

323 0.18029 70.18 0.701 

333 0.43891 59.67 0.596 

1.0×10-3 

293 0.00103 99.01 0.990 

303 0.00362 98,06 0.980 

313 0.02761 91.78 0.917 

323 0.13108 78.32 0.783 

333 0.12769 65.41 0.654 

5.0×10-3 

293 0.00081 99.22 0.992 

303 0.00261 98,60 0.986 

313 0.02674 92.04 0.920 

323 0.37644 78.88 0.788 

333 0.36925 66.07 0.660 
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According to Table 1, this result 

confirms that an inhibitor added to a corrosive 

medium in a small amount regulates the rate of 

metal dissolution by forming a preventive 

barrier film, which in turn halts the progression 

of the corrosive reaction [3, 32]. At higher 

temperatures, the PSS was desorbed from the 

surface of the carbon steel. It was also observed 

that as the temperature increased, the corrosion 

rate (CR) also increased. This inhibitor was 

found to work well at lower temperatures and 

inhibit poorly at higher temperatures. 

Effect of immersion time 

The results presented in Figure 2 show 

the effect of immersion time on the inhibition 

effect and the change in weight loss of carbon 

steel immersed in 0.33 M H3PO4 solution at 303 

K in the absence and presence of PSS at 

different time intervals up to 24 hours. We see 

that the two curves are almost linear with and 

without inhibitor; this means that the metal 

surface is free from insoluble corrosion 

products. This means that the metal surface is 

free of insoluble corrosion products. From this 

we can conclude that this amount is almost 

constant from the first hour of immersion, 

which leads us to the conclusion that the 

immersion time has no significant effect on the 

corrosion inhibition of carbon steel in 

phosphoric acid by PSS. The maximum 

corrosion IE of 98.06% is reached after 2 hours 

of immersion (Figure 2). The decrease in 

inhibition effect was attributed to the desorption 

of the corrosion inhibitors from the surface of 

the carbon steel. It is evident that once the 

inhibitor molecules were desorbed from the 

metal surface, they became inactive and 

therefore were no longer involved in the 

inhibition process. 
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Figure 2. Variation of weight loss and inhibition 

efficiency vs immersion time for carbon steel at 1.0×10-3 

mol/L of PSS. 

Adsorption Mechanisms  

In general, the adsorption of the inhibitor 

on the metal surface is the most important step 

in the inhibition mechanism, and the adsorption 

isotherm is a suitable method for characterising 

the inhibitor/metal/environment system. 

Different models of adsorption isotherms can be 

used to explain the adsorption process. A better 

agreement of the weight loss data was obtained 

by the Langmuir isotherm defined by equation 

(12) [33]: 

/ 1/Inh ads InhC K C      (12) 

where CInh is the inhibitor concentration, θ is the 

degree of coverage on the metal surface, and 

Kads is the equilibrium constant for the 
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adsorption-desorption process calculated by the 

reciprocal of the intercept of the isotherm line at 

different temperatures (Table 2). The free 

energy of adsorption (ΔGads) on the carbon steel 

surface can be calculated by the following 

equation (13) [34]: 

ln(55.5 )ads adsG RT K       (13) 

where R is the gas constant (J/mol K) and T is 

the absolute temperature (K). The constant 

value of 55.5 is the concentration of water in the 

solution (mol/L). 

Analysis of the variation of Cinh:/θ ratio as a 

function of Cinh is linear (the regression 

coefficients are all equal to 1.0 see Table 2).  

Table 2. The thermodynamic parameters of adsorption of 

PSS in phosphoric acid on the carbon steel surface at 

different temperatures. 

T,  
K 

R2 Kads, 
m3/mol 

∆Sads, 

J/mol K 
∆Gads, 

kJ/mol 
293 1 73.757 -10.39 -37.08 

303 1 48.814 -29.80 -37.31 

313 1 33.095 -64.95 -37.53 

323 1 154.617 -152.31 -42.87 

333 1 92.049 -178.77 -42.76 

This shows that the adsorption of PSS on 

the carbon steel surface in phosphorus-

containing medium obeys the Langmuir 

adsorption isotherm. The values of the heat of 

adsorption were determined using the kinetic 

thermodynamic model [35]. 

/ (1 ) exp( / )Inh adsqC Q RT       (14) 

where q is a constant, CInh is the inhibitor 

concentration, θ is the occupied site, and (1-θ) is 

the unoccupied site not occupied by the 

inhibitor. Figure 3 shows the curves of ln(θ/1-θ) 

versus 1/T for all PSS concentrations. The 

obtained lines show a slope equal to (Qads/R). 

The negative values of Qads (Table 3) indicate 

that the adsorption on the carbon steel surface is 

exothermic. The higher values of the 

equilibrium constant of adsorption are good 

indicators of strong adsorption of the studied 

inhibitors on the carbon steel surface.  
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Figure 3. Application of kinetic–thermodynamic model 

on PSS inhibitor of carbon steel surface in phosphoric 

acid. 

Table 3. Calculated values of heat of adsorption (Qads) for 

carbon steel in H3PO4. 

CInh,  
mol/L 

R2 Qads,  

kJ/mol 
5.0×10-5 0.975 -40.23 
7.5×10-5 0.986 -46.34 
1.0×10-4 0.999 -57.21 
1.0×10-3 0.986 -89.02 
5.0×10-3 0.981 -96.93 

The negative value of the adsorption 

entropy shows that the destruction on the metal 

surface was reduced and the positive value 

shows that the disorder of the system increased 

[2]. The distinction between chemisorption and 

physisorption depends on the estimated value of 

ΔGads. When the values of adsorption free 
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energy are more than -20 kJ/mol, the 

physisorption mechanism is generally preferred, 

while for values of ΔGads of -40 kJ/mol or less, 

the adsorption process is chemisorption. In this 

study, the mean value of ∆Gads of -39.50 kJ/mol 

is almost slightly less negative than -40 kJ/mol, 

indicating that the adsorption of inhibitor 

molecules is not only physisorption or 

chemisorption, but obeys a comprehensive 

adsorption (physical and chemical adsorption). 

A limited increase in the absolute value of ΔGads 

was observed with an increase in temperatures, 

indicating that adsorption was slightly more 

favourable with increasing experimental 

temperature, suggesting that chemisorption is 

the major contributor, while the contribution of 

physisorption to the adsorption mechanism is 

minor. The absolute value of Qads for the 

physisorption process is less than 40 kJ/mol, 

while the value for the chemisorption process 

approaches 100 kJ/mol [36]. In the present 

work, the Qads values are larger than the 

physisorption heat of adsorption, but smaller 

than the chemisorption heat of adsorption, once 

again emphasising that both physisorption and 

chemisorption take place. Since adsorption is an 

exothermic process, according to 

thermodynamic principles it must be 

accompanied by a decrease in entropy. During 

the inhibition process, the molecules of the 

inhibitor in solution become protonated and 

positively charged, as does the metal surface in 

acidic media. Phosphate ions are selectively 

adsorbed onto the metal, creating an excess of 

negative charge on the metal surface. This 

promotes the adsorption of protonated PSS on 

the surface by electrostatic attraction, thus 

reducing the dissolution of iron (physical 

adsorption). Furthermore, the inhibitors on the 

carbon steel surface were chemically adsorbed 

by donor/acceptor interactions between free 

electron pairs of the heteroatoms and the free d-

orbital of the iron atoms of the surface metal. 

This type of electron transfer leads to an 

excessive accumulation of negative charge on 

the electron-rich metallic surface, causing it to 

transfer its electrons to the vacant π* molecule 

orbitals of the inhibitors by retrodonation. In 

summary, the adsorption of this inhibitor on the 

carbon steel surface is extensive and involves 

both physisorption and chemisorption. 

Activation Parameters 

The inhibitory mechanism can be 

understood in terms of the thermodynamic and 

activating parameters. The Arrhenius equation 

can be successfully used to show the influence 

of temperature on the inhibitory effect of the 

inhibitor under study. It is represented by the 

following equation [15]: 

exp( / )actCR A E RT     (15) 

where CR is the corrosion rate of carbon steel, 

A is the Arrhenius pre-exponential factor, Eact 

(kJ/mol) is the activation energy, R is the gas 

constant (8.314 J/mol K) and T is the 

temperature (K). 
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The values of apparent activation energy 

(Eact) for carbon steel in phosphoric acid in 

presence and absence of different concentrations 

of PSS were obtained from the slope of ln(CR) 

versus 1/T. The values of activation enthalpy 

(ΔHact) and activation entropy (ΔSact) can be 

calculated by the slope (-ΔHact/R) and intercept 

(ln(R/Nh)+ΔSact/R) of ln(CR/T) versus 1/T , 

using the following transition state equation 

(16) [15]: 

 ln( / ) ( / ) ln( / ) /   act actCR T S R R Nh H RT
   

(16) 

where h is Planks constant, N is Avogadro's 

number, ΔSact is the entropy of activation, and 

ΔHact is the enthalpy of activation.  

All the activation kinetic parameters 

(Eact, ΔHact, ΔSact and ΔGact) are estimated and 

listed in Table 4. The lower or unchanged 

values of Eact for the inhibited systems 

compared to the blank test indicate a 

chemisorption mechanism, while the higher 

values of Eact in the presence of PSS are 

indicative of a physical adsorption mechanism. 

From Table 4, the Eact values increase with 

increasing concentration of inhibitor, indicating 

that the adsorption surface area increases with 

increasing concentration of inhibitor due to 

easier adsorption. The positive values of ΔHact 

indicate that the formation of the activated 

complex is an endothermic process [37]. The 

average value of the difference between 

activation energy and enthalpy change (Eact-

ΔHact) is 2.59 kJ/mol for all PSS concentrations, 

which is the exact value of the product of the 

gas constant and the average temperature of the 

experiment (313 K). This result shows that the 

corrosion process is a unimolecular reaction 

with the evolution of hydrogen gas [32]. 

Table 4. Activation parameters of carbon steel corrosion in the presence of PSS in H3PO4. 

Cinh, 

mol/L 
R2

eq15 Eact, 

kJ/mol 
R2

eq16 ∆Hact, 

kJ/mol 
∆Sact, 

J/mol 
K 

∆Gact (313K), 

kJ/mol 

Blank 0.998 47.64 0.998 45.05 
-

110.07 
79.50 

5.0×10-5 0.997 74.33 0.997 71.74 -34.75 82.61 

7.5×10-5 0.997 80.45 0.997 77.85 -17.04 83.18 

1.0×10-4 0.998 91.31 0.998 88.72 14.46 84.19 

1.0×10-3 0.989 125.03 0.991 122.43 114.98 86.44 

5.0×10-3 0.982 131.03 0.986 128.44 133.10 86.77 

In the presence of the inhibitor (Table 

4), the value of ΔSact increases. This is mainly 

explained by an increase in disorder as the 

reactants are converted into activated 

complexes. The shift to a positive value of ΔSact 

(from 1×10-4 mol/L) means that the activated 

complex in the rate-determining step is 

dissociation rather than association, implying 

that disorder increases from the reactants to the 

activated complex [2]. The free energy of 
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activation values was positive with increasing 

concentration. These values of ΔGact are due to 

the formation of unstable activated complex in 

the rate determining transition state. 

Quantum chemical calculation 

Computational methods have a potential 

application towards the design and development 

of organic corrosion inhibitors in the corrosion 

field. The electronic structure of the PSS was 

elucidated using the B3LYP/6-31G* level of 

theory. The highest occupied molecular orbital 

(HOMO), molecular structure and lowest 

unoccupied molecular orbital (LUMO) studied 

for PSS are shown in Figure 4.  

  

Figure 4. The frontier molecular orbital density distributions of PSS: HOMO (left); LUMO (right) and optimised 

structure (centre). 

The EHOMO and ELUMO values, global 

hardness (η), electrophilicity index (ω), softness 

(S), gap energy (∆Egap), number of electrons 

transferred (ΔN) and back-donation of charges 

(ΔEback-donation) were calculated and listed in 

Table 5. Increasing EHOMO values facilitate 

adsorption and thus inhibition by influencing 

the transport process through the adsorbed layer 

on the steel surface [38]. The ELUMO value 

indicates the ability of the molecule to accept 

electrons. The lower the ELUMO value, the more 

likely it is that a molecule can accept electrons. 

Thus, a higher hardness value (2.41 eV) is an 

indication of higher stability and lower 

reactivity. In addition, the best inhibitor is the 

one with the highest value of softness (S), which 

also indicates that a higher number of electrons 

are transferred. A high value of electrophilicity 

(ω) characterises a good electrophile, while a 

small value of electrophilicity describes a good 

nucleophile; this index is useful to predict the 

direction of corrosion. The values of the ∆Egap 

(4.82 eV) are important; lower values of the 

energy difference lead to a higher inhibition 

effect because the excitation energy required to 

remove an electron from the last occupied 

orbital is low. When the fraction of transferred 

electrons (∆N) is less than 3.6 eV, the inhibition 

effect increases with increasing electron donor 

capability at the metal surface. The value of ∆N 

determined for the PSS molecule is 1.61 eV, 

indicating that this inhibitor is an electron 

donor, while the carbon steel surface is the 

acceptor. The ΔEbackdonation< 0 and η>0 indicate 

that the backdonation of the molecule is 

energetically favoured [2]. 



FRENCH-UKRAINIAN JOURNAL OF CHEMISTRY (2022, VOLUME 10, ISSUE 01)  

80 

 

Table 5. HOMO and LUMO energies, global reactivity indices η, ω, S, ΔEgap, ΔN and ΔEback-donation, for the PSS studied 

compound at B3LYP/6-31G* level of theory. 

Substrate 
EHOMO, 

eV 
ELUMO, 

eV 
η, 
eV 

ω, 
eV 

S, 
eV-1 

ΔEgap, 
eV 

ΔN, 
eV 

ΔEback-

donation, 

eV 

PSS -1.65 3.17 2.41 0.12 0.41 4.82 1.61 -0.62 

Surface analysis  

Scanning electron microscopy (SEM) 

was carried out to investigate the effects of 

poly(sodium-4-styrene sulfonate) on the 

morphology of the steel surface. The SEM 

observations (Figure 5) of the carbon steel 

substrate surfaces were carried out at the same 

magnification (×1000) to see the progress that 

occurred during the corrosion process in the 

presence and absence of the inhibitor studied in 

0.33 M H3PO4 electrolyte. The carbon steel 

shows considerable surface damage in the 

absence of the inhibitor due to the aggressive 

acid attack. However, in the presence of PSS, 

the surface damage is much less. This 

improvement can be attributed to the adsorption 

of PSS on the metal surface and the formation 

of a protective film that isolates the surface of 

the carbon steel from the corrosive acidic 

environment [15, 39]. 

   
Figure 5. SEM Images of the surface of carbon steel in 

H3PO4 in the absence (left) and in the presence (right) of 

1.0×10-3 mol/L poly(sodium 4-styrenesulfonate) 

Conclusions 

The results obtained show that 

poly(sodium-4-styrenesulfonate) acts as an 

excellent effective inhibitor for the corrosion of 

carbon steel in 1 N phosphoric acid solution. 

The results show that PSS is effective in the 

order of phosphoric acid - hydrochloric acid ˃ 

nitric acid - hydrochloric acid ˃ sulphuric acid. 

PSS acted as a good corrosion inhibitor for 

carbon steel in H3PO4 and showed maximum 

efficiencies of 99.22% and 84.33% at low 

concentration of inhibitor. The adsorption of 

poly(sodium-4-styrenesulfonate) on the surface 

of carbon steel follows the Langmuir adsorption 

isotherm. The values of the thermodynamic 

parameters show that the adsorption process is 

both physical and chemical. The result found 

with the PSS weight loss method was confirmed 

by both quantum chemical calculations and 

scanning electron microscopy. 
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