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Abstract 

 

New glassy materials correlated with the ternary system Bi2O3-B2O3-P2O5, were synthesized and tested as corrosion 

inhibitors for mild steel in 1.0 M hydrochloric acid solution using electrochemical impedance spectroscopy and potentiodynamic 

polarization methods. The samples were characterized by scanning electron microscopy (SEM), and energy dispersive X-ray 

spectroscopy (EDX). The obtained results showed that the change in the impedance parameters with the concentration of inhibitors 

is indicative. The inhibitors efficiency was observed to increase with decreased concentration of 4H3BO3 and 6H3BO3 at room 

temperature. Inhibition efficiencies of 4H3BO3 and 6H3BO3 followed the order: 81,4% (4H3BO3) < 86.5% (6H3BO3). The 

inhibitors exhibited excellent performance at the studied temperatures. However, the performance decreases with an increase in 

temperature. 
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1. Introduction 

 Annually, corrosion causes over $2.5 trillion in 

economic damage worldwide [1].  Due to corrosion, the main 

properties of mild steel are lost [2]. Corrosion of mild steel 

occurs in aqueous and atmospheric environments [3]. It 

depends on many important factors, such as temperature, pH 

of the corrosive solution and oxygen concentration [4]. Mild 

steel also corrodes during industrial applications such as 

pickling, acid cleaning, acidizing, crude oil transportation, 

heating and cooling. Corrosion of mild steel is a serious 

economic, environmental and industrial problem. In the fields 

of engineering, materials science, and chemistry, several 

effective methods of protecting metals from corrosion have 

been proposed; these methods include the use of corrosion 

inhibitors, galvanization, electrochemistry (anodic and 

cathodic protection), coatings, and painting, which are the 

most commonly used methods for corrosion protection. 

 According to the literature, several studies 

demonstrated that one of the most effective methods to 

prevent corrosion is to add inorganic corrosion inhibitors 

[5,6], used as inhibitors to control the corrosion process of 

steel in the presence of acidic solutions [7,8], such as boric 

acid [9], molybdate [10], phosphate [11] and glasses [12-15]. 

Although several inorganic inhibitors are known to be highly 

effective, many drawbacks limit their use because of their 

toxicity and high cost [16,17]. For this reason, the 

development of alternative inorganic inhibitors has become 

essential [ 18-21]. This requires the study of the feasibility of 

using new inorganic compounds derived from the oxides 

Bi2O3, Nb2O5, V2O5, and P2O5 which showed high inhibitory 

efficiency with negligible toxicity [22-24]. 

 The aim of this paper is to evaluate the inhibition 

effectiveness of both glassy compounds (4H3BO3 and 

6H3BO3) against the corrosion of steel in molar HCl medium. 

the inhibitive performance of these products was investigated 

using PDP curves and SEM/EDS. The effect of temperature 

on the electrochemical parameters of the system was studied 

as well, in order to define the adsorption mechanism of the 

studied compounds. 

2. Materials and methods  

2.1. Inhibitor’s synthesis  

 Glassy phosphates were prepared from bismuth 

oxide Bi2O3, boric acid H3BO3 and diammonium hydrogen 

phosphate (NH4)2HPO4 by stoichiometric mixture of raw 

materials according to the following reaction (1) [25]:  

(1-x-y) Bi2O3 - yH3BO3- x 2[(NH4)2HPO4] → (1-x-y) Bi2O3 

+ y1/2B2O3+ xP2O5 (1) 
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 The weighed materials were mixed and crushed in 

an Agat mortar. The thermic operation is realized in porcelain 

crucibles. The first treatment at 350 °C for 15 h enables 

hydrogen decomposition, it is followed by a grinding for 

homogenization. Each reaction mixture is then melted in an 

oven at 1050 °C, energetically plunged into a preheated 

aluminum mould at 200 °C [26]; and then stored in 

desiccators to avoid moisture. The compositions studied are 

collected in Table 1.  

 

2.2. Material and medium  

 The aggressive medium of 1.0 M Hydrochloric acid 

were prepared by dilution of HCl (37% in weight) with 

distilled water. The concentrations of the two compounds 

ranged from 50 to 300 ppm. The metal use for present study 

was of mild steel, with the chemical composition (in wt%) of 

0.370 % C, 0.230 % Si, 0.680 % Mn, 0.016 % S, 0.077 % Cr, 

0.011 % Ti, 0.059 % Ni, 0.009 % Co, 0.160 % Cu and the 

remainder iron (Fe). For electrochemical experiences, the 

mild steel substrate was used with an exposed surface of 1cm2 

to the acid medium. Before each use, the substrate was 

polished with emery paper from 180 to 1500, rinsed with 

distilled water, degreased with ethanol, and drying in hot air. 

2.3. Electrochemical measurements  

 The electrochemical (PDP and EIS) tests were 

realized in a conventional three-electrode Pyrex cell are 

connected with the potentiostat/ galvanostat (PGZ 100) 

related to a computer with an analysis software model (Volta 

master 4). In this study, working electrode of steel substrate 

with an exposed area of 1 cm2, a Pt counter electrode and an 

Ag/AgCl/KCl saturated reference electrode. Before starting 

the experiments, the working electrode was immerged in the 

test solutions for 30 min to attain a steady-state open circuit 

potential (EOCP). The Tafel plots were recorded by changing 

the electrode potential automatically from negative values to 

greater ones versus Ecorr from –900 to –100 mV/Ag/ AgCl 

with at a scan rate of 1 mV/s. For the temperature effect side 

of the present study, the testing temperatures ranged between 

298 and 328 K. Inhibitive performance η(%) has been 

determined using the formula: 

𝜂𝑝𝑝% =
𝑖𝑐𝑜𝑟𝑟

0 −𝑖𝑐𝑜𝑟𝑟

𝑖𝑐𝑜𝑟𝑟
0 × 100                (2) 

 Where 𝑖𝑐𝑜𝑟𝑟
0  and 𝑖𝑐𝑜𝑟𝑟  stand for the values of 

corrosion current densities in the nonexistence and existence 

of inhibitor, respectively. The measurement of the 

electrochemical impedances was done under the same 

conditions as the polarization plots, at frequencies between 

100 KHz and 100 mHz, using a sinusoidal disturbance 

potential of 10 Mv. The inhibition efficiency, derived from 

EIS, Ηeis% was also added and calculated using the 

following equation (2):  

𝜂𝐸𝐼𝑆% =
𝑅𝑐𝑡−𝑅𝑐𝑡

0

𝑅𝑐𝑡
0 × 100   ;     𝜃 =

𝑅𝑐𝑡−𝑅𝑐𝑡
0

𝑅𝑐𝑡
0                (2) 

 Where 𝑅𝑐𝑡
0

 and 𝑅𝑐𝑡 are the values of charge transfer 

resistance in the absence and presence of both compounds 

4H3BO3 and 6H3BO3. 

 

2.4. Surface characterization  

 The surface morphology mild steel surface 

characterization before and after 6 h of immersion in 

Hydrochloric acid 1,0 M solution, in the absence and 

presence of both compounds studied 4H3BO3 and 6H3BO3 

at 298 K, was executed by SEM analysis using Quanta FEG 

450. The elemental analysis is obtained by coupling the 

system with an energy dispersive analysis (EDX).  

3. Result and discussion  

3.1. Polarization curves  

 Figure 1 shows the polarization plots for mild steel 

in 1.0 M Hydrochloric acid with and without addition of 

4H3BO3 and 6H3BO3 at 298 °K.  A remarkable reduction of 

the cathodic and anodic current densities is observed. This 

result shows that the addition of these inhibitors reduces the 

anodic dissolution and the potential shift of the hydrogen 

evolution reaction. Moreover, cathodic Tafel curves give rise 

to parallel lines with inhibitor concentration; this shows that 

the addition of these inhibitors does not modify the hydrogen 

evolution mechanism. The reduction of H+ ions at the mild 

steel surface take place mainly through a charge transfer 

mechanism [22,27].  

𝐹𝑒 ⇌ 𝐹𝑒2+ + 2𝑒− 

𝐻𝑎𝑑𝑠
+ + 𝐻+ + 2𝑒−  ⇌ 𝐻2 

𝐻𝑎𝑑𝑠
+ + 𝑒−  ⇌ 𝐻𝑎𝑑𝑠 

2𝐻+ + 2𝑒−  ⇌ 𝐻2 

 The electrochemical parameters such as the 

corrosion potential Ecorr(mV/Ag/AgCl), the cathodic and 

anodic slopes βc and βa, the corrosion current density 𝑖𝑐𝑜𝑟𝑟  

and the inhibition efficiency 𝜂𝑝𝑝% are presented in Table 4. 

It can be noticed from Table 2 shows that the investigated 

compounds show a good inhibitory effect against the 

corrosion of mild steel in 1 M HCl medium. This result 

reveals a decrease in the corrosion current, to achieve a value, 

thus inhibitory efficacy is equal to 81,4% and 86,5% to 50 

ppm for both 4H3BO3 and 6H3BO3 compounds 

respectively. The addition of the compounds in the electrolyte 

has also caused the variation of Ecorr values, the displacement 

is superior to 85 mV, and thus, the inhibitor could be 

considered as a cathodic or anodic type [28-30]. If the 

variation is lower than 85 mV, the inhibitor can be considered 

as a mixed type inhibitor [31]. This result could indicate that 

the inhibitory action occurred simply by blocking the 

cathodic and anodic sites available on the surface of the 

metal. By adsorption of inhibitor molecules on the surface of 

the steel [32,33].  

 

 

3.2. EIS studies  

 Impedance findings were analyzed by fitting these 

experimental data to an equivalent circuit model. Therefore, 

the recorded findings are listed in Table 3.  As given in Fig. 

2, Rs stands for the solution resistance, Rct represent the 

charge transfer resistance, and CPE (Q, n) denotes the 

constant phase element [35,36].  



IJCBS, 24(5) (2023): 571-580 

 Ghenimi et al., 2023     573 

Table 1. Composition of glassy elements studied within the system 

(1-x-y) Bi2O3 +y 1/2B2O3+ xP2O5 

Echa. N° 1-x-y y x 

4H3BO3 0.65 0.25 0.1 

6H3BO3 0.35 0.55 0.1 

 

Table 2. Electrochemical parameters derived from the Tafel plots of mild steel in 1M hydrochloric acid medium before and after 

the addition of the glassy compounds at 298 K 

Compounds 
Conc. 

ppm 

-Ecorr  

mV/Ag/AgCl 

icorr 

µA cm-2 

-c 

mV dec-1 

a 

mV dec-1 

ηPP 

% 

Blank -- 498 983 140 150  

4H3BO3 

50 552 183 123 130 81,4 

100 540 254 126 128 74,2 

200 562 263 132 134 73,2 

300 560 285 136 140 71,0 

6H3BO3 

50 464 133 128 132 86,5 

100 515 262 125 127 73,3 

200 510 333 130 134 66,1 

300 507 362 126 138 63,2 

Table 3. Electrochemical parameters derived from the EIS diagrams before and after the addition of the glassy compounds in 

various concentrations to corrosive solution. 

 C (ppm) 
Rs 

(Ω cm2) 

Rct 

(Ω cm2) 

Cdl 

(µF cm-2 ) 
ndl 

Q 

(µF.Sn-1) 

ƞimp 

% 

Blank -- 1.9 23.4 190 0.897 470 -- 

4H3BO3 

50 1.1 117.4 65 0.886 210 80,0 

100 1.4 89.0 96 0.937 231 73,7 

200 1.5 87.0 112 0.890 245 73,1 

300 1.3 79.3 125 0.925 342 70,5 

6H3BO3 

50 1.5 163.0 56 0.918 206 85,6 

100 1.6 85.7 89 0.892 150 72,7 

200 1.7 68.3 115 0.867 375 65,7 

300 1.5 62.9 122 0.874 273 62,8 

 

 Table 4. Both Electrochemical and activation parameters for mild steel dissolution in acidic medium before and after 

protection. 

Compounds 
Tempe 

K 

-Ecorr  

mV/Ag/AgCl 

icorr 

µA cm-2 
-c 

mV dec-1 

a 

mV dec-1 

ηPP 

% 

Blank 

298 498 983 140 150 - 

308 491 1200 184 112 - 

318 475 1450 171 124 - 

328 465 2200 161 118 - 

4H3BO3 

298 552 183 123 130 81,4 

308 525 245 170 113 79,6 

318 518 334 166 120 76,9 

328 510 573 154 119 73,9 

6H3BO3 

298 464 133 128 132 86,5 

308 516 188 164 109 84,3 

318 499 261 159 122 82.0 

328 500 445 147 117 79,7 
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Table 5. The values of activation parameters Ea, ΔHa, and ΔSa for mild steel in 1.0 M HCl in the absence and presence of 

inhibitors. 

 Ea (KJ/mol) ΔHa (KJ/mol) ΔSa (J/mol.K) 

Blank 21.0 18.5 -126.0 

4H3BO3 30.2 27.6 -109.5 

6H3BO3 32.0 29.4 -105.9 

Table 6. Percentage compositions of elements present on the mild steel surface. 

Elements Blank  4H3BO3 6H3BO3 

C 4.9 3.4 3.5 

O 19.3 2.9 2.8 

P -- 0.04 0.09 

Bi -- 8.12 6.27 

Fe 75.8 85.54 91.7 
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Fig. 1. Polarization plots for mild steel in 1.0 M HCl in the absence and presence of the glassy compounds 4H3BO3 (a) and 

6H3BO3 (b) at 298 K 
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Fig. 2. Nyquist plots for steel/HCl electrochemical systems without and after adding different concentrations of 4H3BO3 (a) and 

6H3BO3(b). 
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Fig. 3. Equivalent electrical circuitry utilized to model experimental (EIS) data 

 
10

-1
10

0
10

1
10

2
10

3
10

4
10

5

0,0

0,2

0,4

0,6

0,8

1,0

1,2

1,4

1,6

1,8

2,0

2,2

2,4

log (Z
) ( cm

2 )

f (Hz)

-70

-60

-50

-40

-30

-20

-10

0

 6H3BO3 

 Blank

 50 ppm

 100 ppm

 200 ppm

 300 ppm

 Fitting curves

Phase
 angle

  /° 

 

 

Fig. 4. Bode plots of mild steel/HCl electrochemical system at different concentrations of 4H3BO3 (a) and 6H3BO3(b) 
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Fig. 5. Polarization curves of mild steel in 1 M HCl in the absence and presence of 50 ppm of 4H3BO3 and 6H3BO3 at different 

temperatures 
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Fig. 6. Arrhenius diagrams for mild steel in HCl 1,0 M in the absence and the presence of 50 ppm of both glassy compounds/(a) 

of ln (icorr) vs. 1000/T and (b) ln(icorr/T) vs. 1000/T 
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Fig. 7. SEM micrographs of both uninhibited (Blank) and inhibited MS (after the addition of 50 ppm of 4H3BO3 and 6H3BO3) at 

298 K 

 

 

 

The impedance function of CPE can be described by the 

expression [37]:  

𝑍𝐶𝑃𝐸 =
1

𝑄(𝑖𝜔)𝑛
 

 where Q is the magnitude of the CPE, j is the 

imaginary number, ω is the angular frequency, and n can be 

used as an index of the surface homogeneity (−1 < 𝑛 < +1), 

When n = 0, − 1, and 1, CPE represent resistor, inductor, and 

pure capacitor, respectively. The double-layer capacitance 

(Cdl) is obtained by the following formula [38]:  

𝐶𝑑𝑙 =
𝜀𝜀0𝑠

𝑒
 

 Where Ɛ and Ɛo represent the dielectric constants of 

the medium and permittivity under vacuum, e represents the 

thickness of the protective layer and S correspond to the 

electrode surface. From Table 3, the values of Rt become 

more extensive with the decrease of the concentration of both 

inhibitors and which holds a higher value at 50 ppm, which 

means a reduction in the rate of corrosion. The inhibitory 

efficacy E (%), of these inhibitors, evolves in the same way 

as Rt and achieves a better inhibitory efficiency is equal to 

80,0% and 86,5% to 50 ppm for both 4H3BO3 and 6H3BO3 

compounds respectively. Moreover, the value of the 

proportional factor Q of CPE varies in the usual way with the 

concentration of 4H3BO3 and 6H3BO3. This is attributed to 

the increase in surface coverage of mild steel by the inhibitory 

molecules leading to increased inhibition efficiency [39]. The 

increase in Rct value is attributed to the formation of a 

protective layer in the metal/solution interface.  

 According to the Bode diagrams (Fig. 4), there is 

only one maximum. The height of this peak decreases with 

the concentration of 4H3BO3 and 6H3BO3 revealing the 

strong adsorption of 4H3BO3 and 6H3BO3 on the steel surface 

[40]. Also, the log|Z| values were significantly enhanced at 

low frequency with decreasing inhibitor concentration and 

the shape of the plots remained unchanged in the presence of 

4H3BO3 and 6H3BO3. 

3.3. Effect of temperature and thermodynamic parameters  

 Generally, temperature is one of the factors that can 

influence the electrochemical behavior of metals in a 

corrosive environment [41]. Therefore, it becomes necessary 

to ensure the inhibition ability of both studied molecules at 

higher temperatures. In order to determine the effect of this 

variable on the inhibitory power of both glassy compounds 

(4H3BO3 and 6H3BO3) on mild steel, we performed stationary 

electrochemical characterization in potentiostatic mode at 

different temperatures (298 K to 328 K). The polarization 

plots obtained in HCl 1.0 M without and with the addition of 

50 ppm of the tested compounds in the temperature range 

(298-328 K) are presented in Figure 5. The choice of 

concentration 50 ppm is justified by the fact that at this 

concentration, the value of the efficiency is maximum. The 

values of the corrosion current densities (Icorr), corrosion 

potentials of the steel (Ecorr) and the inhibition efficiencies as 

a function of temperature are given in Table 4. 

 It is remarked that these curves exhibited the Tafel 

regions. It is noted also that the anodic and cathodic branches 

increased with increasing of temperature. The curves in the 

cathodic part are parallel, indicating that the reduction of H+ 

ions on the steel surface is done according to the same pure 

activation mechanism in all temperature range. The corrosion 

potential Ecorr for the different temperatures shifts slightly 

towards the cathodic values in the presence of 6H3BO3 but in 

the presence of 4H3BO3 the corrosion potential Ecorr shifts 

slightly toward the anodic values. The Inhibition efficiency 

ηPP (%) of the tested compounds decreases with the 

temperature increase. This can be explained by the positive 

contribution to the corrosion phenomenon. This can be also 

explained by a slight change of equilibrium adsorption- 

desorption in favor of the desorption process thus decreasing 

the inhibitory power of the molecule [42,43].  

 To further understand the type of inhibitor 

adsorption, the variations of the logarithm of the corrosion 

current density as a function of the inverse of temperature 

(1000/T) were plotted and displayed in Fig.6. The variation 

of ln (icorr) = f (1000/T) is linear. The slope of the obtained 

lines is used to determine the activation energy (Ea) values 

which was calculated according to the Arrhenius expression 

[44].  

𝑖𝑐𝑜𝑟𝑟 = 𝐴𝑒𝑥𝑝(
−𝐸𝑎

𝑅𝑇
) 

 where icorr denotes the corrosion current density, A 

is a pre-exponential factor, R is the ideal gas constant and T 

represents the absolute temperature (K). The values of 

enthalpy of activation (ΔHa) and entropy of activation (ΔSa) 

6H3BO3 

6H3BO3 



IJCBS, 24(5) (2023): 571-580 

 Ghenimi et al., 2023     578 

can be calculated from the alternative form of Arrhenius 

equation as follows [45]:  

 

𝑖𝑐𝑜𝑟𝑟 =
𝑅𝑇

𝑁ℎ
𝑒𝑥𝑝(

∆𝑆𝑎

𝑅
)𝑥𝑝(−

∆𝐻𝑎

𝑅𝑇
) 

  

where h represents the Planck Constant, N is the Avogadro 

number. Fig. 6 shows the evolution of ln(icorr/T) as a 

function of the inverse of the temperature in the form of a 

straight line with a slope of (− ΔHa/R). The extrapolation of 

these lines gives the values of (Ln (R/Nh) + ΔSa/R), thus 

those of ΔHa and ΔSa. The obtained results are listed in Table 

6. Table 5 shows an increase in the activation energy (Ea) 

values before (Blank) and after the addition of both glassy 

compounds. This increase suggests that these inhibitors are 

physically adsorbed on the metal surface [46]. Indeed, a 

higher energy barrier to the corrosion process in the inhibited 

solution is associated with the formation of a weak chemical 

bond between the inhibitory molecules and the mild steel 

surface [47]. ΔSa in the presence of 50 pmm of these 

inhibitors in solution compared to the case of the blank acid 

solution might be due to the enhanced randomness of the 

molecules [48,49].  

3.4. Scanning electron Microscopy (SEM)  

 SEM analysis was employed to explore the surface 

morphology of MS samples immersed for 6 h in 1.0 M HCl 

alone as well as in the presence of the studied products. Fig. 

7 shows SEM images of MS plates after immersion in the 

corrosive medium alone and in the corrosive solution 

containing 4H3BO3 and 6H3BO3. The morphology of the 

examined metal after immersion in the corrosive solution 

alone (Blank), the steel surface is highly corroded due to the 

dissolution of the metal [50]. Whereas the surface becomes 

smoother after the addition of 50 ppm of both glassy 

compounds 4H3BO3 and 6H3BO3 as illustrated in Fig.7 This 

observation shows that the inhibition is due to the formation 

of a stable and insoluble adhesive deposit that restricts 

electrolyte access to the surface of the steel. We realized EDX 

analyses in order to identify the different elements present on 

the mild steel surface (Table 6). Figure 7 presents EDX 

spectrums. In the case of the blank, we note the formation of 

iron oxide and the apparition of an oxygen peak, emerging 

from the steel attack in HCl 1.0 M. 

 We note also, in the presence of 4H3BO3 and 

6H3BO3, a decrease in the carbon and oxygen peak and the 

presence of Bismuth and fluorine. These observations 

confirm that the glassy compounds decrease the steel 

corrosion by forming a layer, which restricts electrolyte 

access to the surface of the steel. 

4. Conclusions 

 In the experimental part, it has been clearly 

demonstrated that all the techniques used, are capable to 

characterize and to follow the corrosion inhibition process 

promoted by two glassy compounds: 4H3BO3 and 6H3BO3 

was investigated. The corrosion inhibition of mild steel in 1.0 

M HCl by these glassy compounds was studied using 

electrochemical measurements. The effect of the inhibitor 

concentration and the aggressive solution temperature on 

corrosion behavior was investigated. Hence, the following 

conclusions are drawn: 

• The overall results indicate that these compounds act as 

effective corrosion inhibitors for mild steel in 1.0 M HCl 

solution, with an efficiency that depends on the inhibitor 

concentration and temperature of the medium. The 

performance decreases with concentration to reach a 

maximum inhibition efficiency (over 86%) at 50 ppm at 

298 K. 

• It is also observed that the mechanism of hydrogen 

reduction and iron dissolution is modified by the 

addition of the studied inhibitors. The adsorption 

mechanism on the surface of the metal and its inhibition 

can depend on the nature of the crystal structure and the 

phases present in these inhibitors. 

• The inhibition efficiency was found in the order: 

6H3BO3 > 4H3BO3 and the inhibition efficiencies 

determined by potentiodynamic polarization and EIS 

methods are in good agreement with each other. 

• The study of temperature effect on the inhibition 

efficiency shows that this one decreases with the 

temperature increase.  

• Surface morphology studies confirmed the mitigation of 

mild steel corrosion by the formation of a protective 

film on the surface of the steel. 
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