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Abstract 

In this work, the development and investigation of a new in situ synthesised BNP-inhibitor based 

on boric acid (H3BO3), 1,4-phenylenediamine, and trisodium orthophosphate (Na3PO4) as an 

effective corrosion inhibitor for carbon steel were reported. The corrosion inhibition properties 

of the developed BNP-inhibitor were studied using the weight loss assay and electrochemical 

measurement. It was found that at the components molar ratio of 3:2:1 (×10–3 mol·dm–3) 

developed inhibitor demonstrates inhibition efficiency up to 93.2% in 0.5 mol·dm–3 HCl 

solution. Temperature, inhibitor concentration, molar ratio, and nature of the components 

strongly affect the degree of metal protection. The Langmuir adsorption model turned out to be 

the most suitable to describe the BNP-inhibitor adsorption mechanism. The free Gibbs energy 

change corresponds to spontaneous and physical nature of the inhibitor adsorption. Replacing 

the inhibitor components with similar counterparts does not lead to an increase in protective 

efficiency. Electrochemical results showed high efficiency of the BNP-inhibitor and are in 

excellent agreement with gravimetric data. 
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1. Introduction 

In the 21st century, corrosion remains one of the most important problems in industry and 

technology. Despite significant advances in corrosion science, corrosion damage can only 

be slowed down by various methods [1]. Modification of corrosion media by the addition of 

corrosion inhibitors is one of the low-cost, efficient, and economical anti-corrosion method 

[2]. 

Corrosion inhibitors can be subdivided into natural and synthetic [3]. A wide range of 

compounds containing sulphur [4], nitrogen [5], phosphorus [6], boron [7], and other 

heteroatoms are successfully used to protect different metals against corrosion in liquid and 

gaseous environments. Nevertheless, the search for alternatives that would replace toxic and 

expensive corrosion inhibitors that in some instances require rigorous process of synthesis 

is one of key problems in modern corrosion science [8]. The use of acid solutions in 
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production very often involves their operating at high temperatures, which requires the 

development of inhibitors with specific properties [9].  

The most eco-friendly method for achieving the high anticorrosion characteristics of 

toxic inhibitors is through the gains vided by nontoxic corrosion inhibitors synergies. The 

idea of anticorrosive synergies is not a new concept but one that still holds a lot promise for 

advancing the performance of corrosion inhibitors [10]. Obviously, that such type of 

inhibitors must be multi-component and contain at least two compounds of different nature 

that should be easily synthesized, low-cost, available and non-toxic. Furthermore, these 

substances must preferably have low molecular weight, will make them more convenient for 

industrial applications. Low molecular weight components have better adsorb onto the metal 

surface, that in turn, leading to improve the properties of the protective coverage. 

Inorganic inhibitors, such as chromates, phosphates, molybdates, and silicates, have 

been used to protect metals and alloys from corrosion in various industries [11]. Boron 

compounds are suitable as additives to lubricants [12], flame retardants, antioxidants, and 

corrosion inhibitors [13, 14]. Boric acid, the most available boron compound, can be used in 

combination with other corrosion inhibitors to enhance protective efficiency. Research has 

shown that the addition of boric acid to certain electrolytes can significantly increase the 

wear resistance of coatings and reduce the coefficient of friction, making it an effective 

corrosion inhibitor [15]. Furthermore, the study on the protective efficiency of water-soluble 

corrosion inhibitors found that boric acid combined with triethanolamine, slowed the anode 

reaction and decreased the corrosion rate of steel electrodes, demonstrating its potential as a 

corrosion inhibitor in combination with other compounds [16]. The inhibition efficiency of 

borates has been demonstrated to be over 98% after 30 days of immersion in simulated 

recirculating water, indicating their strong protective capability [17]. Elbadaoui et al. 

prepared and tested a new family of borated glasses against the corrosion of carbon steel in 

an acidic medium by electrochemical means. The developed system acts primarily as an 

anodic inhibitor with an efficiency of 95% [18]. Boulifi et al. demonstrated high protective 

efficiency of similar compositions [19]. 4-Carboxyphenylboronic acid (CPBA) has been 

found by Nam et al. to be an efficient carbon dioxide (CO2) corrosion inhibitor for steel in 

aqueous media [20]. Boron-coordinated compounds with polyols were also found as good 

corrosion inhibitors [21]. The inhibition characteristics of sodium sorbitol borate and sodium 

mannitol borate on steel corrosion in aqueous media were investigated computationally by 

Gece [22]. These studies provide insights into the potential of boric acid as a possible 

component of mixed corrosion inhibitors, which in combination with other components can 

synergistically improve their anticorrosive properties to provide effective metal protection. 

Organic amines are also widely used for metal protection against corrosion. Five and 

six-membered nitrogen-containing compounds with simple and complex ring systems are 

widely used in the field of protection of ferrous and nonferrous metals from corrosion 

damage in acidic solutions [23, 24]. Among nitrogen-containing inhibitors, 

phenylenediamines are known as components of anticorrosion polymer coatings [25, 26]. 

Croes et al. used the three isomers of phenylenediamine as crosslinking agents for epoxide-
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decorated silica colloids. The resulting materials have demonstrated corrosion protection for 

aluminium alloys in corrosive environments [27]. Vasni and Patel have investigated the 

inhibitor effect of 1,2-phenylenediamine on the corrosion of brass in nitric acid solution. 

Inhibitor efficiency up to 97% was found in 0.1 M HNO3 with 20 mM inhibitor 

concentration [28]. 

Phosphorus compounds have a long history of being used as important components of 

corrosion inhibitors [29]. Organic and inorganic phosphates both demonstrate corrosion 

inhibition properties, but their mechanisms and effectiveness can vary. 

Inorganic phosphates are the most widespread inorganic components in anticorrosion 

compositions produced in large quantities in industry. They are well known as low-cost, non-

toxic [30], non-oxidizing, and environmentally-friendly anodic inhibitors and as a great 

alternative to hazardous chromates [31]. On the other hand, inorganic phosphates, such as 

soluble phosphates like sodium monofluorophosphate (MFP), disodium hydrogen phosphate 

(DHP), and trisodium phosphate (TSP), have been found to promote ferrous phosphate 

precipitation, forming a protective barrier layer that hinders corrosion, making them anodic 

corrosion inhibitors [32]. However, it is important to note that the effectiveness of inorganic 

phosphates as corrosion inhibitors may vary depending on the specific application and 

environmental conditions. Additionally, the use of inorganic phosphates alone may not 

provide sufficient protection against corrosion in certain scenarios, as evidenced by the need 

for synergistic multi-component inhibitor formulations to enhance their effectiveness [33]. 

Based on the available sources, today there are no specific cost-effective alternatives to 

inorganic phosphates for corrosion inhibition mentioned. 

In the case of iron corrosion in acidic solutions, research indicates that organic 

phosphates, such as monoalkyl phosphate esters, can act as mixed-type corrosion inhibitors 

with a dominant cathodic effect, with different chain lengths affecting their inhibition 

efficiency [34]. Due to the versatile molecular structures, phosphorus-based polymers are an 

important class of chemical inhibitors commonly adopted in oilfield operations [35]. 

Nevertheless, organophosphorus compounds very often exhibit bio-toxic properties, 

therefore traditional organophosphorus corrosion inhibitors are a significant concern due to 

their potential negative environmental and human health impacts [36]. While 

organophosphorus corrosion inhibitors may offer effective protection against corrosion [37], 

their toxicity [38] necessitates of the development of alternative, less toxic anticorrosion 

compositions. 

Protective compositions based on two components are broadly known as well. 

Compositions obtained from boric acid and ethanolamines are widely used to protect carbon 

and mild steel in different corrosion media. They are water-soluble and can be easily 

synthesised from different ratios of components. Levashova synthesised low-cost, non-

hazardous protective composition based on boric acid and amines with inhibitor efficiency 

of up to 93% [39]. The effect of pigment particle surface treatment with conductive polymers 

such as polyaniline phosphate on the corrosion-inhibiting properties of organic paints was 

investigated by Kalendová et al. [40]. High-performance anti-corrosive powder coatings 
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based on phosphate pigments containing poly(o-aminophenol) were developed by Abd El-

Ghaffar et al. The obtained compositions showed high anti-corrosive properties for steel 

protection [41]. A similar system based on boron phosphate and poly(p-phenylenediamine) 

was developed and used as a coating for steel. However, synthesis of this system required 

several steps, including pyrolysis and polymerisation. The composition was tested as a 

corrosion inhibitor in artificial seawater within paints based on epoxy resin [42].  

As can be seen, combining the beneficial properties of all the types of inhibitors 

considered will make it possible to develop an effective, cheap and environmentally friendly 

method of protecting metals from corrosion damage. As potential candidates for the 

development of an inhibitor based on a synergistic effect, we can consider the most available 

compounds of nitrogen, boron and phosphorus that correspond to the specified 

characteristics. Therefore, the main goal of our research is to develop an effective corrosion 

inhibitor that contains boron (B), nitrogen (N), and phosphorus (P) components, i.e., BNP-

inhibitor. For this purpose, boric acid (H3BO3), phenylenediamines (PDA’s), and sodium 

phosphates were chosen. Combining the three components could result in a simple, effective 

corrosion inhibitor that can be easily produced by dissolution of the required amounts of the 

available low-cost components in corrosion medium. 

2. Materials and Methods 

2.1. Corrosion media and inhibitor preparation 

All reagents of analytical grade were purchased in Sigma Aldrich, Merck, and Alfa Aesar 

and used without any further purification. Corrosion media were prepared by dissolution of 

the required amount of acid or salt in double distilled water. Tap water with characteristics 

of рН 7.17±0.29, electrical conductivity 1058±72 μS (534±31 mg·dm–3 NaCl), solid 

content 489±27 mg·dm–3, total hardness 6.13±0.17 mmol·dm–3, chlorides 236±28 mg·dm–3 

and Fe3+ 0.19±0.08 mg·dm–3 was used directly from the tap. Investigated BNP-compositions 

were prepared by reagent dissolution in corrosion media. All weight measurements were 

performed using Ohaus Adventurer Pro AV264 analytical balance with an accuracy of 

±0.1 mg.  

2.2. Specimens preparation 

Carbon steel specimens used in this investigation with exposed areas of 2.5×3.5×0.3 cm 

with compositions of (wt.%) 97.8 – Fe; 0.22 – С; 0.65 – Mn; 0.30 – Si; 0.04 – P; 0.05 – S; 

0.30 – Cr; 0.30 – Ni; 0.30 – Сu; 0.01 – N; 0.08 – As; were obtained from industry. Before 

the experiment, coupons were polished until a mirror by emery sheets with 250, 300, 800, 

and 1200 grit numbers. Then the abraded specimens were cleaned from dust, grease, and 

oxides by washing in running water, double distilled water, ethanol, acetone, dried, and 

weighed. 
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2.3. Weight loss (gravimetric) method 

Weight loss experiments were performed to evaluate the corrosion rate (CR), inhibition 

efficiency (IE), and degree of surface coverage (θ). For investigation, each coupon was 

immersed in an open-to-air 100 mL beaker containing 75 mL of corrosion medium at a room 

temperature of 18 h. Following the designated immersion period, coupons were taken out of 

the beaker, and the corrosion products were eliminated by washing each coupon in a solution 

comprising 50% NaOH and 100 g of zinc dust [43]. Then, coupons were again washed in 

running water, double distilled water, rinsed in ethanol, acetone and dried in air before 

reweighting. All measurements of weight were performed using Ohaus Adventurer Pro 

AV264 analytical balance with an accuracy of ±0.1 mg.  

The corrosion rate (CR g·m–2·h–1), inhibition efficiency (IE%), and degree of surface 

coverage (θ) were calculated according to Equations (1–3) respectively: 

 –2 –1(g m h )
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where Δm is the weight loss of steel coupon (g) after the period of immersion (h), CR0 is the 

corrosion rate of carbon steel without inhibitor, and CRi is the corrosion rate of carbon steel 

in the presence of the inhibitor. The degree of surface coverage of the inhibitor was estimated 

on the assumption of the blocking mechanism of action of the inhibitor. 

2.4. Electrochemical measurement 

The polarisation studies were carried out in 0.5 mol·dm–3 HCl in the absence and presence 

of different concentrations of BNP-inhibitor. Steel coupons after pre-treatment as for weight 

loss assay were used for the electrochemical experiment. The electrochemical testing was 

performed using the Autolab PGSTAT 101 Metrohm potentiostat/galvanostat device 

equipped with NOVA 2.1.6 software. In the method of potentiodynamic polarisation three-

electrode setup was used: Ag/AgCl (3 M KCl) as the reference electrode, the platinum as 

counter electrode, and steel coupon connected with a specimen alligator clamp to serve as 

the working electrode. The electrochemical cell was of 100 mL of 0.5 mol·dm–3 HCl in the 

presence and absence of different concentrations of BNP-inhibitor in a glass beaker at room 

temperature. The working electrode, with a 1.00 cm2 exposed area was stabilised at open 

circuit potential (OCP) testing. The linear polarisation measurements were performed 

immediately after the OCP by running a Linear Sweep Voltammetry (LSV) staircase and 

corrosion rate analysis. The potentiodynamic scan was carried out from –0.50 to +0.50 V at 
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a scan rate of 0.001 V/s and a step voltage of 0.001 V. The corrosion potential (Ecorr) and 

corrosion current density (icorr) were determined from the Tafel polarisation curves. 

The polarisation resistance (Rp) was calculated using Equation (4): 

 a c
p

corr a c

β β

2.303 (β β )
R

i



 (4) 

where βa and βc denote the slopes of the anodic and cathodic Tafel lines, respectively. 

The inhibition efficiency through the polarization resistance (IER%) was calculated 

using the following Equation (5):  
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where 
inh

pR  and 
0

pR  are the polarization resistance in the presence and absence of inhibitor, Ω.  

3. Results and Discussion 

3.1. Development of optimal inhibitor composition and choice of corrosion medium by 

weight loss measurement 

Our investigation starts from the screening of the protective efficiency of the three-

component compositions based on boric acid, phenylenediamines, and sodium phosphates 

at the molar ratio of 1:3:3 at concentration x·10–3 mol·dm–3. Screening was carried out in 

the 18 acidic and neutral corrosion media includes inorganic and organic acids (HCl, H2SO4, 

HNO3, H3PO4, CH3COOH) in different concentrations (0.1, 0.5, 1.0 mol·dm–3), tap water, 

3% NaCl and the model environment recommended by the National Association of 

Corrosion Engineers of USA (NACE) contains 5.0 g·dm–3 NaCl and 0.25 g·dm–3 CH3COOH 

[44]. The results of the screening are depicted in Table 1. 

Results show that among 162 systems tested in the experiment 73 (45%) demonstrated 

negative results. Almost all of them appeared in the least aggressive environments containing 

sodium chloride and acetic acid, both together and separately, and in tap water. In other cases, 

inhibition efficiency ranged from 0.3 to 79.2%. The highest inhibition efficiency was 

determined for the composition containing H3BO3 + 1,4-phenylenediamine + Na3PO4 in 

0.5 mol·dm–3 HCl (79.2%). Therefore, this BNP-composition and corrosion media were 

chosen as the next step of our investigation. 

In the next step of our research, we were going to modify the most effective system to 

increase its protective efficiency. BNP-inhibitor was tested in 0.5 mol·dm–3 HCl medium in 

accordance with the components ratio. The inhibition efficiency of the compositions based 

on H3BO3, 1,4-phenylenediamine, and Na3PO4 with different components ratios are given in 

Table 2. 
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Table 1. The inhibition efficiency (IE%) of compositions based on H3BO3 (1·10–3 mol·dm–3), phenylenediamines (3·10–3 mol·dm–3) and sodium 

orthophosphates (3·10–3 mol·dm–3) against corrosion of carbon steel in different corrosion media at room temperature. 

Corrosion media 
H3BO3 + 1,2-phenylendiamine H3BO3 + 1,3-phenylendiamine H3BO3 + 1,4-phenylendiamine 

Na3PO4 Na2HPO4 NaH2PO4 Na3PO4 Na2HPO4 NaH2PO4 Na3PO4 Na2HPO4 NaH2PO4 

Tap water 11.7 N/R N/R N/R N/R N/R N/R N/R N/R 

HCl 0.1 М 40.7 47.3 53.1 55.0 59.0 64.1 69.3 70.7 75.1 

HCl 0.5 М N/R 40.7 16.6 35.3 55.5 40.7 79.2 70.2 64.8 

HCl 1 М N/R 34.5 N/R N/R 53.7 13.4 N/R 52.8 49.0 

H2SO4 0.1 М 2.7 34.3 7.5 38.6 40.2 24.3 74.4 45.9 41.0 

H2SO4 0.5 М N/R 12.2 N/R 9.0 22.0 1.2 37.2 31.7 14.3 

H2SO4 1 М N/R 8.5 N/R N/R 20.2 1.1 35.0 31.9 15.8 

HNO3 0.1 М 0.3 8.4 21.2 29.5 10.4 22.0 38.2 12.4 22.8 

HNO3 0.5 М 27.1 29.3 31.2 19.3 20.0 16.5 31.8 10.7 3.9 

HNO3 1 М 19.0 18.2 15.2 N/R 11.4 9.6 N/R 4.6 1.7 

H3PO4 0.1 М 24.6 30.6 70.0 32.7 43.1 65.4 40.7 55.6 60.7 

H3PO4 0.5 М N/R 22.2 N/R 14.8 40.9 22.1 47.8 50.8 49.0 

H3PO4 1 М N/R 20.7 N/R 13.2 36.5 19.9 66.0 61.1 47.7 

CH3COOH 0.1 М N/R N/R N/R N/R N/R N/R N/R N/R N/R 

CH3COOH 0.5 М 9.3 46.9 N/R N/R N/R N/R N/R N/R N/R 

CH3COOH 1 М N/R 25.8 24.7 N/R N/R 9.8 N/R N/R N/R 

NACE media N/R N/R N/R N/R N/R N/R N/R N/R N/R 

NaCl 3% N/R N/R N/R N/R N/R N/R N/R N/R N/R 

N/R – negative result.
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Table 2. The inhibition efficiency (IE%) of BNP-compositions based on H3BO3, 1,4-phenylenediamine 

(1,4-PDA), and Na3PO4 against corrosion of carbon steel in 0.5 mol·dm–3 HCl solution depending on the 

component ratio. 

Entry 
Components concentration, ×·10–3 mol·dm–3 

Corrosion rate 

g·m–2·h–1 
IE% 

H3BO3 1,4-PDA Na3PO4 

1 – – – 7.63 – 

2 1 1 1 2.19 71.3 

3 1 3 1 2.06 73.0 

4 1 1 3 1.68 78.0 

5* 1 3 3 1.58 79.2 

6 3 3 3 1.47 80.7 

7 1 2 2 1.32 82.7 

8 1 2 3 2.58 66.2 

9 3 1 3 4.30 43.6 

10 3 2 1 0.52 93.2 

11 3 2 – 2.07 72.8 

12 – 2 1 2.06 72.9 

13 3 – 1 12.99 N/R 

14 3 – – 15.54 N/R 

15 – 2 – 3.07 59.7 

16 – – 1 15.44 N/R 

*data from Table 1. N/R – negative result. 

Table 2 shows that the most effective BNP-inhibitor contains 3·10–3 mol·dm–3 of 

H3BO3, 2·10–3 mol·dm–3 of 1,4-phenylenediamine and 1·10–3 mol·dm–3 of Na3PO4 (molar 

ratio 3:2:1). The composition has demonstrated inhibition efficiency of 93.2% (Entry 10). 

Other ratios of the components do not give high protection efficiency in the given medium 

and inhibition efficiency values range from 43.6 to 82.7% (Entries 2–9). Removing one of 

the components leads to a significant decrease in the inhibition efficiency up to negative 

values (Entries 11–3). Individual components did not demonstrate inhibition efficiency in 

the given medium. Negative results were obtained with only boric acid and sodium 

orthophosphate (Entries 14, 16). Pure 1,4-phenylendiamine showed an inhibition efficiency 

of 59.7% (Entry 15). 

Based on the obtained results, we assumed that the replacement of components could 

lead to an improvement in the protective efficiency of the developed inhibitor. Therefore, we 

change boric acid to sodium tetraborate and phenylboronic acid, 1,4-phenylenediamine to 
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isomeric diamines, and 1,1′-biphenyl-4,4′-diamine (benzidine) and sodium orthophosphate 

to potassium salts and corresponding diphosphates. The ratio of components remains the 

same. Experimental results are given in Table 3. 

Table 3. The inhibition efficiency (IE%) of BNP-compositions against corrosion of carbon steel in 

0.5 mol·dm–3 HCl in accordance with the components’ nature. 

Entry 
B-component 

3·10–3 mol·dm–3 

N-component 

2·10–3 mol·dm–3 

P-component 

1·10–3 mol·dm–3 

Corrosion rate 

g·m–2·h–1 
IE% 

1* H3BO3 1,4-PDA Na3PO4 0.52 93.2 

2 H3BO3 1,3-PDA Na3PO4 2.06 73.0 

3 H3BO3 1,2-PDA Na3PO4 7.33 3.8 

4 H3BO3 
1,1′-biphenyl-4,4′-

diamine (benzidine) 
Na3PO4 4.26 44.1 

5 H3BO3 1,4-PDA Na2HPO4 3.02 60.4 

6 H3BO3 1,4-PDA NaH2PO4 1.95 74.4 

7 H3BO3 1,4-PDA K3PO4 3.57 53.2 

8 Na2B4O7 1,4-PDA Na3PO4 3.57 53.2 

9 H3BO3 1,4-PDA Na4P2O7 3.62 52.3 

10 H3BO3 1,4-PDA K4P2O7 1.94 74.5 

11 H3BO3 1,4-PDA·2 HCl Na3PO4 1.41 81.5 

12 C6H5B(OH)2 1,4-PDA Na3PO4 1.03 86.5 

*data from Table 2 Entry 10. 

As it can be seen from Table 3, replacing the inhibitor’s components while preserving 

the components’ molar ratio of 3:2:1 does not lead to an increase in inhibition efficiency. A 

change in any component led to a significant reduction of the protective properties. 

Therefore, inhibitor containing 3·10–3 mol·dm–3 of H3BO3, 2·10–3 mol·dm–3 of 1,4-

phenylenediamine and 1·10–3 mol·dm–3 of Na3PO4 (Entry 1) is the most effective to protect 

carbon steel in 0.5 mol·dm–3 HCl solution. 

3.2 Effect of temperature and concentration 

Additionally, the inhibitor that was developed underwent testing under different conditions 

of concentration and temperature. To achieve this, the temperature range was set from 303 

to 353 K with a 10-degree interval. Total inhibitor concentration given as a sum of the molar 

concentration of the components and was ranged from 1.5 to 12·10–3 mol·dm–3 

corresponding to 0.14 to 1.13 g·dm–3, respectively. The experiment was carried out for 2 h. 

Results of corrosion rate determination of carbon steel in 0.5 M HCl solution in the presence 

and absence of BNP-inhibitor at different temperatures and inhibitor concentrations are 

presented in Table 4.  
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Table 4. Corrosion rate (CR), inhibition efficiency (IE%), and degree of surface coverage (θ) of carbon steel at 2 h immersion in 0.5 mol·dm–3 HCl 

solution in the presence and absence of different concentrations of BNP-inhibitor at 303–353 K temperature range.  

Inhibitor composition Temperature 

H3BO3  1,4-PDA Na3PO4 
CBNP 

g·dm–3 

303 K 313 K 323 K 

×·10–3 mol·dm–3 
CR 

g·m–2·h–1 

IE 

% 
θ 

CR 

g·m–2·h–1 

IE 

% 
θ 

CR 

g·m–2·h–1 

IE 

% 
θ 

0 0 0 0 15.20 – – 25.72 – – 35.70 – – 

0.75 0.5 0.25 0.14 4.55 70.07 0.7007 8.76 65.96 0.6596 13.90 61.06 0.6106 

1.5 1 0.5 0.28 4.15 72.70 0.7270 7.86 69.44 0.6944 12.44 65.15 0.6515 

3 2 1 0.57 3.29 78.36 0.7836 6.49 74.75 0.7475 11.34 68.23 0.6823 

4.5 3 1.5 0.85 2.43 84.01 0.8401 5.88 77.14 0.7714 9.27 74.03 0.7403 

6 4 2 1.13 1.09 92.83 0.9283 4.30 83.27 0.8327 8.11 77.27 0.7727 

H3BO3  1,4-PDA Na3PO4  333 K 343 K 353 K 

0 0 0 0 67.67 – – 109.40 – – 357.27 – – 

0.75 0.5 0.25 0.14 32.10 52.56 0.5256 59.70 45.43 0.4543 213.86 40.14 0.4014 

1.5 1 0.5 0.28 26.59 60.70 0.6070 56.42 48.43 0.4843 191.00 46.54 0.4654 

3 2 1 0.57 22.41 66.89 0.6689 47.49 56.59 0.5659 160.59 55.05 0.5505 

4.5 3 1.5 0.85 20.20 70.16 0.7016 40.34 63.13 0.6313 149.05 58.28 0.5828 

6 4 2 1.13 19.61 71.02 0.7102 35.53 67.52 0.6752 142.87 60.01 0.6001 
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The data in Table 4 shows that the rate of corrosion damage of metal increases with 

increasing temperature and decreasing inhibitor concentration. Increasing the inhibitor 

concentration leads to a significant increase in inhibitory efficiency and even at high 

temperatures can reach almost 70%. At not very high temperatures (up to 40°C), the 

developed inhibitor exhibits excellent protective ability (70–90%) relative to carbon steel 

even at low concentrations. 

3.3. Activation energy calculations 

To study the temperature effect, steel specimens were immersed for 2 h in corrosion media 

in the presence and absence of different concentrations of BNP-inhibitor and at 303–353 K 

temperature range with 10-degree intervals. The temperature was controlled by a water 

thermostat with an accuracy of ±0.1°. 

The effect of temperature on the corrosion rate of carbon steel in 0.5 mol·dm–3 HCl 

solution in the presence and absence of the BNP-inhibitor was calculated using the Arrhenius 

equation [45] 

 2 a

1 1 2

1 1
log

2.303

CR E

CR R T T

 
   

 
 (6) 

where CR1 and CR2 are corrosion rates of carbon steel (g·m–2·h–1) at T1 and T2 respectively, 

Ea is the activation energy, and R is the universal gas constant (8.314 J·mol–1·K–1). 

Enthalpy (ΔH*, kJ·mol–1) and entropy (ΔS*, J·mol–1·K–1) of activation were obtained 

from the slope –ΔH/2.303R and intercept [logR/Nh + (ΔS/2.303R)] respectively from the 

plot of logCR/T versus 1/T in accordance with the following alternative form of Arrhenius 

equation [46]: 
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 (7) 

where h signifies Planck’s constant, NA – denotes Avogadro’s number, CR is the corrosion 

rate, T represents thermodynamic temperature, R denotes the universal gas constant, ΔS is 

the entropy change, and ΔH signifies the enthalpy change. 

Figure 1 shows the transition state plots for carbon steel in 0.5 mol·dm–3 HCl solution 

in the absence and presence of different concentrations of BNP-inhibitor for 2 h immersion 

time.  

A graphical representation of log(CR/T) versus 1/T exhibits as straight lines. The 

slopes allow to estimate of enthalpy change and intercepts are appropriate to entropy change 

in accordance with Equation (7).  
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Figure 1. Transition state plots for carbon steel in 0.5 mol·dm–3 HCl solution in the absence 

and presence of different concentrations of BNP-inhibitor for 2 h immersion time. 

The heat of adsorption (Qads) of BNP-inhibitor on the metal surface was obtained for 

the trend of surface coverage with temperature using the following Equation (8): 

 2 1 1 2
ads

2 1 2 1

θ θ
2.303 log log

1 θ 1 θ

T T
Q R

T T

   
     

     
 (8) 

The obtained values of activation energy (Ea), heat of adsorption (Qads), enthalpy (ΔH*) 

and entropy (ΔS*) of activation are listed in Table 5. 

Negative enthalpy change values unequivocally signify that the adsorption of the BNP 

inhibitor on the carbon steel surface is exothermic. It was noted that as the inhibitor 

concentration increases, the enthalpy of activation decreases, signifying a more efficient 

sorption of the inhibitor. 

The increase in entropy change values suggests a reduction in disorder during the 

formation stage of the activated complex from the inhibitor components, corresponding to 

the association process in the rate-limiting step [28]. This reduction occurs due to the 

replacement of water molecules during the adsorption process [29]. Consequently, the 

adsorption process becomes more effective with an increase in inhibitor concentration [30]. 
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Table 5. Activation parameters of the dissolution of carbon steel in 0.5 mol·dm–3 HCl in the absence and 

presence of different concentrations of BNP-inhibitor for 2 h immersion time. 

Inhibitor concentration 

Ea, 

kJ·mol–1
 

Qads, 

kJ·mol–1 

ΔH*, 

kJ·mol–1 

ΔS*,  

J·mol–1·K–1 
×·10–3 mol·dm–3 

g·dm–3 
H3BO3 1,4-PDA Na3PO4 

Blank 27.59 – –4.68 –166.76 

0.75 0.5 0.25 0.14 38.90 –17.81 –5.89 –155.48 

1.5 1 0.5 0.28 38.66 –16.44 –5.88 –154.57 

3 2 1 0.57 46.92 –27.01 –5.95 –152.92 

4.5 3 1.5 0.85 38.31 –14.18 –6.19 –150.73 

6 4 2 1.13 53.37 –32.07 –7.25 –145.02 

It was found that the value of activation energy (Ea) in the presence of the inhibitor is 

greater than that of the without it. A higher value of the activation energy (Ea) of the process 

in an inhibitor’s presence is attributed to physisorption [47]. However, the values of the 

activation energy are more significant than the values of the heat of adsorption. It indicates 

that the corrosion process involves the hydrogen gas evolution reaction [48]. 

3.4. Adsorption isotherms and thermodynamic parameters 

Most organic inhibitors are adsorbed onto the metal surface by displacing water molecules 

and forming a barrier. The efficiency of the inhibitor depends on the stability of the chelate 

formed, which in turn depends on the type and nature of the inhibitor molecule [49]. 

Adsorption of an inhibitor to the metal surface may have a chemical, physical, or mixed 

nature. To describe the adsorption mechanism, the values of 
0

adsG  must be determined. The 
0

adsG  values up to –20 kJ·mol–1 indicate the electrostatic interaction between the metal 

surface and charged inhibitor molecules (physisorption). Values around –40 kJ·mol–1 are 

usually accepted as a threshold value between chemisorption and physisorption, or less 

indicate the chemical nature of sorption [50]. It occurs because of electrons transfer from the 

organic molecules to the metal surface with the formation of a coordination-type bond. To 

elucidate the BNP-inhibitor adsorption mechanism to the carbon steel surface the Langmuir, 

Freundlich, Temkin, and Flory–Huggins adsorption isotherm models were applied using the 

data of the corrosion rate (CR), degree of surface coverage (θ) for various inhibitor 

concentrations. 

Langmuir adsorption isotherm was used in accordance with the following equation 

[51]: 
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 inh
inh

ads

1

θ

C
C

K
   (9) 

 

where θ is the degree of surface coverage, Cinh the concentration of the inhibitor and Kads is 

the equilibrium constant of the adsorption-desorption process. 

Logarithmic expression of Equation (9) yields to Equation (10): 

 inh
inh adslog log log

θ

C
C K

 
  

 
 (10) 

Plotting log(C/θ) versus logC gave linear relationship where slope represents logK. 

Langmuir adsorption isotherms for BNP-inhibitor are shown in Figure 2a. Parameters of 

Langmuir isotherms are presented in Table 6.  

The Freundlich adsorption isotherm [52] is represented by the following Equation (11): 

 
ads inhlogθ log logK n C   (11) 

A linear relationship between log θ against logC is given in Figure 2b. The adsorption 

parameters obtained are also listed in Table 6. 

For Temkin adsorption isotherm the degree of surface coverage (θ) is related to the 

logarithm of the inhibitor concentration in accordance with the following equation [53]: 

 
inh adsθ lnC K   (12) 

The slope of the line of the plot of θ against lnC depicted in Figure 2c gives the value 

of Kads. The values of adsorption parameters obtained from the Temkin isotherms are given 

in Table 6. 

The Flory–Huggins adsorption isotherm is given by equation [54]: 

 ads

inh

θ
log log(1 θ) logb K

C
    (13) 

where K denotes the adsorption-desorption constant. Corresponding linear plots are 

presented in Figure 2d. The values for Flory–Huggins adsorption parameters are listed in 

Table 6. 

The relationship between free Gibbs energy and adsorption equilibrium constant is 

expressed by Equation (14). 

 
0

ads adsln(55.5 )G RT K    (14) 

where 
0

adsG  is the free Gibbs energy of adsorption, R is the universal gas constant 

(8.314 J·K–1·mol–1), T is the thermodynamic temperature of the system and 55.5 mol·dm–3 

is the molar concentration of water. 
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Figure 2. Adsorption isotherms for BNP-inhibitor on steel surface in 0.5 mol·dm–3 HCl at 

303–353 K: a – Langmuir, b – Friendlich, c – Temkin, d – Flory–Huggins. 

The obtained plots are almost linear with correlation coefficients (R2) ranged from 

0.6905 to 0.9997. Adsorption parameters obtained from isotherms are listed in Table 6.  
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Table 6. Parameters for adsorption of the BNP-inhibitor containing H3BO3 (3·10–3 mol·dm–3), 1,4-PDA 

(2·10–3 mol·dm–3) and Na3PO4 (1·10–3 mol·dm–3) on steel surface in 0.5 10–3 mol·dm–3 HCl solution. 

Isotherm Temperature R2 Slope Intercept Kads 
ΔGads, 

kJ·mol–1 

Langmuir 

303 K 0.9977 0.8728 0.0591 16.9291 –17.25 

313 K 0.9994 0.8948 0.0965 10.3584 –16.54 

323 K 0.9976 0.7845 0.2216 4.5118 –14.83 

333 K 0.9997 0.7487 0.3426 2.9188 –14.09 

343 K 0.9978 0.5520 0.4322 2.3138 –13.85 

353 K 0.9964 0.3522 0.6545 1.5278 –13.03 

Freundlich 

303 K 0.9023 0.1272 –0.0591 0.8728 –9.78 

313 K 0.9577 0.1052 –0.0965 0.8008 –9.88 

323 K 0.9612 0.1103 –0.1251 0.7497 –10.01 

333 K 0.9709 0.1461 –0.1461 0.7143 –10.19 

343 K 0.9690 0.1968 –0.1896 0.6462 –10.21 

353 K 0.9870 0.1998 –0.2223 0.5994 –10.29 

Temkin 

303 K 0.8777 0.1014 0.8736 0.8736 –9.78 

313 K 0.9428 0.0775 0.8004 0.8004 –9.87 

323 K 0.9493 0.0756 0.7494 0.7494 –10.01 

333 K 0.9816 0.0902 0.7118 0.7118 –10.18 

343 K 0.9540 0.1086 0.6454 0.6454 –10.21 

353 K 0.9920 0.0992 0.5961 0.5961 –10.27 

Flory–

Huggins 

303 K 0.6905 0.6482 –0.8885 0.1293 –4.96 

313 K 0.8660 0.3397 –0.6679 0.2148 –6.45 

323 K 0.9025 0.2762 –0.5661 0.2716 –7.29 

333 K 0.9878 0.2839 –0.4937 0.3209 –7.97 

343 K 0.9061 0.3073 –0.3908 0.4066 –8.89 

353 K 0.9902 0.2516 –0.3350 0.4624 –9.53 

The experimental data indicates that the Langmuir adsorption model is the most 

appropriate for describing the adsorption behaviour of the BNP-inhibitor under all tested 

temperature conditions. Langmuir isotherms manifest as straight lines, clearly indicating a 

good fit between the data and the plotted isotherm. This observation suggests that the 

adsorption of the inhibitor takes place as a monolayer, involving a well-defined number of 
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uniform and energetically identical adsorption sites [38]. The values of the adsorption 

equilibrium constant (Kads) obtained from the intercept of the adsorption isotherms are 

related to the free Gibbs energy (
0

adsG ) of adsorption according to Equation (14). The results 

show that obtained Gibbs free energy values are negative and less than the threshold value 

required for chemical adsorption. It is generally known that free Gibbs energy values greater 

than –40 kJ·mol–1 clearly indicate that adsorption is physical [55]. Thus, the adsorption of 

BNP-inhibitor in carbon steel surface is a spontaneous process that occurs according to the 

mechanism of physical adsorption as electrostatic interactions between the negatively 

charged inhibitor molecules and the positively charged metallic surface [56]. Moreover, the 

application of Langmuir isotherm to the adsorption of BNP-inhibitor indicates the absence 

of interaction between the molecules adsorbed at the metal surface [57].  

3.5. Potentiodynamic polarization measurements 

The results of the electrochemical experiment are given in Figure 3. 

 

Figure 3. Open circuit potential (A) and Tafel polarisation curves (B) for BNP-inhibitor in 

0.5 mol·dm–3 HCl solution at different concentrations. 

The inhibition efficiency and polarization resistance parameters are listed in Table 7. 

With the increase in inhibitor concentration, a decline in corrosion potential (Ecorr), 

corrosion current density (icorr), and a corresponding increase in polarisation resistance (Rp) 

were observed. This indicates that the formation of a protective film on the metal surface in 

the presence of inhibitor, leads to a decrease in surface area available for electrode reactions 

[59], and, thereby to a decrease in the corrosion rate and an increase in the degree of 

inhibition efficiency. 
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Table 7. Potentiodynamic polarisation parameters for the corrosion of mild steel in 0.5 mol·dm–3 HCl in the 

absence and presence of different concentrations of BNP-inhibitor. 

CBNP, 

g·dm–3 

–OCP, 

 mV 

–Ecorr  

(mV vs. Ag/AgCl) 

icorr, 

 A·cm–2 

Rp,  

Ω 

IER, 

% 

Blank 480.4 480.6 1.13·10–4 210.32 – 

0.14 468.3 473.3 2.48·10–5 906.74 76.80 

0.28 465.9 463.1 2.33·10–5 913.81 76.98 

0.57 465.7 465.8 2.30·10–5 930.19 77.39 

0.85 467.1 466.2 2.13·10–5 937.10 77.56 

1.13 464.7 464.4 2.12·10–5 962.83 78.16 

3.6. Surface analysis 

The protective efficiency of the BNP-inhibitor on corrosion was also studied by the micro 

images of corroded steel surfaces. Microscope images of carbon steel specimens before and 

after the immersion in 0.5 mol·dm–3 HCl solution in the absence and presence of the most 

effective BNP-inhibitor are depicted in Figure 4. 
 

Before 

immersion 

303 K 313 K 323 K 333 K 343 K 353 K 

0.5 M HCl 

 

      

0.5 M HCl + BNP-inhibitor 

      

Figure 4. Microimages of the mild steel surface damage after 2 h immersion in 0.5 mol·dm–3 

HCl with and without BNP-inhibitor containing H3BO3 + 1,4-PDA + Na3PO4 at the molar 

ratio of 3:2:1 (×10–3 mol·dm–3) at different temperatures (×50). 

The microscope image of the steel specimen indicates that the corrosion process is 

uniform across the metal surface. In the absence of the BNP-inhibitor, there is evidence of a 

uniformly dark and friable layer formation. Contrastingly, observations made after a 2-hour 

immersion time in the presence of the BNP-inhibitor reveal that the metal surface remains 
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bright, albeit losing its original lustre. Simultaneously, the metal’s structure remains easily 

observable because the inhibitor has substantially reduced surface damage. The notable 

difference between steel surfaces with and without the BNP-inhibitor underscores the 

significant reduction in surface damage due to the robust protective effect of the BNP-

inhibitor. 

4. Conclusion 

The purpose of the current study was to develop of effective corrosion inhibitor based on the 

combination of boron, nitrogen, and phosphorus compounds. Developed BNP-inhibitor 

containing H3BO3 (3·10–3 mol·dm–3), 1,4-phenylenediamine (2·10–3 mol·dm–3) and Na3PO4 

(1·10–3 mol·dm–3) demonstrate protective efficiency against corrosion of carbon steel in 

0.5 mol·dm–3 HCl solution up to 93.2%. Due to the multi-component nature, the BNP-

inhibitor is highly effective, easily in situ synthesised, and low cost. In situ formation of the 

inhibitor makes it possible to exclude synthetic and purification preliminary stages. The 

weight loss results demonstrated that the nature and molar ratio of components are crucial 

for inhibitor efficiency. The Langmuir model emerged as the most suitable for describing the 

adsorption of the developed inhibitor. Analysis of the data on free Gibbs energy and 

activation parameters allowed for the conclusion that the adsorption of the BNP-inhibitor on 

the carbon steel surface is a spontaneous and exothermic physisorption process. 
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