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Abstract 

The effect of two veterinary drugs (tricillin and oxytetracycline) on the corrosion of St3 steel in 

solutions of sulfuric and phosphoric acids (20–95°C) has been studied by long-term corrosion 

tests (up to 7 days). It has been found that these drugs taken separately fail to provide significant 

protection of steel in the environments studied. Their use as two-component mixtures with 

NH4NCS is more promising. A composite inhibitor of 0.1–0.2% oxytetracycline +0.01% 

NH4NCS has been suggested. It can provide efficient long-term protection of steel in H2SO4 

solutions in a wide range of acid concentrations (0.25–2.00 M) and temperatures t=20–80°С. 

This mixture significantly slows down the corrosion of low-carbon steel in 1.00 M H3PO4 at 

temperatures up to 95°C, limiting its corrosion rate to 10 g/(m2·h). The suggested formulation is 

not inferior in terms of steel corrosion inhibition efficiency in H2SO4 and H3PO4 solutions to a 

similar mixed inhibitor developed on the basis of сocamidopropyl betaine, an industrial surfactant. 
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Introduction 

The options for inhibitory protection of metals and alloys in various aqueous corrosive 

environments by chemical compounds used as pharmaceuticals have been widely discussed 

in publications [1–11]. It is assumed that expired pharmaceuticals can be disposed of in this 

way [12, 13]. Some authors consider pharmaceuticals as environmentally friendly or “green” 

corrosion inhibitors [14–17], although this assessment is not always correct since the 

pharmaceuticals themselves and their decomposition products are often toxic and hazardous 
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for the environment [1, 18]. It is necessary to understand that in developing corrosion 

inhibitors for industrial use, only those compounds can be used that, along with featuring 

high protective properties against metal corrosion, are industrially manufactured in sufficient 

amounts. Previously, brilliant green and some other organic compounds of the 

triphenylmethane series were studied as corrosion inhibitors for low-carbon steels in 

solutions of HCl, H2SO4, and H3PO4 [19]. 

In this study, we selected the antimicrobial drugs tricillin (a mixture of penicillin, 

streptomycin and sulfanylamide) and oxytetracycline used in veterinary medicine for the 

treatment of farm and domestic animals as the basis for developing such corrosion inhibitors. 

Studies of some penicillins [20, 21], streptomycin [22], and oxytetracycline [23] as steel 

corrosion inhibitors in HCl solutions have been reported. In our study, we selected solutions 

of H2SO4 and H3PO4, which are of importance for industrial applications and exhibit high 

corrosiveness towards steel items and production equipment that come into contact with 

them [24–30]. 

It is of importance to study the effect of tricillin and oxytetracycline on the corrosion 

of low-carbon steel in H2SO4 and H3PO4 solutions. It is necessary to analyze the possibility 

of enhancing the protective effect of these compounds by using them in mixed rather than 

individual form. We studied NH4NCS as an additive for such mixtures, since compounds 

containing thiocyanate anions can significantly improve the protective effect of nitrogen-

containing organic compounds in protection of steels in H2SO4 and H3PO4 solutions [31–

33]. To comparatively estimate the efficiency of the pharmaceutical agents under 

consideration in steel protection, an industrial surfactant, cocamidopropyl betaine, was 

studied in parallel as a steel corrosion inhibitor. We previously studied this surfactant in this 

capacity for low-carbon steel in HCl [34]. 

Experimental 

The corrosion rate of St3 steel (composition, in wt.%: C 0.14–0.22; Mn 0.40–0.65; Si 0.13–

0.30; P up to 0.04; S up to 0.05; Ni up to 0.3; As up to 0.08; Fe remainder) in solutions of 

H2SO4 and H3PO4 at t=20–95С was determined from the weight loss of samples (≥3 per 

point) with a size of 50200.5 mm using 80 mL of an acid solution per sample. Before the 

experiment, the samples were cleaned on an abrasive wheel (ISO 9001, grit 60) and 

degreased with acetone. 

The veterinary drugs tricillin (manufactured by Askont+, Russia) and oxytetracycline 

(manufactured by NPP Agropharm, Russia) were studied as the corrosion inhibitors. One 

gram of tricillin powder contains: 70,000 IU1 benzylpenicillin sodium, 80,000 IU 

streptomycin sulfate, and 0.83 g of sulfanylamide. The oxytetracycline drug is an individual 

salt, viz., oxytetracycline hydrochloride. Cocamidopropyl betaine (imported by Ruskhimset, 

Russia) is a 45% aqueous solution of lauramidopropyl betaine (H3C–(CH2)10–CO–NH–

                                                           
1Тhe International Unit is a unit of measurement for the effect or biological activity of a pharmaceutical 

substance, for the purpose of easier comparison across similar forms of substances. 
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(CH2)3–N+(CH3)2–CH2–COO–). Solutions of cocamidopropyl betaine (CAPB) were 

prepared so that the content of its active substance was equal to that in the pharmaceutical 

drugs under study. Below, the concentrations of the inhibitors in the corrosive environments 

are reported in wt.%. 

The efficiency of corrosion inhibitors was estimated as the values of the inhibition 

coefficient =k0/kad, where k0 and kad are the corrosion rates in a background solution and in 

a solution with the additive being studied. 

Results and Discussion 

Sulfuric acid 

In 1.00 M H2SO4 (20С), individual additions of the products studied slow down the 

corrosion of low-carbon steel differently (Table 1). Their protective effects decrease in the 

series: oxytetracycline>CAPB>tricillin. Only oxytetracycline slows down steel corrosion 

by more than a factor of 10. More significant protection of steel is provided by formulations 

of organic additives in the presence of 0.01% NH4NCS, which itself slows down steel 

corrosion by a factor of 11. A similar value is provided by the mixture of 0.1% 

tricillin+0.01% NH4NCS. In contrast, mixtures of 0.1% oxytetracycline+0.01% NH4NCS 

and 0.1% CAPB+0.01% NH4NCS provided significantly better protective effects compared 

to 0.01% NH4NCS. Experimental data show that the individual products under study are not 

very promising for the inhibitory protection of steel in H2SO4 solutions. Studies of their 

mixtures with NH4NCS show better prospects. 

Table 1. Effect of the addition of 0.1% organic inhibitor on the corrosion of St3 steel in 1.00 М H2SO4 and 

1.00 М H3PO4. t=20С. The duration of experiments is one day. k, g/(m2·h). 

Additive k,  
Organic inhibitor 

– Tricillin Oxytetracycline CAPB 

1.00 М H2SO4 

– 
k 13 8.5 1.1 1.6 

 – 1.5 12 8.1 

0.01% NH4NCS 
k 1.2 1.1 0.66 0.19 

 11 12 20 68 

1.00 М H3PO4 

– 
k 9.0 2.8 2.0 1.2 

 – 3.2 4.5 7.5 

0.01% NH4NCS 
k 3.2 1.1 0.47 0.33 

 2.8 8.2 19 27 
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An increase in the content of the organic component in mixed inhibitors containing 

0.01% NH4NCS enhances their protective effect against corrosion of St3 steel (Table 2). 

This effect is the weakest in the presence of tricillin and is more significant for CAPB and 

oxytetracycline. The strongest protection is exhibited when the content of the organic 

inhibitors is 0.1–0.2%; therefore, further studies were carried out for these mixtures. 

Table 2. Effect of organic inhibitor content on St3 steel corrosion in 1.00 M H2SO4 with addition of 0.01% 

NH4NCS. t=20С. The duration of experiments is one day. k, g/(m2·h). 

Organic inhibitor k, * 

Content of organic inhibitor 

0.025% 0.05% 0.1% 0.2% 

Tricillin 
k 1.6 1.2 1.1 1.1 

 8.1 11 11 12 

Oxytetracycline 
k 1.1 1.0 0.66 0.24 

 12 13 20 54 

CAPB 
k 0.25 0.20 0.19 0.18 

 52 65 68 72 

*The corrosion rate of St3 steel in 1.00 M H2SO4 is 13 g/(m2·h). 

The corrosion rate of St3 steel in H2SO4 solutions depends significantly on the 

concentration (Table 3). On passage from 0.25 M H2SO4 to 2.00 M H2SO4, steel corrosion 

accelerates 4.8-fold. In contrast, in the environments inhibited by the formulations, the 

differences are negligible. For all the inhibitor formulations, the value of  increases with an 

increase in the acid concentration in the solution. It should be noted that the formulation of 

0.2% tricillin+0.01% NH4NCS in 1.00–2.00 M H2SO4 alone slows down corrosion more 

than 10-fold. The 0.2% oxytetracycline+0.01% NH4NCS and 0.2% CAPB+0.01% NH4NCS 

formulation exhibits a high protective effect in the entire range of H2SO4 concentrations. 

Table 3. Effect of acid concentration on St3 steel corrosion in H2SO4 solution with addition of inhibitor 

mixtures. t=20С. The duration of experiments is one day. k, g/(m2·h). 

Inhibitor mixture k,  

Concentration of H2SO4 

0.25 M 0.50 M 1.00 M 2.00 M 

– k 4.2 6.8 13 20 

0.2% Tricillin+0.01% NH4NCS 
k 1.3 1.2 1.1 1.4 

 3.2 5.7 12 14 

0.2% Oxytetracycline+0.01% NH4NCS 
k 0.21 0.22 0.24 0.28 

 20 31 54 71 
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Inhibitor mixture k,  
Concentration of H2SO4 

0.25 M 0.50 M 1.00 M 2.00 M 

0.2% CAPB+0.01% NH4NCS 
k 0.31 0.22 0.18 0.19 

 14 31 72 110 

The corrosion of St3 steel in 1.00 M H2SO4 solution slows down to some extent with 

time (Table 4). In this case, the specific mass loss of the metal (m/S) after a 4-day exposure 

of steel samples in the acid solution reaches significant values and exceeds 1 kg/m2. In the 

case of the additives studied, efficient protection of steel is provided by the 0.2% 

oxytetracycline + 0.01% NH4NCS and 0.2% CAPB + 0.01% NH4NCS mixtures. In presence 

of these substances, the loss of metal mass after 7 days is 62 and 35 g/m2, respectively. In 

the case of 0.2% tricillin+0.01% NH4NCS, this value is 375 g/m2. 

Table 4. Effect of exposure time of metal samples in the acid solutions on St3 steel corrosion in 1.00 M 

H2SO4 and 1.00 M H3PO4 with addition of inhibitor mixtures. t=20С, m/S, g/m2, k, g/(m2·h). 

Inhibitor mixture 
m/S, 

k,  

Exposure time of metal samples in the acid solution, 

days 

0.25 1 2 4 7 

1.00 М H2SO4 

– 
m/S 76 312 583 1100 1850 

k 13 13 12 11 11 

0.2% Tricillin+0.01% NH4NCS 

m/S 9.0 26 30 55 375 

k 1.5 1.1 0.63 0.57 2.2 

  8.7 12 19 19 5.0 

0.2% Oxytetracycline+0.01% 

NH4NCS 

m/S 2.8 5.8 29 45 62 

k 0.47 0.24 0.60 0.47 0.37 

  26 54 20 23 30 

0.2% CAPB+0.01% NH4NCS 

m/S 3.8 4.3 15 21 35 

k 0.63 0.18 0.31 0.22 0.21 

  19 72 39 50 52 

1.00 М H3PO4 

– 
m/S 44 216 430 700 780 

K 7.3 9.0 9.0 7.3 4.7 
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Inhibitor mixture 
m/S, 

k,  

Exposure time of metal samples in the acid solution, 

days 

0.25 1 2 4 7 

0.1% Tricillin+0.01% NH4NCS 

m/S 7.8 26 44 50 59 

k 1.3 1.1 0.92 0.52 0.35 

  5.6 8.2 9.8 14 13 

0.1% Oxytetracycline+0.01% 

NH4NCS 

m/S 3.7 11 19 31 34 

k 0.61 0.47 0.40 0.32 0.20 

  12 19 23 23 24 

0.1% CAPB+0.01% NH4NCS 

m/S 2.8 7.9 12 17 20 

k 0.47 0.33 0.25 0.18 0.12 

  16 27 36 41 39 

The corrosion of St3 steel in 1.00 M H2SO4 accelerates with an increase in temperature 

(Table 5). Increasing t from 20 to 95°C increases the corrosion rate by a factor of 72. In the 

presence of mixed additives it is smaller, although it increases with increasing temperature. 

Under similar conditions, in the presence of 0.1% tricillin+0.01% NH4NCS, 0.1% 

oxytetracycline+0.01% NH4NCS, and 0.1% CAPB+0.01% NH4NCS, the corrosion rate 

increases by a factor of 380, 68, and 110, respectively. Despite this, in the presence of 0.1% 

oxytetracycline+0.01% NH4NCS and 0.1% CAPB+0.01% NH4NCS in the acid solution, 

steel corrosion was reduced by a factor of 25–58 and 13–66, respectively. The most 

interesting result in hot solutions of 1.00 M H2SO4 was obtained for the oxytetracycline+ 

NH4NCS mixture. The maximum k observed in its presence at t≤80C is 11 g/(m2·h), a result 

which is of practical importance. However, temporary overheating of the acid solution to 

t=95C does not significantly accelerate corrosion, maintaining the inhibitory protection of 

the metal. 

Table 5. Effect of temperature on St3 steel corrosion in 1.00 M H2SO4 and 1.00 M H3PO4 with addition of 

inhibitor mixtures. The duration of the experiments is 0.25 days. k, g/(m2·h). 

Inhibitors mixture k,  
Temperature, С 

20 40 60 80 95 

1.00 М H2SO4 

– k 13 40 190 510 940 

0.1% Tricillin+0.01% NH4NCS 
k 1.5 12 97 270 570 

 8.7 3.3 2.0 1.9 1.6 
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Inhibitors mixture k,  
Temperature, С 

20 40 60 80 95 

0.1% Oxytetracycline+0.01% NH4NCS 
k 0.50 1.6 3.3 11 34 

 26 25 58 46 28 

0.1% CAPB+0.01% NH4NCS 
k 0.67 1.5 2.9 16 73 

 19 27 66 32 13 

1.00 М H3PO4 

– k 7.3 23 73 210 340 

0.1% Tricillin+0.01% NH4NCS 
k 1.3 3.8 9.8 41 130 

 5.6 6.1 7.4 5.1 2.6 

0.1% Oxytetracycline+0.01% NH4NCS 
k 0.61 0.92 3.1 4.8 10 

 12 25 24 44 34 

0.1% CAPB+0.01% NH4NCS 
k 0.47 0.50 2.3 9.9 30 

 16 46 32 21 11 

Analysis of the temperature dependences of the corrosion rate of St3 steel in 1 M H2SO4 

plotted in ln k–1/T coordinates made it possible to calculate the effective activation energies 

(Eact) of the process under consideration (Table 6, Figure 1). It was 53 kJ/mol in the 

background 1.00 M H2SO4 solution. Addition of the tricillin+NH4NCS mixture increases 

the Eact value significantly, which indicates that its inhibitory effect is based on a change in 

the mechanism of the corrosion process due to this substance. The addition of 

CAPB+NH4NCS does not change Eact of corrosion, which is due to the predominantly 

blocking effect of the mixed inhibitor. The oxytetracycline+NH4NCS mixture reduces the 

Eact parameter, shifting it to the range of values characteristic of processes occurring with 

diffusion control. 

Table 6. Effective activation energies of St3 steel corrosion in 1.00 M H2SO4 and 1.00 M H3PO4. The 

duration of the experiments is 0.25 days. Eact, kJ/mol. 

Inhibitor mixture 
Corrosive environment 

1.00 М H2SO4 1.00 М H3PO4 

– 53 47 

0.1% Tricillin+0.01% NH4NCS 72 54 

0.1% Oxytetracycline+0.01% NH4NCS 48 34 

0.1% CAPB+0.01% NH4NCS 54 52 
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Figure 1. Logarithm of the corrosion rate of St3 steel in 1.00 M H2SO4 (a) and 1.00 M H3PO4 

(b) as a function of inverse temperature: 1 – without additives, 2 – 0.1% tricillin+0.01% 

NH4NCS, 3 – 0.1% oxytetracycline+0.01% NH4NCS, 4 – 0.1% CAPB+0.01% NH4NCS. 

Thus, based on oxytetracycline, a highly effective mixed inhibitor has been developed 

that allows protecting low-carbon steel in H2SO4 solutions in a wide range of concentrations 

(C=0.25–2.00 M) and temperatures (t=20–80С). The efficiency of the mixed inhibitor 

comprising oxytetracycline+NH4NCS is comparable to that of a similar product developed 

on the basis of an industrial surfactant (CAPB+NH4NCS). 

Phosphoric acid 

In 1.00 M H3PO4 (20С), the products studied alone slow down the corrosion of low-carbon 

steel only weakly (Table 1). Their protective effect decreases in the series: 

CAPB>oxytetracycline>tricillin. None of the individual products studied provides a 10-fold 

inhibition of the corrosion rate of St3 steel. More significant metal protection is provided by 

formulations of organic additives with 0.01% NH4NCS. NH4NCS itself slows down steel 

corrosion 2.8-fold. The 0.1% tricillin+0.01% NH4NCS, 0.1% oxytetracycline+0.01% 

NH4NCS, and 0.1% CAPB+0.01% NH4NCS mixtures provide significantly larger 

protective effects compared to 0.01% NH4NCS. The smallest protective effect (=8.2) was 

observed in the presence of 0.1% tricillin+0.01% NH4NCS. 

The corrosion losses of St3 steel in the 1.00 M H3PO4 background obtained in long-

term corrosion tests are significantly smaller than in 1.00 M H2SO4 (Table 4). The specific 

mass loss of metal samples after 4 days of exposure to the acid solution exceeds 0.7 kg/m2. 

Under these conditions, fairly efficient protection of steel is provided by 0.1% 

oxytetracycline+0.01% NH4NCS and 0.1% CAPB+0.01% NH4NCS. In the presence of 

these formulations, the mass losses of samples over 7 days are 34 and 20 g/m2, respectively. 

In the background solution, the same parameter amounts to 780 g/m2. 

Addition of 0.1% oxytetracycline+0.01% NH4NCS and 0.1% CAPB+0.01% NH4NCS 

efficiently slows down the corrosion of St3 steel in 1.00 M H3PO4 in a wide temperature 
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range (t=20–95С) (Table 5). An interesting result is obtained by adding 0.1% 

oxytetracycline+0.01% NH4NCS, in the presence of which, the maximum steel corrosion 

rate in the studied temperature range (t≤95С) is 10 g/(m2·h). 

In the background 1.00 M H3PO4 solution, the calculated Eact is 47 kJ/mol (Table 6, 

Figure 1). Addition of tricillin+NH4NCS or CAPB+NH4NCS significantly increases the Eact 

value. It may be assumed that their inhibitory effect is associated with a change in the 

mechanism of the corrosion process. Similarly to the H2SO4 solution, the mixture of 

oxytetracycline+NH4NCS decreases the Eact parameter, shifting it to the range of values 

characteristic of processes that occur under diffusion control. 

Based on the available raw material, an antibiotic of the tetracycline group, an efficient 

mixed corrosion inhibitor of low-carbon steels in H2SO4 and H3PO4 solutions has been 

developed. The result obtained is of practical importance since, in addition to the 

development of a new corrosion inhibitor per se, a fairly simple way is now available to 

dispose of this pharmaceutical drug after its expiration date. In addition, the potential raw 

material base for the production of corrosion inhibitors is expanding. The market of 

tetracycline-based drugs in the Russian Federation is fairly vast [35]. They are widely used 

in veterinary medicine for the treatment of farm animals [36]. 

Conclusions 

1. A composite inhibitor, oxytetracycline+NH4NCS, has been developed, which can provide 

efficient long-term protection of low-carbon steel in H2SO4 solutions in a wide range of 

acid concentrations (0.25–2.00 M) and temperatures (20–80C). 

2. A mixture of 0.1% oxytetracycline+0.01% NH4NCS significantly slows down the 

corrosion of low-carbon steel in 1.00 M H3PO4 at temperatures up to 95С, providing 

k≤10 g/(m2·h). 

3. The efficiency of the oxytetracycline+NH4NCS formulation in the corrosion inhibition of 

low-carbon steel in H2SO4 and H3PO4 solutions is comparable to that of a similar mixed 

inhibitor developed on the basis of an industrial surfactant, cocamidopropyl betaine. 
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