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Abstract

The durability of materials working in aggressive environments is mostly important in the design of structures
and devices. Corrosion destruction is one of the main causes of material losses, reduced efficiency and safety
of their use. Corrosion cannot be completely eliminated but it can be significantly reduced by using different
methods of protection. Proper design of structures working in aggressive environments, the use of protective
coatings or environmental modification significantly reduces the rate of corrosion. Corrosion inhibitors are also
used to protect the structural elements. An addition of a small amount of a chemical compound or a mixture of
corrosion inhibitor compounds results in a significant reduction of the corrosion rate. To select a proper
corrosion inhibitor and proper concentration for a specific corrosion system, laboratory tests are carried out.
The article presents the results of research on determining the effect of inhibitor - NaNO2 sodium nitrite - on
the dissolution kinetics of model constructional steel in water environment and in an aqueous sodium chloride
solution. The influence of inhibitor concentration in the range of 0.5-2.5 % on the corrosion rate of steel in a
5% solution of sodium chloride was estimated by assessing unit changes in mass and corrosion rates. The
effectiveness of inhibitors was determined using the protection factor v and the inhibitor efficiency Et.
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1. INTRODUCTION

Corrosion is the process of gradual destruction of a material under the influence of chemical or electrochemical
action of the environment. Among all types of corrosion, general corrosion causes the largest losses in mass
of metal, but is also the easiest to detect and combat. The phenomenon of corrosion cannot be completely
eliminated, but its effects can be significantly reduced [1,2]. The basic methods of preventing or reducing
corrosion include: proper selection of materials, design, cathodic protection, application of protective coatings
and inhibitor protection [3] The simplest method of corrosion control is the selection of materials for structural
elements with appropriate chemical composition and properties adequate to the expected operating conditions
[1,3]. Another method is an application of rational design principles which can eliminate many corrosion
problems and reduce the time and costs associated with corrosion maintenance and repair [3]. Cathodic
protection is an electrical method to reduce corrosion rate of metallic structures in electrolytes such as soil or
water [4,5]. To achieve the protection, the impressed current cathodic protection (ICCP) system and the
sacrificial anodes cathodic protection (SACP) system are used [3]. Corrosion control by anodic protection is
known from the literature [1] but currently it is rarely used due to high restrictions. One of the most important
methods of protection against corrosion is the application of coatings. The purpose of coatings is to isolate the
material of which a structural element is made from an aggressive corrosive environment [6,7]. Coatings can
be metallic (zinc-based coatings are very popular in functional engineering) or non-metallic (organic or
inorganic) [7,8]. In many structures operating in aggressive environments, where there is no possibility of
protecting the metal with coatings (e.g. inside the pipeline) or where coatings do not provide sufficient
protection, e.g. in closed circuits of heating or cooling systems (where coatings hinder heat exchange), a
reduction in losses caused by corrosion can be achieved through the application of inhibitor protection, i.e. the
introduction of special chemicals into the environment.
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Corrosion inhibitors are defined as such chemical compounds or mixtures of several compounds whose small
addition to the corrosive environment reduces the corrosion rate of the metal in contact with that environment.
Inhibitor protection can be used as a stand-alone metal corrosion protection as well as in a combination with
other protection methods, e.g. with cathodic or coating protection. Inhibitors are used in a number of fields of
technology: in the automotive, aerospace, machine building, electronics, petrochemical and food processing
industries [4,5,9,10].

Corrosion inhibitors can be both inorganic and organic compounds. In terms of the mechanism of their
electrochemical action, inhibitors can be divided into cathodic, anodic and mixed. Inorganic cathodic inhibitors
decrease the corrosion rate of metals by reducing the cathodic surface area, increasing overvoltage in the
cathodic process or reducing the oxygen content [5]. They include: Ca(HCOs3)2, ZnSO4, ZnCl2 and BeClz, as
well as heavy metal cations: As3*, Bi®* and Sb3*. Anodic inhibitors increase the anodic polarity of the metal and
as a result, the corrosive potential of the system shifts in the positive direction. This group includes chemical
compounds with a covering effect (NaOH, Na:COs and phosphates) or oxidizing effect (passivators:
chromates, nitrites), where the anion is usually the active group of these compounds. Anions migrate to the
metal surface and in favourable conditions passivate it, often with the participation of dissolved oxygen [1,5].
The effectiveness of corrosion inhibitors depends on the influence of internal and external factors of metal
corrosion, the most important of which is the corrosive environment reaction and inhibitor concentration [4,5].
The paper presents the results of research on the influence of the concentration of sodium nitrite inhibitor,
NaNOg, in an aqueous solution of sodium chloride on the dissolution kinetics of model structural steel.

2. MATERIAL AND EXPERIMENTAL PROCEDURE

Tests were performed on samples with dimensions: 5cm x5 cm x 0.3 cm made from general purpose
unalloyed structural steel, S235JRG2. The chemical composition of the steel is presented in Table 1.

Table 1 Chemical composition of the S235JRG2 steel

Content of an element (wt. %)
C Mn P S N Fe
0.17 1.4 0.03 0.03 0.009 rest

Five corrosive solutions were made in laboratory beakers. The first one was distilled water only, while NaCl
was added to the others, so as to produce a 5 % aqueous solution. This solution was the basis for determining
the effectiveness of the inhibitor in the environment containing sodium chloride. The remaining beakers were
treated with an addition of a corrosion inhibitor, namely sodium nitrite, NaNOg, in the amounts of 0.5 %, 1.5 %
and 2.5 %. A summary of the solutions used in the tests is provided in Table 2.

Table 2 A summary of corrosive solutions used in the tests

No. of sample Corrosive solutions Inhibitor addition
1 H20 (distilled water) -
2 H20 + 5 % NaCl -
3 H20 + 5 % NaCl 0.5 % NaNO2
4 H20 + 5 % NaCl 1.5 % NaNO2
5 H20 + 5 % NaCl 2.5 % NaNO2

Sodium nitrite is an inhibitor commonly used to protect a number of metals except zinc and copper alloys. The
protective effect of nitrites consists in the formation of an oxide layer according to equation (1):
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2Fe+ NaNQ+2H,0— Fe,O, + NaOH+ NH, (1)

Nitrites are effectively used as steel corrosion inhibitors in aqueous solutions with pH greater than 5, and the
protective concentration in water installations (aerated solutions) at room temperature is ca. 102 molm-3,
A higher inhibitor concentration is required in deaerated systems and at higher temperature. The presence
of other anions in the solution also requires an increased nitrite concentration.

After calculating the total area of the steel samples, they were placed in the prepared solutions. Macroscopic
and gravimetric tests were carried out with the use of laboratory scale WAX 60/160 to an accuracy of 0.00001
g after 24, 48, 96, 144, 216 and 288 h of test duration. After each test cycle, the samples were taken from the
solution and loose, poorly bound to the substrate corrosion products were removed over the beaker and dried
with compressed air. Mass was measured and photographic documentation was made, after which the
samples were immersed again. On the basis of gravimetric tests, unit changes in mass of the samples during
the test were determined and the corrosion rate was calculated (equation 2) [5]:

C, - j_mt (mgem2h-) 2)

where:

Am - mass loss (mg),
A - sample area (cm2),
t - time of test (mm).

The gravimetric tests also allowed determination of the effectiveness of the inhibitor by calculating the
protection factor, v (equation 3), and the inhibitor efficiency, Er (equation 4) [4,5]:

C
v=_r 3)
CRi
c, —C,
E, =—f——R.100% (4)
Ro
where:
CRO - corrosion rate of metal without inhibitor (mg-cm2h-1),
CRI- - corrosion rate of metal with inhibitor (mg-cm-2h-1).
3. RESULTS

Based on macroscopic observation and gravimetric examination, it is possible to determine the course of the
corrosion process and parameters describing the effectiveness of the inhibitor in a corrosive environment.
Gravimetric tests are effective in the case of surface or general corrosion.

On the basis of the macroscopic evaluation it can be stated that the corrosion process occurring on the surface
of samples is varied and depends on the corrosive environment and the amount of corrosion inhibitor in the
solution. Analysis of the examined samples allowed observation of changes which occurred on the metal
surface (Figure 1). Inhibitor protection for a sample in the environment of sodium chloride with
a 2.5% corrosion inhibitor content (sample 5) was the most effective after 288 hours of test time, with no
corrosion products observed on the sample surface. Slightly worse results of macroscopic evaluation were
observed for sample no. 4, placed in a 5% NaCl solution with an addition of 1.5% NaNO.. Sample no. 3
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(5% sol. NaCl + 0.5% NaNO3) did not provide sufficient protection, and corrosion products appeared already
after 48 h of testing. The largest amount of corrosion products was observed on samples placed in corrosive
environments without a corrosion inhibitor (water environment and sodium chloride solution - samples no. 1
and 2). The corrosion products that appeared on the metal samples were loosely packed in the surface, making
them easy to remove.

Figure 1 The surface appearance of the samples for the tests: a) before the test,
b) after the corrosion test (288 h)

Gravimetric tests allowed a comparison of the loss of mass of samples exposed to corrosive environment with
and without a corrosion inhibitor. Based on the data shown in Table 3 and a graphical interpretation of the
relationship between unit changes in the mass of samples placed in different environments for the duration of
the test (Figure 2a), it can be affirmed that the changes are linear. This refers to all samples present in the
tested corrosive environments. For the sample immersed in the solution with the highest corrosion inhibitor
concentration, the mass loss was the lowest and after 288 h of the test it amounted to 0.11652 mg-cm=. The
results of the tests in relation to the test time allowed calculating the corrosion rate based on the equation (2),
which is presented in Table 3 and in Figure 2b.

Table 3 Unit mass changes and corrosion rate of the samples during the test

Parameter Unit mass change (mg-cm-?) Corrosion rate (mg-cm-%h)
Environment | H20 5% sol. | 5% sol. | 5% sol. | 5% sol. H20 5% sol. | 5% sol. | 5% sol. | 5% sol.
NacCl NaCl+ | NaCl+ | NaCl+ NacCl NaCl+ | NaCl+ | NaCl+
0.5% 1.5% 2.5% 0.5% 1.5% 2.5%
NaNO2 | NaNO:2 | NaNO: NaNO2 | NaNO2 | NaNO:
Time \ No. 1 2 3 4 5 1 2 3 4 5
24 h -0.09537]-0.15250| -0.05699 | -0.01988 | -0.00771 | 0.00397 | 0.00635 | 0.00237 | 0.00083 | 0.00032
48 h -0.19092]-0.30159| -0.11935 | -0.03977 | -0.01542 | 0.00398 | 0.00628 | 0.00249 | 0.00083 | 0.00032
96 h -0.39331]-0.59136| -0.25770 | -0.06377 | -0.02617 | 0.00410 | 0.00616 | 0.00268 | 0.00066 | 0.00027
144 h -0.59678|-0.86858| -0.38566 | -0.09476 | -0.04302 | 0.00414 | 0.00603 | 0.00268 | 0.00066 | 0.00030
216 h -0.92412]-1.28736| -0.57463 | -0.17859 | -0.07977 | 0.00428 | 0.00596 | 0.00266 | 0.00083 | 0.00037
288 h -1.25146]-1.70615] -0.76361 | -0.26242 | -0.11652 | 0.00435 | 0.00592 | 0.00265 | 0.00091 | 0.00040

During the corrosion test, the sample placed in the 5% NaCl solution corroded at the highest rate, while the
sample in the water environment corroded at a rate lower by ca. 50 %. The use of the NaNO: inhibitor in the
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amount of 0.5 % in the investigated corrosive environment decreased the corrosion rate by ca. 100 %
compared to this environment without a corrosion inhibitor. However, such an amount of the inhibitor is not
satisfactory, since the macroscopic and gravimetric analysis showed adverse corrosion changes. The use of
1.5 % sodium nitrite brings an already satisfactory effect in terms of the quantity of corrosion products, and
based on the gravimetric evaluation and the calculated corrosion rate, it can be concluded that the quantity
has decreased by about six times in relation to the same environment without the inhibitor. The lowest
corrosion rate (by a dozen or so times) was observed for the sample placed in a 5 % NaCl solution with an
addition of 2.5% NaNO:a.

0.007

' 0.006 L —
o

\\\ E 0.005
T~

(=]
Eo0.004 I p—n i

s
o

—a&—H20

~—{}—5% sol. NaCl

s —0—5% sol. NaCl + 0.5% NaNO2

1 —a—H20 Y @ 0.002 N ——5% sol. NaCl + 1.5% NaNO2
~{—5% sol. NaCl \D\ ~—¥—5% sol. NaCl + 2.5% NaNO2

,

—0— 5% sol. NaCl + 0.5% NaNO2 0.001 N e E—
.

—0— 5% sol. NaCl + 1.5% NaNO2 e, e ¢——————X

—¥—5% sol. NaCl + 2.5% NaNO2 0

Q
2
©0.003

N
kS

Corrosio

Unit mass change (mgc
O
ion

/|

0 24 48 72 96 120 144 168 192 216 240 264 288
Time (h) b) Time (h)

-
o

L

Figure 2 Effect of corrosion inhibitor NaNO2 concentration in the tested environment on: a) unit mass
changes, b) corrosion rate

The effectiveness of the inhibitor may be evaluated by measuring the protection factor, v, calculated after
examining the changes in mass of the sample immersed in the solution without the inhibitor, and exactly in the
same environment and under the same conditions but with the inhibitor (equation 3). The studies showed that
the best protection was achieved with a 2.5 % content of the inhibitor (Table 4). The mean value of the
protection factor was 19, which indicates that the protection increased by such a multiplication factor compared
to the tested environment without the inhibitor. Calculation of the effectiveness of inhibitor Er (equation 4) for
the individual samples showed the dependence of NaNO2 concentration on protective properties. The best,
95 % effectiveness was observed for the sample placed in the solution with an addition of 2.5 % inhibitor, and
slightly worse results were obtained for the 1.5% (87 %) concentration. The lowest effectiveness of 58 % was
obtained by the sample in the solution with a 0.5 % NaNO:2 addition.

Table 4 The effectiveness of the NaNO: inhibitor in the tested corrosive environment

Parameter Protection factor v Inhibitor efficiency Es (%)
Environment 5% sol. NaCl + | 5% sol. NaCl + | 5% sol. NaCl + | 5% sol. NaCl + | 5% sol. NaCl + | 5% sol. NaCl +
0.5% NaNO2 | 1.5% NaNOz | 2.5% NaNO2 | 0.5% NaNO2 | 1.5% NaNO2 | 2.5% NaNO:
Time \ No. 3 4 5 3 4 5
24 h 2.7 7.7 19.8 63 87 95
48 h 25 7.6 19.6 60 87 95
96 h 2.3 9.3 22.8 56 89 96
144 h 2.3 9.1 20.1 56 89 95
216 h 2.2 7.2 16.1 55 86 94
288 h 2.2 6.5 14.8 55 85 93
Average 2.5 8 19 58 87 95
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It can also be stated that in the tests performed, the best anti-corrosion properties were found for the sample
immersed in the solution with the highest, within the studied range, amount of corrosion inhibitor of sodium
nitrite. The 2.5% NaNO2 concentration provided effective protection for the S235JRG2 structural steel placed
in a 5% NaCl solution during the test.

4. CONCLUSION

Inhibitor protection of structures operating in aggressive environments is highly dependent on the
concentration of the inhibitor. Too low a concentration may not be sufficient to provide adequate protection for
the structure. However, too high a concentration, especially in the case of passivation inhibitors, can accelerate
metal corrosion or cause pitting corrosion.

During the test, the corrosion products formed uniformly on the surface and were weakly bound to the
substrate. Gravimetric tests allowed a comparison of unit changes in mass of metal samples exposed to
different corrosive environments and the determination of the corrosion rate. The changes in mass are of a
linear nature.

Analysing the effectiveness of the inhibitor, an addition of 1.5 % sodium nitrite to the corrosive environment of
a5 % sodium chloride solution results in a protection factor of 8. Increasing the inhibitor content to 2.5 %
increases the protection factor to 19. The calculated inhibitor effectiveness, which in this case was 95 %, also
confirms its high efficiency.
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