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Abstract: The object of research — the natural glycoalkaloid solanine as a possible inhibitor of acid corrosion of steel St3. Modern data on
the structure and physico-chemical properties of solanine, such as amphiphilicity, surface activity, basicity, characteristic of modern organic
corrosion inhibitors, are presented. The basic concepts are defined: basic nitrogen, solanine amphiphilicity, mass and volume corrosion
indicators, corrosion inhibitor, degree of protection, corrosion inhibition coefficient. The literature data on the corrosive activity of lactic

acid (MC) are presented and characterized.
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1. Introduction

Structural carbon steel St3 of ordinary quality is a universal alloy
used in all areas of industry. Various metal structures are made of it,
working under normal conditions. However, in an aggressive
environment, this steel needs anti-corrosion protection.

One of the modern strategies aimed at combating corrosion is the
search for non-trivial corrosion inhibitors based on the principles of
Green Chemistry. The starting material for the production of such
substances can be not only affordable and renewable plant raw
materials, but also industrial waste of plant and animal origin.
Rational use of waste, prevention of its adverse or harmful effects
on people and the environment, is the most important concept of
modern production.

This is especially important for chemical industries associated with
the use of aggressive media, or the production of substances that
have high corrosive activity. Such substances include oil, solutions
of inorganic acids (sulfuric, hydrochloric, orthophosphoric), some
salt solutions and solutions of organic acids (formic, acetic, lactic).
Numerous studies in recent years have mainly focused on the
creation of corrosion inhibitors for strongly acidic media, such as
solutions of hydrochloric, sulfuric, nitric acids [1]. The effect of
organic acids on the corrosion of industrial steel has not been
sufficiently studied.

Of undoubted interest is the study of the corrosive activity of lactic
acid (MK). This is due to the constantly increasing demand for this
product. MK is widely used in the food industry in the production
of beverages, flour products, fruit and vegetable processing. The
chemical industry uses MK for the production of neutralizers, for
the production of optically active substances, complexing agents
and cosmetic products. It is also used as an anti-scale agent, as part
of solvents and cleaning agents. Large volumes of MC are used for
the synthesis of the biodegradable polymer polylactate (PLA) [2].
According to [3], the global production of MK in 2015 amounted to
354 thousand tons. Currently, the global production capacity is 430
thousand tons. According to the results of 2016, the global demand
for MK amounted to 1 million 220 thousand tons and should grow
by 16.2% by 2025. Today, the following trends are observed in the
global lactic acid market:

— growth of production capacities for the production of MK;

— increase in the share of MK use in non-food industries;
-orientation of the largest manufacturers to the output (PLA).
Further development of the PLA market is predicted, an increase in
the production of pharmaceuticals, environmentally friendly food
products and food additives.

MK is not produced on an industrial scale in the Republic of
Belarus. It has to be purchased abroad. Our country's demand for it
has reached 600 tons per year.

An essential condition for increasing the efficiency of enterprises
for the production and processing of MK is to increase the
reliability of equipment. Anticorrosive protection of equipment,
ensuring the safety of the stock of metal products are a guarantee of
increasing the safety of production.

Currently, there is fragmentary and contradictory information about
the rate of corrosion of metals under the influence of MK.
According to [4] stainless titanium-containing high-strength
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austenitic steels of the AISI 304 (V2A) and AISI 316Ti (V4A)
grades have "excellent" chemical resistance in MK solutions. Other
authors note that MK causes corrosion of steel [5]. Yu.l. Batsko and
R.S. Reshetova point to the significant role of MK in the corrosion
destruction of equipment of sugar factories [6]. Along with the
information that MK causes corrosion of steels only at high
concentrations [7], there are statements of the opposite nature [8]
Thus, fragmentary and contradictory information about the rate of
corrosion of steel under the influence of MK complicates the
problem of finding effective corrosion inhibitors.

The aim of the study was to study the dynamics of corrosion of steel
St3 in aqueous solutions of various concentrations of MK under the
influence of solanine extract.

2. Materials and methods of research

Lactic acid (2-hydroxypropane) has two optical isomers (D and L).
It is most often used as a racemate, an optically inactive mixture
consisting of equal amounts of D- and L-enantiomers (Figure 1).

?OOH $OOH
H— C*—OH HO — Cc*— H

| |

CH, CH,

D(—) - lactic acid L(+) - lactic acid

Figure 1 Lactic acid — D- and L-enantiomers

MK is a heterofunctional compound that simultaneously possesses
the properties of alcohols and carboxylic acids. This largely
explains its high reactivity. Intramolecular hydrogen bonds between
hydroxyl and carboxyl groups enhance the acidity of lactic acid
(pKa 3,8). It is 80 times stronger than acetic acid.

High hygroscopicity and pronounced acidity are extremely
important properties for the manifestation of corrosion activity of
MK.

Solanine (Figure 2) is a glycoalkaloid from the Solanaceae family,
consisting of aglycone and solatriose. Aglicon is represented by the
steroid alkaloid solanidine. The presence of a nitrogen atom in the
composition of solanidine gives the whole compound the properties
of an organic NH-base with high chemical activity. The
carbohydrate fragment of the solatriose molecule includes residues
of glucose, galactose and rhamnose monosaccharides. The
hydrophobic aglycone and hydrophilic carbohydrate component
give the compound an amphiphilic character and determine the
surface activity of solanine.
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Figure 2 Chemical structure of corned beef

Solanine is a natural alkaloid, it is synthesized in all parts of plants
of the Solanaceae family. The highest content of solanine is
observed in unripe berries of black nightshade (Solanum nigrum).
The tubers of ripe potatoes contain a small amount of solanine —
about 0.01%. In sprouted, green tubers, the level of solanine
increases many times, reaching 0.5%, while especially a lot of
solanine appears in potato sprouts and peel [9].

To obtain the solanine extract, potatoes previously aged in sunlight
for 30 days were used. A thin layer of peel was removed from the
sprouted and green tubers together with the seedlings, crushed and
homogenized. Solanine was extracted with a hot ethanol solution
acidified with acetic acid. An extract containing a suspension of
solanine was used in the experiment.

In laboratory studies, samples of St3 steel weighing 8.07 — 8.23 g,
with a diameter of 30 mm were used. A 1M H,SO, solution was
used to etch the samples. Then the samples were cleaned with
sandpaper, degreased, washed under running water, dried, weighed.
In all variants of the experiments, MK with concentrations of 0.5%
(0.055 mol/l); 5% (0.56 mol/l); 50% (6.7 mol/l) were used. The
volumes of the reaction mixture with steel samples were adjusted to
80 cm3. The experiments were carried out at a temperature of 200C.
In the first series of experiments, 4 cm?® solanine extract was added
to lactic acid solutions (4 mg in terms of pure substance)
(experiment 1). In the second series of experiments, a suspension of
solanine was applied directly to heated steel samples and dried.
After applying the extract, the samples were covered with a film.
Then the samples were placed in lactic acid solutions without
adding solanine to them (experiment 2). Control samples were
placed in MK solutions with concentrations of 0.5%, 5% and 50%.
Considering that under experimental conditions, electrochemical
corrosion of steel St3 proceeds with hydrogen depolarization, the
corrosion rate was determined by the volumetric method, fixing the
volume of hydrogen released. To do this, the prepared samples were
placed in eudiometer flasks, tightly closed and the volumes of
hydrogen released were monitored for 24 hours.

The volumetric corrosion index was expressed in cm3/m2h; the
mass index was expressed in g/m2h.

To assess the effectiveness of the inhibitor, the degree of protection
Z (%) and the inhibition coefficient y (inhibitory effect) were
determined according to the formula 1 and 2, respectively:

Degree of protection: Z = (K;-K5) / K;100%
Inhibitory effect: y = K, / K,

)
@

3. Results and discussion

As can be seen from the presented data (Table 1), in the
experimental conditions there was no clear relationship between the
concentration of MC and the volume of hydrogen released. Thus, in
the region of low concentrations of MK, in the range from 0.5% to
5%, an increase in the volume of hydrogen released by 175% was
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observed. However, during the transition from a low concentration
of 5% to a high concentration of 50%, only a slight (by 14%)
increase in the level of hydrogen was recorded. Thus, low
concentrations of MK have a more effective effect on the speed of
the cathode process than high concentrations.

Table 1: Volumes of released hydrogen, V(H,), cm®

MK concentration control experience 1 | experience 2
0,5% 52 1,8 1,7
5% 9,1 28 2,0
50% 10,4 4,6 55

The addition of solanine extract to the reaction mixture led to an
effective reduction in hydrogen release at all the studied
concentrations of MK — by 2.9, 3.25 and 2.2 times by 0.5%, 5% and
50%, respectively (experiment 1). Identical dynamics of hydrogen
release was revealed when solanine was applied directly to the
samples (experiment 2), which confirms the effect of inhibition of
the corrosion activity of MK by solanine obtained in experiment 1
(Figure 3).

V (volume)

C(conc.) %

Figure 3 Volumes of released hydrogen, V(H,), cm®

Data on the corrosion rate obtained by calculating the volume and
mass indicators also indicate the activation of the corrosion process
with an increase in acid concentration (Table 2). However, this
dependence is complex. In the area of low concentrations, with an
increase in acid concentration by 10 times (0.5 — 5%), the corrosion
rate increased by 175%, but with a subsequent increase in
concentration by another 10 times (up to 50%), the corrosion rate
increased by only 14%.

Analyzing the results obtained in the context of the corrosive
activity of acidic media, we tried to compare the results obtained
with data on the corrosion rate of steel St3 in other acids.
Comparison of the obtained results with the literature data [10]
showed that the mass index of Ct3 corrosion in 0.5% solution of
MK (0.38 g/m*h) coincides with that for 0.037% HCI (0.37
g/m2-h), and the corrosion rate in 50% solution of MK (0.77 g/m?h)
is commensurate with corrosion rates of 3.7% HCI (0.72 g/m*h)
and 0.1% H2S04 (0.74 gim?h).

It can be reasonably assumed that MK exhibits pronounced
corrosion activity and that during the operation of steel St3 in
environments where the synthesis of MK (lactic acid fermentation)
is possible, or its use as a working medium, corrosion protection of
steel equipment is necessary.

Solanine extract, the mass fraction of which in the samples was only
about 0.005% (in terms of the target substance), inhibited the
corrosion of the samples in all variants of the experiments. Under
the influence of the indicated dose of the drug, the corrosion rate in
0.5%, 5%, 50% solutions of MK was 35%, 30%, 44% of the control,
respectively (experiment 1). We obtained similar results in
experiment 2, where the corrosion rate under the influence of
solanine, when applied to a metal surface, was suppressed by 67%,
68% and 47% in 0.5%, 5% and 50% solutions of MK, respectively
(Table 2).
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Table 2: The effect of solanine extract on the volume and mass indicators of
the corrosion rate of St3 in MK solutions

Volumetric
MK Variants of corrosion Mass corrosion
concentration | experiments index Ky(Hy), index K, g/m*h
cm®/m>h
control 153 0,38
0,5% experience 1 53 013
experience 2 50 0,13
control 268 0,67
5% experience 1 82 0,21
experience 2 58 0,14
control 306 0,77
50% experience 1 135 0,34
experience 2 162 0,40

It is important to note that solanine properties such as basicity and
surface activity meet the requirements for modern corrosion
inhibitors. The presence of an unshared electron pair on the nitrogen
atom and a volumetric hydrocarbon radical in the molecule makes it
possible to classify solanine as a mixed-type inhibitor [11]. The
probable mechanism of corrosion inhibition revealed in our
experiments may include chemisorption of solanine on the surface
of steel, followed by blocking the penetration of hydroxonium ions
to the metal surface.

Figure 3 shows photographs of St3 steel prototypes in MK solutions
with a mass fraction of 50%. A large area of uniform corrosion of
control samples under the influence of MK is visually noticeable
(Figure 4a) and the absence of traces of corrosion on the test
samples (Figure 4b, figure 4c).

©)

a) control sample (50% lactic acid); b) prototype (50% lactic acid +
solanine extract); c) prototype (50% lactic acid + solanine layer)

Figure 4 Control and experimental samples

The effectiveness of the anticorrosive properties of solanine was
evaluated by the degree of protection (Z), as well as by the
inhibitory effect (y). Calculations of the values of Z and y showed
the greatest effectiveness of solanine in 5% MK when applied
directly to the plate. The degree of protection of the St3 samples
was 78%, while the corrosion rate decreased by 4.6 times.
Significant, though somewhat less significant values of Z and y are
shown in the remaining variants of the experiment using solanine
extract (Table 3).

Table 3: Degree of protection and corrosion inhibition coefficient St3 in MK
under the influence of solanine extract

0.5% lactic acid 5% lactic acid 50% lactic acid
solution solution solution
Z (%) Y Z (%) Y Z (%) Y
experience 1 65 2,9 69 33 56 23
experience 2 67 3,1 78 4,6 47 19
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In order to confirm the data obtained indicating the effectiveness of
solanine as an inhibitor of acid corrosion St3, we conducted
experiments using hydrochloric acid as a corrosive medium. The
experimental samples were treated with corned beef extract in the
same way as in Experiment 2. The results demonstrated that the
inhibitory effect of solanine is also manifested in hydrochloric acid.
Exposure of samples in a solution with HCI (0.56 mol/L) for 24
hours resulted in a 2.54-fold decrease in the corrosion rate. Thus,
the volumetric corrosion index in the experiment was 486.5
cm®/m?h versus 1238 cm*/m*h in the control; the mass index is 1.2
g/m*h and 3.1 g/m>h, respectively. The degree of protection (Z)
was 61%.

4. Conclusion

The results of the study allow us to speak about the pronounced
corrosion activity of MK, on the one hand, and about the protective
effect of solanine against acid corrosion of Ct3, on the other.
Maintaining the focus of further research and solving specific issues,
such as selecting the optimal concentrations of solanine,
determining the duration of its inhibitory effect, etc., can be
productive for protecting the working surfaces of machine parts
from corrosion. The conducted researches can be useful for
machine-building enterprises.
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