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Abstract. A number of new quaternary pyridinium salts
with amide fragment and aryl substituents have been
obtained, demonstrating the inhibition efficiency of 50.0—
97.2 % under the biocorrosion of mild sted, induced with
sulfate-reducing  bacteria of  Desulfovibrio  and
Desulfomicrobium genera. It has been established that
inhibition efficiency of the studied quaternary salts is
caused by their effect on microbiological factor.
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1. Introduction

Among pyridine derivatives there are effective
inhibitors, which guarantee up to 98 % sted protection
against acid, including the hydrogen sulphide, corrasion,
and are used as anticorrosive protective means (catapines,
I-A, I-B, I-K, I-E, IKONP, IKOMEP, 1-25-D) [1]. For
some of them, particularly catapine (alkylbenzylpyri-
dinium chloride), biocide effect on the sulfate-reducing
bacteria — the main factor of biocorrosion — has been
defined [2]. Antimicrobial effect on the named bacteria
was also revealed in derivatives of pyridinium salts [3],
derivatives of hydrobromide 4-[(4-chlorophenyl)methyl]
pyridine [4]. These facts prove that quaternary pyridinium
salts have a great potential in the inhibition of steel
biocorrosion.

To obtain new quaternary pyridinium salts,
possessing biocidal and biocorrosion inhibition cha-
racteristics, the previousy established “sructure—
characteristics’ rules should be taken into consideration.
In[5] it was shown that greater antimicrobial effect can be
ensured by the presence of two substituents containing
substituted benzene rings in pyridine derivative molecule.
As the corrosive aggressiveness of different genera of
sulfate-reducing bacteria (from high to almost not
expressed) as well as their reaction to the effect of
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potential biocide inhibitor vary, several cultures should be
used in order to define the effectiveness of new
compounds [6].

The aim of this paper is to obtain the quaternary
pyridinium salts with substitutes containing the structural
elements of effective biocides of sulfate-reducing bacteria
(amide groups, amides, substituted benzene rings) and to
verify their inhibition efficiency to the corrosion caused
by bacteria of Desulfovibrio and Desulfomicrobium
genera.

2. Experimental

For the synthesis of quaternary pyridinium salts
starting materials manufactured by Aldrich, and a-chloro-
acetanilides (VI1-X1) obtained by reacting aromatic
amines (1-V) with chloroacetyl chloride (VI) were used:

O
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One mole of chloroacetyl chloride in 300 ml of
anhydrous benzene was added dropwise during 1 h to the
solution of different anilines (2.21mol) in 300 ml
anhydrous benzene with stirring in three-neck round-
bottomed flask. The mixture was stirred for 12 h and the
precipitate was filtered and washed with two portions of
benzene (25 ml) [7].

The quaternary pyridinium salts (XV-XX) were
produced by the alkylation of substituted pyridines
XI-X1V with a-chloroacetanilides VI1-XI according to
the scheme:

— (0] /R3
\
\_/ Cl R2

XI-XIvV

o _
A~ — , C
- Rl_@N /R3
D
\
(@) R2

VII-XI XV-XX



Quaternary Pyridinium Salts as Inhibitors of Mild Steel Biocorrosion

In a flask 0.1 mal of a-chloroacetanilide (VI1-XI)
was dissolved in ethyl acetate and 0.1 mol of substituted
pyridine (VI1-XI) was added. The mixture was boiled for
5 h under reflux. After cooling for 12 h, precipitate was
filtered and the product was dried and crystallized. The
solvents used for recrydallization were alcohols
(isopropanol, ethanol) [8]. The reaction yied (XV-XX)
was 85-89 %. Characteristics of compounds (XV-XX) are
shownin Table 1.

The purity of the compounds (VI1-XI and XV-XX)
was confirmed with combined gas chromatography
(LC/MSD) method on the Agilent 1200 device with mass-
spectrometry detector Mass Quad G1956B (Agilent
Technologies Inc.) with positive and negative ionization.
Column Rapid Resolution HT Cartige 4.6x30 mm, 1.8-
Micron, Zorbx SB-C18 (Agilent Zorbx).
Chromatographic separation was performed by gradient
method with a mixture of water-acetonitrile. The flow rate
through the column was 2 ml/min; temperature — 318 K;;
analysis time — 210s. Purity was monitored by Diode-
arrey G1315B (Agilent Technologies Inc.) multiwave-
length diode matrix spectral detector at frequencies of
215 and 254 nm.

The dructure of the compounds was confirmed by
demental analysisand NMR *H spectroscopy (Bruker-300).

4-amino-1-{ 2-[isopropyl (phenyl}ami noj-2-
oxoethyl} pyridinium chloride (XV): "NMR(DM SO-d6):
8 =28.3(s 2H, NH2); 7.50-7.90 (5H, m, Ph); 7.40 (d, 2H,
Py); 6.80 (d, 2H, Py); 4.55 (m, 1H, CH-iPr): 0.95 (d, 6H,
2XCH3-iPr).

1-(2-anilino-2-oxoethyl)-4-(hydrazinocarbonyl)
pyridinium chloride (XVI1): 'NMR (DM S0-d6): & = 10.50
(S, 1H, NH); 10.50 (s, 1H, NH-Ph); 8.75 (d, 2H, Py); 7.75
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(d, 2H, Py); 7.05-7.60 (m, 5H, Ph); 5.60 (s, 2H, NH2);
4.25 (s, 2H, CH2).

1-{ 2-[(4-ethoxyphenyl)amino] - 2-oxoethyl} -4-
(hydrazinocarbonyl)pyridinium chloride (XVI1): *NMR
(DMSO-d6): 6 = 10.20 (s, 2H, NH2); 8.75 ( d, 2H, Py);
7.75 (d, 2H, Py); 7.50 (d, 2H, Ph); 6.80 (d, 2H, Ph); 4.70
(s, 1H, NH); 4.20 (s, 2H, CH2); 3.95 (m, 2H,-OCH2-
CH3); 1.30 (t, 3H,~OCH2-CH3).

1-{ 2-[(2,4-dimethyl phenyl)amino] -2-oxoethyl } -4-
(hydrazinocarbonyl)pyridinium chloride (XV111): *NMR
(DMSO-d6): 8 = 10.20 (s, 1H, NH-NH2); 9.60 (s,1H,
NH): 8,75 (d, 2H, Py); 7.55 (d, 2H, Py); 7.25 (d, 1H, Ph);
7.05 (s, 1H, Ph); 6.90 (d, 1H, Ph); 5.0 (s, 2H, NH-NH2);
4.30 (s,2H,CH2); 2.25 (s, 3H, CH3); 2,15 (s, 3H, CH3J).

1-{ 2-[(2,4-dimethyl phenyl)amino] -2-oxoethyl } -4-
(N-phenylglycilpyridinium chloride  (XIX): 'NMR
(DMSO-d6): & = 10.10 (s, 1H, NH); 9.95 (s, 1H, NH);
9.75 (d, 2H, Py); 8.55 (d, 2H, Py); 7.25-7.40 (m, 3H, Ph);
575 (s, 2H, NH2); 450 (d, 2H, CH2); 2.20 (d, 6H,
2xCH3).

1-{ 2-[(2,3-dimethyl phenyl)amino] -2-oxoethyl } -4-
(N-phenylglycilpyridinium  chloride  (XX): 'NMR
(DMSO-d6): 6 = 11.00 (s, 1H, NH); 10.40 (s, 1H, NH);
9.30 (m, 2H, Py); 8.55(m, 2H, Py); 7.05-7.45 (m, 5H,
Ph); 5.65-5.80 (d, 2H, NH2); 4.55 (d, 2H, CH2); 2.20—
2.30 (m, 6H, 2xCH3).

The efficiency of quaternary salts as biocorrosion
inhibitors was measured with the help of gravimetric
analysis (weight loss method). The mild steel St3ps plates
(surface area 0.002 n"), polished to the 4-5 class of
accuracy, were used. Before being placed in the corrosive
medium, the steel samples were cleaned with acetone, and
weighed with analytical scalesaccuracy to 0.0001 g.

Table 1
Parameter sof quater nary pyridinium salts
Calculated Detected
Compound R1 R2 R3 M T W(N), % [ WD), % | wiN), % | w(ai), % | ™K
CHg
XV -NH, —@ —< 30580 | 1374 | 1159 | 1316 | 1124 | 592
CHg
o N
XV ﬁ/ SNH, —@ -H 30675 | 1826 | 1156 | 1863 | 1133 | 451
o N O_~CHs
VI Y “NH, /©/ -H 35080 | 1597 | 1041 | 1581 | 1109 | 400
H CH3
XV O\[/N\NHZ \©\ -H 33480 | 1673 | 1059 | 1706 | 1048 | 413
CHs
o) CH3
XIX >—NL© \©\ -H 40991 | 1025 865 | 10.05 856 | 408
CHs
Q CHg
XX >—NQ© CHa -H 40991 | 1025 865 | 1035 839 | 426
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Corrosion rate with or without the inhibitors was
calculated with the help of the formula:
Dm
k o @
where Dm — weight loss, g; S — area, m? t — exposure
time, h.

Corrosion inhibition coefficient was calculated

with the help of the formula (2):

= @
where k and k' are the corrosion rates with and without the
inhibitor, respectively.

The inhibition efficiency (IE, %) was caculated
using the following equation:

IE=(1- 1/g)*00% (3

Model medium Postgate “B” (pH = 7) with sulfate-
reducing bacteria of Desulfovibrio sp. M.4.1 drain and
Desulfomicrobium sp. TC 4 strain was used as a testing
corrosive medium. Strain Desulfovibrio sp. M.4.1. was
taken from the corroded iron coating of the subterranean
gas pipeline [9]. Strain Desulfomicrobium sp. TC 4 (from
the corrosion product of brass tubes in water thermal
networks) was obtained from the collection of the
department of general and soil microbiology and virology,
D. K. Zabolotny Institute of Microbiology and Virology.
The initial titre of sulfate-reducing bacteria in corrosive
medium was 10° cell/ml. The samples soaking time was
240 h under 300 K; inhibitor concentration —0.5 g/l.

The biofilm cells, which appeared on the surface of
steel samples during tests, were gathered into the fixed
volume (20 ml) of 0.1N phosphate buffer (pH = 7) with
the help of ultrasound with the frequency of 25 kHz (30 s)
twice with the 60s interva using UZM-003/n. The
resulting swab was used in cultivating and calculating the
adhered bacteria cdlIs[10].

On withdrawal of the steel samples, the quantity of
free sulfate-reducing bacteria cells was calculated in the
culture medium.

The concentration of biogenic hydrogen sulfide
was measured with iodometric titration. The degree of
influence (S, %) of the studied salts on bacteria sulfate
reduction was cal culated using the formula:

s:%&m% (4)

where C and C¢ are the average hydrogen sulphide
concentrations with and without the inhibitor,
respectively, mg/l.

Statistical analysis of experimental data (the
corrosion rate) for the reliability level of 95% was
conducted with the help of Microsoft Excd. The
experiment was conducted three times. Linear regressive
analysis was performed to define the approximation
coefficient and the regression equation.
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3. Results and Discussion

It was revealed that synthesized quaternary
pyridinium salts have different effect on the rate of stedl
St3ps biocorrosion, caused by sulfate-reducing bacteria of
Desulfovibrio sp. M.4.1 gtrain and Desulfomicrobium sp.
TC 4 strain (Table 2). The most effective inhibitor of the
corrosion, caused by Desulfovibrio sp. M-4.1, in Postgate
“B” medium turned out to be compound XX, containing
2,3-methyl-phenyl substituent and N-benzylcarboxamide
fragment. After steel samples soaking in the corrosive
medium with this inhibitor, there was no visible sulfide
biofilm on their surface. Effectiveness of inhibitor XX
results from the substantial effect on metabolic activity of
sulfate-reducing bacteria, causing the reduction of
biogenic hydrogen sulfide concentration by 13.3 times
compared to the control test and the decrease of the
bacteria number in suspension and biofilm by 7 orders.
The substantial effect of compound XX on the number of
biofilm bacteria, which are less sensitive to the biocides
and more active, compared to the microorganisms of
plankton growth forms, is also important for the corrosion
inhibition.

The comparatively high protection rate was
established for the compound XVII1, which differs from
substance XX by the position of methyl radicals in
benzene ring and the presence of hydrazine carbonyl
fragment, and compound XV, containing amides in the
position 4 of pyridine ring, unsubstituted phenyl and
isopropyl substituents. The inhibition effect of these
compounds is aso due to their effect on the biological
factor, which prevails under the biocorrosion [11]. Apart
from this, compound XVI11 guarantees the decrease of the
number of bacteria in corrosive solution and biofilm up to
10", reducing their metabolic activity by 8.18 times. At the
same time, compound XV has a significant effect on the
number of bacteria in biofilm (reduction by 6 orders) but
has almost no effect on the bacteria in the corrosive
solution (free bacteria). The compound XI1 X, which differs
from substance XX only by the position of 2-methyl
substituents in benzene rings, increases the corrosion rate
by 125 times, as it has amost no effect on
microbiological parameters. The correlation between the
methyl substituents position and the antimicrobia and
inhibitory effect of the compounds agrees with the
previously obtained data from the research on the use of
tryazol oazepine bromides as inhibitor-biocides [12].

Compounds XVI and XVII, containing hydrazine
carbonyl fragment similar to compound XVIII, showed
comparatively low effectiveness, reducing the number of
bacteria by only 1-2 orders and reducing the biogenic
hydrogen sulfide concentration by 1.7 and 1.3 times,

respectively.
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Table2
The effectiveness of quater nary pyridinium saltsin inhibiting biocorrosion steel St3ps
: Quantity of sulfate-reducin

Co:;f on _Cor_rc_;s_i on I n_hi bition Concentrati on of v bacteria °

Compound (kA0?) colefn?l bltlc:n( 9 effici er;/cy (IB), hydrogen y:ﬂde ©, In clorrosive In biofilm

20 icien () m solution, 2’

g/(m™h) call/ml cell/em
strain Desulfovibrio sp. M-4.1
- 35.00+2.12 - - 319+14 10° 10°
XV 2.24+0.18 15.6 936 163+7 10° 10°
XVI 17.41+1.22 2.0 50.0 188+8 10’ 10’
XVII 15.98+0.45 2.2 54.6 253+8 10’ 10
XVIII 1.98+0.12 17.7 94.4 39+2 10" 10°
XIX 43.75+0.38 0.80 - 321+12 10° 10
XX 0.99+0.05 352 97.2 24+1 10° 10"
strain Desulfomicrobium sp. TC4

- 17.48+0.97 - - 308+12 10° 10°
XV 5.85+0.35 2.9 65.5 296+10 10° 10°
XVI 22.41+1.65 0.78 - 146+9 10° 10
XVII 8.69+0.40 2.0 50.0 19+1 10’ 10°
XVIII 3.35+0.12 5.1 80.4 404+19 10° 10°
XIX 3.54+0.17 49 79.6 389+14 10° 10°
XX 5.50+0.24 32 68.8 326+10 10° 10°

The correlation between the logarithm of inhibition
coefficient of mild sted biocorrosion caused by
Desulfovibrio sp. M-4.1 and the effect rate on bacterial
sulfatereduction (Fig.) has been established. The
corrdlation equation: lgg = 0.0165S — 0.1283. The
approximation coefficient value R? = 0.95 indicates the
high degree of linear dependence, which should be taken
into consideration in the future development of new
guaternary pyridinium salts for inhibiting the corrasion,
induced by the named bacteria strain.

The studied quaternary salts have less effect on
steel St3ps biocorrosion, caused by the bacteria
Desulfomicrobium sp. TC4, which are less aggressive (the
steel corrosion rate is 2.9 times less) compared to the
Desulfovibrio sp. M-4.1 drain. This effect is due to the
higher resstance of Desulfomicrobium sp. TC4 to
guaternary pyridinium salts and somewhat agrees with
research data of the named strains[13].

Compound XX turns out to have the biggest effect
on the number of sulphate reducing bacteria in the biofilm
formed with Desulfomicrobium sp. TC4. With compound
XX the number of bacteria decreases by 5 orders.
However, this inhibitor has almost no effect on the
number of free bacteria. The high sulphate reducing
activity of the microorganisms causes a significant (alittle
higher than the control test) hydrogen sulphide
concentration in the corrosive medium, which explains
low compound XX inhibition efficiency a 68.8%.
Compound XV, the inhibition efficiency of which is

65.5 %, similarly to compound XX, has greater effect on
the number of biofilm bacteria (decreases by 4 orders). At
the same time, the titre of sulfate-reducing bacteria in the
corrosive solution and biogenic hydrogen sulphide
concentration are still high.

lgg
1,6

1,4
1,2

1
0,8 -
0,6 -
0,4 -
0,2 -

a
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5 Y 15 35 55 75 95
02 A

Fig. Corrdation between the inhibition coefficient logarithm
(Igg) and the effect rate on the sulfate reduction (S)
of Desulfovibrio sp. M-4.1 strain bacteria

Compound  XVIII  with  2,4-methyl-phenyl
substituent and hydrazine carbonyl fragment proved to be
the most effective (protecting the sted by 80.3 %). This
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guaternary sat increases the bacteria sulfate-reducing
activity, leading to the accumulation of hydrogen sulphide
in the corrosive solution. The hydrogen sulphide
concentration exceeds the control test by 1.3 times. The
dense black sulphide biofilm is formed on the sted
samples surface. Such biofilm is known to guarantee the
inhibition efficiency, athough with the increase in the
time of exposure may enhance corrosion processes [14)].

Compound XVII inhibits the sulphate reducing
activity of Desulfomicrobium sp. TC4 strain. However, it
has little effect on the number of biofilm and plankton
bacteria, leading to its low (50.0 %) inhibition efficiency.
Compound XVI has a completely opposite effect,
enhancing the steel St3ps biocorrosion.

A correlation between the compounds effect on
the microbiological factor and the sted protection rate
provided by them, can be stated for Desulfomicrobium p.
TC4 as well as for Desulfovibrio sp. M-4.1. However,
there is no correlation between microbiological and
COrrosive parameters.

According to the obtained data, the studied
guaternary pyridinium salts are more effective for the
protection of the steel against biocorrosion in the medium
with bacteria of Desulfovibrio genus.

4. Conclusions

Quaternary pyridinium sdts with the amide
fragment and aryl substituents may ensure the protection of
mild sted St3ps by 50.0-97.3% under the microbia
corrosion, caused by the sulfate-reducing bacteria of
Desulfovibrio and Desulfomicrobium genera.  Their
inhibition efficiency is caused by the effect on micro-
biological factor. The most effective inhibitor in the me-
dium with bacteria of Desulfovibrio genusis 1-{ 2-[(2,3-di-
methyl phenyl)amino] -2-oxoethyl} -4-(N-phenyl glycil) pyri-
dinium chloride, which with the concentration 0.5 g/l shows
the inhibition rate of 97.3% and can be used for the
development of new anticorrosve materids for the
protection of subterranean metal constructions.
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YETBEPTUHHI COJII IIPUIUHIIO
SIK IH['IBITOPAU MIKPOBHOI KOPO3Ii
HU3bKOKAPBOHOBOI CTAJII

Anomauia. Ooepocano pso HOBUX YEMBEPMUHHUX COJlell
NIPUOUHIIO 3 AMIOHUM (hpacmeHmom ma apuibHUMU 3AMICHUKAMU,
ski nposensoms 3axuchy oito 50,0-97,2 % npu mixpobHiil koposii
HU3LKOKApPOOHOGOI  cmaii,  IHOYKOBAHOL  Cyibgham-8iOHOGIO-
sanvrumu 6axmepismu podie Desulfovibrio ma Desulfomicrobium
Bcmanosneno, wo inzioimopmi enacmugocmi docniodxcenux uemeep-
TMUHHUX ~ CONell 3YMOGIeHI iX GNIU6OM HA MIKpOOION02iuHULL
YUHHUK.

Knrwouosi cnosa. uemsepmunmi coni nipuounito, 6iokoposis,
cynbham-6iono6n1068aNbHI 6akmepii, ineibimopu.



