
101

Effect of protonation on anticorrosion properties of polyheteroatomic inhibitors of acid corrosion of steel

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 3, pp. 101-107

© Î.Î. Êîðîëåâ, Î.Ñ. Áîíäàð, ².Ì. Êóðìàêîâà, Î.I. Ñèçà, 2020

ÓÄÊ 620.197.3

Î.Î. Êîðîëåâ à, Î.Ñ. Áîíäàð á, ².Ì. Êóðìàêîâà á, Î.I. Ñèçà á

ÂÏËÈÂ ÏÐÎÒÎÍÓÂÀÍÍß ÍÀ ÏÐÎÒÈÊÎÐÎÇ²ÉÍ² ÂËÀÑÒÈÂÎÑÒ²
ÏÎË²ÃÅÒÅÐÎÀÒÎÌÍÈÕ ²ÍÃ²Á²ÒÎÐ²Â ÊÈÑËÎÒÍÎ¯ ÊÎÐÎÇ²¯ ÑÒÀË²

a Äåðæàâíèé íàóêîâî-äîñë³äíèé ³íñòèòóò âèïðîáóâàíü ³ ñåðòèô³êàö³¿ îçáðîºííÿ òà â³éñüêîâî¿
òåõí³êè, ì. ×åðí³ã³â, Óêðà¿íà

á Íàö³îíàëüíèé óí³âåðñèòåò «×åðí³ã³âñüêèé êîëåã³óì» ³ìåí³ Ò.Ã. Øåâ÷åíêà, ì. ×åðí³ã³â Óêðà¿íà

Äîñë³äæåíî âïëèâ ñòóïåíÿ ïðîòîíóâàííÿ ìîëåêóëè íà åôåêòèâí³ñòü ³íã³áóâàííÿ

êèñëîòíî¿ êîðîç³¿ êîíñòðóêö³éíî¿ ñòàë³ âòîðèííèìè àì³íàìè ç òðèàçîëîàçåï³íìå-

òèëüíèì ³ àðèëüíèì çàì³ñíèêàìè, ùî îäåðæàíî øëÿõîì âçàºìîä³¿ 7-ìåòîêñ³-3,4,5,6-

òåòðà-ã³äðî-2Í-àçåï³íó ç ã³äðàçèäàìè çàì³ùåíèõ N-àðèëàì³íîîöòîâèõ êèñëîò. Êâàí-

òîâî-õ³ì³÷íèìè ðîçðàõóíêàìè ïîêàçàíî, ùî äëÿ âòîðèííèõ àì³í³â, ÿê³ â³äð³çíÿëèñÿ

çàì³ñíèêîì (–Í, –F, –Cl, –I) â ïàðà- ïîëîæåíí³ áåíçîëüíîãî ê³ëüöÿ, ôîðìà ³ñíó-

âàííÿ ìîëåêóë ó ðîç÷èí³ çàëåæèòü â³ä ðÍ ñåðåäîâèùà. Âïëèâ çàçíà÷åíîãî ôàêòîðà

º ñóòòºâèì â ìåæàõ ðÍ â³ä 0 äî 3. Âñòàíîâëåíî, ùî âèñîêà ïðîòèêîðîç³éíà ä³ÿ

(>85% ïðè êîíöåíòðàö³¿ 1 ììîëü/ë) çàáåçïå÷óºòüñÿ çà óìîâè ïåðåâàæàííÿ ó ñóëü-

ôàòíîêèñëîìó ñåðåäîâèù³ ìîëåêóë ïðîòîíîâàíèõ çà àòîìîì àçîòó òðèàçîëüíîãî

öèêëó. Öå ðåàë³çóºòüñÿ äëÿ âñ³õ äîñë³äæåíèõ ïîõ³äíèõ â 0,1 Ì ðîç÷èí³ ñóëüôàòíî¿

êèñëîòè (ðÍ 0,7) òà äëÿ ñïîëóê ç ïàðà-õëîðôåí³ëüíèì òà ïàðà-éîäôåí³ëüíèì çàì³-

ñíèêîì â 0,5 Ì (ðÍ 0). Çà ðåçóëüòàòàìè ïîëÿðèçàö³éíèõ âèì³ðþâàíü çðîáëåíî

âèñíîâîê, ùî íàéá³ëüøà åôåêòèâí³ñòü ³íã³áóâàííÿ (96,09% â 0,1 Ì Í2SO4) ñïîëóêè

ç ïàðà-éîäôåí³ëüíèì çàì³ñíèêîì ïîÿñíþºòüñÿ ¿¿ ñïåöèô³÷íîþ àäñîðáö³ºþ ç óòâî-

ðåííÿì ñòàá³ë³çîâàíîãî êîìïëåêñó ç ïåðåíåñåííÿì çàðÿäó â³ä àäñîðáàòó íà ìåòàë,

ùî çóìîâëþº óòâîðåííÿ ì³öíîãî çàõèñíîãî øàðó ³íã³á³òîðà íà ïîâåðõí³ ñòàë³. Çà-

õèñíèé åôåêò çíèæóºòüñÿ ïðè çá³ëüøåíí³ ó ðîç÷èíàõ ê³ëüêîñò³ ìîëåêóë ïðîòîíîâà-

íèõ çà äâîìà àòîìàìè àçîòó, ùî â³äáóâàºòüñÿ ïðè çá³ëüøåíí³ êèñëîòíîñò³ ñåðåäîâè-

ùà, àáî íåïðîòîíîâàíèõ ôîðì ïðè çá³ëüøåíí³ ðÍ, ùî ïîÿñíþºòüñÿ óñêëàäíåííÿì

àäñîðáö³¿ äîñë³äæåíèõ âòîðèííèõ àì³í³â.
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íà êîðîç³ÿ, êîíñòðóêö³éíà ñòàëü.
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Âñòóï

Ç ìåòîþ çáåðåæåííÿ ìåòàëîôîíäó ïðè âè-
êîðèñòàíí³ êèñëîòíèõ ñåðåäîâèù ó ð³çíèõ ãàëó-
çÿõ íàðîäíîãî ãîñïîäàðñòâà – õ³ì³÷í³é, õàð÷îâ³é,
ìàøèíîáóä³âåëüí³é ïðîìèñëîâîñò³, çîêðåìà äëÿ
êèñëîòíèõ ïðîìèâàíü òåõíîëîã³÷íîãî îáëàäíàí-
íÿ, òðàâëåííÿ ìåòàëó, òîùî, çàñòîñîâóþòü
³íã³á³òîðè êîðîç³¿. Á³ëüø³ñòü ç íèõ º ïîë³ãåòåðî-
àòîìíèìè îðãàí³÷íèìè ñïîëóêàìè [1]. Âèñîêà
åôåêòèâí³ñòü òàêèõ ñïîëóê, çîêðåìà àçîòâì³ñíèõ
[1], çóìîâëåíà ¿õ çäàòí³ñòþ äî àäñîðáö³¿ íà ïî-
âåðõí³ ìåòàëó çà ó÷àñòþ íåïîä³ëåíî¿ åëåêòðîí-
íî¿ ïàðè àòîìà àçîòó òà óòâîðåííÿì ïîâåðõíåâî¿
çàõèñíî¿ ïë³âêè. Íåçàëåæíî â³ä ìåõàí³çìó àä-

ñîðáö³¿, äëÿ çàáåçïå÷åííÿ ïðîòèêîðîç³éíî¿ ä³¿
³íã³á³òîðà âàæëèâèì º ðîçïîä³ë çàðÿä³â íà àä-
ñîðáö³éíî-ðåàêö³éíèõ öåíòðàõ ìîëåêóëè, ùî
ìîæå çì³íþâàòèñÿ â³äïîâ³äíî äî ñòóïåíÿ ïðî-
òîíóâàííÿ ìîëåêóë. Äëÿ ïîë³ãåòåðîàòîìíèõ àçîò-
âì³ñíèõ ³íã³á³òîð³â, ÿêèìè º ïîõ³äí³ òðèàçîëîà-
çåï³íó [2], ³ì³äàçîàçåï³íó [3], òîùî, çì³íà ñòóïå-
íÿ ïðîòîíóâàííÿ â ñåðåäîâèùàõ ç ð³çíîþ êèñ-
ëîòí³ñòþ ìîæå ïðèâîäèòè äî çì³íè ìåõàí³çìó ¿õ
ä³¿ (åëåêòðîñòàòè÷íèé, õ³ì³÷íà àáî ñïåöèô³÷íà
àäñîðáö³ÿ) òà åôåêòèâíîñò³ çàõèñòó. Öå îñîáëè-
âî âàæëèâî âðàõîâóâàòè äëÿ ³íã³á³òîð³â, ÿê³ º ïîë-
³ãåòåðîàòîìíèìè îðãàí³÷íèìè îñíîâàìè, çîêðåìà
àì³íàìè.
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Ìåòà äàíî¿ ðîáîòè: äîñë³äèòè âïëèâ ïðè-
ðîäè çàì³ñíèêà â ïàðà- ïîëîæåíí³ áåíçîëüíîãî
ÿäðà ó ñêëàä³ âòîðèííèõ àì³í³â ç òðèàçîëîàçåï³í-
ìåòèëüíèì ³ àðèëüíèì çàì³ñíèêàìè íà ñòóï³íü
ïðîòîíóâàííÿ ìîëåêóë òà åôåêòèâí³ñòü ¿õ çàõèñ-
íî¿ ä³¿ ïðè êèñëîòí³é êîðîç³¿ êîíñòðóêö³éíî¿ ñòàë³
â ñóëüôàòíèõ ñåðåäîâèùàõ ç ð³çíèì ðÍ.

Åêñïåðèìåíòàëüíà ÷àñòèíà

ßê ³íã³á³òîðè êîðîç³¿ äîñë³äæóâàëè N-àðèë-
N-(6,7,8,9-òåòðàã³äðî-5Í-[1,2,4]òðèàçîëî[4,3-a]-
àçåï³í-3-³ëìåòèë)-àì³íè ³ç íàñòóïíîþ çàãàëüíîþ
ôîðìóëîþ

R

H
N

N

NN
1 2

3

4

де  I - R=H; II - R=F; III - R=Cl; IV - R=I.

Ñïîëóêè îäåðæàíî øëÿõîì âçàºìîä³¿ 7-ìå-
òîêñ³-3,4,5,6-òåòðà-ã³äðî-2Í-àçåï³íó ç ã³äðàçèäà-
ìè çàì³ùåíèõ N-àðèëàì³íîîöòîâèõ êèñëîò [4].
Áóäîâà ñïîëóê äîâåäåíà ìåòîäîì 1Í ßÌÐ ñïåê-
òðîñêîï³¿ (Bruker-300). ×èñòîòà ñïîëóê ï³äòâåð-
äæåíà õðîìàòîìàñ-ñïåêòðîìåòðè÷íèì àíàë³çîì
(LC/MSD) íà ïðèëàä³ ñåð³¿ Agilent 1200 ç ìàñ-
ñïåêòðîìåòðè÷íèì äåòåêòîðîì Mass Quad
G1956B (Agilent Technologies ²nc.).

Åôåêòèâí³ñòü âòîðèííèõ àì³í³â ÿê
³íã³á³òîð³â êîðîç³¿ äîñë³äæóâàëèçà âòðàòîþ ìàñè
çðàçê³â ñòàë³ â àãðåñèâíèõ ñåðåäîâèùàõ òà çà
âåëè÷èíîþ ïîëÿðèçàö³éíîãî îïîðó. Ãðàâ³ìåò-
ðè÷í³ äîñë³äæåííÿ ïðîâîäèëè íà ïëàñòèíàõ
êîíñòðóêö³éíî¿ ñòàë³ Ñò3ïñ (ïëîùà ïîâåðõí³
0,0027 ì2) â³äøë³ôîâàíèõ äî 4–5 êëàñó øîðñò-
êîñò³. Ïåðåä âíåñåííÿì ó êîðîçèâíå ñåðåäîâè-
ùå çðàçêè ñòàë³ çíåæèðþâàëè åòèëîâèì ñïèð-
òîì ³ çâàæóâàëè íà àíàë³òè÷íèõ òåðåçàõ ç òî÷í³-
ñòþ 510–5 ã. ßê êîðîçèâíå ñåðåäîâèùå âèêîðèñ-
òîâóâàëè 0,01 Ì (ðÍ 1,7); 0,1 Ì (ðÍ 0,7) òà 0,5 Ì
(ðÍ 0) ðîç÷èíè H2SO4. ×àñ âèòðèìêè çðàçê³â
6 ãîä, îñê³ëüêè â³äîìî, ùî êîðîç³éí³ ðóéíóâàí-
íÿ íàéá³ëüø àêòèâíî â³äáóâàþòüñÿ ñàìå â ïåðø³
ãîäèíè âçàºìîä³¿ ç àãðåñèâíèì ñåðåäîâèùåì, à
äàë³ ïðîöåñ äåùî óïîâ³ëüíþºòüñÿ. Òåìïåðàòóðà
äîñë³äæåííÿ 298±2 Ê, êîíöåíòðàö³ÿ ³íã³á³òîðà
1 ììîëü/ë.

Çà îäåðæàíèìè ðåçóëüòàòàìè îá÷èñëþâàëè
øâèäê³ñòü êîðîç³¿ áåç òà çà ïðèñóòíîñò³ ³íã³á³òî-
ðà (km=m/(S), äå m – âòðàòà ìàñè çðàçêà (ã);
S – ïëîùà çðàçêó (ì2);  – ÷àñ (ãîä)), êîåô³ö³ºíò

ãàëüìóâàííÿ êîðîç³¿ (m=km/km
’, äå km, km

’ –
øâèäê³ñòü êîðîç³¿ áåç òà çà ïðèñóòíîñò³ ³íã³á³òî-
ðà, â³äïîâ³äíî), åôåêòèâí³ñòü ³íã³áóâàííÿ
(Zm=(1–1/m)100%).

Âèì³ðþâàííÿ ïîëÿðèçàö³éíèõ õàðàêòåðè-
ñòèê ïðîöåñó êîðîç³¿ ïðîâîäèëè íà ³íäèêàòîð³
ïîëÿðèçàö³éíîãî îïîðó Ð5126. Öå äâîåëåêòðîä-
íèé åëåêòðîõ³ì³÷íèé ïåðåòâîðþâà÷, äî ÿêîãî
âõîäÿòü äâà ³äåíòè÷í³ öèë³íäðè÷í³ åëåêòðîäè ç³
ñòàë³ 20: ä³àìåòð – 6 ìì, äîâæèíà – 30 ìì, ïëî-
ùà êîæíîãî åëåêòðîäà – 6 ñì2, â³äñòàíü ì³æ åëåê-
òðîäàìè – 7 ìì. Çðàçêè øë³ôóâàëè íà âåðñòàò³
äî äîñÿãíåííÿ ïîêàçíèêà øîðñòêîñò³ ïîâåðõí³
íå á³ëüøå 0,8 ìêì, à ïîò³ì çíåæèðþâàëè â àöå-
òîí³ àáî ñïèðò³ ³ çáåð³ãàëè â åêñèêàòîð³.

Âèì³ðþâàííÿ ïîëÿðèçàö³éíîãî îïîðó (Rp),
ÿêèé â³äîáðàæàº îï³ð ïðîò³êàííÿ àíîäíîãî ³ êà-
òîäíîãî ïðîöåñ³â (Rpa=a/i; Rpê=ê/i , äå a,
ê – àíîäíà ³ êàòîäíà ïîëÿðèçàö³ÿ (Â); i – ãóñ-
òèíà ñòðóìó êîðîç³¿ (À/ì2)), âèêîíóâàëè ïåð³-
îäè÷íî ï³ñëÿ òîãî, ÿê ïðîöåñ ïåðåéäå ó ñòàö³-
îíàðíèé ðåæèì.

Òî÷í³ñòü åêñïåðèìåíòàëüíîãî âèçíà÷åííÿ
øâèäêîñò³ êîðîç³¿ çà ãðàâ³ìåòð³ºþ òà ïîëÿðèçà-
ö³éíîãî îïîðó çà åëåêòðîõ³ì³÷íèì ìåòîäîì ïðè
ê³ëüêîñò³ âèì³ðþâàíü n=5, ç éìîâ³ðí³ñòþ 0,95,
ñêëàäàº ±5%.

Îêèñíî-â³äíîâíèé ïîòåíö³àë (Å, ìÂ) êî-
ðîçèâíîãî ñåðåäîâèùà âèì³ðþâàëè ç âèêîðè-
ñòàííÿì äàò÷èêà ³ ðåã³ñòðàòîðà LabQuest 2 (Vernier
Software&Technology). Åëåêòðîä ïîð³âíÿííÿ –
õëîðñð³áíèé. Ïîõèáêà âèì³ðþâàííÿ ±0,5 ìÂ.

Ðîçðàõóíêè çàðÿä³â àòîì³â ìîëåêóë âòîðèí-
íèõ àì³í³â çä³éñíåíî ç âèêîðèñòàííÿì êîìï’þ-
òåðíî¿ ïðîãðàìè Chem3D 9.0 (Cambrige Soft).
Ñòóï³íü ïðîòîíóâàííÿ ìîëåêóë ó ðîç÷èíàõ ç
ð³çíèì çíà÷åííÿì ðÍ âèçíà÷àëè çà äîïîìîãîþ
ïàêåòà ïðîãðàì ACDLabs 6.0. (ACD/Log D,
Advanced Chemistry Development Inc.)

Ïîòåíö³àë ³îí³çàö³¿ (²Ð) ìîëåêóë âòîðèííèõ
àì³í³â âèçíà÷àëè ÿê åíåðã³þ âèùî¿ çàéíÿòî¿ ìî-
ëåêóëÿðíî¿ îðá³òàë³, âçÿòî¿ ç ïðîòèëåæíèì çíà-
êîì (çà òåîðåìîþ Êóïìàíñà); ðîçðàõóíêè ïðî-
âîäèëè ç âèêîðèñòàííÿì êîìï’þòåðíî¿ ïðîãðà-
ìè Hyperchem.

Ðåçóëüòàòè ³ îáãîâîðåííÿ

Äîñë³äæåí³ âòîðèíí³ àì³íè ìàþòü îñíîâí³
âëàñòèâîñò³ ³ ó êèñëîòíîìó ñåðåäîâèù³ çäàòí³
ïðèºäíóâàòè ïðîòîí ç óòâîðåííÿì îðãàí³÷íîãî
êàò³îíà çà ð³âíÿííÿì (R)2NH+H+(R)2NH2

+. Ö³
ñïîëóêè ó âîäíèõ ðîç÷èíàõ, â çàëåæíîñò³ â³ä
êèñëîòíîñò³ ñåðåäîâèùà, ìîæóòü çíàõîäèòèñÿ ó
ð³çíèõ ôîðìàõ: íåïðîòîíîâàí³é, ïðîòîíîâàí³é
ïî îäíîìó àáî äåê³ëüêîõ àòîìàõ àçîòó.
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Çà ðåçóëüòàòàìè ðîçðàõóíê³â (ACD-LABS;
ÀÑD/LogD) îäåðæàíî çàëåæíîñò³ â³ðîã³äíîñò³
³ñíóâàííÿ ìîëåêóë ó ïåâí³é ôîðì³ â³ä ðÍ ñåðå-
äîâèùà (ðèñ. 1). Âèäíî, ùî íàéá³ëüøèé âïëèâ
ðÍ ñåðåäîâèùà íà ñòóï³íü ïðîòîíóâàííÿ ìîëå-
êóë â³äáóâàºòüñÿ â ìåæàõ â³ä 0 äî 3, òîä³ ÿê ó
ñëàáêîêèñëèõ, íåéòðàëüíèõ ³ ëóæíèõ ñåðåäîâè-
ùàõ ïðîòîíóâàííÿ öèõ ñïîëóê íå â³äáóâàºòüñÿ.
Ïðè öüîìó â³äñë³äêîâóºòüñÿ, ùî ³ñíóâàííÿ âòî-
ðèííèõ àì³í³â â ò³é ÷è ³íø³é ôîðì³ çàëåæèòü â³ä
ïðèðîäè çàì³ñíèêà ó áåíçîëüíîìó ê³ëüö³. Òàê,
äëÿ ñïîëóêè ² (ç íåçàì³ùåíèì ôåí³ëüíèì ôðàã-
ìåíòîì) ïðè çíà÷åííÿõ ðÍ â ìåæàõ â³ä 0 äî 0,4
ìîëåêóëà ïåðåâàæíî ïðîòîíîâàíà çà äâîìà àòî-
ìàìè àçîòó N1 òà N4, â ³íòåðâàë³ 0,4<ðÍ<1,7 –
ïåðåâàæíî ïðîòîíîâàíà ëèøå çà N1, ³ â ìåíø
êèñëîìó ñåðåäîâèù³ – íåïðîòîíîâàíà. Äëÿ ñïî-
ëóêè ²² (ç ïàðà-ôòîðôåí³ëüíèì çàì³ñíèêîì)
ìîëåêóëà ïåðåâàæíî ïðîòîíîâàíà çà äâîìà àòî-
ìàìè àçîòó N1 òà N4 â ìåæàõ ðÍ â³ä 0 äî 0,3, â
³íòåðâàë³ 0,3<ðÍ<1,7 – ïåðåâàæíî çà N1 ³ â ìåíø
êèñëîìó ñåðåäîâèù³ – íåïðîòîíîâàíà.

Äëÿ ñïîëóê ²²² òà ²V ïðè ðÍ<1,3 ïåðåâàæ-
íîþ º ôîðìà ìîëåêóëè ïðîòîíîâàíî¿ çà àòîìîì
N1. Ïðè ðÍ>1,3 – á³ëüø³ñòü ìîëåêóë âòîðèííèõ
àì³í³â ç ïàðà-õëîðôåí³ëüíèì ³ ïàðà-éîäôåí³ëü-
íèì çàì³ñíèêàìè º íåïðîòîíîâàíèìè.

Â³ðîã³äí³ñòü ³ñíóâàííÿ ð³çíèõ çà ñòóïåíåì
ïðîòîíóâàííÿ ôîðì ìîëåêóë âòîðèííèõ àì³í³â
ó äîñë³äæåíèõ ðîç÷èíàõ ñóëüôàòíî¿ êèñëîòè (ðÍ
0; ðÍ 0,7; ðÍ 1,7) íàâåäåíî ó òàáë. 1.

Â³äñë³äêîâóºòüñÿ, ùî ïðè ðÍ 0 òà ðÍ 0,7
â³ðîã³äí³ñòü ³ñíóâàííÿ ìîëåêóë ïðîòîíîâàíèõ çà
äâîìà àòîìàìè àçîòó (N1 òà N4) çðîñòàº â ðÿäó
²<Cl<F<Í, òîä³ ÿê äëÿ íåïðîòîíîâàíî¿ ôîðìè
òà ïðîòîíîâàíî¿ çà N1 ñïîñòåð³ãàºòüñÿ ïðîòèëåæ-
íà çàêîíîì³ðí³ñòü: ²>Cl>F>Í. Ïðè çìåíøåíí³
êèñëîòíîñò³ ñåðåäîâèùà äî ðÍ 1,7 – äëÿ íåïðî-
òîíîâàíî¿ ³ ïðîòîíîâàíî¿ çà N1 òà N4 ôîðì çàç-
íà÷åíà çàêîíîì³ðí³ñòü çáåð³ãàºòüñÿ, àëå äëÿ ïðî-
òîíîâàíî¿ çà N1 ôîðìîþ ñïîñòåð³ãàºòüñÿ ïðîòè-

ëåæíà çàêîíîì³ðí³ñòü, à ñàìå íå çìåíøåííÿ, à
çðîñòàííÿ â³ðîã³äíîñò³ ³ñíóâàííÿ â ðÿäó ²<Cl<F<Í.

Ð³çíà ñòóï³íü ïðîòîíóâàííÿ ìîëåêóë âòî-
ðèííèõ àì³í³â çóìîâëþº â³äïîâ³äíèé ðîçïîä³ë
çàðÿä³â íà àäñîðáö³éíî-ðåàêö³éíèõ öåíòðàõ, çîê-
ðåìà àòîìàõ àçîòó (òàáë. 2).

Äëÿ ïðîòîíîâàíî¿ çà äâîìà àòîìàìè N1 òà
N4 ôîðì ìîëåêóë ñïîëóê ² òà ²² âñ³ àòîìè àçîòó
çàðÿäæåí³ ïîçèòèâíî, òîáòî ïðè àäñîðáö³¿
³íã³á³òîðà ìîæëèâà ëèøå åëåêòðîñòàòè÷íà âçà-
ºìîä³ÿ ç íåãàòèâíî çàðÿäæåíèìè ä³ëÿíêàìè ïî-
âåðõí³ ñòàë³. Ó òàêîìó âèïàäêó íå ñë³ä î÷³êóâàòè
âèñîêî¿ åôåêòèâíîñò³ ³íã³áóâàííÿ äëÿ ñïîëóê ²
òà ²², ùî ³ ï³äòâåðäæóºòüñÿ ðåçóëüòàòìè ãðàâ³-
ìåòðè÷íèõ äîñë³äæåíü – ñòóï³íü çàõèñòó ñòàíî-
âèòü 73,45% òà 79,08%, â³äïîâ³äíî (òàáë. 3).

                      à                                          á                                           â                                         ã

Ðèñ. 1. Çàëåæí³ñòü â³ðîã³äíîñò³ ³ñíóâàííÿ ìîëåêóë âòîðèííèõ àì³í³â ó ð³çíèõ ôîðìàõ â çàëåæíîñò³ â³ä ðÍ ñåðåäîâèùà:

à – I; á – II; â – III; ã – IV (– íåïðîòîíîâàíà ôîðìà; ---- ïðîòîíîâàíà ïî N1; –––– ïðîòîíîâàíà ïî N1 òà N4)

Вірогідність існування молекул у певній 

формі, % 

протонована  

Сполука 

(R) 
непротонована 

по N1 по N1 та N4 

pH 0 

І (H) 0,5 27,3 72,1 

ІІ (F) 0,6 33,0 66,4 

ІІІ (Cl) 2,5 74,8 22,7 

ІV (І) 4,7 88,2 7,1 

pH 0,7 

І (H) 6,0 61,6 32,4 

ІІ (F) 6,6 66,7 26,8 

ІІІ (Cl) 13,5 81,5 4,9 

ІV (І) 21,0 77,8 1,2 

pH 1,7 

І (H) 48,1 49,3 2,6 

ІІ (F) 48,6 49,4 2,0 

ІІІ (Cl) 62,2 37,5 0,2 

ІV (І) 72,9 27,0 0 

 

Òàáëèöÿ 1

Â³ðîã³äí³ñòü ³ñíóâàííÿ ð³çíèõ çà ñòóïåíåì
ïðîòîíóâàííÿ ôîðì ìîëåêóë âòîðèííèõ àì³í³â ó

äîñë³äæåíèõ âîäíèõ ðîç÷èíàõ ñóëüôàòíî¿ êèñëîòè
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Íàÿâí³ñòü ïîçèòèâíî òà íåãàòèâíî çàðÿä-
æåíèõ àäñîðáö³éíî-ðåàêö³éíèõ öåíòð³â äëÿ
ð³çíèõ ôîðì ³ñíóâàííÿ äîñë³äæåíèõ âòîðèííèõ
àì³í³â äîçâîëÿº ðåàë³çóâàòèñÿ ïðè ¿õ àäñîðáö³¿
äåê³ëüêîì ìåõàí³çìàì: åëåêòðîñòàòè÷í³é âçà-
ºìîä³¿ ç ïîâåðõíåþ ìåòàëó òà ñïåöèô³÷í³é àä-
ñîðáö³¿ ç óòâîðåííÿì ïîâåðõíåâèõ êîìïëåêñ³â ç
ïåðåíîñîì çàðÿä³â íà â³ëüí³ îðá³òàë³ çàë³çà. Ïðè
öüîìó, ÿê ïîêàçàíî â ðîáîòàõ Âäîâåíêî ç³ ñï³âðî-
á³òíèêàìè [5], äî ñêëàäó ïîâåðõíåâèõ êîìïëåêñ³â
ïðè ³íã³áóâàëüí³é ä³¿ àì³í³â ìîæóòü âõîäèòè òà-
êîæ ïðîäóêòè êîðîç³¿ òà êîìïîíåíòè ðîç÷èíó.
Ðåàë³çàö³ÿ ìåõàí³çìó ñïåöèô³÷íî¿ àäñîðáö³¿
ï³äòâåðäæóºòüñÿ çàëåæí³ñòþ ñòóïåíÿ çàõèñòó â³ä
ïîòåíö³àëó ³îí³çàö³¿ (²Ð), ÿêèé äëÿ ñïîëóê ç çàì³-
ùåíèì ôåí³ëüíèì ôðàãìåíòîì (²², ²²², IV) ñòà-
íîâèòü 8,83; 8,71 òà 8,65 åÂ, â³äïîâ³äíî. Äëÿ âñ³õ
äîñë³äæåíèõ ðÍ åôåêòèâí³ñòü ³íã³áóâàííÿ
çá³ëüøóºòüñÿ ç³ çìåíøåííÿì ²Ð.

Íàéá³ëüøà åôåêòèâí³ñòü ³íã³áóâàííÿ
(òàáë. 3) âèÿâëåíà äëÿ âñ³õ äîñë³äæåíèõ ñïîëóê
â 0,1 Ì ðîç÷èí³ H2SO4 (pH 0,7). Çàõèñíà ä³ÿ çà-
ëèøàºòüñÿ âèñîêîþ (>85%) äëÿ ñïîëóê ²²² òà ²V
³ â 0,5 Ì H2SO4 (pH 0). Â öèõ ðîç÷èíàõ ïåðåâàæ-
íîþ ôîðìîþ ³ñíóâàííÿ âòîðèííèõ àì³í³â º ìî-
ëåêóëè ïðîòîíîâàí³ ïî àòîìó N1 (òàáë. 1). Ïðè
çá³ëüøåíí³ êèñëîòíîñò³ ñåðåäîâèùà äî ðÍ 0 òà
ïðè çìåíøåíí³ êèñëîòíîñò³ ñåðåäîâèùà äî ðÍ
1,7 çàõèñíèé åôåêò âñ³õ äîñë³äæåíèõ ñïîëóê

çìåíøóºòüñÿ, àíàëîã³÷íî çìåíøóºòüñÿ
â³ðîã³äí³ñòü ³ñíóâàííÿ ìîëåêóë ïðîòîíîâàíèõ ïî
îäíîìó àòîìó àçîòó. Â³ðîã³äíî, çá³ëüøåííÿ íå-
ïðîòîíîâàíèõ ìîëåêóë ïðè çìåíøåíí³ êèñëîò-
íîñò³ ñåðåäîâèùà ³ çá³ëüøåííÿ ïðîòîíîâàíèõ
ìîëåêóë ïî äâîõ àòîìàõ àçîòó ïðè çìåíøåíí³
ðÍ óñêëàäíþº óòâîðåííÿ ïîâåðõíåâèõ êîì-
ïëåêñ³â ïðè ñïåöèô³÷íèé àäñîðáö³¿ ìîëåêóë, ùî
çíèæóº ¿õ ³íã³áóâàëüíó ä³þ.

Åëåêòðîõ³ì³÷íèé ïðîöåñ êîðîç³¿ ñòàë³ â êèñ-
ëîìó ñóëüôàòíîìó ñåðåäîâèù³ ñóïðîâîäæóºòüñÿ
çì³íîþ éîãî ñêëàäó, ùî âïëèâàº íà îêèñíî-
â³äíîâíèé ïîòåíö³àë (ðèñ. 2). Çì³ùåííÿ Å â íå-
ãàòèâíèé á³ê ó äîñë³ä³ â 0,1 Ì ðîç÷èí³ H2SO4 áåç
³íã³á³òîðà (ðèñ. 2,à) âêàçóº íà çíèæåííÿ êîíöåí-
òðàö³¿ îêèñíèêà â ðîç÷èí³, ùî íàéá³ëüø åôåê-
òèâíî â³äáóâàºòüñÿ ïðîòÿãîì ïåðøî¿ ãîäèíè åê-
ñïåðèìåíòó ³ ñâ³ä÷èòü ïðî íàêîïè÷åííÿ ïðî-
äóêò³â êîðîç³¿ íà ïîâåðõí³ ñòàëåâîãî çðàçêà. Çà
íàÿâíîñò³ â ðîç÷èí³ ³íã³á³òîð³â õàðàêòåð çì³íè
îêèñíî-â³äíîâíîãî ïîòåíö³àëó äåùî ³íøèé: ñïî-
÷àòêó ñïîñòåð³ãàºòüñÿ éîãî çá³ëüøåííÿ (äî 60 ìÂ,
îñîáëèâî äëÿ ñïîëóêè ²²), ïîò³ì ïîâ³ëüíå çíè-
æåííÿ ïðîòÿãîì 2–3 ãîä. Çá³ëüøåííÿ Å îïîñå-
ðåäêîâàíî âêàçóº íà àäñîðáö³þ ³íã³á³òîð³â íà
ìåòàëåâîìó çðàçêó. Ì³í³ìàëüíà çì³íà Å, â³äáó-
âàºòüñÿ äëÿ íàéá³ëüø åôåêòèâíîãî ³íã³á³òîðà –
ñïîëóêè ²V. Àíàëîã³÷íèé õàðàêòåð çàëåæíîñò³
Å–f(t) â ðîç÷èí³ 0,5 Ì H2SO4 (ðèñ. 2,á).

Äîñë³äæåííÿ äèíàì³êè ïîëÿðèçàö³éíîãî
îïîðó, ÿêèé ôàêòè÷íî çâîðîòíî ïðîïîðö³éíèé
øâèäêîñò³ êîðîç³¿ [6], ïîêàçàëî, ùî äëÿ âñ³õ
³íã³áîâàíèõ ñóëüôàòíèõ ñåðåäîâèù â³í çíà÷íî
âèù³é ïîð³âíÿíî ç íå³íã³áîâàíèìè (ðèñ. 3,à-â).
Îäåðæàí³ ðåçóëüòàòè óçãîäæóþòüñÿ ç ãðàâ³ìåò-
ðè÷íèìè äàíèìè òàáë. 3, çîêðåìà, Rp â ³íã³áîâà-
íèõ 0,1 Ì ðîç÷èíàõ âèùå, í³æ â 0,01 Ì òà 0,5 Ì.
Íàéá³ëüøà åôåêòèâí³ñòü ³íã³áóâàííÿ ñïîëóêè ²V
â 0,1 Ì ðîç÷èí³ ïîÿñíþºòüñÿ íàéâèùèì ïîëÿ-
ðèçàö³éíèì îïîðîì (ðèñ. 3,á), ÿêèé ÷åðåç 3 ãîä
ñóòòºâî çðîñòàº íà 3000 Îì ³ ñòàá³ë³çóºòüñÿ. Öå
âêàçóº íà ðåàë³çàö³þ ìåõàí³çìó óòâîðåííÿ ñòàá³-

Òàáëèöÿ 2

Ðîçïîä³ë çàðÿä³â íà ðåàêö³éíî-àäñîðáö³éíèõ öåíòðàõ ìîëåêóë âòîðèííèõ àì³í³â
â çàëåæíîñò³ â³ä ñòóïåíÿ ¿õ ïðîòîíóâàííÿ

Форми існування молекул у водних кислотних розчинах 

непротонована форма протонована за N1 протонована за N1 та N4 
Сполука 

(R) 
N1 N2 N3 N4 N1 N2 N3 N4 N1 N2 N3 N4 

І (H) –0,081 –0,069 0,275 0,021 –0,041 –0,075 0,338 0,533 0,111 0,032 0,355 0,437 

ІІ (F) –0,080 –0,070 0,278 0,027 –0,040 –0,075 0,339 0,531 0,113 0,033 0,354 0,419 

ІІІ (Cl) –0,080 –0,069 0,227 0,029 –0,042 –0,074 0,336 0,511 –0,011 –0,069 0,406 0,521 

ІV (І) –0,081 –0,067 0,278 0,025 –0,043 –0,074 0,335 0,513 –0,024 –0,083 0,372 0,589 

 
Òàáëèöÿ 3

Ïðîòèêîðîç³éíà ä³ÿ âòîðèííèõ àì³í³â â âîäíèõ
ðîç÷èíàõ ñóëüôàòíî¿ êèñëîòè

Ефективність інгібування при кислотній 

корозії сталі, Zm, % Сполука 

(R) 0,5 М H2SO4 

(pH 0) 

0,1 М H2SO4 

(pH 0,7) 

0,01 М H2SO4 

(pH 1,7) 

І (H) 73,45 88,58 83,99 

ІІ (F) 79,08 91,21 79,51 

ІІІ (Cl) 85,67 93,38 80,03 

ІV (І) 92,53 96,09 86,99 
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ë³çîâàíîãî êîìïëåêñó ç ïåðåíåñåííÿì çàðÿäó â³ä
àäñîðáàòó íà ìåòàë [7]. Âðàõîâóþ÷è ðåçóëüòàòè
äîñë³äæåíü [8,9] òà îñîáëèâîñò³ áóäîâè äîñë³-
äæåíèõ âòîðèííèõ àì³í³â, ìîæíà ñòâåðäæóâàòè
ïðî óòâîðåííÿ íà ïîâåðõí³ ñòàë³ ì³öíîãî çàõèñ-
íîãî áàð’ºðó ç ôàçîâèõ øàð³â ìàëîðîç÷èííèõ
ìåòàëîîðãàí³÷íèõ êîìïëåêñíèõ ñïîëóê. Çâåðòàº
óâàãó, ùî õàðàêòåð çì³íè ïîëÿðèçàö³éíîãî îïî-
ðó â ÷àñ³ äëÿ äîñë³äæåíèõ ³íã³áîâàíèõ ñóëüôàò-
íèõ ñåðåäîâèù ñóòòºâî â³äð³çíÿºòüñÿ, ùî çóìîâ-
ëåíî îñîáëèâîñòÿìè àäñîðáö³¿ ³íã³á³òîð³â íà ïî-
âåðõí³ ñòàëüíîãî åëåêòðîäó.

Ñóòòºâ³ çì³íè ïîëÿðèçàö³éíîãî îïîðó ó
ïåðø³ 2 ãîäèíè äîñë³äæåíü çóìîâëåí³ ïðîò³êàí-
íÿì ïåðåõ³äíèõ ïðîöåñ³â ôîðìóâàííÿ çàõèñíèõ
øàð³â (³íã³áîâàíèõ òà íå³íã³áîâàíèõ), ³íòåíñèâ-
íèì óòâîðåííÿì ãàçîâèõ áóëüáàøîê íà ïîâåðõí³
çðàçê³â òà ¿õ â³äðèâîì. Öå âïëèâàº íà ñêëàä êî-
ðîçèâíîãî ñåðåäîâèùà, ùî äîáðå êîðåëþº ç íà-
ÿâí³ñòþ õàðàêòåðíèõ ìàêñèìóì³â îêèñíî-â³äíîâ-
íîãî ïîòåíö³àëó íà ïî÷àòêîâ³é ñòàä³¿ åêñïåðè-

ìåíòó (ðèñ. 2).
Ïåðåâàæíî íåïðîòîíîâàíà ôîðìà ìîëåêóë

(ñïîëóêè ²²² òà ²V â 0,01 Ì ðîç÷èí³) àáî ôîðìà
ïåðåâàæíî ïðîòîíîâàíà çà N1 òà N4 (ñïîëóêè ²
òà ²² â 0,5 Ì ðîç÷èí³) óñêëàäíþº ¿õ âçàºìîä³þ ç
ïîâåðõíåþ åëåêòðîäà, ùî ï³äòâåðäæóºòüñÿ õâè-
ëåïîä³áíèì õàðàêòåðîì çì³íè ïîëÿðèçàö³éíîãî
îïîðó â ÷àñ³, ³ çàáåçïå÷óº ìåíøó åôåêòèâí³ñòü
³íã³áóâàííÿ. Â 0,1 Ì ðîç÷èí³ ìîëåêóëè ïðîòî-
íîâàí³ ïåðåâàæíî çà N1, çàõèñíèé øàð ôîðìóºòü-
ñÿ áåç óñêëàäíåíü çà ïåðøó ãîäèíó, ïðè öüîìó
óòâîðåííÿ ñòàá³ë³çîâàíîãî êîìïëåêñó ç ïåðåíå-
ñåííÿì çàðÿäó (ñïîëóêà ²V) çàáåçïå÷óº ìàêñè-
ìàëüíó çàõèñíó ä³þ – 96,09%.

Âèñíîâêè

Ïðîòèêîðîç³éíà ä³ÿ âòîðèííèõ àì³í³â ç òðè-
àçîëîàçåï³íìåòèëüíèì òà àðèëüíèì çàì³ñíèêà-
ìè çàëåæèòü â³ä ïðèðîäè ðàäèêàëà â ïàðà- ïî-
ëîæåíí³ áåíçîëüíîãî ÿäðà, ùî âïëèâàº íà ñòóï³íü
ïðîòîíóâàííÿ ìîëåêóëè â êèñëèõ ñåðåäîâèùàõ
â ìåæàõ ðÍ â³ä 0 äî 3. Íàéá³ëüøó åôåêòèâí³ñòü

                                          à                                                                                        á

Ðèñ. 2. Çàëåæí³ñòü îêèñíî-â³äíîâíîãî ïîòåíö³àëó êîðîçèâíîãî ñåðåäîâèùà â³ä ÷àñó âèòðèìêè ñòàëåâèõ çðàçê³â: à – 0,1 Ì

H2SO4; á – 0,5 Ì H2SO4 (––– áåç ³íã³á³òîðà; – ñïîëóêà ²; ––– ñïîëóêà ²²;  ñïîëóêà ²²I; – - ñïîëóêà ²V)

                             à                                                         á                                                         â

Ðèñ. 3. Çàëåæí³ñòü ïîëÿðèçàö³éíîãî îïîðó â³ä ÷àñó â ðîç÷èíàõ H2SO4: à – 0,01 Ì; á – 0,1 Ì; â – 0,5 Ì

(–––– áåç ³íã³á³òîðà; –––– ñïîëóêà ²; –––– ñïîëóêà ²²; –––– ñïîëóêà ²²I; –––– ñïîëóêà ²V)
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³íã³áóâàííÿ çàçíà÷åí³ ïîõ³äí³ âèÿâëÿþòü ó ðîç-
÷èíàõ, äå ìîëåêóëè ïåðåâàæíî ïðîòîíîâàí³ çà
àòîìîì àçîòó òðèàçîëüíîãî öèêëó, çîêðåìà â
0,1 Ì ðîç÷èí³ ñóëüôàòíî¿ êèñëîòè ïðè êîíöåí-
òðàö³¿ 1 ììîëü/ë åôåêòèâí³ñòü ³íã³áóâàííÿ ñòà-
íîâèòü 88,58–96,09%. Âèñîê³ ïðîòèêîðîç³éí³ âëà-
ñòèâîñò³ çóìîâëåí³ çäàòí³ñòþ âòîðèííèõ àì³í³â
âçàºìîä³ÿòè ç ïîâåðõíåþ êîíñòðóêö³éíî¿ ñòàë³
åëåêòðîñòàòè÷íî òà óòâîðþâàòè êîìïëåêñè ç ïå-
ðåíåñåííÿì çàðÿäó. Óòâîðåííÿ ñòàá³ë³çîâàíîãî
êîìïëåêñó ïðè ñïåöèô³÷í³é àäñîðáö³¿, ùî
ï³äòâåðäæóºòüñÿ ð³çê³ì çðîñòàííÿì ïîëÿðèçà-
ö³éíîãî îïîðó, çàáåçïå÷óº ìàêñèìàëüíó çàõèñíó
ä³þ ñïîëóêè ç ïàðà-éîäôåí³ëüíèì çàì³ñíèêîì â
0,1 Ì Í2SO4.

Âïëèâ ðÍ ñåðåäîâèùà íà ñòóï³íü ïðîòîíó-
âàííÿ ìîëåêóë òà åôåêòèâí³ñòü ³íã³áóâàííÿ ñë³ä
âðàõîâóâàòè ïðè âèêîðèñòàíí³ ³íã³á³òîð³â àíà-
ëîã³÷íî¿ áóäîâè.
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EFFECT OF PROTONATION ON ANTICORROSION
PROPERTIES OF POLYHETEROATOMIC INHIBITORS
OF ACID CORROSION OF STEEL

O.O. Êîrolev a, O.S. Bondar b, I.M. Kurmakova b, *, O.I. Syza b

a State Scientific Research Institute of Armament and Military
Equipment Testing and Certification, Chernihiv, Ukraine

b T.H. Shevchenko National University «Chernihiv Colehium»,
Chernihiv, Ukraine

* e-mail: i.kurmakova@gmail.com

The influence of the degree of protonation of the molecule on
inhibitory action on acid corrosion of a structural steel by secondary
amines with triazoloazepinmethyl and aryl radicals was considered
in this work. The anticorrosive inhibitors were prepared via interaction
between 7-metoxy-3,4,5,6-tetrahydro-2Í-azepine and hydrazides
of substituted N-arylaminoacetic acids. The results of quantum-
chemical calculations showed that the form of the existence of
molecules in a solution for the investigated secondary amines with
different radicals (–Í, –F, –Cl, –I) in benzene ring depends on
pH of a medium. The most pronounced influence is observed within
the pH range of 0 to 3. High inhibition efficiency (more than 85% at
a concentration of 1 mmol/L) of these compounds in the sulfate acid
environment is provided by the predominance of molecules that are
protonated by a nitrogen atom of triazole cycle. This effect is observed
for all investigated derivatives in 0.1 M sulfuric acid solution (pH
0.7) and for the compounds with para-chlorophenyl and para-
iodophenyl substituents in 0.5 M sulfuric acid solution (pH 0). Based
on the results of polarization measurements, it was concluded that
the highest inhibition efficiency (96.09% in 0.1 Ì Í2SO4) of the
compound with para-iodophenyl radical is explained by its specific
adsorption with the formation of a stabilized complex with charge
transfer from the adsorbate to metal. This causes the formation of a
strong protective inhibitor layer on the steel surface. The protective
effect is reduced when the quantity of molecules protonated by two
nitrogen atoms in solutions increases, which occurs with increasing
either the acidity of the medium or the unprotonated forms with
increasing pH, which is explained by hindering the adsorption of the
secondary amines under study.

Keywords: secondary amines; polyheteroatomic inhibitors;
protonation; acid corrosion; construction steel.
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