
72

Z.O. Znak, Yu.V. Sukhatskiy, O.I. Zin, S.V. Khomyak, R.V. Mnykh, A.V. Lysenko

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2018, No. 1, pp. 72-77

© Ç.Î. Çíàê, Þ.Â. Ñóõàöüêèé, Î.². Ç³íü, Ñ.Â. Õîì’ÿê, Ð.Â. Ìíèõ, À.Â. Ëèñåíêî, 2018

ÓÄÊ 547.532:620.193.16

Ç.Î. Çíàê, Þ.Â. Ñóõàöüêèé, Î.². Ç³íü, Ñ.Â. Õîì’ÿê, Ð.Â. Ìíèõ, À.Â. Ëèñåíêî
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Íàö³îíàëüíèé óí³âåðñèòåò “Ëüâ³âñüêà ïîë³òåõí³êà”

Àâòîðàìè çä³éñíåíî äîñë³äæåííÿ ïðîöåñó êàâ³òàö³éíîãî ðîçêëàäó áåíçîëó ï³ä ä³ºþ
àêóñòè÷íèõ êîëèâàíü óëüòðàçâóêîâîãî ä³àïàçîíó. Íà îñíîâ³ àíàë³çó îñöèëîãðàì àêó-
ñòè÷íîãî ñèãíàëó âèÿâëåíî çá³ëüøåííÿ àìïë³òóäè çâóêîâîãî òèñêó êàâ³òàö³éíèõ
ïîë³â, ãåíåðîâàíèõ â ³ì³òàò³ ñò³÷íèõ âîä, ùî ì³ñòèâ áåíçîë, â 1,6 ðàçè, ïîð³âíÿíî ³ç
âîäîþ. Âñòàíîâëåíî åêñòðåìàëüíèé õàðàêòåð çàëåæíîñò³ ñòóïåíÿ ðîçêëàäó áåíçîëó
â³ä ïèòîìî¿ ïîòóæíîñò³ êàâ³òàö³éíîãî îáðîáëåííÿ ³ç ìàêñèìóìîì äëÿ ñòàö³îíàðíî-
ãî ðåæèìó çà ïèòîìî¿ ïîòóæíîñò³ 68 êÂò/ì3, äëÿ ðåæèìó ³í³ö³þâàííÿ ðåàêö³¿ – çà
22,7 êÂò/ì3. Ïîêàçàíî äîö³ëüí³ñòü çàñòîñóâàííÿ ðåæèìó ³í³ö³þâàííÿ ðåàêö³¿ äëÿ
ñóòòºâîãî çìåíøåííÿ åíåðãîâèòðàò íà ïðîöåñ ðîçêëàäó áåíçîëó â êàâ³òàö³éíèõ ïîëÿõ.
Çàô³êñîâàíî àíîìàëüíî íèçüêèé ñòóï³íü ðîçêëàäó áåíçîëó çà òåìïåðàòóðè 313 Ê, ùî
ìîæå áóòè ïîÿñíåíî âèòðà÷àííÿì åíåðã³¿, ï³äâåäåíî¿ äî ñèñòåìè, íà ôîðìóâàííÿ
ñòàá³ëüíèõ ãàçîâèõ íàíîáóëüáàøîê (áàáñòîí³â), à òàêîæ ìàêñèìàëüíîþ âàð³àáåëü-
í³ñòþ ñòðóêòóð âîäè â³äïîâ³äíî äî ê³íåòè÷íî¿ òåîð³¿ ð³äèíè Ôðåíêåëÿ. ²ç âèêîðèñ-
òàííÿì ìåòîäó ãðàô³÷íîãî äèôåðåíö³þâàííÿ âèçíà÷åíî, ùî ïðîöåñ ðîçêëàäó áåí-
çîëó â êàâ³òàö³éíèõ ïîëÿõ â³äáóâàºòüñÿ ÿê ðåàêö³ÿ ïñåâäîïåðøîãî ïîðÿäêó. Íàâåäå-
íî çíà÷åííÿ êîíñòàíò øâèäêîñò³ ïðîöåñó ðîçêëàäó áåíçîëó.

Êëþ÷îâ³ ñëîâà: êàâ³òàö³ÿ, ðîçêëàä, áåíçîë, ñòàö³îíàðíèé ðåæèì, ³í³ö³þâàííÿ ðå-
àêö³¿; áàáñòîí.

Âñòóï

Ñò³÷í³ âîäè õ³ì³÷íèõ ³ íàôòîõ³ì³÷íèõ
ï³äïðèºìñòâ ì³ñòÿòü âåëèêó ê³ëüê³ñòü àðîìàòè÷-
íèõ ñïîëóê, ÿê ìîíî- (áåíçîë, òîëóîë, ôåíîë,
êðåçîëè), òàê ³ ïîë³öèêë³÷íèõ (íàôòàëåí, àíòðà-
öåí, ôåíàíòðåí, ï³ðåí òîùî). Òàê³ ñïîëóêè âè-
ÿâëÿþòü êàíöåðîãåííó, ìóòàãåííó ³ òåðàòîãåííó
ä³¿ íà æèâ³ îðãàí³çìè. ¯õ çäàòí³ñòü äî á³îäåãðà-
äàö³¿ íåçíà÷íà ³ çàêîíîì³ðíî çìåíøóºòüñÿ ç³
çá³ëüøåííÿì ê³ëüêîñò³ áåíçîëüíèõ ê³ëåöü ó
ñòðóêòóð³ [1].

Àäñîðáö³éí³ ìåòîäè î÷èùåííÿ ñò³÷íèõ âîä
â³ä àðîìàòè÷íèõ ñïîëóê õàðàêòåðèçóþòüñÿ âè-
ñîêîþ âàðò³ñòþ, ñêëàäí³ñòþ òà ìàòåð³àëîºìí³-
ñòþ. Îêèñíåííÿ àðîìàòè÷íèõ âóãëåâîäí³â îçî-
íîì ³ ñïîëóêàìè Õëîðó ÷àñòî ïðèçâîäèòü äî óò-
âîðåííÿ ïðîäóêò³â, ÿê³ º á³ëüø òîêñè÷íèìè, í³æ
âèõ³äí³ âóãëåâîäí³. Òîìó íà ñüîãîäí³ çíà÷í³ ïåð-
ñïåêòèâè äëÿ øèðîêîãî âïðîâàäæåííÿ ó òåõíî-
ëîã³¿ âîäîî÷èùåííÿ ìàþòü ïåðåäîâ³ ïðîöåñè
îêèñíåííÿ, äî ÿêèõ íàëåæàòü, çîêðåìà, óëüòðà-
çâóêîâà ³ ã³äðîäèíàì³÷íà êàâ³òàö³ÿ [1–4].

Ó êàâ³òàö³éíèõ ïîëÿõ âíàñë³äîê ñîíîë³çó
ìîëåêóë âîäè ãåíåðóþòüñÿ âèñîêîðåàêö³éíî-

çäàòí³ ñïîëóêè, çîêðåìà ã³äðîêñèëüí³ ðàäèêàëè
[5], ÿê³ é ðîáëÿòü íàéá³ëüøèé âíåñîê ó ïðîöåñè
ðîçêëàäó òà îêèñíåííÿ àðîìàòè÷íèõ ñïîëóê.
Ïîë³öèêë³÷í³ ñïîëóêè ï³ä ä³ºþ êàâ³òàö³¿ ðîçêëà-
äàþòüñÿ íà ôðàãìåíòè ç ìåíøîþ ê³ëüê³ñòþ áåí-
çîëüíèõ ê³ëåöü, à ðîçêëàä ìîíîöèêë³÷íèõ ñïî-
ëóê (íàïðèêëàä, áåíçîëó) ñóïðîâîäæóºòüñÿ äå-
öèêë³çàö³ºþ – ðîçêðèòòÿì áåíçîëüíîãî ê³ëüöÿ ç
óòâîðåííÿì á³ðàäèêàëó [6].

Åôåêòèâí³ñòü ðîçêëàäó àðîìàòè÷íèõ ñïî-
ëóê âèçíà÷àºòüñÿ, íàñàìïåðåä, ³íòåíñèâí³ñòþ
ðîçâèòêó êàâ³òàö³éíèõ ÿâèù, ÿêó îö³íþþòü íà
îñíîâ³ åíåðãåòè÷íèõ õàðàêòåðèñòèê, – âèòðàò
åíåðã³¿ íà ñòâîðåííÿ, ðîçâèòîê êàâ³òàö³éíî¿ çîíè,
ïèòîìèõ åíåðãîâèòðàò ³ âåëè÷èíè òåïëîâî¿
åíåðã³¿, ùî âèä³ëÿºòüñÿ âíàñë³äîê êàâ³òàö³¿. Äëÿ
äîñÿãíåííÿ îïòèìàëüíîãî ðåæèìó êàâ³òàö³éíî-
ãî îáðîáëåííÿ íåîáõ³äíî âðàõîâóâàòè ÿê òåõíî-
ëîã³÷í³ ïàðàìåòðè ïðîöåñó (äëÿ ã³äðîäèíàì³÷íî¿
êàâ³òàö³¿ – âåëè÷èíó òèñêó íà âõîä³ ó êàâ³òàòîð),
òàê ³ êîíñòðóêòèâí³ îñîáëèâîñò³ ãåíåðàòîð³â êà-
â³òàö³¿ (¿õ ôîðìó, ðîçì³ðè, ê³ëüê³ñòü, ïðîñòîðîâå
ðîçì³ùåííÿ òîùî) [1,3,4,7–10]. Òàê, ìàêñèìàëü-
íîãî ñòóïåíÿ ðîçêëàäó ìåòèëîðàíæó â êàâ³òà-
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ö³éíèõ ïîëÿõ, ùî ñòàíîâèâ 90,5%, äîñÿãíóëè çà
òèñêó íà âõîä³ ó êàâ³òàòîð 0,4 ÌÏà, òåìïåðàòó-
ðè ðåàêö³éíî¿ ñèñòåìè 308 Ê, êîíöåíòðàö³¿ îêèñ-
íèêà (õëîðó(IV) îêñèäó) 8 ìã/äì3 ³ òðèâàëîñò³
îáðîáëåííÿ 5400 ñ [4]. Â³äîì³ òàêîæ äîñë³äæåí-
íÿ ïðîöåñó êàâ³òàö³éíîãî ðîçêëàäó àíòðàöåíó ³
ôåíàíòðåíó. Çà òèñêó íà âõîä³ ó êàâ³òàòîð
0,7 ÌÏà, ùî â³äïîâ³äàâ ÷èñëó êàâ³òàö³¿ 0,32, ïî-
÷àòêîâî¿ êîíöåíòðàö³¿ àíòðàöåíó ³ ôåíàíòðåíó ó
ðîç÷èíàõ 5 ìêã/äì3, òðèâàëîñò³ êàâ³òàö³éíîãî
îáðîáëåííÿ 1800 ñ ñòóï³íü ðîçêëàäó àíòðàöåíó ³
ôåíàíòðåíó ñòàíîâèâ â³äïîâ³äíî 93 ³ 95% [1].

Ðîáîòà ïðèñâÿ÷åíà äîñë³äæåííþ ïðîöåñó
êàâ³òàö³éíîãî ðîçêëàäó áåíçîëó ï³ä ä³ºþ àêóñ-
òè÷íèõ âèïðîì³íþâàíü óëüòðàçâóêîâîãî ä³àïà-
çîíó ³ âñòàíîâëåííþ ê³íåòè÷íèõ òà åíåðãåòè÷íèõ
çàêîíîì³ðíîñòåé öüîãî ïðîöåñó.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Äîñë³äæåííÿ ïðîöåñó ðîçêëàäó áåíçîëó â
êàâ³òàö³éíèõ ïîëÿõ çà ³çîòåðì³÷íèõ óìîâ çä³éñíþ-
âàëè íà ïðèêëàä³ ³ì³òàòó ñò³÷íèõ âîä ç³ âì³ñòîì
áåíçîëó, ÿêèé ë³ì³òóâàâñü ìàêñèìàëüíîþ ðîç-
÷èíí³ñòþ áåíçîëó ó âîä³ çà ïåâíî¿ òåìïåðàòóðè,
(ìîëü áåíçîëó)/(ì3 âîäè): çà 303 Ê – 8,37; çà 313 Ê
– 7,26; çà 323 Ê – 6,63. ²çîòåðì³÷í³ñòü ïðîöåñó
çàáåçïå÷óâàëè óëüòðàòåðìîñòàòîì UTU-4 ³ç âè-
íîñíîþ òåðìîñòàòóâàëüíîþ âàííîþ.

ßê ãåíåðàòîð àêóñòè÷íî¿ êàâ³òàö³¿ çàñòîñî-
âóâàëè óëüòðàçâóêîâèé âèïðîì³íþâà÷ ìàãí³òîñ-
òðèêö³éíîãî òèïó “Ultrasonic Disintegrator UD-
20”; ÷àñòîòà âèïðîì³íþâàííÿ – 22 êÃö. Ç ìåòîþ
âñòàíîâëåííÿ ì³í³ìàëüíî¿ òðèâàëîñò³ êàâ³òàö³é-
íîãî îáðîáëåííÿ, íåîáõ³äíî¿ äëÿ ðîçêëàäó áåí-
çîëó, ïðîöåñ çä³éñíþâàëè ó äâîõ ðåæèìàõ: ñòàö³-
îíàðíîìó (ïîñò³éíå çáóäæåííÿ êàâ³òàö³¿ óïðî-
äîâæ 30 õâ çà ñòàëèõ ïàðàìåòð³â îáðîáëåííÿ –
÷àñòîòè óëüòðàçâóêîâèõ êîëèâàíü ³ ïèòîìî¿ ïî-
òóæíîñò³ ãåíåðàòîðà óëüòðàçâóêó) ³ ðåæèì³ ³í³ö³-
þâàííÿ ðåàêö³¿ (çáóäæåííÿ êàâ³òàö³éíèõ ïîë³â
óïðîäîâæ ëèøå ïåâíîãî ïðîì³æêó ÷àñó (10 õâ) ç
ïîäàëüøèì âèçíà÷åííÿì êîíöåíòðàö³¿ áåíçîëó
â ³ì³òàò³ áåç ¿õ ä³¿). Äëÿ âèçíà÷åííÿ ðàö³îíàëü-
íîãî åíåðãåòè÷íîãî ðåæèìó ïðîöåñó ðîçêëàäó
áåíçîëó â êàâ³òàö³éíèõ ïîëÿõ çì³íþâàëè ïèòî-
ìó ïîòóæí³ñòü êàâ³òàö³éíîãî îáðîáëåííÿ (53,3;
61,3; 68; 73,3; 83,3 êÂò/ì3). Êîíöåíòðàö³þ áåí-
çîëó â ³ì³òàò³ âèçíà÷àëè ìåòîäîì UV/Viz-ñïåêò-
ðîñêîï³¿ íà äâîïðîìåíåâîìó ñïåêòðîôîòîìåòð³
SPECORD M40 Carl Zeiss JENA ç âèêîðèñòàí-
íÿì êâàðöîâèõ êþâåò òîâùèíîþ 10 ìì ó ä³àïà-
çîí³ äîâæèí õâèëü 200400 íì.

Ïîð³âíÿííÿ ðîçâèòêó êàâ³òàö³éíèõ ïîë³â ó
äâîõ ðåàêö³éíèõ ñèñòåìàõ (âîä³ òà ³ì³òàò³ ñò³÷íèõ
âîä, ÿêèé ì³ñòèâ áåíçîë) âèêîíóâàëè íà îñíîâ³
ðåçóëüòàò³â ñîíîõ³ì³÷íîãî àíàë³çó (îñöèëîãðàì

çâóêîâîãî ñèãíàëó òà ñïåêòð³â ÷àñòîò). Õàðàêòå-
ðèñòèêè çâóêîâèõ ñèãíàë³â  âèçíà÷àëè çà äîïî-
ìîãîþ ñôåðè÷íîãî ã³äðîôîíà òèïó 8105, êîìó-
òîâàíîãî ç ïåðñîíàëüíèì êîìï’þòåðîì ÷åðåç
àíàëîãîâî-öèôðîâèé ïåðåòâîðþâà÷. Ãðàô³÷íó
³íòåðïðåòàö³þ ðåçóëüòàò³â çä³éñíþâàëè çà äîïî-
ìîãîþ ñïåö³àë³çîâàíîãî ïðîãðàìíîãî ïðîäóêòó
äëÿ çàïèñó òà ðåäàãóâàííÿ çâóêîâèõ ôàéë³â Adobe
Audition 1.5 [11].

Ê³íåòè÷í³ õàðàêòåðèñòèêè ïðîöåñó ðîçêëà-
äó áåíçîëó â êàâ³òàö³éíèõ ïîëÿõ (ïîðÿäîê ðå-
àêö³¿ òà êîíñòàíòó øâèäêîñò³) âèçíà÷àëè ìåòî-
äîì ãðàô³÷íîãî äèôåðåíö³þâàííÿ.

Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ

Çàëåæí³ñòü êîíöåíòðàö³¿ áåíçîëó â ³ì³òàò³
â³ä òðèâàëîñò³ êàâ³òàö³éíîãî îáðîáëåííÿ çà ³çî-
òåðì³÷íèõ óìîâ äëÿ ñòàö³îíàðíîãî ðåæèìó òà
ðåæèìó ³í³ö³þâàííÿ ðåàêö³¿ íàâåäåíî íà ðèñ. 1,
2, â³äïîâ³äíî.

Îòðèìàí³ äàí³ (ðèñ. 1, 2) ñâ³ä÷àòü ïðî òå,
ùî çà îäíàêîâèõ òåìïåðàòóð çì³íà êîíöåíòðàö³¿
áåíçîëó ÿê ó ñòàö³îíàðíîìó ðåæèì³, òàê ³ ðå-
æèì³ ³í³ö³þâàííÿ â ÷àñ³ â³äáóâàºòüñÿ çà ñõîæè-
ìè çàëåæíîñòÿìè. Çà òåìïåðàòóðè 323 Ê
øâèäê³ñòü ïðîöåñó º äåùî íèæ÷îþ, í³æ çà
303 Ê (òàáëèöÿ). Îäíàê çà òåìïåðàòóðè 313 Ê
øâèäê³ñòü ïðîöåñó º íà ïîðÿäîê íèæ÷îþ, í³æ ó
äâîõ ïîïåðåäí³õ âèïàäêàõ. Òàêà àíîìàë³ÿ áóëà
ï³äòâåðäæåíà ïàðàëåëüíèìè äîñë³äàìè íå ò³ëüêè
çà âêàçàíî¿, àëå é ³íøèõ ïèòîìèõ ïîòóæíîñòåé
óëüòðàçâóêîâîãî âèïðîì³íþâàííÿ.

Ðèñ. 1. Çàëåæí³ñòü êîíöåíòðàö³¿ áåíçîëó (C, ìîëü/ì3) â

³ì³òàò³ ñò³÷íèõ âîä â³ä ÷àñó (, ñ) ó ñòàö³îíàðíîìó ðåæèì³

çáóäæåííÿ êàâ³òàö³¿ çà òåìïåðàòóðè ðåàêö³éíî¿ ñèñòåìè, Ê:

(1) 303; (2) 313; (3) 323

Çíà÷åííÿ êîíñòàíò øâèäêîñò³ ïðîöåñó ðîç-
êëàäó áåíçîëó â ðåæèì³ ³í³ö³þâàííÿ ðåàêö³¿ ïðè-
áëèçíî ó 2,22,4 ðàçè á³ëüø³ â³ä àíàëîã³÷íèõ äëÿ
ñòàö³îíàðíîãî ðåæèìó, ùî äîáðå óçãîäæóºòüñÿ

, ñ

C, ìîëü/ì3
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³ç ðåçóëüòàòàìè äîñë³äæåíü, íàâåäåíèõ ó [7].

Ðèñ. 2. Çàëåæí³ñòü êîíöåíòðàö³¿ áåíçîëó (C, ìîëü/ì3) â

³ì³òàò³ ñò³÷íèõ âîä â³ä ÷àñó (, ñ) â ðåæèì³ ³í³ö³þâàííÿ

ðåàêö³¿ âïðîäîâæ 600 ñ çà òåìïåðàòóðè ðåàêö³éíî¿ ñèñòåìè,

Ê: (1) 303; (2) 313; (3) 323

Çíà÷åííÿ êîíñòàíò øâèäêîñò³ ïðîöåñó ðîçêëàäó
áåíçîëó â ñòàö³îíàðíîìó òà ðåæèì³ ³í³ö³þâàííÿ ðåàêö³¿

çà ð³çíèõ òåìïåðàòóð êàâ³òàö³éíîãî îáðîáëåííÿ

Константа швидкості k104, с-1 

Температура, 
К 

у стаціонарному 

режимі збудження 

кавітації 

у режимі 

ініціювання 

реакції 

303 7,94 17,4 

313 0,28 0,64 

323 6,76 15,9 

 
Äëÿ çàô³êñîâàíèõ àíîìàëüíî íèçüêèõ çíà-

÷åíü êîíñòàíòè øâèäêîñò³ ïðîöåñó é â³äïîâ³äíî
ñòóïåíÿ ðîçêëàäó áåíçîëó çà òåìïåðàòóðè 313 Ê
³ îäíàêîâî¿ òðèâàëîñò³ ïðîöåñó 1800 ñ (äëÿ ñòàö³-
îíàðíîãî ðåæèìó 24,8% (ðèñ. 1), äëÿ ðåæèìó
³í³ö³þâàííÿ ðåàêö³¿ 20,7% (ðèñ. 2)) çàïðîïîíî-
âàíî òàê³ äâà ïîÿñíåííÿ: ïåðøå – âèòðàòîþ
åíåðã³¿, ï³äâåäåíî¿ äî ñèñòåìè ó âèãëÿä³ àêó-
ñòè÷íèõ êîëèâàíü óëüòðàçâóêîâîãî ä³àïàçîíó, íà
ïåðåá³ã ïîá³÷íèõ ïðîöåñ³â, çîêðåìà óòâîðåííÿ
áàáñòîí³â; äðóãå – ñïåöèô³÷íîþ ñòðóêòóðîþ âîäè
â³äïîâ³äíî äî ê³íåòè÷íî¿ òåîð³¿ ð³äèíè Ôðåíêåëÿ.

Áàáñòîíè – öå ñòàá³ëüí³ ãàçîâ³ íàíîáóëü-
áàøêè. Äèôóç³éíà ³ ìåõàí³÷íà ñò³éê³ñòü áàáñòîí³â
òà ¿õ êëàñòåð³â [13] óíåìîæëèâëþº ïîäàëüøå çðî-
ñòàííÿ öèõ óòâîðåíü ç ôîðìóâàííÿì êàâ³òàö³é-
íèõ áóëüáàøîê ì³êðîííèõ ðîçì³ð³â, çäàòíèõ äî
ñïëåñêóâàííÿ ç âèñîêèìè ´ðàä³ºíòàìè òèñêó ³
òåìïåðàòóðè. Îòæå, ÷àñòêà âèñîêîàêòèâíèõ ðå-
àêö³éíîçäàòíèõ ñïîëóê (ðàäèêàë³â), ÿê³ áåðóòü
ó÷àñòü ó ïðîöåñ³ êàâ³òàö³éíîãî ðîçêëàäó é îêèñ-

íåííÿ áåíçîëó, çìåíøóºòüñÿ. Çà ïîäàëüøîãî
ï³äâèùåííÿ òåìïåðàòóðè äî 323 Ê êëàñòåðí³ óò-
âîðåííÿ ðóéíóþòüñÿ [14], ùî ³ñòîòíî ïîëåãøóº
ðîçâèòîê êàâ³òàö³éíèõ ÿâèù ³ ñïðèÿº ñóòòºâîìó
ïðèøâèäøåííþ ïðîöåñó òà çá³ëüøåííþ ñòóïå-
íÿ ðîçêëàäó áåíçîëó: äî 89,3% – äëÿ ñòàö³îíàð-
íîãî ðåæèìó ³ äî 91,1% – äëÿ ðåæèìó ³í³ö³-
þâàííÿ ðåàêö³¿.

Â³äïîâ³äíî äî ê³íåòè÷íî¿ òåîð³¿ ð³äèíè
Ôðåíêåëÿ âîäà ó ð³äêîìó ñòàí³ ³ñíóº îäíî÷àñíî
ó âèãëÿä³ äâîõ ð³âíîâàæíèõ ôàç – ð³äêî¿ ³ êâàç³-
êðèñòàë³÷íî¿ çà àíàëîã³ºþ ç êâàç³êðèñòàëàìè,
êðèñòàë³÷íà ðåø³òêà ÿêèõ âîëîä³º îñÿìè ñèìåòð³¿
ð³çíèõ ïîðÿäê³â ³ äëÿ ÿêî¿ õàðàêòåðíà âïîðÿäêî-
âàí³ñòü ó âçàºìíîìó ðîçòàøóâàíí³ àòîì³â ³ ìî-
ëåêóë. Â îáëàñò³ ô³ç³îëîã³÷íèõ òåìïåðàòóð
308314 Ê âîäà äîñÿãàº òàêîãî ñòàíó, çà ÿêîãî
ìàñè êâàç³êðèñòàë³÷íî¿ ³ ð³äêî¿ âîäè îäíàêîâ³, à
çäàòí³ñòü îäí³º¿ ñòðóêòóðè ïåðåõîäèòè â ³íøó
(âàð³àáåëüí³ñòü) º ìàêñèìàëüíîþ [15]. Ç³
çá³ëüøåííÿì òåìïåðàòóðè ÷àñòêà ð³äêî¿ âîäè, äëÿ
ÿêî¿ õàðàêòåðí³ òåïëîâ³ ôëóêòóàö³¿ ìîëåêóë, çðî-
ñòàº, ³, â³äïîâ³äíî, çðîñòàº ³ìîâ³ðí³ñòü óòâîðåí-
íÿ íîâèõ çàðîäê³â êàâ³òàö³¿. Âíàñë³äîê öüîãî ç³
çá³ëüøåííÿì òåìïåðàòóðè øâèäê³ñòü êàâ³òàö³é-
íîãî ðîçêëàäó áåíçîëó çðîñòàº.

Ö³êàâèì, ÿê ç òåîðåòè÷íî¿, òàê ³ ïðàêòè÷-
íî¿ òî÷îê çîðó º âèÿâëåíèé ïîçèòèâíèé åôåêò
çä³éñíåííÿ ïðîöåñó ðîçêëàäó áåíçîëó íå â ñòàö³-
îíàðíîìó ðåæèì³, ÿê ìîæíà áóëî î÷³êóâàòè, à ó
ðåæèì³ ³í³ö³þâàííÿ ïðîöåñó.

Ö³ ðåçóëüòàòè ìîæíà ïîÿñíèòè íà ï³äñòàâ³
ïîð³âíÿëüíîãî ñîíîõ³ì³÷íîãî àíàë³çó ³íòåíñèâ-
íîñò³ ðîçâèòêó êàâ³òàö³éíèõ ïîë³â ó âîä³ òà ³ì³òàò³
ñò³÷íèõ âîä, ùî ì³ñòèâ áåíçîë, íàâåäåíîãî íà
ðèñ. 3.

Ç îñöèëîãðàì àêóñòè÷íîãî ñèãíàëó êàâ³òà-
ö³éíèõ ïîë³â âèäíî, ùî çà âñòàíîâëåíîãî ðåæè-

Ðèñ. 3. Îñöèëîãðàìà àêóñòè÷íîãî ñèãíàëó êàâ³òàö³éíèõ

ïîë³â ó (à) âîä³, (á) ³ì³òàò³ ñò³÷íèõ âîä, ùî ì³ñòèâ áåíçîë

, ñ

C, ìîëü/ì3
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ìó êàâ³òàö³éíîãî îáðîáëåííÿ âåëè÷èíà àêóñòè-
÷íîãî ñèãíàëó â ³ì³òàò³ (ðèñ. 1,á) º íà 4 äÁ âè-
ùîþ, í³æ ó âîä³ (ðèñ. 1,à), ³ ñòàíîâèòü –16 ³
–20 äÁ, â³äïîâ³äíî. Öå â³äïîâ³äàº çá³ëüøåííþ
âåëè÷èíè àìïë³òóäè çâóêîâîãî òèñêó â 1,6 ðàç.
Òîáòî êàâ³òàö³éí³ ïîëÿ çà ïðèñóòíîñò³ áåíçîëó º
á³ëüø ðîçâèíåíèìè. Âèùåçàçíà÷åíå ìîæíà ïî-
ÿñíèòè ìåíøîþ òåìïåðàòóðîþ êèï³ííÿ áåíçî-
ëó, ïîð³âíÿíî ç âîäîþ, ³ íèæ÷èìè ðåîëîã³÷íè-
ìè õàðàêòåðèñòèêàìè (ãóñòèíîþ, â’ÿçê³ñòþ).
Îòæå, ïðèñóòí³ñòü áåíçîëó ñïðèÿº óòâîðåííþ
íîâèõ çàðîäê³â êàâ³òàö³¿, à â³äòàê ³íòåíñèô³êóº
ïðîöåñè ñïëåñêóâàííÿ êàâ³òàö³éíèõ áóëüáàøîê
ç âèä³ëåííÿì åíåðã³¿. Âîíà, ñâîºþ ÷åðãîþ, ñïðèÿº
ñîíîë³çó âîäè ç óòâîðåííÿì ÷èñëåííèõ ïðîäóêò³â
ç îêèñíèìè âëàñòèâîñòÿìè, à òàêîæ äåñòðóêö³¿
òà îêèñíåííþ áåíçîëó.

Ç îòðèìàíèõ ðåçóëüòàò³â ìîæíà çðîáèòè
âèñíîâîê, ùî âíàñë³äîê çáóäæåííÿ êàâ³òàö³¿
âïðîäîâæ ïåâíîãî ÷àñó (ðåæèì ³í³ö³þâàííÿ) ó
âîäíî-áåíçîëüíîìó ñåðåäîâèù³ ³í³ö³þþòüñÿ ðà-
äèêàëüí³ ïðîöåñè, ùî â³äáóâàþòüñÿ çà ëàíöþãî-
âèì ìåõàí³çìîì. Çîêðåìà, âñòàíîâëåíî, ùî ïðî-
öåñ ðîçêëàäó áåíçîëó â êàâ³òàö³éíèõ ïîëÿõ â³äáó-
âàºòüñÿ ÿê ðåàêö³ÿ ïñåâäîïåðøîãî ïîðÿäêó, ùî
õàðàêòåðíî äëÿ ðàäèêàëüíèõ ïðîöåñ³â.

Çä³éñíåííÿ ïðîöåñó ðîçêëàäó áåíçîëó â ðå-
æèì³ ³í³ö³þâàííÿ äàº çìîãó ³ñòîòíî çìåíøèòè
åíåðãîâèòðàòè íà çä³éñíåííÿ ïðîöåñó. Çàëåæí³ñòü
ñòóïåíÿ ðîçêëàäó áåíçîëó â³ä ïèòîìî¿ ïîòóæíîñò³
êàâ³òàö³éíîãî îáðîáëåííÿ çà òåìïåðàòóðè ðåàê-
ö³éíî¿ ñèñòåìè 303 Ê íàâåäåíà íà ðèñ. 4. Öÿ
çàëåæí³ñòü ìàº åêñòðåìàëüíèé õàðàêòåð ³ç ìàê-
ñèìóìîì äëÿ ñòàö³îíàðíîãî ðåæèìó çà ïèòîìî¿
ïîòóæíîñò³ 68 êÂò/ì3, äëÿ ðåæèìó ³í³ö³þâàííÿ
ðåàêö³¿ – çà 22,7 êÂò/ì3 (ðèñ. 4).

Åêñòðåìàëüíèé õàðàêòåð çàëåæíîñò³ ñòóïå-
íÿ ðîçêëàäó áåíçîëó â³ä ïèòîìî¿ ïîòóæíîñò³
êàâ³òàö³éíîãî îáðîáëåííÿ äëÿ îáîõ ðåæèì³â
ñâ³ä÷èòü ïðî óòâîðåííÿ ó ðåàêö³éí³é ñèñòåì³ çà
âåëè÷èí ïèòîìî¿ ïîòóæíîñò³, á³ëüøèõ â³ä íàâå-
äåíèõ âèùå, àãðåãàò³â êàâ³òàö³éíèõ áóëüáàøîê
òà ¿õ ïîõ³äíèõ [12], òîáòî ðîçâèòîê ÿâèùà “âè-
ðîäæåíî¿ êàâ³òàö³¿”, äëÿ ÿêîãî õàðàêòåðíà íà-
ÿâí³ñòü áóëüáàøîê ç “âåëèêîþ òðèâàë³ñòþ æèò-
òÿ” ³ ðîçì³ðàìè á³ëüøèìè àáî ìåíøèìè â³ä êðè-
òè÷íèõ, ùî íå ñïëåñêóþòüñÿ. Çàô³êñîâàíå çíà-
÷åííÿ ðåçîíàíñíî¿ ÷àñòîòè êîìïîíåíò êàâ³òàö³-
éíèõ ïîë³â 13 êÃö âêàçóº íà íàÿâí³ñòü ó ðå-
àêö³éí³é ñèñòåì³ àãðåãàò³â ïîõ³äíèõ êàâ³òàö³é-
íèõ áóëüáàøîê ç ðîçì³ðàìè ~0,25 ìì [11].
Çä³éñíåííÿ ïðîöåñó êàâ³òàö³éíîãî ðîçêëàäó áåí-
çîëó çà âèçíà÷åíî¿ ðàö³îíàëüíî¿ ïèòîìî¿ ïîòóæ-
íîñò³ ³ òåìïåðàòóðè 303 Ê â ðåæèì³ ³í³ö³þâàííÿ

ðåàêö³¿ äàº çìîãó äîñÿãíóòè çíà÷íî á³ëüøîãî ñòó-
ïåíÿ ðîçêëàäó (84,2%), ïîð³âíÿíî ç³ ñòàö³îíàð-
íèì ðåæèìîì îáðîáëåííÿ (73,8%), çà îäíî÷àñ-
íîãî çìåíøåííÿ òðèâàëîñò³ êàâ³òàö³éíîãî îáðîá-
ëåííÿ â 3 ðàçè. Òîáòî åíåðãîâèòðàòè íà ïðîöåñ
ðîçêëàäó áåíçîëó ìîæíà ³ñòîòíî çìåíøèòè,
³í³ö³þâàâøè ïðîöåñ êàâ³òàö³éíîãî ñîíîë³çó ìî-
ëåêóë âîäè. Äàë³ ïðîöåñ ðîçêëàäó áåíçîëó ðîç-
âèâàºòüñÿ, ÿê çàçíà÷åíî âèùå, ÿê “ëàíöþãîâèé”
áåç íàêëàäàííÿ êàâ³òàö³éíèõ ïîë³â.

Âèñíîâêè

Íà îñíîâ³ àíàë³çó äæåðåë ³íôîðìàö³¿ âñòà-
íîâëåíî åôåêòèâí³ñòü çàñòîñóâàííÿ àêóñòè÷íî¿
òà ã³äðîäèíàì³÷íî¿ êàâ³òàö³¿ äëÿ ðîçêëàäó àðî-
ìàòè÷íèõ ñïîëóê, ÿê ìîíî-, òàê ³ ïîë³öèêë³-
÷íèõ. Çàïðîïîíîâàíî çä³éñíþâàòè ïðîöåñ ðîç-
êëàäó áåíçîëó â êàâ³òàö³éíèõ ïîëÿõ, ãåíåðîâà-
íèõ óëüòðàçâóêîâèì ìàãí³òîñòðèêö³éíèì âèïðî-
ì³íþâà÷åì.

Âèÿâëåíî åêñòðåìàëüíèé õàðàêòåð çàëåæ-
íîñò³ ñòóïåíÿ ðîçêëàäó áåíçîëó â³ä ïèòîìî¿ ïî-
òóæíîñò³ êàâ³òàö³éíîãî îáðîáëåííÿ ³ç ìàêñèìó-
ìîì äëÿ ñòàö³îíàðíîãî ðåæèìó çà ïèòîìî¿ ïî-
òóæíîñò³ 68 êÂò/ì3, äëÿ ðåæèìó ³í³ö³þâàííÿ ðå-
àêö³¿ – çà 22,7 êÂò/ì3, ùî âêàçóº íà ðîçâèòîê
ÿâèùà “âèðîäæåíî¿ êàâ³òàö³¿”. Îòæå, åíåðãîâèò-
ðàòè íà ïðîöåñ ðîçêëàäó áåíçîëó ìîæíà ³ñòîòíî
çìåíøèòè, ³í³ö³þâàâøè ïðîöåñ ñîíîë³çó ìîëå-
êóë âîäè. ßê íàñë³äîê, ðîçêëàä áåíçîëó â³äáó-
âàºòüñÿ çà ðàäèêàëüíèì ìåõàí³çìîì ÿê ëàíöþ-
ãîâèé ïðîöåñ.

Çàô³êñîâàíî àíîìàëüíî íèçüêèé ñòóï³íü
ðîçêëàäó áåíçîëó çà òåìïåðàòóðè 313 Ê ÿê äëÿ
ñòàö³îíàðíîãî (24,8%), òàê ³ ðåæèìó ³í³ö³þâàí-
íÿ ðåàêö³¿ (20,7%), ùî ìîæå áóòè ïîÿñíåíî óò-
âîðåííÿì ó ñèñòåì³ ñòàá³ëüíèõ ãàçîâèõ áóëüáà-

Ðèñ. 4. Çàëåæí³ñòü ñòóïåíÿ ðîçêëàäó áåíçîëó (x, %) â³ä

ïèòîìî¿ ïîòóæíîñò³ êàâ³òàö³éíîãî îáðîáëåííÿ

(P/V, êÂò/ì3) äëÿ (1) – ñòàö³îíàðíîãî ðåæèìó (òðèâàë³ñòü

êàâ³òàö³éíîãî îáðîáëåííÿ 1800 ñ), (2) ðåæèìó ³í³ö³þâàííÿ

ðåàêö³¿ (òðèâàë³ñòü êàâ³òàö³éíîãî îáðîáëåííÿ 600 ñ)
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øîê íàíîðîçì³ð³â (áàáñòîí³â) òà ¿õ êëàñòåð³â. Çà
ö³º¿ æ òåìïåðàòóðè â³äïîâ³äíî äî ê³íåòè÷íî¿
òåîð³¿ ð³äèíè Ôðåíêåëÿ ìàñè êâàç³êðèñòàë³÷íî¿
³ ð³äêî¿ âîäè ïðèáëèçíî îäíàêîâ³, à âàð³-
àáåëüí³ñòü ñòðóêòóð ìàêñèìàëüíà, ùî ñóòòºâî óñ-
êëàäíþº ðîçâèòîê êàâ³òàö³éíèõ ÿâèù.

Ðîçêëàä áåíçîëó â êàâ³òàö³éíèõ ïîëÿõ â³äáó-
âàºòüñÿ ÿê ðåàêö³ÿ ïñåâäîïåðøîãî ïîðÿäêó, à
êîíñòàíòè øâèäêîñò³ ïðîöåñó â ðåæèì³ ³í³ö³-
þâàííÿ ðåàêö³¿ º ïðèáëèçíî ó 2,22,4 ðàçè á³ëüø³
â³ä êîíñòàíò øâèäêîñò³ â ñòàö³îíàðíîìó ðåæèì³
êàâ³òàö³éíîãî îáðîáëåííÿ. Òîìó ç ìåòîþ çàáåç-
ïå÷åííÿ åíåðãîåôåêòèâíîñò³ ïðîöåñó ðîçêëàä
áåíçîëó äîö³ëüíî çä³éñíþâàòè ó ðåæèì³ ³í³ö³þ-
âàííÿ ðåàêö³¿.
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THE DECOMPOSITION OF THE BENZENE IN
CAVITATION FIELDS

Z.O. Znak, Yu.V. Sukhatskiy, O.I. Zin, S.V. Khomyak, R.V.
Mnykh, A.V. Lysenko

Lviv Polytechnic National University, Lviv, Ukraine

The authors studied the process of cavitation decomposition
of benzene under the action of acoustic vibrations of the ultrasound
range. It was established on the basis of the analysis of oscillograms
of the acoustic signal that the amplitude of the sound pressure of the
cavitation fields generated in simulated wastewater with benzene
was 1.6 times higher than in water. It was found that the dependence
of the degree of benzene decomposition on the specific power of
cavitation treatment has a maximum at a specific power of 68 kW m–3

and 22.7 kW m–3 for stationary mode and for the mode of initiation
of the reaction, respectively. The expediency of using the reaction
initiation mode is shown to reduce significantly the energy consumption
in the process of benzene decomposition in cavitation fields. An
abnormally low degree of decomposition of benzene was detected at
a temperature of 313 K; this can be explained by the consumption of
energy that was supplied to the system on the formation of stable gas
nano-bubbles (babstons) and also by the maximal variability of water
structures according to the kinetic theory of Frenkel’s fluid. By means
of the method of graphical differentiation, it is ascertained that the
process of decomposition of benzene in cavitation fields proceeds as
a pseudo-first order reaction. The values of the rate constants of the
benzene decomposition process are determined.



77

The decomposition of the benzene in cavitation fields

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2018, No. 1, pp. 72-77

Keywords: cavitation; decomposition; benzene; stationary
mode; initiation of the reaction; babston.

REFERENCES

1. Szulzyk-Cieplak J. Removal of hardly bio-degradabale
organic compounds from wastewater by means of reagentless
methods. Journal of Ecological Engineering, 2017, vol. 18, no. 5,
pp. 63-71.

2. Gogate P.R., Tayal R.K., Pandit A.B. Cavitation: a
technology on the horizon. Current Science, 2006, vol. 91, no. 1,
pp. 35-46.

3. Tao Y., Cai J., Huai X., Liu B., Guo Z. Application of
hydrodynamic cavitation to wastewater treatment. Chemical
Engineering Technology, 2016, vol. 39, no. 8, pp. 1363-1376.

4. Yang S., Jin R., He Z., Qiao Y., Shi S., Kong W.,
Wang Y., Liu X. An experimental study on the degradation of
methyl orange by combining hydrodynamic cavitation and chlorine
dioxide treatments. Chemical Engineering Transactions, 2017,
vol. 59, pp. 289-294.

5. Kang J.-W., Lee K.-H., Koh C.-II, Nam S.-N. The
kinetics of the sonochemical process for the destruction of aliphatic
and aromatic hydrocarbons. Korean Journal of Chemical
Engineering, 2001, vol. 18, no. 3, pp. 336-341.

6. Nekoz O.I., Lytvynenko O.A., Logvins’kyi R.V.
Kavitatsiyna tekhnologiya ochyshchenn’ya stichnykh vod vid
toksychnykh rechovyn [Cavitation technology of wastewater
treatment from toxic substances]. Vibratsii v Tekhnitsi ta
Tekhnologiyakh, 2012, vol. 66, no. 2, pp. 112-115. (in Ukrainian).

7. Yavors’kyi V.T., Znak Z.O., Sukhats’kyi Yu.V., Mnykh
R.V. Energy characteristics of treatment of corrosive aqueous
media in hydrodynamic cavitators. Materials Science, 2017,
vol. 52, no. 4, pp. 595-600.

8. Znak Z., Sukhatskiy Yu. The Brandon method in
modelling the cavitation processing of aqueous media. Eastern-
European Journal of Enterprise Technologies, 2016, vol. 3, no. 8
(81), pp. 37-42.

9. Znak Z.O., Sukhats’kyi Yu.V., Mnykh R.V.
Doslidzhenn’ya zalezhnosti efektyvnosti roboty
gidrodynamichnogo strumenevogo kavitatora vid konstruktyvnykh
parametriv kavituval’nogo elementa [Investigation of the
dependence of the efficiency of the hydrodynamic jet cavitator
from the design parameters of the cavitation element]. Vibratsii v
Tekhnitsi ta Tekhnologiyakh, 2015, no. 2(78), pp. 18-26. (in
Ukrainian).

10. Sukhats’kyi Yu.V., Znak Z.O., Mnykh R.V.
Energetychnyi analiz roboty gidrodynamichnogo strumenevogo
kavitatora u protsesakh ochyshchenn’ya stichnykh vod za
kavitatsiino-flotatsiinoyu tekhnologieyu [Power analysis of
hydrodynamic jet cavitator operation in sewage treatment processes
by cavitation and flotation technology]. Visnyk Natsional’nogo
Universytetu «L’vivs’ka Politekhnika». Khimiya, Tekhnologiya
Rechovyn ta i’kh Zastosuvann’ya, 2015, no. 812, pp. 354-359. (in
Ukrainian).

11. Sukhats’kyi Yu.V. Doslidzhenn’ya efektyvnosti
kavitatsiyno-flotatsiynoi tekhnologii ochyshchenn’ya ridkofaznykh
seredovyshch vid dyspersnykh chastynok [Investigation of the
effectiveness of cavitation and flotation technology for purification
of liquid-phase media from disperse particles]. Naukovyi Visnyk
NLTU Ukrainy: Zbirnyk Naukovo-Tekhnichnykh Prats’, 2016,
vol. 26, no. 4, pp. 295-303. (in Ukrainian).

12. Yavorskiy V., Sukhatskiy Yu., Znak Z., Mnykh R.
Investigations of cavitation processes in different types of emitters
using sonochemical analysis. Chemistry & Chemical Technology,
2016, vol. 10, no. 4, pp. 507-513.

13. Bunkin N.F., Suyazov N.V., Shkirin A.V., Ignat’ev
P.S., Indukaev K.V. Cluster structure of stable dissolved gas
nanobubbles in highly purified water. Journal of Experimental and
Theoretical Physics, 2009, vol. 108, no. 5, pp. 800-816.

14. Smirnov A.N., Syroeshkin A.V. Supranadmole-
kul’yarnye kompleksy vody [Supramolecular water complexes].
Rossiiskii Khimicheskii Zhurnal, 2004, vol. 48, no. 2, pp. 125-135.
(in Russian).

15. Malkin E.S., Zhuravs’ka N.Ye. Vplyv kharakterystyk
magnitnogo polya pry obrobtsi vody na pokaznyky kapilyarno-
porystykh ta koloidnykh kapilyarno-porystykh til [Influence of
the characteristics of the magnetic field during water treatment
on the indexes of capillary-porous and colloidal capillary-porous
bodies]. Ventyliyatsia, Osvitlenn’ya ta Teplogazopostachann’ya,
2017, vol. 21, pp. 4-10. (in Ukrainian).


