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ÓÄÊ 537.523: 53.04: 661.974 

 

Êîíâåðñèÿ ÑO2 â CO â èñêðîâîì ðàçðÿäå ñ îãðàíè÷åííûì 
ýíåðãîâêëàäîì 

 

 Ý.À. Ñîñíèí1,2, Â.À. Ïàíàðèí1, Â.Ñ. Ñêàêóí1, Ä.À. Ñîðîêèí1,2 
 

1 Èíñòèòóò ñèëüíîòî÷íîé ýëåêòðîíèêè ÑÎ ÐÀÍ 
634050, Òîìñê, Ðîññèÿ, ïð. Àêàäåìè÷åñêèé, 2/3, badik@loi.hcei.tsc.ru 

2 Íàöèîíàëüíûé èññëåäîâàòåëüñêèé Òîìñêèé ãîñóäàðñòâåííûé óíèâåðñèòåò 
634050, ã. Òîìñê, Ðîññèÿ, ïð. Ëåíèíà, 36   

 
Ïðîâåäåíà ïðîâåðêà ïðåäïîëîæåíèÿ î òîì, ÷òî îãðàíè÷åíèå ýíåðãîâêëàäà â ïëàçìó èìïóëüñíîãî ðàç-

ðÿäà îáåñïå÷èâàåò êîíâåðñèþ óãëåêèñëîãî ãàçà â CO. Äëÿ ýòîãî èñïîëüçîâàëè äâà âàðèàíòà: 1) ñõåìó ðàç-
ðÿäíîãî ïðîìåæóòêà, â êîòîðîé îäèí ýëåêòðîä áûë âûñîêîâîëüòíûì, à äðóãîé èìåë ¸ìêîñòíóþ ðàçâÿçêó  
ñ çàçåìëåíèåì ( 2‒3 ïÔ); 2) ñõåìó ñ åìêîñòíîé ðàçâÿçêîé, â êîòîðîé íàãðóçêîé ñëóæèëî íåñêîëüêî ðàç-
ðÿäíûõ ïðîìåæóòêîâ, ÷òî îáåñïå÷èâàëî ðàñïðåäåëåííûé ðåæèì ââîäà ýíåðãèè â ïðîìåæóòêè îò îäíîãî èñ-
òî÷íèêà ïèòàíèÿ. Â îáîèõ âàðèàíòàõ ïîäà÷à óãëåêèñëîãî ãàçà ïðè àòìîñôåðíîì äàâëåíèè â ðàçðÿäíûå ïðî-
ìåæóòêè îáåñïå÷èâàëà ÷àñòè÷íóþ êîíâåðñèþ CO2  CO, ÷òî ðåãèñòðèðîâàëîñü íà ÈÊ-Ôóðüå-ñïåêòðàõ ïî-
ëó÷åííûõ ñìåñåé. Ñäåëàíî ïðåäâàðèòåëüíîå çàêëþ÷åíèå î òîì, ÷òî ïåðâûé âàðèàíò îáðàáîòêè ýôôåêòèâíåå 
îáåñïå÷èâàåò êîíâåðñèþ. 

 

Êëþ÷åâûå ñëîâà: ÈÊ-Ôóðüå-ñïåêòð, èìïóëüñíûé ðàçðÿä, ìîíîîêñèä óãëåðîäà, óãëåêèñëûé ãàç; carbon 
dioxide, carbonyl, spark discharge. 

 
Ââåäåíèå 

 

Êîíâåðñèÿ óãëåêèñëîãî ãàçà, âêëþ÷àÿ åãî èñïîëüçîâàíèå â êà÷åñòâå èñõîäíîãî ñûðüÿ äëÿ ïðîìûøëåííî-
ãî ïðîèçâîäñòâà õèìè÷åñêèõ ïðîäóêòîâ ÿâëÿåòñÿ àêòóàëüíîé çàäà÷åé [1]. Â íàñòîÿùåå âðåìÿ ïîíÿòíî, ÷òî 
íàèëó÷øèì âàðèàíòîì äëÿ êîíâåðñèè áóäåò ïëàçìà ñ âûñîêîé ïëîòíîñòüþ ýëåêòðîíîâ (Ne), íèçêîé ýëåê-
òðîííîé òåìïåðàòóðîé (Te), ÷òî ðåàëèçóåòñÿ ïðè íèçêèõ çíà÷åíèÿõ ïðèâåäåííîãî ýëåêòðè÷åñêîãî ïîëÿ 
(E/n). Ñ äðóãîé ñòîðîíû, ñèñòåìà äëÿ êîíâåðñèè äîëæíà ðàáîòàòü ïðè íèçêîé òåìïåðàòóðå ãàçà, ÷òîáû ìè-
íèìèçèðîâàòü ïîòåðè íà VT-ðåëàêñàöèþ è ðåàêöèè îáðàòíîé ðåêîìáèíàöèè ïðåîáðàçîâàííûõ êîìïîíåíò. 
Êðîìå òîãî, ñ ïðèêëàäíîé òî÷êè çðåíèÿ, ñèñòåìà äîëæíà ðàáîòàòü ïðè àòìîñôåðíîì äàâëåíèè [2]. Íàèëó÷-
øèå ðåçóëüòàòû êîíâåðñèè â ðàçðÿäíîé ïëàçìå äîñòèãíóòû â ðåæèìàõ ñ áîëüøèì ýíåðãîâêëàäîì â ãàçîâóþ 
ñðåäó (äóãîâîé è ìèêðîâîëíîâîé ðàçðÿäû) ïðè äàâëåíèè îêîëî 1 àòì [3‒5]. Òàêèì îáðàçîì, ïðèìåíÿåìàÿ 
ïëàçìà äîëæíà èìåòü íåðàâíîâåñíûé õàðàêòåð.  

Óêàçàííûå óñëîâèÿ ðåàëèçóþòñÿ, â ÷àñòíîñòè, â óñëîâèÿõ àïîêàìïè÷åñêîãî ðàçðÿäà àòìîñôåðíîãî äàâ-
ëåíèÿ [6, 7]. Îäíîé èç åãî îñîáåííîñòåé ÿâëÿåòñÿ òî, ÷òî òîê ðàçðÿäà îãðàíè÷èâàåòñÿ çà ñ÷åò òîãî, ÷òî îäèí 
èç ýëåêòðîäîâ èìååò åìêîñòíóþ ðàçâÿçêó ñ çåìëåé, ÷òî â ñâîþ î÷åðåäü îãðàíè÷èâàåò ýíåðãîâêëàä â ãàçîâóþ 
ñðåäó. Ïðè ýòîì ïëàçìà îñòàåòñÿ íåðàâíîâåñíîé. Ìû ïðåäïîëîæèëè, ÷òî àíàëîãè÷íàÿ ðàçðÿäíàÿ ñèñòåìà 
äîëæíà îáåñïå÷èâàòü ïðÿìóþ êîíâåðñèþ CO2  CO.  

Öåëü ðàáîòû ‒ ýêñïåðèìåíòàëüíàÿ ïðîâåðêà ýòîé ãèïîòåçû íà êà÷åñòâåííîì óðîâíå. 
 

Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà è ìåòîäèêè 
 

Ýêñïåðèìåíòû ïðîâîäèëèñü íà óñòàíîâêå, ïîêàçàííîé íà ðèñ. 1. Óãëåêèñëûé ãàç ñ ÷èñòîòîé 99,8% 
(ÒîìÏðîìÃàç) ïîñðåäñòâîì ìåìáðàííîãî íàñîñà 1 ZC-A250 (Q-BAIHE) ïðîêà÷èâàëñÿ ÷åðåç ñèñòåìó, êîòîðàÿ 
âêëþ÷àëà: ýëåêòðîäíûé óçåë 2, âåíòèëè 3, öèëèíäðè÷åñêóþ êþâåòó 4 îáúåìîì 125 ñì3 è äëèíîé 10 ñì  
c NaCl-îêíàìè, ðàñïîëîæåííûìè íà òîðöàõ. Âðåìÿ ïðîêà÷êè â õîäå ýêñïåðèìåíòîâ ìîãëî âàðüèðîâàòüñÿ îò 
íåñêîëüêèõ ñåêóíä äî äåñÿòêîâ ìèíóò. 

Èñïîëüçîâàëèñü äâà âàðèàíòà èñïîëíåíèÿ ýëåêòðîäíûõ óçëîâ: 
Â îäíîì âàðèàíòå (ðèñ. 1, à) óçåë 2 âêëþ÷àë â ñåáÿ äâà ñîîñíî óñòàíîâëåííûõ ýëåêòðîäà èç íåðæàâåþ-

ùåé ñòàëè 5 è 6, îáðàçóþùèõ ðàçðÿäíûé ïðîìåæóòîê äëèíîé d = 4 ìì. Ïðè ýòîì ýëåêòðîä 5 áûë âûñîêî-
âîëüòíûì, à ýëåêòðîä 6 èìåë åìêîñòíóþ ðàçâÿçêó ñ çåìëåé. Íà âûñîêîâîëüòíûé ýëåêòðîä îò èñòî÷íèêà (íà 
ðèñ. 1 íå ïîêàçàí) ïîäàâàëèñü êîëîêîëîîáðàçíûå èìïóëüñû íàïðÿæåíèÿ ñ äëèòåëüíîñòüþ ïî îñíîâàíèþ  
 1,4 ìêñ, ÷àñòîòîé ñëåäîâàíèÿ 53 êÃö è àìïëèòóäíûì çíà÷åíèåì îò 8,8 äî 10 êÂ. Â ýòîì ðåæèìå ïèòàíèÿ  
â ïðîìåæóòêå d çàæèãàëñÿ èìïóëüñíûé ðàçðÿä è óãëåêèñëûé ãàç ïîäâåðãàëñÿ ëîêàëüíîé îáðàáîòêå íåðàâíî-
âåñíîé ïëàçìîé â óñëîâèÿõ îãðàíè÷åííîãî ýíåðãîâêëàäà.  

Â äðóãîì âàðèàíòå (ðèñ. 1, á) óçåë 2 âêëþ÷àë â ñåáÿ íå îäèí, à ïÿòü ðàçðÿäíûõ ïðîìåæóòêîâ 
(d = 4 ìì), îáðàçîâàííûõ äâóìÿ ýëåêòðîäàìè 5 è 6 â ôîðìå «åëî÷êè», âûïîëíåííûõ èç âîëüôðàìà. Øàã 
ìåæäó ðàçðÿäíûìè ïðîìåæóòêàìè ñîñòàâëÿë 6 ìì. Â ýòîì ñëó÷àå òàêæå çàæèãàåòñÿ èìïóëüñíûé ðàçðÿä, 
êîòîðûé â ïîòîêå ãàçà ïðîñêàêèâàåò îò ïåðâîãî ïðîìåæóòêà (ïî íàïðàâëåíèþ äâèæåíèÿ ãàçà) êî âòîðîìó  
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è ò.ä. Â ýòîì ñìûñëå äàííûé òèï ðàçðÿäà ìîæíî íàçâàòü «áåãóùèì ðàçðÿäîì». Òåì ñàìûì ýíåðãèÿ, êîòîðàÿ 
ââîäèëàñü â îäèí ðàçðÿäíûé ïðîìåæóòîê â âàðèàíòå (à) â ýòîì ñëó÷àå ââîäèòñÿ ðàñïðåäåëåííî ÷åðåç íå-
ñêîëüêî ïðîìåæóòêîâ, ÷òî äîïîëíèòåëüíî îãðàíè÷èâàåò ëîêàëüíûé ýíåðãîâêëàä â êàæäûé èç ïðîìåæóòêîâ.  

  

 
Ðèñ. 1. Ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè: 1 – íàñîñ; 2 – ýëåêòðîäíûé óçåë; 3 – âåíòèëè; 4 – êþâåòà; 5, 6 – ýëåêòðî-
äû (îäèíî÷íûå äëÿ âàðèàíòà (à) è ðàñïðåäåëåííûå äëÿ âàðèàíòà (á)). Ñïëîøíûìè ñòðåëêàìè ïîêàçàí íàïóñê è îòêà÷êà  
  ãàçîâ (í/î). Ïóíêòèðíûìè ñòðåëêàìè ïîêàçàíî íàïðàâëåíèå öèðêóëÿöèè ãàçà â óñòàíîâêå. Ïîÿñíåíèÿ â òåêñòå 

 
Ïîñëå ïëàçìåííîé îáðàáîòêè ïîëó÷åííóþ ñìåñü çàïèðàëè â êþâåòå 4 âåíòèëÿìè 3, êþâåòó ïîìåùàëè  

â ÈÊ-Ôóðüå-ñïåêòðîìåòð ÔÒ-801 (ÎÎÎ ÍÏÔ «ÑÈÌÅÊÑ») è ðåãèñòðèðîâàëè ÈÊ-Ôóðüå-ñïåêòðû â äèàïà-
çîíå äëèí âîëí 1,7–21 ìêì. 

 
Ðåçóëüòàòû è èõ îáñóæäåíèå 

 

Íà ðèñ. 2 ïðèâåäåí ÈÊ-Ôóðüå ñïåêòð ïîãëîùåíèÿ ìîíîîêñèäà óãëåðîäà, ïîëó÷åííûé ïîñëå 10-ñå- 
êóíäíîé îáðàáîòêè ïîòîêà óãëåêèñëîãî ãàçà (ñêîðîñòü ïðîêà÷êè 1,5 ë/ìèí) äëÿ âàðèàíòà ýëåêòðîäíîãî óçëà 
ñ áåãóùèì ðàçðÿäîì. Äëÿ ñðàâíåíèÿ äàí ñïåêòð èç áàçû NIST. Ïèêè ïîãëîùåíèÿ â îáîèõ ñëó÷àÿõ  
èìåþò ìàêñèìóìû íà [CO] = 2117,9 è 2176 ñì‒1. Èíòåãðèðóÿ ïëîùàäü ïîä êðèâîé äëÿ ðàçíûõ óñëîâèé ýêñ-
ïåðèìåíòà è ðàçíûõ ýëåêòðîäíûõ óçëîâ ìîæíî êà÷åñòâåííî ñðàâíèòü ïðîèçâîäèòåëüíîñòü êîíâåðñèè 
CO2  CO. 

Òàêèì îáðàçîì óäàëîñü óñòàíîâèòü ñëåäóþùåå. 
Ïðè äëèòåëüíîé ðàáîòå óñòàíîâêè (îò 1 äî 10 ìèí) êîíöåíòðàöèÿ CO âíà÷àëå âîçðàñòàåò, à çàòåì ïàäà-

åò. Ýòî ìîæíî ñâÿçàòü ñ òåì, ÷òî ïðè öèêëè÷åñêîì äâèæåíèè ãàçîâîé ñðåäû ïðîèñõîäèò åå ïåðåãðåâ, âûçû-
âàþùèé ðåàêöèè îáðàòíîé ðåêîìáèíàöèè ïðåîáðàçîâàííûõ êîìïîíåíò.  

Ïðè êðàòêîâðåìåííîé ðàáîòå óñòàíîâêè (10 ñ) ïîãëîùåíèå â îêðåñòíîñòè ÷àñòîò [CO] äëÿ âàðèàíòà (à) 
â ñðåäíåì íà 30–40% ñèëüíåå, ÷åì äëÿ âàðèàíòà (á). Òî åñòü âàðèàíò (à) ïðîèçâîäèòåëüíåå ïî ìîíîîêñèäó 
óãëåðîäà. Âîçìîæíîå îáúÿñíåíèå òàêîâî: áåãóùèé ðàçðÿä ïðîèñõîäèò ïîýòàïíî è, âåðîÿòíî, ïðîñêîê ðàçðÿäà 
ñ îäíîâðåìåííîé ïðîêà÷êîé ñìåñè âûçûâàåò êîíâåðñèþ â ïåðâîé ïàðå ýëåêòðîäîâ, à â îêðåñòíîñòè ïîñëå-
äóþùèõ ïàð ýëåêòðîäîâ âûçûâàåò îáðàòíóþ ðåêîìáèíàöèþ îáðàçóþùèõñÿ íà íà÷àëüíîì ýòàïå ÷àñòèö. 

  

 
Ðèñ. 2. ÈÊ-Ôóðüå ñïåêòð îêèñè óãëåðîäà èç áàçû NIST [8] (ñëåâà) è ñïåêòð, ïîëó÷åííûé â òåêóùèõ ýêñïåðèìåíòàõ 
   (ñïðàâà). Ïîÿñíåíèÿ â òåêñòå 
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Ïîëó÷åííûå äàííûå ïîçâîëÿþò ñäåëàòü ïðåäâàðèòåëüíûé âûâîä, î òîì, ÷òî âàðèàíò ýëåêòðîäíîãî óçëà  

ñ îäíîé ïàðîé ýëåêòðîäîâ ýôôåêòèâíåå ìíîãîýëåêòðîäíîãî óçëà íà êîðîòêèõ âðåìåíàõ ïëàçìåííîé îáðàáîò-
êè. ×òîáû ïîäêðåïèòü ýòîò âûâîä, â ïîñëåäóþùèõ ýêñïåðèìåíòàõ íåîáõîäèìî áóäåò âàðüèðîâàòü ñêîðîñòü 
ïðîêà÷êè (â òåêóùèõ îïûòàõ îíà áûëà ôèêñèðîâàíà), ðàññòîÿíèå ìåæäó ýëåêòðîäàìè â ìíîãîýëåêòðîäíîì 
óçëå. Êðîìå òîãî, íåîáõîäèìîé çàäà÷åé ÿâëÿåòñÿ ñðàâíåíèå âåëè÷èí ýíåðãîâêëàäîâ â ãàçîâóþ ñðåäó â ðàç-
ëè÷íûõ ðåæèìàõ îáðàáîòêè. Ýòî òàêæå ïîçâîëèò ñðàâíèòü ýíåðãîýôôåêòèâíîñòü ïðåäëîæåííîãî ïîäõîäà ïî 
ñðàâíåíèþ ñ äåéñòâèåì äðóãèõ óñòàíîâîê, ïðèìåíÿåìûõ äëÿ ïëàçìåííîé îáðàáîòêè óãëåêèñëîãî ãàçà. 

 
Çàêëþ÷åíèå 

 

Ñ ïîìîùüþ ÈÊ-Ôóðüå ñïåêòðîñêîïèè ïîêàçàíî, ÷òî â óñëîâèÿõ îãðàíè÷åíèÿ ýíåðãîâêëàäà â ïëàçìó èì-
ïóëüñíîãî ðàçðÿäà ïðîèñõîäèò êîíâåðñèÿ óãëåêèñëîãî ãàçà àòìîñôåðíîãî äàâëåíèÿ â ìîíîîêñèä óãëåðîäà. 
Ïðè êîðîòêèõ âðåìåíàõ îáðàáîòêè âàðèàíò ýëåêòðîäíîãî óçëà ñ äâóìÿ ýëåêòðîäàìè îáåñïå÷èâàë ëó÷øóþ 
êîíâåðñèþ, ÷åì âàðèàíò ñ íåñêîëüêèìè ðàçðÿäíûìè ïðîìåæóòêàìè. Äëÿ óòî÷íåíèÿ ïîëó÷åííûõ äàííûõ è 
âûÿâëåíèÿ íàèáîëåå ýôôåêòèâíîãî ðåæèìà êîíâåðñèè íåîáõîäèìî ïðîâåñòè ñåðèþ äîïîëíèòåëüíûõ èññëåäî-
âàíèé. 

 

Ôèíàíñèðîâàíèå. Èññëåäîâàíèå âûïîëíåíî â ðàìêàõ ãîñçàäàíèÿ ÈÑÝ ÑÎ ÐÀÍ, ïðîåêò ¹ FWRM-
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E.À. Sosnin, V.À. Panarin, V.S. Skakun, D.À. Sorokin. Conversion of CO2 to CO in a pulse discharge 

with limited energy storage. 
The paper verifies the assumption that limiting the energy input into the plasma of a spark discharge en-

sures the conversion of carbon dioxide into CO. Two options were used for this: 1) a spark gap circuit in which 
one electrode was high-voltage and the other had a capacitive decoupling with grounding (~ 2-3 pF); 2) a ca-
pacitive decoupling circuit in which several discharge gaps served as a load, which provided a distributed mode 
of energy input from a single power source. In both variants, the supply of carbon dioxide at atmospheric pres-
sure to the discharge gaps provided partial conversion of CO2 → CO, which was recorded on the FTIR spectra 
of the mixtures obtained. A qualitative conclusion has been made that the first processing option provides a 
more efficient conversion. 
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