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Ì³êðîïîðèñò³ âóã³ëüí³ ñîðáåíòè øèðîêî âèêîðèñòîâóþòü ó î÷èùåíí³ ð³äèí ³ ãàç³â.

Íîâèì ñó÷àñíèì íàïðÿìîì ðîçâèòêó âóãëèñòèõ ìàòåð³àë³â º îäåðæàííÿ ìåçîïîðè-

ñòîãî âóã³ëëÿ ç ð³çíîìàí³òíèìè âëàñòèâîñòÿìè. Ìåòîþ äàíî¿ ðîáîòè áóëî îö³íþ-

âàííÿ àêòèâíîñò³ ìåòàëîâì³ñíèõ ìåçîïîïîðèñòèõ çðàçê³â âóã³ëëÿ ç íåçíà÷íîþ ì³êðî-

ïîðèñò³ñòþ ó ïåðåòâîðåíí³ í-ãåêñàíó. Ìåçîïîðèñòå âóã³ëëÿ áóëî îäåðæàíî òåìï-

ëàòíèì ñèíòåçîì ³ç âèêîðèñòàííÿì ñèë³êàãåëþ òà ôóðôóðèëîâîãî ñïèðòó. Ç ìåòîþ

çìåíøåííÿ ÷àñòêè ì³êðîïîð ó ìàòåð³àë³ áóëî âèêîíàíî äâ³ ñòàä³¿ äîíàñè÷åííÿ ôóð-

ôóðèëîâèì ñïèðòîì. Íà îñíîâ³ ìåçîïîðèñòîãî âóã³ëëÿ áóëî îäåðæàíî çðàçêè ç íà-

íåñåíèì í³êåëåì, ïàëàä³ºì òà îáîìà ìåòàëàìè â³äðàçó. Ìåòîäîì òðàíñì³ñ³éíî¿ åëåê-

òðîííî¿ ì³êðîñêîï³¿ âèçíà÷åíî ðîçì³ð ÷àñòèíîê ìåòàëó íà ïîâåðõí³ çðàçê³â: äëÿ

í³êåëüâì³ñíîãî çðàçêà â³í ñêëàâ 2–4 íì, òîä³ ÿê äëÿ ïàëàä³éâì³ñíèõ 3,5–6 íì ç

îêðåìèìè ÷àñòèíêàìè äî 13 íì. Ìåòîäîì íèçüêîòåìïåðàòóðíî¿ àäñîðáö³¿ àçîòó

áóëî âñòàíîâëåíî, ùî ìîäèô³êóâàííÿ ïàëàä³ºì âåäå äî óòâîðåííÿ âòîðèííî¿ ìåçî-

ïîðèñòîñò³. Âèõ³äíèé âóãëèñòèé ìàòåð³àë ³ í³êåëüâì³ñíèé çðàçîê âèÿâèëèñÿ ìàëî-

àêòèâíèìè ó ì³êðî³ìïóëüñíîìó ïåðåòâîðåíí³ í-ãåêñàíó. Ó òîé æå ÷àñ, íà ïàëàä³º-

âì³ñíèõ çðàçêàõ ïðîöåñ â³äáóâàºòüñÿ ó íàïðÿìó êðåê³íãó, àðîìàòèçàö³¿ òà ³çîìåðè-

çàö¿³ í-ãåêñàíó, ïðè öüîìó âèõîäè ïðîäóêò³â çà 400–4250Ñ ñêëàäàþòü 18–45, 15–16

òà 7–9%, â³äïîâ³äíî.
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Âñòóï

Ïîðèñò³ âóãëåöåâ³ ìàòåð³àëè ìàþòü âàæëè-
âå ïðàêòè÷íå çíà÷åííÿ, çíàéøîâøè øèðîêå çà-
ñòîñóâàííÿ ó ïðîöåñàõ î÷èùåííÿ âîäè, ïîâ³òðÿ
òà ³íøèõ ðå÷îâèí, ÿê íîñ³¿ òà êàòàë³çàòîðè, ÿê
êîìïîíåíòè åëåêòðîä³â, òîùî [1–5]. Îäíàê
á³ëüø³ñòü âóãëåöåâèõ ìàòåð³àë³â õàðàêòåðèçóþòü-
ñÿ ïåðåâàæíî ì³êðîïîðèñòîþ ñòðóêòóðîþ, ÿêà
ö³ëêîì ï³äõîäèòü äëÿ ïðîöåñ³â ðîçä³ëåííÿ òà
ïåðåòâîðåííÿ ðå÷îâèí ç íåâåëèêèìè çà ðîçì³-
ðàìè ìîëåêóëàìè [2], òîä³ ÿê ó âèïàäêó îá’ºìíèõ
ìîëåêóë äóæå áàæàíîþ ³ íàâ³òü íåîáõ³äíîþ º
íàÿâí³ñòü ìåçî- òà ìàêðîïîðèñòîñò³ [1,5].

Îñíîâíèì ñïîñîáàìè îäåðæàííÿ ìåçîïî-
ðèñòèõ âóãëèñòèõ ìàòåð³àë³â º «ì’ÿêèé» òà «æîð-
ñòêèé» òåìïëàòíèé (ìàòðè÷íèé) ñèíòåç, à òàêîæ
îá’ºìíèé ñèíòåç. Â ïðîöåñ³ «æîðñòêîãî» òåìï-
ëàòíîãî ñèíòåçó â³äòâîðþºòüñÿ îáåðíåíà ñòðóê-
òóðà âèõ³äíîãî øàáëîíó: ïóñòîòè ìàòðèö³ ïåðå-

òâîðþþòüñÿ íà âóãëåöåâèé êàðêàñ, à âèäàëåíà
ðå÷îâèíà øàáëîíó ïðè öüîìó ñòâîðþº â³ëüíèé
îá’ºì íîâèõ ïîð [1,3]. Ó ðîë³ ìàòðèö³ äëÿ îäåð-
æàííÿ ìåçîïîðèñòîãî âóã³ëëÿ ìîæå áóòè âèêî-
ðèñòàíî ð³çíîìàí³òí³ êðåìíåçåìí³ òà àëþìîñè-
ë³êàòí³ ïîðèñò³ ìàòåð³àëè, â òîìó ÷èñë³ ³ ìåçî-
ïîðèñò³ ìîëåêóëÿðí³ ñèòà.

Îäíàê á³ëüø³ñòü îäåðæàíèõ äîñ³ ìàòåð³àë³â
õàðàêòåðèçóþòüñÿ ïîºäíàííÿì ì³êðî- òà ìåçî-
ïîðèñòîñò³, òîä³ ÿê íàíåñåí³ ìåòàëè ó ì³êðîïî-
ðàõ ìîæóòü áóòè íåäîñòóïíèìè äëÿ ðåàãóþ÷èõ
ìîëåêóë.

Òîìó ìåòîþ ðîáîòè áóëî îö³íþâàííÿ àê-
òèâíîñò³ ìåòàëâì³ñíèõ ìåçîïîïîðèñòèõ çðàçê³â
âóã³ëëÿ ç íåçíà÷íîþ ì³êðîïîðèñò³ñòþ ó ïåðåòâî-
ðåíí³ ë³í³éíîãî ãåêñàíó.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Ìåòîä «æîðñòêîãî» òåìïëàòíîãî ñèíòåçó
áóëî îáðàíî äëÿ îäåðæàííÿ ìåçîïîðèñòîãî âó-
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ã³ëëÿ, îñê³ëüêè â³í â³äð³çíÿºòüñÿ íàéêðàùîþ
â³äòâîðþâàí³ñòþ.

ßê òåìïëàò ñëóãóâàâ ñèë³êàãåëü SG-60
(ôðàêö³ÿ 0,040–0,063 ìì, íàñèïíà ìàñà 0,52 ã/ñì3,
ïèòîìà ïîâåðõíÿ çà ÁÅÒ 360 ì2/ã, çàãàëüíèé
îá’ºì ïîð 0,69 ñì3/ã, îá’ºì ì³êðîïîð 0,01 ñì3/ã).
Ïðîöåäóðà ñèíòåçó áóëà íàñòóïíîþ. Ñèë³êàãåëü
ïîïåðåäíüî ïðîæàðþâàëè íà ïîâ³òð³ âïðîäîâæ
5 ãîä ïðè 5000Ñ. Íàñè÷åííÿ ôóðôóðèëîâèì ñïèð-
òîì çä³éñíþâàëè âïðîäîâæ 8 ãîä ïðè 250Ñ ó êâàð-
öîâîìó ðåàêòîð³ ï³ä âàêóóìîì (10–2 ìì ðò. ñò.)
Äëÿ öüîãî íàâàæêó ñèë³êàãåëþ çàñèïàëè ó ðåàê-
òîð, ïðèºäíóâàëè éîãî äî âàêóóìíî¿ ñèñòåìè òà
â³äêà÷óâàëè äî ïðèïèíåííÿ âèä³ëåííÿ ãàç³â ç
îá’ºìó çðàçêà. Â³äòàê ó ñèñòåìó, ÿêà çíàõîäèëà-
ñÿ ï³ä âàêóóìîì, øëÿõîì ïðîêîëþâàííÿ âàêó-
óìíîãî øëàíãà çà äîïîìîãîþ øïðèöà ââîäèëè
ôóðôóðèëîâèé ñïèðò ó ðîçðàõóíêó ñïèðò:ñèë³-
êàãåëü=2:1 (çà îá’ºìîì). Äëÿ ïðèñêîðåííÿ ïðî-
öåñó ïîë³ìåðèçàö³¿ äî ôóðôóðèëîâîãî ñïèðòó
äîäàâàëè 1 ìàñ.% ùàâëåâî¿ êèñëîòè.

Íàñè÷åíèé ñèë³êàãåëü âèâàíòàæóâàëè ç ðå-
àêòîðà, â³äìèâàëè íà ô³ëüòð³ Øîòà ìåçèòèëå-
íîì â³ä çàëèøê³â ôóðôóðèëîâîãî ñïèðòó ³ ñó-
øèëè íà ïîâ³òð³ 12 ãîä. Îäåðæàíèé ìàòåð³àë
çíîâó çàâàíòàæóâàëè ó ðåàêòîð, ÿêèé ïðîãð³âà-
ëè 6 ãîä ó âàêóóì³ ïðè 800Ñ äëÿ ïîë³ìåðèçàö³¿
ôóðôóðèëîâîãî ñïèðòó ó ïîðèñòîìó ïðîñòîð³
ñèë³êàãåëþ. Ïîò³ì ï³äí³ìàëè òåìïåðàòóðó äî
1500Ñ ³ âèòðèìóâàëè ùå 8 ãîä äëÿ çàáåçïå÷åííÿ
ìàêñèìàëüíîãî çøèâàííÿ ïîë³ìåðó â ïîðàõ.
Îäåðæàíèé ìàòåð³àë ï³ääàâàëè êàðáîí³çàö³¿ â
àòìîñôåð³ î÷èùåíîãî â³ä êèñíþ àðãîíó âïðî-
äîâæ 3 ãîä ïðè 7500Ñ.

Ï³ñëÿ óòâîðåííÿ ñèë³êàòíî-âóãëåöåâîãî
êîìïîçèòó âèêîíóâàëè éîãî äîíàñè÷åííÿ ôóð-
ôóðèëîâèì ñïèðòîì ç ìåòîþ çìåíøåííÿ
ê³ëüêîñò³ ì³êðîïîð, ïðîìèâàëè ìåçèòèëåíîì ³
ñóøèëè 12 ãîä ïðè 50–600Ñ, ïîë³ìåðèçóâàëè ôóð-
ôóðèëîâèé ñïèðò ³ êàðáîí³çóâàëè ÿê îïèñàíî
âèùå. Äîíàñè÷åííÿ ôóðôóðèëîâèì ñïèðòîì
âèêîíóâàëè äâ³÷³.

Äëÿ âèäàëåííÿ ñèë³êàòíîãî ñêåëåòó êàðáî-
í³çîâàíèé çðàçîê îáðîáëÿëè ôòîðèñòîâîäíåâîþ
êèñëîòîþ, â³äìèâàëè äèñòèëüîâàíîþ âîäîþ äî
íåéòðàëüíîãî ðÍ ³ ñóøèëè íà ïîâ³òð³. Îäåðæà-
íèé çðàçîê ÌÂ, ùî ìàâ íàñèïíó ìàñó 0,22 ã/ñì3,
âèêîðèñòîâóâàëè ÿê îñíîâó ìåòàë-âóãëåöåâèõ
êàòàë³çàòîð³â.

Íà îñíîâ³ ÌÂ áóëî îäåðæàíî òðè ìåòà-
ëîâì³ñí³ êàòàë³çàòîðè: ç í³êåëåì (4 ìàñ.%), ç
ïàëàä³ºì (4 ìàñ.%) òà ç í³êåëåì ³ ïàëàä³ºì (ïî
4 ìàñ.% êîæíîãî). Íàíåñåííÿ í³êåëþ çä³éñíþ-
âàëè â ìîëåêóëÿðíî-äèñïåðñíîìó ñòàí³ ìåòîäîì

âîëîãîãî ïðîñî÷óâàííÿ, à ïàëàä³é íàíîñèëè ïðî-
ñî÷óâàííÿì çà âîëîãîºìí³ñòþ.

Äëÿ ââåäåííÿ í³êåëþ  âèêîðèñòîâóâàëè
í³êåëü äèìåòèëãë³îêñèìàò, àáî ðåàêòèâ ×óãàºâà.
Îñòàíí³é îäåðæóâàëè øëÿõîì ïðèêàïóâàííÿ äî
âîäíîãî ðîç÷èíó í³êåëü(²²) í³òðàòó çà áåçïåðåð-
âíîãî ïåðåì³øóâàííÿ íà ìàãí³òí³é ì³øàëö³ ðîç-
÷èíó àì³àêó äî ïåðåõîäó çàáàðâëåííÿ â³ä çåëå-
íîãî äî ñèíüîãî âíàñë³äîê óòâîðåííÿ àì³à÷íîãî
êîìïëåêñó í³êåëþ(²²), äî ÿêîãî äàë³ äîäàâàëè
ðîç÷èí äèìåòèëãë³îêñèìó. Óòâîðåíèé ÷åðâîíèé
îñàä í³êåëü äèìåòèëãë³îêñèìàòó â³äô³ëüòðîâóâà-
ëè, ïðîìèâàëè äèñòèëüîâàíîþ âîäîþ òà ñóøè-
ëè ïðè 1200Ñ. Ðîçðàõîâàíó ê³ëüê³ñòü ðåàêòèâó
×óãàºâà â åòèëîâîìó ñïèðò³ äîäàâàëè äî íàâàæ-
êè âóãëåöåâîãî íîñ³ÿ òà ïåðåì³øóâàëè íà
ìàãí³òí³é ì³øàëö³ 2 ãîä. Îäåðæàíó ìàñó óïàðþ-
âàëè ³ âèñóøóâàëè ïðè 1200Ñ. Â ðåçóëüòàò³ îòðè-
ìàëè çðàçîê 4Ni/ÌÂ, ÿêèé ä³ëèëè íàâï³ë äëÿ
ïîäàëüøîãî íàíåñåííÿ íà îäíó ³ç ÷àñòèí ïàëà-
ä³þ.

Ïàëàä³é íàíîñèëè íà äåã³äðàòîâàí³ (1100Ñ,
4 ãîä) çðàçêè ÌÂ ³ 4Ni/ÌÂ ïðîñî÷óâàííÿì çà
âîëîãîºìí³ñòþ ðîçðàõîâàíîþ ê³ëüê³ñòþ ðîç÷è-
íó PdCl2 â 0,5M HCl. Ñóøèëè çðàçêè íà ïîâ³òð³
çà ê³ìíàòíî¿ òåìïåðàòóðè, îäåðæàâøè ïðè öüî-
ìó êàòàë³çàòîðè 4Pd/ÌÂ ³ (4Ni+4Pd)/ÌÂ.

Óñ³ ìåòàëâì³ñí³ çðàçêè â³äíîâëþâàëè ó ïî-
òîö³ âîäíþ âïðîäîâæ 6 ãîä ïðè 3800Ñ.

Ïîðèñòó ñòðóêòóðó ñèíòåçîâàíèõ çðàçê³â
áóëî äîñë³äæåíî ç âèêîðèñòàííÿì íèçüêîòåì-
ïåðàòóðíî¿ àäñîðáö³¿ àçîòó (Nova 1200e,
Quantochrome).

Êàòàë³òè÷í³ âëàñòèâîñò³ âèâ÷àëè ó ïåðåòâî-
ðåíí³ í-ãåêñàíó çà ì³êðî³ìïóëüñíèõ óìîâ [6,7].
Ðåàêòîð óñòàíîâêè áóâ âìîíòîâàíèé ó õðîìà-
òîãðàô³÷íó ë³í³þ íà ì³ñö³ âèïàðîâóâà÷à. Ïðî-
äóêòè ðåàêö³¿ àíàë³çóâàëè online ç âèêîðèñòàí-
íÿì ãàçîâîãî õðîìàòîãðàôà ÖÂÅÒ 104 ³ç ïîëó-
ì’ÿíî-³îí³çàö³éíèì äåòåêòîðîì. Ãåêñàí äîçóâà-
ëè ó ïîò³ê âîäíþ çà äîïîìîãîþ ì³êðîøïðèöà
(1 ìêë), ïðîäóêòè çáèðàëè â óëîâëþâà÷³, îõî-
ëîäæåíîìó ð³äêèì àçîòîì, à ïîò³ì òåïëîâèì óäà-
ðîì ïåðåâîäèëè íà ðîçä³ëåííÿ ó êàï³ëÿðíó êî-
ëîíêó (50 ì, 0,25 ìì) ç³ ñêâàëàíîì ÿê ñòàö³-
îíàðíîþ ôàçîþ.

Ì³êðîôîòîãðàô³¿ ñèíòåçîâàíèõ çðàçê³â
çí³ìàëè ç âèêîðèñòàííÿì òðàíñì³ñ³éíî¿ åëåêò-
ðîííî¿ ì³êðîñêîï³¿ (JEOL JEM-1230). Ï³äãîòîâ-
êó çðàçê³â âèêîíóâàëè øëÿõîì ¿õ ïîïåðåäíüîãî
ñóñïåíäóâàííÿ ó âîäíîìó ðîç÷èí³ åòèëîâîãî
ñïèðòó çà äîïîìîãîþ óëüòðàçâóêîâî¿ áàí³ âïðî-
äîâæ 20–30 õâ.
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Ðåçóëüòàòè òà ¿õ îáãîâîðåííÿ

²çîòåðìà íèçüêîòåìïåðàòóðíî¿ àäñîðáö³¿
àçîòó çðàçêà âóãëåöåâî¿ îñíîâè ÌÂ (ðèñ. 1,à)
íàëåæèòü äî IV òèïó çà êëàñèô³êàö³ºþ IUPAC
[8,9]. Âîíà º òèïîâîþ äëÿ ìåçîïîðèñòèõ ñîð-
áåíò³â ³ç íåçíà÷íîþ ÷àñòêîþ ì³êðîïîðèñòîñò³.
Õàðàêòåð ³çîòåðìè ïðèíöèïîâî íå çì³íþºòüñÿ
ï³ñëÿ íàíåñåííÿ í³êåëþ. Ïðè ââåäåíí³ æ ïàëà-
ä³þ ç’ÿâëÿþòüñÿ ñòóï³í÷àñò³ ïåðåãèíè íà ³çîòåð-
ìàõ â ä³àïàçîí³ ð/ðs>0,45 (ðèñ. 1,â-ã). Îñòàíí³
äâ³ ³çîòåðìè íåîáõ³äíî, î÷åâèäíî, â³äíåñòè äî
VI òèïó. Çà ³çîòåðìàìè ðîçðàõîâàíî ðîçïîä³ë ïîð
çà ðàä³óñàìè ìåòîäàìè DFT òà BJH (ðèñ. 2), à
òàêîæ ³íø³ õàðàêòåðèñòèêè ïîðèñòî¿ ñòðóêòóðè
äàíèõ êàòàë³çàòîð³â (òàáëèöÿ). Íàÿâí³ñòü ïåòåëü
ã³ñòåðåçèñó â ä³àïàçîí³ êàï³ëÿðíî¿ êîíäåíñàö³¿
ñâ³ä÷èòü ïðî çàãàëîì ìåçîïîðèñòèé õàðàêòåð
çðàçê³â. Öå ï³äòâåðäæóºòüñÿ âåëè÷èíàìè ðàä³óñ³â
ïîð – ñåðåäíüîãî ³ çà DFT.

Íàíåñåííÿ ìåòàë³â âåäå äî ðîçâèíåííÿ
ì³êðîïîðèñòîñò³ – ¿¿ ÷àñòêà çðîñòàº ç 12 äî 20%
äëÿ ìîíîìåòàë³÷íîãî í³êåëüâì³ñíîãî ³ äî 32–34%
– äëÿ ïàëàä³ºâì³ñíèõ çðàçê³â. Ââåäåííÿ ïàëàä³þ
âåäå òàêîæ äî çìåíøåííÿ ïèòîìî¿ ïîâåðõí³ ïîð,
çá³ëüøåííÿ ñóìàðíîãî îá’ºìó ïîð ³ âåëè÷èíè
ñåðåäíüîãî ðàä³óñà ïîð. Äëÿ í³êåëþ (çà âèíÿò-
êîì çíèæåííÿ ïèòîìî¿ ïîâåðõí³ çà ÁET) òàêî¿
çàêîíîì³ðíîñò³ íå âèÿâëåíî.

Î÷åâèäíî, ïàëàä³é óòâîðþº ÷àñòèíêè
á³ëüøîãî ðîçì³ðó ïîð³âíÿíî ç ðîçì³ðîì ÷àñòè-
íîê í³êåëþ, ïðè÷îìó, íåçàëåæíî â³ä ïðèñóòíîñò³
îñòàííüîãî. Áóäó÷è ðîçòàøîâàíèìè íà çîâí³øí³é
ïîâåðõí³ ì³êðî÷àñòèíîê âóãëåöåâîãî ìàòåð³àëó,
ïàëàä³ºâ³ àãëîìåðàòè ïåâíèì ÷èíîì óòâîðþþòü
ç íèìè äîäàòêîâ³ ìåçîïîðè á³ëüøîãî (>8 íì),
í³æ ðåãóëÿðí³ (<5 íì) ðîçì³ðó. Öå â³äáèâàºòüñÿ
ó ñòóï³í÷àñòîìó õàðàêòåð³ îäåðæàíèõ ³çîòåðì,
ê³íöåâà ä³ëÿíêà ÿêèõ ïîä³áíà çà ñâî¿ì õàðàêòå-
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Õàðàêòåðèñòèêà ïîðèñòî¿ ñòðóêòóðè ìåçîïîðèñòèõ ìåòàë-âóãëåöåâèõ êàòàë³çàòîð³â

Зразок SBET, м2/г St, м2/г St
miсro, м

2/г V, см3/г Vt
micro, см3/г Vmicro/V, % RDFT, нм R, нм 

МВ 927 844 83 1,18 0,139 12 2,08 2,55 

4Ni/MB 818 623 195 1,07 0,219 20 2,54 2,62 

4Pd/MB 737 564 173 1,42 0,443 32 3,04 3,86 

4Ni+4Pd/MB 660 494 166 1,32 0,453 34 2,27 4,01 

 

Ðèñ. 1. ²çîòåðìè àäñîðáö³¿ àçîòó íà ìåòàë-âóãëåöåâèõ êàòàë³çàòîðàõ:

 à – ÌÂÆ á – 4Ni/MBÆ; â – 4Pd/MB;  ã – (4Ni+4Pd)/MB
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ðîì äëÿ ñîðáåíò³â ³ç â³äêðèòèìè ç îäíîãî áîêó
ïîðàìè êëèíîïîä³áíîãî òèïó. Òîä³ ÿê ðåøòà ïîð
– ñêîð³øå öèë³íäðè÷íî¿ ÷è ïëÿøêîïîä³áíî¿ ôîð-
ìè.

Ì³êðîôîòîãðàô³¿ ìåòàëîâì³ñíèõ çðàçê³â âóã-
ëåöåâî¿ îñíîâè (ðèñ. 3) äåìîíñòðóþòü íàÿâí³ñòü
äîáðå äèñïåðãîâàíèõ ÷àñòèíîê ìåòàëó. Òàê íà
çðàçêó 4Ni/ÌÂ ñïîñòåðåæåíî ÷àñòèíêè ðîçì³-
ðîì 2–4 íì, íà çðàçêó 4Pd/ÌÂ – ðîçì³ðîì 3,5–
6 íì ïîðÿä ³ç ïîîäèíîêèìè ðîçì³ðîì ~ 13 íì.
Ìàéæå òàêà æ êàðòèíà õàðàêòåðíà ³ äëÿ êàòàë³-

çàòîðà (4Ni+4Pd)/ÌÂ, äå ðîçì³ðè ÷àñòèíîê 4–8
³ îêðåì³ – äî 13 íì. Îòæå, ïàëàä³é íåçíà÷íîþ
ì³ðîþ ìîæå àãëîìåðóâàòèñü äî êðóïí³øèõ ÷àñ-
òèíîê, ÷îãî íå â³äáóâàºòüñÿ ó âèïàäêó í³êåëþ.

Äîñë³äè âåëè ó ì³êðî³ìïóëüñíîìó ðåæèì³ â
³íòåðâàë³ òåìïåðàòóð 200–4500Ñ. Äî 3500Ñ ìå-
òàë-âóãëåöåâ³ êàòàë³çàòîðè, íà â³äì³íó â³ä ìå-
òàëöåîë³òíèõ [6,7], í-ãåêñàí íå êîíâåðòóþòü
(ðèñ. 4,à). Çà âèùèõ òåìïåðàòóð íà êàòàë³çàòî-
ðàõ ÌÂ ³ 4Ni/ÌÂ íàÿâíà íåçíà÷íà (äî 25 ìàñ.%)
êîíâåðñ³ÿ, à íà çðàçêàõ 4Pd/ÌÂ ³ (4Ni+4Pd)/ÌÂ

Ðèñ. 2. Ðîçïîä³ë ïîð çà ðàä³óñàìè, ðîçðàõîâàíèé çà ìåòîäàìè DFT (à–ã) òà BJH (ä–æ) äëÿ çðàçê³â ÌÂ (à, ä), 4Ni/MB (á,

å), 4Pd/MB (â, º), (4Ni+4Pd)/MB (ã, æ). Êóìóëÿòèâíèé îá’ºì ïîð íàâåäåíî ïóíêòèðîì
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âîíà ïðàêòè÷íî ë³í³éíî çðîñòàëà ç òåìïåðàòó-
ðîþ äî 70% ïðè 4250Ñ òà àæ ~90 ìàñ.% ïðè 4500Ñ.
Îäíàê íà ðåçóëüòàòè îñòàííüî¿ òåìïåðàòóðíî¿
òî÷êè ìîæóòü íàêëàäàòèñÿ ïðîöåñè äåñòðóêö³¿
ìàòåð³àëó, ÿêà âæå ïî÷èíàºòüñÿ â äàíîìó ä³àïà-
çîí³ òåìïåðàòóð [10].

Äîñë³äæåííÿ ìåçîïîðèñòèõ âóãëåöåâèõ ìà-
òåð³àë³â ó ðåàêö³¿ ³çîìåðèçàö³¿ í-ãåêñàíó ìàëî íà
ìåò³ îö³íèòè àêòèâí³ñòü çðàçê³â ³ç âèñîêîþ äîñ-
òóïí³ñòþ ìåòàë³÷íèõ ÷àñòèíîê ç îãëÿäó íà íèçü-
êèé âì³ñò ó çðàçêàõ ì³êðîïîð, äå àêòèâí³ ìå-
òàë³÷í³ öåíòðè ìîæóòü áóòè ìàëîåôåêòèâíèìè
ç³ ñòåðè÷íèõ ïðè÷èí.

Íà öèõ æå çðàçêàõ ñïîñòåð³ãàâñÿ íàéâèùèé
âèõ³ä ³çîìåð³â ãåêñàíó, ÿêèé ñòàíîâèâ 7–9 ìàñ.%
(ðèñ. 4,á). Îñíîâíèìè æ íàïðÿìàìè ïåðåòâî-
ðåííÿ ãåêñàíó áóëè êðåê³íã ³ àðîìàòèçàö³ÿ, âè-
õîäè ïðîäóêò³â çà 400–4250Ñ ñêëàëè 18–45 òà
15–16%, â³äïîâ³äíî. Òîáòî ñåëåêòèâí³ñòü ïàëà-
ä³ºâì³ñíèõ êàòàë³çàòîð³â çà êðåê³íãîì âèÿâèëà-

ñÿ âèùîþ çà ñåëåêòèâí³ñòü çà àðîìàòèçàö³ºþ.
Îòæå, ÌÂ ³ Ni-âì³ñíå ÌÂ ìàëîàêòèâí³ ó

ïåðåòâîðåíí³ í-ãåêñàíó, òîä³ ÿê ââåäåííÿ ó ö³
çðàçêè ïàëàä³þ ïðèçâîäèòü äî óòâîðåííÿ ïðî-
äóêò³â êðåê³íãó, àðîìàòèçàö³¿ òà ³çîìåðèçàö³¿,
ïðè÷îìó á³ìåòàë³÷íèé êàòàë³çàòîð º ìåíø åôåê-
òèâíèì. Í³êåëü ó ñêëàä³ ÿê ìîíîìåòàë³÷íîãî, òàê
³ á³ìåòàë³÷íîãî êàòàë³çàòîðà çíèæóº âèõ³ä ÿê çà
àðîìàòèêîþ, òàê ³ çà ³çîìåðàìè ãåêñàíó, ùî
ñâ³ä÷èòü ïðî ñóòòºâî íèæ÷ó ã³äðóþ÷î-äåã³äðó-
þ÷ó ôóíêö³þ í³êåëþ ïîð³âíÿíî ³ç ïàëàä³ºì. Òîá-
òî, çà â³äñóòíîñò³ êèñëîòíèõ öåíòð³â Áðåíñòåäà
í³êåëü íå çäàòíèé åôåêòèâíî ïåðåòâîðþâàòè
àëêàíè, òîä³ ÿê áóäó÷è íàíåñåíèì íà öåîë³òè,
ÿê³ âì³ùóþòü êèñëîòí³ öåíòðè Áðåíñòåäà, â³í
êàòàë³çóº ³çîìåðèçàö³þ òà àðîìàòèçàö³þ í-ãåê-
ñàíó [7,11], îñê³ëüêè ïî÷àòêîâîþ ñòàä³ºþ ïåðå-
òâîðåííÿ º ïðîòîíóâàííÿ âóãëåâîäíþ.

Âèíèêíåííÿ àðîìàòè÷íèõ âóãëåâîäí³â íà
ïàëàä³ºâì³ñíèõ çðàçêàõ â³äáóâàºòüñÿ øëÿõîì

Ðèñ. 3. ÒÅÌ-çîáðàæåííÿ êàòàë³çàòîð³â 4Ni/ÌÂ (à, á), 4Pd/ÌÂ (â, ã) òà (4Ni+4Pd)/ÌÂ (ä, å)
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ïðÿìî¿ äåã³äðîöèêë³çàö³¿ í-ãåêñàíó, â³äêðèòî¿
Êàçàíñüêèì ³ Ïëàòå ùå â 1930 ð. íà ïëàòèí³ òà
ïàëàä³¿, ÿêà ðåàë³çóºòüñÿ ÷åðåç ïðîì³æíå óòâî-
ðåííÿ öèêëîãåêñàíó òà ïîäàëüøå éîãî äåã³äðó-
âàííÿ. Äëÿ ïåðåá³ãó äàíîãî ïðîöåñó ïî÷àòêîâî
ìîëåêóëà ãåêñàíó àêòèâóºòüñÿ ñâî¿ìè ê³íöÿìè
íà ïîâåðõí³ ìåòàëó. Íå âèêëþ÷åíî, ùî äàíèé
ïðîöåñ ñòåðè÷íî ïðîñò³øå ïåðåá³ãàº íà ìàñèâ-
íèõ ÷àñòèíêàõ ìåòàëó, ñóòòºâî á³ëüøèõ çà ðîçì³ð
ìîëåêóëè (äîâæèíà ìîëåêóëè í-ãåêñàíó ñêëàäàº
1 íì). Òîìó ïàëàä³ºâ³ àãëîìåðàòè â³ä 3,5–6 íì
àæ äî 13 íì á³ëüøåôåêòèâí³ çà í³êåëåâ³ (2–4 íì).
Òîä³ ÿê íà á³ôóíêö³îíàëüíèõ êàòàë³çàòîðàõ, â
ÿêèõ ïðèñóòíÿ êèñëîòíà ñêëàäîâà àêòèâíîñò³,
ìåõàí³çì óòâîðåííÿ àðîìàòèêè ðîçãëÿäàþòü ÷å-
ðåç ïî÷àòêîâå ïðîòîíóâàííÿ àëêàí³â, ¿õ ãëèáîêå
äåã³äðóâàííÿ òà íàñòóïíó öèêë³çàö³þ äî áåíçîëó
[11,12].

Íà â³äì³íó â³ä ïðîöåñó äåã³äðîöèêë³çàö³¿,
ÿêèé ìîæå ïåðåá³ãàòè íà ïëàòèíîâîìó êàòàë³çà-
òîð³ ³ çà â³äñóòíîñò³ êèñëîòíî¿ ñêëàäîâî¿, ñêëàä-
í³øå ïîÿñíèòè ïåðåá³ã ã³äðîêðåê³íãó òà ³çîìå-
ðèçàö³¿ íà Pd-âì³ñíèõ çðàçêàõ ÌÂ, îñê³ëüêè äàí³

Ðèñ. 4. Êîíâåðñ³ÿ í-ãåêñàíó Õ (à), âèõ³ä ³çîìåð³â ãåêñàíó Y1 (á), ïðîäóêò³â êðåê³íãó Y2 (â) òà àðîìàòè÷íèõ ñïîëóê Y3 (ã)

íà êàòàë³çàòîðàõ âóã³ëüíî¿ îñíîâè – ÌÂ (1), 4Ni/ÌÂ (2), 4Pd/ÌÂ (3) ³ (4Ni+4Pd)/ÌÂ (4)

äâà ïðîöåñè îäíîçíà÷íî âèìàãàþòü ïðèñóòíîñò³
îêð³ì ã³äðóþ÷å-äåã³äðóþ÷èõ öåíòð³â ³ êèñëîòíî¿
ñêëàäîâî¿ êàòàë³çàòîðà. Îäíàê â³äîìî, ùî ïðî-
öåñ â³äíîâëåííÿ âîäíåì ñîëåé ïàëàä³þ, íàíåñå-
íèõ íà îñíîâó, â³äáóâàºòüñÿ ñóòòºâî ñêëàäí³øå,
í³æ â³äíîâëåííÿ âîäíèõ ðîç÷èí³â òèõ æå ñîëåé.
Òàê, â ðîáîò³ [13] áóëî ïîêàçàíî, ùî õëîðèä ïà-
ëàä³þ íà îêñèä³ àëþì³í³þ âèìàãàº äëÿ â³äíîâ-
ëåííÿ òåìïåðàòóðè äî 5600Ñ, à íà öåîë³òàõ òà
êðåìíåçåì³ – àæ äî 880–890°Ñ ÷åðåç âçàºìîä³þ
êàò³îí³â ³ç íîñ³ºì. Ïðî íåïîâíå â³äíîâëåííÿ ³îí³â
ïàëàä³þ(²²) íà ïîâåðõí³ âóã³ëëÿ ç óòâîðåííÿì äî
5% ïàëàä³þ (²) çãàäóºòüñÿ â ðîáîò³ [14]. Îñòàíí³é
æå ìîæå âèñòóïàòè êèñëîòíèì öåíòðîì Ëüþ¿ñà,
à òîìó â³äðèâàòè ã³äðèä-³îí â³ä ìîëåêóëè âóãëå-
âîäíþ, àáî æ ïåðåõîäèòè ó êèñëîòíèé öåíòð
Áðåíñòåäà ÷åðåç ìåõàí³çì ñï³ëîâåðó âîäíþ [15].
Òàêèì ÷èíîì, ìîæå â³äáóâàòèñÿ óòâîðåííÿ áðåí-
ñòåäîâî¿ êèñëîòíîñò³ íà êàòàë³çàòîð³ ïðè íåïîâ-
íîìó â³äíîâëåíí³ ïàëàä³þ. Íå âàðòî òàêîæ çàáó-
âàòè ³ ïðî âêëàä ñîëÿíî¿ êèñëîòè, ùî âèíèêàº ó
ïðîöåñ³ â³äíîâëåííÿ õëîðèäó ïàëàä³þ âîäíåì.

Îòæå, íàéàêòèâí³øèìè ñèíòåçîâàí³ çðàçêè
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âèÿâèëèñÿ ó ðåàêö³¿ êðåê³íãó, äàë³, çà ì³ðîþ ñïà-
äàííÿ, â àðîìàòèçàö³¿ òà ³çîìåðèçàö³¿ ë³í³éíîãî
ãåêñàíó.

Âèñíîâêè

Ìîäèô³êóâàííÿ ïàëàä³ºì ìåçîïîðèñòîãî
âóãëèñòîãî ìàòåð³àëó ç âèñîêîþ ïèòîìîþ ïîâåð-
õíåþ çà ÁÅÒ (900 ì2/ã) òà íèçüêèì âì³ñòîì ì³êðî-
ïîð (äî 12%) ïðèâîäèòü äî óòâîðåííÿ âòîðèí-
íî¿ ìåçîïîðèñòîñò³. Íîâ³ ìåçîïîðè ç ä³àìåòðîì
8–12 íì âèíèêàþòü çà ðàõóíîê êëèíîïîä³áíèõ
ïîð-ù³ëèí ì³æ ÷àñòèíêàìè ïàëàä³þ òà îñíîâè,
ùî ñïðè÷èíÿº ñòóï³í÷àñòèé õàðàêòåð ³çîòåðì
àäñîðáö³¿. Ïîä³áíå ÿâèùå íå ñïîñòåð³ãàëîñÿ ïðè
íàíåñåíí³ í³êåëþ.

Í³êåëüâì³ñíèé âóãëèñòèé ìàòåð³àë çà àêòèâ-
í³ñòþ ó ïåðåòâîðåíí³ ë³í³éíîãî ãåêñàíó áëèçü-
êèé äî âèõ³äíîãî çðàçêà, òîä³ ÿê ïàëàä³ºâì³ñí³
çðàçêè ñïðèÿþòü ïåðåá³ãó íå ò³ëüêè àðîìàòèçàö³¿
í-ãåêñàíó, àëå é êðåê³íãó ³ ³çîìåðèçàö¿³, ïðè÷î-
ìó á³ìåòàë³÷íèé çðàçîê ïðîÿâëÿº íèæ÷ó àê-
òèâí³ñòü. Íàéâèù³ ïåðåòâîðåííÿ îäåðæàíî íà
ìîíîìåòàë³÷íîìó ïàëàä³ºâì³ñíîìó çðàçêó â òåì-
ïåðàòóðíîìó ä³àïàçîí³ 400–4250Ñ: âèõ³ä ïðî-
äóêò³â êðåê³íãó ñêëàâ äî 45%, ïðîäóêò³â àðîìà-
òèçàö³¿ – äî 16%, ïðîäóêò³â ³çîìåðèçàö³¿ – äî
9%.
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Microporous carbon sorbents are widely used in the purification
of liquids and gases. A new modern direction in the development of
carbonaceous materials is production of mesoporous carbon with
varied properties. The aim of this work was to evaluate the activity
of metal-containing mesoporous carbon samples with insignificant
microporosity in the conversion of n-hexane. Mesoporous carbon
was prepared by template synthesis using silica gel and furfural alcohol.
In order to reduce the proportion of micropores in material, the
process was carried out in two stages of additional saturation with
furfural alcohol. The samples based on mesoporous carbon with nickel,
palladium and two metals simultaneously were synthesized. By means
of transmission electron microscopy, the size of metal particles on
the surface of samples was determined. It was 2–4 nm for nickel-
containing sample, while it was 3.5–6 nm with inclusion of individual
particles of up to 13 nm for palladium-containing samples. Low-
temperature nitrogen adsorption technique showed that the
modification with palladium resulted in the formation of secondary
mesoporosity. The starting carbonaceous material and nickel-
containing sample were found to be inactive in the micropulse
conversion of n-hexane. At the same time, the process proceeded
over palladium-containing samples in the direction of cracking,
aromatization and isomerization of n-hexane, the product yields at
400–4250C being equal to 18–45%, 15–16% and 7–9%,
respectively.

Keywords: mesoporous carbon; template synthesis;
supporting metal; impregnation; hexane transformation; cracking;
aromatization; isomerization.
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