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Ìåòàëè ïëàòèíîâî¿ ãðóïè øèðîêî âèêîðèñòîâóþòü ÿê ã³äðóþ÷î-äåã³äðóþ÷ó ñêëàäî-
âó íèçêè êàòàë³çàòîð³â íàôòîïåðåðîáëåííÿ òà íàôòîõ³ì³¿, çîêðåìà òàêîãî âåëèêî-
òîííàæíîãî ïðîöåñó, ÿê ³çîìåðèçàö³ÿ ë³í³éíèõ àëêàí³â. Îñíîâíèì íàïðÿìîì âäîñ-
êîíàëåííÿ ïðîöåñó îäåðæàííÿ òàêèõ êàòàë³çàòîð³â º ¿õ çäåøåâëåííÿ çà ðàõóíîê
îïòèì³çàö³¿ ê³ëüêîñò³ ìåòàë³÷íî¿ êîìïîíåíòè. Ïðè öüîìó íåäîñòàòíüî óâàãè áóëî
ïðèä³ëåíî ñïîñîáó ââåäåííÿ àêòèâíîãî ìåòàëó ó ìàòðèöþ-íîñ³é, ùî îñîáëèâî âàæ-
ëèâî ó âèïàäêó öåîë³òíèõ êàòàë³çàòîð³â, äëÿ ÿêèõ, îêð³ì òðàäèö³éíîãî ³ìïðåãíóâàí-
íÿ, ìîæíà âèêîðèñòàòè ìåòîä ³îííîãî îáì³íó. Òîìó ìåòîþ äàíî¿ ðîáîòè áóëî ïî-
ð³âíÿííÿ êàòàë³òè÷íî¿ åôåêòèâíîñò³ â ³çîìåðèçàö³¿ ë³í³éíèõ àëêàí³â Pd-âì³ñíèõ
öåîë³ò³â òèïó MFI, â ÿê³ ìåòàë ââåäåíî ìåòîäàìè ³ìïðåãíóâàííÿ ç ðîç÷èíó õëîðèäó
ïàëàä³þ òà ³îííîãî îáì³íó ç òåòðààì³àêàòó ïàëàä³þ ó ê³ëüêîñò³ 0,5 ìàñ.% ó ïåðåðà-
õóíêó íà ÷èñòèé ìåòàë. Äîñë³äæåííÿ òåêñòóðíèõ õàðàêòåðèñòèê ìåòîäîì íèçüêî-
òåìïåðàòóðíî¿ àäñîðáö³¿/äåñîðáö³¿ àçîòó çàñâ³ä÷èëè, ùî ïèòîìà ïîâåðõíÿ çðàçê³â òà
çàãàëüíèé ñîðáö³éíèé îá’ºì çáåð³ãàþòüñÿ ïðàêòè÷íî áåç çì³í íåçàëåæíî â³ä ñïîñî-
áó ââåäåííÿ ìåòàë³÷íî¿ êîìïîíåíòè. Â³ä÷óòíå çìåíøåííÿ ñåðåäíüîãî ðîçì³ðó ïîð
ñïîñòåð³ãàºòüñÿ ëèøå ïðè ³îíîîáì³ííîìó ââåäåíí³ ìåòàëó ³ ñâ³ä÷èòü ïðî ëîêàë³çà-
ö³þ ïàëàä³þ ïåðåâàæíî â ïîðàõ öåîë³òó, ùî ï³äòâåðäæóºòüñÿ ìåòîäîì òðàíñì³ñ³éíî¿
åëåêòðîííî¿ ì³êðîñêîï³¿. Çíà÷íèé âïëèâ íà àêòèâí³ñòü çðàçê³â ìàº ñòàä³ÿ ïåðåâå-
äåííÿ àìîí³éíî¿ ôîðìè öåîë³òó ó âîäíåâó, ÿêà ìàº ïåðåäóâàòè ê³íöåâ³é ñòàä³¿ â³äíîâ-
ëåííÿ ìåòàëó. Íàéâèùèé âèõ³ä ³çîìåð³â ãåêñàíó 46,5 ìàñ.% çà ñåëåêòèâíîñò³ 88,7%
çàô³êñîâàíî íà êàòàë³çàòîð³ ç ³îíîîáì³ííî ââåäåíèì Pd ³ç íàéìåíøèìè ÷àñòèíêà-
ìè ïàëàä³þ (3–7 íì).

Êëþ÷îâ³ ñëîâà: öåîë³ò òèïó MFI, ³çîìåðèçàö³ÿ ãåêñàíó, ïàëàä³é, ³îííèé îáì³í, ³ìïðåã-
íóâàííÿ.
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Áëàãîðîäí³ ìåòàëè øèðîêî âèêîðèñòîâóþòü
ó ïðîìèñëîâîñò³ ÿê àêòèâíó êîìïîíåíòó íèçêè
êàòàë³çàòîð³â. Âîíè º ã³äðóþ÷î-äåã³äðóþ÷èìè
ñêëàäîâèìè êàòàë³çàòîð³â òàêèõ áàãàòîòîííàæ-
íèõ ïðîöåñ³â íàôòîïåðåðîáëåííÿ òà íàôòîõ³ì³¿
ÿê ðèôîðì³íã òà ³çîìåðèçàö³ÿ ë³í³éíèõ àëêàí³â
[1–4]. Â îñòàííüîìó âèïàäêó ìåòàëè âõîäÿòü äî
ñêëàäó ÿê íèçüêîòåìïåðàòóðíèõ êàòàë³çàòîð³â íà
îñíîâ³ îêñèäó àëþì³í³þ, òàê ³ ñåðåäíüîòåìïåðà-
òóðíèõ êàòàë³çàòîð³â íà îñíîâ³ öåîë³ò³â. Íà-
ÿâí³ñòü áëàãîðîäíèõ ìåòàë³â, äîçâîëÿº ñóòòºâî
çìåíøèòè çàêîêñóâàííÿ äàíèõ êàòàë³çàòîð³â, à

îñòàííº º îñíîâíîþ ïðè÷èíîþ äåçàêòèâàö³¿ öå-
îë³òíèõ êàòàë³çàòîð³â [5,6]. Ðîáëÿòüñÿ ñïðîáè
çàì³íèòè ìåòàëè ïëàòèíîâî¿ ãðóïè äåøåâøèìè
àíàëîãàìè, àëå ïîêè ùî ïîä³áí³ äîñë³äæåííÿ íå
âèéøëè çà ðàìêè ëàáîðàòîðíèõ [7–9].

Îñíîâíèì íàïðÿìêîì âäîñêîíàëåííÿ ïðî-
öåñó îäåðæàííÿ òàêèõ êàòàë³çàòîð³â º ¿õ çäåøåâ-
ëåííÿ çà ðàõóíîê îïòèì³çàö³¿ ê³ëüêîñò³ ìåòàë³÷íî¿
êîìïîíåíòè. Òàê, çîêðåìà, äëÿ öåîë³òíèõ êàòà-
ë³çàòîð³â ³çîìåðèçàö³¿ áóëî âñòàíîâëåíî, ùî îï-
òèìàëüíà ê³ëüê³ñòü ïàëàä³þ ñêëàäàº 0,5 ìàñ.%
[10,11]. Îäíàê äîñ³ íåäîñòàòíüî óâàãè áóëî ïðè-
ä³ëåíî ñïîñîáó ââåäåííÿ àêòèâíîãî ìåòàëó ó
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ìàòðèöþ-íîñ³é.
Òîìó ìåòîþ äàíî¿ ðîáîòè áóëî ïîð³âíÿííÿ

êàòàë³òè÷íî¿ åôåêòèâíîñò³ â ³çîìåðèçàö³¿
ë³í³éíèõ àëêàí³â Pd-âì³ñíèõ öåîë³ò³â òèïó MFI,
â ÿê³ ìåòàë ââåäåíî ìåòîäîì ³îííîãî îáì³íó òà
³ìïðåãíóâàííÿ.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Êàòàë³çàòîðè ç³ âì³ñòîì ïàëàä³þ 0,5 ìàñ.%
ó ïåðåðàõóíêó íà ÷èñòèé ìåòàë îäåðæàíî íà îñ-
íîâ³ ïîðîøêîïîä³áíîãî öåîë³òó NaÖÂM òèïó
MFI (SiO2/Al2O3=41, ÒÓ 38.102168-85, ÀÒ «Ñîð-
áåíò», ÐÔ). Ñòàòè÷íà ºìí³ñòü çà ïàðîþ âîäè
çã³äíî ç ïàñïîðòíèìè äàíèìè – 0,07 ñì3/ã, ãåï-
òàíó – 0,18 ñì3/ã.

²ç íàòð³ºâî¿ ôîðìè öåîë³òó øëÿõîì ³îííî-
ãî îáì³íó (3 ãîä, 850Ñ) ç 3 ìîëü/äì3 ðîç÷èíîì
í³òðàòó àìîí³þ, âçÿòèì ó ï’ÿòèêðàòíîìó íàäëèø-
êó çà îá’ºìîì, îäåðæóâàëè àìîí³éíó ôîðìó.
Ï³ñëÿ çàê³í÷åííÿ îáðîáêè öåîë³ò â³äìèâàëè äè-
ñòèëüîâàíîþ âîäîþ òà ñóøèëè íà ïîâ³òð³.
Ñòóï³íü îáì³íó ñêëàäàâ áëèçüêî 95%. ×àñòèíó
çðàçêà ïåðåâîäèëè ó âîäíåâó ôîðìó øëÿõîì ïðî-
æàðþâàííÿ ó ìóôåëüí³é ïå÷³ ïðè 6000Ñ âïðî-
äîâæ 3 ãîä.

Äëÿ îäåðæàííÿ ³ìïðåãíîâàíèõ ïàëàä³ºì
êàòàë³çàòîð³â 1 ³ 1Í äåã³äðàòîâàí³ âïðîäîâæ 2 ãîä
çà 3800Ñ çðàçêè öåîë³òó â àìîí³éí³é ³ âîäíåâ³é
ôîðì³ â³äïîâ³äíî ïðîñî÷óâàëè ðîçðàõîâàíîþ
ê³ëüê³ñòþ ðîç÷èíó PdCl2 â HCl (0,5 ìîëü/äì3),
ï³ñëÿ ÷îãî ñóøèëè 20 ãîä çà 200Ñ. Ïðè öüîìó
ââàæàëè, ùî âåñü ïîäàíèé ïàëàä³é çàëèøàºòüñÿ
íà çðàçêó.

Ââåäåííÿ ïàëàä³þ ³îííèì îáì³íîì çä³éñíþ-
âàëè íàñòóïíèì ÷èíîì. Ñïî÷àòêó îäåðæóâàëè
ðîç÷èí õëîðèäó òåòðààì³àêàòó ïàëàä³þ
[Pd(NH3)4]Cl2 ç³ âì³ñòîì ìåòàëó 2 ìã/ìë.

Äëÿ öüîãî ðîç÷èíÿëè ðîçðàõîâàíó ê³ëüê³ñòü
õëîðèäó ïàëàä³þ â 0,1 ìîëü/äì3 HCl ç îäåðæàí-
íÿì òåòðàõëîðïàëàä³ºâî¿ êèñëîòè:

PdCl2+2HCl=H2[PdCl4].  (1)

Äî íå¿ ïî êðàïëèíàõ ïðè ïîñò³éíîìó ïåðå-
ì³øóâàíí³ äîäàâàëè 25% ðîç÷èí àì³àêó äî óòâî-
ðåííÿ ðîæåâîãî îñàäó ñîë³ Âîêåëåíà ïðè ðÍ 9–
10:

2H2[PdCl4]+4NH3=[Pd(NH3)4][PdCl4]+4HCl.  (2)

Ïîò³ì íàãð³âàëè äî ðîç÷èíåííÿ îñàäó ³ óò-
âîðåííÿ õëîðèäó òåòðààì³àêàòó ïàëàä³þ:

[Pd(NH3)4][PdCl4]+4NH3=2[Pd(NH3)4]Cl2.  (3)

Íà äðóãîìó åòàï³ çðàçîê öåîë³òó â àìîí³éí³é
ôîðì³ ñóñïåíäóâàëè ó äèñòèëüîâàí³é âîä³
(ñï³ââ³äíîøåííÿ òâåðäà/ð³äêà ôàçà 1:5) ³ç äîäà-
âàííÿì íåâåëèêî¿ ê³ëüêîñò³ 25% ðîç÷èíó àì³àêó
äî ðÍ 9–10. Ï³ñëÿ öüîãî äî ñóñïåíç³¿ ç áåçïå-
ðåðâíèì ïåðåì³øóâàííÿì ïðèêàïóâàëè ðîçðàõî-
âàíó ê³ëüê³ñòü ðîç÷èíó õëîðèäó òåòðààì³àêàòó
ïàëàä³þ, îäåðæàíî¿ íà ïîïåðåäíüîìó åòàï³.

Ñóñïåíç³þ âèòðèìóâàëè ïðè ê³ìíàòí³é òåì-
ïåðàòóð³ 24 ãîä ç ïåð³îäè÷íèì ïåðåì³øóâàííÿì.
Ï³ñëÿ îáì³íó öåîë³ò â³äìèâàëè äèñòèëüîâàíîþ
âîäîþ äî íåéòðàëüíîãî pH òà â³äñóòíîñò³ ³îí³â
Cl– ³ âèñóøóâàëè íà ïîâ³òð³. Êîíòðîëü âõîäæåí-
íÿ ïàëàä³þ çä³éñíþâàëè êîìïëåêñîíîìåòðè÷íî,
âèêîðèñòîâóþ÷è çâîðîòíå òèòðóâàííÿ Òðèëîíó Á
ñóëüôàòîì öèíêó ïðè ðÍ 10±1 ó ïðèñóòíîñò³
åð³îõðîìó ÷îðíîãî Ò. Òàê îäåðæóâàëè çðàçîê 2,
â³ä ÿêîãî â³äáèðàëè äâ³ ïîðö³¿, ÿê³ ïåðåâîäèëè ó
âîäíåâó ôîðìó: îäíó – â³äðàçó ç îäåðæàííÿì
çðàçêà 2Í, ³íøó – ï³ñëÿ â³äíîâëåííÿ ïàëàä³þ äî
íóëü-âàëåíòíîãî ñòàíó ó ïðîòî÷íîìó ðåàêòîð³ â
ïîòîö³ âîäíþ (20 ñì3/õâ) çà 3800Ñ âïðîäîâæ
6 ãîä (çðàçîê 2RÍ). Â³äíîâëåííÿ ìåòàëó íà ðåøò³
êàòàë³çàòîð³â ïåðåä îäåðæàííÿì àäñîðáö³éíèõ
õàðàêòåðèñòèê ³ ì³êðîôîòîãðàô³é çä³éñíþâàëè
àíàëîã³÷íî, à ïåðåä êàòàë³òè÷íèìè äîñë³äàìè –
çà òèõ æå óìîâ áåçïîñåðåäíüî â ì³êðîðåàêòîð³
óñòàíîâêè ³çîìåðèçàö³¿.

²çîòåðìè íèçüêîòåìïåðàòóðíî¿ àäñîðáö³¿/
äåñîðáö³¿ àçîòó âèì³ðþâàëè íà ñîðáòîìåòð³
Quantachrome Autosorb NOVA 1200å ï³ñëÿ ïî-
ïåðåäíüî¿ äåã³äðàòàö³¿ çðàçê³â çà 3800Ñ (2 ãîä) ó
ìóôåëüí³é ïå÷³ òà âàêóóìóâàííÿ in situ çà 2500Ñ
âïðîäîâæ 1 ãîä. Äëÿ ðîçðàõóíêó õàðàêòåðèñòèê
ïîðèñòî¿ ñòðóêòóðè âèêîðèñòîâóâàëè ñòàíäàðò-
íå ïðîãðàìíå çàáåçïå÷åííÿ NOVAWin.

Çà äîïîìîãîþ áàãàòîòî÷êîâîãî ìåòîäó ÁET
³ç îäåðæàíèõ ³çîòåðì áóëî ðîçðàõîâàíî ïèòîìó
ïëîùó ïîâåðõí³ (SÂET), t-ìåòîäîì – ïëîùó çîâ-
í³øíüî¿ ïîâåðõí³ (St) ³ îá’ºì ì³êðîïîð (Vt

micro).
Ðîçðàõîâóâàëè òàêîæ ïîâåðõíþ ì³êðîïîð ÿê
ð³çíèöþ ì³æ ïîâåðõíåþ çà ÁÅÒ òà çîâí³øíüîþ
ïîâåðõíåþ (St

micro=SBET–St). Çà îá’ºìîì àäñîðáî-
âàíîãî àçîòó ïðè p/ps>0,991 âèçíà÷àëè ñóìàð-
íèé îá’ºì ïîð VS. Ðîçðàõîâóâàëè òàêîæ ñåðåäí³é
ðîçì³ð ïîð R=2V


/BET, ïðèïóñêàþ÷è, ùî ïîðè

ìàþòü öèë³íäðè÷íó ôîðìó. Äëÿ âñòàíîâëåííÿ
ðîçïîä³ëó ïîð çà ðàä³óñàìè âèêîðèñòîâóâàëè òå-
îð³þ DFT.

Ìåòîäîì òðàíñì³ñ³éíî¿ åëåêòðîííî¿ ì³êðîñ-
êîï³¿ (ÒÅÌ) îö³íþâàëè ðîçì³ð ÷àñòèíîê ìåòà-
ë³÷íîãî ïàëàä³þ (ì³êðîñêîï JEOL JEM-1230).
Çðàçêè ïåðåä äîñë³äæåííÿì ñóñïåíäóâàëè ó âîä-
íî-åòàíîëüíîìó ðîç÷èí³ çà äîïîìîãîþ óëüòðà-



28

Yu.G. Voloshyna, O.P. Pertko, L.K. Patrylak, A.V. Yakovenko

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 6, pp. 26-32

çâóêîâî¿ áàí³ âïðîäîâæ 15–20 õâ.
Êàòàë³òè÷í³ âëàñòèâîñò³ îäåðæàíèõ çðàçê³â

âèâ÷àëè ó ìîäåëüí³é ðåàêö³¿ ã³äðî³çîìåðèçàö³¿
ë³í³éíîãî ãåêñàíó â ì³êðî³ìïóëüñíîìó ðåæèì³ â
³íòåðâàë³ òåìïåðàòóð â³ä 200 äî 3500Ñ. Äëÿ öüîãî
âèêîðèñòàíî êàòàë³òè÷íó óñòàíîâêó íà áàç³ äî-
îáëàäíàíîãî ì³êðîðåàêòîðîì õðîìàòîãðàôà
ÖÂÅÒ 104. Äîçóâàííÿ ë³í³éíîãî ãåêñàíó çä³éñíþ-
âàëè ó ïîò³ê ãàçó-íîñ³ÿ – âîäíþ çà äîïîìîãîþ
ì³êðîøïðèöà (1 ìêë). Äåòàëüíî ìåòîäèêó îïè-
ñàíî â [9,12].

Ðåçóëüòàòè òà îáãîâîðåííÿ

²çîòåðìè íèçüêîòåìïåðàòóðíî¿ àäñîðáö³¿/
äåñîðáö³¿ àçîòó Pd-âì³ñíèìè êàòàë³çàòîðàìè
(ðèñ. 1) â³äíîñÿòüñÿ äî IV òèïó çà êëàñèô³êà-
ö³ºþ IUPAC [14]. Âîíè º òèïîâèìè äëÿ ì³êðî-

ïîðèñòèõ öåîë³òíèõ êàòàë³çàòîð³â [15], îñê³ëüêè
äåìîíñòðóþòü çíà÷íå ïîãëèíàííÿ àçîòó çà íèçü-
êèõ çíà÷åíü p/ps òà ìàþòü íåâåëèê³ ïåòë³ ã³ñòå-
ðåçèñó íà ä³ëÿíö³ p/ps>0,4.

Ðîçðàõîâàí³ çà ³çîòåðìàìè õàðàêòåðèñòèêè
ïîðèñòî¿ ñòðóêòóðè êàòàë³çàòîð³â (òàáëèöÿ)
ñâ³ä÷àòü ïðî òå, ùî ââåäåííÿ ïàëàä³þ â êàòàë³-
çàòîðè â³äáóâàºòüñÿ áåç ïîì³òíî¿ âòðàòè ì³êðî-
ïîðèñòîñò³ ³ ç íåñóòòºâèì (äî 8%) çìåíøåííÿì
çàãàëüíî¿ ïèòîìî¿ ïîâåðõí³ çà ÁÅÒ. Ïðàêòè÷íî
íåçì³ííèì çàëèøàºòüñÿ ³ çàãàëüíèé îá’ºì ïîð
íåçàëåæíî â³ä ñïîñîáó ââåäåííÿ ìåòàë³÷íî¿ êîì-
ïîíåíòè.

Çðàçêè íå ì³ñòÿòü ïîì³òíî¿ ê³ëüêîñò³ ìåçî-
ïîð (ðèñ. 2), ïðîòå ñïîñòåð³ãàºòüñÿ çá³ëüøåííÿ
¿õ ïèòîìîãî âì³ñòó òà â³ä÷óòíå çìåíøåííÿ ðàä³-

Ðèñ. 1. ²çîòåðìè íèçüêîòåìïåðàòóðíî¿ àäñîðáö³¿/äåñîðáö³¿ àçîòó íà Pd-âì³ñíèõ êàòàë³çàòîðàõ ð³çíîãî ñïîñîáó ââåäåííÿ

ìåòàëó

Зразок S
BET

, м
2
/г S

t
, м

2
/г S

t
miсro, м

2
/г V, см3/г V

t
micro, см

3
/г Vmicro/V, % R

DFT
, нм R, нм 

HMFI 371 14,5 356 0,18 0,15 83 0,97 1,0 

1 343 12,9 331 0,18 0,14 80 0,89 1,0 

1Н 345 15,6 329 0,19 0,15 76 0,97 1,1 

2 350 12,9 337 0,18 0,15 83 0,77 1,0 

2Н 349 21,9 327 0,20 0,16 79 0,89 1,1 

2RH 345 16,6 328 0,19 0,15 76 0,84 1,1 

 

Ïàðàìåòðè ïîðèñòî¿ ñòðóêòóðè Pd-âì³ñíèõ öåîë³òíèõ êàòàë³çàòîð³â
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óñó ïîð çà DFT äëÿ çðàçê³â ³îíîîáì³ííîãî ââå-
äåííÿ ìåòàëó ïîð³âíÿíî ç³ çðàçêàìè ïðîñî÷óâàí-
íÿ (ðèñ. 2, òàáë. 1). Îñòàííº, î÷åâèäíî, º ñâ³ä÷åí-
íÿì òîãî, ùî ïàëàä³é ³îíîîáì³ííîãî ââåäåííÿ
çîñåðåäæóºòüñÿ â ïîðàõ öåîë³òó, òîä³ ÿê ïðè
³ìïðåãíóâàíí³ â³í çàòðèìóºòüñÿ ïåðåâàæíî íà
çîâí³øí³é ïîâåðõí³ ì³êðîêðèñòàë³â. Çá³ëüøåí-
íÿ ðàä³óñó ïîð çà DFT äëÿ êàòàë³çàòîð³â ó âîä-
íåâ³é ôîðì³ ïîð³âíÿíî ç àìîí³éíîþ ïîâ’ÿçàíå,
ïåðø çà âñå, ç óòâîðåííÿì ïðîòîí³â íà ì³ñö³
êàò³îí³â àìîí³þ. Îäíàê äëÿ çðàçêà 2RH, ÿêèé
äëÿ ïåðåâåäåííÿ ó âîäíåâó ôîðìó ïðîæàðþâàëè
âæå ó â³äíîâëåíîìó ñòàí³, òàêå çðîñòàííÿ ìåíø
â³ä÷óòíå ÿê ó âèïàäêó çðàçêà 2Í, îñê³ëüêè íå
âèêëþ÷àºòüñÿ âèõ³ä ïàëàä³þ ³ç ì³êðîïîð ³ àãðå-
ãàö³¿ éîãî íà ïîâåðõí³ ïðè ê³íöåâîìó ïðîæàðþ-
âàíí³. Ïðè öüîìó àì³àê, ùî âèâ³ëüíÿºòüñÿ, ìîæå
ñïðèÿòè äàíîìó ïðîöåñó.

Ì³êðîôîòîãðàô³¿ ÒÅÌ ïîêàçóþòü, ùî êà-
òàë³çàòîðè 1 ³ 1H, â ÿê³ ïàëàä³é ââîäèëè ³ìïðåã-
íóâàííÿì, ì³ñòÿòü íà çîâí³øí³é ïîâåðõí³ êðóïí³
÷àñòèíêè ïàëàä³þ ðîçì³ðîì áëèçüêî 10 ³ 40 íì,

â³äïîâ³äíî (ðèñ. 3). Íà çðàçêàõ 2 ³ 2H ³îíîîáì³-
ííîãî ââåäåííÿ ïàëàä³þ ãóñòî ðîçòàøîâàí³ óò-
âîðåííÿ ìàëîãî ðîçì³ðó (3–7 íì) ïðîãëÿäàþòü-
ñÿ í³áè ó ãëèáèí³ ì³êðîêðèñòàëó (ðèñ. 4). Íà
çðàçêó 2RH, ùî çàçíàâ òåðì³÷íîãî îáðîáëåííÿ
ï³ñëÿ â³äíîâëåííÿ ìåòàëó, çàô³êñîâàíî òàêîæ
âåëèêó ê³ëüê³ñòü, àëå äîâîë³ êðóïíèõ (20–55 íì),
÷àñòèíîê (ðèñ. 5).

á                                    à

Ðèñ. 5. ÒÅÌ-çîáðàæåííÿ êàòàë³çàòîðà 2RH

Ç óðàõóâàííÿì äàíèõ òðàíñì³ñ³éíî¿ åëåê-
òðîííî¿ ì³êðîñêîï³¿ ³ ðåçóëüòàò³â àäñîðáö³éíîãî

Ðèñ. 2. Ðîçïîä³ë ïîð çà ðàä³óñàìè (çà DFT) äëÿ Pd-âì³ñíèõ êàòàë³çàòîð³â; êóìóëÿòèâíèé îá’ºì ïîð íàâåäåíî ïóíêòèðîì

Ðèñ. 3. ÒÅÌ-çîáðàæåííÿ êàòàë³çàòîð³â 1 (à) ³ 1Í (á) ç Pd,

íàíåñåíèì ³ìïðåãíóâàííÿì
Ðèñ. 4. ÒÅÌ-çîáðàæåííÿ êàòàë³çàòîð³â 2 (à) ³ 2Í (á) ç Pd,

ââåäåíèì ³îííèì îáì³íîì
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äîñë³äæåííÿ, ìîæíà ñòâåðäæóâàòè, ùî ïàëàä³é,
ââåäåíèé ³îíîîáì³ííî äî öåîë³òó MFI, ï³ä ÷àñ
â³äíîâëåííÿ çíà÷íîþ ì³ðîþ çàëèøàºòüñÿ ëîêà-
ë³çîâàíèì âñåðåäèí³ ïîðèñòî¿ ñòðóêòóðè öåîë³òó
ó âèãëÿä³ ìàëèõ ÷àñòèíîê. Ïðîæàðþâàííÿ ³îíî-
îáì³ííîãî çðàçêà ï³ñëÿ â³äíîâëåííÿ ïàëàä³þ
ñïðè÷èíÿº âèõ³ä çíà÷íî¿ ê³ëüêîñò³ ìåòàëó íà çîâ-
í³øíþ ïîâåðõíþ òà çíà÷íó àãëîìåðàö³þ éîãî
÷àñòèíîê. Äëÿ ïàëàä³þ, ââåäåíîãî ³ìïðåãíóâàí-
íÿì, õàðàêòåðíèì º ïåðåâàæíî çîâí³øíüîïîâåð-
õíåâå ðîçòàøóâàííÿ éîãî àãëîìåðàò³â ñåðåäíüî-
ãî ðîçì³ðó.

Ðèñóíîê 6 ³ëþñòðóº ðåçóëüòàòè êàòàë³òè-
÷íèõ âèïðîáóâàíü ñèíòåçîâàíèõ çðàçê³â â ³çîìå-
ðèçàö³¿ ë³í³éíîãî ãåêñàíó. Éîãî ïåðåòâîðåííÿ éäå
ïåðåâàæíî ó íàïðÿìêó ³çîìåðèçàö³¿, âèõ³ä ïðî-
äóêò³â êðåê³íãó, ïðèíàéìí³ äî 3000Ñ, íå ïåðåâè-
ùóº 5 ìàñ.% Íàéìåíø àêòèâíèìè º êàòàë³çàòî-
ðè â àìîí³éí³é ôîðì³, ïðè öüîìó çðàçîê 2 ³ç
³îíîîáì³ííî ââåäåíèì ïàëàä³ºì ïðîãðàº çðàçêó
1 ³ç ïàëàä³ºì, ââåäåíèì ïðîñî÷óâàííÿì, ÿê çà

àêòèâí³ñòþ, òàê ³ çà ñåëåêòèâí³ñòþ. Ïåðåâåäåí-
íÿ çðàçê³â ó âîäíåâó ôîðìó ðîáèòü êàòàë³çàòîðè
ç³ñòàâíèìè çà öèìè ïàðàìåòðàìè, çíà÷íî ïîêðà-
ùóþ÷è ¿õ åôåêòèâí³ñòü â ³çîìåðèçàö³¿. Äëÿ çðàç-
êà 1 öå â³äáóâàºòüñÿ çäåá³ëüøîãî çà ðàõóíîê
ï³äâèùåííÿ àêòèâíîñò³, à äëÿ çðàçêà 2 çðîñòàº
ÿê àêòèâí³ñòü, òàê ³ ñåëåêòèâí³ñòü çà ³çîìåðàìè
ãåêñàíó, íàéá³ëüø â³ä÷óòíî – ó âèïàäêó çðàçêà
³îíîîáì³ííîãî ââåäåííÿ 2Í, â ÿêîìó ïàëàä³é ó
íóëü-âàëåíòíîìó ñòàí³ íå ï³ääàâàëè íàãð³âàííþ.
Ìàêñèìàëüíèé âèõ³ä ³çîìåð³â íà öüîìó êàòàë³-
çàòîð³ ñòàíîâèòü áëèçüêî 47% (çà ñåëåêòèâíîñò³
~90%), ùî íà 9% âèùå, í³æ íà çðàçêàõ 1Í ³ 2RH.

Îòæå, àìîí³éíà ôîðìà Pd-âì³ñíîãî öåîë³-
òó MFI, íåçàëåæíî â³ä ñïîñîáó ââåäåííÿ ìåòà-
ëó, º ìåíø àêòèâíîþ â ³çîìåðèçàö³¿ ë³í³éíîãî
ãåêñàíó ïîð³âíÿíî ³ç âîäíåâîþ, ùî, î÷åâèäíî,
ñâ³ä÷èòü ïðî íåñòà÷ó ó í³é êèñëîòíî¿ ñêëàäîâî¿
àêòèâíîñò³. Çàñòîñóâàííÿ ³îííîãî îáì³íó äëÿ
ââåäåííÿ ïàëàä³þ ìàº ïåðåâàãè ïåðåä ïðîñî÷ó-
âàííÿì, îñê³ëüêè çàáåçïå÷óº ò³ñí³øå ðîçòàøó-

Ðèñ. 6. Êîíâåðñ³ÿ í-ãåêñàíó Õ (à), âèõ³ä ïðîäóêò³â êðåê³íãó YÑ1-5 (á), âèõ³ä ³çîìåð³â ãåêñàíó YiC6 (â) òà ñåëåêòèâí³ñòü çà

³çîãåêñàíàìè SiC6 (ã) äëÿ ñèíòåçîâàíèõ êàòàë³çàòîð³â
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âàííÿ ã³äðóþ÷î-äåã³äðóþ÷èõ ³ êèñëîòíèõ öåíòð³â
äëÿ çðàçê³â ó âîäíåâ³é ôîðì³. Ï³ä ä³ºþ âèñîêèõ
òåìïåðàòóð ï³ñëÿ â³äíîâëåííÿ ìåòàëó êàòàë³çà-
òîð çíèæóº àêòèâí³ñòü, ùî ìîæå áóòè íàñë³äêîì
âèõîäó ïàëàä³þ íà çîâí³øíþ ïîâåðõíþ ç³ çíà-
÷íîþ àãëîìåðàö³ºþ éîãî ÷àñòèíîê. ßê ³ ó âè-
ïàäêó í³êåëüâì³ñíèõ öåîë³òíèõ êàòàë³çàòîð³â, äëÿ
ÿêèõ çðàçêè ç ìåíøèì ðîçì³ðîì ÷àñòèíîê í³êå-
ëþ (8–9 íì) [9] ïîêàçàëè íàéêðàùó àêòèâí³ñòü
â ³çîìåðèçàö³¿ ë³í³éíîãî ãåêñàíó, ïàëàä³ºâì³ñí³
êàòàë³çàòîðè òàêîæ äåìîíñòðóþòü âèùó åôåê-
òèâí³ñòü, ÿêùî âîíè ì³ñòÿòü ìåíø³ çà ðîçì³ðîì
÷àñòèíêè ìåòàë³÷íî¿ êîìïîíåíòè. Ââåäåííÿ ïà-
ëàä³þ ³îííèì îáì³íîì äîçâîëÿº îòðèìàòè íàé-
ìåíø³ âèäèì³ ó ì³êðîñêîï ÷àñòèíêè ìåòàëó (3–
7 íì), ùî äîçâîëÿº äîïóñòèòè òàêîæ ¿õ íàÿâí³ñòü
ó ì³êðîïîðàõ öåîë³òó.

Âèñíîâêè

Äîñë³äæåííÿ òåêñòóðíèõ õàðàêòåðèñòèê
ìåòîäîì íèçüêîòåìïåðàòóðíî¿ àäñîðáö³¿/äå-
ñîðáö³¿ àçîòó çàñâ³ä÷èëè, ùî ïèòîìà ïîâåðõíÿ
çðàçê³â òà çàãàëüíèé ñîðáö³éíèé îá’ºì çáåð³ãà-
þòüñÿ ïðàêòè÷íî áåç çì³í íåçàëåæíî â³ä ñïîñî-
áó ââåäåííÿ ìåòàë³÷íî¿ êîìïîíåíòè. Ïðè ³îíî-
îáì³ííîìó ââåäåíí³ ìåòàëó ñïîñòåð³ãàºòüñÿ çìåí-
øåííÿ ñåðåäíüîãî ðîçì³ðó ïîð, ùî ñâ³ä÷èòü ïðî
ëîêàë³çàö³þ ïàëàä³þ ïåðåâàæíî â ïîðàõ öåîë³òó.
Ïîêàçàíî, ùî â ðåçóëüòàò³ ìîäèô³êóâàííÿ çðàçê³â
ìåòàëîì çá³ëüøóºòüñÿ ïèòîìà ÷àñòêà ìåçîïîð.

Íàéâèùèé âèõ³ä ³çîìåð³â ãåêñàíó 46,5 ìàñ.%
çà ñåëåêòèâíîñò³ 88,7% äåìîíñòðóº êàòàë³çàòîð
ç 0,5 ìàñ.% ³îíîîáì³ííî ââåäåíîãî Pd, ÿêèé ïå-
ðåä â³äíîâëåííÿì ìåòàëó áóëî ïðîæàðåíî äëÿ
ïåðåâîäó àìîí³éíî¿ ôîðìè öåîë³òó ó âîäíåâó ³
ÿêèé ì³ñòèòü íàéìåíø³ çà ðîçì³ðîì ÷àñòèíêè
ïàëàä³þ (3–7 íì).
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PECULIARITIES OF PALLADIUM-CONTAINING MFI-
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OF LINEAR ALKANES
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V.P. Kukhar Institute of Bioorganic Chemistry and Petrochemis-
try of National Academy of Sciences of Ukraine, Kyiv, Ukraine
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Platinum group metals are widely used as a hydrogenating-
dehydrogenating component of a number of petroleum refining
and petrochemical catalysts, in particular for isomerization of
linear alkanes. The main direction in improving the preparation
of these catalysts is to reduce their cost by optimizing the metal
component amount. However, insufficient attention was paid to
the method of introduction of an active metal into the carrier; at
the same time, this issue is especially important in case of zeolite
catalysts, for which ion exchange can be used in addition to
traditional impregnation. Therefore, the purpose of this work
was to compare the catalytic efficiencies of Pd-containing MFI
zeolites in which metal was introduced by two methods:
impregnation from a solution of palladium chloride and ion
exchange from tetraamminepalladium(II) chloride in the amount
of 0.5 wt.% in terms of pure metal. Study of texture characteristics
by nitrogen low-temperature adsorption/desorption technique
showed that the specific surface area of samples and the total
sorption volume remained practically unchanged, regardless of
the procedure of metal component introduction. A significant
decrease in average pore size was observed only in case of ion-
exchange metal introduction; this indicated the localization of
palladium mainly in zeolite pores, which was confirmed by
transmission electron microscopy. The stage of transformation
from ammonium form to hydrogen one strongly affects the activity
of samples, this stage should precede the final stage of metal
recovery. The highest yield of hexane isomers of about 46.5 wt.%
with the selectivity of 88.7% was observed over a catalyst with Pd
introduced by ion-exchange method with the smallest palladium
particles (3–7 nm).

Keywords: MFI zeolite; hexane isomerization; palladium;
ion exchange; impregnation.
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