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Äàíà ðîáîòà ïðèñâÿ÷åíà îö³íþâàííþ åôåêòèâíîñò³ òåïëîâîãî óäàðó ïîð³âíÿííÿì
âëàñòèâîñòåé òâåðäèõ ïðîäóêò³â òåðìîë³çó (ÒÏÒ), ÿê³ óòâîðþþòüñÿ ç áóðîãî âóã³ëëÿ
(ÁÂ) ïðè òåðìîïðîãðàìîâàí³é ëóæí³é àêòèâàö³¿ (ÒÏ-àêòèâàö³¿) ³ àêòèâàö³¿ ç òåïëî-
âèì óäàðîì (ÀÒÓ-ïðîöåñ³). Çðàçîê ÁÂ-ÊÎÍ îäåðæàíî ³ìïðåãíóâàííÿì; ñï³ââ³äíî-
øåííÿ ÊÎÍ/ÁÂ äîð³âíþº 1 ã/ã. ÒÏ-àêòèâàö³ÿ âêëþ÷àëà íàãð³âàííÿ ÁÂ-ÊÎÍ
(4 ãðàä/õâ) â àðãîí³ äî çàäàíî¿ òåìïåðàòóðè (150–850°Ñ), âèòðèìóâàííÿ òðèâàë³ñòþ
1 ãîä òà îõîëîäæåííÿ. Ó ÀÒÓ-ïðîöåñ³ ÁÂ-ÊÎÍ øâèäêî ââîäèëè â ïîïåðåäíüî íà-
ãð³òèé ðåàêòîð. ÒÏÒ âèä³ëÿëè â³äìèâàííÿì â³ä ÊÎÍ ³ ñóø³ííÿì. Õàðàêòåðèñòèêè
íàäìîëåêóëÿðíî¿ ³ ïîðèñòî¿ ñòðóêòóðè ÒÏÒ îòðèìàíî ìåòîäàìè ðåíòãåíîôàçîâîãî
àíàë³çó ³ íèçüêîòåìïåðàòóðíî¿ (77 Ê) àäñîðáö³¿ àçîòó. Âñòàíîâëåíî, ùî â ÀÒÓ-
ïðîöåñ³ âèõ³ä ÒÏÒ ìåíøå çà ðàõóíîê äîäàòêîâîãî óòâîðåííÿ ëåòêèõ îðãàí³÷íèõ
ïðîäóêò³â. Åôåêò ïîñèëþºòüñÿ ç ï³äâèùåííÿì òåìïåðàòóðè: ïðè 8500Ñ âèõ³ä ÒÏÒ
ñòàíîâèòü 15% ïðîòè 24% ïðè ÒÏ-àêòèâàö³¿. Ïîçèòèâíèé âïëèâ òåïëîâîãî óäàðó
íà ïîðèñò³ñòü ÒÏÒ ïðîÿâëÿºòüñÿ â ³íòåðâàë³ 650–8500Ñ, ïîñèëþºòüñÿ ç ï³äâèùåí-
íÿì òåìïåðàòóðè ³ ñïðèÿº óòâîðåííþ ÒÏÒ ç³ çá³ëüøåíèìè ïèòîìîþ ïîâåðõíåþ (â
2,2 ðàçè – ç 1115 ì2/ã äî 2414 ì2/ã), çàãàëüíèì îá’ºìîì ïîð (â 1,8 ðàçè) ³ îá’ºìîì
ñóáíàíîïîð (â 2,1 ðàçè). Ïðè òåìïåðàòóð³ íèæ÷å 6500Ñ óòâîðþþòüñÿ ÒÏÒ ç õàðàê-
òåðèñòèêàìè ïîðèñòî¿ ñòðóêòóðè, ÿê³ ìàéæå îäíàêîâ³ äëÿ îáîõ ðåæèì³â òåðìîë³çó.
Ïîêàçàíî, ùî ðåîðãàí³çàö³ÿ íàäìîëåêóëÿðíî¿ ñòðóêòóðè â³äáóâàºòüñÿ â ³íòåðâàë³
òåìïåðàòóð 400–8500Ñ ³ çàëåæèòü â³ä ðåæèìó íàãð³âàííÿ. Ïðè ÒÏ-àêòèâàö³¿ ì³æøà-
ðîâà â³äñòàíü êðèñòàë³ò³â ç ï³äâèùåííÿì òåìïåðàòóðè çðîñòàº (ç 0,412 íì äî
0,453 íì), à â ÀÒÓ-ïðîöåñ³ çìåíøóºòüñÿ (ç 0,412 íì äî 0,350 íì) çà ðàõóíîê çáàãà-
÷åííÿ ÒÏÒ á³ëüø ñòðóêòóðíî âïîðÿäêîâàíèìè êðèñòàë³òàìè. Âîíè ìàþòü çá³ëüøåí³
ë³í³éí³ ðîçì³ðè ãðàôåíîâèõ øàð³â, íàéá³ëüø ³íåðòí³ äî ä³¿ ÊÎÍ ³ ð³âíîì³ðíî ðîç-
ïîä³ëåí³ â àìîðôíîìó ïîðèñòîìó êàðêàñ³ ÒÏÒ.
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Íàãð³âàííÿ âóãëåöåâèõ ðå÷îâèí îðãàí³÷íî-
ãî ïîõîäæåííÿ ç ã³äðîêñèäîì êàë³þ âåäå äî óò-
âîðåííÿ òâåðäèõ ïðîäóêò³â òåðìîë³çó (ÒÏÒ), ÿê³
õàðàêòåðèçóþòüñÿ ðîçâèíåíîþ ïîðèñòîþ ñòðóê-
òóðîþ ³ çíà÷íîþ âåëè÷èíîþ ïèòîìî¿ ïîâåðõí³
(S1000 ì2/ã) [1]. Òàê³ ÒÏÒ ìàþòü íàçâó àêòèâî-
âàíå âóã³ëëÿ (ÀÂ), à ñàì ïðîöåñ íàçèâàþòü ëóæ-
íîþ àêòèâàö³ºþ, ÿêó øèðîêî âèêîðèñòîâóºòüñÿ
äëÿ ïåðåðîáêè ð³çíîìàí³òíèõ âèõ³äíèõ ðå÷îâèí:
ð³çíèõ âèä³â á³îìàñè, âèêîïíîãî âóã³ëëÿ, ïîë³-
ìåð³â, êîêñ³â, âóãëåãðàô³òîâèõ ìàòåð³àë³â. Äâà
â³äîìèõ âàð³àíòè ïðîöåñó ïåðåäáà÷àþòü ïðîâå-

äåííÿ òåðìîë³çó â ðåæèì³ òåðìîïðîãðàìîâàíîãî
íàãð³âàííÿ ç³ øâèäê³ñòþ 4–10 ãðàä/õâ àáî çà
ðàõóíîê ÑÂ×-åíåðã³¿ [2,3]. Íîâèì âàð³àíòîì òàêî¿
àêòèâàö³¿ º ïðîöåñ ëóæíî¿ àêòèâàö³¿ ç òåïëîâèì
óäàðîì (ñêîðî÷åíî ÀÒÓ-ïðîöåñ), â ÿêîìó íà-
ãð³âàííÿ çä³éñíþºòüñÿ â ðåæèì³ òåïëîâîãî óäà-
ðó – øâèäêîãî ââåäåííÿ çðàçêà â ïîïåðåäíüî
íàãð³òó äî òåìïåðàòóðè àêòèâàö³¿ çîíó ðåàêòîðà
[4]. Éîãî ãîëîâíà ïåðåâàãà – âèêîðèñòàííÿ çíà-
÷íî ìåíøèõ ê³ëüêîñòåé ëóæíîãî àêòèâàòîðà
(ÊÎÍ) áåç ïîã³ðøåííÿ õàðàêòåðèñòèê ïîðèñòî¿
ñòðóêòóðè ÀÂ, ÿêå óòâîðþºòüñÿ. Åôåêòèâí³ñòü
òåïëîâîãî óäàðó âïåðøå âñòàíîâëåíà ïðè àêòè-
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âàö³¿ áóðîãî âóã³ëëÿ [5]. Íàäàë³ äîñë³äæåíî âëà-
ñòèâîñò³ ÀÂ, ÿêå óòâîðþþòüñÿ â ÀÒÓ-ïðîöåñ³ ïðè
âàð³þâàíí³ ïðèðîäè ëóãó (LiOH, NaOH, KOH),
òåìïåðàòóðè òåïëîâîãî óäàðó (8500Ñ) ³ ÷àñó ³çî-
òåðì³÷íîãî âèòðèìóâàííÿ (2 ãîä) ïðè òåìïåðà-
òóð³ àêòèâàö³¿ [6,7].

Ìåòà äàíî¿ ðîáîòè ïîëÿãàëà â îö³íþâàíí³
åôåêòèâíîñò³ òåïëîâîãî óäàðó ïîð³âíÿííÿì âëà-
ñòèâîñòåé ÒÏÒ, îäåðæàíèõ ç áóðîãî âóã³ëëÿ â
ÀÒÓ-ïðîöåñ³ ³ òåðìîïðîãðàìîâàíî¿ ëóæíî¿ àê-
òèâàö³¿.

Ìåòîäèêà åêñïåðèìåíòó

Ðîáîòó ïðîâåäåíî ç âèêîðèñòàííÿì áóðîãî
âóã³ëëÿ (ÁÂ), ùî ìàº íàñòóïíèé åëåìåíòíèé
ñêëàä (%): Ñ 70,6; H 5,9; S 3,6; N 1,9; O 18,0 (çà
ð³çíèöåþ); âì³ñò ÎÍ-êèñëîòíèõ ãðóï –
5,9 ììîëü/ã (ôåíîëüí³ – 4,1 ììîëü/ã, êàðáî-
êñèëüí³ – 1,8 ììîëü/ã). Îáðîáêó ÁÂ ã³äðîêñè-
äîì êàë³þ âèêîíóâàëè ³ìïðåãíóâàííÿì [6]; âà-
ãîâå ñï³ââ³äíîøåííÿ ÊÎÍ/ÁÂ ñòàíîâèëî
RKOH=1,0 ã/ã.

ÀÒÓ-ïðîöåñ çä³éñíþâàëè çà óìîâ ïðîäóâ-
êè ñóõèì àðãîíîì (~2 äì3/÷) ðåàêòîðà ç íåðæà-
â³þ÷î¿ ñòàë³ (ä³àìåòð 40 ìì, âèñîòà ðîáî÷î¿ çîíè
150 ìì) ç ñ³òêîþ â íèæí³é ÷àñòèí³. Ðåàêòîð íà-
ãð³âàëè äî çàäàíî¿ òåìïåðàòóðè, ÿêà âàð³þâàëàñü
â ìåæàõ 150–8500Ñ, ïîò³ì ³ìïðåãíîâàíå âóã³ëëÿ
øâèäêî ââîäèëè â íàãð³òó çîíó, âèòðèìóâàëè
1 ãîä ³ îõîëîäæóâàëè â ïîòîö³ àðãîíó äî t500Ñ.
Òåðìîïðîãðàìîâàíó ëóæíó àêòèâàö³þ âèêîíóâà-
ëè â òèõ æå óìîâàõ, àëå íàãð³âàííÿ äî çàäàíî¿
òåìïåðàòóðè çä³éñíþâàëè ç³ øâèäê³ñòþ 4 ãðàä/õâ.
Öåé ïðîöåñ ñêîðî÷åíî íàçâàíèé ÒÏ-àêòèâàö³ÿ.

Çðàçêè ÒÏÒ, ÿê³ îòðèìàíî â ³íòåðâàë³ òåì-
ïåðàòóð 400–8500Ñ, ïîñë³äîâíî â³äìèâàëè â³ä
ëóãó âîäîþ, 0,1 Ì ðîç÷èíîì ÍÑl ³ çíîâ âîäîþ
äî â³ä’ºìíî¿ ðåàêö³¿ íà ³îíè Cl– (çà AgNO3), ïîò³ì
ñóøèëè ïðè 115±50Ñ äî ïîñò³éíî¿ âàãè ³ âèçíà-
÷àëè âèõ³ä Y (%) ç ïîõèáêîþ ±2%. Çðàçêè ÒÏÒ,
ñèíòåçîâàí³ ïðè òåìïåðàòóðàõ 3500Ñ, ì³ñòÿòü
ãóìàòè êàë³þ, ÿê³ ÷àñòêîâî ðîç÷èíí³ â ëóæíèõ
âîäíèõ ñåðåäîâèùàõ [8]. Äëÿ âèêëþ÷åííÿ ¿õ ïå-
ðåõîäó â ðîç÷èí ïðè â³äìèâàíí³ ëóæíîãî àêòè-
âàòîðà, çðàçêè ÒÏÒ â³äðàçó îáðîáëÿëè 0,1 Ì ÍÑl
äëÿ ïåðåòâîðåííÿ ãóìàò³â êàë³þ â ãóì³íîâ³ êèñ-
ëîòè, ÿê³ íå ðîç÷èíí³ â ëóæíèõ ñåðåäîâèùàõ.
Íàñòóïí³ îïåðàö³¿ âèä³ëåííÿ ÒÏÒ âèêîíóâàëè
ÿê îïèñàíî âèùå. Çðàçêè, ÿê³ ñèíòåçîâàíî ç òåï-
ëîâèì óäàðîì ïîçíà÷åíî ÒÏÒ(ÒÓ), à ¿õ âèõ³ä –
YÒÓ (%). Çðàçêè, îòðèìàí³ ïðè òåðìîïðîãðàìî-
âàíîìó íàãð³âàíí³ ïîçíà÷åíî ÒÏÒ(ÒÏ), à ¿õ âèõ³ä
– YÒÓ (%).

Çì³íè íàäìîëåêóëÿðíî¿ (ïðîñòîðîâî¿)
ñòðóêòóðè âóã³ëüíîãî êàðêàñà îö³íþâàëè ìåòî-

äîì ðåíòãåíîôàçîâîãî àíàë³çó (ÐÔÀ): ïðèëàä
Bruker D8, âèïðîì³íþâàííÿ CuK (0,154 íì,
30 êÂ, 50 ìÀ), êðîê ñêàíóâàííÿ 0,0190 ïðè ÷àñ³
íàêîïè÷åííÿ 20 ñ/êðîê. Âèõ³äíó äèôðàêòîãðà-
ìó ïåðåòâîðþâàëè âèðàõîâóâàííÿì ôîíó, à ðåô-
ëåêñè âóãëåöåâîãî ïðîñòîðîâîãî êàðêàñó â³äî-
êðåìëþâàëè â³ä ðåôëåêñ³â ì³íåðàëüíèõ êîìïî-
íåíò³â ³íòåðïîëÿö³ºþ [9]. Äèôðàêòîãðàìà âêëþ-
÷àëà îñíîâíèé ðåôëåêñ – íàêëàäåííÿ -ñìóãè ³
ðåôëåêñó (002), ÿêèé â³äíîñÿòü äî ì³æøàðîâî¿
â³äñòàí³ d002 â êðèñòàë³òàõ, à òàêîæ ðåôëåêñ (100)
[9]. ¯õ ïîä³ëÿëè äåêîíâîëþö³ºþ íà ãàóññ³àíè, ç
ÿêèõ âèçíà÷àëè õàðàêòåðèñòèêè âóã³ëüíèõ êðèñ-
òàë³ò³â – ïàêåò³â äåê³ëüêîõ ïîë³àðåíîâèõ (ãðà-
ôåíîâèõ) øàð³â ç ïðèáëèçíî ãðàô³òîâîþ óïàêîâ-
êîþ [10]. Îö³íþâàëè íàñòóïí³ ïàðàìåòðè íàä-
ìîëåêóëÿðíî¿ ñòðóêòóðè: ì³æøàðîâó â³äñòàíü â
êðèñòàë³òàõ d002, âèñîòó Lc, ñåðåäí³é ä³àìåòð La

òà îá’ºì êðèñòàë³òà Vêð, ³íòåíñèâí³ñòü I002 (â³äí.
îä.) ÿê ïëîùó ðåôëåêñó (002), à òàêîæ ÷èñëî
ïîë³àðåíîâèõ øàð³â N=(Lc/d002)+1. Âåëè÷èíó d002

çíàõîäèëè çà ôîðìóëîþ Áðåããà d002=/2sin002,
âåëè÷èíó Lc çíàõîäèëè çà ôîðìóëîþ Øåððåðà
Lc=0,9/002cosq002, âåëè÷èíó La – çà ôîðìóëîþ
Óîððåíà La=1,84l/100cos100 [9,10], äå 002 ³ 100 –
êóòîâå ïîëîæåííÿ ðåôëåêñ³â (002) òà (100), â³äïî-
â³äíî; 002 òà 100 – øèðèíà (â ðàä³àíàõ) íà ïîëî-
âèí³ âèñîòè ðåôëåêñ³â (002) òà (100), â³äïîâ³ä-
íî. Åêñïåðèìåíòàëüíî âèçíà÷åí³ ïîõèáêè ñòà-
íîâëÿòü ±0,004 íì (d002), ±0,006 íì (Lc), ±0,02
íì (La), ±0,05 íì3 (Vêð), ±0,3 (Nêð).

Õàðàêòåðèñòèêè ïîðóâàòî¿ ñòðóêòóðè ÒÏÒ
âèçíà÷åíî çà ³çîòåðìàìè íèçüêîòåìïåðàòóðíî¿
(77 Ê) àäñîðáö³¿-äåñîðáö³¿ àçîòó (ïðèëàä
Micromeritics ASAP 2020). Ñóìàðíèé îá’ºì ïîð
Vt (ñì3/ã) âèçíà÷àëè çà ê³ëüê³ñòþ N2, àäñîðáîâà-
íîãî ïðè â³äíîñíîìó òèñêó Ð/Ð0~1,0. Âåëè÷èíó
ïèòîìî¿ ïîâåðõí³ S (ì2/ã), ïèòîìó ïîâåðõíþ (Smi,
ì2/ã) òà îá’ºì (Vmi, ñì3/ã) ì³êðîïîð, ïèòîìó ïî-
âåðõíþ (S1íì, ì2/ã) ³ îá’ºì (V1nm, ñì3/ã) ñóáíàíî-
ïîð, à òàêîæ ðîçïîä³ë ïîð çà ðîçì³ðàìè âèçíà-
÷àëè ìåòîäîì 2D–NLDFT [11] çà ³íòåãðàëüíè-
ìè òà äèôåðåíö³éíèìè çàëåæíîñòÿìè S òà Vt â³ä
ñåðåäíüî¿ øèðèíè ïîð (W, íì). Ñóìàðíèé îá’ºì
ìåçî- ³ ìàêðîïîð âèçíà÷àëè çà ð³çíèöåþ
Vme+ma=Vt–Vmi.

Ðåçóëüòàòè òà îáãîâîðåííÿ

Ç ï³äâèùåííÿì òåìïåðàòóðè âèõ³ä ÒÏÒ çíè-
æóºòüñÿ äëÿ îáîõ ðåæèì³â íàãð³âàííÿ (ðèñ. 1,
ë³í³¿ 1 ³ 2), ïðè÷îìó çíèæåííÿ â³äáóâàºòüñÿ íå-
ð³âíîì³ðíî. Äî 4000Ñ áëèçüêî ïîëîâèíè âóã³ëü-
íî¿ îðãàí³÷íî¿ ðå÷îâèíè âèäàëÿºòüñÿ ó âèãëÿä³
íèçüêîìîëåêóëÿðíèõ îðãàí³÷íèõ ïðîäóêò³â ³ âè-
õîäè YÒÓ ³ YÒÏ áëèçüê³.
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Â ³íòåðâàë³ òåìïåðàòóð 400–8500Ñ ñïîñòåð³-
ãàºòüñÿ ³íøèé õàðàêòåð òåìïåðàòóðíèõ çàëåæíî-
ñòåé âèõîä³â ÒÏÒ ³ ñóâîðî âèêîíóºòüñÿ óìîâà
YÒÓ<YÒÏ. Òîáòî, ÿêùî òåðìîïðîãðàìîâàíå íà-
ãð³âàííÿ çàì³íèòè íà òåïëîâèé óäàð, òî âèõ³ä
ÒÏÒ çàâæäè íèæ÷å ó âñüîìó òåìïåðàòóðíîìó
ä³àïàçîí³. Öå ìîæíà îö³íèòè â³äíîñíèì çíèæåí-
íÿì âèõîäó Y=(YÒÓ–YÒÏ)/YÒÏ, äå YÒÓ ³ YÒÏ –
âèõ³ä ÒÏÒ â ÀÒÓ-ïðîöåñ³ ³ ÒÏ-àêòèâàö³¿, â³äïî-
â³äíî. Òåìïåðàòóðíà çàëåæí³ñòü ïàðàìåòðà Y
(ðèñ. 1, ë³í³ÿ 3) ïîêàçóº, ùî òåïëîâèé óäàð
ñïðèÿº äîäàòêîâîìó óòâîðåííþ ëåòêèõ ïðîäóêò³â,
ùî çíèæóº âèõ³ä ÒÏÒ. Öåé åôåêò ïîñèëþºòüñÿ
ç³ çá³ëüøåííÿì òåìïåðàòóðè ³ ïðè 8500Ñ âèõ³ä
ÒÏÒ(ÒÓ) (YÒÓ=15%) âæå íà 38% íèæ÷å (Y=
=–0,38) â ïîð³âíÿíí³ ç âèõîäîì ÒÏÒ(ÒÏ)
(YÒÏ=24%).

Òåìïåðàòóðí³ çàëåæíîñò³ ïèòîìî¿ ïîâåðõí³
ÒÏÒ(ÒÓ) ³ ÒÏÒ(ÒÏ) ìàþòü ð³çí³é õàðàêòåð
(ðèñ. 2). Äî 4000Ñ ïîâåðõíÿ ÒÏÒ ïðàêòè÷íî íå
ðîçâèâàºòüñÿ: S12,8 ì2/ã ó ÒÏÒ(ÒÏ) ³

S14,7 ì2/ã ó ÒÏÒ(ÒÓ). Â ÒÏ-àêòèâàö³¿ ïðè 400–
8500Ñ çàëåæí³ñòü S â³ä t ïåðåäàºòüñÿ ïðÿìîþ
ë³í³ºþ S=2,505·t–1019 (R2=0,966). Äëÿ ÀÒÓ-ïðî-
öåñó âñòàíîâëåíî [7] ³íøó çàëåæí³ñòü (ðèñ. 2,
ë³í³ÿ 2), ÿêà àïðîêñèìóºòüñÿ äâîìà ë³í³éíèìè
ôóíêö³ÿìè: S=2,52t–978 (R2=0,992) äëÿ îáëàñò³
t=400–6500Ñ è S=8,91t–5181 (R2=0,996) äëÿ
t=650–8500Ñ. Â ³íòåðâàë³ 400–6500Ñ òåìïåðàòóð-
íèé êîåô³ö³ºíò ïðèðîñòó ïîâåðõí³ kS îäíàêîâèé
äëÿ îáîõ ðåæèì³â íàãð³âàííÿ òà ñêëàäàº
kS=2,51±0,01 ì2/ãðàä. Ó âèñîêîòåìïåðàòóðíîìó
³íòåðâàë³ (650–8500Ñ) çíà÷åííÿ kS äëÿ ÒÏ-àêòè-
âàö³¿ íå çì³íþºòüñÿ, à â ÀÒÓ-ïðîöåñ³ çðîñòàº â
3,55 ðàç³â – äî kS=8,91 ì2/ãðàä (ðèñ. 2, ë³í³ÿ 2).
Öåé ôàêò âñòàíîâëåíî ðàí³øå [7], ùî äîçâîëè-
ëî çðîáèòè íàñòóïíèé âèñíîâîê: ïðè òåìïåðà-
òóðàõ t6500Ñ òåïëîâèé óäàð ³í³ö³þº ïðîò³êàííÿ
äîäàòêîâèõ ïîðîóòâîðþþ÷èõ ðåàêö³é, ÿê³ îáó-
ìîâëþþòü ï³äâèùåíèé ðîçâèòîê ïèòîìî¿ ïî-
âåðõí³ ÒÏÒ ç ïàðàëåëüíèì óòâîðåííÿì äîäàòêî-
âî¿ ê³ëüêîñò³ ëåòêèõ ïðîäóêò³â, ùî âåäå äî çíè-

Ðèñ. 1. Òåìïåðàòóðí³ çàëåæíîñò³ âèõîä³â ³ â³äíîñíî¿

ð³çíèö³ âèõîä³â ÒÏÒ: 1 – âèõ³ä ÒÏÒ(ÒÓ), 2 – âèõ³ä

ÒÏÒ(ÒÏ), 3 – ð³çíèöÿ âèõîä³â Y

Òàáëèöÿ 1
Îá’ºì ð³çíèõ ïîð çðàçê³â ÒÏÒ, ùî îòðèìàíî ïðè òåðìîïðîãðàìîâàíîìó íàãð³âàíí³ (ÒÏ) ³ òåïëîâîìó óäàð³ (ÒÓ)

Vt, см
3
/г V1nm, см

3
/г Vmi, см

3
/г Vme+ma, см

3
/г 

t, 
0
С 

ТП ТУ ТП ТУ ТП ТУ ТП ТУ 

400 0,095 0,124 0,001 0 0,001 0,001 0,094 0,123 

500 0,281 0,355 0,033 0,051 0,086 0,126 0,195 0,229 

550 0,262  0,099  0,133  0,129  

600 0,384 0,322 0,130 0,142 0,160 0,169 0,224 0,153 

650 0,392 0,471 0,172 0,180 0,199 0,197 0,193 0,274 

700 0,496 0,568 0,216 0,283 0,249 0,293 0,247 0,275 

750 0,476 0,867 0,240 0,426 0,280 0,433 0,196 0,434 

800 0,579 0,892 0,330 0,526 0,410 0,547 0,169 0,345 

850 0,578 1,042 0,332 0,692 0,420 0,789 0,158 0,253 

 

Ðèñ. 2. Òåìïåðàòóðí³ çàëåæíîñò³ ïèòîìî¿ ïîâåðõí³ ÒÏÒ,

ùî óòâîðþþòüñÿ ïðè ÒÏ-àêòèâàö³¿ (1) ³ â ÀÒÓ-ïðîöåñ³ (2)
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æåíèõ âèõîä³â ÒÏÒ â ÀÒÓ-ïðîöåñ³ (ðèñ. 1).
Çàãàëüíèé îá’ºì àäñîðáóþ÷èõ ïîð Vt ç

ï³äâèùåííÿì òåìïåðàòóðè òàêîæ çì³íþºòüñÿ ïî
ð³çíîìó äëÿ ð³çíèõ ðåæèì³â íàãð³âàííÿ (òàáë. 1).
Äëÿ ÒÏ-àêòèâàö³¿ çàëåæí³ñòü Vt â³ä t àïðîêñè-
ìóºòüñÿ ë³í³éíèì êîðåëÿö³éíèì ð³âíÿííÿì ç
êîºô³ö³åíòîì êîðåëÿö³¿ R2=0,951 (ðèñ. 3, ë³í³ÿ 1),
à äëÿ ÀÒÓ-ïðîöåñà – ïîë³íîìîì äðóãîãî ñòóïå-
íÿ ç R2=0,950 (ðèñ. 3, ë³í³ÿ 2). ßê³ñíî ñõîæà êàð-
òèíà ñïîñòåð³ãàºòüñÿ äëÿ òåìïåðàòóðíèõ çàëåæ-
íîñòåé îá’ºì³â ì³êðîïîð: ë³í³éíå êîðåëÿö³éíå
ð³âíÿííÿ (R2=0,957) äëÿ ïðîäóêò³â ÒÏ-àêòèâàö³¿
³ á³íîì³àëüíå (R2=0,973) äëÿ ÀÒÓ-ïðîöåñó. Ðå-
æèì íàãð³âàííÿ íàéá³ëüø ïîì³òíî âïëèâàº íà
ïðîöåñ óòâîðåííÿ ñóáíàíîïîð, ÿê³ ÿâëÿþòüñÿ
÷àñòèíîþ ì³êðîïîð ³ â³äïîâ³äàþòü çà óí³êàëüí³
àäñîðáö³éí³ âëàñòèâîñò³ ÀÂ, ùî îòðèìàíî àêòè-

âàö³ºþ ç ÊÎÍ [12,13].
Êð³ì òîãî, ïîâåðõíÿ ñóáíàíîïîð âíîñèòü

äîì³íóþ÷èé âêëàä â ïðèð³ñò çàãàëüíî¿ ïîâåðõí³
ÒÏÒ ç ðîñòîì òåìïåðàòóðè àêòèâàö³¿ [7]. Ïî-
ð³âíÿííÿ çàëåæíîñòåé V1nm â³ä t äëÿ äâîõ ñåð³é
ÒÏÒ (ðèñ. 4) ïîêàçóº íàñòóïíå. Â îáëàñò³ 400–
6500Ñ çíà÷åííÿ V1nm äëÿ ÒÏÒ(ÒÏ) òà ÒÏÒ(ÒÓ)
îäíàêîâ³ â ìåæàõ ïîìèëîê âèì³ð³â. Ïîçèòèâíèé
åôåêò òåïëîâîãî óäàðó íà ðîçâèòîê ñóáíàíîïî-
ðèñòîñò³ ïðîÿâëÿºòüñÿ â ³íòåðâàë³ 650–8500Ñ ³
íàðîñòàº ç ï³äâèùåííÿì òåìïåðàòóðè (ðèñ. 4,
ë³í³ÿ 2): çàãàëüíèé îá’ºì ïîð çá³ëüøóºòüñÿ â
2,2 ðàçè, à îá’ºì ñóáíàíîïîð – â 3,8 ðàçè. Òåì-
ïåðàòóðíà êîðåëÿö³éíà çàëåæí³ñòü V1nm â³ä t
ë³í³éíà äëÿ ÒÏ-àêòèâàö³¿ (R2=0,970), à äëÿ
ÀÒÓ-ïðîöåñó äîáðå îïèñóºòüñÿ ïîë³íîìîì äðó-
ãîãî ñòóïåíÿ (R2=0,995).

Òàáëèöÿ 2
Ïàðàìåòðè êðèñòàë³ò³â ÒÏÒ, îäåðæàíèõ ïðè ð³çíèõ òåìïåðàòóðàõ â óìîâàõ òåðìîïðîãðàìîâàíîãî íàãð³âàííÿ

(ÒÏ) ³ òåïëîâîãî óäàðó (ÒÓ)

d002, нм Lc, нм La, нм Vкр, нм N 
t, 0С 

ТП ТУ ТП ТУ ТП ТУ ТП ТУ ТП ТУ 

20 0,412 0,412 0,802 0,802 1,46 1,46 1,34 1,34 2,95 2,95 

400 0,410 0,413 0,799 0,792 1,44 1,53 1,30 1,46 2,95 2,92 

450 0,416 0,410 0,805 0,794 1,52 1,48 1,46 1,37 2,94 2,94 

500 0,416 0,412 0,788 0,777 1,71 1,93 1,81 2,27 2,89 2,89 

550 0,426 0,417 0,784 0,749 1,55 2,87 1,48 4,84 2,84 2,80 

600 0,445 0,410 0,758 0,752 1,84 3,04 2,01 5,46 2,70 2,83 

650 0,442 0,420 0,760 0,728 2,53 3,01 3,82 5,18 2,72 2,73 

700 0,451 0,393 0,752 0,735 2,45 3,60 3,54 7,48 2,67 2,87 

750 0,448 0,396 0,756 0,666 3,31 3,71 6,5 7,20 2,69 2,68 

800 0,453 0,355 0,753 0,651 3,47 3,73 7,12 7,11 2,66 2,83 

850 0,448 0,350 0,753 0,624 3,39 3,62 6,79 6,42 2,68 2,78 

 

Ðèñ. 4. Òåìïåðàòóðí³ çàëåæíîñò³ îá’ºìó ñóáíàíîïîð ÒÏÒ,

ùî óòâîðþþòüñÿ ïðè ÒÏ-àêòèâàö³¿ (1) ³ â ÀÒÓ-ïðîöåñ³ (2)

Ðèñ. 3. Òåìïåðàòóðí³ çàëåæíîñò³ çàãàëüíîãî îá’ºìó ïîð

ÒÏÒ, ùî óòâîðþþòüñÿ ïðè ÒÏ-àêòèâàö³¿ (1) ³ â

ÀÒÓ-ïðîöåñ³ (2)
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Êð³ì ðîçâèòêó ïîðèñòîñò³, ï³äâèùåííÿ òåì-
ïåðàòóðè âèêëèêàº ðåîðãàí³çàö³þ ïðîñòîðîâî¿
ñòðóêòóðè ÒÏÒ, ùî ðåºñòðóºòüñÿ ìåòîäîì ÐÔÀ
ÿê çì³íà ïàðàìåòð³â êðèñòàë³ò³â (òàáë. 2).

Ç ðîñòîì òåìïåðàòóðè äî 4000Ñ ì³æøàðîâà
â³äñòàíü d002 íå çì³íþºòüñÿ äëÿ îáîõ ðåæèì³â
íàãð³âàííÿ (ðèñ. 5). Â ³íòåðâàë³ 400–6500Ñ çíà-
÷åííÿ d002 ³ñòîòíî çðîñòàþòü äëÿ çðàçê³â
ÒÏÒ(ÒÏ), à äëÿ ÒÏÒ(ÒÓ) íå çì³íþþòüñÿ, àëå
ñëàáêà òåíäåíö³ÿ äî ï³äâèùåííÿ âñå æ òàêè ïðî-
ãëÿäàºòüñÿ (ðèñ. 5, ë³í³ÿ 2). Â ³íòåðâàë³ 650–8500Ñ
ñïîñòåð³ãàþòüñÿ ä³àìåòðàëüíî ïðîòèëåæí³ õàðàê-
òåðè çì³í d002 äëÿ äâîõ ñåð³é çðàçê³â. Äëÿ
ÒÏÒ(ÒÏ) âèÿâëåíî äîäàòêîâå ï³äâèùåííÿ d002,
õî÷à ³ íå òàêå çíà÷íå, ÿê â ïîïåðåäíüîìó òåìïå-
ðàòóðíîìó ³íòåðâàë³ (ðèñ. 5, ë³í³ÿ 1).

Â óìîâàõ ÒÏ-àêòèâàö³¿ çá³ëüøåííÿ òåìïå-
ðàòóðè ñïðèÿº ñòðóêòóðíîìó ðîçóïîðÿäêóâàííþ
êðèñòàë³ò³â ÒÏÒ, ÿêå âèêëèêàº çðîñòàííÿ çíà-
÷åíü d002. Ñàìå òàêå çðîñòàííÿ d002 (äî 0,46 íì)
âñòàíîâëåíî äëÿ òåðìîïðîãðàìîâàíî¿ ëóæíî¿
àêòèâàö³¿ ÿïîíñüêîãî âóã³ëëÿ ð³çíîãî ñòóïåíÿ
ìåòàìîðô³çìó (Cdaf=77,8–93,2%) [2]. Ïðîòèëåæ-
íî öüîìó, ïðè òåïëîâîìó óäàð³ â òåìïåðàòóðí³é
îáëàñò³ 650-8500C óòâîðþþòüñÿ çðàçêè, ÿê³ äå-
ìîíñòðóþòü ð³çêå çíèæåííÿ ì³æøàðîâî¿ â³äñòàí³
êðèñòàë³ò³â ³ âåëè÷èíà d002 çñóâàºòüñÿ ó íàïðÿì-
êó çíà÷åííÿ d002 äëÿ ãðàô³òó (0,3354 íì) (ðèñ. 5,
ë³í³ÿ 2). Öåé ôàêò âïåðøå çàô³êñîâàíî â ðîáîò³
[7] ³ ïîÿñíåíî òèì, ùî òåïëîâèé óäàð çàëèøàº â
êàðêàñ³ ÒÏÒ ò³ëüêè íàéá³ëüø ñòðóêòóðíî âïî-
ðÿäêîâàí³ êðèñòàë³òè, âì³ñò ÿêèõ çìåíøóºòüñÿ
ç³ çðîñòàííÿì òåìïåðàòóðè.

Âèñîòà êðèñòàë³ò³â Lc ïðè òåðìîë³ç³ äî 4000Ñ

ïðàêòè÷íî ïîñò³éíà, à â ³íòåðâàë³ 400-6500Ñ çìåí-
øóºòüñÿ äëÿ îáîõ ñåð³é çðàçê³â (ðèñ. 6). Ïðè 650–
8500Ñ çíà÷åííÿ Lc çðàçê³â ÒÏÒ(ÒÏ) íå çì³íþ-
þòüñÿ, à äëÿ ñåð³¿ ÒÏÒ(ÒÓ) çìåíøóþòüñÿ íà çíà÷-
íó âåëè÷èíó (22%) ³ ñóïðîâîäæóºòüñÿ çìåíøåí-
íÿì ì³æøàðîâî¿ â³äñòàí³ (ðèñ. 5, ë³í³ÿ 2). Ñå-
ðåäíº ÷èñëî ïîë³àðåíîâèõ øàð³â â êðèñòàë³òàõ
çðàçê³â ÀÂ(ÒÏ) ³ ÀÂ(ÒÓ) ïðàêòè÷íî îäíàêîâî ³
âàð³þºòüñÿ ó âóçüêèõ ìåæàõ: N=2,66–2,95 äëÿ
ÒÏÒ(ÒÏ) ³ N=2,68–2,95 äëÿ ÒÏÒ(ÒÓ) (òàáë. 2).

Ñåðåäí³é ä³àìåòð ïîë³àðåíîâîãî øàðó Là äî
4000Ñ íå çì³íþºòüñÿ, à äàë³ ïðè ï³äâèùåíí³ òåì-
ïåðàòóðè äî 8500Ñ çðîñòàº (ðèñ. 7). Ãîëîâíà
â³äì³íí³ñòü – çíà÷åííÿ Là çðàçê³â ÒÏÒ(ÒÓ) âèù³
ïîð³âíÿíî ç ñåð³ºþ ÒÏÒ(ÒÏ). Ìîæíà ïðèïóñ-
òèòè, ùî â ÀÒÓ-ïðîöåñ³ âèíèêàº ìåíøå ñòåðè÷-
íèõ ïåðåøêîä äëÿ çá³ëüøåííÿ ðîçì³ð³â ãðàôå-
íîâèõ øàð³â.

Êð³ì òîãî, ïðè òåïëîâîìó óäàð³ ëåòê³ ïðî-
äóêòè ëóæíî¿ ³ òåðì³÷íî¿ äåñòðóêö³¿ óòâîðþþòü-
ñÿ ³ìïóëüñíî, òîáòî â äóæå êîðîòêèé ïðîì³æîê
÷àñó. Âîíè íå ìîæóòü ìèòòºâî çàëèøèòè ïðî-
ñòîðîâèé êàðêàñ ÒÏÒ, îñê³ëüêè øâèäê³ñòü ¿õ
äèôóç³¿ ç òâåðäîãî ò³ëà â çîâí³øíº ñåðåäîâèùå
çíà÷íî íèæ÷å øâèäêîñòåé õ³ì³÷íèõ ðåàêö³é. Â
ñèëó öüîãî ëåòê³ ïðîäóêòè òåðìîë³çó íåìèíó÷å
áåðóòü ó÷àñòü ó âòîðèííèõ êîíäåíñàö³éíèõ ïðî-
öåñàõ. Öå ìîæå áóòè ãîëîâíîþ ïðè÷èíîþ á³ëüø
âåëèêèõ çíà÷åíü Là ³, ÿê íàñë³äîê, á³ëüø âåëè-
êèõ îá’ºì³â êðèñòàë³ò³â çðàçê³â ÒÏÒ(ÒÓ), îòðè-
ìàíèõ ç âèêîðèñòàííÿì òåïëîâîãî óäàðó (òàáë. 2).

²íòåíñèâí³ñòü ðåôëåêñó I002 íà äèôðàêòîã-
ðàìàõ çðàçê³â, îòðèìàíèõ ïðè òåìïåðàòóðàõ äî
4000°Ñ, íå çì³íþºòüñÿ (ðèñ. 8). Ïðè òåðìîïðîã-

Ðèñ. 5. Òåìïåðàòóðí³ çàëåæíîñò³ ì³æøàðîâèõ â³äñòàíåé

êðèñòàë³ò³â ÒÏÒ, ùî óòâîðþþòüñÿ ïðè ÒÏ-àêòèâàö³¿ (1) ³ â

ÀÒÓ-ïðîöåñ³ (2)

Ðèñ. 6. Òåìïåðàòóðí³ çàëåæíîñò³ âèñîòè êðèñòàë³ò³â ÒÏÒ,

ùî óòâîðþþòüñÿ ïðè ÒÏ-àêòèâàö³¿ (1) ³ â ÀÒÓ-ïðîöåñ³ (2)
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ðàìîâàíîìó íàãð³âàíí³ âåëè÷èíà I002 ìîíîòîííî
çá³ëüøóºòüñÿ àæ äî ìàêñèìàëüíî¿ òåìïåðàòóðè
àêòèâàö³¿ (ðèñ. 8, ë³í³ÿ 1). Öåé ïàðàìåòð äëÿ
çðàçê³â ÒÏÒ(ÒÓ) çì³íþºòüñÿ ç ï³äâèùåííÿì òåì-
ïåðàòóðè á³ëüø ñêëàäíî (ðèñ. 8, ë³í³ÿ 2): ñïîñ-
òåð³ãàºòüñÿ íåâåëèêèé ìàêñèìóì âåëè÷èíè I002

ïðèáëèçíî ïðè 6000Ñ, à ïîò³ì ð³çêå (â 4,3 ðàçè)
çíèæåííÿ I002 ó çðàçêà, ÿêèé îòðèìàíî ïðè 8500Ñ.
Ñóäÿ÷è ç öüîãî, âì³ñò êðèñòàë³ò³â â àìîðôíîìó
êàðêàñ³ ÒÏÒ(ÒÓ) ñóòòºâî çíèæóºòüñÿ ïðè òåï-
ëîâîìó óäàð³, ùî íàéá³ëüø ïîì³òíî ïðè 600–
8500Ñ. Öå â³äáóâàºòüñÿ çà ðàõóíîê çìåíøåííÿ
âì³ñòó íàéìåíø óïîðÿäêîâàíèõ êðèñòàë³ò³â ³
çðàçêè ÒÏÒ(ÒÓ) çáàãà÷óþòüñÿ íàéá³ëüø âïîðÿä-
êîâàíèìè êðèñòàë³òàìè (ùî çíèæóº d002, ðèñ. 5),
ÿê³ ñòðóêòóðíî áëèæ÷å äî ãðàô³òó ³ ³íåðòí³ø³ äî
ä³¿ ã³äðîêñèäó êàë³þ. Îñê³ëüêè â ÒÏ-àêòèâàö³¿
ïîä³áíèé åôåêò íå ñïîñòåð³ãàºòüñÿ, î÷åâèäíî,
ùî çà íüîãî â³äïîâ³äàº ñàìå òåïëîâèé óäàð.

Âèñíîâêè

Ç³ñòàâëÿþ÷è òåìïåðàòóðí³ çàëåæíîñò³ ïàðà-
ìåòð³â íàäìîëåêóëÿðíî¿ ³ ïîðèñòî¿ ñòðóêòóðè
ÒÏÒ, îòðèìàíèõ ç àêòèâîâàíîãî ëóãîì áóðîãî
âóã³ëëÿ ïðè òåðìîïðîãðàìîâàíîìó íàãð³âàíí³ ³
òåïëîâîìó óäàð³, ìîæíà ñôîðìóëþâàòè íàñòóïí³
âèñíîâêè.

1. Òåïëîâèé óäàð âèêëèêàº äîäàòêîâå óòâî-
ðåííÿ ëåòêèõ ïðîäóêò³â, ùî çìåíøóº âèõ³ä ÒÏÒ.
Åôåêò ïîñèëþºòüñÿ ç ï³äâèùåííÿì òåìïåðàòó-
ðè ³ ïðè 8500Ñ âèõ³ä ñòàíîâèòü 15% ïðîòè 24%
ïðè òåðìîïðîãðàìîâàí³é àêòèâàö³¿.

2. Îñíîâíèé âïëèâ òåïëîâîãî óäàðó íà âëà-
ñòèâîñò³ ïîðèñòî¿ ñòðóêòóðè ÒÏÒ ïðîÿâëÿºòüñÿ
â ³íòåðâàë³ 650–8500Ñ ³ ïîñèëþºòüñÿ ç³ çðîñòàí-

íÿì òåìïåðàòóðè, ùî âåäå äî óòâîðåííÿ ÒÏÒ ç³
çá³ëüøåíèìè ïèòîìîþ ïîâåðõíåþ (â 2,2 ðàçè),
çàãàëüíèì îá’ºìîì ïîð (â 1,8 ðàçè) ³ îá’ºìîì
ñóáíàíîïîð (â 2,1 ðàçè).

3. Ïðè òåìïåðàòóðàõ íèæ÷å 6500Ñ ôîðìó-
þòüñÿ ÒÏÒ ç õàðàêòåðèñòèêàìè ïîðèñòîñò³, ÿê³
ìàéæå îäíàêîâ³ äëÿ îáîõ ðåæèì³â íàãð³âàííÿ.

4. Çì³íè ïðîñòîðîâî¿ ñòðóêòóðè ÒÏÒ â³äáó-
âàþòüñÿ â ³íòåðâàë³ 400–8500Ñ ³ çàëåæàòü â³ä ðå-
æèìó íàãð³âàííÿ. Ç ï³äâèùåííÿì òåìïåðàòóðè
ì³æøàðîâà â³äñòàíü ïðè ÒÏ-àêòèâàö³¿ çðîñòàº, à
â ÀÒÓ-ïðîöåñ³ çìåíøóºòüñÿ çà ðàõóíîê çáàãà-
÷åííÿ ÒÏÒ íàéá³ëüø ñòðóêòóðíî âïîðÿäêîâàíè-
ìè êðèñòàë³òàìè, ÿê³ º ³íåðòí³øèìè äî ä³¿ ã³äðîê-
ñèäó êàë³þ.

5. Ïîð³âíÿíî ç òåðìîïðîãðàìîâàíèì íà-
ãð³âàííÿì, ïðè òåïëîâîìó óäàð³ ë³í³éí³ ðîçì³ðè
ãðàôåíîâèõ øàð³â á³ëüø³, à âì³ñò êðèñòàë³ò³â â
ÒÏÒ çíà÷íî ìåíøèé (ïðèáëèçíî â 6 ðàç³â) ³ âîíè
ñòàòèñòè÷íî ð³âíîì³ðíî ðîçîñåðåäæåí³ â àìîð-
ôíîìó ïîðèñòîìó êàðêàñ³.
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THE EFFICIENCY OF HEAT SHOCK DURING ALKALINE
ACTIVATION OF BROWN COAL

V.O. Sabierova, Yu.V. Tamarkina *, V.O. Kucherenko

L.M. Litvinenko Institute of Physical-Organic and Coal
Chemistry, National Academy of Sciences of Ukraine, Kyiv,
Ukraine

* e-mail: Tamarkina@nas.gov.ua

This work is devoted to the evaluation of the heat shock
efficiency by comparing the properties of solid thermolysis products
(STPs) formed from brown coal (BC) during thermoprogrammed
alkaline activation (TP-activation) with those formed by activation
with heat shock (AHS-process). The sample BC-KOH was prepared
by impregnation, the KOH/BC ratio being equal to 1 g/g. TP-
activation included heating of BC-KOH (4 deg/min) in argon to a
predetermined temperature (150–8500C), holding for 1 h and cooling.
In the AHS-process, BC-KOH was quickly introduced into a
preheated reactor. STPs were isolated by washing (to remove KOH)
and drying. The characteristics of STPs supramolecular and porous
structures were determined by X-ray diffraction analysis and low-
temperature (77 K) nitrogen adsorption. It was found that the STPs
yield in the AHS-process is less than in the TP-activation due to the
additional formation of volatile organic products. The effect increases
with increasing temperature. The yield of STPs was 15% and 24%
at 8500Ñ (AHS-process) and with TP-activation, respectively. The
positive effect of heat shock on the STPs porosity is manifested within
the temperature range of 6500C to 8500C; it becomes more pronounced
with increasing the temperature and promotes the formation of STPs
with increased specific surface area (an increase from 1115 m2/g to
2414 m2/g), higher total pore volume (by 1.8 times) and increased
subnanopores volume (by 2.1 times). At temperatures below 6500C,
the structural characteristics of STPs are almost identical for both
thermolysis modes. The reorganization of supramolecular structure
occurs at 400–850°C and depends on the heating mode. The interlayer
distance of crystallites increases with increasing temperature (from
0.412 nm to 0.453 nm) in TP-activation, whereas it decreases (from
0.412 nm to 0.350 nm) in the AHS-process due to the enrichment of
STPs with more structurally ordered crystallites. They have increased
linear sizes of graphene layers and are most inert with respect to the
action of KOH. In addition, they are uniformly distributed in the
STP amorphous porous framework.

Keywords: brown coal; alkaline activation; heat shock; solid
products; supramolecular and porous structure.
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