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²íñòèòóò ô³çèêî-îðãàí³÷íî¿ õ³ì³¿ ³ âóãëåõ³ì³¿ ³ì. Ë.Ì. Ëèòâèíåíêà ÍÀÍ Óêðà¿íè, ì. Êè¿â

Äîñë³äæåíî ïîðóâàòó ñòðóêòóðó òâåðäèõ ïðîäóêò³â òåðìîë³çó (ÒÏÒ), îäåðæàíèõ ç
áóðîãî âóã³ëëÿ â ïðîöåñ³ ëóæíî¿ (ÊÎÍ, 1 ã/ã âóã³ëëÿ) àêòèâàö³¿ ç òåïëîâèì óäàðîì,
ÿêèé âêëþ÷àº: 1) øâèäêå ââåäåííÿ ³ìïðåãíîâàíîãî âóã³ëëÿ â ðåàêòîð, ïîïåðåäíüî
íàãð³òèé äî òåìïåðàòóðè òåïëîâîãî óäàðó tÒÓ, ÿêà âàð³þºòüñÿ â ³íòåðâàë³ 400–8500Ñ;
2) âèòðèìóâàííÿ ïðîòÿãîì 1 ãîä ïðè tÒÓ. Íà îñíîâ³ ðîçðàõóíê³â ìåòîäîì 2D-NLDFT
³çîòåðì àäñîðáö³¿-äåñîðáö³¿ àçîòó (77 Ê) âèçíà÷åíî çàãàëüíó ïèòîìó ïîâåðõíþ S òà
îá’ºì V ïîð, ïîâåðõíþ (Smi) òà îá’ºì (Vmi) ì³êðîïîð, ïîâåðõíþ (S1íì) ³ îá’ºì (V1nm)
ñóáíàíîïîð (ïîð ç ñåðåäíüîþ øèðèíîþ W1 íì), à òàêîæ ³íòåãðàëüí³ ³ äèôåðåíö³éí³
çàëåæíîñò³ S òà V â³ä ñåðåäíüî¿ øèðèíè ïîð. Âñòàíîâëåíî, ùî ï³äâèùåííÿ tÒÓ ç
4000Ñ äî 8500Ñ ïðèâîäèòü äî çðîñòàííÿ çíà÷åíü S (â³ä 14,7 ì2/ã äî 2414 ì2/ã) òà V

(â³ä 0,124 äî 1,04 ñì3/ã), àëå çíèæóº âèõ³ä ÒÏÒ (â³ä 67 äî 17%). Âåëè÷èíà S

çá³ëüøóºòüñÿ ç òåìïåðàòóðîþ tÒÓ çà ðàõóíîê ïîâåðõí³ ñóáíàíîïîð (â³ä 0 äî 2230 ì2/ã),
÷àñòêà ÿêèõ º äîì³íóþ÷îþ (S1íì/S0,86) â ïîðóâàò³é ñòðóêòóð³ ÒÏÒ, îäåðæàíèõ ïðè
tÒÓ=600–8500Ñ. Çíàéäåíî, ùî ñï³ëüíà ä³ÿ ÊÎÍ ³ òåïëîâîãî óäàðó ðîçâèâàº ïåðåâàæ-
íî ïîâåðõíþ ïîð ç W5 íì. Ðîçïîä³ë ïîâåðõí³ S  çà ðîçì³ðàìè ïîð ÿê (dS/dW), W
çàëåæí³ñòü õàðàêòåðèçóºòüñÿ ìàêñèìóìàìè, â³äïîâ³äíèìè ñóáíàíîïîðàì (dS1), ì³êðî-
ïîðàì ç W=1–2 íì (dS2) òà ìåçîïîðàì ç W=3–5 íì (dS3). Ç ðîñòîì tÒÓ âåëè÷èíà dS1

çðîñòàº åêñïîíåíö³éíî (â³ä 0 äî 7000 ì2/ãíì) ³ ï³äïîðÿäêîâóºòüñÿ ð³âíÿííþ Àððå-
í³óñà, ùî äîçâîëÿº âèçíà÷èòè ïàðàìåòð Å(S1)=56,1 êÄæ/ìîëü, ÿêèé º ôîðìàëüíî
ïîä³áíèì äî «êëàñè÷íî¿» åíåðã³¿ àêòèâàö³¿ ³ õàðàêòåðèçóº âïëèâ tÒÓ íà ïðèð³ñò ïèòî-
ìî¿ ïîâåðõí³ ñóáíàíîïîð ç³ çá³ëüøåííÿì ¿õ øèðèíè. Âèñëîâëåíî ïðèïóùåííÿ, ùî
ï³äâèùåííÿ òåìïåðàòóðè òåïëîâîãî óäàðó ïðîìîòóº ôîðìóâàííÿ ñóáíàíîïîð, ÿêå
ë³ì³òóºòüñÿ äèôóç³ºþ àêòèâàíòà (ÊÎÍ àáî àòîì³â Ê ÿê ïðîäóêò³â â³äíîâëåííÿ ³îí³â
Ê+) âñåðåäèí³ òðèâèì³ðíîãî êàðêàñà áóðîâóã³ëüíîãî ïîðóâàòîãî ìàòåð³àëó, ÿêèé
ôîðìóºòüñÿ.

Êëþ÷îâ³ ñëîâà: áóðå âóã³ëëÿ, ëóæíà àêòèâàö³ÿ, òåïëîâèé óäàð, íàíîïîðóâàò³ñòü, ïî-
âåðõíÿ.
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Âñòóï

Íàéá³ëüø ïîøèðåíèé âàð³àíò ëóæíî¿ àê-
òèâàö³¿ – íàãð³âàííÿ (800±1000Ñ) âóãëåöåâèõ
òâåðäèõ ðå÷îâèí, ïîïåðåäíüî îáðîáëåíèõ ã³äðîê-
ñèäîì êàë³þ. Ìåòîä çàñòîñîâóºòüñÿ äëÿ îòðè-
ìàííÿ âóãëåöåâèõ àäñîðáåíò³â ç âèñîêîðîçâèíå-
íîþ ïîðóâàòîþ ñòðóêòóðîþ [1] ³ ïîêàçàâ âèñîêó
åôåêòèâí³ñòü ïðè îòðèìàíí³ àêòèâîâàíîãî âóã³ë-
ëÿ (ÀÂ) ç âèêîïíîãî âóã³ëëÿ âñüîãî ðÿäó ìåòà-
ìîðô³çìó: â³ä áóðîãî âóã³ëëÿ ³ ë³ãí³ò³â (âì³ñò âóã-
ëåöþ [Ñ]=65–70%) äî àíòðàöèò³â ([Ñ]=92–96%)
[2–6]. Îäåðæàí³ ëóæíîþ àêòèâàö³ºþ ÀÂ õàðàê-

òåðèçóþòüñÿ äîáðå ðîçâèíåíîþ ïîðóâàòîþ ñòðóê-
òóðîþ, ÿêà çàáåçïå÷óº á³ëüøó âåëè÷èíó ïèòîìî¿
ïîâåðõí³ SBET2000 ì2/ã, íàïðèêëàä: 3030 ì2/ã ó
ÀÂ ç áóðîãî âóã³ëëÿ [3], 2540 ì2/ã – ó ìàòåð³àëó ç
êàì’ÿíîãî âóã³ëëÿ [4], 2480 ì2/ã – ó àíòðàöèòî-
âîãî ÀÂ [5]. Äëÿ îäåðæàííÿ ìàòåð³àë³â ç òàêèìè
õàðàêòåðèñòèêàìè íåîáõ³äíî âèêîðèñòîâóâàòè
á³ëüø³ ê³ëüêîñò³ ëóæíîãî àêòèâàòîðà, â³äïîâ³äí³
ñòàðòîâîìó âàãîâîìó ñï³ââ³äíîøåííþ ÊÎÍ/âó-
ã³ëëÿ RKOH=2–5 ã/ã ó çâè÷àéíîìó òåìïåðàòóðíî-
ìó ðåæèì³ àêòèâàö³¿, ÿêèé âêëþ÷àº äâ³ ñòàä³¿:
1) òåðìîïðîãðàìîâàíå íàãð³âàííÿ (4–5 ãðàä/õâ)
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äî 800±1000Ñ òà 2) ³çîòåðì³÷íå âèòðèìóâàííÿ
(1 ãîä) ïðè ê³íöåâ³é òåìïåðàòóð³ àêòèâàö³¿.

Ïðè âèâ÷åíí³ òåðìîõ³ì³÷íî¿ êîíâåðñ³¿ áó-
ðîãî âóã³ëëÿ â íàíîïîðóâàò³ àäñîðáåíòè çà íåâè-
ñîêèõ ñï³ââ³äíîøåíü RKOH1,0 ã/ã âñòàíîâëåíî
íàñòóïíå. Çàì³íà òåðìîïðîãðàìîâàíîãî íàãð³âàí-
íÿ íà òåïëîâèé óäàð (ââåäåííÿ ³ìïðåãíîâàíîãî
ëóãîì âóã³ëëÿ â ïîïåðåäíüî íàãð³òó äî òåìïåðà-
òóðè àêòèâàö³¿ çîíó ðåàêòîðà) ïðèçâîäèòü äî óò-
âîðåííÿ âóãëåöåâèõ ìàòåð³àë³â ç á³ëüø ðîçâèíå-
íîþ (â 1,5–2,0 ðàçè) ïîâåðõíåþ çà òàêèõ ñàìèõ
çíà÷åíü RKOH [2]. Îòðèìàí³ â öèõ óìîâàõ áóðî-
âóã³ëüí³ ÀÂ õàðàêòåðèçóþòüñÿ âåëè÷èíàìè ïè-
òîìî¿ ïîâåðõí³ SBET=1500–2000 ì2/ã, çàãàëüíèì
îá’ºìîì ïîð 1,0 ñì3/ã òà îá’ºìîì ì³êðîïîð
0,65 ñì3/ã, â ÿêîìó îñíîâíà ÷àñòêà (75%) íà-
äàíà ñóáíàíîïîðàìè – ïîðàìè ç øèðèíîþ
1,0 íì [7]. ¥ðóíòóþ÷èñü íà öèõ äàíèõ, ïðîöåñ
ëóæíî¿ àêòèâàö³¿ ç òåïëîâèì óäàðîì (ñêîðî÷åíî
ÀÒÓ-ïðîöåñ) âèçíàíî åôåêòèâíèì äëÿ ðîçâèò-
êó íàíîïîðóâàòî¿ ñòðóêòóðè áóðîâóã³ëüíèõ àä-
ñîðáåíò³â çà íåâåëèêèõ ñï³ââ³äíîøåíü ëóã/âóã³ë-
ëÿ RKOH=0,5–1,0 ã/ã. Ñòîñîâíî áóðîãî âóã³ëëÿ
ÀÒÓ-ïðîöåñ äîñë³äæåíî ïðè âàð³þâàíí³ RKOH (â
ìåæàõ 0,1–1,2 ã/ã) ³ ô³êñîâàí³é òåìïåðàòóð³ òåï-
ëîâîãî óäàðó (8000Ñ) [8].

Ìåòà äàíî¿ ðîáîòè – äîñë³äæåííÿ âïëèâó
òåìïåðàòóðè òåïëîâîãî óäàðó íà ðîçâèòîê ïî-
âåðõí³ âóãëåöåâèõ ìàòåð³àë³â, îäåðæàíèõ ç áóðî-
ãî âóã³ëëÿ â ÀÒÓ-ïðîöåñ³ ïðè ñï³ââ³äíîøåíí³
RÊOH=1,0 ã/ã, ÿêå äàº ìàòåð³àëè ç ìàêñèìàëüíèì
ðîçâèòêîì ïîðóâàòî¿ ñòðóêòóðè. Îñîáëèâó óâàãó
ïðèä³ëåíî ðîçâèòêó ñóáíàíîïîðóâàòîñò³, îñê³ëü-
êè ñàìå âîíà ìîæå â³äïîâ³äàòè çà ñïåöèô³÷í³
àäñîðáö³éí³ âëàñòèâîñò³ ÀÂ [9,10].

Åêñïåðèìåíòàëüíà ÷àñòèíà

Äîñë³äæåííÿ âèêîíàíî íà áóðîìó âóã³ëë³
(ÁÂ) Îëåêñàíäð³éñüêîãî ðîäîâèùà, ÿêå áóëî
ïîïåðåäíüî äåì³íåðàë³çîâàíî äî çîëüíîñò³
0,5±0,1% îáðîáëåííÿì êèñëîòàìè HCl òà HF [8].
Åëåìåíòíèé ñêëàä îðãàí³÷íî¿ âóã³ëüíî¿ ðå÷îâè-
íè º íàñòóïíèì (%): Ñ 70,6; H 5,9; S 3,6; N 1,9;
O 18,0 (çà ð³çíèöåþ). Âì³ñò ôåíîëüíèõ ãðóï 4,1
ììîëü/ã, êàðáîêñèëüíèõ ãðóï 1,8 ììîëü/ã.

Îáðîáëåííÿ ÁÂ ã³äðîêñèäîì êàë³þ âèêî-
íóâàëè ³ìïðåãíóâàííÿì â òðè ñòàä³¿: 1) çì³øó-
âàííÿ âèñóøåíîãî ÁÂ (100 ã) ³ âîäíîãî ðîç÷èíó
ÊÎÍ (30%, 333 ã) äëÿ çàáåçïå÷åííÿ âàãîâîãî
ñï³ââ³äíîøåííÿ ÊÎÍ/âóã³ëëÿ – RÊOH=1,0 ã/ã;
2) âèòðèìóâàííÿ 24 ãîäèíè ïðè 20–300Ñ; 3) âè-
äàëåííÿ âîäíî¿ ôàçè ïðè 90–1000Ñ òà çàëèøêî-
âî¿ âîäè ïðè 110±100Ñ.

ÀÒÓ-ïðîöåñ ïðîâîäèëè çà óìîâ ïðîäóâêè
ñóõèì àðãîíîì (~2 äì3/÷) ðåàêòîðà ç íåðæàâ³-

þ÷î¿ ñòàë³ (ä³àìåòð 40 ìì, âèñîòà ðîáî÷î¿ çîíè
150 ìì) ç ñ³òêîþ â íèæí³é ÷àñòèí³. Ðåàêòîð íà-
ãð³âàëè äî çàäàíî¿ òåìïåðàòóðè òåïëîâîãî óäàðó
tÒÓ8000Ñ, ïîò³ì ³ìïðåãíîâàíå âóã³ëëÿ øâèäêî
ââîäèëè â íàãð³òó çîíó, âèòðèìóâàëè ïðîòÿãîì
1 ãîä ³ øâèäêî îõîëîäæóâàëè â ïîòîö³ àðãîíó äî
t500Ñ. Óòâîðåíèé òâåðäèé ïðîäóêò òåðìîë³çó
(ÒÏÒ) ïîñë³äîâíî â³äìèâàëè â³ä ëóãó âîäîþ, 0,1
Ì ðîç÷èíîì ÍÑl ³ çíîâó âîäîþ äî íåãàòèâíî¿
ðåàêö³¿ íà ³îíè Cl– (çà AgNO3), ïîò³ì ñóøèëè
ïðè 115±50Ñ äî ïîñò³éíî¿ âàãè ³ âèçíà÷àëè âèõ³ä
– Y (%). Ïîõèáêà âèçíà÷åííÿ âèõîäó ÒÏÒ ñòà-
íîâèòü ±2%. Ñèíòåçîâàí³ çà ð³çíèõ òåìïåðàòóð
çðàçêè ïîçíà÷åíî ÒÏÒ(tÒÓ), íàïðèêëàä, ÒÏÒ(700)
– çðàçîê, îäåðæàíèé ïðè tÒÓ=7000Ñ.

Õàðàêòåðèñòèêè ïîðóâàòî¿ ñòðóêòóðè ÒÏÒ
âèçíà÷åíî íà îñíîâ³ ³çîòåðì íèçüêîòåìïåðàòóð-
íî¿ (77 Ê) àäñîðáö³¿-äåñîðáö³¿ àçîòó, çàðåºñòðî-
âàíèõ ïðèëàäîì Micromeritics ASAP 2020, ÿêèé
äîçâîëÿº àíàë³çóâàòè ñóáíàíîïîðè çà â³äíîñíî-
ãî òèñêó p/p0=10–7–10–8. Ïåðåä âèì³ðþâàííÿìè
çðàçêè ÒÏÒ äåãàçóâàëè 20 ãîä ïðè 2000Ñ. Ñó-
ìàðíèé îá’ºì ïîð V (ñì3/ã) âèçíà÷àëè çà
ê³ëüê³ñòþ N2, àäñîðáîâàíîãî çà â³äíîñíîãî òèñ-
êó Ð/Ð0~1,0. Âåëè÷èíó ïèòîìî¿ ïîâåðõí³ S (ì2/ã),
ïèòîìó ïîâåðõíþ (Smi, ì2/ã) òà îá’ºì (Vmi, ñì3/ã)
ì³êðîïîð, ïèòîìó ïîâåðõíþ (S1íì, ì2/ã) ³ îá’ºì
(V1nm, ñì3/ã) ñóáíàíîïîð, à òàêîæ ðîçïîä³ë ïîð
çà ðîçì³ðàìè âèçíà÷àëè âèêîðèñòîâóþ÷è ³íòåã-
ðàëüí³ òà äèôåðåíö³éí³ çàëåæíîñò³ âêàçàíèõ õà-
ðàêòåðèñòèê S òà V â³ä ñåðåäíüî¿ øèðèíè ïîð
(W, íì), îäåðæàí³ ìåòîäîì 2D–NLDFT [11].
Ï³äêðåñëèìî, ùî ñóáíàíîïîðè (W1 íì) âõî-
äÿòü ó ñêëàä ì³êðîïîð (W2 íì) ³ ôîðìóþòü çà-
ãàëüíó ì³êðîïîðóâàò³ñòü ÒÏÒ. Òàêîæ ðîçðàõî-
âóâàëè ÷àñòêè (Ð) ïîâåðõí³ ì³êðîïîð
(Pmi=Smi/S) òà ñóáíàíîïîð (P1íì=S1íì/S) â çà-
ãàëüí³é ïèòîì³é ïîâåðõí³ çðàçê³â ÒÏÒ.

Ðåçóëüòàòè òà îáãîâîðåííÿ

Ç³ çðîñòàííÿì òåìïåðàòóðè â³ä 400 äî 8500Ñ
âèõ³ä ÒÏÒ çíèæóºòüñÿ äî 17±2% (ðèñ. 1) âíàñë³-
äîê äâîõ ãðóï ðåàêö³é: 1) äåñòðóêòèâíèõ ðåàêö³é
îðãàí³÷íî¿ âóã³ëüíî¿ ðå÷îâèíè, ÿê³ ïåðåá³ãàþòü
ïåðåâàæíî â îáëàñò³ îñíîâíîãî òåðì³÷íîãî ðóé-
íóâàííÿ (ïðèáëèçíî äî 5000Ñ), 2) òåðìî³í³ö³éî-
âàíèõ ðåàêö³é âóã³ëëÿ ç ÊÎÍ, ÿê³ ïåðåá³ãàþòü â
óñüîìó äîñë³äæåíîìó òåìïåðàòóðíîìó ä³àïàçîí³
[12].

Ìàòåð³àëè ÒÏÒ, îòðèìàí³ çà òåìïåðàòóð
150–3500Ñ, ÷àñòêîâî ðîç÷èíí³ â ëóæíèõ âîäíèõ
ðîç÷èíàõ çà ðàõóíîê ïðèñóòíîñò³ â íèõ ãóìàò³â
êàë³þ, âì³ñò ÿêèõ ìîæå âàð³þâàòèñü â ³íòåðâàë³
33–70%. Âîíè óòâîðþþòüñÿ âíàñë³äîê òåðìî-
³í³ö³éîâàíîãî ëóæíîãî ãåòåðîë³çó Ñ–Î òà Ñ–Ñ
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çâ’ÿçê³â âóã³ëëÿ, ÿêèé ïî ñóò³ «ðîçêîëþº» âóã³ëü-
íèé ïðîñòîðîâèé êàðêàñ íà ôðàãìåíòè, ïîä³áí³
äî ãóì³íîâèõ êèñëîò [12]. Óòâîðåí³ ïðè òåðìîë³ç³
ãóìàòè êàë³þ ïåðåõîäÿòü â ðîç÷èí ³ âèäàëÿþòü-
ñÿ ï³ä ÷àñ â³äìèâàííÿ ÒÏÒ â³ä ëóãó âîäîþ, à
«çàëèøêîâèé» âóãëåöåâèé ïðîäóêò õàðàêòåðè-
çóºòüñÿ ìàëîþ ïèòîìîþ ïîâåðõíåþ (10 ì2/ã). Ç
öèõ ïðè÷èí äëÿ íàñòóïíèõ äîñë³äæåíü ïðèéíÿ-
òî ³íòåðâàë òåìïåðàòóð òåïëîâîãî óäàðó 400–
8500Ñ.

Ï³äâèùåííÿ òåìïåðàòóðè tÒÓ ïðèçâîäèòü äî
óòâîðåííÿ ÒÏÒ ç³ çðîñòàþ÷îþ ïèòîìîþ ïîâåðõ-
íåþ (ðèñ. 1, ë³í³ÿ 2). Çàëåæí³ñòü S â³ä tÒÓ íàäà-
íî äâîìà ïðèáëèçíî ë³í³éíèìè ä³ëÿíêàìè, ÿê³
â³äïîâ³äàþòü ³íòåðâàëàì tÒÓ=400–6500Ñ òà
tÒÓ=650–8500Ñ ³ õàðàêòåðèçóþòüñÿ ñóòòºâî ð³çíèì
ñòóïåíåì âïëèâó òåìïåðàòóðè íà ðîçâèòîê ïè-
òîìî¿ ïîâåðõí³. Â ³íòåðâàë³ tÒÓ6500Ñ òåìïåðà-
òóðíèé êîåô³ö³ºíò ïðèðîñòó ïîâåðõí³ ñêëàäàº
2,60 ì2/ãðàä, â ³íøîìó ³íòåðâàë³ (tÒÓ6500Ñ) â³í
â 3,37 ðàçè âèùèé (8,75 ì2/ãðàä). Ìîæíà ïðèïó-
ñòèòè, ùî ïðè òåìïåðàòóðàõ tÒÓ6500Ñ ðåàë³çóºòü-
ñÿ äîäàòêîâèé ìåõàí³çì ðîçâèòêó ïîðóâàòî¿
ñòðóêòóðè, ùî îáóìîâëåíèé ðåàêö³ÿìè âóã³ëëÿ
òà ÊÎÍ ç óòâîðåííÿì äîäàòêîâî¿ ê³ëüêîñò³ ëåò-
êèõ ïðîäóêò³â, ùî â³äáèâàºòüñÿ â á³ëüø ð³çêîìó
çíèæåíí³ âèõîäó ÒÏÒ ç³ çðîñòàííÿì òåìïåðàòó-
ðè â ³íòåðâàë³ tÒÓ=650–8500Ñ (ðèñ. 1, ë³í³ÿ 1).

²íòåãðàëüí³ çàëåæíîñò³ âåëè÷èíè S â³ä
øèðèíè ïîð W äëÿ ÒÏÒ, îäåðæàíèõ ïðè ð³çíèõ
òåìïåðàòóðàõ òåïëîâîãî óäàðó, ñóòòºâî â³äð³çíÿ-
þòüñÿ çà ôîðìîþ. Ïèòîìà ïîâåðõíÿ ÒÏÒ(400)
ôîðìóºòüñÿ çà ðàõóíîê ìåçîïîð ç W4 íì

(ðèñ. 2, ë³í³ÿ 1), ïðè÷îìó ïîðè øèðèíîþ 10–20 íì
ìàéæå íå ðîçâèâàþòüñÿ. Ï³äâèùåííÿ tÒÓ äî 5000Ñ
êàðäèíàëüíî çì³íþº çàëåæí³ñòü S â³ä W: ó çðàç-
êà ÒÏÒ(500) íàéá³ëüø ñèëüíî çá³ëüøóºòüñÿ ïî-
âåðõíÿ ïîð øèðèíîþ W=2–4 íì ³ ïîì³òíî ðîç-
âèâàºòüñÿ ïîâåðõíÿ ì³êðîïîð (W=1–2 íì); âíå-
ñîê ïîâåðõí³ ìåçîïîð ç W5 íì ó âåëè÷èíó S º
ìàëèì ³ ñêëàäàº 5,7%.

Ï³äâèùåííÿ òåìïåðàòóðè äî 7000Ñ çá³ëü-
øóº, ãîëîâíèì ÷èíîì, ïîâåðõíþ ì³êðîïîð (ðèñ. 2,
ë³í³ÿ 3) ³ ìàëî âïëèâàº íà âåëè÷èíó Sme äëÿ ìå-
çîïîð ç W5 íì. Àíàëîã³÷íà ñèòóàö³ÿ ñïîñòåð³-
ãàºòüñÿ äëÿ âñ³õ çðàçê³â ÒÏÒ, îòðèìàíèõ â ³íòåð-
âàë³ tÒÓ=500–8500Ñ. Â ðÿäó çðàçê³â â³ä ÒÏÒ(600)
äî ÒÏÒ(850) ïèòîìà ïîâåðõíÿ ðîçâèâàºòüñÿ ïå-
ðåâàæíî çà ðàõóíîê ì³êðîïîð (ðèñ. 3) òà ìåçî-
ïîð ç W=2–5 íì, âíåñîê ÿêèõ ó âåëè÷èíó S

ñêëàäàº 97,0–98,5%. Òàêèì ÷èíîì, òåïëîâèé óäàð
â ñïîëó÷åíí³ ç ÊÎÍ ðîçâèâàº ïîðè øèðèíîþ äî
5 íì.

Ó òàáë. 1 íàâåäåíî õàðàêòåðèñòèêè ïîðóâà-
òî¿ ñòðóêòóðè îòðèìàíèõ çðàçê³â ÒÏÒ. Ç³ çðîñ-
òàííÿì tÒÓ çàãàëüíèé îá’ºì ïîð çá³ëüøóºòüñÿ â
8,4 ðàçè, ïèòîìà ïîâåðõíÿ – â 164 ðàçè. Îñíîâ-
íå çá³ëüøåííÿ V â³äáóâàºòüñÿ çà ðàõóíîê ì³êðî-
ïîð, îá’ºì ÿêèõ çá³ëüøóºòüñÿ â³ä 0 äî 0,789 ñì3/ã
(òàáë. 1). Ïîð³âíÿíî ç Vmi îá’ºì ñóáíàíîïîð V1nm

çá³ëüøóºòüñÿ ç çàòðèìêîþ ïî òåìïåðàòóð³, àëå
âêëàä ñóáíàíîïîð â ì³êðîïîðóâàò³ñòü çðàçê³â
ÒÏÒ(600)–ÒÏÒ(850) º äîì³íóþ÷èì ³ ñòàíîâèòü
84%.

Ç³ çá³ëüøåííÿì tÒÓ ÷àñòêà ïîâåðõí³ ì³êðî-
ïîð Pmi ñèëüíî çðîñòàº (â³ä 0 äî 0,93) â ³íòåðâàë³
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Ðèñ. 2. ²íòåãðàëüí³ çàëåæíîñò³ ïèòîìî¿ ïîâåðõí³ â³ä

øèðèíè ïîð äëÿ ÒÏÒ, îòðèìàíèõ ïðè òåìïåðàòóðàõ

òåïëîâîãî óäàðó 4000Ñ (1), 5000Ñ (2) òà 7000Ñ (3)

       Y, %                                                       S, ì2/ã   S, ì2/ã                                                          S, ì2/ã



103

Influence of temperature on the surface development of brown coal materials under heat shock alkali
activation

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 1, pp. 100-106

tÒÓ=400–6000Ñ (ðèñ. 4, ë³í³ÿ 1) ³ äàë³ çì³íþºòüñÿ
ìàëî, ïðîÿâëÿþ÷è òåíäåíö³þ äî çðîñòàííÿ ç³
çá³ëüøåííÿì òåìïåðàòóðè äî 8500Ñ. Àíàëîã³÷íî

çì³íþºòüñÿ ÷àñòêà ñóáíàíîïîð P1íì (ðèñ. 4, ë³í³ÿ 2)
³ òóò òàêîæ ïðîÿâëÿºòüñÿ çàòðèìàííÿ ïî òåìïå-
ðàòóð³. Ñë³ä çàçíà÷èòè, ùî ð³çêå çðîñòàííÿ çíà-
÷åíü Pmi òà P1íì â ³íòåðâàë³ tÒÓ6000Ñ â³äáóâàºòü-
ñÿ íà òë³ â³äíîñíî íåâèñîêîãî ïðèðîñòó ïîâåðõí³
S ç³ çðîñòàííÿì tÒÓ (ðèñ. 1, ë³í³ÿ 2).

Òàêèì ÷èíîì, ï³äâèùåííÿ tÒÓ â ÀÒÓ-ïðî-
öåñ³ ç 400 äî 6000Ñ ðîçâèâàº çàãàëüíó ïîâåðõíþ
íå ñèëüíî (ïðèáëèçíî 20% â³ä ìàêñèìàëüíî äî-
ñÿæíî¿ S=2414 ì2/ã), àëå ÿê³ñíî çì³íþº òèï
ïîðóâàòî¿ ñòðóêòóðè, ïåðåâîäÿ÷è ÒÏÒ ç ìåçîïî-
ðóâàòèõ ìàòåð³àë³â â ì³êðîïîðóâàò³ ç äîì³íóâàí-
íÿì ñóáíàíîïîðóâàòîñò³, ùî íàî÷íî âèäíî ç³
ñï³âñòàâëåííÿ êðèâèõ 1 ³ 2 â ³íòåðâàë³ tÒÓ=600–
8500Ñ (ðèñ. 4).

Çðîñòàííÿ tÒÓ ïðèâîäèòü äî çá³ëüøåííÿ
ïèòîìî¿ ïîâåðõí³ çà ðàõóíîê ìàëîðîçì³ðíèõ ïîð,
ãîëîâíèì ÷èíîì, ç øèðèíîþ W5 íì (ðèñ. 3).
Íà ö³é ä³ëÿíö³ ðîçïîä³ë ïèòîìî¿ ïîâåðõí³ çà
ðîçì³ðàìè ïîð õàðàêòåðèçóºòüñÿ òðüîìà ìàêñè-
ìóìàìè âåëè÷èí dS/dW, â³äïîâ³äíèìè ñóáíà-
íîïîðàì (dS1), ì³êðîïîðàì ç W=1–2 íì (dS2) òà
ìåçîïîðàì ç W=3–5 íì (dS3), ùî ïîêàçàíî íà
ðèñ. 5 äëÿ ÒÏÒ(700) òà ÒÏÒ(800). Çíà÷åííÿ
dS/dW íà ä³ëÿíö³ ñóáíàíîïîð â³äîêðåìëåíî ïóí-
êòèðíîþ ë³í³ºþ òà çìåíøåíî â 100 ðàç³â äëÿ íà-
î÷íîñò³. Àíàëîã³÷í³ ðîçïîä³ëè ïîð äëÿ ³íøèõ
çðàçê³â ìàþòü ÿê³ñíî òàêèé æå âèãëÿä. Ð³çíèöÿ
ïîëÿãàº ëèøå â ÷èñåëüíèõ çíà÷åííÿõ ìàêñèìóì³â
âåëè÷èí dS1, dS2 òà dS3, à òàêîæ øèðèí³ ïîð,
ÿêèì âîíè â³äïîâ³äàþòü. Öþ ³íôîðìàö³þ çâåäå-
íî â òàáë. 2.

Ç³ çðîñòàííÿì òåìïåðàòóðè tÒÓ çíà÷åííÿ dS1

çá³ëüøóþòüñÿ åêñïîíåíö³éíî (ðèñ. 6). Ïàðàìåòð
dS2 çì³íþºòüñÿ ñêëàäíèì ÷èíîì (ðèñ. 6, ë³í³ÿ 2):
íàéá³ëüø³ çíà÷åííÿ çàðåºñòðîâàíî äëÿ ÒÏÒ(500)
(dS2=169 ì2/ãíì) òà ÒÏÒ(850) (dS2=187 ì2/ãíì),
ì³í³ìàëüíå çíà÷åííÿ dS2=9,2 ì2/ãíì ñïîñòåð³-
ãàºòüñÿ äëÿ ÒÏÒ(750). Òîáòî, øâèäê³ñòü ïðèðî-
ñòó îá’ºìó ì³êðîïîð ç øèðèíîþ W=1–2 íì ç
ï³äâèùåííÿì òåìïåðàòóðè òåïëîâîãî óäàðó
çì³íþºòüñÿ ïî êðèâ³é ç ì³í³ìóìîì ³ â³äð³çíÿºòü-

Ðèñ. 3. ²íòåãðàëüí³ çàëåæíîñò³ ïèòîìî¿ ïîâåðõí³ â³ä

øèðèíè ïîð äëÿ ÒÏÒ, îäåðæàíèõ ïðè ð³çíèõ òåìïåðàòóðàõ

òåïëîâîãî óäàðó: 5000Ñ (1); 6000Ñ (2); 6500Ñ (3); 7000Ñ (4);

7500Ñ (5); 8000Ñ (6) òà 8500Ñ (7)

Òàáëèöÿ 1
Îá’ºìè ³ ïèòîìà ïîâåðõíÿ ì³êðî- ³ ñóáíàíîïîð çðàçê³â ÒÏÒ, îäåðæàíèõ ç áóðîãî âóã³ëëÿ â ÀÒÓ-ïðîöåñ³
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ñÿ ïðèáëèçíî â 20 ðàç³â, à â³äïîâ³äíà öüîìó ìàê-
ñèìóìó dS2 øèðèíà ïîð çì³ùóºòüñÿ â ñòîðîíó
ìåíøèõ çíà÷åíü – ç 1,81 íì äî 1,36 íì (òàáë. 2).
Íà â³äì³íó â³ä dS2, ïàðàìåòð dS3 çì³íþºòüñÿ ïî
êðèâ³é ç ìàêñèìóìîì ïðè tÒÓ=7500Ñ, àëå âàð³-
þºòüñÿ ó âóçüêîìó ³íòåðâàë³ çíà÷åíü
dS363 ì2/ãíì (ðèñ. 6, ë³í³ÿ 3).

Òåìïåðàòóðíà çàëåæí³ñòü dS1 â ³íòåðâàë³
tÒÓ=500–8500Ñ äîáðå ë³íåàðèçóºòüñÿ (ðèñ. 7) â
êîîðäèíàòàõ ð³âíÿííÿ Àððåí³óñà: lndV1=15,027–
6823/T  (R2=0,983). Â öüîìó âèïàäêó ìîæíà âè-
êîðèñòîâóâàòè ìåòîä ðîçðàõóíêó «êëàñè÷íî¿»
åíåðã³¿ àêòèâàö³¿ Å ³ âèçíà÷èòè ôîðìàëüíî ñõî-
æèé ïàðàìåòð Å(S1), ÿêèé õàðàêòåðèçóº âïëèâ
òåìïåðàòóðè íà ïðèð³ñò ïîâåðõí³ ñóáíàíîïîð ç³
çá³ëüøåííÿì ¿õ øèðèíè. Â íàøîìó âèïàäêó éîãî
âåëè÷èíà ñòàíîâèòü Å(S1)=56,7 êÄæ/ìîëü. Çà
ô³çè÷íèì ñåíñîì ïàðàìåòð Å(S1) íå ñï³âïàäàº ç
åíåðã³ºþ àêòèâàö³¿ õ³ì³÷íî¿ ðåàêö³¿ (õî÷à ìàº òàêó
æ ðîçì³ðí³ñòü), îñê³ëüêè âåëè÷èíà Å õàðàêòåðè-
çóº âïëèâ òåìïåðàòóðè íà ðîçâèòîê ïðîöåñó â

Òàáëèöÿ 2
Ïàðàìåòðè dS1, dS2 òà dS3 ðîçïîä³ëó ïèòîìî¿ ïîâåðõí³ çà ðîçì³ðàìè äëÿ ÒÏÒ, îäåðæàíèõ ïðè ð³çíèõ

òåìïåðàòóðàõ òåïëîâîãî óäàðó

Ðèñ. 5. Ðîçïîä³ë ïèòîìî¿ ïîâåðõí³ çà ðîçì³ðàìè ïîð äëÿ

ÒÏÒ, îòðèìàíèõ ëóæíîþ àêòèâàö³ºþ ç òåïëîâèì óäàðîì
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÷àñ³, à Å(S1) – âïëèâ òåìïåðàòóðè íà ðîçâèòîê
ïèòîìî¿ ïîâåðõí³ ç ðîñòîì øèðèíè ñóáíàíîïîð.
Àëå íà ÿê³ñíîìó ð³âí³ Å òà Å(S1) ïîâ’ÿçàí³ ì³æ
ñîáîþ: ç ðîñòîì òåìïåðàòóðè çá³ëüøóºòüñÿ
øâèäê³ñòü âçàºìîä³¿ âóã³ëëÿ ç ÊÎÍ çã³äíî ç âå-
ëè÷èíîþ Å ³, â³äïîâ³äíî, çá³ëüøóºòüñÿ ðåçóëü-
òàò ö³º¿ âçàºìîä³¿ – ïèòîìà ïîâåðõíÿ S1íì ³
øâèäê³ñòü ïðèðîñòó ïîâåðõí³ ñóáíàíîïîð dS1

çã³äíî ç âåëè÷èíîþ Å(S1).
Ìîæíà çðîáèòè âèñíîâîê, ùî ïî÷àòêîâîþ

ñòàä³ºþ ÀÒÓ-ïðîöåñó â ³íòåðâàë³ 500–8500Ñ º
ôîðìóâàííÿ ïîâåðõí³ ñóáíàíîïîð íàñë³äîê òåð-
ìî³í³ö³éîâàíèõ ðåàêö³é ÊÎÍ ç îðãàí³÷íèìè
ôðàãìåíòàìè âóã³ëëÿ [12] ³ ï³äâèùåííÿ òåìïå-
ðàòóðè òåïëîâîãî óäàðó ï³äñèëþº ñàìå öåé ïðî-
öåñ. Âåëè÷èíà Å(S1)=56,7 êÄæ/ìîëü õàðàêòåðíà
äëÿ äèôóç³éíèõ ïðîöåñ³â â êîíäåíñîâàí³é ôàç³ ³
öå äîçâîëÿº ïðèïóñòèòè, ùî óòâîðåííÿ ñóáíà-
íîïîð ë³ì³òóºòüñÿ äèôóç³ºþ àêòèâàíòà (ÊÎÍ àáî
àòîì³â Ê ÿê ïðîäóêò³â â³äíîâëåííÿ ³îí³â Ê+

[13,14]) âñåðåäèí³ êàðêàñà ÒÏÒ, ÿêèé ôîðìóºòü-
ñÿ. Íàñòóïí³ òðàíñôîðìàö³¿ ñóáíàíîïîð ï³ä ä³ºþ
ëóãó (çá³ëüøåííÿ øèðèíè ïîð W çà ðàõóíîê âè-
äàëåííÿ ïîâåðõíåâèõ Ñ- ³ Î-àòîì³â, óòâîðåííÿ
êàíàë³â ì³æ ïîðàìè, çëèòòÿ) ôîðìóþòü ïîðóâà-
òó ñòðóêòóðó ÒÏÒ ó ö³ëîìó. Ïîäàëüø³ äîñë³-
äæåííÿ çàñòîñîâíîñò³ ïàðàìåòðà Å(S1) ³ âñòàíîâ-
ëåííÿ éîãî ê³ëüê³ñíîãî âçàºìîçâ’ÿçêó ç åôåêòèâ-
íîþ åíåðã³ºþ àêòèâàö³¿ ïðîöåñó â ñèñòåì³ «âóã³ë-
ëÿ–ÊÎÍ» âèäàþòüñÿ êîðèñíèìè äëÿ îö³íþâàí-
íÿ âïëèâó òåìïåðàòóðè òåïëîâîãî óäàðó íà ôîð-
ìóâàííÿ ïîðóâàòî¿ ñòðóêòóðè âóãëåöåâèõ ìàòåð³-
àë³â, ÿê³ óòâîðþþòüñÿ â ÀÒÓ-ïðîöåñ³.

Âèñíîâêè

1. Òåìïåðàòóðà òåïëîâîãî óäàðó – ãîëîâ-
íèé ôàêòîð ðîçâèòêó ïèòîìî¿ ïîâåðõí³ âóãëåöå-
âèõ ìàòåð³àë³â, ÿê³ óòâîðþþòüñÿ ïðè ëóæí³é àê-
òèâàö³¿ áóðîãî âóã³ëëÿ. Ïðè îäíàêîâîìó âàãîâî-
ìó ñï³ââ³äíîøåíí³ ÊÎÍ/âóã³ëëÿ (1 ã/ã) ï³äâè-
ùåííÿ tÒÓ â³ä 400 äî 8500Ñ ïðèâîäèòü äî
çá³ëüøåííÿ S â³ä 14,7 ì2/ã äî 2414 ì2/ã, çàãàëü-
íîãî îá’ºìó ïîð V ç 0,124 äî 1,04 ñì3/ã, àëå
âèõ³ä ìàòåð³àëó çíèæóº ç 67 äî 17%.

2. Çðîñòàííÿ çíà÷åíü S ç tÒÓ îáóìîâëåíî
çá³ëüøåííÿì ïèòîìî¿ ïîâåðõí³ ì³êðîïîð Smi (â³ä
0 äî 2363 ì2/ã). ¯õ ÷àñòêà Smi/S çðîñòàº â³ä 0 äî
0,93 ç ï³äâèùåííÿì tÒÓ â ³íòåðâàë³ 400–6000Ñ,
ùî òðàíñôîðìóº ìàòåð³àëè ç ìåçîïîðóâàòèõ ó
ì³êðîïîðóâàò³.

3. Ñï³ëüíà ä³ÿ ÊÎÍ ³ òåïëîâîãî óäàðó ðîç-
âèâàº ïîâåðõíþ ïîð ç øèðèíîþ W5 íì. Ðîç-
ïîä³ë S çà ðîçì³ðàìè ïîð W õàðàêòåðèçóºòüñÿ
ìàêñèìóìàìè, â³äïîâ³äíèìè ñóáíàíîïîðàì (dS1),
ì³êðîïîðàì ç W=1–2 íì (dS2) òà ìåçîïîðàì ç

W=3–5 íì (dS3). Âåëè÷èíà dS1 ï³äïîðÿäêîâóºòü-
ñÿ ð³âíÿííþ Àððåí³óñà (R2=0,983), ùî äîçâîëÿº
âèçíà÷èòè ïàðàìåòð Å(S1)=56,7 êÄæ/ìîëü, ÿêèé
ôîðìàëüíî º ïîä³áíèì äî «êëàñè÷íî¿» åíåðã³¿
àêòèâàö³¿ ³ õàðàêòåðèçóº âïëèâ tÒÓ íà çá³ëüøåííÿ
îá’ºìó ñóáíàíîïîð ç³ çá³ëüøåííÿì ¿õ øèðèíè.

4. Ïðè ëóæí³é àêòèâàö³¿ òåïëîâèé óäàð
ñïðèÿº ôîðìóâàííþ ñóáíàíîïîð, çðîñòàííÿ ïî-
âåðõí³ ÿêèõ (â³ä 0 äî 2230 ì2/ã) ³ìîâ³ðíî
ë³ì³òóºòüñÿ äèôóç³ºþ ÊÎÍ âñåðåäèí³ òðèâèì³ð-
íîãî êàðêàñà ïîðóâàòîãî áóðîâóã³ëüíîãî ìàòåð³-
àëó, ÿêèé ôîðìóºòüñÿ.
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INFLUENCE OF TEMPERATURE ON THE SURFACE
DEVELOPMENT OF BROWN COAL MATERIALS UNDER
HEAT SHOCK ALKALI ACTIVATION

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

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

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

We studied the porous structure of thermolysis solid products
(TSP) fabricated from brown coal by the process of thermal shock
alkaline (KOH, 1 g/g coal) activation which includes the following
stages: (1) a rapid introduction of impregnated coal into the reactor
preheated up to the temperature of thermal shock (tÒS), varied within
the interval of 400–8500C, and (2) an isothermal exposure for 1
hour at tÒS. Based on the 2D-NLDFT calculations of nitrogen
adsorption-desorption isotherms (77 K), we determined the total
specific surface area S (m

2/g), the pore volume V (cm
3/g), the

surface (Smi) and the volume (Vmi) of microporous, the surface (S1nm)
and the volume (V1nm) of subnanopores (i.e. pores with an average
width of W1 nm). The integral and differential dependences of S

and V on the average pore width were calculated. An increase in tTS

from 4000C to 8500C results in an increase in the values of S (from
14.7 m2/g to 2414 m2/g) and V (from 0.124 to 1.04 cm3/g), the
yield of TSP being decreased from 67 to 17%. The S value increases
with the temperature tTS due to the subnanopore surface development
(from 0 to 2230 m2/g); its portion is dominant (S1nm/S0.86) in the
pore structure of TSP prepared at tTS of 600 to 8500C. The mutual
action of KOH and heat shock was found to develop predominantly
the pore surface with W5 nm. The specific surface area distribution
by pore width as dS/dW vs. W relationship is characterized by
peaks corresponding to subnanopores (dS1), micropores with W=1–
2 nm (dS2) and mesopores with W=3–5 nm (dS3). With increasing
tTS, the dS1 value increases exponentially (from 0 to 7000 m2/gnm)
and well obeys the Arrhenius equation that allows valuating the
parameter E(S1)=56.1 kJ/mol being formally similar to the «classical»
activation energy. The parameter E(S1) characterizes the influence
of tTS on the increment of specific surface area of subnanopores with
increasing their width. An increase in the heat shock temperature
was suggested to promote the subnanopores formation which is limited
by the diffusion of the activator (i.e. KOH or K-atoms as the products
of K+-ions reduction) within the formed three-dimensional framework

of the brown-coal porous material.

Keywords: brown coal; alkali activation; heat shock;
nanoporosity; surface.
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