
221

Formation of potassium humates during alkaline activation of brown coal

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2019, No. 6, pp. 221-227

© Þ.Â. Òàìàðê³íà, Â.Î. Ñàáºðîâà, Â.Î. Êó÷åðåíêî, 2019

ÓÄÊ 553.96:66.094.76:661.183

Þ.Â. Òàìàðê³íà, Â.Î. Ñàáºðîâà, Â.Î. Êó÷åðåíêî

ÓÒÂÎÐÅÍÍß ÃÓÌÀÒ²Â ÊÀË²Þ ÏÐÈ ËÓÆÍ²É ÀÊÒÈÂÀÖ²¯ ÁÓÐÎÃÎ ÂÓÃ²ËËß

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

Ìåòà ðîáîòè – âñòàíîâèòè çàêîíîì³ðíîñò³ ñòðóêòóðíî¿ ôðàãìåíòàö³¿ áóðîãî âóã³ëëÿ

(ÁÂ) äî ãóìàò³â ïðè ñåðåäíüîòåìïåðàòóðí³é (150–4000C) ëóæí³é àêòèâàö³¿ ç òåïëî-

âèì óäàðîì. Ñïîëóêè ÁÂ-ÌÎÍ (Ì=Li, Na, K, Rb, Cs) îäåðæàíî ëóæíèì ³ìïðåãíó-

âàííÿì çà ñï³ââ³äíîøåíü ÌÎÍ/âóã³ëëÿ RÌOH=2–18 ììîëü/ã ³ ïîçíà÷åíî ÿê

ÁÂ-ÌÎÍ(RÌOH). Òåðìîë³ç âêëþ÷àâ øâèäêå ââåäåííÿ ÁÂ-ÌÎÍ â ïîïåðåäíüî íà-

ãð³òèé ðåàêòîð, âèòðèìóâàííÿ, îõîëîäæåííÿ. Îòðèìàíî ê³íåòè÷í³ çàëåæíîñò³ âè-

õîäó ãóìàò³â. Âëàñòèâîñò³ ãóìàò³â ³ ãóì³íîâèõ êèñëîò (ÃÊ) âèâ÷åíî åëåìåíòíèì àíà-

ë³çîì, ²×- ³ ÅÏÐ-ñïåêòðîñêîï³ºþ. Âñòàíîâëåíî, ùî ïðè òåðìîë³ç³ ÁÂ-ÊÎÍ óòâî-

ðþþòüñÿ ãóìàòè êàë³þ (ÃÊ-Ê). Ê³íåòè÷í³ äàí³ ñâ³ä÷àòü ïðè ïî÷àòêîâå íàêîïè÷åííÿ

ÃÊ-Ê ³ ¿õ ïîäàëüøå ðóéíóâàííÿ, ùî òèïîâî äëÿ ïîñë³äîâíèõ ðåàêö³é. Ïî÷àòêîâ³

øâèäêîñò³ (ÃÊ-Ê) óòâîðåííÿ ÃÊ-Ê ï³äïîðÿäêîâóþòüñÿ ð³âíÿííþ Àððåí³óñà: Ååô=

=41,7 êÄæ/ìîëü (R2=0,986). Ïðè çá³ëüøåíí³ RKOH, âåëè÷èíà ÃÊ-Ê çðîñòàº â³ä íåãà-

òèâíèõ çíà÷åíü äî ïîçèòèâíèõ. Íóëüîâå çíà÷åííÿ ÃÊ-Ê äîñÿãàºòüñÿ ïðè

RÊÎÍ=6 ììîëü/ã, ùî º áëèçüêèì äî âì³ñòó ÎÍ-êèñëîòíèõ ãðóï (5,9 ììîëü/ã), òîáòî

³îíè Ê+ íå ñïðèÿþòü ôðàãìåíòàö³¿. Ïðè 250–3000C çíà÷åííÿ ÃK-K çðîñòàþòü ë³í³éíî

(R2=0,954–0,961) ç³ çá³ëüøåííÿì ïîëÿðèçîâàíîñò³ êàò³îíà. Îäåðæàí³ ÃÊ ìàþòü

ïðèáëèçíî îäíàêîâó ñòðóêòóðó, ñõîæó íà íàòèâí³ ÃÊ, àëå ç ï³äâèùåíèì âì³ñòîì

ÎÍ-ãðóï (â 1,1–1,4 ðàçè) ³ ðàäèêàë³â (â 4,7–7,2 ðàçè). Çðîáëåíî âèñíîâîê, ùî óòâî-

ðåííÿ ãóìàò³â – öå ðåçóëüòàò ãåòåðîë³çó Ñ–Î ³ Ñ–Ñ çâ’ÿçê³â âóã³ëëÿ. Ôðàãìåíòàö³ÿ

ðîçêîëþº âóã³ëëÿ íà ïðèáëèçíî îäíàêîâ³ ñòðóêòóðí³ ôðàãìåíòè. Íàñòóïí³ òåðìîäå-

ñòðóêòèâí³ ³ êîíäåíñàö³éí³ ðåàêö³¿ ç ÃÊ-Ê óòâîðþþòü íîâèé âóãëåöåâèé ìàêðîìî-

ëåêóëÿðíèé êàðêàñ – ïîïåðåäíèê íàíîïîðóâàòèõ ìàòåð³àë³â.

Êëþ÷îâ³ ñëîâà: áóðå âóã³ëëÿ, ëóæíå ³ìïðåãíóâàííÿ, òåðìîë³ç ç òåïëîâèì óäàðîì,

óòâîðåííÿ ãóìàò³â.
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Âñòóï

Ëóæíà àêòèâàö³ÿ – öå ïåðåòâîðåííÿ âèêîï-
íîãî âóã³ëëÿ íà âèñîêîïîðóâàòèé ìàòåð³àë (ÂÌ)
ïðè íàãð³âàíí³ ç ã³äðîêñèäîì êàë³þ â àòìîñôåð³
³íåðòíîãî ãàçó (N2, Ar) [1]. Ïðîöåñ çàñòîñîâíèé
äî âóã³ëëÿ áóäü-ÿêî¿ ñòàä³¿ ìåòàìîðô³çìó – â³ä
áóðîãî âóã³ëëÿ (ÁB) äî àíòðàöèò³â – äîçâîëÿº
îäåðæàòè ÂÌ ç âåëè÷èíîþ ïèòîìî¿ ïîâåðõí³
S2000 ì2/ã (ïðè ìàñîâîìó ñï³ââ³äíîøåíí³
ÊÎÍ/âóã³ëëÿ20 ììîëü/ã) [2–4]. Çâè÷àéíîþ òåì-
ïåðàòóðîþ àêòèâàö³¿ º 700–9000Ñ, äîñÿãíåííÿ
ÿêî¿ ðåàë³çóºòüñÿ â óìîâàõ òåðìîïðîãðàìîâàíî-
ãî ï³äâèùåííÿ òåìïåðàòóðè (2–10 ãðàä/õâ) [3]
àáî â ðåæèì³ òåïëîâîãî óäàðó – øâèäêîãî ââå-
äåííÿ çðàçêà â ïîïåðåäíüî íàãð³òó äî òåìïåðà-
òóðè àêòèâàö³¿ çîíó ðåàêòîðà [5]. Íåçàëåæíî â³ä

ðåæèìó íàãð³âàííÿ, ñèñòåìà «âóã³ëëÿ-ÊÎÍ» ïðî-
õîäèòü ³íòåðâàë 100–5000Ñ (òàê çâàíó ä³ëÿíêó îñ-
íîâíîãî òåðì³÷íîãî ðóéíóâàííÿ), â ÿêîìó ðåàë³-
çóºòüñÿ íàá³ð òåðìîäåñòðóêòèâíèõ ðåàêö³é óòâî-
ðåííÿ ëåòþ÷èõ îðãàí³÷íèõ ïðîäóêò³â (ËÎÏ). Äëÿ
öüîãî òåìïåðàòóðíîãî ³íòåðâàëó º õàðàêòåðíèì
[6] óòâîðåííÿ ãóìàò³â êàë³þ (ÃÊ-Ê) âíàñë³äîê
òåðìî³í³ö³éîâàíîãî ãåòåðîë³çó Ñ–Î ³ Ñ–Ñ
çâ’ÿçê³â îðãàí³÷íî¿ ðå÷îâèíè âóã³ëëÿ. Öåé ïðî-
öåñ íàçèâàºòüñÿ ñòðóêòóðíà ôðàãìåíòàö³ÿ – «ðîç-
êîëþâàííÿ» âóã³ëüíîãî ïðîñòîðîâîãî êàðêàñà
ã³äðîêñèäîì êàë³þ íà ôðàãìåíòè ç ìåíøîþ ìî-
ëåêóëÿðíîþ ìàñîþ. Ðàí³øå [6] óòâîðåííÿ ÃÊ-Ê
âèâ÷åíî äëÿ ä³àïàçîíó ñï³ââ³äíîøåíü RKOH10
ììîëü/ã, ïðè ÿêèõ ìàòåð³àëè ç äîáðå ðîçâèíå-
íîþ ïîðóâàòîþ ñòðóêòóðîþ íå óòâîðþþòüñÿ.
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Ïîäàëüø³ äîñë³äæåííÿ ëóæíî¿ àêòèâàö³¿ ÁÂ
ïîêàçàëè [7], ùî çàñòîñóâàííÿ òåïëîâîãî óäàðó
äîçâîëÿº êîíâåðòóâàòè ÁÂ ó ÂÌ ïðè â³äíîñíî
íåâåëèêîìó ñï³ââ³äíîøåíí³ ÊÎÍ/âóã³ëëÿ. Ïðè
RKOH=1,0 ã/ã (18 ììîëü/ã) ³ òåìïåðàòóð³ 800–
8500Ñ óòâîðþþòüñÿ ì³êðîïîðóâàò³ ìàòåð³àëè ç
âèõîäîì 17–25%, âåëè÷èíàìè ïèòîìî¿ ïîâåðõí³
1947–2414 ì2/ã ³ çàãàëüíèì îá’ºìîì àäñîðáó-
þ÷èõ ïîð 0,89–1,04 ñì3/ã [7]. Ç òî÷êè çîðó ðîçó-
ì³ííÿ ìåõàí³çìó óòâîðåííÿ ÂÌ ïðè àêòèâàö³¿ ç
òåïëîâèì óäàðîì ââàæàëîñÿ âàæëèâèì âèâ÷èòè
ëóæíó ôðàãìåíòàö³þ áóðîâóã³ëüíîãî ìàêðîìî-
ëåêóëÿðíîãî êàðêàñó ñàìå â öèõ óìîâàõ.

Ìåòà äàíî¿ ðîáîòè – âñòàíîâèòè çàêîíî-
ì³ðíîñò³ ñòðóêòóðíî¿ ôðàãìåíòàö³¿ áóðîãî âóã³ë-
ëÿ äî ãóìàò³â êàë³þ ïðè ëóæí³é àêòèâàö³¿ ç òåï-
ëîâèì óäàðîì.

Ìåòîäèêà åêñïåðèìåíòó

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 íàñòóïíèé (%): 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), ÿêèé âèçíà÷åíî ³îíîîáì³ííèìè
ìåòîäàìè ç âèêîðèñòàííÿì Ba(OH)2 ³
Ca(CH3COO)2, ñòàíîâèòü 4,1 ììîëü/ã (ôåíîëüí³
ãðóïè) ³ 1,8 ììîëü/ã ( êàðáîêñèëüí³ ãðóïè).

Îáðîáëåííÿ ÁÂ ã³äðîêñèäîì êàë³þ âèêî-
íóâàëè ³ìïðåãíóâàííÿì â òðè ñòàä³¿: 1) çì³øó-
âàííÿ âèñóøåíîãî ÁÂ (10 ã) ³ âîäíîãî ðîç÷èíó
(30%) ã³äðîêñèäó ëóæíîãî ìåòàëó ÌÎÍ (Ì=Li,
Na, K, Rb, Cs) ó ê³ëüêîñò³, ÿêà çàáåçïå÷óº ïî-
òð³áíå âàãîâå ñï³ââ³äíîøåííÿ ÌÎÍ/âóã³ëëÿ–RÌOH

(ììîëü/ã); 2) âèòðèìóâàííÿ 24 ãîä ïðè ê³ìíàòí³é
òåìïåðàòóð³; 3) âèäàëåííÿ âîäíî¿ ôàçè ïðè 90–
1000Ñ òà çàëèøêîâî¿ âîäè ïðè 120±100Ñ.

Çðàçêè ³ìïðåãíîâàíîãî âóã³ëëÿ ïîçíà÷åíî
ÿê ñïîëóêè ÁÂ-ÌÎÍ(RÌOH), íàïðèêëàä, ÁÂ-
ÊÎÍ(10) – öå ñïîëóêà, ÿêó îäåðæàíî òåðìîë³çîì
ç ÊÎÍ ïðè ñï³ââ³äíîøåíí³ RÊOH=10 ììîëü/ã.
Áóðîâóã³ëüíèé çðàçîê ïîð³âíÿííÿ áåç ëóãó îäåð-
æàíî â ò³é ñàì³é ïîñë³äîâíîñò³ îïåðàö³é, àëå ç
îáðîáëåííÿì âîäîþ íà ïåðø³é ñòàä³¿.

Òåðìîë³ç çðàçê³â ïðîâîäèëè â ãîðèçîíòàëü-
íîìó òðóá÷àñòîìó ðåàêòîð³ ç íåðæàâ³þ÷î¿ ñòàë³,
ÿêèé ïðîäóâàëè ñóõèì àðãîíîì (~2 äì3/÷) òà çà-
çäàëåã³äü íàãð³âàëè äî çàäàíî¿ òåìïåðàòóðè t, ùî
âàð³þâàëàñü â ìåæàõ 150–4000Ñ. Ê³íåòèêó óòâî-
ðåííÿ ÃÊ-Ê âèâ÷àëè ïîð³âíÿííÿì âì³ñòó ÃÊ-Ê
â âóã³ëüíèõ çðàçêàõ, îäåðæàíèõ ïðè âàð³þâàíí³
òåìïåðàòóðè ³ ÷àñó ³çîòåðì³÷íîãî âèòðèìóâàí-
íÿ. Âì³ñò ÃÊ-Ê îö³íþâàëè íàñòóïíèì ÷èíîì.

Çðàçîê ÁÂ àáî ñïîëóêè ÁÂ-ÌÎÍ (0,2 ã) ðîçì³-
ùóâàëè â ñêëÿí³é êþâåò³, ââîäèëè â íàãð³òó çîíó,
âèòðèìóâàëè ïðîòÿãîì çàäàíîãî ÷àñó, øâèäêî
îõîëîäæóâàëè â ïîòîö³ àðãîíó äî t500Ñ, çâàæó-
âàëè ³ ê³ëüê³ñíî ïåðåíîñèëè â êîëáó îá’ºìîì
100 ñì3, äîäàâàëè 50 ñì3 âîäíîãî ðîç÷èíó ÊÎÍ
(0,1 Ì), ñòðóøóâàëè 3 ãîä íà ïðèëàä³ Elpan 357 ³
çàëèøàëè íà íàñòóïíèé äåíü. Ñóì³ø ô³ëüòðóâà-
ëè, â³äáèðàëè àë³êâîòó 5 ñì3, äîâîäèëè âîäîþ
äî 200 ñì3 ³ âèì³ðþâàëè îïòè÷íó ù³ëüí³ñòü (êî-
ëîðèìåòð ÊÔÊ-2, êâàðöîâà êþâåòà ç äîâæèíîþ
îïòè÷íîãî øëÿõó 10 ìì, äîâæèíà õâèë³ 540 íì,
ðîç÷èí ïîð³âíÿííÿ 0,1 Ì ÊÎÍ). Êîíöåíòðàö³þ
ÃÊ-Ê âèçíà÷àëè çà ãðàäóþâàëüíèì ãðàô³êîì,
ÿêèé ïîáóäîâàíî çà ðåçóëüòàòàìè âèì³ðþâàíü îï-
òè÷íî¿ ù³ëüíîñò³ ðîç÷èí³â ÃÊ-Ê, âèä³ëåíèõ ç âè-
õ³äíîãî âóã³ëëÿ. Âì³ñò ÃÊ-Ê äîð³âíþº ¿õ âèõîäó
YÃÊ-Ê (%); âèõ³ä ÃÊ-Ê ç âèõ³äíîãî áóðîãî âóã³ëëÿ
– 30%.

Çðàçêè ÃÊ-Ê äëÿ ñòðóêòóðíèõ äîñë³äæåíü
îäåðæóâàëè îêðåìî íàñòóïíèì ÷èíîì. Âåðòè-
êàëüíèé òðóá÷àñòèé ðåàêòîð íàãð³âàëè äî çàäà-
íî¿ òåìïåðàòóðè (150–4000Ñ), ïîò³ì çðàçîê (10 ã)
ñïîëóêè ÁÂ-ÊÎÍ(10) øâèäêî ââîäèëè â íàãð³òó
çîíó, ÷åðåç ïåâíèé ÷àñ âèñèïàëè ç ðåàêòîðà,
îõîëîäæóâàëè, çì³øóâàëè ç âîäîþ (200 ñì3), âèò-
ðèìóâàëè äîáó, â³äáèðàëè 100 ñì3 ðîç÷èíó, âè-
ïàðþâàëè âîäíó ôàçó ³ ñóøèëè ïðîäóêò ïðè 110–
1200Ñ äî ïîñò³éíî¿ âàãè. Çðàçêè ïîçíà÷åí³ ÿê
ÃÊ-Ê(t), äå t – òåìïåðàòóðà îäåðæàííÿ ãóì³ò³â
êàë³þ. Â³äïîâ³äí³ ãóìàòàì êàë³þ ãóì³íîâ³ êèñëî-
òè (ÃÊ) âèä³ëÿëè îáðîáëåííÿì ðîç÷èíó ÃÊ-Ê
ñîëÿíîþ êèñëîòîþ, ô³ëüòðóâàííÿì, â³äìèâàííÿì
â³ä ÊÑl âîäîþ äî íåãàòèâíî¿ ðåàêö³¿ íà Ñl-³îíè
(ïî AgNO3) ³ ñóø³ííÿì (110–1200Ñ).

Åëåìåíòíèé àíàë³ç âèêîíàíî çà äîïîìîãîþ
ïðèëàäó Carlo Erba 1106. Ìîëåêóëÿðíó ñòðóêòó-
ðó ÃÊ âèâ÷àëè àíàë³çóþ÷è ²×-ñïåêòðè, ÿê³ îò-
ðèìàíî äëÿ òàáëåòîê ñóì³ø³ çðàçêà (0,5%) òà KBr
(99,5%) íà ïðèëàä³ ThermoNicolet IR 300 ñêëà-
äàííÿì 256 ñêàí³â â ä³àïàçîí³ 4000–400 ñì–1 ç
ðîçä³ëüíîþ çäàòí³ñòþ 2 ñì–1. Ñïåêòðè ÅÏÐ ðå-
ºñòðóâàëè ðàä³îñïåêòðîìåòðîì Radiopan SE/X 2544
â X-ä³àïàçîí³ (=3 ñì) ïðè ê³ìíàòí³é òåìïåðà-
òóð³. Ïàðàìåòðè ñïåêòð³â âèçíà÷àëè ïîð³âíÿí-
íÿì ç äèôåí³ëï³êð³ëã³äðàç³ëîì. Åòàëîí êîíöåí-
òðàö³¿ ñï³í³â – ³îíè Mn2+ â ðåø³òö³ MgO; ðîçðà-
õóíîê êîíöåíòðàö³¿ íåñïàðåíèõ åëåêòðîí³â [å–]
âèêîíóâàëè çà ìåòîäîì [9].

Ðåçóëüòàòè òà îáãîâîðåííÿ

Â óìîâàõ ³çîòåðì³÷íîãî íàãð³âàííÿ âèõ³ä
ÃÊ-Ê çì³íþºòüñÿ ó ÷àñ³ (ðèñ. 1). Ïðè 1500Ñ ñïî-
ñòåð³ãàºòüñÿ ìîíîòîííå çðîñòàííÿ âèõîäó ÃÊ-Ê
(ðèñ. 1, êðèâà 1). Çà ³íøèõ óìîâ çàô³êñîâàíî
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åêñòðåìàëüí³ ê³íåòè÷í³ êðèâ³ ç ìàêñèìóìàìè, ÷àñ
äîñÿãíåííÿ ÿêèõ çìåíøóºòüñÿ ïðè ï³äâèùåíí³
òåìïåðàòóðè.

Îòðèìàí³ â ³íòåðâàë³ 250–4000Ñ ê³íåòè÷í³
çàëåæíîñò³ ïîêàçóþòü ä³ëÿíêè íàêîïè÷åííÿ
ÃÊ-Ê ³ óáóòêó ¿õ âèõîäó, ùî òèïîâî äëÿ ïîñë³äîâ-
íèõ ðåàêö³é, â ÿêèõ ãóìàòè êàë³þ º ³íòåðìåä³-
àòàìè. Â óìîâàõ òåðìîë³çó ïðè t3000Ñ ïðîäóê-
òè ÃÊ-Ê íàêîïè÷óþòüñÿ â êîðîòêèé ïî÷àòêî-
âèé (10 õâ) ïåð³îä, ï³ñëÿ ÷îãî ¿õ âèõ³ä åêñïî-
íåíö³éíî çíèæóºòüñÿ äî çíà÷åíü, ìåíøèõ í³æ ó
âèõ³äíîãî âóã³ëëÿ. Ìîæíà ïðèïóñòèòè, ùî ç³
çá³ëüøåííÿì ÷àñó âåëè÷èíà YÃÊ-Ê áóäå íàáëèæà-
òèñÿ äî íóëÿ, ÿê öå åêñïåðèìåíòàëüíî âñòàíîâ-
ëåíî äëÿ òåðìîë³çó ïðè 4000Ñ (ðèñ. 1, êðèâà 5).

Ïî÷àòêîâà øâèäê³ñòü (ÃÊ-Ê) óòâîðåííÿ ãó-
ìàò³â êàë³þ ïðè òåðìîë³ç³ ñïîëóêè ÁÂ-ÊÎÍ(18)
ç³ çðîñòàííÿì òåìïåðàòóðè çá³ëüøóºòüñÿ åêñïî-
íåíö³éíî (òàáë. 1). Äëÿ ïîð³âíÿííÿ íàâåäåíî
äàí³, ÿê³ îòðèìàíî ðàí³øå [6] äëÿ ñèñòåìè
ÁÂ-ÊÎÍ(10).

Òàáëèöÿ 1

Ïî÷àòêîâà øâèäê³ñòü óòâîðåííÿ ãóìàò³â êàë³þ (ÃÊ-Ê)
ïðè òåðìîë³ç³ áóðîãî âóã³ëëÿ, ÿêå ³ìïðåãíîâàíå ÊÎÍ

Òåìïåðàòóðí³ çàëåæíîñò³ ïî÷àòêîâèõ øâèä-
êîñòåé óòâîðåííÿ ÃÊ-Ê ï³äïîðÿäêîâóþòüñÿ
ð³âíÿííþ Àððåí³óñà (ðèñ. 3). Äëÿ ñïîëóê
ÁÂ-ÊÎÍ(18) åôåêòèâíà åíåðã³ÿ àêòèâàö³¿ ñòà-
íîâèòü Ååô=41,7 êÄæ/ìîëü (R2=0,986); äëÿ
ÁÂ-ÊÎÍ(10) – Ååô=45,3 êÄæ/ìîëü (R2=0,994)
[6].

Ç óðàõóâàííÿì ïîìèëîê âèì³ð³â ïî÷àòêî-
âî¿ øâèäêîñò³ óòâîðåííÿ ãóìàò³â êàë³þ ìîæíà
ââàæàòè îòðèìàí³ çíà÷åííÿ îäíàêîâèìè ³ áëèçü-
êèìè äî âåëè÷èí Ååô äëÿ ëóæíîãî ãåòåðîë³çó
îðãàí³÷íèõ åñòåð³â. Â ö³ëîìó, ñïîëóêè ÁÂ-ÊÎÍ
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Ðèñ. 1. Ê³íåòèêà çì³í âèõîäó ãóìàò³â êàë³þ â óìîâàõ

òåðìîë³çó ñïîëóê «ÁÂ-ÊÎÍ(18 ììîëü/ã)» ïðè ð³çíèõ

òåìïåðàòóðàõ: 1 – 1500Ñ; 2 – 2500Ñ; 3 – 3000Ñ; 4 – 3500Ñ;

5 – 4000Ñ

БВ-КОН(18) БВ-КОН(10) 

t, 0C ГК-К, мг/г·с t, 0C ГК-К, мг/г·с 

  110 0,022 

150 0,115 170 0,185 

200 0,33 220 0,45 

250 1,17 250 1,00 

300 3,18 300 2,72 

350 5,50 330 5,10 

400 7,50 400 8,83 

 

Ðèñ. 2. Çàëåæíîñò³, ïîáóäîâàí³ â êîîðäèíàòàõ ð³âíÿííÿ

Àððåí³óñà, äëÿ óòâîðåííÿ ãóìàò³â êàë³þ ïðè òåðìîë³ç³

âóã³ëüíèõ ñïîëóê: 1 – ÁÂ-ÊÎÍ(18), 2 – ÁÂ-ÊÎÍ(10)
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Ðèñ. 3. Ê³íåòèêà çì³í âèõîäó ãóìàò³â êàë³þ ïðè òåðìîë³ç³

(2500Ñ) ÁÂ ³ ñïîëóê ÁÂ-ÊÎÍ ïðè ð³çíèõ ñï³ââ³äíîøåííÿõ

ÊÎÍ/âóã³ëëÿ: 1 – ÁÂ, 2 – ÁÂ-ÊÎÍ(2), 3 – ÁÂ-ÊÎÍ(4),

4 – ÁÂ-ÊÎÍ(8), 5 – ÁÂ-ÊÎÍ(18)
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äëÿ ðåàêö³é ³íäèâ³äóàëüíèõ àðîìàòè÷íèõ ñïîëóê,
íàïðèêëàä, äëÿ êîíäåíñàö³¿ áåíçàíòðîíó â â³-
îëàíòðîí (220–2500C) [10] àáî íàôòàë³ì³äó â ä³àí-
ã³äðèä ïåðèëåíòåòðàêàðáîíîâî¿ êèñëîòè (170–
2250C) [11]. Çâ³äñè âèõîäèòü, ùî ñòðóêòóðíà
ôðàãìåíòàö³ÿ âóã³ëüíîãî êàðêàñó äî ãóìàò³â âèê-
ëèêàíà âèêëþ÷íî ä³ºþ ã³äðîêñèäó ëóæíîãî ìå-
òàëó, íà êîðèñòü ÷îãî òàêîæ ñâ³ä÷àòü íàñòóïí³
ðåçóëüòàòè. Ïðè çá³ëüøåíí³ ñï³ââ³äíîøåííÿ RÊÎÍ

â ñïîëóêàõ ÁÂ-ÊÎÍ ðåàêö³¿ ôðàãìåíòàö³¿ ñòà-
þòü á³ëüø ïîì³òíèìè. Ïðè òåìïåðàòóðàõ 2500Ñ
³ 3000Ñ ïî÷àòêîâ³ øâèäêîñò³ ÃÊ-Ê çðîñòàþòü ïðè
RÊÎÍ18 ììîëü/ã (ðèñ. 4).

Ï³äêðåñëèìî âàæëèâó îáñòàâèíó. Ïðè íà-
ãð³âàíí³ âèõ³äíîãî âóã³ëëÿ àáî ñïîëóê ç íåâåëè-
êèì âì³ñòîì ëóãó ñïîñòåð³ãàºòüñÿ çíèæåííÿ âè-
õîäó ãóìàò³â êàë³þ (ðèñ. 3), ùî ïðèçâîäèòü äî
â³ä’ºìíèõ ïîêàçíèê³â øâèäêîñò³ ÃÊ-Ê (ðèñ. 4).
Ïðè òåðìîë³ç³ ñïîëóê ÁÂ-ÊÎÍ ç RÊÎÍ6 ììîëü/ã
ðåºñòðóþòüñÿ ïîçèòèâí³ çíà÷åííÿ ÃÊ-Ê. Òî÷êà
äîñÿãíåííÿ ïåðåòèíó íóëüîâî¿ ë³í³¿
(RÊÎÍ6 ììîëü/ã) îäíàêîâà äëÿ òåðìîë³çó ïðè
îáîõ òåìïåðàòóðàõ ³ áëèçüêà äî âì³ñòó ÎÍ-êèñ-
ëîòíèõ ãðóï â ÁÂ (5,9 ììîëü/ã). Òóò òàêîæ ñïî-
ñòåð³ãàºòüñÿ ³ çëàì íà îòðèìàí³é ðàí³øå [8] çà-
ëåæíîñò³ øâèäêîñò³ âèä³ëåííÿ ëåòêèõ îðãàí³-
÷íèõ ïðîäóêò³â ËÎÏ â³ä ñï³ââ³äíîøåííÿ RÊÎÍ

(ðèñ. 4, êðèâà 3). Îñê³ëüêè ïðè óòâîðåíí³ ñïî-
ëóê ÁÂ-ÊÎÍ ïðè RÊÎÍ6 ììîëü/ã ëóã âèòðà÷àºòü-
ñÿ â ³îíîîáì³ííèõ ðåàêö³ÿõ ç ôåíîëüíèìè ³ êàð-
áîêñèëüíèìè ãðóïàìè âóã³ëëÿ, ìîæíà ââàæàòè,
ùî ³îíè Ê+ íå áåðóòü ó÷àñò³ â óòâîðåíí³ ÃÊ-Ê â
ïî÷àòêîâ³é ñòàä³¿ òåðìîë³çó. Çà ì³ðîþ çàì³ùåí-
íÿ ïðîòîí³â ÎÍ-êèñëîòíèõ ãðóï ³îíàìè Ê+ (ç³
çðîñòàííÿì ñï³ââ³äíîøåííÿ RÊÎÍ) ë³í³éíî çíè-
æóºòüñÿ ³ øâèäê³ñòü âèä³ëåííÿ ËÎÏ. Ïðè òåð-
ìîë³ç³ ñïîëóê ÁÂ-ÊÎÍ, îäåðæàíèõ ïðè
RÊÎÍ6 ììîëü/ã, ñïîñòåð³ãàºòüñÿ ³íøà êàðòèíà,
ÿêà îáóìîâëåíà ïðèñóòí³ñòþ ó âóã³ëüíîìó êàð-
êàñ³ â³ëüíîãî ëóãó. Ç³ çðîñòàííÿì RÊÎÍ çðîñòà-
þòü øâèäêîñò³ óòâîðåííÿ ËÎÏ ³ ãóìàò³â êàë³þ
âíàñë³äîê çá³ëüøåííÿ âêëàäó òåðìî³í³ö³éîâàíèõ
ðåàêö³é ëóæíîãî ãåòåðîë³çó Ñ–Î ³ ïîëÿðèçîâà-
íèõ Ñ–Ñ çâ’ÿçê³â âóã³ëëÿ (ðèñ. 4).

Óòâîðåííÿ ãóìàò³â ïðè òåðìîë³ç³ ñïîëóê ÁÂ-
ÌÎÍ(10) òàêîæ çàëåæèòü â³ä ïðèðîäè êàò³îíà.
Â îäíàêîâèõ óìîâàõ àêòèâí³ñòü ÌÎÍ ³, ÿê íà-
ñë³äîê, ïî÷àòêîâà øâèäê³ñòü ÃÊ-Ê çðîñòàº â ðÿäó
ã³äðîêñèä³â â³ä LiOH äî CsOH. Çíà÷åííÿ ÃÊ-Ê

ë³í³éíî çá³ëüøóºòüñÿ ïðè çðîñòàíí³ ïîëÿðèçî-
âàíîñò³ (Ð, íì3) êàò³îí³â (ðèñ. 5), ùî â³äïîâ³äàº
ð³âíÿííÿì ÃÊ-Ê=63,8Ð+0,926 (R2=0,961) äëÿ òåð-
ìîë³çó ïðè 2500C òà ÃÊ-Ê=139Ð+2,801 (R2=0,954)
äëÿ òåìïåðàòóðè 3000C. Òàêèé æå ðÿä àêòèâíîñò³

Ðèñ. 4. Çàëåæí³ñòü ïî÷àòêîâî¿ øâèäêîñò³ óòâîðåííÿ ãóìàò³â

êàë³þ (1, 2) ³ ëåòêèõ îðãàí³÷íèõ ïðîäóêò³â (3) â³ä

ñï³ââ³äíîøåííÿ ÊÎÍ/âóã³ëëÿ â óìîâàõ òåðìîë³çó ïðè

2500Ñ (1) òà 3000Ñ (2, 3)

ïîâîäÿòüñÿ çà ï³äâèùåíèõ òåìïåðàòóð ÿê ïñåâ-
äîãîìîãåíí³ ñèñòåìè, ùî º íàñë³äêîì ñòàòèñòè-
÷íî ð³âíîì³ðíîãî ðîçïîä³ëó ìîëåêóë ÊÎÍ ³ ³îí³â
Ê+ ³ ÎÍ– ïðè óòâîðåíí³ ñïîëóê ÁÂ-ÊÎÍ â óìî-
âàõ ëóæíîãî ³ìïðåãíóâàííÿ.

Ñï³ââ³äíîøåííÿ RKOH â ñïîëóêàõ ÁÂ-ÊÎÍ
êàðäèíàëüíî âïëèâàº íà óòâîðåííÿ ÃÊ-Ê, ùî
³ëþñòðóþòü äàí³, îòðèìàí³ â óìîâàõ ³çîòåðì³-
÷íîãî íàãð³âàííÿ ïðè 2500Ñ (ðèñ. 3). Çà â³äñóò-
íîñò³ ëóãó âèõ³ä ÃÊ-Ê åêñïîíåíö³éíî çíèæóºòü-
ñÿ, ùî ïåðåäàºòüñÿ êðèâîþ 1 íà ðèñ. 3. Öå â³äáó-
âàºòüñÿ çà ðàõóíîê òåðì³÷íîãî ðóéíóâàííÿ ôóí-
êö³îíàëüíèõ ãðóï (â ïåðøó ÷åðãó, êàðáîêñèëü-
íèõ), ÿê³ çàáåçïå÷óþòü ðîç÷èíí³ñòü ÃÊ ó âîäíî-
ëóæíèõ ñåðåäîâèùàõ. Ñõîæà êàðòèíà ñïîñòåð³-
ãàºòüñÿ äëÿ ñïîëóê ÁÂ-ÊÎÍ(2), àëå çíèæåííÿ
âèõîäó ÃÊ-Ê ìåíø ³íòåíñèâíå. Ïðè òåðìîë³ç³
ÁÂ-ÊÎÍ(4) âèõ³ä ìàéæå íå çì³íþºòüñÿ, òîáòî â
öèõ óìîâàõ øâèäêîñò³ óòâîðåííÿ ³ ðîçïàäó
ÃÊ-Ê ïðàêòè÷íî îäíàêîâ³.

Ïðè íàãð³âàíí³ çðàçê³â ç RÊÎÍ8 ììîëü/ã
ëóã ïîì³òíî ïðîìîòóº óòâîðåííÿ ÃÊ-Ê, îñîáëè-
âî â ïî÷àòêîâèé ïåð³îä òåðìîë³çó. Íà ê³íåòè÷-
íèõ êðèâèõ ñïîñòåð³ãàþòüñÿ ìàêñèìóìè âèõîäó
ÃÊ-Ê ïðè ÷àñ³ ~120 õâ (ïðè RÊÎÍ=8 ììîëü/ã),
~60 õâ (ïðè RÊÎÍ=10 ììîëü/ã, íà ðèñóíêó íå íà-
âåäåíî), ~30 õâ (ïðè RÊÎÍ=18 ììîëü/ã). Äëÿ çðàç-
êà ÁÂ-ÊÎÍ(18) âèõ³ä ÃÊ-Ê ï³ñëÿ ìàêñèìóìó
çíèæóºòüñÿ íàáàãàòî øâèäøå, í³æ ìîæíà áóëî
î÷³êóâàòè âèõîäÿ÷è ç òåðì³÷íî¿ íåñòàá³ëüíîñò³
ãóì³íîâèõ êèñëîò çà â³äñóòíîñò³ ëóãó (ðèñ. 3,
êðèâà 1). Ìîæíà ââàæàòè, ùî öåé åôåêò îáó-
ìîâëåíî êîíäåíñàö³éíîþ ä³ºþ ÊÎÍ, ùî â³äîìî
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ÌÎÍ âñòàíîâëåíî ³ äëÿ ðåàêö³é ðîçùåïëåííÿ
Ñ–Î–Ñ çâ’ÿçê³â ãåòåðîöèêë³÷íèõ ñïîëóê â ðîç-
ïëàâàõ ëóã³â ïðè òåìïåðàòóðàõ äî 4000Ñ [12].

Âèâ÷åíî âëàñòèâîñò³ ãóì³íîâèõ êèñëîò (ÃÊ),
ÿê³ îäåðæàíî ïðè íàãð³âàíí³ ñïîëóêè
ÁÂ-ÊÎÍ(10) (òàáë. 2). Ñï³ââ³äíîøåííÿ RÊÎÍ=
=10 ììîëü/ã îáðàíî òàêèì, ùîá ï³ñëÿ íàãð³âàí-
íÿ ó çðàçêàõ áóâ â³äñóòí³é â³ëüíèé ëóã. Óìîâè
òåðìîë³çó îáðàíî òàêèì ÷èíîì, ùîá çàáåçïå÷è-
òè ìàêñèìàëüíèé âèõ³ä ÃÊ ïðè êîæí³é òåìïå-

ðàòóð³ (ðèñ. 1).
Íåçâàæàþ÷è íà òå, ùî óìîâè ïðîöåñó ³ âè-

õîäè ÃÊ ñèëüíî â³äð³çíÿþòüñÿ, ¿õ åëåìåíòíèé
ñêëàä âàð³þºòüñÿ ó âóçüêèõ ìåæàõ ³ áëèçüêèé äî
âì³ñòó îñíîâíèõ åëåìåíò³â ó ÃÊ, âèä³ëåíèõ ç
âèõ³äíîãî ÁÂ. Âì³ñò ôåíîëüíèõ ãðóï âèùå ³ ç³
çðîñòàííÿì òåìïåðàòóðè çá³ëüøóºòüñÿ, ùî
ï³äòâåðäæóº ëóæíèé ãåòåðîë³ç Ñ–Î ³ Ñ–Ñ
çâ’ÿçê³â âóã³ëëÿ. Âì³ñò êàðáîêñèëüíèõ ãðóï
ìàéæå íå çì³íþºòüñÿ ç òåìïåðàòóðîþ.

Ç îãëÿäó íà òå, ùî ÑÎÎÍ º òåðìîëàá³ëüíè-
ìè ³ äåêàðáîêñèëþþòüñÿ â ³íòåðâàë³ òåìïåðàòóð
250–4000Ñ, ñë³ä ïðèéíÿòè ³ñíóâàííÿ ìàðøðóòó
¿õ óòâîðåííÿ, ÿêèé êîìïåíñóº ¿õ òåðìîäåñòðóêö³þ.
Öå ìîæå áóòè ãåòåðîë³ç åòåð³â Ar–C(O)–R+
+KOHAr–COOK+HO–R àáî ðîçùåïëåííÿ
õ³íî¿äíèõ öèêë³â, íàïðèêëàä, ïðè óòâîðåíí³ áåí-
çîàòó íàòð³þ ïðè ñïëàâëåíí³ ç NaOH [10] (Ñõå-
ìà).

Â çðàçêàõ ÃÊ, îäåðæàíèõ ëóæíèì òåðìîëè-
çîì, ³ñòîòíî ï³äâèùóºòüñÿ (â 4,7–7,2 ðàçè) êîí-
öåíòðàö³ÿ â³ëüíîðàäèêàëüíèõ ñòðóêòóðíèõ
ôðàãìåíò³â, õî÷à ³íø³ ïàðàìàãí³òí³ õàðàêòåðè-
ñòèêè (Í ³ g-ôàêòîð) çì³íþþòüñÿ íåñóòòºâî.

Çà äàíèìè ²×-ñïåêòðîñêîï³¿ ó âñ³õ çðàçêàõ
ÃÊ ïðèñóòí³ Ñalk–Í ôðàãìåíòè, ñóäÿ÷è ç íàÿâ-
íîñò³ ³íòåíñèâíèõ ñìóã ïîãëèíàííÿ êîëèâàíü
ìåòèëüíèõ (as=2960 ñì–1, sym=2860 ñì–1) ³ ìå-
òèëåíîâèõ ãðóï (as=2922 ñì–1, sym=2850 ñì–1).
Äîì³íóþ÷èìè àëê³ëüíèìè ôðàãìåíòàìè â ÃÊ º
–ÑÍ2-ãðóïè, à âì³ñò ÑÍ3-ãðóï ìàëèé: ³íòåí-

Ðèñ. 5. Ïî÷àòêîâ³ øâèäêîñò³ óòâîðåííÿ ãóìàò³â ëóæíèõ

ìåòàë³â â óìîâàõ òåðìîë³çó ñïîëóê ÁÂ-ÌÎÍ(10) ïðè

òåìïåðàòóðàõ 2500Ñ (1) ³ 3000Ñ (2)

ГК, які одержано в умовах термолізу 
Параметр ГК з БВ 

250
0
С (30 хв) 300

0
С (10 хв) 350

0
С (5 хв) 400

0
С (5 хв) 

Вихід, % 30,0 61,9 57,3 77,2 91,3 

C
daf

, % 68,1 67,3 67,0 65,5 65,8 

Hdaf, % 6,3 6,3 6,3 6,9 6,8 

Ndaf, % 3,7 3,8 3,5 3,4 3,5 

Sdaf+Odaf, % 21,9 22,0 23,2 24,2 23,9 

[OH], ммоль/г 4,8 5,2 5,5 6,3 6,6 

[СОOH], ммоль/г 1,9 2,0 2,0 1,8 1,7 

[e–]10–19, спін/г 0,23 1,12 1,53 1,09 1,66 

Н, Гс 6,4 6,0 6,0 6,1 5,8 

g-фактор 2,0036 2,0036 2,0038 2,0034 2,0031 

 

Òàáëèöÿ 2

Õàðàêòåðèñòèêè ãóì³íîâèõ êèñëîò (ÃÊ), îäåðæàíèõ òåðìîë³çîì ñïîëóê ÁÂ-ÊÎÍ(10)

C

C

O

O

+ 2NaOH

C ONa

O

C

O

NaO

+

Ñõåìà

       Ïîëÿðèçîâàí³ñòü êàò³îíó Ð103, íì3
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ñèâí³ñòü ¿õ ïîãëèíàííÿ (as=2960 ñì–1) íèçüêà ³
â³äïîâ³äíà ñìóãà ïðîÿâëÿºòüñÿ ëèøå ÿê ïëå÷å.
Òàêîæ ³äåíòèô³êóþòüñÿ ñìóãè ïîãëèíàííÿ ïî-
çàïëîùèííèõ äåôîðìàö³éíèõ êîëèâàíü Ñar–H
çâ’ÿçê³â, ùî ñâ³ä÷àòü ïðî ïðèñóòí³ñòü â ïîë³àðå-
íàõ äâîõ (825 ñì–1) ³ òðüîõ (780 ñì–1) ñóñ³äí³õ
Í-àòîì³â.

Ïîãëèíàííÿ âàëåíòíèõ êîëèâàíü Ñar–H
çâ’ÿçê³â (3030 ñì–1) íå âèÿâëÿþòüñÿ íà òë³ øè-
ðîêî¿ ñìóãè ç ìàêñèìóìîì ïðè ~3400 ñì–1. Ñïî-
ñòåð³ãàºòüñÿ ïîãëèíàííÿ â ä³àïàçîí³ ñêåëåòíèõ
êîëèâàíü Ñar–Ñar ïðè ~1600 ñì–1 (äå òàêîæ ïðè-
ñóòí³é âíåñîê ïîãëèíàííÿ âîäè) ³ 1450–1500 ñì–1,
íà ÿêå íàêëàäàºòüñÿ ïîãëèíàííÿ äåôîðìàö³éíèõ
êîëèâàíü Ñalk–Í çâ’ÿçê³â. Çà ñìóãó ïðè ~1700 ñì–1

â³äïîâ³äàþòü Ñ=Î çâ’ÿçêè êàðáîêñèëüíèõ ³ åñ-
òåðíèõ ãðóï. Â ²×-ñïåêòðàõ ÃÊ ïðèñóòíº ñèëüíå
ïîãëèíàííÿ â ³íòðåâàë³ õâèëüîâèõ ÷èñåë 1500–
500 ñì–1, àëå íàÿâí³ñòü â í³é âåëèêî¿ ê³ëüêîñò³
ñìóã, ùî íàêëàäàþòüñÿ, íå äîçâîëÿþòü çðîáèòè
îäíîçíà÷í³ â³äíåñåííÿ. Çðàçêè ÃÊ, ÿê³ îäåðæà-
íî ïðè ð³çíèõ òåìïåðàòóðàõ, ìàþòü äóæå ñõîæ³
²×-ñïåêòðè ³ òàêèì ÷èíîì ìîæíà ïðèïóñòèòè,
ùî îäåðæàí³ ïðè ð³çíèõ òåìïåðàòóðàõ ÃÊ ìàþòü
ïðèáëèçíî îäíàêîâ³ ñòðóêòóðí³ ðèñè.

Î÷åâèäíî, ùî óòâîðåííÿ ãóìàò³â ëóæíîãî
ìåòàëó (àæ äî ê³ëüê³ñíîãî ïåðåõîäó âóã³ëëÿ â ãó-
ìàòè ïðè 4000Ñ) çàáåçïå÷óºòüñÿ ðîçùåïëåííÿì
Ñ–Î ³ Ñ–Ñ çâ’ÿçê³â áóðîâóã³ëüíîãî êàðêàñà. Ãó-
ì³íîâ³ êèñëîòè, ÿê³ óòâîðþþòüñÿ â ïî÷àòêîâ³é
ñòàä³¿ ëóæíîãî òåðìîë³çó, äîñèòü áëèçüê³ çà ñòðóê-
òóðîþ òà âëàñòèâîñòÿìè. Öå îçíà÷àº, ùî â ïî-
÷àòêîâ³é ñòàä³¿ ðîçêîëþâàííÿ âóã³ëüíîãî êàðêà-
ñà â³äáóâàºòüñÿ íà ïðèáëèçíî îäíàêîâ³ ñòðóê-
òóðí³ ôðàãìåíòè, à ïðîöåñè òåðìîäåñòðóêö³¿ ³
êîíäåíñàö³¿ âèçíà÷àþòü ïåðåòâîðåííÿ ÃÊ-Ê íà
íàñòóïíèõ åòàïàõ ïðîöåñó. Âñå öå ñòâîðþº ñêëàä-
íó êàðòèíó ðåàêö³éíèõ ìàðøðóò³â, àëå ïî÷àòêî-
âèìè ïåðåòâîðåííÿìè ñïîëóê ÁÂ-ÌÎÍ ïðè
ï³äâèùåíèõ òåìïåðàòóðàõ êåðóº ãåòåðîë³òè÷íà
ñòðóêòóðíà ôðàãìåíòàö³ÿ. Çíèæåííÿ âèõîäó
ÃÊ-Ê ï³ñëÿ ìàêñèìóì³â íà ê³íåòè÷íèõ êðèâèõ
îáóìîâëåíî êîíêóðåíòíèì ïðîò³êàííÿì âòîðèí-
íèõ ðåàêö³é, ùî âêëþ÷àþòü ïîë³ìåðèçàö³þ,
ïîë³êîíäåíñàö³þ ³ â³äùåïëåííÿ îêñèãåííèõ ôóí-
êö³îíàëüíèõ ãðóï. Ñóìàðíèé ï³äñóìîê òàêèõ ðå-
àêö³é – óòâîðåííÿ íîâîãî ìàêðîìîëåêóëÿðíîãî
êàðêàñà. Ç ï³äâèùåííÿì òåìïåðàòóðè ôîðìóâàí-
íÿ âòîðèííîãî êàðêàñà ïðèñêîðþºòüñÿ, àëå
øâèäê³ñòü ôðàãìåíòàö³¿ çðîñòàº øâèäøå, ùî
çàáåçïå÷óº ïðàêòè÷íî ê³ëüê³ñíèé âèõ³ä ÃÊ-Ê
(95%) çà 5 õâ ïðè 4000Ñ. Ïðè ëóæí³é àêòèâàö³¿
(800±1000Ñ) øâèäêó ñòàä³þ ôðàãìåíòàö³¿ çàô³ê-
ñóâàòè íå âäàëîñÿ, àëå ìîæíà ïîñòóëþâàòè, ùî ³

â öèõ óìîâàõ âòîðèííèé êàðêàñ ôîðìóºòüñÿ ç
áåçë³÷³ ³ìïóëüñíî óòâîðåíèõ «óëàìê³â» âèõ³äíî¿
áóðîâóã³ëüíî¿ ïðîñòîðîâî¿ ðåø³òêè.

Âèñíîâêè

1. Â óìîâàõ ³çîòåðì³÷íîãî íàãð³âàííÿ (250–
4000Ñ) áóðîãî âóã³ëëÿ ç ÊÎÍ (ïðè ñï³ââ³äíîøåíí³
ëóã/âóã³ëëÿ RÊÎÍ=18 ììîëü/ã) óòâîðþþòüñÿ ãó-
ìàòè êàë³þ. Ê³íåòè÷í³ çàëåæíîñò³ ïîêàçóþòü
ïî÷àòêîâ³ ä³ëÿíêè íàêîïè÷åííÿ ÃÊ-Ê ³ ïîäàëü-
øîãî çíèæåííÿ ¿õ âèõîäó, ùî òèïîâî äëÿ ïî-
ñë³äîâíèõ ðåàêö³é ç ÃÊ-Ê â ÿêîñò³ ³íòåðìåä³-
àò³â.

2. Ïî÷àòêîâà øâèäê³ñòü óòâîðåííÿ ÃÊ-Ê ç³
çðîñòàííÿì òåìïåðàòóðè çá³ëüøóºòüñÿ åêñïîíåí-
ö³àëüíî ³ ï³äïîðÿäêîâóºòüñÿ ð³âíÿííþ Àððåí³ó-
ñà ç åôåêòèâíîþ åíåðã³ºþ àêòèâàö³¿ Ååô=
=41,7 êÄæ/ìîëü (R2=0,986). Ïðè çíèæåíí³ RÊÎÍ

âåëè÷èíà ÃÊ-Ê çìåíøóºòüñÿ äî â³ä’ºìíèõ çíà-
÷åíü (ïðè RÊÎÍ6 ììîëü/ã), ùî ñâ³ä÷èòü ïðî òåð-
ìîäåñòðóêö³þ ÃÊ-Ê.

3. Óòâîðåííÿ ãóìàò³â çàëåæèòü â³ä ïðèðîäè
ëóãó: ïî÷àòêîâà øâèäê³ñòü ë³í³éíî çðîñòàº â ðÿäó
ëóã³â LiOH<NaOH<KOH<RbOH<CsOH ç³
çá³ëüøåííÿì ïîëÿðèçîâàíîñò³ êàò³îí³â
(R2=0,954–0,961).

4. Çà äàíèìè åëåìåíòíîãî àíàë³çó, ÅÏÐ òà
²×-ñïåêòðîñêîï³¿, ãóì³íîâ³ êèñëîòè, ÿê³ îòðèìàíî
â ³íòåðâàë³ 250–4000Ñ, ìàþòü ïðèáëèçíî îäíà-
êîâ³ ñòðóêòóðè, àëå ï³äâèùåíèé âì³ñò ôåíîëü-
íèõ ãðóï (â 1,1–1,4 ðàçè) ³ êîíöåíòðàö³þ â³ëüíèõ
ðàäèêàë³â (â 4,7–7,2 ðàçè) ïîð³âíÿíî ç ãóì³íî-
âèìè êèñëîòàìè âèõ³äíîãî âóã³ëëÿ.
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FORMATION OF POTASSIUM HUMATES DURING
ALKALINE ACTIVATION OF BROWN COAL

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

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

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

The aim of the work was to determine the features of structural
fragmentation of brown coal (BC) into humates via alkaline activation
with a medium-temperature (150–4000C) heat shock. The compounds
BC-MOH (where M=Li, Na, K, Rb, and Cs) were prepared by
impregnation at the MOH/coal ratios RÌOH=2–18 mmol g–1; these
compound being designated as BC-MOH(RMOH). The thermolysis
included rapid introduction of BÑ-MOÍ into the preheated reactor,
isothermal exposure and cooling. The kinetic data on the humates
yield were obtained. The properties of humates and humic acids
were studied by elemental analysis, IR and EPR spectroscopies. It
was established that potassium humates (HK-K) were formed in the
course of BC-KOH thermolysis. The kinetic data testify to the initial
HA-K accumulations and their subsequent destruction that is typical
of sequential reactions. The initial rates (HA-K) of the HA-K formation
obey the Arrhenius equation with the effective activation energy of
41.7 kJ mol–1 (R2=0.986). An increase in RKOH results in an increase
of HA-K from negative values to positive ones. Zero valu of HA-K is
achieved at RKOH=6 mmol g–1 which close to the content of OH-acid
groups (5.9 mmol g–1), i.e. K+ ions does not contribute to the
fragmentation. At 250–3000C, the values of HK-K grow linearly
(R2=0.954–0.961) with increasing polarizability of the cation. The
fabricated humic acids possess approximately the same structures
that resemble native humic acids, but have elevated contents of ÎÍ-

groups and radicals (by 1.1–1.4 times and 4.7–7.2 times,
respectively). The humates formation is due to the heterolysis of
C–O and C–C bonds of the coal. The fragmentation splits the coal
into approximately identical structural fragments. Subsequent
thermodestructive and condensation reactions with HA-K result in
the formation of a new carbon macromolecular framework, which is
a precursor of nanoporous materials.

Keywords: brown coal; alkali impregnation; heat shock
thermolysis; humate; formation.
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