
47

Adsorbents of 4-chlorophenol from long-flame coal activated by potassium hydroxide

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2024, No. 2, pp. 47-54

© Â.Î. Êó÷åðåíêî, Þ.Â. Òàìàðê³íà, À.Â. Ðåäüêî, Â.Î. Ñàáºðîâà, 2024

                          This article is an open access article distributed under the terms and conditions of the Creative
                           Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).

ÓÄÊ 552.576.1:661.183.03:554.723.2

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

ÀÄÑÎÐÁÅÍÒÈ 4-ÕËÎÐÔÅÍÎËÓ Ç ÄÎÂÃÎÏÎËÓÌÅÍÅÂÎÃÎ ÂÓÃ²ËËß,
ÀÊÒÈÂÎÂÀÍÎÃÎ Ã²ÄÐÎÊÑÈÄÎÌ ÊÀË²Þ

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

Ìåòà ðîáîòè ïîëÿãàëà ó ê³ëüê³ñíîìó îö³íþâàíí³ àäñîðáö³éíî¿ çäàòíîñò³ âóãëåöå-
âèõ ìàòåð³àë³â (ÂÌ) ç äîâãîïîëóìåíåâîãî âóã³ëëÿ çà â³äíîøåííÿì äî 4-õëîðôåíî-
ëó (ÕÔ) òà âïëèâ íà íå¿ òåìïåðàòóðè îäåðæàííÿ ÂÌ ïðè ëóæí³é àêòèâàö³¿ ç íèçü-
êèì ñï³ââ³äíîøåííÿì ÊÎÍ/âóã³ëëÿ (1 ã/ã). Çðàçêè ÂÌ îäåðæóâàëè íàãð³âàííÿì
âóã³ëëÿ ç ÊÎÍ äî çàäàíî¿ òåìïåðàòóðè â ä³àïàçîí³ 350–8250Ñ òà âèòðèìóâàííÿì
1 ãîä. Çà ³çîòåðìàìè àäñîðáö³¿-äåñîðáö³¿ àçîòó âèçíà÷åíî ïèòîì³ ïîâåðõí³ ïîð (SDFT),
ì³êðîïîð (Smi), óëüòðàì³êðîïîð (Sumi) ³ ñóïåðì³êðîïîð (Ssmi). Îõàðàêòåðèçîâàíî ê³íå-
òèêó òà âñòàíîâëåíî ³çîòåðìè àäñîðáö³¿ ÕÔ (ïðè 250Ñ) òà ìàêñèìàëüí³ àäñîðáö³éí³
ºìíîñò³ AÕÔ(m). Ïîêàçàíî, ùî òåìïåðàòóðà º êëþ÷îâèì ôàêòîðîì ôîðìóâàííÿ íà-
íîïîðèñòîñò³ ÂÌ òà ¿õ çäàòíîñò³ àäñîðáóâàòè ÕÔ. Ç³ çðîñòàííÿì òåìïåðàòóðè âå-
ëè÷èíè SDFT, Smi ³ Ssmi ìîíîòîííî çá³ëüøóþòüñÿ, Sumi çì³íþºòüñÿ åêñòðåìàëüíî ç
ìàêñèìóìîì ïðè 6000Ñ. Ê³íåòèêà àäñîðáö³¿ ï³äïîðÿäêîâóºòüñÿ ìîäåë³ äðóãîãî ïî-
ðÿäêó; àäñîðáö³éíà ð³âíîâàãà äîñÿãàºòüñÿ çà 2 ãîä. Áëèçüêî ïîëîâèíè àäñîðáîâàíî-
ãî ÕÔ ïîãëèíàºòüñÿ çà ïåðøó õâèëèíó. Øâèäê³ñòü-âèçíà÷àëüíîþ ñòàä³ºþ º âçàºìî-
ä³ÿ ìîëåêóë ÕÔ ç ïîâåðõíåâèìè àäñîðáö³éíèìè öåíòðàìè. ²çîòåðìè àäñîðáö³¿ íàé-
êðàùå îïèñóþòüñÿ ìîäåëëþ Ëåíãìþðà. Çíàéäåíî, ùî ºìí³ñòü AÕÔ(m) çá³ëüøóºòüñÿ
ç òåìïåðàòóðîþ ç 32,3 ìã/ã äî 486 ìã/ã, òîáòî â 15 ðàç³â, ïðè çá³ëüøåíí³ SDFT â 138
ðàç³â. Çíà÷åííÿ AÕÔ(m) ôîðìóþòü S-ïîä³áíó çàëåæí³ñòü â³ä SDFT, Smi i Ssmi, ùî ñâ³ä÷èòü
ïðî íåð³âíîì³ðí³ñòü óòâîðåííÿ àäñîðáö³éíèõ öåíòð³â ç ðîçâèòêîì ïîâåðõí³. Öå º
ðåçóëüòàòîì ðåîðãàí³çàö³¿ ìîëåêóëÿðíî¿ ñòðóêòóðè ÂÌ, ÿêà òàêîæ âèçíà÷àºòüñÿ
òåìïåðàòóðîþ àêòèâàö³¿.
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Âñòóï
Õëîðôåíîëè º ïîòåíö³éíèìè åêîòîêñèêàí-

òàìè ÷åðåç ¿õ âèñîêó òîêñè÷í³ñòü, êàíöåðîãåíí³ñòü
³ ìóòàãåííó àêòèâí³ñòü [1]. Âîíè ïîòðàïëÿþòü â
íàâêîëèøíº ñåðåäîâèùå ç íàôòîõ³ì³÷íèõ ³ ôàð-
ìàöåâòè÷íèõ ï³äïðèºìñòâ, àáî óòâîðþþòüñÿ ïðè
çíåçàðàæåíí³ õëîðîì ïèòíî¿ âîäè, ùî ì³ñòèòü
ñë³äîâ³ ê³ëüêîñò³ ôåíîëó [1,2]. Ïîøèðåíèì ìåòî-
äîì óëîâëþâàííÿ õëîðôåíîë³â, ïîðÿä ç ³íøèìè
îðãàí³÷íèìè çàáðóäíþâà÷àìè, º àäñîðáö³ÿ âóãëå-
öåâèìè ìàòåð³àëàìè (ÂÌ) ç âèñîêîðîçâèíåíîþ
ïîâåðõíåþ.

Çäàòí³ñòü ÂÌ âëîâëþâàòè õëîðôåíîëè ç âîä-

íèõ ñåðåäîâèù íàé÷àñò³øå òåñòóþòü íà ïðèêëàä³
àäñîðáö³¿ 4-õëîðôåíîëó (äàë³ ïî òåêñòó ÕÔ)
[3–7]. Âèâ÷åíî ð³çíîìàí³òí³ ÂÌ, ÿê³ ³ñòîòíî ðîç-
ð³çíÿþòüñÿ çà âåëè÷èíàìè ìàêñèìàëüíî¿ àäñîðá-
ö³éíî¿ ºìíîñò³ (ÀÕÔ(m)) çà ö³ºþ ñïîëóêîþ. Çà äà-
íèìè ðîáîòè [3] âåëè÷èíà ÀÕÔ(m) äëÿ ÂÌ ð³çíèõ
òèï³â âàð³þºòüñÿ â³ä 43 ìã/ã (íàíîòðóáêè) äî
323 ìã/ã (àêòèâîâàíå âóã³ëëÿ Prolabo).

Îêðåìó ãðóïó ñêëàäàþòü ÂÌ, îäåðæàí³ ëóæ-
íîþ àêòèâàö³ºþ – òåðìîë³çîì îðãàí³÷íî¿ ñèðîâè-
íè ç ã³äðîêñèäîì êàë³þ â ³íåðòíîìó ãàçîâîìó ñå-
ðåäîâèù³ (N2, Ar). Âîíè õàðàêòåðèçóþòüñÿ âèñî-
êîþ ïèòîìîþ ïîâåðõíåþ (≥1000 ì2/ã) ³ çíà÷íîþ
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àäñîðáö³éíîþ ºìí³ñòþ çà ÕÔ. Çîêðåìà, çðàçêè
ÂÌ ç ð³çíèõ âèä³â á³îìàñè, àêòèâîâàíèõ
ÊÎÍ (≤3,0 ã/ã), ìàþòü ºìíîñò³ â ³íòåðâàë³
ÀÕÔ(m)=72,8–663,5 ìã/ã [4,5]. Á³ëüø âèñîêó ºìí³ñòü
(ÀÕÔ(m)=610–711 ìã/ã) ïðîÿâëÿþòü çðàçêè ÂÌ,
îäåðæàí³ ëóæíîþ àêòèâàö³ºþ (ÊÎÍ, 2,5–3,5 ã/ã,
7800Ñ, 1 ãîä) êóêóðóäçÿíèõ êà÷àí³â, ïîïåðåäíüî
êàðáîí³çîâàíèõ (2900Ñ, 2 ãîä) â ïðèñóòíîñò³ H2SO4

(25%) [6]. Íàéá³ëüøå çíà÷åííÿ ºìíîñò³
(ÀÕÔ(m)=723 ìã/ã) ïðè ïî÷àòêîâ³é êîíöåíòðàö³¿
≤84 ìã/ë) éìîâ³ðíî îäåðæàíî äëÿ ÂÌ ç íåçãîð³-
ëîãî âèêîïíîãî âóã³ëëÿ, àêòèâîâàíîãî ÊÎÍ
(4 ã/ã, 7800Ñ, 1 ãîä) [7].

Ïåðñïåêòèâíèìè àäñîðáåíòàìè º ÂÌ ç âè-
êîïíîãî âóã³ëëÿ, àêòèâîâàíîãî ëóãîì ïðè íåâåëè-
êîìó âàãîâîìó ñï³ââ³äíîøåíí³ ÊÎÍ/âóã³ëëÿ
(1 ã/ã). Âîíè òàêîæ çäàòí³ ïîãëèíàòè îðãàí³÷í³
ñïîëóêè ç âîäíèõ ñåðåäîâèù [8] òà ìîæóòü áóòè
åôåêòèâíèìè àäñîðáåíòàìè â ïðîöåñàõ î÷èùåííÿ
âîäè â³ä åêîòîêñèêàíò³â. Ðàí³øå âñòàíîâëåíî [9],
ùî â óìîâàõ òåðìîïðîãðàìîâàíî¿ ëóæíî¿ (ÊÎÍ)
àêòèâàö³¿ âèêîïíîãî âóã³ëëÿ ð³çíîãî ñòóïåíÿ ìå-
òàìîðô³çìó (Ñdaf=70–96%) ñàìå íèçüêîìåòàìîð-
ô³çîâàíå êàì’ÿíå âóã³ëëÿ óòâîðþº ÂÌ (âèõ³ä 45–
50%) ç âåëè÷èíîþ ïèòîìî¿ ïîâåðõí³
S=1500±100 ì2/ã ³ çíà÷íîþ àäñîðáö³éíîþ ºìí³ñòþ
çà ôåíîëîì (240 ìã/ã), áàðâíèêîì ìåòèëåíîâèì
áëàêèòíèì (197 ìã/ã) òà åëåìåíòàðíèì éîäîì
(963 ìã/ã) [8].

Ìåòà äàíî¿ ðîáîòè ïîëÿãàëà ó ê³ëüê³ñíîìó
îö³íþâàíí³ àäñîðáö³éíî¿ çäàòíîñò³ ÂÌ ç äîâãî-
ïîëóìåíåâîãî âóã³ëëÿ çà â³äíîøåííÿì äî 4-õëîð-
ôåíîëó òà âïëèâ íà íå¿ òåìïåðàòóðè îäåðæàííÿ
ÂÌ â óìîâàõ àêòèâàö³¿ ã³äðîêñèäîì êàë³þ.

Ìåòîäèêà åêñïåðèìåíòó
Äîñë³äæåííÿ âèêîíàíî íà çðàçêó äîâãîïîëó-

ìåíåâîãî âóã³ëëÿ ìàðêè Ä (ãåîëîã³÷íèé ³íäåêñ
âóã³ëüíîãî ïëàñòà k8) ç ðîçì³ðîì ÷àñòèíîê 0,16–
0,25 ìì, âîëîã³ñòþ Wa=10,9%, çîëüí³ñòþ Ad=1,8%
òà âèõîäîì ëåòêèõ ïðîäóêò³â Vdaf=44,8%. Åëåìåí-
òíèé ñêëàä îðãàí³÷íî¿ âóã³ëüíî¿ ðå÷îâèíè (%, daf):
Ñ 78,6; H 5,5; N 1,9; S 1,2; O 12,8 (çà ð³çíèöåþ).

Îáðîáêó âóã³ëëÿ ã³äðîêñèäîì êàë³þ âèêîíó-
âàëè ³ìïðåãíóâàííÿì â òðè ñòàä³¿: 1) çì³øóâàííÿ
âèñóøåíîãî âóã³ëëÿ (10 ã) ³ âîäíîãî ðîç÷èíó ÊÎÍ
(30%, 33,3 ã) äëÿ çàáåçïå÷åííÿ âàãîâîãî ñï³ââ³äíî-
øåííÿ ÊÎÍ/âóã³ëëÿ – RÊOH=1.0 ã/ã; 2) âèòðèìó-
âàííÿ 24 ãîä ïðè 20–300Ñ; 3) âèäàëåííÿ âîäíî¿
ôàçè ïðè 90–1000Ñ òà çàëèøêîâî¿ âîäè ïðè
120±100Ñ (≥2 ãîä).

Çðàçêè ÂÌ îäåðæóâàëè â óìîâàõ òåðìîïðî-
ãðàìîâàíî¿ ëóæíî¿ àêòèâàö³¿, ÿêà âêëþ÷àº íàãð³âàí-
íÿ ³ìïðåãíîâàíîãî âóã³ëëÿ (≈40 ã) â àòìîñôåð³
àðãîíó ç³ øâèäê³ñòþ 4 ãðàä/õâ äî çàäàíî¿ òåìïå-
ðàòóðè t, ³çîòåðì³÷íå âèòðèìóâàííÿ 1 ãîä ïðè òåì-

ïåðàòóð³ t òà îõîëîäæåííÿ â ïîòîö³ àðãîíó äî
t≤500Ñ. Óòâîðåíèé ïðîäóêò ïîñë³äîâíî â³äìèâàëè
â³ä ñïîëóê êàë³þ (ÊÎÍ, ÊÍÑÎ3, Ê2ÑÎ3) âîäîþ,
ðîç÷èíîì ÍÑl (0,1 Ì) ³ çíîâó âîäîþ äî íåãàòèâ-
íî¿ ðåàêö³¿ íà ³îíè Cl– (çà AgNO3), ïîò³ì ñóøèëè
(120±50Ñ) äî ïîñò³éíî¿ âàãè ³ âèçíà÷àëè âèõ³ä
Y (%). Ïîõèáêà âèçíà÷åííÿ âèõîäó ÂÌ ñòàíî-
âèòü ±2%. Ñèíòåçîâàí³ çà ð³çíèõ òåìïåðàòóð
çðàçêè ïîçíà÷åíî ÂÌ(t), íàïðèêëàä, ÂÌ(800) –
çðàçîê, îäåðæàíèé ïðè t=8000Ñ.

Õàðàêòåðèñòèêè ïîðèñòîñò³ ÂÌ âèçíà÷åíî çà
³çîòåðìàìè íèçüêîòåìïåðàòóðíî¿ (77 Ê) àäñîðáö³¿-
äåñîðáö³¿ àçîòó (ïðèëàä Sorptomatic 1990, Thermo
Finnigan, ÑØÀ), ÿêèé àíàë³çóº ïîðè, ïî÷èíàþ÷è
ç â³äíîñíîãî òèñêó p/p0=10–6–10–7. Ïåðåä âèì³-
ðþâàííÿìè çðàçêè ÂÌ äåãàçóâàëè 20 ãîä (2600Ñ).
Çàãàëüíèé îá’ºì ïîð V (ñì3/ã) âèçíà÷àëè çà
ê³ëüê³ñòþ N2, àäñîðáîâàíîãî ïðè â³äíîñíîìó  òèñêó
p/p0≈1.0. Ìåòîäîì 2D-NLDFT-ÍS (2-Dimensional
Non-local Density Functional Theory, Heterogenous
Surface) [10] (ïðîãðàìà SAIEUS) ðîçðàõîâóâàëè
³íòåãðàëüí³ òà äèôåðåíö³éí³ çàëåæíîñò³ ïèòîìî¿
ïîâåðõí³ SDFT (ì2/ã) òà îá’ºìó ïîð V (ñì3/ã) â³ä
ñåðåäíüîãî ä³àìåòðó ïîð (D, íì). Ç ³íòåãðàëüíèõ
çàëåæíîñòåé «V–D» òà «SDFT–D» âèçíà÷àëè
îá’ºìè óëüòðàì³êðîïîð (Vumi), ñóïåðì³êðîïîð (Vsmi)
òà ì³êðîïîð (Vmi); Vmi=Vumi+Vsmi. Ñóìàðíèé îá’ºì
ìåçî- ³ ìàêðîïîð ðîçðàõîâóâàëè çà ð³çíèöåþ
Vme+ma=V–Vmi. Àíàëîã³÷íî âèçíà÷àëè ïèòîìó ïî-
âåðõíþ óëüòðàì³êðîïîð (Sumi), ñóïåðì³êðîïîð (Ssmi),
ì³êðîïîð (Smi) òà ñóìàðíó ïîâåðõíþ ìåçî- ³ ìàê-
ðîïîð (Sme+ma). Ïîçíà÷åííÿ ïîð òà ¿õ ñåðåäí³
ä³àìåòðè ïðèéíÿò³ â³äïîâ³äíî äî ðåêîìåíäàö³¿
IUPAC: óëüòðàì³êðîïîðè (D≤0,7 íì), ñóïåðì³êðî-
ïîðè (D=0,7–2,0 íì) òà ì³êðîïîðè (D≤2,0 íì),
ÿê³ îá’ºäíóþòüñÿ òåðì³íîì «íàíîïîðè» ç âåðõ-
íüîþ ìåæåþ D≤100 íì [11]. Òàêîæ ðîçðàõîâóâà-
ëè ÷àñòêè (ÐV, %) îá’ºìó ð³çíèõ ïîð ó çàãàëüíîìó
îá’ºì³ àäñîðáóþ÷èõ ïîð òà ÷àñòêè ïîâåðõí³
(PS, %) ð³çíèõ ïîð â çàãàëüí³é ïèòîì³é ïîâåðõí³
(SDFT) çðàçê³â ÂÌ.

Àäñîðáö³éíó ºìí³ñòü çà ÕÔ (ÀÕÔ, ìã/ã)
âèçíà÷àëè íàñòóïíèì ÷èíîì. Íàâàæêó âèñóøåíî-
ãî ïðè 120±100Ñ çðàçêà ÂÌ (0,100 ã) ïîì³ùàëè â
êîí³÷íó êîëáó, ââîäèëè ðîç÷èí ÕÔ (100 ìë) çà-
äàíî¿ ïî÷àòêîâî¿ êîíöåíòðàö³¿ (ÑÕÔ(0)≤700 ìã/ë),
òà ñòðóøóâàëè ïðè 250Ñ (200 îá/õâ, áàíÿ-øåéêåð
MAXTURDY-45, Daihan Scientific Co). Ó âñ³õ
äîñë³äàõ âì³ñò ÀÂ ó ðîç÷èí³ ÕÔ áóâ ïîñò³éíèì –
1 ã/ë. Ï³ñëÿ çàê³í÷åííÿ çàäàíîãî ÷àñó ñóì³ø
ô³ëüòðóâàëè, âèì³ðþâàëè îïòè÷íó ãóñòèíó
ðîç÷èíó (ñïåêòðîôîòîìåòð Perkin-Elmer Lambda
20, äîâæèíà õâèë³ 280 íì) òà âèçíà÷àëè êîíöåíò-
ðàö³þ ÕÔ ïîð³âíÿííÿì ç êàë³áðóâàëüíèì ãðàô³-
êîì. Ê³ëüê³ñòü àäñîðáîâàíîãî ÕÔ ðîçðàõîâóâàëè
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çà ôîðìóëîþ ÀÕÔ=(ÑÕÔ(0)–ÑÕÔ)⋅V/m, äå ÑÕÔ(0) òà
ÑÕÔ – ïî÷àòêîâà ³ ê³íöåâà êîíöåíòðàö³¿ ÕÔ, â³äïî-
â³äíî; V – îá’ºì ðîç÷èíó (100 ìë); m – íàâàæêà
ÂÌ (100 ìã). Ê³íöåâà êîíöåíòðàö³ÿ ÑÕÔ º ïî-
òî÷íîþ êîíöåíòðàö³ºþ ïðè çàäàíîìó ÷àñ³ τ (ïðè
ðåºñòðàö³¿ ê³íåòèêè àäñîðáö³¿) àáî ð³âíîâàæíîþ
ÑÕÔ(å) (ïðè ðåºñòðàö³¿ ³çîòåðìè àäñîðáö³¿). Ïèòîìó
àäñîðáö³éíó ºìí³ñòü ÀÕÔ(S) (ìã/ì2) âèçíà÷àëè ÿê
ÀÕÔ(S)=ÀÕÔ/SDFT. Âåëè÷èíà öüîãî ïàðàìåòðó ïðî-
ïîðö³éíà êîíöåíòðàö³¿ àäñîðáö³éíèõ öåíòð³â (ÀÖ)
íà ïîâåðõí³ ÂÌ. Äîäàòêîâî ðîçðàõîâóâàëè ñòóï³íü
ïîêðèòòÿ (ÑÏ) ïîâåðõí³ ÂÌ ìîëåêóëàìè àäñîðáà-
òà CÏ=AÕÔ⋅10–3⋅NA⋅SÕÔ, äå NA – ÷èñëî Àâîãàäðî,
SÕÔ=0,487 íì2 – ïëîùà ïðîåêö³¿ àäñîðáîâàíî¿
ìîëåêóëè ÕÔ [6].

Ðåçóëüòàòè òà îáãîâîðåííÿ
Ç³ çðîñòàííÿì òåìïåðàòóðè â³ä 3500Ñ äî

8250Ñ âèõ³ä ÂÌ çíèæóºòüñÿ ç 70,2% äî 45,3% çà
8250Ñ (òàáë. 1) ìàéæå ë³í³éíî (R2=0,979) âíàñë³-
äîê òåðìîäåñòðóêö³¿ îðãàí³÷íî¿ âóã³ëüíî¿ ðå÷îâè-
íè òà òåðìî³í³ö³éîâàíèõ ðåàêö³é âóã³ëëÿ ç ÊÎÍ
[12].

Çðàçîê ÂÌ(350) õàðàêòåðèçóºòüñÿ íèçüêèìè
çíà÷åííÿìè V ³ SDFT, àëå ç ï³äâèùåííÿì òåìïåðà-
òóðè ïîðèñòà ñòðóêòóðà ðîçâèâàºòüñÿ çíà÷íîþ
ì³ðîþ, ùî âåäå äî çá³ëüøåííÿ çàãàëüíîãî îá’ºìó
ïîð ó 6,2 ðàç³â, à ïèòîìî¿ ïîâåðõí³ – ó ≈140 ðàç³â.
Íàéá³ëüø ñóòòºâî çðîñòàº îá’ºì ì³êðîïîð: éîãî
÷àñòêà (Vmi/V) ï³äâèùóºòüñÿ â³ä íóëÿ äî 56%.
×àñòêà ïèòîìî¿ ïîâåðõí³ ì³êðîïîð ñêëàäàº 93,4–
97,0% äëÿ çðàçê³â ÂÌ(450)–ÂÌ(825), òîáòî çà-
ãàëüíà ïëîùà ïîâåðõí³ á³ëüøîñò³ çðàçê³â ÂÌ º
ïðàêòè÷íî ïîâåðõíåþ ì³êðîïîð. Ñàìå öå º
â³äì³ííîþ ðèñîþ ëóæíî¿ àêòèâàö³¿ – òåðìîë³çó
³ìïðåãíîâàíîãî ëóãîì âóã³ëëÿ òà º íàñë³äêîì
ðåàêö³é ÊÎÍ ç³ ñòðóêòóðíèìè ôðàãìåíòàìè

âóã³ëüíîãî êàðêàñà, çîêðåìà, äåàëê³ëþâàííÿ    ïîë-
³àðåí³â ³ ãåòåðîë³çó Ñ–Î òà Ñ–Ñ çâ’ÿçê³â [12].

Âèÿâëåíî îñîáëèâ³ñòü çì³í ïîðèñòîñò³
äîâãîïîëóìåíîâîãî âóã³ëëÿ ç³ çðîñòàííÿì òåìïå-
ðàòóðè àêòèâàö³¿: ïèòîìà ïîâåðõíÿ óëüòðàì³êðî-
ïîð Sumi çì³íþºòüñÿ ç òåìïåðàòóðîþ åêñòðåìàëü-
íî ç ìàêñèìóìîì ó çðàçêà ÂÌ(600) (òàáë. 1). Çíè-
æåííÿ âåëè÷èíè Sumi ï³ñëÿ ìàêñèìóìó êîìïåí-
ñóºòüñÿ çá³ëüøåííÿì ïèòîìî¿ ïîâåðõí³ ñóïåðì³êðî-
ïîð, òîìó ïîâåðõíÿ ì³êðîïîð ìîíîòîííî çðîñòàº.
Åôåêò çì³íè ðîçïîä³ëó ïîð çà ðîçì³ðàìè ó ì³êðî-
ïîðèñòîìó ä³àïàçîí³ (≤2 íì) ç³ çðîñòàííÿì òåìïå-
ðàòóðè ëóæíî¿ àêòèâàö³¿ â ë³òåðàòóð³ íàìè íå çíàé-
äåíèé.

Íà ðèñ. 1 ïîêàçàíî ê³íåòèêó àäñîðáö³¿ ÕÔ
çðàçêàìè ÂÌ(600), ÂÌ(700) òà ÂÌ(800) ïðè
ÑÕÔ(0)=600 ìã/ã.

Òàáëèöÿ 1
Îá’ºì ³ ïèòîìà ïîâåðõíÿ ð³çíèõ âèä³â ïîð â çðàçêàõ ÂÌ, îäåðæàíèõ çà ð³çíèõ òåìïåðàòóð ëóæíî¿ àêòèâàö³¿

(RKOH=1,0 ã/ã)

Об'єм пор, см3/г Питома поверхня пор, м2/г Зразок Y, % V Vumi Vsmi Vmi Vme+ma SDFT Sumi Ssmi Smi Sme+ma 
ВМ(350) 70,2 0,175 0 0 0 0,175 11,1 0 0 0 11,1 
ВМ(400) 68,8 0,378 0,025 0,070 0,095 0,283 250 91 108 199 51 
ВМ(450) 66,5 0,486 0,096 0,096 0,192 0,294 589 315 235 550 39 
ВМ(500) 65,1 0,532 0,126 0,111 0,237 0,295 725 408 285 693 32 
ВМ(550) 61,5 0,602 0,141 0,160 0,301 0,301 894 447 413 860 34 
ВМ(600) 58,8 0,691 0,165 0,180 0,345 0,346 1021 526 464 990 31 
ВМ(650) 56,5 0,750 0,151 0,266 0,417 0,333 1176 481 660 1141 35 
ВМ(700) 49,3 0,837 0,144 0,327 0,471 0,366 1318 447 821 1268 50 
ВМ(750) 47,7 0,913 0,149 0,368 0,517 0,396 1426 428 937 1365 61 
ВМ(785) 45,9 1,047 0,145 0,445 0,590 0,457 1522 458 985 1443 79 
ВМ(800) 45,5 1,074 0,142 0,454 0,596 0,478 1530 440 977 1417 113 
ВМ(825) 45,3 1,091 0,128 0,481 0,609 0,482 1514 405 1010 1415 99 

Ðèñ. 1. Ê³íåòèêà àäñîðáö³¿ 4-õëîðôåíîëó çðàçêàìè

ÂÌ(600) (1), ÂÌ(700) (2) òà ÂÌ(800) (3);

ñóö³ëüí³ ë³í³¿ – ìîäåëü äðóãîãî ïîðÿäêó
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Äëÿ àïðîêñèìàö³¿ ê³íåòè÷íèõ çàëåæíîñòåé
çàñòîñîâàíî ð³âíÿííÿ ïåðøîãî ³ äðóãîãî ïîðÿäê³â,
à òàêîæ ìîäåëü âíóòð³øíüî÷àñòèíêîâî¿ äèôóç³¿.
Ð³âíÿííÿ ïåðøîãî ïîðÿäêó âèÿâèëîñÿ íåïðè-
äàòíèì äëÿ îïèñó ê³íåòè÷íèõ êðèâèõ (êîåô³ö³ºí-
òè äåòåðì³íàö³¿ R2≤0,736–0,862). Äëÿ çðàçê³â ÂÌ
ç äîâãîïîëóìåíåâîãî âóã³ëëÿ äîáðå âèêîíóºòüñÿ
ìîäåëü äðóãîãî ïîðÿäêó ÀÕÔ=k2⋅ÀÕÔ(m)

2⋅τ/
(1+k2⋅ÀÕÔ(m)⋅τ), ÿêà ïîñòóëþº, ùî øâèäê³ñòü
àäñîðáö³¿ âèçíà÷àºòüñÿ âçàºìîä³ºþ àäñîðáàòó ç ÀÖ
íà ïîâåðõí³ ÂÌ [13], à íå äèôóç³ºþ ó ïîðèñò³é
ñòðóêòóð³. Ë³íåàðèçàö³ºþ ð³âíÿííÿ â êîîðäèíàòàõ
«(τ/ÀÕÔ)–τ» ðîçðàõîâàíî êîíñòàíòè k2 (ã/ìã⋅õâ):
3,78⋅10–3 äëÿ ÂÌ(600), 1,93⋅10–3 äëÿ ÂÌ(700) ³
1,96⋅10–3 äëÿ ÂÌ(800). Ö³ çíà÷åííÿ º çâè÷àéíèìè
äëÿ àäñîðáö³¿ ÕÔ, íàïðèêëàä, äëÿ ÂÌ ç áëèçüêîþ
âåëè÷èíîþ ïèòîìî¿ ïîâåðõí³ (1677 ì2/ã) îòðèìà-
íî âåëè÷èíè k2=(0,9–3,7)⋅10–3 ã/ìã⋅õâ äëÿ
ÑÕÔ(0)=50–250 ìã/ë [4].

Ïåðåâàæíà ê³ëüê³ñòü ÕÔ àäñîðáóºòüñÿ â ïî-
÷àòêîâèé ïåð³îä ïðîöåñó. Äëÿ õàðàêòåðèñòèêè ö³º¿
âëàñòèâîñò³ âèêîðèñòîâóþòü ïàðàìåòð ÀÕÔ(1) –
ê³ëüê³ñòü ÕÔ, àäñîðáîâàíîãî çà ïåðøó õâèëèíó
ïðîöåñó. Â³í ââåäåíèé â ðîáîò³ [6] äëÿ ïîð³âíÿëüíî¿
îö³íêè ³íòåíñèâíîñò³ ìàñîïåðåíåñåííÿ â ñèñòåìàõ
«ÀÂ–ÕÔ–Í2Î» òà çà âåëè÷èíîþ áëèçüêèé äî ïî-
÷àòêîâî¿ øâèäêîñò³ àäñîðáö³¿ ÕÔ.

Äëÿ äîñë³äæåíèõ çðàçê³â çíà÷åííÿ ÀÕÔ(1) äî-
ñèòü âåëèê³ ³ çá³ëüøóþòüñÿ ç³ çðîñòàííÿì òåìïå-
ðàòóðè îäåðæàííÿ ÂÌ. Åêñïåðèìåíòàëüíî âèçíà-
÷åíî (ç 8 âèì³ð³â) òàê³ âåëè÷èíè ÀÕÔ(1): 93±5 ìã/ã
äëÿ ÂÌ(600), 222±8 ìã/ã äëÿ ÂÌ(700) òà
266±12 ìã/ã äëÿ ÂÌ(800). Îòæå çà ïåðøó õâèëè-
íó ïðîöåñó ïîãëèíàºòüñÿ áëèçüêî ïîëîâèíè
(òî÷í³øå 49,5–54,7%) ìàêñèìàëüíî¿ ê³ëüêîñò³
àäñîðáîâàíîãî ÕÔ, ÿêå äîñÿãàºòüñÿ ïðîòÿãîì 2
ãîä. Ê³íåòè÷í³ äàí³ äëÿ ð³çíèõ çðàçê³â ÂÌ ïîêà-
çóþòü, ùî 2 ãîä – öå äîñòàòí³é ÷àñ äëÿ äîñÿãíåí-
íÿ àäñîðáö³éíî¿ ð³âíîâàãè ïðè 250Ñ, ³ â³í
ïðèéíÿòèé ïîñò³éíèì ó íàñòóïíèõ àäñîðáö³éíèõ
âèì³ðàõ.

Íà ðèñ. 2 íàâåäåíî àïðîêñèìàö³þ ê³íåòè-
÷íèõ êðèâèõ ìîäåëëþ âíóòð³øíüî÷àñòèíêîâî¿ äè-
ôóç³¿ ÀÕÔ=kd⋅τ0,5+Ñd, äå kd – êîíñòàíòà äèôóç³¿,
Ñd – â³äð³çîê, ùî â³äòèíàºòüñÿ íà îñ³ Y [3,4]. Öÿ
ìîäåëü ïåðåäáà÷àº íàñòóïíå. ßêùî äèôóç³ÿ â ïî-
ðèñòó ñòðóêòóðó ÂÌ º øâèäê³ñòü-âèçíà÷àëüíîþ
ñòàä³ºþ, òî çàëåæí³ñòü àäñîðáö³éíî¿ ºìíîñò³ ÀÕÔ

â³ä τ0,5 â³äáèâàºòüñÿ ïðÿìîþ ë³í³ºþ, ùî ïðîõî-
äèòü ñêð³çü ïî÷àòîê êîîðäèíàò. Íàÿâí³ñòü äåê³ëü-
êîõ ë³í³éíèõ ä³ëÿíîê ñâ³ä÷èòü ïðî òå, ùî
øâèäê³ñòü àäñîðáö³¿ â ð³çí³ ïåð³îäè ïðîöåñó êîí-
òðîëþºòüñÿ ð³çíèìè ôàêòîðàìè [3,4]. Ê³íåòè÷í³
êðèâ³ íà ðèñ. 1 ìîæóòü áóòè ïðèáëèçíî àïðîêñè-

ìîâàí³ òðüîìà ë³í³éíèìè ä³ëÿíêàìè, ÿê ïîêàçàíî
íà ðèñ. 2.

Ðèñ. 2. Çàñòîñóâàííÿ ìîäåë³ âíóòð³øíüî÷àñòèíêîâî¿

äèôóç³¿ äëÿ ê³íåòèêè àäñîðáö³¿ ÕÔ çðàçêàìè

ÂÌ(600) (1), ÂÌ(700) (2) òà ÂÌ(800) (3)
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Ïåðø³ ä³ëÿíêè ñôîðìîâàí³ çà äâîìà òî÷êàìè
(1 òà 2 õâ) ³ õàðàêòåðèçóþòüñÿ êîåô³ö³ºíòàìè
Ñd=18,2–80,1 ìã/ã. Äðóã³ ä³ëÿíêè (2–15 õâ) ïå-
ðåäàþòüñÿ êîðåëÿö³éíèìè ð³âíÿííÿìè
ÀÕÔ=20,8τ0,5+96,5 (R2=0,963) äëÿ ÂÌ(600),
ÀÕÔ=45,7τ0,5+231 (R2=0,955) äëÿ ÂÌ(700) òà
ÀÕÔ=49,9τ0,5+281 (R2=0,945) äëÿ ÂÌ(800). Çíà-
÷åííÿ ÀÕÔ íà òðåò³õ ä³ëÿíêàõ, ùî â³äïîâ³äàþòü
ïåð³îäó ÷àñó 20–120 õâ, çì³íþþòüñÿ ìàëî. Ïðÿì³,
ùî â³äïîâ³äàþòü âñ³ì ä³ëÿíêàì, íå ïðîõîäÿòü êð³çü
ïî÷àòîê êîîðäèíàò (çíà÷åííÿ âñ³õ êîåô³ö³ºíò³â
Ñd≥18,2 ìã/ã), òîáòî ³ öÿ ìîäåëü ï³äòâåðäæóº, ùî
øâèäê³ñòü àäñîðáö³¿ ÕÔ âèçíà÷àºòüñÿ éîãî âçà-
ºìîä³ºþ ç ïîâåðõíåâèìè ÀÖ.

Äîäàòêîâî âèêîíàíî ç³ñòàâëåííÿ çíà÷åíü
ÀÕÔ(m) òà ÀÕÔ(1) ç àíàëîã³÷íèìè õàðàêòåðèñòèêàìè
äëÿ àäñîðáö³¿ ôåíîëó ÀÔ(m) òà ÀÔ(1), ÿêèé ìàº ìåíø³
ìîëåêóëÿðí³ ðîçì³ðè. ²äåÿ ç³ñòàâëåííÿ íàñòóïíà:
ÿêùî øâèäê³ñòü àäñîðáö³¿ âèçíà÷àº äèôóç³ÿ, òî
ïîãëèíàííÿ ôåíîëó áóäå øâèäøèì, îñê³ëüêè ðîç-
ì³ðè éîãî ìîëåêóëè ìåíøå ³ äèôóç³ÿ ôåíîëó â
îäíó ³ òó ñàìó ïîðèñòó ñèñòåìó áóäå ìåíø óñê-
ëàäíåíîþ. Ïðè ê³íåòè÷íèõ âèì³ðàõ, âèêîíàíèõ
çà îäíàêîâèõ óìîâ (ÑÕÔ(0)=ÑÔ(0)=4,67 ììîëü/ë,
âì³ñò ÀÂ 1 ã/ë, 250Ñ, ÷àñ 120 õâ) âñòàíîâëåíî
íàñòóïíå (òàáë. 2): 1) á³ëüøà (â 1,21–1,40 ðàçè)
ê³ëüê³ñòü àäñîðáîâàíîãî ÕÔ â ïîð³âíÿíí³ ç ôåíî-
ëîì; 2) âèùà (â 1,60–2,41 ðàç³â) øâèäê³ñòü ïî-
ãëèíàííÿ ÕÔ çà ïåðøó õâèëèíó ïðîöåñó. Îòæå
çà îäíàêîâèõ óìîâ ÕÔ àäñîðáóºòüñÿ êðàùå, í³æ
ôåíîë. Ìîæíà ïðèéíÿòè, ùî äëÿ îäåðæàíèõ â
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äàí³é ðîáîò³ çðàçê³â ÂÌ øâèäê³ñòü-âèçíà÷àëüíîþ
ñòàä³ºþ º âçàºìîä³ÿ ìîëåêóë àäñîðáàòà ç ïî-
âåðõíåâèìè ÀÖ, òîáòî ô³çè÷íà ñîðáö³ÿ òà õåìî-
ñîðáö³ÿ.

Ïðèêëàäè ³çîòåðì àäñîðáö³¿ ÕÔ íàâåäåíî íà
ðèñ. 3 äëÿ çðàçê³â ÂÌ(600) òà ÂÌ(800). Äëÿ ¿õ
àïðîêñèìàö³¿ âèêîðèñòàíî ìîäåë³ Ëåíãìþðà òà
Ôðåéíäë³õà, ÿê³ íàé÷àñò³øå ï³äõîäÿòü äëÿ îïèñó
àäñîðáö³¿ ÕÔ. Ìîäåëü Ôðåéíäë³õà ïîãàíî îïèñóº
îòðèìàí³ ðåçóëüòàòè (R2=0,873 ³ 0,917). Ïðèéíÿò-
íîþ âèÿâèëàñÿ ìîäåëü Ëåíãìþðà
ÀÕÔ(e)=ÀÕÔ(L)⋅kL⋅CÕÔ(å)/(1+kÕÔ(L)⋅CÕÔ(å)), äå ÀÕÔ(L) –
àäñîðáö³éíà ºìí³ñòü íàñè÷åíîãî ìîíîøàðó àäñîð-
áàòà; kÕÔ(L) – êîíñòàíòà Ëåíãìþðà. Äëÿ çðàçê³â
ÂÌ(800) òà ÂÌ(600) âîíà â³äïîâ³äàº ñóö³ëüíèì
ë³í³ÿì íà ðèñ. 3. Àâòîðè ðîá³ò [3,5–7] òàêîæ ä³éøëè
âèñíîâêó, ùî ñàìå öÿ ìîäåëü íàéá³ëüø ï³äõîäèòü
äëÿ àïðîêñèìàö³¿ ³çîòåðì àäñîðáö³¿ ÕÔ âóãëåöå-
âèìè àäñîðáåíòàìè ³íøèõ òèï³â.

çóþòü kÕÔ(L)=0,0282–0,338 ë/ìã [6]. Äâà ìàòå-
ð³àëè ÂÌ (950 ì2/ã òà 1832 ì2/ã) ç îäíîãî çðàçêà
á³îìàñè, àêòèâîâàíî¿ ÊÎÍ, ïîêàçàëè îäíàêîâ³
êîíñòàíòè kÕÔ(L)=0,0115 ë/ìã [5], ùî ñïîñòåð³ãàºòü-
ñÿ ³ äëÿ íàøèõ çðàçê³â ÂÌ(600) òà ÂÌ(800). Ìîæíà
ââàæàòè, ùî âåëè÷èíà kÕÔ(L) âåëüìè ÷óòëèâà äî
ñïîñîáó îäåðæàííÿ ÂÌ, àëå â³ä âåëè÷èíè ïèòî-
ìî¿ ïîâåðõí³ áåçïîñåðåäíüî íå çàëåæèòü.

Äëÿ ³íøèõ ÂÌ âèì³ðÿí³ âåëè÷èíè ìàêñè-
ìàëüíî¿ ºìíîñò³ ÀÕÔ(m) çà íàñòóïíèõ óìîâ:
ÑÕÔ(0)=600 ìã/ã, âì³ñò ÀÂ 1 ã/ë, 250Ñ, ÷àñ 2 ãîä.
Âåëè÷èíè ÀÕÔ(m) çá³ëüøóþòüñÿ (òàáë. 3) ç³
çðîñòàííÿì òåìïåðàòóðè ç 32,3 ìã/ã ó ÂÌ(350) äî
486 ìã/ã ó ÂÌ(800), òîáòî â 15 ðàç³â, õî÷à ïèòîìà
ïîâåðõíÿ çðîñòàº â 138 ðàç³â (òàáë. 1).

Çíà÷åííÿ ºìíîñòåé AÕÔ(m) ôîðìóþòü S-ïî-
ä³áíó çàëåæí³ñòü â³ä òåìïåðàòóðè òåðìîë³çó
(ðèñ. 4). Äëÿ ³íòåðâàëó 350–7000Ñ çàëåæí³ñòü
«AÕÔ(m)–t» àïðîêñèìóºòüñÿ êîðåëÿö³éíèì ð³âíÿí-
íÿì AÕÔ(m)=2,485⋅exp(0,0073t) (R2=0,984), ÿêå ïå-
ðåäàºòüñÿ ñóö³ëüíîþ ë³í³ºþ òà ë³íåàðèçóºòüñÿ â
êîîðäèíàòàõ «lnÀÕÔ(m)–T–1» ç êîåô³ö³ºíòîì
R2=0,952. Â öèõ óìîâàõ êîíöåíòðàö³ÿ ÀÖ, àêòèâ-
íèõ ïî â³äíîøåííþ äî ÕÔ, åêñïîíåíö³àëüíî
çðîñòàº ç ï³äâèùåííÿì òåìïåðàòóðè óòâîðåííÿ
ÂÌ. ªìíîñò³ äëÿ çðàçê³â ÂÌ, îäåðæàíèõ ïðè
t=750–8250Ñ, ð³çêî âèïàäàþòü ³ç ö³º¿ çàëåæíîñò³ ³
ç³ çðîñòàííÿì òåìïåðàòóðè ïðÿìóþòü äî âåëè÷è-
íè AÕÔ(m)=486 ìã/ã. Öå îáóìîâëåíî ñëàáêèì ðîç-
âèòêîì ïèòîìî¿ ïîâåðõí³ ó âêàçàíîìó ä³àïàçîí³
òåìïåðàòóð (òàáë. 1).

Òàáëèöÿ 2
Ïîð³âíÿííÿ àäñîðáö³¿ ôåíîëó òà õëîðôåíîëó çðàçêàìè ÂÌ

Зразок АФ(m), ммоль/г АХФ(m), ммоль/г АФ(1), ммоль/г АХФ(1), ммоль/г АХФ(m)/АФ(m) АХФ(1)/АФ(1) 
ВМ(600) 1,21 1,46 0,45±0,05 0,72±0,04 1,21 1,60
ВМ(700) 2,47 3,28 0,82±0,07 1,73±0,07 1,33 2,11
ВМ(800) 2,70 3,78 0,86±0,08 2,07±0,09 1,40 2,41

Ðèñ. 3. ²çîòåðìè àäñîðáö³¿ ÕÔ çðàçêàìè ÂÌ(600) (1) òà

ÂÌ(800);  ñóö³ëüí³ ë³í³¿ – ìîäåëü Ëåíãìþðà

Ë³íåàðèçàö³ºþ ³çîòåðì àäñîðáö³¿ â êîîðäè-
íàòàõ «(CÕÔ(å)/ÀÕÔ(e))–CÕÔ(å)» ðîçðàõîâàíî êîåô³-
ö³ºíòè ð³âíÿííÿ Ëåíãìþðà. Äëÿ ÂÌ(600) îòðè-
ìàíî ÀÕÔ(L)=194,2 ìã/ã ³ kÕÔ(L)=0,210 ë/ìã; äëÿ
çðàçêà ÂÌ(800) – ÀÕÔ(L)=495,3 ìã/ã ³
kÕÔ(L)=0,194 ë/ìã. Êîíñòàíòè Ëåíãìþðà áëèçüê³,
õî÷à ïèòîìà ïîâåðõíÿ çðàçê³â ÂÌ â³äð³çíÿºòüñÿ ó
≈1,5 ðàçè (òàáë. 1). Âåëè÷èíè kÕÔ(L) çðàçê³â ÂÌ ç
äîâãîïîëóìåíåâîãî âóã³ëëÿ ìàþòü òîé æå ïîðÿ-
äîê, ÿê ³ íàâåäåí³ ó ë³òåðàòóð³. Íàïðèêëàä, ð³çí³
ÂÌ ç ïèòîìîþ ïîâåðõíåþ 560–1968 ì2/ã ïîêà-

Ðèñ. 4. ªìíîñò³ AÕÔ(m) (1) òà AÕÔ(S) (2) çðàçê³â ÂÌ,

îäåðæàíèõ çà ð³çíèõ òåìïåðàòóð ëóæíî¿ àêòèâàö³¿
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Òåìïåðàòóðíà çàëåæí³ñòü ïèòîìî¿ ºìíîñò³
ïåðåäàºòüñÿ ïóíêòèðíîþ ë³í³ºþ 2 íà ðèñ. 4. Ïðè
ïåðåõîä³ â³ä çðàçêà ÂÌ(350) äî ÂÌ(400) ïàðàìåòð
ÀÕÔ(S) ð³çêî çìåíøóºòüñÿ (â 13 ðàç³â) (òàáë. 3).
Ì³í³ìàëüíå çíà÷åííÿ ÀÕÔ(S)=0,10 ìã/ì2 ñïîñòåð³-
ãàºòüñÿ äëÿ ÂÌ(500), à íàéá³ëüø³ âåëè÷èí³ ïîêà-
çóþòü çðàçêè, îäåðæàí³ ïðè 700–8250Ñ. Äëÿ âñ³õ
çðàçê³â, êð³ì ÂÌ(350), çíà÷åííÿ ïèòîìî¿ ºìíîñò³
çíàõîäÿòüñÿ â ³íòåðâàë³ ÀÕÔ(S)=0,10–0,32 ìã/ì2

(òàáë. 3) òà áëèçüê³ äî íàâåäåíèõ â ë³òåðàòóð³
ÀÕÔ(S)=0,227–0,347 ìã/ì2 [3].

Ç³ çðîñòàííÿì ïèòîìî¿ ïîâåðõí³ ÂÌ ºìí³ñòü
ÀÕÔ(m) çá³ëüøóºòüñÿ (ðèñ. 5), àëå íåð³âíîì³ðíî äëÿ
ð³çíèõ ³íòåðâàë³â SDFT, ùî ìîæíà âèçíà÷èòè
êîåô³ö³ºíòîì ïðèðîñòó kS=∆ÀÕÔ/∆SDFT. Óìîâíî
âèä³ëÿþòüñÿ òðè òàêèõ ³íòåðâàëè, ÿê³ ïîçíà÷åí³
ïóíêòèðíèìè ë³í³ÿìè íà ðèñ. 5.

÷åííÿ ÑÏ º çâè÷àéíèìè äëÿ àäñîðáö³¿ ÕÔ ïîðè-
ñòèìè âóãëåöåâèìè ìàòåð³àëàìè, îäåðæàíèìè ç
âèêîðèñòàííÿì ð³çíèõ àêòèâàòîð³â (NaOH, KOH,
Í2Î, CO2) [6]. Çì³íè AÕÔ(m) ç³ çðîñòàííÿì ïèòî-
ìî¿ ïîâåðõí³ ì³êðîïîð Smi ìàþòü ÿê³ñíî òàêèé æå
S-ïîä³áíèé õàðàêòåð, ÿê ³ çàëåæí³ñòü AÕÔ(m) â³ä
SDFT (ðèñ. 5), òîáòî àäñîðáö³éíà ºìí³ñòü íå çàëå-
æèòü â³ä ñï³ââ³äíîøåííÿ âåëè÷èí ïèòîìî¿ ïî-
âåðõí³ óëüòðàì³êðî- òà ñóïåðì³êðîïîð ó ì³êðîïî-
ðèñòîìó ä³àïàçîí³ ä³àìåòð³â D≤2 íì. Ïðèíàéìí³,
åêñòðåìàëüíèé õàðàêòåð çì³íè Sumi ç òåìïåðàòó-
ðîþ (òàáë. 1) íå â³äáèâàºòüñÿ íà çàëåæíîñò³ ºìíîñò³
AÕÔ(m) â³ä çàãàëüíî¿ ïèòîìî¿ ïîâåðõí³ SDFT.

Ïðè íèçüêîìó ñï³ââ³äíîøåíí³ ÊÎÍ/âóã³ëëÿ
òåìïåðàòóðà º ãîëîâíèì ôàêòîðîì, ÿêèé âèçíà÷àº
âëàñòèâîñò³ ïîðèñòî¿ ñòðóêòóðè ÂÌ òà ¿õ àäñîðá-
ö³éíó ºìí³ñòü çà ÕÔ. Íèçüêîòåìïåðàòóðíà (3500Ñ)
ëóæíà àêòèâàö³ÿ íå ðóéíóº òåðì³÷íî ñòàá³ëüí³
ñòðóêòóðí³ ôðàãìåíòè âóã³ëëÿ, íàïðèêëàä, õ³íî¿äí³
³ ôåíîëüí³ ãðóïè òà ãåòåðîöèêëè, ùî ì³ñòÿòü
Î-àòîìè. Á³ëüø òîãî, äîäàòêîâà ê³ëüê³ñòü êèñåíü-
âì³ñíèõ ôóíêö³îíàëüíèõ ãðóï óòâîðþºòüñÿ ïðè
ëóæíîìó ðîçùåïëåíí³ Ñ–Ñ òà Ñ–Î çâ’ÿçê³â âó-
ã³ëüíîãî êàðêàñó [12]. Óíàñë³äîê öüîãî çðàçîê
ÂÌ(350) ì³ñòèòü äîñèòü âåëèêó ê³ëüê³ñòü ðåàê-
ö³éíèõ öåíòð³â, ùî ìîæóòü óòâîðþâàòè êîìïëåê-
ñè ç ÕÔ. Êð³ì òîãî, ïðîñòîðîâèé êàðêàñ ÂÌ(350)
íå º æîðñòêèì òðèâèì³ðíî çøèòèì, ìàº ñòåðè÷íó
ðóõëèâ³ñòü ñâî¿õ ñòðóêòóðíèõ ôðàãìåíò³â òà ìîæå
ïîãëèíàòè ÕÔ çà ðàõóíîê àáñîðáö³¿ – äèôóç³¿ ÕÔ
âñåðåäèíó êàðêàñó ÂÌ, ÿê³é íàáóõàº. Äëÿ çðàçêà
ÂÌ(350) âíåñîê ñàìå òàêîãî ðåàãóâàííÿ â ïîãëè-
íàííÿ ÕÔ º, éìîâ³ðíî, äîì³íóþ÷èì, ùî âèãëÿ-
äàº ÿê áàãàòîøàðîâà àäñîðáö³ÿ (ÑÏ=6,63;
òàáë. 3). Ç ðîñòîì òåìïåðàòóðè â³ä 4000Ñ äî 7000Ñ
âíåñîê áóäü-ÿêîãî õ³ì³÷íîãî ðåàãóâàííÿ ÕÔ ç ÂÌ
çíèæóºòüñÿ, à âíåñîê âëàñíå àäñîðáö³¿ çðîñòàº çà
ðàõóíîê åêñïîíåíö³éíîãî çðîñòàííÿ êîíöåíòðàö³¿
ïîâåðõíåâèõ ÀÖ. Öå ïðèâîäèòü äî ï³äâèùåííÿ
ïèòîìî¿ ºìíîñò³ äî ÀÕÔ(S)=0,31 ìã/ì2 ³ ñòóïåíÿ
ïîêðèòòÿ ïîâåðõí³ äî ÑÏ=0,72. Ïîäàëüøå ï³äâè-
ùåííÿ òåìïåðàòóðè äîäàòêîâî ðîçâèâàº ïî-
âåðõíþ ÂÌ, àëå ïîâåðõíåâà êîíöåíòðàö³ÿ ÀÖ íå
çì³íþºòüñÿ ³, â³äïîâ³äíî, íå çì³íþþòüñÿ âåëè÷è-
íè ÀÕÔ(S) òà ÑÏ. Î÷åâèäíî, ùî òåðìî³í³ö³éîâàíå
óòâîðåííÿ àäñîðáö³éíèõ öåíòð³â, ÿê³ âçàºìîä³þòü

Òàáëèöÿ 3
Àäñîðáö³éí³ âëàñòèâîñò³ ÂÌ ç äîâãîïîëóìåíåâîãî âóã³ëëÿ

Температура одержання ВМ, 0СПараметр 350 400 450 500 550 600 650 700 750 785 800 825 
АХФ(m), мг/г 32,3 54,1 64,6 76,23 133 188 318 422 461 477 486 485 
АХФ(S), мг/м2 2,91 0,22 0,11 0,10 0,15 0,18 0,27 0,31 0,32 0,31 0,32 0,32 

CП 6,63 0,49 0,25 0,24 0,34 0,42 0,62 0,72 0,74 0,72 0,74 0,73 

Ðèñ. 5. Çàëåæíîñò³ ìàêñèìàëüíî¿ ºìíîñò³ ÀÕÔ(m) (1) ³

ÑÏ (2) â³ä ïèòîìî¿ ïîâåðõí³ ÂÌ

Ïåðøèé ³íòåðâàë (SDFT≤725 ì2/ã) õàðàêòåðè-
çóºòüñÿ íåâåëèêèì ïðèðîñòîì àäñîðáö³éíî¿ ºìíîñò³
(kS=0,061 ìã/ã⋅ì2), àëå çíà÷íèì çíèæåííÿì (ó ≈28
ðàç³â) ñòóïåíÿ ïîêðèòòÿ ïîâåðõí³ (òàáë. 3) (çíà-
÷åííÿ ÑÏ äëÿ çðàçêà ÂÌ(350) íà ðèñ. 5 íå íàâå-
äåíî). Ó äðóãîìó ³íòåðâàë³ (SDFT=725–1318 ì2/ã)
ñïîñòåð³ãàþòüñÿ íà ïîðÿäîê á³ëüøèé ïðèð³ñò
ºìíîñò³ (kS=0,583 ìã/ã⋅ì2) òà ï³äâèùåííÿ ÑÏ (ç
0,24 äî 0,74), ³ öå ðåàë³çóºòüñÿ ïðè ï³äâèùåíí³
òåìïåðàòóðè îòðèìàííÿ ÂÌ ç 5000Ñ äî 7500Ñ.
Òðåò³é ³íòåðâàë (SDFT≥770 ì2/ã) ïîêàçóº ïîì³ðíèé
ïðèð³ñò ºìíîñò³ kS=0,302 ìã/ã⋅ì2, àëå âåëè÷èíà
ÑÏ íå çì³íþºòüñÿ. Â³äçíà÷èìî, ùî ñàìå òàê³ çíà-
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ç ìîëåêóëàìè 4-õëîðôåíîëó, íå º ñòðîãî ïðîïîð-
ö³éíèì çá³ëüøåííþ ïèòîìî¿ ïîâåðõí³. Áåçñóìí³-
âíî, ùî çà öå â³äïîâ³äàº ìîëåêóëÿðíà ñòðóêòóðà
ÂÌ, ÿêà òàêîæ âèçíà÷àºòüñÿ òåìïåðàòóðîþ ëóæ-
íî¿ àêòèâàö³¿.

Âèñíîâêè
1. Ïðè íèçüêîìó ñï³ââ³äíîøåíí³ ÊÎÍ/äîâ-

ãîïîëóìåíåâå âóã³ëëÿ òåìïåðàòóðà ëóæíî¿ àêòè-
âàö³¿ º êëþ÷îâèì ôàêòîðîì ôîðìóâàííÿ íàíîïî-
ðèñòî¿ ñòðóêòóðè ìàòåð³àëó, ùî óòâîðþºòüñÿ, òà
éîãî çäàòíîñò³ àäñîðáóâàòè 4-õëîðôåíîë ç âîäíèõ
ñåðåäîâèù ïðè 250Ñ.

2. Ê³íåòèêà àäñîðáö³¿ 4-õëîðôåíîëó ïðè 250Ñ
ï³äïîðÿäêîâóºòüñÿ ìîäåë³ äðóãîãî ïîðÿäêó
(R2≥0,998), àäñîðáö³éíà ð³âíîâàãà äîñÿãàºòüñÿ çà
2 ãîäèíè. Áëèçüêî ïîëîâèíè (49,5–54,7%) ìàê-
ñèìàëüíî¿ ê³ëüêîñò³ àäñîðáîâàíîãî ÕÔ ïîãëèíàºòü-
ñÿ çà ïåðøó õâèëèíó. Øâèäê³ñòü-âèçíà÷àëüíîþ
ñòàä³ºþ º âçàºìîä³ÿ ìîëåêóë àäñîðáàòà ç ïîâåðõ-
íåâèìè àäñîðáö³éíèìè öåíòðàìè (ÀÖ), òîáòî
ô³çè÷íà ñîðáö³ÿ ³ õåìîñîðáö³ÿ.

3. ²çîòåðìè àäñîðáö³¿ íàéêðàùå îïèñóþòüñÿ
ìîäåëëþ Ëåíãìþðà. Äëÿ çðàçê³â ÂÌ, îòðèìàíèõ
ïðè 6000Ñ òà 8000Ñ, êîíñòàíòè Ëåíãìþðà º áëèçü-
êèìè (0,210 ë/ìã òà 0,194 ë/ìã), õî÷à ïèòîìà ïî-
âåðõíÿ â³äð³çíÿºòüñÿ â ≈1,5 ðàçè.

4. Äëÿ çðàçê³â ÂÌ, îäåðæàíèõ â ä³àïàçîí³
350–8250Ñ, ìàêñèìàëüíà ºìí³ñòü çà 4-õëîðôåíî-
ëîì ïðîïîðö³éíà ïîâåðõíåâ³é êîíöåíòðàö³¿ ÀÖ òà
çá³ëüøóºòüñÿ ç ðîñòîì òåìïåðàòóðè ç 32,3 ìã/ã äî
486 ìã/ã, òîáòî â 15 ðàç³â ïðè çá³ëüøåíí³ ïèòîìî¿
ïîâåðõí³ â 138 ðàç³â. Â ³íòåðâàë³ 350–7000Ñ çíà-
÷åííÿ AÕÔ(m) çðîñòàþòü åêñïîíåíö³éíî (R2=0,984),
òîáòî êîíöåíòðàö³ÿ ÀÖ, àêòèâíèõ çà â³äíîøåí-
íÿì äî ÕÔ, åêñïîíåíö³éíî çðîñòàº ç ï³äâèùåí-
íÿì òåìïåðàòóðè óòâîðåííÿ ÂÌ.

5. Çíà÷åííÿ ìàêñèìàëüíèõ ºìíîñòåé ôîðìó-
þòü S-ïîä³áíó çàëåæí³ñòü â³ä çàãàëüíî¿ ïèòîìî¿
ïîâåðõí³, ùî ïîêàçóº íåð³âíîì³ðí³ñòü óòâîðåííÿ
ÀÖ ç ðîçâèòêîì ïîâåðõí³. Çì³íè AÕÔ(m) ç³
çðîñòàííÿì ïèòîìî¿ ïîâåðõí³ ì³êðîïîð Smi ìàþòü
ÿê³ñíî òàêèé æå S-ïîä³áíèé õàðàêòåð, òîáòî
àäñîðáö³éíà ºìí³ñòü íå çàëåæèòü â³ä ñï³ââ³äíî-
øåííÿ âåëè÷èí ïèòîìî¿ ïîâåðõí³ óëüòðàì³êðî- òà
ñóïåðì³êðîïîð ó ä³àïàçîí³ ä³àìåòð³â D≤2 íì. Çíàé-
äåíèé ó ðîáîò³ åêñòðåìàëüíèé õàðàêòåð çì³íè Sumi

ç òåìïåðàòóðîþ íå â³äáèâàºòüñÿ íà çàëåæíîñò³
AÕÔ(m) â³ä SDFT.
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ADSORBENTS OF 4-CHLOROPHENOL FROM LONG-
FLAME COAL ACTIVATED BY POTASSIUM
HYDROXIDE

V.O. Êucherenko, Yu.V. Òàmarkina *, À.V. Redko,
V.Î. Sabierova

L.M. Litvinenko Institute of Physical-Organic and Coal
Chemistry, Kyiv, Ukraine
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The purpose of the work was to evaluate the adsorption
capacities of carbon materials (CMs) from long-flame coal with
respect to 4-chlorophenol (CPh) and the influence of CMs
preparation temperature under alkali activation at a low KOH/
coal ratio (1 g/g). The CMs were obtained by heating coal with
KOH to specific temperatures ranging from 350 to 8250C with a
1-hour holding time. Specific surfaces of all pores (SDFT),
micropores (Smi), ultramicropores (Sumi), and supermicropores
(Ssmi) were determined using nitrogen adsorption-desorption
isotherms. The kinetics and isotherms of CPh adsorption as well
as the maximum capacities (ACPh(m))were measured at 250C.
Temperature was found to be a key factor in the formation of
CMs nanoporosity and their ability to adsorb CPh. As the
temperature increases, the SDFT, Smi, and Ssmi values increase
monotonically, while Sumi exhibits an extreme change with a
peak at 6000C. The adsorption kinetics followed the second-
order model, reaching equilibrium within 2 hours. About half of
CPh was absorbed in the first minute. The rate-determining step
was identified as the interaction of CPh with the adsorption
centers. The adsorption isotherms were best described by the
Langmuir model. The ACPh(m) capacity was found to increase with
temperature from 32.3 mg/g to 486 mg/g, a 15-fold increase,
corresponding to an SDFT increase by 138 times. The ACPh(m) values
exhibited an S-shaped dependence on SDFT, Smi, and Ssmi,
indicating the non-uniform formation of adsorption centers with
surface development. This was attributed to the molecular structure
reorganization of CMs, which is also influenced by the activation
temperature.

Keywords: long-flame coal; alkaline activation; carbon
material; porous structure; adsorption; 4-chlorophenol.

REFERENCES

1. Czaplicka M. Sources and transformations of
chlorophenols in the natural environment. Sci Total Environ.
2004; 322: 21-39. doi: 10.1016/j.scitotenv.2003.09.015.

2. Ding H, Li X, Wang J, Zhang X, Chen C. Adsorption
of chlorophenols from aqueous solutions by pristine and surface
functionalized single-walled carbon nanotubes. J Environ Sci.
2016; 43: 187-198. doi: 10.1016/j.jes.2015.09.004.

3. Chen C, Geng X, Huang W. Adsorption of
4-chlorophenol and aniline by nanosized activated carbons. Chem
Eng J. 2017; 327: 941-952. doi: 10.1016/j.cej.2017.06.183.

4. Ahmed MJ, Theydan SK. Adsorption of p-chlorophenol
onto microporous activated carbon from Albizia lebbeck seed
pods by one-step microwave assisted activation. J Anal Appl
Pyrolysis. 2013; 100: 253-260. doi: 10.1016/j.jaap.2013.01.008.

5. Monsalvo VM, Mohedano AF, Rodriguez JJ. Activated
carbons from sewage sludge: application to aqueous-phase
adsorption of 4-chlorophenol. Desalination. 2011; 277: 377-382.
doi: 10.1016/j.desal.2011.04.059.

6. Wu FC, Wu PH, Tseng RL, Juang RS. Preparation of
novel activated carbons from H2SO4-ðretreated corncob hulls
with KOH activation for quick adsorption of dye and
4-chlorophenol. J Environ Manage. 2011; 92: 708-713.
doi: 10.1016/j.jenvman.2010.10.003.

7. Wu FC, Wu PH, Tseng RL, Juang RS. Preparation of
activated carbons from unburnt coal in bottom ash with KOH
activation for liquid-phase adsorption. J Environ Manage. 2010;
91: 1097-1102. doi: 10.1016/j.jenvman.2009.12.011.

8. Tamarkina YuV, Anishchenko VM, Red’ko AM,
Kucherenko VA. Adsorbtsiini vlastyvosti vykopnogo vygillya,
aktyvovanogo gidroksydom kaliyu. Vplyv stupenya metamorfizma
[Adsorption properties of coals activated with potassium hydroxide.
Influence of coal rank]. Chem Phys Technol Surf. 2020; 11(2):
175-189. (in Ukrainian). doi: 10.15407/hftp11.02.175.

9. Sabierova VA, Tamarkina YV, Kucherenko VA.
Efficiency of thermal shock in the thermal alkaline conversion of
fossil coals into nanoporous materials. Solid Fuel Chem. 2021;
55: 110-116. doi: 10.3103/S0361521921020075.

10. Jagiello J, Olivier JP. 2D-NLDFT adsorption models
for carbon slit-shaped pores with surface energetical heterogeneity
and geometrical corrugation. Carbon. 2013; 55: 70-80.
doi: 10.1016/j.carbon.2012.12.011.

11. Thommes M, Kaneko K, Neimark AV, Olivier JP,
Rodriguez-Reinoso F, Rouquerol J, et al. Physisorption of gases,
with special reference to the evaluation of surface area and pore
size distribution (IUPAC Technical Report). Pure Appl Chem.
2015; 87(9-10): 1051-1069. doi: 10.1515/pac-2014-1117.

12. Tamarkina YV, Kucherenko VA, Shendrik TG. Alkaline
activation of coals and carbon-base materials. Solid Fuel Chem.
2014; 48: 251-259. doi: 10.3103/S0361521914040119.

13. Simonin JP. On the comparison of pseudo-first
order and pseudo-second order rate laws in the modeling of
adsorption kinetics. Chem Eng J. 2016; 300: 254-263.
doi: 10.1016/j.cej.2016.04.079.


	47
	48
	49
	50
	51
	52
	53
	54

