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²ç âèêîðèñòàííÿì êîëîðèìåòðè÷íîãî òà éîäîìåòðè÷íîãî ìåòîä³â âèâ÷åíî çàêîíî-
ì³ðíîñò³ àäñîðáö³¿ õëîðó òà áàðâíèêà ìåòèëåíîâîãî áëàêèòíîãî íàíîñòðóêòóð-
íèì àêòèâîâàíèì âóãëåâîëîêíèñòèì ìàòåð³àëîì ÀÂÂÌ “Äíåïð”-ÌÍ. Çà äîïîìî-
ãîþ ð³âíÿííÿ Ôðåéíäë³õà îá÷èñëåíî ãðàíè÷í³ çíà÷åííÿ ñîðáö³¿ òà êîíñòàíòè àäñîð-
áö³éíî¿ ð³âíîâàãè äëÿ äîñë³äæóâàíèõ çðàçê³â ÀÂÂÌ ³ç ð³çíîþ ïîðèñòîþ ñòðóêòóðîþ.

Âñòóï

Àäñîðáö³ÿ º ñêëàäîâîþ áàãàòüîõ ïðîìèñëîâèõ îïåðàö³é ³ ïðåä-
ìåòîì ÷èñëåííèõ íàóêîâèõ äîñë³äæåíü. Ó ïîïåðåäí³õ ïóáë³êàö³ÿõ [26,
27] àâòîðè ïðåäñòàâèëè ðåçóëüòàòè äîñë³äæåíü àäñîðáö³¿ ç âîäíèõ
ðîç÷èí³â îðãàí³÷íèõ ðå÷îâèí òà âàæêèõ ³ òîêñè÷íèõ ìåòàë³â çà äî-
ïîìîãîþ àêòèâîâàíîãî âóãëåöåâîãî âîëîêíèñòîãî ìàòåð³àëó
ÀÂÂÌ “Äíåïð”-ÌÍ (äàë³ ÀÂÂÌ), ðîçðîáëåíîãî â ²íñòèòóò³ ïðîá-
ëåì ìàòåð³àëîçíàâñòâà ³ì. ².Ì. Ôðàíöåâè÷à ÍÀÍ Óêðà¿íè. Öåé
ìàòåð³àë ïîâíîþ ì³ðîþ ìîæíà â³äíåñòè äî íàíîñòðóêòóðíèõ. Íà-
øèìè ïîïåðåäí³ìè äîñë³äæåííÿìè âñòàíîâëåíî íàÿâí³ñòü ó ñòðóê-
òóð³ ÀÂÂÌ íàíîöèáóëèí, íàíîãðàô³òó, íàíîâîëîêîí, íàíîòðóáîê,
íàíîíèòîê [25]. Âóãëåöåâ³ íàíîñîðáåíòè âèâ÷àëè é àâòîðè ðîá³ò [24,
28]. Â³äîìî, ùî âóãëåöåâ³ íàíîñîðáåíòè ç âèñîêèì ñï³ââ³äíîøåí-
íÿì ïîâåðõí³ òà îá’ºìó é êîíòðîëüîâàíèìè õ³ì³÷íèìè âëàñòèâîñ-
òÿìè ïîâåðõí³ íå ìàþòü îáìåæåíü, ïðèòàìàííèõ òðàäèö³éíèì ñîð-
áåíòàì. Óñòàíîâëåíî êîðåëÿö³éíèé çâ’ÿçîê ì³æ ê³ëüê³ñòþ íàíî÷àñ-
òèíîê ó ìàòåð³àë³ òà éîãî àäñîðáö³éíèìè âëàñòèâîñòÿìè [24].
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Âóãëåöåâ³ íàíîìàòåð³àëè õàðàêòåðèçóþòüñÿ âè-
ñîêîþ ñîðáö³éíîþ ºìí³ñòþ, øâèäêîþ ê³íåòè-
êîþ, çäàòí³ñòþ ä³ÿòè â øèðîêîìó ä³àïàçîí³ ðÍ.
Ìîæëèâîñò³ âèêîðèñòàííÿ ¿õ äëÿ î÷èùåííÿ ïèò-
íî¿ âîäè âèâ÷åíî ïîêè ùî íåäîñòàòíüî, õî÷à ö³
ñîðáåíòè çà åôåêòèâí³ñòþ çíà÷íî ïåðåâèùóþòü
òðàäèö³éíå àêòèâîâàíå âóã³ëëÿ [28]. Ó ïðîïîíî-
âàí³é ñòàòò³ íàâåäåíî ðåçóëüòàòè âèâ÷åííÿ ñîð-
áö³éíî¿ àêòèâíîñò³ ÀÂÂÌ ñòîñîâíî àêòèâíîãî
õëîðó òà õëîðîðãàí³÷íî¿ ñïîëóêè – ìåòèëåíî-
âîãî áëàêèòíîãî. Âèá³ð àäñîðáàò³â çóìîâëåíî
òàêèìè ì³ðêóâàííÿìè: õëîð ó âèãëÿä³ ñîëÿíî¿
êèñëîòè, õëîðíîãî âàïíà, ã³ïîõëîðèò³â, õëîðàò³â
òà õëîðîðãàí³÷íèõ ñïîëóê øèðîêî çàñòîñîâóþòü
ó áàãàòüîõ ãàëóçÿõ âèðîáíèöòâà, â ìåäèöèí³ òà
â³éñüêîâ³é òîêñèêîëîã³¿ [2, 15, 23]. ×åðåç ìàñ-
øòàáí³ñòü âèêîðèñòàííÿ é âèñîêó òîêñè÷í³ñòü
õëîð òà éîãî ñïîëóêè º íåáåçïå÷íèìè çàáðóä-
íþâà÷àìè äîâê³ëëÿ [6]. Âîíè ìîæóòü ïîòðàïëÿ-
òè â ñò³÷í³ âîäè òà, éìîâ³ðíî, â ïèòíó âîäó.

Îñîáëèâå çíà÷åííÿ ìàº çàñòîñóâàííÿ àêòèâ-
íîãî õëîðó äëÿ ñòåðèë³çàö³¿ òà çíåçàðàæåííÿ
âîäè. Àêòèâíèìè º ìîëåêóëÿðíèé õëîð ³ éîãî
êèñíåâ³ ñïîëóêè, ðîç÷èíí³ ó âîä³. Âì³ñò õëîðó
ðåãëàìåíòîâàíî ñòàíäàðòîì ÄÑàíÏ²Í 2.2.4-171-10
“Ã³ã³ºí³÷í³ âèìîãè äî âîäè, ïðèçíà÷åíî¿ äëÿ ñïî-
æèâàííÿ ëþäèíîþ” (¹ 452/17747), çã³äíî ç ÿêèì
êîíöåíòðàö³ÿ çàëèøêîâîãî õëîðó ó âîä³ íå ïî-
âèííà ïåðåâèùóâàòè äëÿ â³ëüíîãî õëîðó 0,3–0,5,
äëÿ çâ’ÿçàíîãî – 0,8–1,2 ìã/ë. Çíà÷íó íåáåçïåêó
ñòàíîâëÿòü ñïîëóêè õëîðó ç îðãàí³÷íèìè ðå÷î-
âèíàìè, ïåðåâàæíî ç êèñëîòàìè âîäíîãî ãóìó-
ñó. Ó ïðîöåñ³ õëîðóâàííÿ âîäè ìîæóòü óòâîðþ-
âàòèñÿ äî 50 ãàëîãåíóì³ñíèõ ñïîëóê (ëåòêèõ ³
íåëåòêèõ). Ïîá³÷í³ ïðîäóêòè äåç³íôåêö³¿, çîê-
ðåìà òðèãàëîìåòàíè, ìîæóòü íàêîïè÷óâàòèñÿ
îðãàí³çìîì ³ ÷èíèòè íà íüîãî êàíöåðîãåííèé òà
ìóòàãåííèé âïëèâ [7, 16, 19]. ¯õ çàíåñåíî äî
ïåðåë³êó îðãàí³÷íèõ ðå÷îâèí, îáîâ’ÿçêîâèõ äëÿ
êîíòðîëþ â ïèòí³é âîä³, çã³äíî ç³ ñòàíäàðòîì
ÄÑàíÏ²Í ¹ 383 â³ä 12 ëèñòîïàäà 1999 ðîêó.

ßê ìàðêåð õëîðîðãàí³÷íèõ ðå÷îâèí íà öüî-
ìó åòàï³ äîñë³äæåíü áóëî âèêîðèñòàíî áàðâíèê
ìåòèëåíîâèé áëàêèòíèé (ÌÁ). Çàêîíîì³ðíîñò³
àäñîðáö³¿ éîãî íà ÀÂÂÌ ìîæíà åêñòðàïîëþâà-
òè äëÿ ïðîãíîçóâàííÿ àäñîðáö³¿ ³íøèõ âåëèêèõ
ìîëåêóë îðãàí³÷íî¿ ïðèðîäè – ïåñòèöèä³â, õëîð-

îðãàí³÷íèõ ñïîëóê, ãóì³íîâèõ êèñëîò, á³ëê³â
òîùî [17]. Ó ïðîöåñàõ î÷èùåííÿ âîäè ìåòèëå-
íîâèé áëàêèòíèé çàñòîñîâóþòü ïðè òåñòóâàíí³
àêòèâîâàíîãî âóã³ëëÿ.

²ñíóþòü ð³çí³ ñïîñîáè î÷èùåííÿ âîäè â³ä çà-
ëèøê³â àêòèâíîãî õëîðó òà õëîðîðãàí³÷íèõ ñïî-
ëóê. Îäíèì ³ç ïîøèðåíèõ åôåêòèâíèõ ìåòîä³â º
ñîðáö³éíå î÷èùåííÿ çà äîïîìîãîþ âóãëåöåâèõ
ñîðáåíò³â [9, 11]. Ïðàêòè÷íîãî çíà÷åííÿ íàáóâà-
þòü âóãëåöåâ³ íàíîñòðóêòóðí³ ñîðáåíòè [4, 24].
Òîìó ïðîâåäåííÿ äîñë³äæåíü, ïðåäñòàâëåíèõ ó
ñòàòò³, º äîö³ëüíèì òà àêòóàëüíèì.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Ñîðáö³þ àêòèâíîãî õëîðó òà ìåòèëåíîâîãî
áëàêèòíîãî ç âîäíèõ ðîç÷èí³â âèâ÷àëè ïðè ñòà-
òè÷íèõ óìîâàõ íà çðàçêàõ ÀÂÂÌ-25, ÀÂÂÌ-41
³ ÀÂÂÌ-66 ³ç ð³çíèì ñòóïåíåì âèïàëó – 25%,
41% òà 66% ³, â³äïîâ³äíî, ç ð³çíîþ ïîðèñòîþ
ñòðóêòóðîþ (VS = 0,32; 0,76; 0,98 ñì3/ã) òà ïî-
ð³âíþâàëè ç âóãëåâîëîêíèñòèì ñîðáö³éíèì ìà-
òåð³àëîì âèðîáíèöòâà Ðåñïóáë³êè Á³ëîðóñü
“Áóñîô³ò Ò” (äàë³ “Áóñîô³ò”) ³ç VS = 0,35 ñì3/ã.
Ïîðèñòó ñòðóêòóðó ñîðáåíò³â ïîïåðåäíüî îö³-
íþâàëè çà ïîãëèíàííÿì ïàðè áåíçîëó [26]. Çðàç-
êè ÀÂÂÌ-25 òà “Áóñîô³òó” íàëåæàòü äî ì³êðî-
ïîðèñòèõ, ÀÂÂÌ-41 ³ ÀÂÂÌ-66 – äî ñóïåð-
ì³êðîïîðèñòèõ.

ßê ìîäåëü àêòèâíîãî õëîðó (Ñ²2
àêò) áóëî çà-

ñòîñîâàíî õëîð, ùî óòâîðþºòüñÿ ïðè ðîç÷èíåíí³ ó
âîä³ íåéòðàëüíîãî ã³ïîõëîðèòó êàëüö³þ ç âèñîêèì
âì³ñòîì àêòèâíîãî õëîðó â ñóõ³é ðå÷îâèí³ (55%).
Ã³ïîõëîðèòè ç ð³çíèì âì³ñòîì àêòèâíîãî õëîðó âè-
êîðèñòîâóþòü ÿê àëüòåðíàòèâí³ ð³äêîìó õëîðó ðåà-
ãåíòè [20]. Êîíöåíòðàö³ÿ àêòèâíîãî õëîðó ó âîäíî-
ìó ðîç÷èí³ äîð³âíþâàëà 25, 50 ³ 100 ìã/ë.

Ìàñà íàâàæêè ñîðáåíòó ñòàíîâèëà 0,01–0,03 ã.
Íàâàæêó âóã³ëëÿ ïîïåðåäíüî âèñóøóâàëè ïðè
105 °Ñ äî ñòàëî¿ ìàñè, çâàæóâàëè ç òî÷í³ñòþ
äî 1⋅10–4 ã, âì³ùóâàëè â êîí³÷íó êîëáó ºìí³ñòþ
100 ñì3, äîäàâàëè 25 ìë ðîç÷èíó ã³ïîõëîðèòó
êàëüö³þ â³äïîâ³äíî¿ êîíöåíòðàö³¿, çàêðèâàëè
ïðîáêîþ òà çáîâòóâàëè íà àïàðàò³ äëÿ ñòðóøó-
âàííÿ òèïó ÀÂÓ-1 àáî ÀÂÓ-6Ñ ïðîòÿãîì 2 ãîä
³ç ÷àñòîòîþ 135–140 êîëèâàíü íà õâèëèíó. Ï³ñëÿ
çáîâòóâàííÿ íàâàæêó ç ðîç÷èíîì öåíòðèôóãó-
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âàëè ïðîòÿãîì 15 õâ. Îñâ³òëåíèé òàêèì ÷èíîì
ðîç÷èí êîíòðîëþâàëè çã³äíî ç ìåòîäèêàìè âè-
çíà÷åííÿ âì³ñòó ðå÷îâèíè.

Âîäí³ ðîç÷èíè ìåòèëåíîâîãî áëàêèòíîãî ãî-
òóâàëè ç â³äïîâ³äíîãî ðåàãåíòó ìàðêè “õ.÷.” ó
ôîðì³ ñîë³ – õëîðàòó ÷åòâåðòèííî¿ àìîí³ºâî¿
îñíîâè ç ôîðìóëîþ Ñ16H18N3SCl. Âèõ³äíà êîí-
öåíòðàö³ÿ ìåòèëåíîâîãî áëàêèòíîãî ñòàíîâèëà
150–1500 ìã/ë, ìàñà íàâàæêè ñîðáåíò³â – 0,05 ã.

Âì³ñò àêòèâíîãî õëîðó â âîä³ âèçíà÷àëè éî-
äîìåòðè÷íèì ìåòîäîì çã³äíî ç ðîáîòîþ [14]
³ ÃÎÑÒ 18190-72, âì³ñò ìåòèëåíîâîãî áëàêèò-
íîãî – êîëîðèìåòðè÷íèì ìåòîäîì çã³äíî ç
ÃÎÑÒ 4453-74.

Ñòóï³íü âèëó÷åííÿ ðå÷îâèíè ðîçðàõîâóâàëè
çà ìåòîäèêîþ îá÷èñëåííÿ ñòóïåíÿ âèëó÷åííÿ
ôåíîëó, íàâåäåíîþ â ðîáîò³ [26].

Âåëè÷èíó ïèòîìî¿ àäñîðáö³¿ ðîçðàõîâóâàëè
çà ð³âíÿííÿì Ôðåéíäë³õà:

à = α·Ñð
1/n (1),

äå à – ïèòîìà àäñîðáö³ÿ, ìã/ã; Ñð – ð³âíîâàæíà
êîíöåíòðàö³ÿ, ìã/ë; α òà n – êîåô³ö³ºíòè (êîí-
ñòàíòè): âåëè÷èíà êîíñòàíòè α âèçíà÷àº âèñîòó
êðèâî¿ íàä â³ññþ àáñöèñ ³ ñóòòºâî çì³íþºòüñÿ
çàëåæíî â³ä ïðèðîäè ñîðáåíòó òà ñîðáàòó; êîå-
ô³ö³ºíòè ìîæíà âèçíà÷èòè ãðàô³÷íî, ÿêùî ïðî-
ëîãàðèôìóâàòè ð³âíÿííÿ (1); 1/n – êîíñòàíòà
(àäñîðáö³éíèé ïîêàçíèê), ùî çàëåæèòü â³ä ïðè-
ðîäè àäñîðáåíòó é òåìïåðàòóðè ðîç÷èíó.

Ðåçóëüòàòè òà îáãîâîðåííÿ ¿õ

Â³äîìî, ùî àäñîðáö³éíà ºìí³ñòü âóãëåöåâèõ
ìàòåð³àë³â çàëåæèòü ïåðåâàæíî â³ä òàêèõ õàðàê-
òåðèñòèê, ÿê îá’ºì ñîðáö³éíîãî ïðîñòîðó, ðîçì³ð
ïîð òà ðîçïîä³ë ¿õ. Îêð³ì òîãî, ñë³ä óðàõîâóâà-
òè ðîçì³ðè, ôîðìó, çàðÿä ÷àñòèíîê ³ êîíöåíòðà-
ö³þ ñîðáîâàíèõ ðå÷îâèí, òåìïåðàòóðó, âåëè÷è-
íó ðÍ ñåðåäîâèùà, êîíöåíòðàö³þ ñóïóòí³õ
ðå÷îâèí ó ðîç÷èí³, ñòóï³íü ïðîòîíóâàííÿ ³îíî-
îáì³ííèõ ãðóï íà ïîâåðõí³ ñîðáåíòó, çàðÿä ïî-
âåðõí³ òà äåÿê³ ³íø³ ôàêòîðè [17].

Ñîðáö³éíó çäàòí³ñòü àäñîðáåíò³â ùîäî êîí-
êðåòíèõ ðå÷îâèí áóëî îö³íåíî ìåòîäîì ³çîòåðì
àäñîðáö³¿ â ð³äê³é ôàç³, ÿêèé îïèñóº ðîçïîä³ë
ðå÷îâèíè ì³æ àäñîðáåíòîì ³ ðîç÷èíîì â óìîâàõ
äîñÿãíåííÿ ð³âíîâàæíî¿ êîíöåíòðàö³¿ òà ïîâíî-

ãî íàñè÷åííÿ ñîðáåíòó. Ïðè âèâ÷åíí³ àäñîðá-
ö³éíèõ ïðîöåñ³â ó ÷àñ³ íà çðàçêàõ ÀÂÂÌ ³ “Áóñî-
ô³òó” ïðè ð³çí³é âèõ³äí³é êîíöåíòðàö³¿ õëîðó â
ðîç÷èí³ (25, 50 ³ 100 ìã/ë) óñòàíîâëåíî, ùî íàé-
á³ëüøó ïèòîìó àäñîðáö³þ ìàº çðàçîê ÀÂÂÌ-66.
Íà ðèñ. 1 íàâåäåíî çàëåæí³ñòü àäñîðáö³¿ õëîðó
ç ðîç÷èíó ³ç ïî÷àòêîâîþ êîíöåíòðàö³ºþ 50 ìã/ë
çðàçêàìè ÀÂÂÌ òà “Áóñîô³òó” â³ä òðèâàëîñò³
ñîðáö³¿. Òàê, â óìîâàõ åêñïåðèìåíòó ð³âíîâàæ-
íà àäñîðáö³ÿ äîñÿãàºòüñÿ çà 2 ãîä äëÿ âñ³õ çðàçê³â
³ ñòàíîâèòü: äëÿ ÀÂÂÌ-66 – 432 ìã/ã, äëÿ
ÀÂÂÌ-41 – 400 ìã/ã, äëÿ “Áóñîô³òó” – 253 ìã/ã,
à äëÿ ÀÂÂÌ-25 – ëèøå 182 ìã/ã. Ó ïåðø³ 30 õâ
äëÿ çðàçêà ÀÂÂÌ-66 àäñîðáö³ÿ ñòàíîâèòü 87%
â³ä ð³âíîâàæíî¿, íàòîì³ñòü äëÿ ÀÂÂÌ-25 –
ò³ëüêè 56%. Ð³âíîâàæíà àäñîðáö³ÿ äëÿ çðàçêà
ÀÂÂÌ-66 ó 2,4 ðàçà á³ëüøà, í³æ äëÿ ÀÂÂÌ-25.
Áëèçüêå äî íàâåäåíîãî ñï³ââ³äíîøåííÿ âåëè÷èí
àäñîðáö³¿ ñïîñòåð³ãàºòüñÿ òàêîæ ³ äëÿ ³íøèõ âèõ³-
äíèõ êîíöåíòðàö³é õëîðó. Óñòàíîâëåíó çàêî-
íîì³ðí³ñòü çóìîâëåíî ðàí³øå âèçíà÷åíîþ îñîáëè-
â³ñòþ ÀÂÂÌ-66, à ñàìå ï³äâèùåíîþ ïîð³âíÿíî ç
³íøèìè çðàçêàìè ì³êðîïîðèñò³ñòþ [26].

ßêùî ïîð³âíþâàòè ºìí³ñòü ÀÂÂÌ-66 ùîäî
õëîðó ç ºìí³ñòþ ³íøèõ çðàçê³â âóã³ëëÿ, òî ñë³ä
çàçíà÷èòè, ùî âîíà çíà÷íî á³ëüøà, í³æ ó ïðî-
ìèñëîâèõ çðàçêàõ ìàðêè ÀÐ-Â (260 ìã/ã) òà
ÁÀÓ (270 ìã/ã), à òàêîæ ïåðåâèùóº ºìí³ñòü
âóã³ëëÿ ÑÊÒ [22]. Òàêà â³äì³íí³ñòü ïîÿñíþºòü-

Ðèñ. 1. Ê³íåòèêà àäñîðáö³¿ Cl2
àêò (Ñ0 = 50 ìã/ë)

ñîðáåíòàìè ÀÂÂÌ-66 (êðèâà 1), ÀÂÂÌ-41 (êðèâà 2),
“Áóñîô³ò” (êðèâà 3), ÀÂÂÌ-25 (êðèâà 4)
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Òàáëèöÿ 1. Õàðàêòåðèñòèêè ïîðèñòî¿ ñòðóêòóðè ñîðáåíò³â

Ïðèì. Vs – ñóìàðíèé îá’ºì ïîð, Vmi – îá’ºì ì³êðîïîð, Vme – îá’ºì ìåçîïîð

ñÿ ñòðóêòóðíèìè õàðàêòåðèñòèêàìè öèõ ñîð-
áåíò³â (òàáë. 1).

Òàêèì ÷èíîì, àêòèâí³ñòü çðàçê³â âóã³ëëÿ çà-
ëåæèòü íàñàìïåðåä â³ä ñòóïåíÿ ðîçâèòêó â íèõ
òîíêî¿ ïîðèñòî¿ ñòðóêòóðè. Ìàéæå âñÿ ïèòîìà
ïîâåðõíÿ àêòèâîâàíîãî âóã³ëëÿ âèçíà÷àºòüñÿ
âíóòð³øíüîþ ì³êðî- é ìåçîïîðèñò³ñòþ. Íà í³é
â³äáóâàþòüñÿ ³íòåíñèâí³ ïðîöåñè ñîðáö³¿, â îñ-

Òàáëèöÿ 2. Ïîêàçíèêè ñîðáö³¿ õëîðó íà ÀÂÂÌ-66 (Ñ0 = 100 ìã/ë)

íîâ³ ÿêèõ ëåæèòü âçàºìîä³ÿ åíåðãåòè÷íî íåíà-
ñè÷åíèõ àòîì³â âóãëåöþ ç ìîëåêóëàìè àäñîðáî-
âàíèõ ðå÷îâèí. Ó ïðîöåñ³ àäñîðáö³¿ ç âîäíèõ
ðîç÷èí³â äîì³íóþ÷èì ÷èííèêîì º ãðàä³ºíò
õ³ì³÷íîãî ïîòåíö³àëó ñîðáåíòó (ñèñòåìè). Øâèä-
ê³ñòü ñîðáö³¿ îáìåæåíî ï³äâåäåííÿì ñîðáîâàíî¿
ðå÷îâèíè äî çåðíà ñîðáåíòó (çîâí³øíº ïåðåíå-
ñåííÿ) òà ïåðåì³ùåííÿì éîãî ìîëåêóë óñåðåäèí³

Òàáëèöÿ 3. Ïîêàçíèêè ñîðáö³¿ õëîðó íà ÀÂÂÌ-66 (Ñ0 = 50 ìã/ë)
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çåðíà ïîðèñòîãî ñîðáåíòó (âíóòð³øíº ïåðåíå-
ñåííÿ). Âëàñíå ñîðáö³ÿ (çàïîâíåííÿ ì³êðîïîð)
â³äáóâàºòüñÿ íàñò³ëüêè øâèäêî, ùî íå âïëèâàº
íà ê³íåòèêó ïðîöåñó çàãàëîì [12].

Ó òàáëèöÿõ 2–4 íàâåäåíî ðåçóëüòàòè äîñë³-
äæåííÿ çàëåæíîñò³ àäñîðáö³¿ õëîðó â³ä éîãî ð³âíî-
âàæíî¿ êîíöåíòðàö³¿ â ðîç÷èíàõ ³ç ð³çíîþ âèõ³ä-
íîþ êîíöåíòðàö³ºþ òà ìàñîþ íàâàæêè ñîðáåíòó.
Ó ôîðìóëàõ (2)–(4) âèçíà÷åíî êîåô³ö³ºíòè ð³âíÿí-
íÿ Ôðåéíäë³õà. Òðèâàë³ñòü åêñïåðèìåíòó – 2 ãîä.
Óñ³ äàí³ íàâåäåíî äëÿ çðàçêà ÀÂÂÌ-66.

Ð³âíÿííÿ Ôðåéíäë³õà äëÿ êîíöåíòðàö³¿ õëî-
ðó Ñ0 = 100 ìã/ë:

à = 216,15⋅ Ñð
0,25 (2)

Ð³âíÿííÿ Ôðåéíäë³õà äëÿ êîíöåíòðàö³¿ õëî-
ðó Ñ0 = 50 ìã/ë:

à = 177,8⋅Ñð
0,257 (3)

Çàãàëîì ð³âíÿííÿ Ôðåéíäë³õà ïîêàçóº, ùî
ïèòîìà àäñîðáö³ÿ (à) áóäå òèì á³ëüøîþ, ÷èì
á³ëüøà ð³âíîâàæíà êîíöåíòðàö³ÿ (Ñð). Ïðè
âèõ³äí³é êîíöåíòðàö³¿ õëîðó 100 ìã/ë ³ Ñð =
= 37,17 ìã/ë ïèòîìà àäñîðáö³ÿ çðàçêîì ÀÂÂÌ-66
ñòàíîâèòü 643,8 ìã/ã, ïðè âèõ³äí³é êîíöåíòðàö³¿
àäñîðáàòó 50 ìã/ë ³ Ñð = 29,03 ìã/ë âîíà äîð³â-
íþº 432 ìã/ã, à ïðè âèõ³äí³é êîíöåíòðàö³¿ 25 ìã/ë
³ Ñð = 16,46 ìã/ë – 235,8 ìã/ã.

Ó íàøîìó äîñë³äæåíí³ äæåðåëîì àêòèâíîãî
õëîðó ñëóãóâàâ ã³ïîõëîðèò êàëüö³þ, ùî ðîçêëà-
äàºòüñÿ ó âîäíèõ ðîç÷èíàõ ³ç âèä³ëåííÿì ³îí³â
õëîðó, ÿêèì ïðèòàìàííà âèñîêà õ³ì³÷íà àêòèâí³ñòü.
Ñîðáö³ÿ õëîðó íà ÀÂÂÌ º äîñèòü ñèëüíîþ. Ïðè
áàãàòîðàçîâîìó â³äìèâàíí³ äèñòèëüîâàíîþ âîäîþ
íàñè÷åíîãî õëîðîì çðàçêà â ðîç÷èí ïåðåõîäèòü íå
á³ëüø í³æ 10% àäñîðáîâàíîãî õëîðó, ùî ñâ³ä÷èòü

Òàáëèöÿ 4. Ïîêàçíèêè ñîðáö³¿ õëîðó íà ÀÂÂÌ-66 (Ñ0 = 25 ìã/ë)

ïðî õ³ì³÷íó âçàºìîä³þ õëîðó ç âóãëåöåì ñîðáåíòó
(õ³ì³÷íó ñîðáö³þ). Öåé ôàêò ï³äòâåðäæóþòü ³ ³íø³
àâòîðè: âñòàíîâëåíî, íàïðèêëàä, ùî òàêà õ³ì³÷íà
âçàºìîä³ÿ ìàº ñêëàäíèé õàðàêòåð – ìîæóòü â³äáó-
âàòèñÿ àäñîðáö³ÿ, ðåàêö³¿ çàì³ùåííÿ, ïðèºäíàííÿ
òà ³í. [21, 22]. Õàðàêòåð âçàºìîä³¿ çì³íþºòüñÿ çà-
ëåæíî â³ä ñêëàäó âóãëåöåâîãî ìàòåð³àëó, íàÿâíîñò³
ðåàêö³éíîçäàòíèõ äîì³øîê, ùî ñïðèÿþòü ö³é âçàº-
ìîä³¿, õ³ì³÷íî¿ ïðèðîäè ïîâåðõí³, õàðàêòåðèñòèê
ïîðèñòî¿ ñòðóêòóðè òà ³íøèõ ÷èííèê³â, äî ÿêèõ
íèí³ â³äíîñÿòü òàêîæ íàÿâí³ñòü íàíîôîðì ó ñòðóê-
òóð³ ñîðáåíòó. Ç óñ³õ çàô³êñîâàíèõ ó ñòðóêòóð³ äîñ-
ë³äæóâàíîãî ìàòåð³àëó íàíîôîðì [25] íàéêðàùå
âèâ÷åíî âóãëåöåâ³ íàíîòðóáêè, çîêðåìà ¿õí³
ñîðáö³éí³ âëàñòèâîñò³ [5]. Íàÿâí³ñòü óñåðåäèí³
ð³çíèõ ñòðóêòóð íàíîðîçì³ðíèõ ïîðîæíèí â³äêðè-
âàº íîâ³ ìîæëèâîñò³ äëÿ äîñë³äæåííÿ ìåõàí³çì³â
õ³ì³÷íî¿ é ô³çè÷íî¿ ñîðáö³¿, êàï³ëÿðíèõ ÿâèù òà
³íøèõ åôåêò³â.

Ó ïðîöåñ³ ðîçðîáëåííÿ é àïðîáàö³¿ âóãëåöå-
âèõ ñîðáåíò³â ñôîðìîâàíî ïåðåë³ê ñòàíäàðòèçî-
âàíèõ òåñò³â, ïîòð³áíèõ äëÿ àòåñòàö³¿ ¿õ. Îäíèì
³ç íèõ º ìåòîä âèçíà÷åííÿ àäñîðáö³¿ áàðâíèêà
ìåòèëåíîâîãî áëàêèòíîãî ç âîäíèõ ðîç÷èí³â [3].
Òðóäíîù³ äîñë³äæåííÿ ïîâåðõíåâî¿ ñîðáö³¿ áà-
ãàòîàòîìíî¿ ìîëåêóëè âóãëåöåâèìè íàíîñòðóêòó-
ðàìè ïîâ’ÿçàíî, ÿê â³äîìî, ³ç âëàñòèâîþ öèì ìî-
ëåêóëàì àí³çîòðîï³ºþ, ÷åðåç ÿêó ñîðáö³éí³ õàðàê-
òåðèñòèêè çàëåæàòü íå ò³ëüêè â³ä òåìïåðàòóðè òà
ñòàíó ïîâåðõí³, à é â³ä îð³ºíòàö³¿ ìîëåêóëè ùîäî
ïîâåðõí³ ñîðáåíòó [5]. Ñó÷àñíèé ð³âåíü åêñïå-
ðèìåíòó íå äàº çìîãè âðàõîâóâàòè öåé ÷èííèê,
òîìó ìè îïåðóºìî óñåðåäíåíèìè ñîðáö³éíèìè
õàðàêòåðèñòèêàìè.
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Ê³íåòè÷í³ êðèâ³ àäñîðáö³¿ ìåòèëåíîâîãî áëà-
êèòíîãî íàâåäåíî íà ðèñ. 2. Àíàë³ç ¿õ ñâ³ä÷èòü,
ùî ïðîöåñ ñîðáö³¿ áàðâíèêà ç âèõ³äíîþ êîíöåí-
òðàö³ºþ 1500 ìã/ë íà âñ³õ çðàçêàõ âóã³ëëÿ â³äáó-
âàºòüñÿ äóæå ³íòåíñèâíî é óæå â ïåðø³ õâèëè-
íè äîñÿãàº 90–95% â³ä ð³âíîâàæíîãî. Äëÿ çðàç-
êà ÀÂÂÌ-66 ð³âíîâàãà ñîðáö³¿ âñòàíîâëþºòüñÿ
çà 15–20 õâ, äëÿ ³íøèõ – çà ãîäèíó. Íàéá³ëüøó
ð³âíîâàæíó àäñîðáö³éíó ºìí³ñòü ùîäî ìåòèëå-
íîâîãî áëàêèòíîãî ìàº çðàçîê ÀÂÂÌ-66 –
545 ìã/ã. Íàéìåíøó àäñîðáö³éíó ºìí³ñòü ìàº
“Áóñîô³ò” – áëèçüêî 280 ìã/ã. Çíà÷åííÿ öüîãî ïî-
êàçíèêà äëÿ çðàçê³â ÀÂÂÌ-25 òà ÀÂÂÌ-41 ñòà-
íîâëÿòü 360 ìã/ã ³ 465 ìã/ã â³äïîâ³äíî.

Ìåòîäîì ñòàëî¿ íàâàæêè òà çì³ííî¿ êîíöåí-
òðàö³¿ îòðèìàíî ³çîòåðìè àäñîðáö³¿ ìåòèëåíî-
âîãî áëàêèòíîãî (ðèñ. 3) íà äîñë³äæåíèõ çðàç-
êàõ âóã³ëëÿ ç âîäíîãî ðîç÷èíó ç âèõ³äíîþ êîí-
öåíòðàö³ºþ â³ä 200 äî 1500 ìã/ë. ²çîòåðìè
ïîêàçóþòü, ùî ç ¿¿ ï³äâèùåííÿì âåëè÷èíà ð³âíî-
âàæíî¿ àäñîðáö³¿ çðîñòàº äëÿ âñ³õ çðàçê³â, ïðè-
÷îìó äëÿ çðàçêà ÀÂÂÌ-66 – íàé³íòåíñèâí³øå,
à äëÿ «Áóñîô³òó» – íàéïîâ³ëüí³øå.

Îäåðæàí³ äàí³ ñâ³ä÷àòü ïðî òå, ùî ç ï³äâè-
ùåííÿì ñóìàðíîãî îá’ºìó ïîð, ÷àñòêè òà îá’º-

ìó â íèõ ìåçîïîð (òàáë. 1) àäñîðáö³ÿ áàðâíèêà
íà âóãëåöåâèõ âîëîêíàõ ñóòòºâî çðîñòàº.
Ê³ëüê³ñòü ñîðáö³éíèõ ïîð, ÿê³ ñòàþòü äîñòóï-
íèìè äëÿ ìîëåêóëè ìåòèëåíîâîãî áëàêèòíîãî,
â³äïîâ³äíî çá³ëüøóºòüñÿ ïðè âèêîðèñòàí-
í³ á³ëüø ìåçîïîðèñòèõ ñîðáåíò³â, ÿêèìè º
ÀÂÂÌ-41 òà ÀÂÂÌ-66 ïîð³âíÿíî ç ÀÂÂÌ-25 òà
“Áóñîô³òîì”. Â³äîìî, ùî àäñîðáö³ÿ ìåòèëåíî-
âîãî áëàêèòíîãî äàº óÿâëåííÿ ïðî ïîâåðõíþ àê-
òèâíîãî âóã³ëëÿ ç ïîðàìè, ä³àìåòð ÿêèõ á³ëüøèé
çà 1,5 íì. Ìîëåêóëà áàðâíèêà ìàº â³äíîñíî âå-
ëèê³ ë³í³éí³ ðîçì³ðè, îäíàê áóëî âñòàíîâëåíî,
ùî ÷åðåç ðåçîíàíñ òðüîõ ê³ëåöü âîíà àäñîðáóºòü-
ñÿ ÿê ïëîñêà ïëàñòèíà [8]. Ïðè öüîìó âçàºìîä³ÿ
ì³æ ôóíêö³îíàëüíèìè ãðóïàìè ìåòèëåíîâîãî
áëàêèòíîãî òà ñîðáåíòó â³äáóâàºòüñÿ çà äîíîð-
íî-àêöåïòîðíèì ìåõàí³çìîì [1].

Çàãàëîì, ïîð³âíþþ÷è àäñîðáö³þ ìåòèëåíî-
âîãî áëàêèòíîãî íà ³íøèõ çðàçêàõ âóã³ëëÿ ó
â³äïîâ³äíèõ óìîâàõ [10], ñë³ä çàçíà÷èòè, ùî ïðè
ð³âíîâàæí³é êîíöåíòðàö³¿ 400 ìã/ë âîíà ñòàíî-
âèòü äëÿ ÊÀÄ – 35, áóðîãî âóã³ëëÿ – 102, àíòðà-
öèòó – 110, ÎÓ-ñóõîãî – 270 (îñâ³òëåíå âóã³ë-
ëÿ), À-ëóæíîãî – 305 ìã/ã. Òàêèì ÷èíîì, ð³âíî-
âàæíà ïèòîìà àäñîðáö³ÿ ÀÂÂÌ-66 ó 1,76 ðàçà

Ðèñ. 3. ²çîòåðìè àäñîðáö³¿ ìåòèëåíîâîãî áëàêèòíîãî
ñîðáåíòàìè ÀÂÂÌ-66 (êðèâà 1), ÀÂÂÌ-41 (êðèâà 2),
ÀÂÂÌ- 25 (êðèâà 3), “Áóñîô³ò” (êðèâà 4)
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Ðèñ. 2. Ê³íåòèêà àäñîðáö³¿ ìåòèëåíîâîãî áëàêèòíîãî
(Ñ0 = 1500 ìã/ë) ñîðáåíòàìè ÀÂÂÌ-66 (êðèâà 1),
ÀÂÂÌ-41 (êðèâà 2), ÀÂÂÌ-25 (êðèâà 3), “Áóñîô³ò”
(êðèâà 4)
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á³ëüøà, í³æ ó âóã³ëëÿ À-ëóæíîãî, é ó 15,6 ðàçà
á³ëüøà, í³æ ó âóã³ëëÿ ÊÀÄ.

Ïðè ðîç÷èíåíí³ ó âîä³ ìåòèëåíîâîãî áëàêèò-
íîãî ñïîñòåð³ãàºòüñÿ ï³äêèñëåííÿ ðîç÷èíó. Ïðè
ï³äâèùåíí³ êîíöåíòðàö³¿ áàðâíèêà äî 1500 ìã/ë pH
ðîç÷èíó çíèæóºòüñÿ äî 3,9. Öå, éìîâ³ðíî, ïîâ’ÿ-
çàíî ç ã³äðîë³çîì ÌÁ. Ï³ä ÷àñ ñîðáö³¿, íàâïàêè,
ñïîñòåð³ãàºòüñÿ ï³äâèùåííÿ pH, ùî ìîæå áóòè
ïîâ’ÿçàíî ÿê ç³ çìåíøåííÿì êîíöåíòðàö³¿ áàðâíè-
êà â ðîç÷èí³, òàê ³ ç àäñîðáö³ºþ (íåéòðàë³çàö³ºþ)
ñîëÿíî¿ êèñëîòè âóãëåöåâèìè ñîðáåíòàìè [17].

Äîñë³äæåííÿ äåñîðáö³¿ ìåòèëåíîâîãî áëà-
êèòíîãî øëÿõîì ïðîìèâàííÿ ÀÂÂÌ-66 äèñòè-
ëüîâàíîþ âîäîþ ïðè 20 °Ñ ïîêàçàëî, ùî ³ç ñîð-
áåíòó âèëó÷àºòüñÿ 20% áàðâíèêà. Ïîäàëüøà
îáðîáêà çðàçêà ÀÂÂÌ-66 ðîç÷èíàìè NaCl òà 0,1 í
ðîç÷èíîì HCl ïðîòÿãîì 24 ãîä ïðàêòè÷íî íå
âïëèíóëà íà âì³ñò ó âîëîêí³ ÌÁ. Öå ìîæå
ñâ³ä÷èòè ïðî òå, ùî ÷àñòèíó áàðâíèêà çàêð³ïëå-
íî íà ïîâåðõí³ ñîðáåíòó çà ðàõóíîê ñëàáêèõ
ô³çè÷íèõ ñèë [13], à â³äñóòí³ñòü âïëèâó pH íà
âåëè÷èíó àäñîðáö³¿ âêàçóº, î÷åâèäíî, íà òå, ùî
³îííèé îáì³í ïðè ïîãëèíàíí³ ìåòèëåíîâîãî áëà-
êèòíîãî ÀÂÂÌ â³äñóòí³é.

Òàêèì ÷èíîì, íàéá³ëüø ïðèäàòíèìè äëÿ î÷è-
ùåííÿ âîäè â³ä õëîðó é õëîðîðãàí³÷íèõ ðå÷îâèí
³ç âåëèêèì ðîçì³ðîì ìîëåêóë º çðàçêè âóã³ëëÿ
ÀÂÂÌ-66 ³ ÀÂÂÌ-41. Öèìè äàíèìè ï³äòâåðä-
æóþòüñÿ ðåçóëüòàòè, îòðèìàí³ íàìè ðàí³øå ïðè
ïîð³âíÿíí³ ñîðáö³éíî¿ àêòèâíîñò³ ÃÀÓ òà ÀÂÂÌ
ùîäî n-õëîðàí³ë³íó [10]. Áóëî âñòàíîâëåíî
á³ëüøó åôåêòèâí³ñòü àêòèâîâàíèõ âóãëåâîëîêíè-
ñòèõ ìàòåð³àë³â, ùî çóìîâëåíî â³äì³ííèìè ñòðóê-
òóðíèìè õàðàêòåðèñòèêàìè ñîðáåíò³â. Ïîêàçàíî
ïðèäàòí³ñòü ÀÂÂÌ ³ç âèïàëîì 24–37% äëÿ
ñîðáö³¿ îáìåæåíî ðîç÷èííèõ îðãàí³÷íèõ ðå÷îâèí,
à ç³ ñòóïåíåì àêòèâàö³¿ 62–66% – äëÿ ñîðáö³¿ ïî-
âåðõíåâî-àêòèâíèõ ðå÷îâèí òà áàðâíèê³â.

Âèñíîâêè
Ïðîâåäåíî ïîð³âíÿëüíå äîñë³äæåííÿ ñîðáö³¿

àêòèâíîãî õëîðó é ìåòèëåíîâîãî áëàêèòíîãî çà
äîïîìîãîþ çðàçê³â àêòèâîâàíèõ âóãëåâîëîêíèñ-
òèõ ìàòåð³àë³â ³ç ð³çíîþ ïîðèñòîþ ñòðóêòóðîþ
òà ìàòåð³àëó “Áóñîô³ò Ò”.

Óñòàíîâëåíî âèñîêó àäñîðáö³éíó àêòèâí³ñòü
çàçíà÷åíèõ ñîðáåíò³â ùîäî õëîðó. Íàéàêòèâí³øèì

âèçíàíî çðàçîê ÀÂÂÌ-66 ³ç ñîðáö³éíèì îá’ºìîì
ïîð Vs = 0,98 ñì3/ã, â³í ó 2,2–2,4 ðàçà ïåðåâèùóº
àêòèâí³ñòü ÀÂÂÌ-25 ³ç Vs = 0,32 ñì3/ã òà “Áóñî-
ô³òó Ò”. Âåëèê³ ìîëåêóëè ìåòèëåíîâîãî áëàêèò-
íîãî êðàùå ñîðáóþòüñÿ ó ìåçîïîðàõ, à ñîðáö³ÿ õëî-
ðó â³äáóâàºòüñÿ ïåðåâàæíî â ì³êðîïîðàõ.

Âèêîðèñòàííÿ ð³çíèõ òèï³â àêòèâîâàíèõ âóã-
ëåâîëîêíèñòèõ ìàòåð³àë³â ³ç íàíîðîçì³ðíîþ
ñòðóêòóðîþ òà øèðîêèì ñïåêòðîì íàíîôîðì
(íàíîöèáóëèíè, íàíîãðàô³ò, íàíîâîëîêíà, íà-
íîòðóáêè, íàíîíèòêè) çíà÷íî ðîçøèðþº ìîæ-
ëèâîñò³ ñîðáö³éíîãî ñïîñîáó î÷èùåííÿ âîäè â³ä
ðÿäó çàáðóäíþâà÷³â, çîêðåìà â³ä çàëèøêîâîãî
õëîðó, õëîðîðãàí³÷íèõ ñïîëóê òà áàðâíèê³â.

Ñ èñïîëüçîâàíèåì êîëîðèìåòðè÷åñêîãî è èîäîìåòðè÷åñ-
êîãî ìåòîäîâ èçó÷åíû çàêîíîìåðíîñòè àäñîðáöèè õëîðà è
êðàñèòåëÿ ìåòèëåíîâîãî ãîëóáîãî íàíîñòðóêòóðíûì àêòè-
âèðîâàííûì óãëåâîëîêíèñòûì ìàòåðèàëîì ÀÓÂÌ
“Äíåïð”-ÌÍ. Ïðè ïîìîùè óðàâíåíèÿ Ôðåéíäëèõà ðàññ÷è-
òàíû ïðåäåëüíûå çíà÷åíèÿ ñîðáöèè è êîíñòàíòû àäñîðá-
öèîííîãî ðàâíîâåñèÿ äëÿ èññëåäóåìûõ îáðàçöîâ ÀÓÂÌ ñ
ðàçëè÷íîé ïîðèñòîé ñòðóêòóðîé.
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ëåâîëîêíèñòûé ìàòåðèàë, ñîðáöèÿ, õëîð, õëîðîðãàíè÷åñ-
êèå çàãðÿçíèòåëè âîäû, ìåòèëåíîâûé ãîëóáîé
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INVESTIGATIONS OF SORPTION PROPERTIES
OF ACTIVATED ÑARBON FIBROUS MATERIALS

PART III. ADSORPTION OF ACTIVE CHLORINE AND CHLORINE DERIVATIVES

².V. Kononko, Î.V. Shcherbytska, V.D. Kl³pîv, V.M. Klevtsov, V.P. Sergieiev

SUMMARY

The results of the comparative study of chlorine and methylene
blue hydrate ( marker of chlorinorganic compounds) adsorption
by the samples of nanostructured activated ñarbon fibrous
materials NACM (ÀÂÂÌ “Äíåïð”-ÌÍ) and the material
“Busofit T” have been shown. The relevance of the topic is
determined by the large scale of chlorine and chlorinorganic
compounds using as well as their high toxicity, because of
which they are consider to be the dangerous environmental
pollutants. One of effective methods of water purification is
the adsorption. As a model of active chlorine used chlorine
formed when the neutral calcium hypochlorite was dissolved
in water (the active chlorine content in dry matter was 55%).
Its experimental concentration in aqueous solutions was 25,
50 and 100 mg/l. Aqueous solutions (initial concentration of
150–1500 mg/l) of methylene blue were prepared from the
salt with chemical formula C16H18N3SCl.
Adsorption from solutions has been studied under static
conditions on samples of NACM-25, NACM-41 and NACM-66
with 25%, 41% and 66% degrees of roasting and respectively,
with different porous structure (VS = 0.32; 0.76; 0.98 cm3/g)
and carbon fibrous material “Busofit T” with VS = 0.35 cm3/g.
The porous structure of the sorbents was evaluated by

absorption of benzene vapor. The content of chlorine in water
was determined by iodometric, the content of MB – by
colorimetric methods. The degree of extraction of the substance
was calculated as well as the value of specific adsorption by
the Freundlich equation.
Have been established that the adsorption activity of the NACM
samples toward chlorine and MB depends primarily on the degree
of fine porous structure. Using the Freundlich equation were
calculated the boundary values of sorption and adsorption
equilibrium constants. The study of desorption indicates the
chemical interaction between chlorine and carbon sorbent; part
of MB is fixed on the surface of adsorbent by weak physical
forces. Adsorption activity of NACM-66 with sorption pore
volume (VS = 0,98 cm3/g) at 2.2–2.4 times exceeds the activity of
NACM-25 (Vs = 0,32 cm3/g) and “Busofit T” (VS = 0.35 cm3/g)
toward chlorine. The number of adsorption pores accessible for
molecules of methylene blue increases when using the mesoporous
adsorbents, namely NACM-41 (Vs = 0,76 cm3/g) and NACM-66
compared to NACM-25 and “Busofit T”.
Key words: nanostructured activated carbon fibrous material,
adsorption, chlorine, water chlororganic pollutant, methylene
blue hydrate


