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Äîñë³äæåííÿ ôîòîäåñòðóêö³¿ ìåòèëîâîãî îðàíæåâîãî çà
íàÿâíîñò³ ìàëåî¿ëõ³òîçàíó òà ä³îêñèäó òèòàíó
Ñ.Ì. Êîáèë³íñüêèé, Ë.À. Ãîí÷àðåíêî, Ñ.Â. Ðÿáîâ

²íñòèòóò õ³ì³¿ âèñîêîìîëåêóëÿðíèõ ñïîëóê ÍÀÍ Óêðà¿íè,
48, Õàðê³âñüêå øîñå, Êè¿â, 02160, Óêðà¿íà

Âèâ÷åíî ïðîöåñè ôîòîäåñòðóêö³¿ ìåòèëîâîãî îðàíæåâîãî (ÌÎ) çà íàÿâíîñò³ ä³îêñèäó òèòàíó
(TiO2) é ÷àñòêîâî çàì³ùåíîãî ìàëåî¿ëõ³òîçàíó â ä³àïàçîí³ êîíöåíòðàö³é áàðâíèêà â³ä 30 äî
270 ìã/ë. Ïîêàçàíî, ùî äîäàâàííÿ êàðáîêñèëâì³ñíîãî õ³òîçàíó äî ñóñïåíç³¿ TiO2 ïðèñêîðþº
ôîòîäåñòðóêö³þ áàðâíèêà ó âîäíèõ ðîç÷èíàõ. Òàê, ïðè ÓÔ-îïðîì³íåíí³ ðîç÷èíó áàðâíèêà çà
êîíöåíòðàö³¿ 135 ìã/ë ïðîòÿãîì 60 õâ çà íàÿâíîñò³ ò³ëüêè TiO2 äåñòðóêö³ÿ ÌÎ ñòàíîâèëà 22,6 %,
ïðè öüîìó ê³ëüê³ñòü ñîðáîâàíîãî ÌÎ íà ìàëåî¿ëõ³òîçàí³ çà òîé æå ÷àñ – 63,4 %, íàòîì³ñòü ïðè
îäíî÷àñí³é ä³¿ îáîõ êîìïîíåíò³â âèäàëÿëîñÿ ç ðîç÷èíó 96,8 % áàðâíèêà. Äîñë³äæåííÿ ê³íåòèêè ñîðáö³¿
ÌÎ ïîêàçàëè, ùî íà ÷àñòêîâî çàì³ùåíîìó õ³òîçàí³ ñîðáö³ÿ â³äáóâàëàñÿ çíà÷íî øâèäøå, í³æ íà
ïîâí³ñòþ çàì³ùåíîìó âíàñë³äîê ð³çíîãî ìåõàí³çìó çâ’ÿçóâàííÿ. Âèõ³ä íà íàñè÷åííÿ, çàëåæíî â³ä
ïî÷àòêîâî¿ êîíöåíòðàö³¿ ÌÎ, ñïîñòåð³ãàëè ÷åðåç 90–400 õâ. Íà ï³äñòàâ³ ñïåêòðîñêîï³÷íèõ äàíèõ
âñòàíîâëåíî ôîðìóâàííÿ ð³çíîòèïíèõ àãðåãàò³â ÌÎ íà ïîâåðõí³ ñîðáåíòà.

Êëþ÷îâ³ ñëîâà: ìåòèëîâèé îðàíæåâèé, ôîòîäåñòðóêö³ÿ, ä³îêñèä òèòàíó, ìàëåî¿ëõ³òîçàí.

Âñòóï.
Àçîáàðâíèêè, äî ÿêèõ íàëåæèòü ìåòèëîâèé îðàíæå-

âèé (ÌÎ), øèðîêî çàñòîñîâóþòü ó ïðîìèñëîâîñò³ –
òåêñòèëüí³é, ïîë³ãðàô³÷í³é, ïàïåðîâ³é, ôàðìàöåâ-
òè÷í³é, õàð÷îâ³é ãàëóçÿõ, ïðè öüîìó áëèçüêî 15 % áàðâ-
íèê³â ïîòðàïëÿþòü ó ïðîìèñëîâ³ ñò³÷í³ âîäè [1, 2]. Çäå-
á³ëüøîãî áàðâíèêè – öå òîêñè÷í³ ñïîëóêè [3, 4], íåáåç-
ïå÷í³ äëÿ íàâêîëèøíüîãî ñåðåäîâèùà. Äëÿ âèäàëåííÿ
çàáðóäíþâà÷³â ç³ ñò³÷íèõ âîä âèêîðèñòîâóþòü á³îëîã³÷-
íó äåãðàäàö³þ, êîàãóëÿö³þ, õ³ì³÷íå îêèñíåííÿ, ìåìá-
ðàííó ô³ëüòðàö³þ òà àäñîðáö³þ [5–11]. Îäèí ³ç íàéïî-
øèðåí³øèõ ñïîñîá³â î÷èùåííÿ äîâê³ëëÿ â³ä âèêèä³â ÌÎ
– ôîòîõ³ì³÷íà äåñòðóêö³ÿ [6]. Äëÿ ôîòîäåñòðóêö³¿ îðãà-
í³÷íèõ ìîëåêóë âèêîðèñòîâóþòü ð³çíîìàí³òí³ íàï³âïðî-
â³äíèêè (Ag2O, TiO2, ZnO, Cu2O, CuO) òà ¿õ êîìïîçèòè ç
ïîë³ìåðàìè, çîêðåìà ç õ³òîçàíîì [12–18]. Íàÿâí³ñòü
ïîë³ìåð³â ó êîìïîçèòàõ äàº çìîãó çá³ëüøèòè åôåê-
òèâí³ñòü ôîòîêàòàë³çó çà ðàõóíîê ïîêðàùåííÿ ñîðá-
ö³éíî¿ çäàòíîñò³, óñóíåííÿ ðåêîìá³íàö³¿ åëåêòðîí³â ³
ä³ðîê, êð³ì òîãî, ìîæëèâå ï³äâèùåííÿ åôåêòèâíîñò³
äåñòðóêö³¿ ï³ä ä³ºþ âèäèìîãî òà ñîíÿ÷íîãî ñâ³òëà [3, 16,
17]. Äëÿ ïîñèëåííÿ ñîðáö³éíî¿ çäàòíîñò³ õ³òîçàíó,
â³äíîñíî íåâèñîêî¿ [19] ùîäî ÌÎ (10–30 ìã/ã), ïðîâî-
äèëè éîãî õ³ì³÷íó ìîäèô³êàö³þ îðãàí³÷íèìè òà íåîð-

ãàí³÷íèìè ñïîëóêàìè, çîêðåìà ÷åòâåðòèííîþ àìîí³é-
íîþ ñ³ëëþ [20], åòèëåíä³àì³ííèìè ãðóïàìè [21], β-öèê-
ëîäåêñòðèíîì [22], γ -Fe2O3 [23], Fe3O4 [24]. Ó ïîäàí³é
ðîáîò³ äîñë³äæåíî ïðîöåñè ôîòîêàòàë³òè÷íî¿ äåñòðóêö³¿
ÌÎ íà ä³îêñèä³ òèòàíó çà íàÿâíîñò³ ìàëåî¿ëõ³òîçàíó.
Åêñïåðèìåíòàëüíà ÷àñòèíà.

Ìàòåð³àëè: õ³òîçàí (íèçüêîìîëåêóëÿðíèé), TiO2 (àíà-
òàç, 325 mesh), ìàëå¿íîâèé àíã³äðèä («Fluka»).

Ñèíòåç N-ìàëåî¿ëõ³òîçàíó îïèñàíî â ðîáîò³ [25].
Ñòóï³íü çàì³ùåííÿ ñòàíîâèâ 0,5 ³ 1,0. Â³äïîâ³äí³ ïîõ³äí³
ïîçíà÷åíî ÿê ÌÕ-0,5 ³ ÌÕ-1. Çðàçîê ÌÕ-0,5-HCl îòðèìó-
âàëè øëÿõîì ïðîòîíóâàííÿ âèõ³äíîãî çðàçêà 0,1 í ðîç÷è-
íîì HCl.

Ôîòîêàòàë³òè÷í³ âëàñòèâîñò³ ñèíòåçîâàíèõ ñïîëóê äî-
ñë³äæóâàëè ïðè îïðîì³íåíí³ ÓÔ-ëàìïîþ (ÅÂÒ-0,1, 26 Âò,
365 íì) çà òàêîþ ìåòîäèêîþ: â êîëáó ºìí³ñòþ 25 ìë
ïîì³ùàëè 8 ìë ñóñïåíç³¿ TiO2 çà êîíöåíòðàö³¿ 4 ã/ë, íàâàæ-
êó N-ìàëåî¿ëõ³òîçàíó (10–40 ìã) ³ äîäàâàëè ðîç÷èí ÌÎ
(1000 ìã/ë) äëÿ ñòâîðåííÿ êîíöåíòðàö³¿ â³ä 30 äî 270 ìã/ë.
Çàãàëüíèé îá’ºì ñóñïåíç³¿ äîâîäèëè âîäîþ äî 16 ìë. Îò-
ðèìàíó ñóñïåíç³þ îïðîì³íþâàëè ïðîòÿãîì 220 õâ, â³äáè-
ðàþ÷è ÷åðåç ïåâí³ ïðîì³æêè ÷àñó ïðîáè äëÿ àíàë³çó íà
âì³ñò ÌÎ. Ïîáóäîâàíî ê³íåòè÷í³ êðèâ³ â êîîðäèíàòàõ
Ñ/Ñ0 â³ä t, äå Ñ0 òà Ñ – êîíöåíòðàö³¿ ÌÎ ïî÷àòêîâà òà â
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Ðèñ. 1. Áóäîâà ìåòèëîðàíæó â íåéòðàëüíîìó òà êèñëîìó ñåðåäîâèùàõ
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ìîìåíò ÷àñó t â³äïîâ³äíî.
Ðåçóëüòàòè äîñë³äæåííÿ òà ¿õ îáãîâîðåííÿ.

Ó ñòàòò³ âèêëàäåíî ðåçóëüòàòè âèâ÷åííÿ ïðîöåñ³â ôî-
òîêàòàë³òè÷íî¿ äåñòðóêö³¿ áàðâíèêà ÌÎ (ðèñ. 1) íà ìàëå-
î¿ëâì³ñíèõ ïîõ³äíèõ õ³òîçàíó (ðèñ. 2).

Ê³íåòè÷í³ êðèâ³ äåñòðóêö³¿ ÌÎ ïðè âèêîðèñòàíí³ ÷àñ-
òêîâî çàì³ùåíîãî õ³òîçàíó (çðàçîê ÌÕ-0,5) íàâåäåíî íà
ðèñ. 3. ßê âèäíî ç ðèñóíêà, ââåäåííÿ äîáàâêè (òîáòî
N-ìàëåî¿ëõ³òîçàíó) ïîêðàùóº äåñòðóêö³þ ÌÎ çà âñ³õ äî-
ñë³äæåíèõ êîíöåíòðàö³é (êðèâ³ 5–8): ï³ñëÿ 60 õâ îïðîì³-
íåííÿ êîíöåíòðàö³ÿ áàðâíèêà â ðîç÷èí³ ñòàíîâèëà â³ä
0,5 äî 3,0 ìã/ë ³ äàë³ íå çì³íþâàëàñÿ. Ïîñèëåííÿ ôîòîêàòà-
ë³òè÷íî¿ çäàòíîñò³ Ò³Î2 çà íàÿâíîñò³ äîáàâêè, íà íàøó äóì-
êó, ìîæíà ïîÿñíèòè ëåãêèì ïåðåì³ùåííÿì ã³äðîêñèëü-
íèõ ðàäèêàë³â, óòâîðþâàíèõ ó ïðîöåñ³ ôîòîêàòàë³çó, ç ïî-
âåðõí³ TiO2 íà ïîâåðõíþ ìàëåî¿ëõ³òîçàíó, äå êîíöåíòðó-
þòüñÿ ìîëåêóëè ñîðáîâàíîãî áàðâíèêà.

Âïëèâ äîáàâêè ÌÕ-0,5 íà ôîòîäåñòðóêö³þ ÌÎ ìîæ-
íà ïðîñòåæèòè é íà ðèñ. 4. Âîäíèé ðîç÷èí áàðâíèêà (êîí-
öåíòðàö³ÿ 135 ìã/ë) ç Ò³Î2 îïðîì³íþâàëè ÓÔ-ëàìïîþ
ïðîòÿãîì 220 õâ, â³äáèðàþ÷è ÷åðåç ïåâí³ ïðîì³æêè ÷àñó
ïðîáè äëÿ àíàë³çó íà âì³ñò ÌÎ. Ï³ñëÿ 60 õâ îïðîì³íþâàí-
íÿ áàðâíèê äåñòðóêòóâàâ íà 22,6 %. Ïðè äîäàâàíí³
ÌÕ-0,5 åôåêòèâí³ñòü âèëó÷åííÿ ÌÎ (ñîðáö³ÿ + äåñòðóê-
ö³ÿ) ïðîòÿãîì òàêîãî æ ÷àñó çðîñòàëà äî 96,8 %. Ïðè

öüîìó â³äñîòîê ñîðáîâàíîãî ÌÎ íà ÌÕ-0,5 çà 60 õâ ñòà-
íîâèâ 63,4 %. Îòæå, ÿêùî ïðèïóñòèòè, ùî ñîðáö³éíà
ºìí³ñòü ïðè îïðîì³íåíí³ íå çá³ëüøóâàëàñü, òî â³äáóâàëî-
ñÿ ï³äñèëåííÿ ôîòîêàòàë³òè÷íî¿ àêòèâíîñò³ TiO2 ïðèáëèç-
íî â 1,5 ðàçà.

Äîñë³äæåíî âïëèâ ñòóïåíÿ çàì³ùåííÿ ó ìàëåî¿ëõ³-
òîçàí³ íà øâèäê³ñòü ñîðáö³¿ ìåòèëîâîãî îðàíæåâîãî.
Íà ðèñ. 5 íàâåäåíî ê³íåòè÷í³ êðèâ³ ñîðáö³¿ áàðâíèêà íà
ÌÕ ç³ ñòóïåíåì çàì³ùåííÿ 0,5 ³ 1,0, ç ÿêèõ âèäíî, ùî
øâèäê³ñòü ñîðáö³¿ âèùà ó ðàç³ ÷àñòêîâî çàì³ùåíîãî õ³òî-
çàíó. Çà îäíàêîâî¿ êîíöåíòðàö³¿ ÌÎ (141 ìã/ë) âèõ³ä íà
íàñè÷åííÿ ñïîñòåð³ãàëè äëÿ ÌÕ-0,5 çà 90 õâ, à äëÿ ÌÕ-
1 – çà 400 õâ (ðèñ. 5, êðèâ³ 6 ³ 3). Öå òàêîæ ñâ³ä÷èòü ïðî
íåîäíàêîâèé ìåõàí³çì ñîðáö³¿ çà ð³çíîãî ñòóïåíÿ çàì³-
ùåííÿ õ³òîçàíó ìàëåî¿ëüíèìè ãðóïàìè.

Óòâîðåííÿ àãðåãàò³â ìåòèëîâîãî îðàíæåâîãî äî òà
ï³ñëÿ îïðîì³íåííÿ âèâ÷àëè çà äîïîìîãîþ åëåêòðîííèõ

Ðèñ. 2. Ñòðóêòóðíà ôîðìóëà N-ìàëåî¿ëõ³òîçàíó ç³
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Ðèñ. 3. Ê³íåòè÷í³ êðèâ³ äåñòðóêö³¿ ÌÎ íà âèõ³äíîìó
Ò³Î2 (1–4) ³ íà Ò³Î2 ç äîáàâêîþ ÌÕ-0,5 (5–8). Ïî÷àòêîâà
êîíöåíòðàö³ÿ ÌÎ 30 (1, 7); 60 (2, 6); 180 (3, 8) ³ 270 ìã/ë
(4, 5)
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Ðèñ. 4. Ê³íåòèêà ñîðáö³¿ (2) òà äåñòðóêö³¿ ÌÎ ïðè
îïðîì³íåíí³ çà íàÿâíîñò³ TiO2 (1) ³ TiO2 ç äîáàâêîþ
ÌÕ-0,5 (3)
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Ðèñ. 5. Ê³íåòèêà ñîðáö³¿ íà ÌÕ-1 (1–5) òà ÌÕ-0,5 (6)
çà ïî÷àòêîâî¿ êîíöåíòðàö³¿ ÌÎ 30 (1); 94 (2); 141 (3, 6);
188 (4) ³ 283 ìã/ë (5)
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ñïåêòð³â â³äáèòòÿ. Ïîÿâà â ñïåêòð³ íåñîðáîâàíîãî ÌÎ
ñìóãè ç ìàêñèìóìîì çà 342 íì âêàçóº íà ôîðìóâàííÿ
Í-àãðåãàò³â (ðèñ. 6, êðèâà 2), ÿê³ õàðàêòåðèçóþòüñÿ
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Ðèñ. 6. Åëåêòðîíí³ ñïåêòðè â³äáèòòÿ çðàçê³â ï³ñëÿ

îïðîì³íåííÿ çà ïî÷àòêîâî¿ êîíöåíòðàö³¿ ÌÎ â ðîç÷èí³
135 (1); 270 (2); 540 (3); ÌÕ-0,5-ÌÎ 178 ìã/ã (4); ÌÎ (5)

ðîçòàøóâàííÿì ìîëåêóë òèïó face-to-face àáî side-by-
side [26]. Çà íàÿâíîñò³ äîáàâêè ÌÕ-0,5 íà ïîâåðõí³ ñîð-
áåíòó óòâîðþþòüñÿ J-àãðåãàòè ç ðîçòàøóâàííÿì ìîëå-
êóë òèïó head-to-tail [26]. Ïðî öå ñâ³ä÷èòü çñóâ ñìóãè â
äîâãîõâèëüîâó ä³ëÿíêó ñïåêòðà äî 507 íì (ðèñ. 6, êðè-
âà 1). Ç àíàë³çó ñïåêòð³â çðàçê³â ï³ñëÿ îïðîì³íåííÿ (ðèñ. 6,
êðèâ³ 3–5) ìîæíà çðîáèòè âèñíîâîê, ùî ÌÎ ïåðåáó-
âàº ïåðåâàæíî ó ôîðì³ H-àãðåãàò³â (ñìóãà 340 íì), ³ â
íåâåëèê³é ê³ëüêîñò³ – â íåàãðåãîâàíîìó ñòàí³. Ïîëîæåí-
íÿ ìàêñèìóìó íåàãðåãîâàíèõ ÷àñòèíîê íà ñïåêòðàõ
âèçíà÷àºòüñÿ ïî÷àòêîâîþ êîíöåíòðàö³ºþ ÌÎ. Òàê, çà-
ëåæíî â³ä êîíöåíòðàö³¿ ÌÎ, ñïîñòåð³ãàëè ñìóãè çà 415,
464 òà 500 íì (ðèñ. 6, êðèâ³ 3–5).
Âèñíîâêè.

Îòæå, ïðîâåäåí³ äîñë³äæåííÿ ñâ³ä÷àòü ïðî òå, ùî
äîäàâàííÿ êàðáîêñèëâì³ñíèõ ïîõ³äíèõ õ³òîçàíó äî ñóñ-
ïåíç³¿ ä³îêñèäó òèòàíó ³ñòîòíî ï³äâèùóº åôåêòèâí³ñòü
ôîòîäåñòðóêö³¿ ìåòèëîâîãî îðàíæåâîãî ó âîäíèõ ðîç-
÷èíàõ. Øâèäê³ñòü ïðîöåñ³â ñîðáö³¿ òà äåñòðóêö³¿ áàðâ-
íèêà çàëåæèòü â³ä ñòóïåíÿ çàì³ùåííÿ ó ìàëåî¿ëõ³òîçàí³
òà â³ä ïî÷àòêîâî¿ êîíöåíòðàö³¿ áàðâíèêà â ðîç÷èí³.
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Èññëåäîâàíèå ôîòîäåñòðóêöèè ìåòèëîâîãî îðàíæåâîãî â ïðèñóòñòâèè
ìàëåîèëõèòîçàíà è äèîêñèäà òèòàíà

Ñ.Ì. Êîáûëèíñêèé, Ë.À. Ãîí÷àðåíêî, Ñ.Â. Ðÿáîâ

Èíñòèòóò õèìèè âûñîêîìîëåêóëÿðíûõ ñîåäèíåíèé ÍÀÍ Óêðàèíû
48, Õàðüêîâñêîå øîññå, Êèåâ, 02160, Óêðàèíà

Èçó÷åíû ïðîöåññû ôîòîäåñòðóêöèè ìåòèëîâîãî îðàíæåâîãî (ÌÎ) â ïðèñóòñòâèè äèîêñèäà
òèòàíà (TiO2) è ìàëåîèëõèòîçàíà â äèàïàçîíå êîíöåíòðàöèé êðàñèòåëÿ îò 30 äî 270 ìã/ë.
Ïîêàçàíî, ÷òî äîáàâëåíèå êàðáîêñèëñîäåðæàùåãî õèòîçàíà â ñóñïåíçèè TiO2 óñêîðÿåò
ôîòîäåñòðóêöèþ êðàñèòåëÿ â âîäíûõ ðàñòâîðàõ. Òàê, ïðè ÓÔ-îáëó÷åíèè ðàñòâîðà êðàñèòåëÿ ñ
êîíöåíòðàöèåé 135 ìã/ë â òå÷åíèå 60 ìèí â ïðèñóòñòâèè òîëüêî TiO2 äåñòðóêöèÿ ÌÎ ñîñòàâëÿëà
22,6 %, ïðè ýòîì êîëè÷åñòâî ñîðáèðîâàííîãî ÌÎ íà ìàëåîèëõèòîçàíå çà òî æå âðåìÿ – 63,4 %,
òîãäà êàê ïðè îäíîâðåìåííîì äåéñòâèè îáîèõ êîìïîíåíòîâ èç ðàñòâîðà óäàëÿåòñÿ 96,8 %
êðàñèòåëÿ. Èññëåäîâàíèÿ êèíåòèêè ñîðáöèè ïîêàçàëè, ÷òî íà ÷àñòè÷íî çàìåùåííîì õèòîçàíå
ñîðáöèÿ ïðîèñõîäèëà çíà÷èòåëüíî áûñòðåå, ÷åì íà ïîëíîñòüþ çàìåùåííîì, âñëåäñòâèå ðàçíîãî
ìåõàíèçìà ñîðáöèè. Âûõîä íà íàñûùåíèå, â çàâèñèìîñòè îò èñõîäíîé êîíöåíòðàöèè ÌÎ,
íàáëþäàëè ñïóñòÿ 90 – 400 ìèí. Íà îñíîâàíèè ñïåêòðîñêîïè÷åñêèõ äàííûõ óñòàíîâëåíî
ôîðìèðîâàíèå ðàçíîòèïíûõ àãðåãàòîâ ÌÎ íà ïîâåðõíîñòè ñîðáåíòà.

Êëþ÷åâûå ñëîâà: ìåòèëîâûé îðàíæåâûé, ôîòîäåñòðóêöèÿ, äèîêñèä òèòàíà, ìàëåîèëõèòîçàí.

Photocatalytic degradation of methyl orange in the presence of maleoylchitosan
and titanium dioxide

S.M. Kobilinskiy, L.A. Goncharenko, S.V. Riabov

Institute of Macromolecular Chemistry NAS of Ukraine
48, Kharkivs’ke shose, Kyiv, 02160, Ukraine

The photocatalytic destruction of methyl orange (MO) in the presence of titanium dioxide and
maleoylchitosan in the concentrations range of dye from 30 to 270 mg/l was studied. It was shown that
the addition of carboxyl-containing chitosan to TiO2 suspension accelerates the photodestruction of
dye in aqueous solutions. For instance, after UV exposure of the dye solution with a concentration of
135 mg/l for 60 minutes in the presence of titanium dioxide only, the MO destruction is equal to 22.6%,
the amount of MO adsorbed on maleoylchitosan at the same time - 63.4%, while the action of both
components simultaneously led to remove 96.8% of dye. Moreover, it was shown the forming different
types of MO aggregates (H and J) on the sorbent. Research of the sorption kinetics of methyl orange
showed that the sorpion on the partially substituted chitosan took place much faster than fully
substituted due to different binding mechanism. Time of the adsorption saturation depends on the
initial concentration of MO and was ranged from 90 to 400 min.

Key words: methyl orange, photodegradation, dioxide titanium, maleoylchitosan.


