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Îõàðàêòåðèçîâàíî ìåòîä ñèíòåçó íåîðãàí³÷íèõ êîìïîçèö³éíèõ ìàòåð³àë³â íà îñ-

íîâ³ îêñèä³â çàë³çà òà ìîíòìîðèëîí³òó øëÿõîì òåðì³÷íîãî ðîçêëàäó ÷àñòèíîê îêñà-

ëàòó çàë³çà(II) ó ì³æøàðîâîìó ïðîñòîð³ ìîíòìîðèëîí³òó. Ñòðóêòóðó ñèíòåçîâàíèõ

ìàòåð³àë³â äîñë³äæåíî çà äîïîìîãîþ ðåíòãåíîôàçîâîãî àíàë³çó òà ìåòîäó íèçüêî-

òåìïåðàòóðíî¿ àäñîðáö³¿ àçîòó. Ïîêàçàíî, ùî îäåðæàíèé êîìïîçèò ìàº ï³äâèùå-

íèé âì³ñò ìåçîïîð, ùî ï³äòâåðäæóºòüñÿ á³ëüøîþ âåëè÷èíîþ ñóìàðíîãî îá’ºìó ïîð

(äî 0,313 ñì3/ã), íà â³äì³íó â³ä âèõ³äíîãî ìîíòìîðèëîí³òó (äî 0,078 ñì3/ã). Çà äîïî-

ìîãîþ ðåíòãåíîôëþîðåñöåíòíîãî àíàë³çó âèçíà÷åíî âì³ñò îêñèäó çàë³çà ó çðàçêàõ,

ÿêèé çì³íþºòüñÿ ç 9,4 äî 51%. Âñòàíîâëåíî, ùî çá³ëüøåííÿ âì³ñòó îêñèäó çàë³çà ó

çðàçêàõ ïðèâîäèòü äî çñóâó òî÷êè íóëüîâîãî çàðÿäó â á³ëüø ëóæíó îáëàñòü äî ðÍ 9,4

äëÿ çðàçêà ç 40% îêñèäó çàë³çà. Âèçíà÷åíî åôåêòèâí³ñòü ñèíòåçîâàíèõ ìàòåð³àë³â

ùîäî ñîðáö³éíîãî âèëó÷åííÿ õðîìó(VI) ç âîäíèõ ðîç÷èí³â. Äîâåäåíî, ùî ï³äâè-

ùåííÿ âì³ñòó îêñèäó çàë³çà ïîêðàùóº ñîðáö³éí³ âëàñòèâîñò³ ìàòåð³àë³â, à ñàìå

çá³ëüøóº âåëè÷èíè ãðàíè÷íî¿ àäñîðáö³¿ â 9 ðàç³â òà ñåëåêòèâíîñò³ ìàéæå â 6,5 ðàç³â

ó ïîð³âíÿíí³ ç âèõ³äíèì ìîíòìîðèëîí³òîì òà çðàçêàìè êîìïîçèò³â. Âñòàíîâëåíî,

ùî îïòèìàëüíèé âì³ñò îêñèäó çàë³çà â êîìïîçèò³ ñêëàäàº 40,2%, ïðè öüîìó âåëè÷è-

íà ãðàíè÷íî¿ àäñîðáö³¿ øåñòèâàëåíòíîãî õðîìó ñêëàäàº 62,8 ìêìîëü/ã, à âåëè÷èíà

àäñîðáö³éíî¿ êîíñòàíòè ó ð³âíÿíí³ Ëåíãìþðà 0,01832 äì3/ìêìîëü. Ðåçóëüòàòè ðî-

áîòè ïîêàçóþòü, ùî ñèíòåçîâàí³ êîìïîçèòè ìîæóòü áóòè âèêîðèñòàí³ ÿê ïåðñïåê-

òèâí³ ñîðáö³éí³ ìàòåð³àëè äëÿ âèëó÷åííÿ àí³îííèõ ôîðì çàáðóäíèê³â ç âîäíèõ ðîç-

÷èí³â.
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áö³ÿ.
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Âñòóï

Äîñë³äæåííÿ ùîäî ñèíòåçó íîâèõ òèï³â àä-
ñîðáö³éíèõ ìàòåð³àë³â çàëèøàþòüñÿ àêòóàëüíè-
ìè ó çâ’ÿçêó ç³ çðîñòàííÿì ð³âí³â çàáðóäíåííÿ
ïîâåðõíåâèõ âîä òà ´ðóíò³â. Ñåðåä íåáåçïå÷íèõ
çàáðóäíþâà÷³â, òàêèõ ÿê ïåñòèöèäè, ðàä³îíóêë³-
äè òà âàæê³ ìåòàëè, îñîáëèâî ãîñòðî ñòî¿òü ïðî-
áëåìà âèëó÷åííÿ òèõ, ùî ïåðåáóâàþòü ó âèãëÿä³
àí³îí³â àáî àí³îííèõ êîìïëåêñ³â. Ïðèðîäí³ ñè-
ñòåìè, ÿê³ âêëþ÷àþòü ãëèíèñò³ ì³íåðàëè, ìàþòü
ïåðåâàæíî êàò³îíîîáì³íí³ âëàñòèâîñò³, ùî íå
äîçâîëÿº åôåêòèâíî çàòðèìóâàòè òàê³ íåáåçïå÷í³
òîêñèêàíòè ÿê õðîì(VI), àðñåí(V), àí³îíí³ ôîð-
ìè óðàíó(VI), òîùî. Öå ïðèçâîäèòü äî ïîäàëü-
øî¿ ì³ãðàö³¿ òàêèõ çàáðóäíþâà÷³â äî ï³äçåìíèõ

âîä òà âîäîéì [1].
Íà ñüîãîäí³øí³é äåíü ðîçðîáëåí³ òà âèêî-

ðèñòîâóþòüñÿ ð³çí³ ìåòîäè äëÿ âèäàëåííÿ øåñ-
òèâàëåíòíîãî õðîìó ç³ ñò³÷íèõ âîä. Ñåðåä íèõ
òàê³ ìåòîäè, ÿê â³äíîâëåííÿ õðîìó(VI) äî
õðîìó(III), åëåêòðî- òà ãàëüâàíîêîàãóëÿö³ÿ, ³îí-
íèé îáì³í òà áàãàòî ³íøèõ. Îäíàê ìàéæå âñ³ âîíè
ïîâ’ÿçàí³ ç âèêîðèñòàííÿì ð³çíèõ õ³ì³÷íèõ ðåà-
ãåíò³â, ï³ñëÿ çàñòîñóâàííÿ ÿêèõ ñîëåâì³ñò î÷è-
ùåíèõ âîä çðîñòàº, ³ ÷àñòî âîíè ñòàþòü íåïðè-
äàòíèìè äëÿ ñêèäàííÿ â íàâêîëèøíº ñåðåäîâè-
ùå òà ïîòðåáóþòü äîäàòêîâèõ òåõíîëîã³é î÷è-
ùåííÿ. Îäíèì ç ïåðñïåêòèâíèõ ñïîñîá³â âèëó-
÷åííÿ Cr(VI) ç âîäíèõ ðîç÷èí³â º ñîðáö³éíèé
ìåòîä, ÿêèé ïîçáàâëåíèé á³ëüøîñò³ íàâåäåíèõ
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âèùå íåäîë³ê³â.
Îêð³ì äîáðå â³äîìèõ íåîðãàí³÷íèõ ñîðá-

ö³éíèõ ìàòåð³àë³â îñòàíí³ìè ðîêàìè ïåðñïåêòèâ-
íèì íàïðÿìêîì ñòàëî ìîäèô³êóâàííÿ ãëèíèñ-
òèõ ì³íåðàë³â ð³çíèìè ìåòîäàìè äëÿ ïîêðàùåí-
íÿ ¿õ ô³çèêî-ìåõàí³÷íèõ, ñîðáö³éíèõ òà ³íøèõ
âëàñòèâîñòåé. Çì³íà õàðàêòåðó ïîâåðõí³ ïðèðîä-
íèõ ì³íåðàë³â äàº ìîæëèâ³ñòü îäåðæóâàòè ìàòå-
ð³àëè ç ð³çíèìè âëàñòèâîñòÿìè [2].

Êëàñè÷í³ ìåòîäè îäåðæàííÿ íåîðãàí³÷íèõ
ñîðáåíò³â íà îñíîâ³ ãëèíèñòèõ ì³íåðàë³â, íàïðèê-
ëàä, ï³ëàð-ãëèí, øëÿõîì ³íòåðêàëÿö³¿ ïîë³ÿäåð-
íèõ êîìïëåêñ³â ìåòàë³â (Ti, Zr, Fe, òîùî) ó
ì³æïàêåòíèé ïðîñò³ð ì³íåðàëó, äàþòü çìîãó îò-
ðèìóâàòè ïåðåâàæíî ì³êðîïîðèñò³ ìàòåð³àëè.
Ïðè öüîìó, ÿê â³äîìî, ó ïðîöåñàõ ñîðáö³éíîãî
î÷èùåííÿ á³ëüø åôåêòèâíèìè º ìåçîïîðèñò³
ìàòåð³àëè. Îêðåìèì íàïðÿìîì ñèíòåçó òàêèõ
ìàòåð³àë³â º ³íòåðêàëÿö³ÿ â ì³æïàêåòíèé ïðîñò³ð
íàáàãàòî á³ëüøèõ çà ðîçì³ðîì íàíî÷àñòèíîê îê-
ñèä³â ìåòàë³â [3–5].

Ñåðåä ð³çíèõ ìåòîä³â ñèíòåçó íàíî÷àñòè-
íîê ìåòàë³â òà ¿õ îêñèä³â äîáðå â³äîìèé ìåòîä
òåðì³÷íîãî ðîçêëàäó â³äïîâ³äíèõ îêñàëàò³â ìå-
òàë³â. Òàêèé ìåòîä äîçâîëÿº îäåðæóâàòè íàíî-
÷àñòèíêè îêñèä³â àáî ìåòàë³â ð³çíîãî ðîçì³ðó,
ñòóïåíÿ êðèñòàë³÷íîñò³ òà ìîðôîëîã³¿ [6]. ²íòåð-
êàëÿö³ÿ íàíî÷àñòèíîê îêñàëàò³â ìåòàë³â òà ¿õ
ïîäàëüøèé òåðì³÷íèé ðîçêëàä â ì³æïàêåòíîìó
ïðîñòîð³ øàðóâàòèõ ñèë³êàò³â ìîæå áóòè ïåð-
ñïåêòèâíèì íàïðÿìêîì ñèíòåçó êîìïîçèö³éíèõ
íåîðãàí³÷íèõ ñîðáö³éíèõ ìàòåð³àë³â.

Äîñë³äæåííÿ íîâîãî ï³äõîäó äî ñèíòåçó
íåîðãàí³÷íèõ êîìïîçèö³éíèõ ìàòåð³àë³â, à òàêîæ
âèâ÷åííÿ ¿õ ñòðóêòóðè òà ñîðáö³éíèõ âëàñòèâî-
ñòåé ñêëàäàº ìåòó äàíî¿ ðîáîòè.

Åêñïåðèìåíòàëüíà ÷àñòèíà

Â äîñë³äæåíí³ áóëî âèêîðèñòàíî ãåïòàã³ä-
ðàò ñóëüôàòó çàë³çà (II) (FeSO47H2O), îêñàëàò
íàòð³þ (Na2C2O4) òà ìîíòìîðèëîí³ò ×åðêàñüêî-
ãî ðîäîâèùà (Óêðà¿íà) (ïîâíà îáì³ííà ºìí³ñòü
(ÏÎª) 0,7 ììîëü/ã). Äëÿ ïðèãîòóâàííÿ ðîç÷èí³â
ð³çíî¿ êîíöåíòðàö³¿ õðîìó(VI) áóëî âèêîðèñòà-
íî á³õðîìàò êàë³þ (K2Cr2O7).

Äëÿ äîñë³äæåííÿ áóëî ñèíòåçîâàíî çðàçêè
êîìïîçèò³â ç ð³çíèì âì³ñòîì çàë³çà ñòîñîâíî
ÏÎª ìîíòìîðèëîí³òó: 0,5; 1; 2,5; 5; 10 ÏÎª.
Â³äïîâ³äíó íàâàæêó ãåïòàã³äðàòó ñóëüôàòó
çàë³çà(II) ðîç÷èíÿëè ó 50 ñì3 äèñòèëüîâàíî¿ âîäè
ïðè ³íòåíñèâíîìó ïåðåì³øóâàíí³ äî îäåðæàííÿ
ïðîçîðîãî ðîç÷èíó. Ñóñïåíç³þ ìîíòìîðèëîí³òó
îäåðæóâàëè øëÿõîì äèñïåðãóâàííÿ ïîðîøêó
Na-ôîðìè ìîíòìîðèëîí³òó ó äèñòèëüîâàí³é âîä³
ïðè ³íòåíñèâíîìó ïåðåì³øóâàíí³ òà äîäàòêîâî

îáðîáëÿëè íà óëüòðàçâóêîâîìó äèñïåðãàòîð³
ÓÇÄÍ-2Ò ïðè ïîòóæíîñò³ 0,5 Âò/ñì2 ïðîòÿãîì
10 õâ. Ï³ñëÿ öüîãî äî ñóñïåíç³¿ äîäàâàëè â³äïî-
â³äíèé îá’ºì ðîç÷èíó çàë³çà(II) òà äîäàòêîâî
ï³ääàâàëè óëüòðàçâóêîâ³é îáðîáö³ ïðîòÿãîì 10 õâ.
Â³äïîâ³äíèé îá’ºì ðîç÷èíó îêñàëàòó íàòð³þ äî-
äàâàëè äî îäåðæàíî¿ ñóñïåíç³¿ òà çàëèøàëè ïðè
ïîñò³éíîìó ïåðåì³øóâàíí³ ïðîòÿãîì 60 õâ. Ï³ñëÿ
öüîãî òâåðäó ôàçó â³ää³ëÿëè öåíòðèôóãóâàííÿì,
ïðîìèâàëè äèñòèëüîâàíîþ âîäîþ òà âèñóøóâà-
ëè ïðè 800C. Ï³ñëÿ âèñóøóâàííÿ ìàòåð³àë ðîç-
òèðàëè, ïðîñ³þâàëè äî ôðàêö³¿ d<0,2 ìì òà âèò-
ðèìóâàëè ïðè 3000C ïðîòÿãîì 2 ãîä äëÿ ïðîõî-
äæåííÿ ðåàêö³é ðîçêëàäó îêñàëàòó çàë³çà(II).
Ñèíòåçîâàí³ çðàçêè -Fe2O3-ìîíòìîðèëîí³òó ïî-
çíà÷åí³ ÿê FexM, äå «x» – ê³ëüê³ñòü âíåñåíîãî
çàë³çà(II) â³äíîñíî ÏÎª ì³íåðàëó.

Ô³çèêî-õ³ì³÷í³ âëàñòèâîñò³ çðàçê³â âèâ÷å-
íî çà äîïîìîãîþ ð³çíèõ ìåòîä³â. Ðåíòãåíîôàçî-
âèé àíàë³ç çðàçê³â ïðîâåäåíî çà äîïîìîãîþ ïðè-
ëàäó ÄÐÎÍ-4-0-7 ç ìîíîõðîìàòèçîâàíèì CuK-
âèïðîì³íþâàííÿì (1,54156 Å) ïðè øâèäêîñò³
îáåðòàííÿ ãîí³îìåòðà 0,30/õâ (2–400 2).

Äàí³ ùîäî ñòðóêòóðè ïîð çðàçê³â âèõ³äíîãî
òà ìîäèô³êîâàíîãî ìîíòìîðèëîí³òó âèçíà÷àëè
çà ðåçóëüòàòàìè íèçüêîòåìïåðàòóðíî¿
àä(äå)ñîðáö³¿ àçîòó ç âèêîðèñòàííÿì ïðèëàäó
NOVA-2200 (Quantachrome, ÑØÀ). Ïåðåä ïðî-
âåäåííÿì äîñë³äæåííÿ çðàçêè ïðîõîäèëè ñòàä³þ
äåãàçàö³¿ ïðè òåìïåðàòóð³ 1400Ñ (0,0134 Ïà) ïðî-
òÿãîì 20 ãîä. Ïèòîìó ïîâåðõíþ çðàçê³â (Sïèò) ðîç-
ðàõîâóâàëè çà ìåòîäîì, ðîçðîáëåíèì Áðóíàó-
åðîì, Åììåòîì òà Òåëëåðîì (ÁÅÒ). Ðîçïîä³ë ïîð
çà ðîçì³ðàìè âèçíà÷àëè çà ìåòîäîì Barrett-
Joyner-Halenda (BJH). Äëÿ îö³íêè îá’ºìó ì³êðî-
ïîð (V,t) âèêîðèñòîâóâàëè t-Plot-ìåòîä. Ñóìàð-
íèé îá’ºì ïîð (V) ðîçðàõîâóâàëè ïðè ìàêñè-
ìàëüíîìó îá’ºì³ àçîòó, ùî ïîãëèíåíèé ïðè
â³äíîñíîìó òèñêó ð/ð00,99, â îá’ºì ð³äêîãî àçî-
òó. Âì³ñò ì³êðîïîð (V, %) ðîçðàõîâóâàëè çà
ôîðìóëîþ V=(V, t/V)100%.

Õ³ì³÷íèé (îêñèäíèé) ñêëàä çðàçê³â ïðîàíàë³-
çîâàíî çà äîïîìîãîþ ðåíòãåíîôëóîðåñöåíòíîãî
ìåòîäó íà ñïåêòðîìåòð³ Elva X (Åëâàòåõ, Óêðà¿íà).

Ïîòåíö³îìåòðè÷íå òèòðóâàííÿ çðàçê³â ç
ìåòîþ âèçíà÷åííÿ ðÍ òî÷êè íóëüîâîãî çàðÿäó
(ðÍòíç) ìàòåð³àë³â ïðîâåäåíî ó â³äïîâ³äíîñò³ ç³
ñòàíäàðòíîþ ìåòîäèêîþ [7].

Àäñîðáö³éí³ âëàñòèâîñò³ ìàòåð³àë³â âèçíà-
÷åíî øëÿõîì ïðèâåäåííÿ ó êîíòàêò íàâàæêè
ìàòåð³àëó 0,1 ã òà 50 ñì3 ðîç÷èíó õðîìó(VI) ç
â³äïîâ³äíèìè êîíöåíòðàö³ÿìè òà ðÍ ðîç÷èíó.
Òðèâàë³ñòü êîíòàêòó òâåðäî¿ òà ð³äêî¿ ôàç ñêëà-
äàâ 120 õâ ïðè ïîñò³éíîìó ñòðóøóâàíí³ íà îðá³-
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òàëüíîìó øåéêåð³. ðÍ ðîç÷èí³â çì³íþâàëè øëÿ-
õîì äîäàâàííÿ ðîç÷èí³â HCl àáî NaOH ð³çíî¿
êîíöåíòðàö³¿. Äëÿ äîñë³äæåííÿ çàëåæíîñò³ âåëè-
÷èíè ñîðáö³¿ â³ä ðÍ ðîç÷èíó âèêîðèñòîâóâàëè
âèõ³äíó êîíöåíòðàö³þ õðîìó(VI) 100 ìêìîëü/äì3.
Ï³ñëÿ âñòàíîâëåííÿ àäñîðáö³éíî¿ ð³âíîâàãè ð³äêó
ôàçó â³ää³ëÿëè öåíòðèôóãóâàííÿì àáî ô³ëüòðó-
âàííÿì òà àíàë³çóâàëè íà çàëèøêîâèé âì³ñò
õðîìó(VI) ñïåêòðîôîòîìåòðè÷íî íà ñïåêòðîôî-
òîìåòð³ UNICO-UV 2100 (United Products &
Instruments, ÑØÀ) çà äîïîìîãîþ ñòàíäàðòíî¿
ìåòîäèêè ç âèêîðèñòàííÿì äèôåí³ëêàðáàçèäó
ïðè äîâæèí³ õâèë³ 540 íì [8].

Ðåçóëüòàòè òà îáãîâîðåííÿ

Ç ë³òåðàòóðíèõ äàíèõ â³äîìî, ùî òåðì³÷íèé
ðîçêëàä îêñàëàòó çàë³çà(II), â çàëåæíîñò³ â³ä óìîâ,
ìîæå ïðîõîäèòè ç óòâîðåííÿì ð³çíèõ ïðîäóêò³â
ðåàêö³¿ [9]. Çà òåìïåðàòóðè 3000Ñ óòâîðþºòüñÿ
ïåðåâàæíî ôàçà -Fe2O3 òà îêñèäè âóãëåöþ(II) ³
(IV) [10].

ßê ñâ³ä÷àòü äàí³ ðåíòãåíîôàçîâîãî àíàë³çó
(ðèñ. 1), âèõ³äíèé çðàçîê ìîíòìîðèëîí³òó
(Na-MMT) ìàº õàðàêòåðíèé áàçàëüíèé ðåôëåêñ
ç âåëè÷èíîþ 1,26 íì, ùî õàðàêòåðíî äëÿ ïî-
â³òðÿíî-ñóõîãî çðàçêà äàíîãî ì³íåðàëó. Ïðè öüî-
ìó äèôðàêòîãðàìè êîìïîçèò³â ìàþòü ïðàêòè÷-
íî ïîâíó â³äñóòí³ñòü áàçàëüíèõ ðåôëåêñ³â òà º
ðåíòãåíîàìîðôíèìè. Òàê³ ðåçóëüòàòè ïîâ’ÿçàí³,
ïåðø çà âñå, ç ïîðóøåííÿì ïàðàëåëüíîãî îð³ºí-
òóâàííÿ ÷àñòèíîê òà ñòðóêòóðíèõ ïàêåò³â ìîíò-
ìîðèëîí³òó ïðè ïðîõîäæåíí³ ðåàêö³é ðîçêëàäó
îêñàëàòó çàë³çà ç âèä³ëåííÿì ãàç³â (CO, CO2). Ç
³íøîãî áîêó, çá³ëüøåííÿ âì³ñòó îêñèäó çàë³çà â
çðàçêàõ ïðèçâîäèòü äî ðîçáàâëåííÿ, ùî çíèæóº
³íòåíñèâí³ñòü ðåôëåêñ³â ìîíòìîðèëîí³òó.

Ðèñ. 1. Äèôðàêòîãðàìè çðàçê³â âèõ³äíîãî ìîíòìîðèëîí³òó

òà êîìïîçèò³â

Êð³ì òîãî, âèõîäÿ÷è ç àíàë³çó äèôðàêòîã-
ðàì, óòâîðåí³ îêñèäè çàë³çà ìàþòü äîñèòü íèçü-
êèé ñòóï³íü âïîðÿäêîâàíîñò³ ñòðóêòóðè, ùî õà-
ðàêòåðíî äëÿ àìîðôíèõ ìàòåð³àë³â. Ò³ëüêè äëÿ
çðàçê³â Fe5M òà Fe10M ïîñòåð³ãàþòüñÿ õàðàê-
òåðí³ ðåôëåêñè íèçüêî¿ ³íòåíñèâíîñò³, ùî íàëå-
æàòü ôàç³ -Fe2O3 [9].

²çîòåðìè íèçüêîòåìïåðàòóðíî¿ ñîðáö³¿ àçî-
òó íà çðàçêàõ âèõ³äíîãî òà ìîäèô³êîâàíîãî ìîí-
òìîðèëîí³òó (ðèñ. 2) ñâ³ä÷àòü ïðî çì³íó õàðàêòå-
ðèñòèê ïîðóâàòî¿ ñòðóêòóðè ìîíòìîðèëîí³òó
ï³ñëÿ ìîäèô³êóâàííÿ. Ôîðìè ³çîòåðì ÿê äëÿ
âèõ³äíîãî ì³íåðàëó, òàê ³ äëÿ êîìïîçèòó (Fe5M)
çà êëàñèô³êàö³ºþ IUPAC (International Union of
Pure and Applied Chemistry) â³äíîñÿòüñÿ äî II òèïó
ç ôîðìîþ ã³ñòåðåçèñíèõ ïåòåëü òèïó Í3. Òàêèé
âèãëÿä ³çîòåðì õàðàêòåðíèé äëÿ áàãàòüîõ âèõ³ä-
íèõ òà ìîäèô³êîâàíèõ ãëèíèñòèõ ì³íåðàë³â ç³
ù³ëèíîïîä³áíèìè ïîðàìè [11].

Ðèñ. 2. ²çîòåðìè íèçüêîòåìïåðàòóðíî¿ àäñîðáö³¿ àçîòó

çðàçêàìè âèõ³äíîãî òà ìîäèô³êîâàíîãî ìîíòìîðèëîí³òó

Íà îñíîâ³ àíàë³çó îäåðæàíèõ ³çîòåðì ðîç-
ðàõîâàí³ âåëè÷èíè ïèòîìî¿ ïîâåðõí³ (çà ìåòî-
äîì ÁÅÒ), ùî ñêëàäàþòü 89 òà 98 ì2/ã äëÿ âèõ³-
äíîãî ìîíòìîðèëîí³òó òà çðàçêà Fe5M, â³äïîâ³-
äíî (òàáë. 1). Íåçíà÷íà ð³çíèöÿ ïîâ’ÿçàíà ïåðø
çà âñå ç òèì, ùî îñíîâíèé âíåñîê ó âåëè÷èíó
ïèòîìî¿ ïîâåðõí³ íàäàþòü ñàìå ì³êðîïîðè. Äëÿ
çðàçêà êîìïîçèòó ñïîñòåð³ãàºòüñÿ çíà÷íå çá³ëü-
øåííÿ ñóìàðíîãî îá’ºìó ïîð (äî 0,313 ñì3/ã) ó
ïîð³âíÿíí³ ç âèõ³äíèì ì³íåðàëîì (0,078 ñì3/ã)
ñàìå çà ðàõóíîê çá³ëüøåííÿ îá’ºìó ìåçîïîð, ùî
òàêîæ â³çóàëüíî ñïîñòåð³ãàºòüñÿ ïðè ïîð³âíÿíí³
ïëîù ïåòåëü ã³ñòåðåçèñó äâîõ çðàçê³â. Êð³ì òîãî,
äëÿ çðàçêà êîìïîçèòó ñïîñòåð³ãàºòüñÿ çíà÷íå
çìåíøåííÿ âì³ñòó ì³êðîïîð (V) äî 3,1% òà
çì³ùåííÿ ìàêñèìóìó äëÿ ðîçïîä³ëó ïîð çà ðà-
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ä³óñàìè çà ìåòîäîì BJH äî 2,16 íì. Òàê³ çì³íè
õàðàêòåðèñòèê ïîðóâàòî¿ ñòðóêòóðè ìîæóòü áóòè
ïîâ’ÿçàí³ ç ôîðìóâàííÿì íàíî÷àñòèíîê -Fe2O3

ïðè ðîçêëàä³ îêñàëàòó çàë³çà â ì³æøàðîâîìó ïðî-
ñòîð³ ì³íåðàëó òà íà éîãî çîâí³øí³é ïîâåðõí³.
Óòâîðåí³ ÷àñòèíêè îêñèäó çàë³çà ðàçîì ç³ ñòðóê-
òóðíèìè ïàêåòàìè ìîíòìîðèëîí³òó óòâîðþþòü
ïîðóâàòó ñòðóêòóðó ç ïåðåâàæíèì âì³ñòîì ìåçî-
òà ìàêðîïîð.

Òàáëèöÿ 1

Õàðàêòåðèñòèêè ïîðèñòî¿ ñòðóêòóðè çðàçê³â âèõ³äíîãî

ìîíòìîðèëîí³òó òà êîìïîçèòó

Розподіл пор 
за радіусами 

(BJH), нм 
Зразок 

Sпит., 
м2/г 

V, 
см3/г 

V, t, 
см3/г 

V,  
% 

r1 r2 
Na-ММТ 89 0,078 0,0099 12,7 1,98 – 
Fe5M 98 0,313 0,0096 3,1 2,16 – 

 
Ðåçóëüòàòè ïîòåíö³îìåòðè÷íîãî òèòðóâàí-

íÿ (òàáë. 2) çðàçê³â âèõ³äíîãî ìîíòìîðèëîí³òó
òà êîìïîçèò³â âêàçóþòü íà çíà÷íó çì³íó âëàñòè-
âîñòåé ïîâåðõí³ ïðè çá³ëüøåíí³ âì³ñòó îêñèäó
çàë³çà ó çðàçêàõ. Åêñïåðèìåíòàëüí³ äàí³ ñâ³ä÷àòü,
ùî âåëè÷èíà òî÷êè íóëüîâîãî çàðÿäó çðîñòàº ïðè
çá³ëüøåíí³ âì³ñòó îêñèäó çàë³çà. Â³äîìî, ùî ðÍòíç

äëÿ -Fe2O3 çíàõîäèòüñÿ ó ìåæàõ pH 8–9 [12].
Ïðè öüîìó äëÿ âèõ³äíîãî ìîíòìîðèëîí³òó öÿ
âåëè÷èíà ñêëàäàº ðÍ7, ùî õàðàêòåðíî äëÿ ì³íå-
ðàë³â ãðóïè ìîíòìîðèëîí³òó [13]. Äëÿ çðàçêà
Fe10M ñïîñòåð³ãàºòüñÿ äåùî íèæ÷à âåëè÷èíà
ðÍòíç, í³æ äëÿ çðàçêà Fe5M, ùî, â³ðîã³äíî, ïî-
â’ÿçàíî ç ïðàêòè÷íî ïîâíèì ïåðåêðèâàííÿì
ì³æïàêåòíîãî ïðîñòîðó ìîíòìîðèëîí³òó ÷àñòèí-

êàìè -Fe2O3, ùî çíèæóº äîñòóïí³ñòü ïîâåðõí³
ì³æïàêåòíîãî ïðîñòîðó ì³íåðàëó.

Òàáëèöÿ 2

Âì³ñò îêñèäó çàë³çà òà ðÍòíç çðàçê³â

Зразок Вміст Fe2O3, мас.% pHтнз 

Na-MMT 4,0 7,0 

Fe0,5M 9,4 5,7 

Fe1M 15,1 6,0 

Fe2,5M 29,8 6,4 

Fe5M 40,2 9,4 

Fe10M 51,5 7,5 

 
Õðîì(VI) ó âîäíèõ ðîç÷èíàõ ïåðåáóâàº âèê-

ëþ÷íî ó àí³îííèõ ôîðìàõ, ñåðåä ÿêèõ îñíîâí³ –
öå ÍCrO4

– òà CrO4
2–. Âèõ³äíèé ìîíòìîðèëîí³ò,

çàâäÿêè îñîáëèâîñòÿì ñòðóêòóðè, ìàº íåçíà÷í³
àí³îíîîáì³íí³ âëàñòèâîñò³ (ðèñ 3,à). Ïðè öüî-
ìó, ñîðáö³ÿ àí³îí³â õðîìó(VI) ìîæå â³äáóâàòèñü
ïåðåâàæíî íà ã³äðîêñèëüíèõ ãðóïàõ á³÷íî¿ ïî-
âåðõí³ ì³íåðàëó, à ñàìå Si–OH òà =Al–OH, ÿê³
ìîæóòü ³îí³çóâàòèñü ç ïðèºäíàííÿì àáî â³äùåï-
ëåííÿì ïðîòîíó â çàëåæíîñò³ â³ä ðÍ ñåðåäîâè-
ùà.

Çðàçêè êîìïîçèò³â ìàþòü çíà÷íî âèù³ âå-
ëè÷èíè ñîðáö³¿ õðîìó(VI) ó äîñë³äæóâàíîìó ä³-
àïàçîí³ ðÍ. Òàêà â³äì³íí³ñòü ïîâ’ÿçàíà ç íàÿâí³-
ñòþ îêð³ì ã³äðîêñèëüíèõ ãðóï á³÷íî¿ ïîâåðõí³
ìîíòìîðèëîí³òó äîäàòêîâèõ ãðóï =Fe–OH, ÿê³
ðîçì³ùåí³ íà ïîâåðõí³ ÷àñòèíîê îêñèäó çàë³çà.
Òàê³ ãðóïè ìàþòü ïîêðàùåí³ ñîðáö³éí³ âëàñòè-
âîñò³ ùîäî âèëó÷åííÿ àí³îí³â. Òàê, êîìïëåêñî-
óòâîðåííÿ àí³îí³â õðîìó(VI) ç ã³äðîêñèëüíèìè
ãðóïàìè íà ïîâåðõí³, ñõåìàòè÷íî ïîçíà÷åíèõ ÿê

                                            à                                                                                      á

Ðèñ. 3. Çàëåæí³ñòü àäñîðáö³¿ õðîìó(VI) â³ä pH âèõ³äíîãî ðîç÷èíó (à) òà ³çîòåðìè àäñîðáö³¿ õðîìó(VI) (pH 6,0 òà I=0,01)

çðàçêàìè âèõ³äíîãî ìîíòìîðèëîí³òó òà êîìïîçèò³â (á)
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SOH, ìîæíà îïèñàòè íàñòóïíèìè ìåõàí³çìà-
ìè ðåàêö³é [14]:

 2 4 2 4SOH HCrO SOH HCrO     
äëÿ ðÍ<pHòíç,

2 4 4 2SOH HCrO SHCrO H O    
äëÿ ðÍ>pHòíç.

Àíàë³ç ³çîòåðì ñîðáö³¿ õðîìó(VI) çðàçêàìè
äîñë³äæóâàíèõ ìàòåð³àë³â (ðèñ. 3,á) ñâ³ä÷èòü ïðî
³ñòîòíó çì³íó ñîðáö³éíèõ âëàñòèâîñòåé ïðè
çá³ëüøåíí³ âì³ñòó îêñèäó çàë³çà â çðàçêàõ.

Ðîçðàõîâàí³ êîåô³ö³ºíòè ð³âíÿíü Ôðåéíä-
ë³õà òà Ëåíãìþðà (òàáë. 3) äëÿ ³çîòåðì ñîðáö³¿
³îí³â õðîìó çðàçêàìè êîìïîçèò³â, íàäàíèõ íà
ðèñ. 3,á, âêàçóþòü íà çá³ëüøåííÿ ãðàíè÷íî¿
àäñîðáö³¿ á³ëüøå í³æ ó 9 ðàç³â ç 6,9 ìêìîëü/ã äëÿ
âèõ³äíîãî ìîíòìîðèëîí³òó äî 62,8 ìêìîëü/ã äëÿ
çðàçêà Fe5M.

Á³ëüø³ âåëè÷èíè êîåô³ö³ºíòà êîðåëÿö³¿ R2

âêàçóþòü íà òå, ùî ³çîòåðìè ñîðáö³¿ êðàùå îïè-
ñóþòüñÿ ð³âíÿííÿì Ëåíãìþðà. Çà âåëè÷èíàìè
êîíñòàíò Ëåíãìþðà (KL) ìîæíà îö³íèòè ñïîð³ä-
íåí³ñòü (ñåëåêòèâí³ñòü) ìàòåð³àëó äî äîñë³äæó-
âàíîãî àäñîðáàòó. Ðåçóëüòàòè ïîêàçóþòü, ùî
çá³ëüøåííÿ âì³ñòó îêñèäó çàë³çà ïðèâîäèòü äî
çá³ëüøåííÿ ñïîð³äíåíîñò³ ìàéæå â 6,5 ðàç³â ÿêùî
ïîð³âíþâàòè âèõ³äíèé ìîíòìîðèëîí³ò òà çðàçîê
Fe5M (40,2% Fe2O3).

Ïîäàëüøå çá³ëüøåííÿ âì³ñòó îêñèäó çàë³çà
ïðèçâîäèòü äî äåÿêîãî çíèæåííÿ âåëè÷èíè ãðà-
íè÷íî¿ àäñîðáö³¿ òà êîíñòàíòè KL, ùî ìîæå áóòè
ïîâ’ÿçàíî ç íàäëèøêîì îêñèäó çàë³çà, ÿêèé á³ëüø
ù³ëüíî âêðèâàº ïîâåðõíþ ì³íåðàëó òà çíèæóº
äèôóç³þ õðîìàò-àí³îí³â â ì³æïàêåòíèé ïðîñò³ð
ìîíòìîðèëîí³òó.

Ñèíòåçîâàí³ êîìïîçèòè ìàþòü äîñòàòíüî
âèñîê³ ñîðáö³éí³ âëàñòèâîñò³ òà ìîæóòü áóòè
âèêîðèñòàí³ ÿê ïåðñïåêòèâí³ ìàòåð³àëè äëÿ âè-
ëó÷åííÿ çàáðóäíèê³â, ÿê³ ïåðåáóâàþòü ó âîäíèõ

ñåðåäîâèùàõ ïåðåâàæíî â àí³îííèõ ôîðìàõ. Çîê-
ðåìà, àêòóàëüíèì ìîæå áóòè âèâ÷åííÿ åôåêòèâ-
íîñò³ âèëó÷åííÿ ôòîðèä³â ïîä³áíèìè ìàòåð³-
àëàìè ç ïèòíî¿ âîäè â ðåã³îíàõ ç ïåðåâèùåííÿì
íîðìàòèâíèõ êîíöåíòðàö³é ôòîðó (Ïîëòàâñüêà
îáëàñòü) ç ìîæëèâ³ñòþ âïðîâàäæåííÿ òåõíîëîã³¿
äîäàòêîâîãî ñîðáö³éíîãî î÷èùåííÿ.

Âèñíîâêè

Âñòàíîâëåíî, ùî çàïðîïîíîâàíèé ìåòîä
äîçâîëÿº ñèíòåçóâàòè ìåçîïîðèñò³ çðàçêè êîì-
ïîçèò³â íà îñíîâ³ îêñèäó çàë³çà òà ìîíòìîðèëî-
í³òó. Ïîêàçàíî, ùî îäåðæàí³ ìàòåð³àëè ìàþòü
çíà÷íî êðàù³ ñîðáö³éí³ âëàñòèâîñò³, í³æ âèõ³ä-
íèé ìîíòìîðèëîí³ò ùîäî âèëó÷åííÿ àí³îí³â
õðîìó (VI) ç âîäíèõ ñåðåäîâèù. Ïðîâåäåí³ äîñ-
ë³äæåííÿ ïîêàçóþòü, ùî íàéá³ëüø åôåêòèâíèì
º çðàçîê ç³ ñï³ââ³äíîøåííÿì çàë³çà äî ºìíîñò³
îáì³íó ì³íåðàëó 5:1 (40% îêñèäó çàë³çà), à ïî-
äàëüøå çá³ëüøåííÿ âì³ñòó çàë³çà ïðàêòè÷íî íå
âïëèâàº íà àäñîðáö³éí³ âëàñòèâîñò³ ìàòåð³àë³â.
Ñèíòåçîâàí³ êîìïîçèòè ìîæóòü áóòè âèêîðèñ-
òàí³ ÿê ïåðñïåêòèâí³ àäñîðáåíòè äëÿ âèëó÷åííÿ
àí³îííèõ ôîðì çàáðóäíåíü ç âîäíèõ ðîç÷èí³â.

ÑÏÈÑÎÊ Ë²ÒÅÐÀÒÓÐÈ

1. Use of iron oxide nanomaterials in wastewater treatment:

a review / Xu P., Zeng G.M., Huang D.L., Feng C.L., Hu S.,

Zhao M.H., Lai C., Wei Z., Huang C., Xie G.X., Liu Z.F. //

Sci. Total Environ. – 2012. – Vol.424. – P.1-10.

2. Ïèëèïåíêî ².Â., Êîâàëü÷óê ².À., Êîðí³ëîâè÷ Á.Þ. Ñèí-

òåç ³ ñîðáö³éí³ âëàñòèâîñò³ ìîíòìîðèëîí³òó, ³íòåðêàëüîâà-

íîãî ïîë³ã³äðîêñîêîìïëåêñàìè àëþì³í³þ ³ òèòàíó // Õ³ì³ÿ,

ô³çèêà òà òåõíîëîã³ÿ ïîâåðõí³. – 2015. – T.6. – ¹ 3. – Ñ.336-

342.

3. Preparation of nanostructured materials by

heterocoagulation-interaction of montmorillonite with synthetic

hematite particles / Ji Y.Q., Black L., Weidler P.G., Janek M. //

Langmuir. – 2004. – Vol.20. – No. 22. – P.9796-9806.

4. Synthesis of new NiO-SiO2-sol pillared montmorillonite

Òàáëèöÿ 3

Êîåô³ö³ºíòè ð³âíÿíü Ôðåéíäë³õà òà Ëåíãìþðà äëÿ ³çîòåðì ñîðáö³¿ ³îí³â õðîìó(VI) (pH 6,0 òà I=0,01)

За Фрейндліхом За Ленгмюром 
Зразок 

KF, дм3/мкмоль n R2 KL·103, дм3/мкмоль a, мкмоль/г R2 
Na-MMT 0,02 1,18 0,952 2,85 6,9 0,975 
Fe0,5M 0,77 2,06 0,981 3,51 26,4 0,994 
Fe1M 3,23 2,78 0,960 8,71 38,2 0,990 
Fe2,5M 4,48 3,01 0,967 9,31 44,7 0,997 
Fe5M 13,80 4,41 0,971 18,32 62,8 0,991 
Fe10M 5,54 3,08 0,962 10,38 50,9 0,989 

 



126

I.V. Pylypenko, L.M. Spasonova

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2020, No. 4, pp. 121-127

and its catalytic activity in the hydrogenation of benzene /

Zhang A., Zhang R., Zhang N., Hong S., Zhang M. // Kinet.

Catal. – 2010. – Vol.51. – No. 5. – P.710-713.

5. Heterocoagulated clay-derived adsorbents for phosphate

decontamination from aqueous solution / Gan F., Luo Y., Hang X.,

Zhao H. // J. Environ. Manage. – 2016. – Vol.166. – P.23-30.

6. Nanorods of transition metal oxalates: A versatile route

to the oxide nanoparticles / Ahmad T., Ganguly A., Ahmed J.,

Ganguli A.K., Alhartomy O.A.A. // Arab. J. Chem. – 2011. –

Vol.4. – No. 2. – P.125-134.

7. Rapid adsorption removal of arsenate by hydrous cerium

oxide–graphene composite / Yu L., Ma Y., Ong C.N., Xie J.,

Liu Y. // RSC Adv. – 2015. – Vol.5. – No. 80. – P.64983-

64990.

8. Method of analysis for determination of the chromium

(Ñr) species in water samples by spectrophotometry with

diphenylcarbazide / Wiryawan A., Retnowati R., Burhan P.,

Syekhfani S. // J. Environ. Eng. Sustainable Technol. – 2018. –

Vol.5. – No. 1. – P.37-46.

9. Angermann A., Topfer J. Synthesis of magnetite

nanoparticles by thermal decomposition of ferrous oxalate

dehydrate // J. Mater. Sci. – 2008. – Vol.43. – No. 15. – P.5123-

5130.

10. Dhal J.P., Mishra B.G., Hota G. Ferrous oxalate,

maghemite and hematite nanorods as efficient adsorbents for

decontamination of Congo red dye from aqueous system // Int.

J. Environ. Sci. Technol. – 2015. – Vol.12. – No. 6. – P.1845-

1856.

11. Adsorption by powders and porous solids: principles,

methodology and applications /  Rouquerol J., Rouquerol F.,

Llewellyn P., Maurin G., Sing K.S. – London: Academic Press,

2013. - 646 p.

12. Fluoride adsorption on –Fe2O3 nanoparticles /

Jayarathna L., Bandara A., Ng W.J., Weerasooriya R. //

J. Environ. Health Sci. Eng. – 2015. – Vol.13. – Article No. 54.

13. Solution chemistry effects on sorption behavior of
109Cd(II) on Ca-montmorillonite / Guo Z., Zhao D., Li Y., Chen Z.,

Niu H., Xu J. // J. Radioanal. Nucl. Chem. – 2011. – Vol.288.

– No. 3. – P.829-837.

14. Sorption of Cr(VI) onto natural iron and aluminum

(oxy)hydroxides: effects of pH, ionic strength and initial

concentration / Ajouyed O., Hurel C., Ammari M., Allal L.B.,

Marmier N. // J. Hazard. Mater. – 2010. – Vol.174. – No. 1-3.

– P.616-622.

Íàä³éøëà äî ðåäàêö³¿ 13.03.2020

REMOVAL OF CHROMIUM (VI) FROM WATER
SOLUTIONS BY MEANS OF COMPOSITES BASED ON
MONTMORILLONITE AND IRON OXIDE

I.V. Pylypenko *, L.M. Spasonova

National Technical University of Ukraine «Igor Sikorsky Kyiv
Polytechnic Institute», Kyiv, Ukraine

* e-mail: i.pylypenko@kpi.ua

The work reports the method of the synthesis of inorganic
composite materials based on iron oxides and montmorillonite via
thermal decomposition of iron oxalate (II) particles in the interlayer
space of montmorillonite. The structure of the synthesized materials
was investigated by X-ray diffraction analysis and low temperature
nitrogen adsorption. It is shown that the fabricated composite exhibited
a high content of mesopores, which was confirmed by a larger total
pore volume (up to 0.313 cm3/g), unlike the original montmorillonite
(up to 0.078 cm3/g). By using X-ray fluorescence analysis, the content
of iron oxide in the samples was determined which varied from 9.4 to
51%. It was found that an increase in the content of iron oxide in
the samples led to the shift of the point of zero charge to a more
alkaline region (pH 9.4 for the sample with the content of iron oxide
of 40%). The efficiency of the synthesized materials with respect to
the sorption extraction of chromium (VI) from aqueous solutions was
estimated. It was shown that an increase of the iron oxide content
improved the sorption properties of the materials: we observed an
increase of the maximum adsorption capacity by 9 times and the
selectivity by almost 6.5 times as compared with both initial
montmorillonite and the samples of composites. The optimal content
of iron oxide in the composite was found to be 40.2%, which provided
the maximum adsorption capacity of hexavalent chromium of
62.8 mol g–1 and the value of the equilibrium constant in the
Langmuir equation of 0.01832 dm3 mol–1. The results of the work
show that the synthesized composites can be used as promising sorption
materials for removal of anionic forms of contaminants from aqueous
solutions.

Keywords: composite; iron oxide; montmorillonite;
adsorbent; chromium (VI); adsorption.
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