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Ñòàòüÿ ïîñòóïèëà â ðåäàêöèþ 21.08.2020

Ïðîâåäåíî èññëåäîâàíèå êèíåòèêè ïðîöåññà ïîëó÷åíèÿ íàíîïîðîøêà (ÍÏ) ìåòàëëè÷åñêîãî êîáàëüòà ìåòî-
äîì âîäîðîäíîãî âîññòàíîâëåíèÿ íåèçîòåðìè÷åñêèõ óñëîâèÿõ. Óñòàíîâëåíî, ÷òî ïðîöåññ íåèçîòåðìè÷åñêîãî âî-
äîðîäíîãî âîññòàíîâëåíèÿ ÍÏ Ñî(OÍ)2 ïðîòåêàåò â èíòåðâàëå òåìïåðàòóð îò 180 äî 310 °Ñ ñ ìàêñèìàëüíîé ñêî-
ðîñòüþ 222,34·10-5 ñ-1 ïðè òåìïåðàòóðå 280 °Ñ. Ýíåðãèÿ àêòèâàöèè ïðîöåññà âîññòàíîâëåíèÿ ÍÏ Ñî(OÍ)2 ñîñòà-
âèëà ~45 êÄæ/ìîëü, ÷òî ãîâîðèò î ñìåøàííîì ðåæèìå ðåàãèðîâàíèÿ. Óñòàíîâëåíî, ÷òî âîññòàíîâëåíèå ãèäðîêñèäà
Ñî(OÍ)2 ïðè òåìïåðàòóðå 280 °Ñ ïîçâîëÿåò óñêîðèòü ïðîöåññ ïðè îáåñïå÷åíèè íåîáõîäèìûõ ñâîéñòâ ïðîäóêòà.

Êëþ÷åâûå ñëîâà: êèíåòèêà, íàíîïîðîøîê êîáàëüòà, âîäîðîäíîå âîññòàíîâëåíèå, íåèçîòåðìè÷åñêèå óñëîâèÿ,
äèôôåðåíöèàëüíî-ðàçíîñòíûé ìåòîä.

Ââåäåíèå

Â íàñòîÿùåå âðåìÿ ìàòåðèàëû íà îñíîâå êî-
áàëüòà, â ÷àñòíîñòè íàíîìàòåðèàëû, íàøëè øè-
ðîêîå ïðàêòè÷åñêîå ïðèìåíåíèå â ðàçíûõ îáëàñ-
òÿõ íàóêè, òåõíèêè è ïðîìûøëåííîñòè. Îêîëî
80% Co ðàñõîäóåòñÿ íà ïîëó÷åíèå ñâåðõòâåðäûõ,
æàðîïðî÷íûõ, èíñòðóìåíòàëüíûõ è èçíîñîñòîé-
êèõ ñïëàâîâ, êîòîðûå èñïîëüçóþòñÿ â ìàøèíî-

ñòðîåíèè, îñîáåííî â àâèàöèîííîé è êîñìè÷åñ-
êîé òåõíèêå, ðàêåòîñòðîåíèè, ýëåêòðîòåõíè÷åñêîé
è àòîìíîé ïðîìûøëåííîñòè. Â ÷àñòíîñòè, îñîáûé
íàó÷íûé è ïðàêòè÷åñêèé èíòåðåñ ïðåäñòàâëÿþò
ïîëó÷åíèå è ïðèìåíåíèå ÍÏ ìåòàëëè÷åñêîãî
êîáàëüòà ñ çàäàííûìè ñâîéñòâàìè, êîòîðûå îïðå-
äåëÿþòñÿ, ïðåæäå âñåãî, ìîðôîëîãèåé è äèñïåð-
ñíîñòüþ ÷àñòèö [1—9]. Ïîëó÷åíèå ÍÏ Ñî îñóùå-
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Êèñëîòíîñòü ðÍ ñìåñè ðàñòâîðîâ ðåãèñòðèðî-
âàëè ñ ïîìîùüþ pH-ìåòðà «Mettler Toledo MP
230», òî÷íîñòü êîòîðîãî ñîñòàâëÿåò 0,03. Òåìïå-
ðàòóðó ïðîâåäåíèÿ îñàæäåíèÿ êîíòðîëèðîâàëè ñ
èñïîëüçîâàíèåì òåðìîñòàòà «Lauda E 300».

Îòìûâêó ñèíòåçèðîâàííîãî îñàäêà Co(OH)2
âûïîëíÿëè äèñòèëëèðîâàííîé âîäîé ñ ïîìîùüþ
âîðîíêè Áþõíåðà. Ïîëíàÿ îò÷èñòêà îñàäêà îò
èîíîâ ñîëè íèòðàòà äîñòèãíóòà, êîãäà âåëè÷èíà
ðÍ âîäû íàä îñàäêîì ðàâíà 7. Ïîñëå ýòîãî ïîëó-
÷åííûé îñàäîê ñóøèëè ïðè 40 °Ñ â òå÷åíèå äâóõ
ñóòîê.

Âûñóøåííûé Ñî(OH)2 èçìåëü÷àëñÿ â ìåëüíè-
öå-ñòóïêå «Fritsch Pulverisette 2», çàòåì ïîäâåðãàë-
ñÿ âîäîðîäíîìó âîññòàíîâëåíèþ â íåèçîòåðìè÷åñ-
êèõ óñëîâèÿõ ñ ïîìîùüþ òåðìîàíàëèçàòîðà SDT
Q600 (ÑØÀ). Ïðîöåññ ïîëó÷åíèÿ ÍÏ Ñî èç ÍÏ
Ñî(OH)2 âîññòàíîâëåíèåì ïðîâîäèëè â ðåæèìå
ëèíåéíîãî íàãðåâà ñî ñêîðîñòüþ 15 °Ñ/ìèí â äè-
àïàçîíå òåìïåðàòóð îò 25 äî 500 °Ñ. Õèìè÷åñêàÿ
ðåàêöèÿ âîññòàíîâëåíèÿ ïðåäñòàâëåíà ñëåäóþùèì
îáðàçîì:

Ñî(OÍ)2 + H2 = Ñî + 2H2O           (2)

Ïðè èçó÷åíèè êèíåòèêè âîññòàíîâëåíèÿ ñòå-
ïåíü ïðåâðàùåíèÿ α  (ä.å.) (îòíîøåíèå ìàññû
ïðîðåãèðîâàííîãî âåùåñòâà ê åãî îáùåé ìàññå â
èñõîäíîì îáðàçöå) ðàññ÷èòûâàëàñü ïî ôîðìóëå
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ãäå m0 — èñõîäíàÿ ìàññà íàâåñêè îáðàçöà
Ñî(OÍ)2, ã; mt – ìàññà îáðàçöà ÷åðåç âðåìÿ t, ã;

Ñî(OH)2
M — ìîëÿðíàÿ ìàññà Ñî(OÍ)2; 

OH
M -  —

ìîëÿðíàÿ ìàññà ãðóïïû OH–.
Êèíåòè÷åñêèå ïàðàìåòðû ïðîöåññà ïîëó÷åíèÿ

ÍÏ êîáàëüòà âîäîðîäíûì âîññòàíîâëåíèåì åãî
ãèäðîêñèäà â íåèçîòåðìè÷åñêèõ óñëîâèÿõ ðàññ÷è-
òûâàëè ðàçíîñòíî-äèôôåðåíöèàëüíûì ìåòîäîì
ïî ìîäåëè Ôðèìåíà—Êýðîëà, ïðèìåíÿÿ äàííûå
òåðìîãðàâèìåòðè÷åñêîãî àíàëèçà (ÒÃÀ) è óðàâíå-
íèå íåèçîòåðìè÷åñêîé êèíåòèêè [17, 18], êîòîðîå
ìîæíî ïðåäñòàâèòü ñëåäóþùèì îáðàçîì:
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ãäå α  — ñòåïåíü ïðåâðàùåíèÿ, ä.å.; Ò — òåìïå-
ðàòóðà, Ê; À – ïîñòîÿííûé ìíîæèòåëü, ñ-1; b —
ñêîðîñòü íàãðåâà, Ê/ñ; Åa — ýíåðãèÿ àêòèâàöèè,
Äæ/ìîëü; R — óíèâåðñàëüíàÿ ãàçîâàÿ ïîñòîÿííàÿ,
Äæ/(ìîëü·Ê); n — ïîðÿäîê ðåàêöèè.

ñòâëÿåòñÿ ðàçëè÷íûìè ñïîñîáàìè, áîëüøèíñòâî
êîòîðûõ õàðàêòåðèçóåòñÿ ðÿäîì íåäîñòàòêîâ, òà-
êèõ, êàê ïîíèæåííàÿ ïðîèçâîäèòåëüíîñòü, âûñî-
êèå çàòðàòû ýíåðãèè [10—13].

Õèìèêî-ìåòàëëóðãè÷åñêèé ìåòîä, êîòîðûé
âêëþ÷àåò â ñåáÿ ýòàïû õèìè÷åñêîãî îñàæäåíèÿ
êèñëîðîäñîäåðæàùèõ ñîåäèíåíèé ìåòàëëîâ è âî-
äîðîäíîãî âîññòàíîâëåíèÿ ïîëó÷åííûõ ñîåäèíå-
íèé, ïðåäñòàâëÿåò ñîáîé âûñîêîýôôåêòèâíûé
ìåòîä ñ òî÷êè çðåíèÿ ýêîíîìèè ýíåðãèè, âîçìîæ-
íîñòè óòèëèçàöèè ïðîìûøëåííûõ îòõîäîâ â êà-
÷åñòâå èñõîäíîãî ñûðüÿ è âîçìîæíîñòè ðåãóëèðî-
âàòü ðàçìåðíûå õàðàêòåðèñòèêè íàíî÷àñòèö (Í×)
ìåòàëëîâ â õîäå èõ ïîëó÷åíèÿ [7, 14—16].

Áîëüøèì íåäîñòàòêîì ïîëó÷åíèÿ ÍÏ ìåòàë-
ëîâ ìåòîäîì âîäîðîäíîãî âîññòàíîâëåíèÿ ÿâëÿåò-
ñÿ íèçêàÿ ïðîèçâîäèòåëüíîñòü â ñâÿçè ñ íèçêîé
ñêîðîñòüþ ïðîöåññà âîäîðîäíîãî âîññòàíîâëåíèÿ
â óñëîâèè âûäåðæêè ïðè íèçêèõ òåìïåðàòóðàõ. Â
òî æå âðåìÿ ÷ðåçìåðíîå óâåëè÷åíèå òåìïåðàòóðû
âîññòàíîâëåíèÿ íå ðåêîìåíäóåòñÿ, ïîñêîëüêó ýòî
ïðèâîäèò ê èíòåíñèâíîìó ïðîòåêàíèþ ïðîöåññîâ
àãðåãàöèè è ñïåêàíèÿ Í× è, ñîîòâåòñòâåííî, ê
ôîðìèðîâàíèþ ÷àñòèö ðàçìåðîì âíå íàíîìåòðî-
âîãî äèàïàçîíà [15, 16].

Èçó÷åíèå êèíåòèêè ïðîöåññîâ ïîëó÷åíèÿ ÍÏ
ìåòàëëîâ âîññòàíîâëåíèåì èõ ïðåêóðñîðîâ äëÿ
îïðåäåëåíèÿ îïòèìàëüíûõ âðåìåííî-òåìïåðàòóð-
íûõ ïàðàìåòðîâ ïðè ãàðàíòèè íåîáõîäèìûõ
ñâîéñòâ ïîëó÷åííûõ ïðîäóêòîâ ïðåäñòàâëÿåò ñî-
áîé âåñüìà âàæíóþ çàäà÷ó êàê ñ íàó÷íîé, òàê è ñ
ïðàêòè÷åñêîé òî÷êè çðåíèÿ.

Öåëüþ äàííîé ðàáîòû ÿâëÿëîñü èçó÷åíèå êè-
íåòè÷åñêèå õàðàêòåðèñòèêè ïðîöåññà ïîëó÷åíèÿ
ÍÏ Ñî âîäîðîäíûì âîññòàíîâëåíèåì åãî ãèäðî-
êñèäíîãî ñîåäèíåíèÿ ïðè íåèçîòåðìè÷åñêèõ óñ-
ëîâèÿõ, à òàêæå èññëåäîâàíèå ñâîéñòâ ïîëó÷åííûõ
ïðîäóêòîâ âîññòàíîâëåíèÿ.

Ìàòåðèàë è ìåòîäèêè ýêñïåðèìåíòà

ÍÏ ìåòàëëè÷åñêîãî êîáàëüòà áûë ïîëó÷åí èç
ÍÏ ãèäðîêñèäà Ñî(OÍ)2 ïóòåì ïðÿìîãî âîäîðîä-
íîãî âîññòàíîâëåíèÿ. Äî ýòîãî ãèäðîêñèäíîå ñî-
åäèíåíèå Ñî(OÍ)2 ñèíòåçèðîâàëè ìåòîäîì õèìè-
÷åñêîãî îñàæäåíèÿ èç âîäíûõ ðàñòâîðîâ íèòðàòà
êîáàëüòà Ñî(NO3)2 (10 ìàñ. %) è ùåëî÷è NaOH
(10 ìàñ. %) â óñëîâèÿõ íåïðåðûâíîãî ïåðåìåøè-
âàíèÿ, êîíòðîëÿ òåìïåðàòóðû Ò = 20 °Ñ è âåëè÷è-
íû êèñëîòíîñòè ðÍ = 9.

Ðåàêöèÿ îñàæäåíèÿ ãèäðîêñèäà ïðåäñòàâëÿåòñÿ
ñëåäóþùèì îáðàçîì:

Ñî(NO3)2 + 2NaOH = Ñî(OÍ)2Ø + 2NaNO3 (1)
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×àùå âñåãî óðàâíåíèå (4) ïðèìåíÿåòñÿ â ëî-
ãàðèôìè÷åñêîé ôîðìå:

ln ln ln(1 ) .a
T
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Èç (5) ìîæíî çàïèñàòü äèôôåðåíöèàëüíóþ
ðàçíîñòü ñëåäóþùèì îáðàçîì:
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Òîãäà â êîîðäèíàòàõ
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òàíãåíñ óãëà íàêëîíà ïðÿìîé (6) áóäåò ïðîïîðöè-
îíàëåí âåëè÷èíå Åà, à åå ïåðåñå÷åíèå ñ îñüþ îð-
äèíàò ïîçâîëÿåò îïðåäåëèòü çíà÷åíèå n.

Ôàçîâûé ñîñòàâ è ñòðóêòóðó îáðàçöîâ èñõîä-
íîãî ãèäðîêñèäíîãî ñîåäèíåíèÿ è ïðîäóêòà âîññòà-
íîâëåíèÿ èññëåäîâàëè ìåòîäîì ðåíòãåíîôàçîâîãî
àíàëèçà (ÐÔÀ) íà äèôðàêòîìåòðå «Äèôðåé-401»
(Ðîññèÿ), èñïîëüçóÿ CrKα-èçëó÷åíèå.

Óäåëüíàÿ ïîâåðõíîñòü Sóä îáðàçöîâ îïðåäåëÿ-
ëàñü ìåòîäîì Áðóíàóýðà—Ýììåòà—Òåëëåðà (ÁÝÒ)
ïî íèçêîòåìïåðàòóðíîé àäñîðáöèè àçîòà ñ ïîìî-
ùüþ àíàëèçàòîðà NOVA 1200å (ÑØÀ). Ñðåäíèé
ðàçìåð ÷àñòèö ïîðîøêîâ Dñð (ì) ðàññ÷èòûâàëè ïî
äàííûì èçìåðåíèÿ âåëè÷èíû Sóä, ïðèìåíÿÿ ôîð-
ìóëó

ñð
óä

6
,D

Sρ
=

◊                        (7)

ãäå ρ  – ïëîòíîñòü ìàòåðèàëà, êã/ì3.

Ìîðôîëîãèÿ è ðàçìåðíûå õàðàêòåðèñòèêè Í×
îáðàçöîâ áûëè èññëåäîâàíû ìåòîäîì ñêàíèðóþ-
ùåé ýëåêòðîííîé ìèêðîñêîïèè (ÑÝÌ) íà ìèêðî-
ñêîïå TESCAN VEGA 3Â (×åõèÿ) è ïðîñâå÷èâà-
þùåé ýëåêòðîííîé ìèêðîñêîïèè (ÏÝÌ) íà ìèê-
ðîñêîïå LEO 912 AB OMEGA (Ãåðìàíèÿ).

Îáñóæäåíèå ðåçóëüòàòîâ èññëåäîâàíèÿ

Ðåçóëüòàòû ÐÔÀ è ÑÝÌ äëÿ îáðàçöà ÍÏ èñ-
õîäíîãî ãèäðîêñèäà Ñî(OÍ)2 ïðèâåäåíû íà ðèñ. 1.

Ðåçóëüòàò ÐÔÀ (ðèñ. 1,à) âûÿâèë, ÷òî èññëå-
äóåìûé îáðàçåö ÿâëÿåòñÿ îäíîôàçíûì, ñîäåðæà-
ùèì òîëüêî ãèäðîêñèäíóþ ôàçó Ñî(OÍ)2 è îáëà-
äàåò êðèñòàëëè÷åñêîé ñòðóêòóðîé. Àíàëèç ÑÝÌ-
èçîáðàæåíèÿ (ðèñ. 1,á) ïîêàçàë, ÷òî Í× Co(OH)2
â îñíîâíîì îáëàäàþò èãîëü÷àòîé ôîðìîé, ñêëîí-
íû ê îáðàçîâàíèþ êðóïíûõ àãðåãàòîâ øàðîâèäíîé
ôîðìû. Óäåëüíàÿ ïîâåðõíîñòü ÍÏ Co(OH)2 ñî-
ñòàâëÿåò 31,7 ì2/ã, ñîîòâåòñòâåííî, çíà÷åíèå ñðåä-
íåãî ðàçìåðà ïîëó÷åííûõ íàíî÷àñòèö Dñð = 53 íì.

Ðåçóëüòàò ÒÃÀ äëÿ ïðîöåññà ïîëó÷åíèÿ ÍÏ Ñî
èç ÍÏ Ñî(OÍ)2 âîäîðîäíûì âîññòàíîâëåíèåì â
óñëîâèè ëèíåéíîãî íàãðåâà ñî ñêîðîñòüþ 15°Ñ/ìèí
ïîêàçûâàåò, ÷òî îáùèé ïðîöåññ ïðîèñõîäèò â äâà
ýòàïà (ðèñ. 2). Ïåðâûé ýòàï â èíòåðâàëå òåìïåðà-
òóð 180—265 °Ñ ïðåäñòàâëÿåò ñîáîé ïðîöåññ òåð-
ìè÷åñêîãî ðàçëîæåíèÿ ãèäðîêñèäà Co(OH)2 íà
îêñèä êîáàëüòà (II) ÑîO ïî ðåàêöèè

Co(OH)2 = ÑîO + Í2Î,

ìàêñèìàëüíàÿ óäåëüíàÿ ñêîðîñòü êîòîðîãî çàôèê-
ñèðîâàíà ïðè òåìïåðàòóðå 248 °Ñ è ñîñòàâèëà
97,28·10-5 ñ-1. Íà âòîðîì ýòàïå ïðè òåìïåðàòóðàõ îò
265 äî 310 °Ñ ïðîòåêàåò âîññòàíîâëåíèå ÑîO äî Ñî,
ìàêñèìàëüíàÿ óäåëüíàÿ ñêîðîñòü ïðîöåññà íàáëþ-
äàëàñü ïðè 280 °Ñ è ñîñòàâèëà 222,34·10-5 ñ-1.

Ðèñ. 1. Ðåíòãåíîãðàììà (à) è ÑÝÌ-èçîáðàæåíèå (á) îáðàçöà ÍÏ èñõîäíîãî Ñî(OÍ)2
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Èç ïîëó÷åííûõ ÒÃÀ-äàííûõ ïðèìåíåíèå ôîð-
ìóëû (3) ïîçâîëÿåò âû÷èñëèòü çíà÷åíèÿ ñòåïåíè
ïðåâðàùåíèÿ α  ïðè ðàçíûõ òåìïåðàòóðàõ âîññòà-
íîâëåíèÿ è, ñëåäîâàòåëüíî, ïîñòðîèòü çàâèñè-
ìîñòü α (T) â îñíîâíîì èíòåðâàëå òåìïåðàòóð
ïðîòåêàíèÿ îáùåãî ïðîöåññà ïîëó÷åíèÿ ÍÏ Ñî èç
åãî ãèäðîêñèäíîãî ñîåäèíåíèÿ Ñî(OÍ)2 âîäîðîä-
íûì âîññòàíîâëåíèåì (ðèñ. 3).

Èç ãðàôèêà çàâèñèìîñòè α (T) (ðèñ. 3), íà
îñíîâå äèôôåðåíöèàëüíî-ðàçíîñòíîãî ìåòîäà ïî
ìîäåëè Ôðèìåíà—Êýðîëà áûëè ðàññ÷èòàíû êè-
íåòè÷åñêèå ïàðàìåòðû (ñì. òàáëèöó) ïðè âîññòà-
íîâëåíèè ÍÏ Ñî(ÎÍ)2 â íåèçîòåðìè÷åñêèõ óñëî-
âèÿõ.

Ýíåðãèÿ àêòèâàöèè Ea ïðîöåññà âîäîðîäíîãî
âîññòàíîâëåíèÿ ÍÏ Ñî(OÍ)2 â íåèçîòåðìè÷åñêèõ
óñëîâèÿõ áûëà îïðåäåëåíà ïî óãëó íàêëîíà ïðÿ-
ìîé (6) â ñèñòåìå êîîðäèíàò Õ-Y (ðèñ. 4).

Ðàñ÷åò ïîêàçûâàåò, ÷òî Åà ïðîöåññà âîäîðîä-
íîãî âîññòàíîâëåíèÿ ÍÏ Ñî(OÍ)2 îöåíèâàëàñü â
~45 êÄæ/ìîëü. Ñðàâíåíèåì ðàññ÷èòàííîé âåëè÷è-
íû Åà ñ ïðåäåëüíûìè çíà÷åíèÿìè â ëèòåðàòóðå
ìîæíî ïîäòâåðäèòü, ÷òî ïðîöåññ âîññòàíîâëåíèÿ
ÍÏ Ñî(OÍ)2 ïðîòåêàåò â ñìåøàííîì ðåæèìå ðå-
àãèðîâàíèÿ [19, 20]. Â ýòîì ñëó÷àå êèíåòèêà îá-
ùåãî ïðîöåññà âîññòàíîâëåíèÿ ÍÏ Ñî(OÍ)2 ëè-
ìèòèðóåòñÿ êàê êèíåòèêîé õèìè÷åñêîé ðåàêöèè,

Ðèñ. 2. ÒÃ-êðèâûå âîäîðîäíîãî âîññòàíîâëåíèÿ îáðàçöà ÍÏ Ñî(OÍ)2: à – ñêîðîñòü èçìåíåíèÿ ìàññû; á – èçìå-
íåíèå ìàññû

Ðèñ. 3. Çàâèñèìîñòü α (T) ïðè âîññòàíîâëåíèè ÍÏ Ñî(OÍ)2



245Âåñòíèê Ìîñêîâñêîãî àâèàöèîííîãî èíñòèòóòà. Ò.27. ¹4

Íàíîòåõíîëîãèè è íàíîìàòåðèàëû Nanotechnologies and nanomaterials

òàê è êèíåòèêîé äèôôóçèè. Ñîîòâåòñòâåííî, öå-
ëåñîîáðàçíûì ïóòåì óñêîðåíèÿ ïðîöåññà ÿâëÿåòñÿ
ïîâûøåíèå òåìïåðàòóðû ëèáî óñòðàíåíèå äèôôó-
çèîííîãî ñëîÿ ïðîäóêòà âîññòàíîâëåíèÿ ïóòåì
èíòåíñèâíîãî ïåðåìåøèâàíèÿ.

Êàê îòìå÷åíî âûøå, òåìïåðàòóðà ìàêñèìàëü-
íîé ñêîðîñòè ïðîöåññà ïîëó÷åíèÿ ÍÏ Ñî âîäî-
ðîäíûì âîññòàíîâëåíèåì åãî ãèäðîêñèäà Ñî(OÍ)2
ñîñòàâèëà 280 °Ñ. Òåì íå ìåíåå âîññòàíîâëåíèå
ïðè äàííîé òåìïåðàòóðå ìîæåò ïðèâîäèòü ê èí-
òåíñèâíîìó ïðîòåêàíèþ ïðîöåññîâ àãðåãèðîâàíèÿ
è ñïåêàíèÿ îáðàçóåìûõ ÷àñòèö ìåòàëëè÷åñêîãî
êîáàëüòà, ÷òî óõóäøàåò êà÷åñòâî ïðîäóêòà ÍÏ Ñî.

Â ñëåäóþùåé ÷àñòè ðàáîòû èññëåäîâàëè ñâîé-
ñòâà ÍÏ Ñî, ïîëó÷åííîãî ïðè òåìïåðàòóðå ìàê-
ñèìàëüíîé ñêîðîñòè âîäîðîäíîãî âîññòàíîâëåíèÿ
Ò = 280 °C, âûäåðæêà áûëà 15 ìèí (ðèñ. 5).

Ðåçóëüòàò ÐÔÀ ïðîäóêòà âîññòàíîâëåíèÿ
(ðèñ. 5,à) âûÿâèë, ÷òî èññëåäóåìûé îáðàçåö ÿâëÿ-
åòñÿ îäíîôàçíûì, ñîñòîÿùèì òîëüêî èç ÷àñòèö
ìåòàëëè÷åñêîãî êîáàëüòà ñ ãåêñàãîíàëüíîé ïëîò-
íîóïàêîâàííîé (ÃÏÓ) êðèñòàëëè÷åñêîé ðåøåòêîé.

Àíàëèç ÑÝÌ è ÏÝÌ ôîòîãðàôèé (ðèñ. 5,á,â)
îáðàçöà ïðîäóêòà âîññòàíîâëåíèÿ ïîêàçûâàåò, ÷òî
Í× Ñî ãëàâíûì îáðàçîì èìåþò ñôåðè÷åñêóþ
ôîðìó ñ íàíîìåòðîâûì ðàçìåðîì (ïîðÿäêà äåñÿò-

Ðàñ÷åò ïàðàìåòðîâ óðàâíåíèÿ íåèçîòåðìè÷åñêîé êèíåòèêè ïðè âîññòàíîâëåíèè ÍÏ Ñî(OÍ)2

T, °C α, ä.å. b, K/c dα/dT ln(1-α) 1/T, Ê-1 ln(b·dα/dT) X Y 

189 0,075 

0,25 

177,397 -0,078 0,002165 3,8702 0,001741 -10,513 

204 0,111 257,338 -0,117 0,002096 4,2813 0,000865 -6,036 

219 0,174 373,303 -0,191 0,002033 4,7272 0,000382 -3,357 

233 0,287 528,260 -0,338 0,001976 5,2217 0,000262 -2,711 

248 0,426 766,312 -0,556 0,001919 5,8112 0,000318 -3,209 

265 0,526 1168,165 -0,747 0,001859 6,4236 0,000048 -1,352 

280 0,835 1694,579 -1,803 0,001808 7,8517 0,000011 -1,088 

296 0,998 2519,937 -6,292 0,001757 12,7381 – – 

Ðèñ. 4. Ðàñ÷åò ýíåðãèè àêòèâàöèè ïðîöåññà ïîëó÷åíèÿ ÍÏ Ñî íåèçîòåðìè÷åñêèì âîäîðîäíûì âîññòàíîâëåíèåì
åãî ãèäðîêñèäíîãî ñîåäèíåíèÿ
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êîâ íàíîìåòðîâ). Ïðè ýòîì ïîëó÷åííûå Í× Ñî
íàõîäÿòñÿ â ñïå÷åííîì ñîñòîÿíèè, êàæäàÿ èç íèõ
ñîåäèíåíà ñ íåñêîëüêèìè ñîñåäíèìè ÷àñòèöàìè
ïåðåøåéêàìè. Ðåçóëüòàòû èçìåðåíèÿ óäåëüíîé ïî-
âåðõíîñòè ÍÏ Ñî õîðîøî ñîãëàñóþòñÿ ñ ðåçóëü-
òàòàìè ìèêðîñêîïè÷åñêîãî àíàëèçà. Óäåëüíàÿ ïî-
âåðõíîñòü Sóä èññëåäóåìîãî îáðàçöà ñîñòàâèëà
11,6 ì2/ã, ÷òî ñîîòâåòñòâóåò ñðåäíåìó ðàçìåðó Í×
êîáàëüòà Dñð = 58 íì.

Òàêèì îáðàçîì, íà îñíîâå àíàëèçà êèíåòèêè
è èçó÷åíèÿ ñâîéñòâ ïðîäóêòîâ âîññòàíîâëåíèÿ
ìîæíî ñäåëàòü âûâîä, ÷òî ïðîâåäåíèå âîññòàíîâ-
ëåíèÿ ÍÏ Ñî(OÍ)2 ïðè òåìïåðàòóðå 280 °Ñ ïîçâî-
ëÿåò êàê óñêîðèòü ïðîöåññ, òàê è îáåñïå÷èòü íå-
îáõîäèìûå ñâîéñòâà ïîëó÷åííîãî ÍÏ Co.

Âûâîäû

Óñòàíîâëåíî, ÷òî ïðîöåññ íåèçîòåðìè÷åñêîãî
âîäîðîäíîãî âîññòàíîâëåíèÿ ÍÏ Ñî(OÍ)2 ïðîòå-
êàåò â èíòåðâàëå òåìïåðàòóð îò 180 äî 310°Ñ ñ ìàê-
ñèìàëüíîé óäåëüíîé ñêîðîñòüþ 222,34·10-5 ñ-1 ïðè
òåìïåðàòóðå 280 °Ñ.

Ýíåðãèÿ àêòèâàöèè ïðîöåññà âîññòàíîâëåíèÿ
ÍÏ Ñî(OÍ)2 ïðè íåèçîòåðìè÷åñêèõ óñëîâèÿõ
ñîñòàâèëà ~45 êÄæ/ìîëü, ÷òî ñâèäåòåëüñòâóåò î
ñìåøàííîì ðåæèìå ðåàãèðîâàíèÿ. Â äàííîì ðå-
æèìå öåëåñîîáðàçíûì ïóòåì óñêîðåíèÿ ïðîöåñ-
ñà ÿâëÿåòñÿ ïîâûøåíèå òåìïåðàòóðû ëèáî óñòðà-
íåíèå äèôôóçèîííîãî ñëîÿ ïðîäóêòà âîññòàíîâ-
ëåíèÿ ïóòåì èíòåíñèâíîãî ïåðåìåøèâàíèÿ.

Óñòàíîâëåíî, ÷òî âîññòàíîâëåíèå ÍÏ Ñî(OÍ)2
ïðè òåìïåðàòóðå 280 °Ñ ïîçâîëÿåò êàê óñêîðèòü
ïðîöåññ, òàê è îáåñïå÷èòü íåîáõîäèìûå ñâîéñòâà
ïîëó÷åííîãî ïðîäóêòà. Í× ìåòàëëè÷åñêîãî êî-
áàëüòà â îñíîâíîì îáëàäàþò ñôåðè÷åñêîé ôîðìîé
ñ íàíîìåòðîâûì ðàçìåðîì (ïîðÿäêà äåñÿòêîâ íà-
íîìåòðîâ) è íàõîäÿòñÿ â ñïå÷åííîì ñîñòîÿíèè,
êàæäàÿ èç íèõ ñîåäèíåíà ñ íåñêîëüêèìè ñîñåäíè-
ìè ÷àñòèöàìè ïåðåøåéêàìè.
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Abstract

The article presents the studies of the process
kinetics of obtaining nanopowder of metallic cobalt
by hydrogen-reduction method under non-isothermal
conditions, as well as properties analysis of the initial
material and obtained products. Cobalt nanopowder
was being obtained by hydrogen reduction of cobalt
hydroxide nanopowder in the linear heating mode at

a rate of 15°C/min within the temperature range from
25 °C to 500 °C. The Co(OH)2 nanopowder was
synthesized in advance by chemical precipitation from
aqueous solutions of cobalt nitrate Co(NO3)2 (10 wt. %)
and alkali NaOH (10 wt. %) under conditions of
continuous stirring, control of the T = 20 °C
temperature and pH = 9 acidity. Kinetic parameters
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of the hydrogen reduction process under non-
isothermal conditions were calculated by the
differential-difference method using the data of
thermo-gravimetric analysis and non-isothermal
kinetic equation. The phase composition and structure
of the samples were analyzed by the X-ray method.
The specific surface area and average particle size of
the powder samples were determined using the
Brunauer–Emmett–Teller (BET) method by the low-
temperature adsorption of nitrogen. The morphology
and size of the nanoparticles were studied by scanning
and transmission electron microscopy. It has been
established that the process of non-isothermal
hydrogen reduction of Co(OH)2 nanopowder occurs
within the temperature range from 180 °C to 310 °C
with a maximum rate 222.34·10-5 s-1 at a temperature
of 280 °C. The dependence of the degree of conversion
on åðó temperature during the Co(OH)2 reduction
process has been determined in the form of a
mathematical function y = 0,0756·e0,0248x. The value
of activation energy for the Co(OH)2 nanopowder
reduction process was found to be ~45 kJ/mol, which
indicates a mixed reaction mode. It was revealed that
the Co(OH)2 hydroxide reduction at a temperature of
280 °C allowed to accelerating the process while
ensuring the required properties of the product. The
obtained metallic cobalt nanoparticles have a spherical
shape with a nanometer size (about tens of
nanometers) and are in a sintered state. Each of them
herewith is connected to several neighboring particles
by isthmuses.
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