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Â öåëÿõ ðàçðàáîòêè ÷óâñòâèòåëüíîé è ñåëåêòèâíîé ìåòîäèêè ôîòîìåòðè÷åñêîãî îïðåäåëå-

íèÿ ðåíèÿ â êèñëûõ íèòðàòíî-ñóëüôàòíûõ ðàñòâîðàõ, îáðàçóåìûõ ïðè ðàçëîæåíèè ìîëèá-

äåíèòîâûõ êîíöåíòðàòîâ àçîòíîé êèñëîòîé, è âûÿâëåíèÿ çàêîíîìåðíîñòåé ïðîòåêàþùèõ

ïðè ýòîì ðåàêöèé êîìïëåêñîîáðàçîâàíèÿ ðåíèÿ ïåðåìåííîé âàëåíòíîñòè ñ ñåðîîðãàíè÷å-

ñêèìè ëèãàíäàìè ñïåêòðîôîòîìåòðè÷åñêèì ìåòîäîì èçó÷åíà ñèñòåìà Re (VII) – HNO3 –

HCl – ìåðêàïòîóêñóñíàÿ êèñëîòà – Sn (II). Óñòàíîâëåíû îïòèìàëüíûå óñëîâèÿ îáðàçîâàíèÿ

îêðàøåííîãî êîìïëåêñíîãî ñîåäèíåíèÿ ñ ìåðêàïòîóêñóñíîé êèñëîòîé â ñìåøàííîì ñîëÿ-

íî-àçîòíîêèñëîì ðàñòâîðå, îïðåäåëåíû ñîñòàâ è óñòîé÷èâîñòü îáðàçóþùåãîñÿ êîìïëåêñà.

Ïðåäëîæåí ìåõàíèçì îêèñëèòåëüíî-âîññòàíîâèòåëüíûõ ðåàêöèé, ïðîòåêàþùèõ â ïðîöåññå

êîìïëåêñîîáðàçîâàíèÿ. Ðàçðàáîòàíà ìåòîäèêà êîíòðîëÿ ñîäåðæàíèÿ ðåíèÿ â ïðîäóêòàõ

ãèäðîìåòàëëóðãè÷åñêîé ïåðåðàáîòêè ìîëèáäåíèòîâûõ êîíöåíòðàòîâ, ïîçâîëÿþùàÿ îïðå-

äåëÿòü ðåíèé â ïðèñóòñòâèè ñîïóòñòâóþùèõ ýëåìåíòîâ (Mo, Cu, Fe, Ni è äð.) è îêèñëèòåëåé

(>120 ã/ë NO
3

�), âêëþ÷àþùàÿ â ñåáÿ ïðåäâàðèòåëüíîå îòäåëåíèå ìîëèáäåíà è äðóãèõ ìå-

øàþùèõ ïðèìåñåé ïóòåì ñåëåêòèâíîé ñîðáöèè èîíîâ ReO
4

� íà ñèëüíîîñíîâíîì àíèîíèòå

ìàðêè ×ÔÎ ñ ïîñëåäóþùåé äåñîðáöèåé èõ 5 Ì HNO3 è ôîòîìåòðè÷åñêîå îïðåäåëåíèå ðå-

íèÿ â ýëþàòå â âèäå îêðàøåííîãî â îðàíæåâî-æåëòûé öâåò (ëmax = 460 íì) ñìåøàííî-ëè-

ãàíäíîãî êîìïëåêñà Re (III) ïðåäïîëàãàåìîãî ñîñòàâà [Re(L)3NOCl]–, ãäå L — àíèîí ìåð-

êàïòîóêñóñíîé êèñëîòû. Ðàçðàáîòàííàÿ ìåòîäèêà îïðåäåëåíèÿ ðåíèÿ ïðèìåíåíà ê àíàëèçó

ñëèâîâ ïðîìûâíîé ñåðíîé êèñëîòû ñåðíîêèñëîòíîãî öåõà ìåäåïëàâèëüíîãî çàâîäà ÀÎ «Àë-

ìàëûêñêèé ÃÌÊ».
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The results of spectrophotometric study of the system Re (VII) – HNO3 – HCl – mercaptoacetic acid

– Sn (II) are used to develop a sensitive and selective method of photocolorimetric determination of rhe-

nium in acid nitrate-sulfate solutions formed upon decomposition of molybdenite concentrates with nitric

acid and also to reveal trends in complexation of aliovalent rhenium with organic sulfur ligands. Ammo-

nium perrhenate (AR-0) was purified on a Purolite C-100 cation exchanger. Solutions of mercaptoacetic

(thioglycolic) acid were prepared from chemically pure Apolda chemical (Germany). Light absorption spec-

tra were recorded on EPS-3T (Hitachi, Japan) and Specord M-40 (Carl Zeiss Jena, Germany) spectropho-

tometers; the optical density of the solutions was recorded on a KFK-2 (Russia) photocolorimeter. Optimal

conditions for the formation of a colored complex compound with mercaptoacetic acid in a mixed hydro-

chloric-nitric acid solution were determined along with the composition and stability of the complex.

The mechanism of redox reactions that occur during complexation is proposed. A technique for monitor-

ing the rhenium content in the products of hydrometallurgical processing of molybdenite concentrates

is developed. The procedure provides rhenium determination in the presence of accompanying elements

(Mo, Cu, Fe, Ni, etc.) and oxidizing agents (>120 g/liter NO
3
�). The developed procedure includes prelimi-
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nary separation of molybdenum and other interfering impurities by selective sorption of ReO
4
� ions on a

strongly basic anionite (ChFO) followed by their desorption with a 5 M HNO3 solution and subsequent

photocolorimetric determination of rhenium in the eluate in the form of an orange-yellow (ëmax =

= 460 nm) mixes-ligand complex of Re (III) of assumed composition [Re(L)3NOCl]–, where L — is

mercaptoacetic acid anion. The developed method of rhenium determination was used in analysis of

effluents of washing sulfuric acid taken from the sulfuric acid workshop of the copper smelting plant of

Almalyk MMC JSC (Uzbekistan).

Keywords: rhenium; molybdenum; mercaptoacetic acid; complexation; photocolorimetry; molybdenite

concentrate.

Ââåäåíèå

Ñïåêòðîôîòîìåòðè÷åñêîå îïðåäåëåíèå ðåíèÿ

â ïðèñóòñòâèè ìîëèáäåíà òðåáóåò èõ ïðåäâàðè-

òåëüíîãî ðàçäåëåíèÿ, êîòîðîå ïðîâîäÿò ïîñëå îò-

äåëåíèÿ îêèñëèòåëåé, òàêèõ êàê íèòðàò-èîíû.

Îäíàêî ñî÷åòàíèå Re (VII) – NO
3
� òèïè÷íî äëÿ

âûñîêîêîíöåíòðèðîâàííûõ ïî íèòðàò-èîíàì

øëàìîâûõ ïîëåé ãîðíî-ìåòàëëóðãè÷åñêèõ ïðåä-

ïðèÿòèé [1]. Áîãàòûå Mo è Re øëàìû îáðàçîâû-

âàëèñü ïðè ïåðåðàáîòêå ìîëèáäåíèòîâîãî êîí-

öåíòðàòà ïî àçîòíîêèñëîé ñõåìå, òðàäèöèîííî

èñïîëüçóåìîé â òå÷åíèå äåñÿòèëåòèé [2] è ïîçæå

çàìåíåííîé îêèñëèòåëüíûì îáæèãîì [3]. Ê àçîò-

íîêèñëûì ðåíèéñîäåðæàùèì ðàñòâîðàì îòíîñÿò

è ýëþàòû, îáðàçóåìûå ïðè äåñîðáöèè ðåíèÿ ñ âû-

ñîêîîñíîâíûõ ñìîë àçîòíîé êèñëîòîé [2].

Òðàäèöèîííîå ñûðüå ïðîìûøëåííîé äîáû÷è

ðåíèÿ [4] ñ êîíå÷íîé ñòàäèåé ñîðáöèè [5] âêëþ÷à-

åò ñåðíîêèñëîòíûå ðàñòâîðû ïîäçåìíîãî âûùå-

ëà÷èâàíèÿ óðàíà [6] è òåõíîëîãè÷åñêèå ðàñòâîðû

ïåðåðàáîòêè ìåäíî-ìîëèáäåíîâûõ ðóä [7], à òàê-

æå ïûëè [8]. Ñûðüå ïåðâîãî âèäà ñîäåðæèò ðåíèé

íà óðîâíå ìêã/ë (ppb), ÷òî äåëàåò ìåòîä ÈÑÏ-ÌÑ

ïðàêòè÷åñêè íåçàìåíèìûì äëÿ åãî òåêóùåãî àíà-

ëèçà [9]. Äëÿ àíàëèçà ñûðüÿ âòîðîãî âèäà îáû÷íî

èñïîëüçóþò ôîòîìåòðè÷åñêèå ìåòîäû, òðåáóþ-

ùèå ïðåäâàðèòåëüíîãî ðàçäåëåíèÿ Mo è Re.

Â ñâÿçè ñ òåì, ÷òî ïî÷òè âñå ôîòîìåòðè÷åñêèå

ìåòîäû îïðåäåëåíèÿ ðåíèÿ îñíîâàíû íà öâåòíûõ

ðåàêöèÿõ ðåíèÿ ïåðåìåííîé âàëåíòíîñòè [10] â

ñîëÿíîêèñëûõ, ñåðíîêèñëûõ, ôîñôîðíîêèñëûõ

ðàñòâîðàõ, âûñîêèé íèòðàòíûé ôîí ìåøàåò åãî

îïðåäåëåíèþ. Îäíàêî ïî äàííûì ðàáîòû [11] ýòè

çàòðóäíåíèÿ ìîæíî îáîéòè ïðè èñïîëüçîâàíèè

ñèñòåìû Re (VII) – HNO3 – HCl – ìåðêàïòîóêñóñ-

íàÿ êèñëîòà – Sn (II), ãäå îáðàçóåòñÿ îêðàøåííîå

êîìïëåêñíîå ñîåäèíåíèå ñ ìàêñèìóìîì ïîãëîùå-

íèÿ íà äëèíå âîëíû ë = 460 íì. Íî äëÿ ýòîé ñèñ-

òåìû íå èçó÷åíû óñëîâèÿ îáðàçîâàíèÿ îêðàøåí-

íîãî êîìïëåêñà, åãî ñîñòàâ è óñòîé÷èâîñòü, ìåõà-

íèçì ðåàêöèé ñ ó÷àñòèåì ðåíèÿ â ñîëÿíî-àçîòíî-

êèñëûõ ðàñòâîðàõ, à òàêæå íå óñòàíîâëåíà ñòå-

ïåíü îêèñëåíèÿ ðåíèÿ â ýòèõ ðåàêöèÿõ.

Èñõîäÿ èç ýòîãî, ïðåäñòàâëÿëîñü öåëåñîîáðàç-

íûì èçó÷èòü êîìïëåêñîîáðàçîâàíèå ðåíèÿ ñ ìåð-

êàïòîóêñóñíîé êèñëîòîé â ñìåøàííûõ ðàñòâîðàõ

HCl è HNO3 è ìåõàíèçì ïðîòåêàþùèõ îêèñëè-

òåëüíî-âîññòàíîâèòåëüíûõ ðåàêöèé, ÷òîáû îïòè-

ìèçèðîâàòü óñëîâèÿ ôîòîìåòðè÷åñêîãî îïðåäåëå-

íèÿ ðåíèÿ.

Öåëü èññëåäîâàíèÿ — ðàçðàáîòêà ñåëåêòèâ-

íîãî ìåòîäà ôîòîêîëîðèìåòðè÷åñêîãî îïðåäåëå-

íèÿ ðåíèÿ â êèñëûõ íèòðàòíî-ñîëÿíîêèñëûõ ðàñ-

òâîðàõ (>120 ã/ë NO
3
� ), îáðàçóåìûõ ïðè ðàçëîæå-

íèè ìîëèáäåíèòîâîãî êîíöåíòðàòà (MÎÊ) àçîò-

íîé êèñëîòîé, â òàêæå óñòàíîâëåíèå ìåõàíèçìà

ðåàêöèé êîìïëåêñîîáðàçîâàíèÿ âîññòàíîâëåí-

íîãî ðåíèÿ ñ ìåðêàïòîóêñóñíîé êèñëîòîé â ýòèõ

óñëîâèÿõ.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Èñïîëüçîâàëè ïåððåíàò àììîíèÿ NH4ReO4

ìàðêè ÀÐ-0, î÷èùåííûé èîíîîáìåííûì ñïîñî-

áîì ñ ïîìîùüþ êàòèîíèòà Purolite Ñ-100. Ðàñòâî-

ðû ìåðêàïòîóêñóñíîé (òèîãëèêîëåâîé) êèñëîòû

ãîòîâèëè èç 80 % (õ÷) ïðåïàðàòà Apolda (Ãåðìà-

íèÿ). Õëîðèä îëîâà (II) ïðèìåíÿëè â âèäå 0,5 Ì

ðàñòâîðà â 2 Ì HCl. Ñïåêòðû ïîãëîùåíèÿ ðåãèñò-

ðèðîâàëè ñ èñïîëüçîâàíèåì ñïåêòðîôîòîìåòðîâ

ìîäåëåé EPS-3T (Hitachi) è Specord M-40 (Carl

Zeiss Jena). Îïòè÷åñêóþ ïëîòíîñòü èçìåðÿëè ñ

ïîìîùüþ ôîòîêîëîðèìåòðà ÊÔÊ-2.

Îáñóæäåíèå ðåçóëüòàòîâ

Âçàèìîäåéñòâèÿ èîíîâ ðåíèÿ (VII) ñ ìåðêàï-

òîóêñóñíîé êèñëîòîé. Ïîñêîëüêó îêðàøåííûé

êîìïëåêñ ðåíèÿ ñ ìåðêàïòîóêñóñíîé êèñëîòîé îá-

ðàçóåòñÿ â ïðèñóòñòâèè SnCl2, ïðåäñòàâëÿëî èí-

òåðåñ ñïåêòðîôîòîìåòðè÷åñêè èññëåäîâàòü óñëî-

âèÿ åãî îáðàçîâàíèÿ ïðè ïåðåìåííîì ìîëüíîì

ñîîòíîøåíèè Re (VII):Sn (II) è ïîñòîÿííûõ çíà-

÷åíèÿõ îñòàëüíûõ ïàðàìåòðîâ. Äëÿ ýòîãî èñïîëü-

çîâàëè ñåðèþ ðàñòâîðîâ ñ ïîñòîÿííûì ñîäåðæà-

íèåì ðåíèÿ (4 · 10–5 ìîëü/ë), ìåðêàïòîóêñóñíîé

êèñëîòû (1,2 · 10–2 ìîëü/ë) è îáùåé êèñëîòíîñòüþ

ðàñòâîðà C
H�

= 4 ìîëü/ë, ïîääåðæèâàåìîé ñ ïî-

ìîùüþ 5 Ì H2SO4. Ïîñòîÿííóþ êîíöåíòðàöèþ

õëîðèä-èîíîâ (0,72 ìîëü/ë) îáåñïå÷èâàëè äîáàâ-

ëåíèåì 3 Ì ðàñòâîðà NH4Cl. Êîíöåíòðàöèþ

Sn (II) âàðüèðîâàëè â ïðåäåëàõ 1,0 · 10–2 –

1,2 · 10–1 ìîëü/ë. Íàèáîëüøèé âûõîä îêðàøåííî-

ãî êîìïëåêñà ñ ëmax = 460 íì íàáëþäàåòñÿ â ïðè-

ñóòñòâèè 250 – 500 ýêâ. Sn (II). Äàëüíåéøåå óâå-
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ëè÷åíèå ñîäåðæàíèÿ Sn (II) ñíèæàëî îïòè÷åñêóþ

ïëîòíîñòü ðàñòâîðà (ðèñ. 1, à). Ïðè ìîëÿðíîì ñî-

îòíîøåíèè Re (VII):Sn (II) 	 1:250 îêðàñêà ðàñ-

òâîðîâ íåóñòîé÷èâà.

Âëèÿíèå êîíöåíòðàöèè íèòðàò-èîíîâ íà îá-

ðàçîâàíèå êîìïëåêñà ðåíèÿ ñ ìåðêàïòîóêñóñíîé

êèñëîòîé èçó÷àëè äëÿ ñåðèè ðàñòâîðîâ, ñîäåðæà-

ùèõ 4 · 10–5 ìîëü/ë ðåíèÿ, 2 · 10–2 ìîëü/ë SnCl2,

à òàêæå 1,2 · 10–2 Ì ìåðêàïòîóêñóñíóþ è 0,3 Ì

ñîëÿíóþ êèñëîòû. Êèñëîòíîñòü ñðåäû (C
H�





 3,9 ìîëü/ë) ïîääåðæèâàëè ñ ïîìîùüþ 10 Ì

H2SO4. Èñòî÷íèêîì íèòðàò-èîíîâ ñëóæèë 5 Ì

ðàñòâîð NaNO3, ñîäåðæàíèå åãî èçìåíÿëîñü îò

0,1 äî 3,2 ìîëü/ë. Èç ðèñ. 1, á âèäíî, ÷òî ñ óâåëè-

÷åíèåì êîíöåíòðàöèè èîíîâ NO
3
� îïòè÷åñêàÿ

ïëîòíîñòü âîçðàñòàåò, äîñòèãàÿ ìàêñèìàëüíîãî

çíà÷åíèÿ ïðè Ñ(NO
3
� ) = 2 ìîëü/ë (50 000-êðàò-

íûé ìîëüíûé èçáûòîê íèòðàò-èîíîâ). Ïðè ýòîì

õàðàêòåð ñïåêòðîâ ïîãëîùåíèÿ íå ìåíÿëñÿ.

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëèëè ïðåäïî-

ëîæèòü, ÷òî â óêàçàííûõ óñëîâèÿõ â ñèñòåìå

Re (VII) – HCl – HNO3 – ìåðêàïòîóêñóñíàÿ êèñëî-

òà – Sn (II) îáðàçóåòñÿ ñìåøàííûé êîìïëåêñ ðå-

íèÿ â ñòåïåíè îêèñëåíèÿ íèæå ñåìè, â ñîñòàâ êî-

òîðîãî âõîäÿò àíèîíû ìåðêàïòîóêñóñíîé êèñëî-

òû, à òàêæå èîíû NO
3
� èëè ïðîäóêòû âîññòàíîâ-

ëåíèÿ N (V). Îêèñëèòåëüíî-âîññòàíîâèòåëüíûå

ðåàêöèè â íåé ïðîòåêàþò ñ ó÷àñòèåì èîíîâ âîäî-

ðîäà. Â ñâÿçè ñ ýòèì èçó÷èëè ñâåòîïîãëîùåíèå

ñåðèè ðàñòâîðîâ ñ ïåðåìåííîé êèñëîòíîñòüþ ïðè

ïîñòîÿíñòâå îñòàëüíûõ ïàðàìåòðîâ. Â êà÷åñòâå

èñòî÷íèêà èîíîâ âîäîðîäà èñïîëüçîâàëè 10 Ì

H2SO4. Îáùàÿ êèñëîòíîñòü ðàñòâîðà èçìåíÿëàñü

â ïðåäåëàõ îò 0,72 äî 4,32 ìîëü/ë. Ñ óâåëè÷åíèåì

êîíöåíòðàöèè èîíîâ H+ ìàêñèìóì â ñïåêòðàõ

ñâåòîïîãëîùåíèÿ â ñèñòåìå Re (VII) – HCl –

HNO3 – ìåðêàïòîóêñóñíàÿ êèñëîòà – Sn (II) ñìå-

ùàåòñÿ â äëèííîâîëíîâóþ îáëàñòü îò 410 äî

460 – 470 íì ñ îäíîâðåìåííûì ðîñòîì èíòåíñèâ-

íîñòè ïîëîñ ïîãëîùåíèÿ (ðèñ. 2), ÷òî ñîïðîâîæ-

äàåòñÿ ïåðåõîäîì îêðàñêè â ñåðèè ðàñòâîðîâ îò

áëåäíî-æåëòîé ê îðàíæåâîé. Ïðè áîëåå âûñîêîé

êîíöåíòðàöèè èîíîâ âîäîðîäà îêðàñêà ðàñòâîðîâ

ñòàíîâèòñÿ íåóñòîé÷èâîé â óñëîâèÿõ ïîâûøåí-

íûõ òåìïåðàòóð (>30 °C). Ïîêàçàíî, ÷òî îïðåäå-

ëåíèå ðåíèÿ öåëåñîîáðàçíî ïðîâîäèòü ïðè êè-

ñëîòíîñòè ñðåäû 2,6 – 2,7 ìîëü/ë, ïîñêîëüêó âîñ-

ïðîèçâîäèìîñòü ðåçóëüòàòîâ âûøå, íåñìîòðÿ íà

ìåíüøóþ èíòåíñèâíîñòü ïîëîñû ïîãëîùåíèÿ

ïðè 460 íì.

Çàâèñèìîñòü êîìïëåêñîîáðàçîâàíèÿ ðåíèÿ ñ

ìåðêàïòîóêñóñíîé êèñëîòîé îò åå êîíöåíòðàöèè

èçó÷àëè ïî èçìåíåíèþ ñâåòîïîãëîùåíèÿ ñåðèè

ðàñòâîðîâ ñ ïîñòîÿííûì ñîäåðæàíèåì ïåððåíàò-

è íèòðàò-èîíîâ (4 · 10–5 è 2 ìîëü/ë ñîîòâåòñòâåí-

íî) ïðè ñîîòíîøåíèè Re (VII):Sn (II) = 1:500.

Óñòàíîâëåíî, ÷òî äàæå â ïðèñóòñòâèè îïòèìàëü-

íîãî èçáûòêà âîññòàíîâèòåëÿ â âûøåóêàçàííîì

èíòåðâàëå êèñëîòíîñòè ðàñòâîðà óñòîé÷èâîå

îêðàøåííîå ñîåäèíåíèå ñ ïîñòîÿííûì çíà÷å-

íèåì îïòè÷åñêîé ïëîòíîñòè îáðàçóåòñÿ òîëüêî

ïðè êîíöåíòðàöèè ìåðêàïòîóêñóñíîé êèñëîòû

�1,0 · 10–2 ìîëü/ë. Â ñâÿçè ñ ýòèì âëèÿíèå êîíöåí-

òðàöèè ðåàãåíòà íà êîìïëåêñîîáðàçîâàíèå èçó÷à-

ëè ïðè áîëåå íèçêîé êèñëîòíîñòè ðàñòâîðà

(C
H�

= 2,6 ìîëü/ë).

Óâåëè÷åíèå êîíöåíòðàöèè ìåðêàïòîóêñóñíîé

êèñëîòû â ðàñòâîðàõ âûçûâàåò íåçíà÷èòåëüíîå

ñìåùåíèå ìàêñèìóìà ñâåòîïîãëîùåíèÿ (5 –

10 íì) â êîðîòêîâîëíîâóþ îáëàñòü (ðèñ. 3), ÷òî

ñâèäåòåëüñòâóåò î ñòóïåí÷àòîì õàðàêòåðå âçàè-

ìîäåéñòâèÿ âîññòàíîâëåííîãî ðåíèÿ ñ ìåðêàïòî-

óêñóñíîé êèñëîòîé. Êðèâûå íà ðèñ. 3 ïåðåñåêàþò-

ñÿ â îäíîé (èçîáåñòè÷åñêîé) òî÷êå (510 íì). Îïòè-
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Ðèñ. 1. Çàâèñèìîñòü îïòè÷åñêîé ïëîòíîñòè ðàñòâîðîâ

êîìïëåêñà ðåíèÿ îò êîíöåíòðàöèé SnCl
2

(à) è NaNO
3

(á)

(C
Re

= 4 · 10–5 ìîëü/ë; ë = 460 íì)

Fig. 1. Dependence of the absorbance of rhenium complex

solutions on SnCl2 (a) and NaNO3 (b) concentrations

(CRe = 4 × 10–5 M; ë = 460 nm)
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Ðèñ. 2. Ñïåêòðû ñâåòîïîãëîùåíèÿ ðàñòâîðîâ ñèñòåìû

Re (VII) – HCl – HNO
3

– ìåðêàïòîóêñóñíàÿ êèñëîòà –

Sn (II) ðàçëè÷íîé êèñëîòíîñòè (ìîëü/ë): 1 — 0,72; 2 —

1,92; 3 — 2,72; 4 — 4,32 (C
Re

= 4 · 10–5 ìîëü/ë)

Fig. 2. Absorbance spectra of Re (VII) – HCl – HNO3 –

mercaptoacetic acid – Sn (II) solutions of diffrent acidity

(M): 1 — 0.72; 2 — 1.92; 3 — 2.72; 4 — 4.32 (CRe =

= 4 × 10–5 M)



ìàëüíûì óñëîâèÿì îáðàçîâàíèÿ îðàíæåâî-æåëòî-

ãî êîìïëåêñà ñ ëmax = 460 íì îòâå÷àåò 250 – 300-

êðàòíûé ìîëÿðíûé èçáûòîê ìåðêàïòîóêñóñíîé

êèñëîòû ïî îòíîøåíèþ ê ðåíèþ.

Îáðàçîâàíèå îêðàøåííîãî ñîåäèíåíèÿ ïðî-

èñõîäèò òîëüêî â ïðèñóòñòâèè õëîðèä-èîíîâ, ïî-

ýòîìó èçó÷èëè èõ âëèÿíèå íà êîìïëåêñîîáðà-

çîâàíèå â ñèñòåìå Re (VII) – HNO3 – HCl — ìåð-

êàïòîóêñóñíàÿ êèñëîòà – Sn (II) â ñåðèè ðàñòâî-

ðîâ ñ ïîñòîÿííûì ñîäåðæàíèåì ïåððåíàò-èîíîâ

(4 · 10–5 ìîëü/ë) ïðè 300-êðàòíîì ìîëÿðíîì èç-

áûòêå ìåðêàïòîóêñóñíîé êèñëîòû è 500-êðàòíîì

èçáûòêå Sn (II). Êîíöåíòðàöèþ Cl� -èîíîâ âàðüè-

ðîâàëè â ïðåäåëàõ 0,3 – 1,3 ìîëü/ë äîáàâëåíèåì

ñîîòâåòñòâóþùèõ îáúåìîâ 5 Ì âîäíîãî ðàñòâîðà

NH4Cl.

Ïðè ïîâûøåíèè ñîäåðæàíèÿ èîíîâ Cl� â

ýëåêòðîííûõ ñïåêòðàõ ðàñòâîðîâ îòìå÷åíû èçìå-

íåíèÿ, ïðîòèâîïîëîæíûå òåì, êîòîðûå íàáëþäà-

ëè â ñëó÷àå óâåëè÷åíèÿ êîíöåíòðàöèè ìåðêàïòî-

óêñóñíîé êèñëîòû: ìàêñèìóì ñâåòîïîãëîùåíèÿ

ñìåùàëñÿ â äëèííîâîëíîâóþ îáëàñòü îò 460 äî

480 íì (ðèñ. 4).

Â ñïåêòðå ðàñòâîðà ñ êîíöåíòðàöèåé õëîðèä-

èîíîâ 0,72 ìîëü/ë ìàêñèìóì ïîãëîùåíèÿ íàáëþ-

äàåòñÿ ïðè 470 íì. Ñäâèãè ìàêñèìóìîâ â ñïåê-

òðàõ ñâåòîïîãëîùåíèÿ ïðè èçìåíåíèè êîíöåí-

òðàöèè èîíîâ Cl� óêàçûâàþò íà ñóùåñòâîâàíèå

ñëîæíîãî ðàâíîâåñèÿ â ðàñòâîðàõ, ñâÿçàííîãî,

ïî-âèäèìîìó, ñî ñìåøàííûì êîìïëåêñîîáðàçî-

âàíèåì.

Õàðàêòåð çàðåãèñòðèðîâàííûõ â ðàçíûå ìî-

ìåíòû âðåìåíè ñïåêòðîâ ñâåòîïîãëîùåíèÿ ñî-

åäèíåíèÿ ðåíèÿ ñ ìåðêàïòîóêñóñíîé êèñëîòîé â

ñìåøàííûõ ñîëÿíî-àçîòíîêèñëûõ ðàñòâîðàõ

(ðèñ. 5) óêàçûâàåò íà òî, ÷òî ðåàêöèÿ êîìïëåêñî-

îáðàçîâàíèÿ â èññëåäóåìîé ñèñòåìå ïðîòåêàåò

ñòóïåí÷àòî, ïðè÷åì âíà÷àëå îáðàçóåòñÿ îêðàøåí-

íîå ñîåäèíåíèå ðîçîâîãî öâåòà, ñïåêòð ïîãëîùå-

íèÿ êîòîðîãî õàðàêòåðèçóåòñÿ äâóìÿ ïîëîñàìè â

îáëàñòè äëèí âîëí 320 – 330 íì è 530 – 540 íì

(ñì. ðèñ. 5, êðèâàÿ 1): ýòî ñîåäèíåíèå îòíîñèòñÿ ê

êîìïëåêñàì ðåíèÿ ñ ìåðêàïòîóêñóñíîé êèñëîòîé

ïðåäïîëàãàåìîãî ñîñòàâà [ReO2(SCH2COOH)2]
–
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Ðèñ. 3. Ñïåêòðû ñâåòîïîãëîùåíèÿ ðàñòâîðîâ ñèñòåìû

Re (VII) – HCl – HNO
3

– ìåðêàïòîóêñóñíàÿ êèñëîòà –

Sn (II) ïðè ðàçëè÷íûõ ìîëÿðíûõ ñîîòíîøåíèÿõ Re:ìåð-

êàïòîóêñóñíàÿ êèñëîòà (C
Re

= 4 · 10–5 ìîëü/ë): 1 — 1:100;

2 — 1:125; 3 — 1:150; 4 — 1:200

Fig. 3. Absorbance spectra of Re (VII) – HCl – HNO3 –

mercaptoacetic acid – Sn (II) solutions at different molar

ratio Re:mercaptoacetic acid (CRe = 4 × 10–5 M): 1 — 1:100;

2 — 1:125; 3 — 1:150; 4 — 1:200
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Ðèñ. 4. Ñïåêòðû ñâåòîïîãëîùåíèÿ â ñèñòåìå Re (VII) –

HCl – HNO
3

– ìåðêàïòîóêñóñíàÿ êèñëîòà – Sn (II) ïðè ðàç-

ëè÷íûõ êîíöåíòðàöèÿõ èîíîâ Cl� (ìîëü/ë): 1 — 0,32; 2 —

0,52; 3 — 0,72; 4 — 0,92; 5 — 1,12; 6 — 1,32 (C
Re

=

= 4 · 10–5 ìîëü/ë)

Fig. 4. Absorbance spectra in the system Re (VII) – HCl –

HNO3 – mercaptoacetic acid – Sn (II) at different concentra-

tions of Cl�-ions (M)): 1 — 0.32; 2 — 0.52; 3 — 0.72; 4 —

0.92; 5 — 1.12; 6 — 1.32 (CRe = 4 × 10–5 M
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Ðèñ. 5. Ñïåêòðû ñâåòîïîãëîùåíèÿ ðàñòâîðà êîìïëåêñà

Re ñ ìåðêàïòîóêñóñíîé êèñëîòîé â ñìåøàííîé ñîëÿíî-

àçîòíîêèñëîé ñðåäå, çàðåãèñòðèðîâàííûå â ðàçëè÷íûå

ìîìåíòû âðåìåíè ïîñëå ñìåøèâàíèÿ ðåàãåíòîâ (ìèí):

1 — 5; 2 — 15; 3 — 30; 4 — 120 (C
Re

= 4 · 10–5 ìîëü/ë)

Fig. 5. Absorbance spectra of Re complex with mercapto-

acetic acid solution in a mixed hydrochloric-nitric acidic me-

dium recorded at different time after mixing the reagents

(min): 1 — 5; 2 — 15; 3 — 30; 4 — 120 (CRe = 4 × 10–5 M)



(ëmax = 320 íì) è [ReO2(SCH2COOH)Cl2]
2– (ëmax =

= 540 íì) [12].

Ïîëíîå ðàçâèòèå îêðàñêè íàáëþäàåòñÿ ÷åðåç

1,5 ÷ ïîñëå äîáàâëåíèÿ ðåàãåíòîâ. Îêðàñêà óñòîé-

÷èâà â òå÷åíèå íåñêîëüêèõ ÷àñîâ. Çíà÷åíèå ìî-

ëÿðíîãî êîýôôèöèåíòà ñâåòîïîãëîùåíèÿ å460 â

îïòèìàëüíûõ óñëîâèÿõ ñîñòàâëÿåò ïðèìåðíî

1,6 · 104.

Îïðåäåëåíèå ñîñòàâà è êîíñòàíò íåñòîé-

êîñòè êîìïëåêñîâ ðåíèÿ. Ïîëó÷èòü êðèâóþ íà-

ñûùåíèÿ â îïòèìàëüíûõ óñëîâèÿõ (C
H�

=

= 4,3 ìîëü/ë) íå óäàëîñü, ïîýòîìó ìîëÿðíîå

ñîîòíîøåíèå ðåíèÿ ñ ìåðêàïòîóêñóñíîé êèñëî-

òîé â êîìïëåêñå îïðåäåëÿëè ìåòîäîì ñäâèãà

ðàâíîâåñèÿ ïðè áîëåå íèçêîé êèñëîòíîñòè ðàñ-

òâîðà (C
H�

= 2,6 ìîëü/ë). Óñòàíîâëåíî, ÷òî ìî-

ëÿðíîå îòíîøåíèå Re:ìåðêàïòîóêñóñíàÿ êèñëîòà

â êîìïëåêñå ðàâíî 1:3. Ïðè äàëüíåéøåì ñíè-

æåíèè êèñëîòíîñòè (C
H�

= 0,7 ìîëü/ë), âåäóùåì

ê óâåëè÷åíèþ ñîîòíîøåíèÿ ëèãàíäîâ

[ ]Cl� :[HSCH2COOH], â ñèñòåìå Re (VII) – HCl –

HNO3 – ìåðêàïòîóêñóñíàÿ êèñëîòà – Sn (II) îáðà-

çóåòñÿ êîìïëåêñ ñ îòíîøåíèåì Re:ðåàãåíò = 1:2

è ìàêñèìóìîì ïîãëîùåíèÿ ïðè 410 íì.

Ìåòîäîì ñäâèãà ðàâíîâåñèÿ òàêæå îïðåäå-

ëÿëè ñòåõèîìåòðè÷åñêîå ñîîòíîøåíèå ðåíèÿ è

NO
3
� -èîíîâ, ðàâíîå 1:1 (ñì. ðèñ. 6, â), à çàòåì ðàñ-

ñ÷èòàëè êîíñòàíòû íåñòîéêîñòè êîìïëåêñîâ ðå-

íèÿ ñ ìåðêàïòîóêñóñíîé êèñëîòîé ñîñòàâà 1:3

(Kíåñò = 2,45 · 10–8) è 1:2 (Kíåñò = 1,25 · 10–5).

Èíòåíñèâíîñòü ïîãëîùåíèÿ íà äëèíå âîëíû

460 íì ïðîïîðöèîíàëüíà êîíöåíòðàöèè ðåíèÿ â

ïðåäåëàõ 2 – 28 ìêã/ìë.

Ðàíåå ïðè èçó÷åíèè ýêñòðàêöèè îêðàøåííîãî

ñîåäèíåíèÿ ðåíèÿ â ïðèñóòñòâèè îðãàíè÷åñêèõ

êàòèîíîâ, îáðàçîâàííûõ ïðîèçâîäíûìè ïèðàçî-

ëîíà, óñòàíîâëåíî, ÷òî èçó÷àåìûé êîìïëåêñíûé

àíèîí ðåíèÿ èìååò çàðÿä –1 [11]. Ñ ó÷åòîì âñåõ

ôàêòîðîâ, âëèÿþùèõ íà ïðîöåññ êîìïëåêñî-

îáðàçîâàíèÿ ðåíèÿ ñ ìåðêàïòîóêñóñíîé êèñëîòîé

â ñìåøàííîé ñîëÿíî-ñåðíîêèñëîé ñðåäå, ïðåä-

ëîæåí ìåõàíèçì ðåàêöèé, ïðîòåêàþùèõ â ñèñòå-

ìå Re (VII) – HCl – HNO3 – ìåðêàïòîóêñóñíàÿ

êèñëîòà – Sn (II). Ñîãëàñíî åìó âçàèìîäåéñòâèå

ïðîõîäèò â íåñêîëüêî ñòàäèé: ñíà÷àëà Re (VII) â

ñðåäå HCl âîññòàíàâëèâàåòñÿ Sn (II) äî Re (V),

ðåàãèðóþùåãî ñ ìåðêàïòîóêñóñíîé êèñëîòîé ïî

ðåàêöèè

2
4

ReO � + 2Sn2+ + 2HSCH2COOH + 6H+ + 4Cl� �

� 2[ReO2(SCH2COOH)Cl2]
2– + 2Sn4+ + 4H2O. (1)

Äàëüíåéøåå âçàèìîäåéñòâèå êîìïëåêñíîãî

àíèîíà [ReO2(SCH2COOH)Cl2]
2– ñ èîíàìè NO

3
� ñ

îáðàçîâàíèåì îêðàøåííîãî ñîåäèíåíèÿ ñ ëmax =

= 460 íì ïðîòåêàåò ïî ñõåìå:

Re (V) + NO
3

�
� ReO

4

� + NO
2

� ;

5Re (V) + 2
2

NO �
� 3

4
ReO � +

+ 2[Re(SCH2COOH)3ClNO]–,

à ïîëíîå óðàâíåíèå ðåàêöèè ìîæíî çàïèñàòü ñëå-

äóþùèì îáðàçîì:

7Re (V) + 2
3

NO �
� 5

4
ReO � +

+ 2[Re(SCH2COOH)3ClNO]–. (2)

Äëÿ îêèñëèòåëüíî-âîññòàíîâèòåëüíûõ ðåàê-

öèé, ïðîòåêàþùèõ ïðè âçàèìîäåéñòâèè àíèîíà

[ReO2(SCH2COOH)Cl2]
2– c èîíàìè NO

3
� , ïðåä-

ëîæåí ìåõàíèçì, àíàëîãè÷íûé îïèñàííîìó àâòî-

ðàìè ðàáîòû [13], èçó÷àâøèìè ïðîäóêòû îêèñëå-

íèÿ êîìïëåêñíîãî àíèîíà [ReCl4O(OH2)]
–

íèòðàò-èîíàìè â 10 Ì HCl:

[ReO2(SCH2COOH)Cl2]
2– + NO

3

�
�

� [ReO2(SCH2COOH)ClONO2)]
2–

�

� [ReO2(SCH2COOH)ClONO]o
�

� [O3ReONO]o
� ReO

4

� + NO
2

� . (3)

Èîí ReO
4
� âíîâü âñòóïàåò â öèêë, îáðàçóÿ

êîìïëåêñ [O3Re-ONO], à NO
2
� ðåàãèðóåò ñ Re(V):

5[ReO2(SCH2COOH)Cl2]
2– +

+ 2
2

NO � + HSCH2COOH � 3
4

ReO � +

+ 2[Re(SCH2COOH)3ClNO]– + 8Cl� . (4)

Óêàçàííîå âçàèìîäåéñòâèå òàêæå ïðîõîäèò

â íåñêîëüêî ñòàäèé [12]. Ïîñëåäíÿÿ ñòóïåíü ýòîãî

ïðîöåññà, â êîòîðîé âûòåñíåííàÿ èîíàìè êèñëî-

ðîäà èç êîîðäèíàöèîííîé ñôåðû Re (VII) â õîäå

âçàèìîäåéñòâèÿ êîìïëåêñà Re (V) ñ èîíîì NO
3
�

ìîëåêóëà ìåðêàïòîóêñóñíîé êèñëîòû ïîãëîùàåò-

ñÿ îáðàçóþùèìñÿ ñîåäèíåíèåì Re (III), ñôîðìó-

ëèðîâàíà ãèïîòåòè÷åñêè.

Ðàçðàáîòêà ìåòîäèêè àíàëèòè÷åñêîãî êîí-

òðîëÿ ðåíèÿ. Èçó÷åííàÿ ðåàêöèÿ êîìïëåêñîîá-

ðàçîâàíèÿ Re (VII) ñ ìåðêàïòîóêñóñíîé êèñëîòîé

â ñìåøàííîì ðàñòâîðå HCl è HNO3 èñïîëüçîâàíà

äëÿ ðàçðàáîòêè ìåòîäèêè àíàëèòè÷åñêîãî êîí-

òðîëÿ ðåíèÿ â ðåíèéñîäåðæàùåì ñûðüå è ïðî-

ìûøëåííûõ ïðîäóêòàõ, êîòîðàÿ âêëþ÷àåò îòäå-

ëåíèå ðåíèÿ îò ñîïóòñòâóþùèõ ýëåìåíòîâ (Mo,

Cu, Fe, Ni è äð.) ìåòîäîì èîííîãî îáìåíà ñ ïîñëå-

äóþùèì ôîòîìåòðè÷åñêèì îïðåäåëåíèåì ðåíèÿ

â âèäå îêðàøåííîãî â îðàíæåâî-æåëòûé öâåò
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ñìåøàííî-ëèãàíäíîãî êîìïëåêñà ñ ëmax = 460 íì.

Ïðîöåññ îòäåëåíèÿ îñóùåñòâëÿëè ïóòåì ïðî-

ïóñêàíèÿ èññëåäóåìîãî ðàñòâîðà ÷åðåç êîëîíêó ñ

ñèëüíîîñíîâíûì àíèîíèòîì ìàðêè ×ÔÎ, ñåëåê-

òèâíî ñîðáèðóþùèì ðåíèé, êîòîðûé çàòåì äåñîð-

áèðîâàëè 5 Ì HNO3. Ðåíèé â ôèëüòðàòå îïðåäå-

ëÿëè ñëåäóþùèì îáðàçîì: ê àëèêâîòíîé ÷àñòè

ðàñòâîðà, ñîäåðæàùåé 25 – 200 (5 – 40)1 ìêã Re,

ïðèáàâëÿþò 3 ìë 0,1 Ì ðàñòâîðà ìåðêàïòîóêñóñ-

íîé êèñëîòû, 5 ìë 10 Ì HNO3 è 2 ìë 10 %-íîãî

ðàñòâîðà SnCl2 â 8 Ì HCl2, ðàçáàâëÿþò äî 25 ìë

äåèîíèçèðîâàííîé âîäîé è ÷åðåç 1,5 ÷ èçìåðÿþò

îïòè÷åñêóþ ïëîòíîñòü ðàñòâîðà ïðè 460 íì â êþ-

âåòå ñ òîëùèíîé ïîãëîùàþùåãî ñëîÿ 20 (50)1 ìì

îòíîñèòåëüíî ðàñòâîðà êîíòðîëüíîãî îïûòà. Ñî-

äåðæàíèå ðåíèÿ íàõîäèëè ïî ãðàäóèðîâî÷íîìó

ãðàôèêó, ïîñòðîåííîìó â äèàïàçîíå êîíöåíòðà-

öèé 1 – 8 (0,2 – 1,6)1 ìêã/ìë Re.

Ðàçðàáîòàííóþ ìåòîäèêó èñïîëüçîâàëè äëÿ

îïðåäåëåíèÿ ðåíèÿ â ïðîìûâíîé ñåðíîé êèñëîòå

ãàçîî÷èñòêè ìåäíîãî ïðîèçâîäñòâà ÀÎ «Àëìà-

ëûêñêèé ÃÌÊ», ñîäåðæàùåé 300 ã/ë H2SO4, çíà-

÷èòåëüíûå êîëè÷åñòâà Mo, Cu, Fe, Ni è äðóãèå

ïðèìåñè (òàáëèöà).

Ïðåäëàãàåìûé ìåòîä ïî ñâîåé ÷óâñòâèòåëü-

íîñòè ïðèáëèæàåòñÿ ê ñòàíäàðòíîìó ôîòîêîëîðè-

ìåòðè÷åñêîìó ìåòîäó îïðåäåëåíèÿ ðåíèÿ ñ ðîäà-

íèäîì (ÃÎÑÒ 2082.16–81. Êîíöåíòðàòû ìîëèáäå-

íîâûå. Ìåòîä îïðåäåëåíèÿ ðåíèÿ), îäíàêî â îò-

ëè÷èå îò íåãî ïîçâîëÿåò îïðåäåëÿòü ðåíèé íåïî-

ñðåäñòâåííî â ñðåäå àçîòíîé êèñëîòû. Íà îäíî

îïðåäåëåíèå ðåíèÿ ïî ïðåäëàãàåìîé ìåòîäèêå çà-

òðà÷èâàåòñÿ îêîëî 3 ÷ (ñ ó÷åòîì 1,5 ÷, íåîáõîäè-

ìûõ äëÿ ïîëíîãî ðàçâèòèÿ îêðàñêè), â òî âðåìÿ

êàê ïðîäîëæèòåëüíîñòü îäíîãî îïðåäåëåíèÿ

ñòàíäàðòíûì ðîäàíèäíûì ìåòîäîì — íå ìåíåå

7 – 8 ÷.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ïðîâåäåííîå ñïåêòðîôîòî-

ìåòðè÷åñêîå èçó÷åíèå êîìïëåêñîîáðàçîâàíèÿ â

ñèñòåìå Re (VII) – HCl – HNO3 – ìåðêàïòîóêñóñ-

íàÿ êèñëîòà – Sn (II) â çàâèñèìîñòè îò êîíöåíòðà-

öèîííûõ óñëîâèé è âðåìåíè ïîçâîëèëî ðàñøè-

ðèòü ñâåäåíèÿ î ñîñòîÿíèè ñîåäèíåíèé

âîññòàíîâëåííîãî ðåíèÿ â ìèíåðàëüíûõ êèñëî-

òàõ è èõ ñìåñÿõ, ìåõàíèçìå ïðîòåêàþùèõ îêèñëè-

òåëüíî-âîññòàíîâèòåëüíûõ ðåàêöèé è òåì ñàìûì

ñîçäàòü ïðåäïîñûëêè äëÿ èõ îïòèìàëüíîãî èñ-

ïîëüçîâàíèÿ â àíàëèòè÷åñêîé ïðàêòèêå. Óñòà-

íîâëåíî, ÷òî ïðîöåññ êîìïëåêñîîáðàçîâàíèÿ ïðî-

òåêàåò ñòóïåí÷àòî, î ÷åì ñâèäåòåëüñòâóþò ñäâèãè

ïîëîñ â ñïåêòðàõ ñâåòîïîãëîùåíèÿ ñ èçìåíåíèåì

êîíöåíòðàöèé èîíîâ âîäîðîäà, õëîðà è ìåðêàïòî-

óêñóñíîé êèñëîòû. Íà îñíîâå èçó÷åíèÿ ñòåõèî-

ìåòðèè ðåàêöèè êîìïëåêñîîáðàçîâàíèÿ Re (VII)

ñ ìåðêàïòîóêñóñíîé êèñëîòîé â ñìåøàííîì

(HCl, HNO3) ðàñòâîðå ïðåäëîæåí ìåõàíèçì ðå-

àêöèé, ïðîòåêàþùèõ â âûøåóêàçàííîé ñèñòåìå,

âåäóùèõ ê îáðàçîâàíèþ êîìïëåêñíîãî àíèîíà

[Re(SCH2COOH)3ClNO]–. Âïåðâûå ðàçðàáîòàí

ñïåêòðîôîòîìåòðè÷åñêèé ìåòîä îïðåäåëåíèÿ ðå-

íèÿ â òåõíîëîãè÷åñêèõ ðàñòâîðàõ ïåðåðàáîòêè

ìîëèáäåíèòîâîãî êîíöåíòðàòà ñ âûñîêèì ñîäåð-

æàíèåì àçîòíîé êèñëîòû.
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2
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Ðåçóëüòàòû îïðåäåëåíèÿ ðåíèÿ â ïðîìûâíîé ñåðíîé êèñëîòå (n = 3; P = 0,95)

The results of rhenium determination in wash sulfuric acid (n = 3; P = 0.95)
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Cx ä, %
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