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Îïèñàíà ìåòîäèêà àíàëèçà ôåððîãðàíàòîâ ñîñòàâà Y3 – xCexFe5 – yGayO12, ãäå x = 0,4 – 0,5,

à y = 2,4 – 2,6, ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ èíäóêòèâíî-ñâÿçàííîé ïëàç-

ìîé (ÀÝÑ-ÈÑÏ), ñ ïðåäâàðèòåëüíûì ðàçëîæåíèåì ïðîáû â ìèêðîâîëíîâîé ñèñòåìå. Â õî-

äå èññëåäîâàíèÿ áûëè èçó÷åíû è âûáðàíû óñëîâèÿ äëÿ ìèêðîâîëíîâîãî ðàçëîæåíèÿ îáðàç-

öîâ — ñîñòàâ êèñëîòíûõ ñìåñåé (HCl/HNO3) è ðåæèìû ìèêðîâîëíîâîãî íàãðåâà (âðåìÿ

è òåìïåðàòóðà âûäåðæêè), îáåñïå÷èâàþùèå ïîëíîå ðàñòâîðåíèå èññëåäóåìûõ îáðàçöîâ.

Èññëåäîâàíû óñëîâèÿ ÀÝÑ-ÈÑÏ àíàëèçà ôåððîãðàíàòîâ èòòðèÿ, ëåãèðîâàííûõ öåðèåì,

èçó÷åíî âëèÿíèå ìàòðè÷íûõ êîìïîíåíòîâ (Y, Ce, Fe, Ga) íà îïðåäåëåíèå ïðèìåñíûõ ýëå-

ìåíòîâ. Â öåëÿõ ìèíèìèçàöèè ìàòðè÷íîãî ýôôåêòà âûáðàíû ðàáî÷èå ïàðàìåòðû ñïåêòðî-

ìåòðà (ìîùíîñòü âûñîêî÷àñòîòíîãî ãåíåðàòîðà è ñêîðîñòü ðàñïûëèòåëüíîãî ïîòîêà àðãî-

íà), ïîçâîëÿþùèå ñíèçèòü ìàòðè÷íûé ýôôåêò ïðè îïðåäåëåíèè ïðèìåñåé Na, Mg, Al, Si, P,

K, Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,

Yb, Lu, Pb â ôåððîãðàíàòàõ èòòðèÿ ìåòîäîì ÀÝÑ-ÈÑÏ. Èññëåäîâàíèÿ ìåòîäîì ÀÝÑ-ÈÑÏ

ïðîâîäèëè â àêñèàëüíîì è ðàäèàëüíîì ðåæèìå îáçîðà ïëàçìû äëÿ ïðèìåñíûõ ýëåìåíòîâ, è

â ðàäèàëüíîì ðåæèìå — äëÿ ìàòðè÷íûõ ýëåìåíòîâ. Ïðåäåëû îïðåäåëåíèÿ áîëüøèíñòâà

àíàëèòîâ íàõîäÿòñÿ â èíòåðâàëå n · 10–5 – n · 10–4 % ìàññ. Òî÷íîñòü ìåòîäèêè ïîäòâåðæäå-

íà ìåòîäîì «ââåäåíî – íàéäåíî», à òàêæå àíàëèçîì îáðàçöîâ ñ àòòåñòîâàííûìè ñîäåðæàíè-

ÿìè ýëåìåíòîâ. Ñòàíäàðòíîå îòêëîíåíèå íàõîäèòñÿ â äèàïàçîíå 1 – 5 % â çàâèñèìîñòè îò

âûáðàííîãî ðåæèìà îáçîðà ïëàçìû è îïðåäåëÿåìûõ ýëåìåíòîâ. Ðàçðàáîòàííûé ìåòîä ïî-

çâîëÿåò îïðåäåëÿòü ìàêðî- è ìèêðîêîìïîíåíòû â ôåððîãðàíàòàõ èòòðèÿ â øèðîêîì äèàïà-

çîíå êîíöåíòðàöèé ñ âûñîêîé òî÷íîñòüþ.
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An analytical procedure for inductively coupled plasma atomic emission (ICP-AES) analysis of iron gar-

nets of the composition Y3 – xCexFe5 – yGayO12, where x = 0.4 – 0.5 and y = 2.4 – 2.6 with preliminary mi-

crowave decomposition of the sample is described. The compositions of acid mixtures (HCl/HNO3), as well

as modes of microwave heating (holding time and temperature), providing complete dissolution of the

samples are proposed. In addition to optimized sample preparation, conditions for ICP-AES analysis of ce-

rium-doped yttrium iron garnets were studied. The effect of matrix components (Y, Ce, Fe, Ga) on the de-

termination of doping elements was revealed and studied. The operating parameters of the spectrometer

(ICP power and nebulizer flow rate) have been substantiated, which make it possible to reduce the matrix

effect of Fe, Ga, Y, Ce on the elements Na, Mg, Al, Si, P, K, Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La,

Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb in iron yttrium garnets by the ICP-AES. ICP-AES
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measurements were performed in the axial and radial mode for trace elements and in the radial mode for

matrix elements. The limits of quantification (LOQs) of most elements ranged within n × 10–5 –

n × 10–4 wt.%. The accuracy is confirmed by the spike recovery test. The relative standard deviation is in

the range of 1 – 5% depending on the selected plasma view mode and the analyzed analytes. The developed

method makes it possible to determine macro- and microcomponents in yttrium iron garnets in a wide

range of concentrations with a high accuracy.

Keywords: yttrium iron garnet; inductively coupled plasma atomic emission spectrometry; microwave

decomposition; rare earth metals; analysis.

Ââåäåíèå

Îäíèì èç ïåðñïåêòèâíûõ íàïðàâëåíèé ñî-

âðåìåííîãî ìàòåðèàëîâåäåíèÿ ÿâëÿåòñÿ ïîëó÷å-

íèå ìàòåðèàëîâ ñ ìàãíèòîîïòè÷åñêèìè ñâîéñòâà-

ìè. Ñðåäè øèðîêîãî êðóãà òàêèõ ìàòåðèàëîâ

ôåððîãðàíàòû, ëåãèðîâàííûå ðåäêîçåìåëüíûìè

ýëåìåíòàìè (ÐÇÝ), — îäíè èç íàèáîëåå âîñòðåáî-

âàííûõ âñëåäñòâèå âûñîêîé îïòè÷åñêîé ïðîçðà÷-

íîñòè è õîðîøèõ ìàãíèòîîïòè÷åñêèõ ñâîéñòâ

[1, 2]. Â íàñòîÿùåå âðåìÿ ìíîãî ðàáîò ïîñâÿùåíî

ïîëó÷åíèþ ãîìîãåííûõ öåðèé-çàìåùåííûõ ôåð-

ðîãðàíàòîâ ñ ïðåäåëüíî âîçìîæíûì ñîäåðæàíèåì

öåðèÿ. Òàê, àâòîðàìè ðàáîòû [2] áûë ñèíòåçèðî-

âàí ôåððîãðàíàò ñîñòàâà Y3 – x
Ce

x
Fe5 – y

Ga
y
O12, ãäå

x = 0,4 – 0,5, à y = 2,4 – 2,6. Ýòè ìàòåðèàëû ñî-

äåðæàò â êà÷åñòâå îñíîâíûõ êîìïîíåíòîâ Y (27 –

28 % ìàññ.), Ce (8 – 9 % ìàññ.), Fe (17 – 18 % ìàññ.)

è Ga (21 – 22 % ìàññ.). Ïðè ýòîì äëÿ îáåñïå÷åíèÿ

òðåáóåìûõ ìàãíèòîîïòè÷åñêèõ ñâîéñòâ ôåððî-

ãðàíàòîâ èòòðèÿ ñîäåðæàíèÿ öåëåâûõ ïðèìåñ-

íûõ ýëåìåíòîâ, òàêèõ êàê Na, Mg, Al, Si, P, K, Ca,

Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La, Pr,

Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb, íå

äîëæíû ïðåâûøàòü n · 10–5 – n · 10–3 % ìàññ. â çà-

âèñèìîñòè îò ýëåìåíòà. Òàê, íàïðèìåð, ïî òåõíè-

÷åñêèì óñëîâèÿì, óñòàíîâëåííûì äëÿ ôåððîãðà-

íàòà èòòðèÿ (Y3 – x
Ce

x
Fe5 – y

Ga
y
O12, ãäå x =

= 0,4 – 0,5, y = 2,4 – 2,6) ñîäåðæàíèå Ni è Cu íå

äîëæíî ïðåâûøàòü (% ìàññ.) 5 · 10–3; Cr, Ca, Si,

Pb — 3 · 10–3; Na, K, Te, P — 1 · 10–3; Mg, Se,

ÐÇÝ — 5 · 10–4; Al è Co — 1 · 10–4; Cd, Mn, Zn, Sn

— 5 · 10–5. Ñëåäîâàòåëüíî, íåîáõîäèì àíàëèòè÷å-

ñêèé êîíòðîëü íà âñåõ ñòàäèÿõ ñèíòåçà äàííûõ

ìàòåðèàëîâ, âêëþ÷àÿ àíàëèç èñõîäíûõ âåùåñòâ,

ïðîìåæóòî÷íûõ è êîíå÷íûõ ïðîäóêòîâ.

Äëÿ îïðåäåëåíèÿ ýëåìåíòîâ â ðàçëè÷íûõ

ôóíêöèîíàëüíûõ ìàòåðèàëàõ íà îñíîâå ÐÇÝ øè-

ðîêî èñïîëüçóþò ñïåêòðîñêîïè÷åñêèå ìåòîäû

[3 – 7]. Ïðè ýòîì íàèáîëåå ïåðñïåêòèâíûì ñ òî÷-

êè çðåíèÿ îïðåäåëåíèÿ êàê îñíîâíûõ, òàê è

ïðèìåñíûõ ýëåìåíòîâ â öåðèé-çàìåùåííûõ ôåð-

ðîãðàíàòàõ ïðåäñòàâëÿåòñÿ ìåòîä ÀÝÑ-ÈÑÏ,

êîòîðûé ïîçâîëÿåò îïðåäåëÿòü áîëüøîå ÷èñëî

ýëåìåíòîâ â øèðîêîì äèàïàçîíå êîíöåíòðàöèé è

õàðàêòåðèçóåòñÿ ýêñïðåññíîñòüþ è âûñîêîé ÷óâ-

ñòâèòåëüíîñòüþ.

Ïðè ðàçðàáîòêå àíàëèòè÷åñêèõ ìåòîäèê âàæ-

íûì ýòàïîì ÿâëÿåòñÿ ïðîáîïîäãîòîâêà îáðàçöîâ.

Èìåííî ñòàäèÿ ïåðåâîäà ïðîáû â ðàñòâîð ñóùå-

ñòâåííî óâåëè÷èâàåò ïðîäîëæèòåëüíîñòü àíàëè-

çà è óõóäøàåò ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè

èíñòðóìåíòàëüíîãî ìåòîäà îïðåäåëåíèÿ èç-çà

âîçìîæíûõ ïîòåðü îïðåäåëÿåìûõ ýëåìåíòîâ è

âíåøíåãî çàãðÿçíåíèÿ. Èñïîëüçîâàíèå çàêðûòûõ

ìèêðîâîëíîâûõ ñèñòåì ïîâûøàåò ýôôåêòèâ-

íîñòü è ýêñïðåññíîñòü ðàçëîæåíèÿ îáðàçöîâ, ñíè-

æàåò ðèñê âíåøíåãî çàãðÿçíåíèÿ è òðåáóåò ìåíü-

øåãî êîëè÷åñòâà êèñëîò. Ýòî óëó÷øàåò ïðåäåëû

îáíàðóæåíèÿ ýëåìåíòîâ è òî÷íîñòü àíàëèçà

[8 – 10].

Öåëü íàñòîÿùåé ðàáîòû — ðàçðàáîòêà ìåòî-

äèêè àíàëèçà öåðèé-çàìåùåííûõ ôåððîãðàíàòîâ

èòòðèÿ ìåòîäîì ÀÝÑ-ÈÑÏ ñ ïðåäâàðèòåëüíûì

ðàçëîæåíèåì â ìèêðîâîëíîâîé ñèñòåìå.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Â êà÷åñòâå îáúåêòîâ èññëåäîâàíèÿ âûáðàíû

îáðàçöû ôåððîãðàíàòà èòòðèÿ, ëåãèðîâàííîãî

öåðèåì (Y2,5Ce0,5Fe2,5Ga2,5O12), ñèíòåçèðîâàííûå

ìåòîäîì ñæèãàíèÿ ãåëÿ [11] â Èíñòèòóòå îáùåé è

íåîðãàíè÷åñêîé õèìèè ÐÀÍ.

Äëÿ ðàñòâîðåíèÿ ïðîá â ðàáîòå èñïîëüçîâàëè

àçîòíóþ (îñ÷) è ñîëÿíóþ (îñ÷) êèñëîòû áåç ïðåä-

âàðèòåëüíîé î÷èñòêè. Ðàñòâîðû ðàçáàâëÿëè äåè-

îíèçèðîâàííîé âîäîé ñ óäåëüíûì ñîïðîòèâëåíè-

åì 18,2 ÌÎì · ñì ïðè 25 °C.

Ðàñòâîðû äëÿ ïîñòðîåíèÿ ãðàäóèðîâî÷íîé çà-

âèñèìîñòè ãîòîâèëè èç ìíîãîýëåìåíòíûõ è îäíî-

ýëåìåíòíûõ ñòàíäàðòíûõ ðàñòâîðîâ (High-Purity

Standards, Charleston, SC, USA) ïóòåì ðàçáàâëå-

íèÿ 2 %-íîé ñìåñüþ HNO3 è HCl äî êîíöåíòðà-

öèé: 0,1 – 100 ìã/ë äëÿ Na, Mg, Al, Si, P, K, Ca, Sc,

Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La, Pr, Nd,

Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb è

10 – 500 ìã/ë äëÿ Fe, Ga, Y, Ce.

Ðàçëîæåíèå îáðàçöîâ öåðèé-çàìåùåííûõ

ôåððîãðàíàòîâ èòòðèÿ îñóùåñòâëÿëè ñ èñïîëü-

çîâàíèåì ëàáîðàòîðíîé ñèñòåìû MARS6 (CEM

Corp., ÑØÀ) è ñîñóäîâ Easy-Prep iWave, êîòîðûå

ïîçâîëÿþò ïðîâîäèòü ýêñïåðèìåíòû â áîëåå øè-

ðîêîì äèàïàçîíå îáúåìà (îò 5 äî 30 ìë) è ñîîòíî-

øåíèÿ êèñëîò (âîçìîæíîñòü èñïîëüçîâàòü êàê

êîíöåíòðèðîâàííûå êèñëîòû, òàê è âîäíûå ðàñ-

òâîðû êèñëîò), à òàêæå ïðè áîëåå âûñîêèõ òåìïå-

ðàòóðàõ (äî 310 °C). Âàðüèðîâàëè íåñêîëüêî ïà-

ðàìåòðîâ ðàçëîæåíèÿ: ñîñòàâ êèñëîòíîé ñìåñè,
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âðåìÿ âûäåðæêè è òåìïåðàòóðó âûäåðæêè. Âî

âñåõ ýêñïåðèìåíòàõ ìàññà íàâåñêè ïðîáû ñîñòàâ-

ëÿëà 0,1 ã, âðåìÿ íàãðåâà — 10 ìèí, âûõîäíàÿ

ìîùíîñòü — 800 Âò, âðåìÿ îõëàæäåíèÿ —

15 ìèí; ýêñïåðèìåíò ïðîâîäèëè ñ ïðèìåíåíèåì

ðàçáàâëåííûõ ðàñòâîðîâ êîíöåíòðèðîâàííûõ êè-

ñëîò, îáúåì âîäû ñîñòàâëÿë 5 ìë. Îñòàëüíûå õà-

ðàêòåðèñòèêè ìèêðîâîëíîâîãî ðàçëîæåíèÿ ïðè-

âåäåíû íèæå:

Âûõîäíàÿ ìîùíîñòü, Âò . . . . . . . . . . . . . . 800

Ñîñóäû . . . . . . . . . . . . . . . . . EasyPrep iWave

Êîëè÷åñòâî ñîñóäîâ. . . . . . . . . . . . . . . . . . 12

Îáúåì ðàñòâîðà, ìë. . . . . . . . . . . . . . . . 5 – 30

Ñåíñîðíîå óïðàâëåíèå . . . . . . . . . . . . . . . . P

Âðåìÿ íàãðåâà, ìèí . . . . . . . . . . . . . . . . . 10

Âðåìÿ âûäåðæêè, ìèí . . . . . . . . . . . . . 10 – 60

Òåìïåðàòóðà, °C . . . . . . . . . . . . . . . 150 – 250

Âðåìÿ îõëàæäåíèÿ, ìèí . . . . . . . . . . . . . . . 15

Ìàññà îáðàçöîâ, ìã . . . . . . . . . . . . . . . . . 100

Îáúåì H
2
O, ìë . . . . . . . . . . . . . . . . . . . . . 5

Îáúåì HNO
3
, ìë . . . . . . . . . . . . . . . . . 0 – 10

Îáúåì HCl, ìë . . . . . . . . . . . . . . . . . . 0 – 10

Ïîñëå îõëàæäåíèÿ ðàñòâîðû ïåðåíîñèëè â

ïîëèïðîïèëåíîâûå êîëáû íà 50 ìë. Ïîëíîòó ðàç-

ëîæåíèÿ ïðîá êîíòðîëèðîâàëè ïóòåì îïðåäåëå-

íèÿ â àòòåñòîâàííûõ îáðàçöàõ, ïîäâåðãøèõñÿ

ðàçëîæåíèþ, öåëåâûõ ýëåìåíòîâ ìåòîäîì

ÀÝÑ-ÈÑÏ, ïåðåä ïðîâåäåíèåì àíàëèçà îáðàçöû

ðàçáàâëÿëè â 10 – 50 ðàç äåèîíèçèðîâàííîé âî-

äîé â çàâèñèìîñòè îò îïðåäåëÿåìîãî ýëåìåíòà.

Êèñëîòíîñòü âñåõ ðàñòâîðîâ ñîñòàâëÿëà 1 – 3 %.

Îäíîâðåìåííî ñ ïðèãîòîâëåíèåì ðàñòâîðîâ àíà-

ëèçèðóåìîé ïðîáû ãîòîâèëè õîëîñòûå ðàñòâîðû:

âûïîëíÿëè âñå îïåðàöèè ðàçëîæåíèÿ áåç àíàëè-

çèðóåìîãî îáðàçöà.

Èçìåðåíèÿ âûïîëíÿëè ñ èñïîëüçîâàíèåì

àòîìíî-ýìèññèîííîãî ñïåêòðîìåòðà Thermo

Scientific iCAP PRO XP ñ âåðòèêàëüíîé ãîðåëêîé,

ïîëèõðîìàòîðîì echelle è äåòåêòîðîì Charge

Injection Device. Ðàáî÷èå ïàðàìåòðû ñïåêòðîìåò-

ðà ïðèâåäåíû íèæå:

Âûõîäíàÿ ìîùíîñòü, Âò . . . . . . . . . . 1100 – 1400

Äèàïàçîí äëèí âîëí, íì . . . . . . . . . . . 167 – 852

Îõëàæäàþùèé ïîòîê, ë/ìèí . . . . . . . . . . . . . 15

Ïëàçìîîáðàçóþùèé ïîòîê, ë/ìèí . . . . . . . . . 0,35

Ðàñïûëèòåëüíûé ïîòîê, ë/ìèí . . . . . . . . 0,5 – 1,1

Ñêîðîñòü ïîäà÷è îáðàçöà, îá/ìèí . . . . . . . . . . 60

Äèàìåòð èíæåêòîðà, ìì . . . . . . . . . . . . . . 0,64

Âûñîòà ðàäèàëüíîãî îáçîðà, ìì . . . . . . . . . . . 10

Äèàìåòð èíæåêòîðà, ìì. . . . . . . . . . . . . . . . 2

Ðàñïûëèòåëü . . . . . . . . . . . SeaSpray Nebulizer,

Glass Expansion

Ðàñïûëèòåëüíàÿ êàìåðà . . . . . . . . . . Öèêëîííàÿ

Spray Chamber, Glass Expansion

Îáñóæäåíèå ðåçóëüòàòîâ

Âûáîð óñëîâèé ðàçëîæåíèÿ â ìèêðîâîëíîâîé

ñèñòåìå. Ó÷èòûâàÿ õèìè÷åñêèé ñîñòàâ èññëåäóå-

ìûõ ôåððîãðàíàòîâ èòòðèÿ, äëÿ ðàñòâîðåíèÿ

ïðîáû ïðèìåíÿëè àçîòíóþ è ñîëÿíóþ êèñëîòû, à

òàêæå èõ ñìåñü. Âûáîð êèñëîò ñäåëàí íà îñíîâà-

íèè õèìè÷åñêèõ ñâîéñòâ ôåððîãðàíàòîâ èòòðèÿ.

Áîëåå àãðåññèâíûå êèñëîòû (HF, HClO4) áûëî ðå-

øåíî íå ïðèìåíÿòü, òàê êàê îíè ìîãóò âíîñèòü

äîïîëíèòåëüíûå ïîìåõè â ôîí àòîìíî-ýìèññèîí-

íîãî ñïåêòðà, ÷òî ìîæåò ïîâëèÿòü íà ïðåäåëû îï-

ðåäåëåíèÿ àíàëèòîâ. Ñîîòíîøåíèå êîìïîíåíòîâ

êèñëîòíîé ñìåñè, îáåñïå÷èâàþùåé ïîëíîå ðàñ-

òâîðåíèå èññëåäóåìûõ îáðàçöîâ, âûáèðàëè ýêñ-

ïåðèìåíòàëüíî. Ñåðèþ ýêñïåðèìåíòîâ ïðîâîäè-

ëè ïðè òåìïåðàòóðå âûäåðæêè 170 °C è âðåìåíè

âûäåðæêè 60 ìèí ñ èñïîëüçîâàíèåì îáðàçöà ôåð-

ðîãðàíàòà èòòðèÿ, ëåãèðîâàííîãî öåðèåì, ñîäåð-

æàùåãî (% ìàññ.): Y — 27,83, Ce — 8,75, Fe —

17,50, Ga — 21,90. Ïîëíîòó âñêðûòèÿ óñòàíàâëè-

âàëè ïóòåì îïðåäåëåíèÿ óêàçàííûõ êîìïîíåíòîâ

ìåòîäîì ÀÝÑ-ÈÑÏ ïðè ðàáî÷èõ óñëîâèÿõ, ïðèâå-

äåííûõ âûøå.

Ýêñïåðèìåíòàëüíî óñòàíîâëåíî, ÷òî óâåëè÷å-

íèå îáúåìà àçîòíîé êèñëîòû â ñìåñè ïðèâîäèò ê

óâåëè÷åíèþ ñòåïåíè ïåðåõîäà æåëåçà è ãàëëèÿ â

ðàñòâîð (ðèñ. 1, à), â òî âðåìÿ êàê ïîâûøåíèå

îáúåìà ñîëÿíîé êèñëîòû ñïîñîáñòâóåò áîëåå ïîë-

íîìó ïåðåõîäó â ðàñòâîð èòòðèÿ è öåðèÿ (ñì.

ðèñ. 1, á). Äëÿ äàëüíåéøèõ ýêñïåðèìåíòîâ áûëî

ïðèíÿòî ðåøåíèå èññëåäîâàòü âëèÿíèå ñìåñè êè-

ñëîò HNO3/HCl íà ñòåïåíü ïåðåõîäà îñíîâíûõ

ýëåìåíòîâ â ðàñòâîð. Äëÿ âûáîðà ïîñëåäîâàòåëü-

íîñòè è øàãà â èññëåäîâàíèè ïðîâåäåíî ôàêòîð-

íîå ïëàíèðîâàíèå ýêñïåðèìåíòà. Óñòàíîâëåíî,

÷òî ïîëíîå êîëè÷åñòâåííîå ïåðåâåäåíèå îáðàç-

öîâ ôåððîãðàíàòîâ (ìàññîé 0,1 ã) â ðàñòâîð ïðî-

èñõîäèò ïðè èñïîëüçîâàíèè ñìåñè 2 ìë àçîòíîé è

5 ìë ñîëÿíîé êèñëîòû.

Ïîìèìî ñîîòíîøåíèÿ êèñëîò, íà ïðîöåññ

ìèêðîâîëíîâîãî ðàçëîæåíèÿ âëèÿþò òåìïåðàòó-

ðà è âðåìÿ âûäåðæêè. Ïîýòîìó ïðîâåëè ñåðèþ

ýêñïåðèìåíòîâ ïî èçó÷åíèþ âëèÿíèÿ äàííûõ ïà-

ðàìåòðîâ íà ñòåïåíü ïåðåõîäà ýëåìåíòîâ â ðàñ-

òâîð. Âðåìÿ âûäåðæêè âàðüèðîâàëè â ïðåäåëàõ

îò 10 äî 60 ìèí (øàã èíòåðâàëà — 10 ìèí), òåì-

ïåðàòóðà âûäåðæêè ñîñòàâëÿëà 170 °C. Ýêñïåðè-

ìåíòû ïîêàçàëè, ÷òî ïðè óìåíüøåíèè âðåìåíè

âûäåðæêè íèæå 60 ìèí ñòåïåíü èçâëå÷åíèÿ

óìåíüøàëàñü íà 8 – 12 % (ïðè âðåìåíè âûäåðæêè

40 ìèí) è íà 75 – 80 % (10 ìèí). Äëÿ ñîêðàùåíèÿ

âðåìåíè ðàñòâîðåíèÿ îáðàçöîâ ïðîâåëè ýêñïåðè-

ìåíò ïî âûáîðó òåìïåðàòóðû âûäåðæêè, êîòîðóþ

âàðüèðîâàëè â ïðåäåëàõ îò 150 äî 250 °C; âðåìÿ

âûäåðæêè ñîñòàâèëî 30 ìèí. Ïîëíîãî èçâëå÷å-

íèÿ ýëåìåíòîâ óäàâàëîñü äîñòè÷ü ïðè âðåìåíè
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âûäåðæêè 30 ìèí è òåìïåðàòóðå âûäåðæêè

220 °C (òàáë. 1).

Âûáîð óñëîâèé àíàëèçà ôåððîãðàíàòîâ èò-

òðèÿ, ëåãèðîâàííîãî öåðèåì Y2,5Ce0,5Fe2,5Ga2,5O12,

ìåòîäîì ÀÝÑ-ÈÑÏ. ÀÝÑ-ÈÑÏ, êàê è ëþáîé äðó-

ãîé èíñòðóìåíòàëüíûé ìåòîä, èìååò ðÿä îãðàíè-

÷åíèé, íàèáîëåå âàæíûìè èç êîòîðûõ ÿâëÿþòñÿ

ñïåêòðàëüíûå ïîìåõè ðàçëè÷íîãî òèïà è ìàòðè÷-

íûé ýôôåêò [12 – 16].

Ôåððîãðàíàòû èòòðèÿ, ëåãèðîâàííûå öåðè-

åì, õàðàêòåðèçóþòñÿ ñëîæíûì ýìèññèîííûì

ñïåêòðîì, ÷òî çàòðóäíÿåò âûáîð àíàëèòè÷åñêèõ

ëèíèé ýëåìåíòîâ. Îñíîâíîé ïðîáëåìîé ÿâëÿþòñÿ

ñïåêòðàëüíûå íàëîæåíèÿ ëèíèé ìàêðîêîìïîíåí-

òîâ Y, Ga, Ce è Fe è ëèíèé îïðåäåëÿåìûõ ýëåìåí-

òîâ. Àíàëèòè÷åñêèå ëèíèè âûáèðàëè ñ ó÷åòîì èõ

èíòåíñèâíîñòè è îòñóòñòâèÿ çíà÷èìûõ ñïåê-

òðàëüíûõ íàëîæåíèé, à òàêæå ñ ó÷åòîì âîçìîæ-

íîñòè èõ ðàçðåøåíèÿ ñ ïîìîùüþ ïðîãðàììíîãî

îáåñïå÷åíèÿ ñïåêòðîìåòðà. Äàííûé ýêñïåðèìåíò

ïðîâîäèëè ñ èñïîëüçîâàíèåì âîäíûõ ðàñòâîðîâ,

ñîäåðæàùèõ 1 ìã/ë Na, Mg, Al, Si, P, K, Ca, Sc, Cr,

Mn, Co, Ni, Cu, Zn, Se, Cd, Sn, Te, La, Pr, Nd, Sm,

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Pb, à òàêæå

ìàòðè÷íûå ýëåìåíòû â êîíöåíòðàöèè 1000 ìã/ë

(366 ìã/ë Y, 115 ìã/ë Ce, 288 ìã/ë Ga è 230 ìã/ë

Fe). Êîíöåíòðàöèè Y, Ce, Ga è Fe âûáèðàëè èñõî-

äÿ èç ñîäåðæàíèé ýòèõ ýëåìåíòîâ â îáðàçöàõ,

ñèíòåçèðîâàííûõ ôåððîãðàíàòîâ èòòðèÿ, èñ-

ïîëüçîâàííûõ â íàñòîÿùåì èññëåäîâàíèè

(% ìàññ.): Y — 27,83, Ce — 8,75, Fe — 17,50, Ga —

21,90.

Îòìå÷åíû íåçíà÷èòåëüíûå ñïåêòðàëüíûå

íàëîæåíèÿ ïðè îïðåäåëåíèè íåêîòîðûõ ýëåìåí-

òîâ â îáðàçöàõ ôåððîãðàíàòà èòòðèÿ. Íàïðèìåð,

âûñîêèå ñîäåðæàíèÿ æåëåçà âëèÿþò íà àíàëèòè-

÷åñêèå ëèíèè (íì) Mg I 285,213 (Fe I 285,180),

Cu I 324,754 (Fe II 324,739), Sm II 359,260 (Fe I

359,289), Ho II 381,073 (Fe I 381,076), Tm II

324,508 (Fe II 342,558); ãàëëèÿ — íà ëèíèè Te I

225,902 (Ga II 225,922) è Cr I 425,435 (Ga II

425,404); èòòðèÿ — íà Gd II 336,223 (Y II

336,200); öåðèÿ — íà Sc II 361,381 (Ce II

361,370). Â ñëó÷àå ñîäåðæàíèÿ æåëåçà, èòòðèÿ,

öåðèÿ èëè ãàëëèÿ â ïðîáå âûøå 500 – 1000 ìã/ë

òðåáóåòñÿ ââîäèòü äîïîëíèòåëüíóþ ïîïðàâêó

ïðè îïðåäåëåíèè óêàçàííûõ ïðèìåñíûõ ýëå-

ìåíòîâ.

Âûáðàííûå àíàëèòè÷åñêèå ëèíèè è ïðåäåëû

îïðåäåëåíèÿ (ÏÎ) ïðåäñòàâëåíû â òàáë. 2. Ïðå-

äåëû îáíàðóæåíèÿ (ÏÎ) ðàññ÷èòûâàëè äëÿ ðàñ-
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Ðèñ. 1. Çàâèñèìîñòü ñòåïåíè ïåðåõîäà â ðàñòâîð Y, Ce, Fe, Ga îò îáúåìà àçîòíîé (à) è ñîëÿíîé (á) êèñëîò äëÿ ðàñòâîðåíèÿ

öåðèé-çàìåùåííûõ ôåððîãðàíàòîâ èòòðèÿ

Fig. 1. Dependence of the recovery of Y, Ce, Fe, Ga in the solution on the volume of nitric (a) and hydrochloric (b) acid for the

dissolution of the yttrium iron garnet doped with cerium

Òàáëèöà 1. Ñòåïåíü ïåðåõîäà â ðàñòâîð îñíîâíûõ ýëå-

ìåíòîâ â çàâèñèìîñòè îò òåìïåðàòóðû âûäåðæêè

Table 1. The dependence of the recovery of the matrix ele-

ments in solution on the hold temperature

Òåìïåðàòóðà

âûäåðæêè, °C

Ñòåïåíü ïåðåõîäà ýëåìåíòîâ â ðàñòâîð

Y Ce Fe Ga

150 0,37 0,14 0,25 0,10

160 0,44 0,36 0,32 0,34

170 0,51 0,47 0,53 0,48

180 0,62 0,58 0,64 0,66

190 0,69 0,74 0,84 0,75

200 0,77 0,85 0,93 0,91

210 0,91 0,92 0,97 0,96

220 0,99 0,98 0,99 1

230 0,98 0,99 1 0,99

240 0,99 1 0,99 0,99

250 0,98 0,99 1 1

Ï ð è ì å ÷ à í è å. Âðåìÿ âûäåðæêè âî âñåõ ýêñïåðèìåí-

òàõ ñîñòàâèëî 30 ìèí.



òâîðîâ, ñîäåðæàùèõ 1000 ìã/ë Fe, Ce, Y, Ga â

2 %-íîé ñìåñè HCl/HNO3 ñ èñïîëüçîâàíèåì

3S-êðèòåðèÿ äëÿ äåñÿòè ïàðàëëåëüíûõ îïðåäåëå-

íèé ïðè âûáðàííûõ ðàáî÷èõ ïàðàìåòðàõ ñïåê-

òðîìåòðà (èõ èññëåäîâàíèå îáñóæäàåòñÿ äàëåå).

Êàê èçâåñòíî, ïðèñóòñòâèå ìàòðè÷íûõ ýëå-

ìåíòîâ â ðàñòâîðå ìîæåò âûçûâàòü ëèáî óñèëå-

íèå, ëèáî óìåíüøåíèå èíòåíñèâíîñòè àíàëèòè÷å-

ñêèõ ëèíèé [14 – 16], ïîýòîìó âàæíî âûáðàòü ñòå-

ïåíü ðàçáàâëåíèÿ àíàëèçèðóåìîãî ðàñòâîðà,

îáåñïå÷èâàþùóþ íèçêèé ìàòðè÷íûé ýôôåêò.

Èññëåäîâàíèÿ çàâèñèìîñòè ñèãíàëîâ Na, Mg, Al,

Si, P, K, Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn,

Te, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,

Lu, Pb îò êîíöåíòðàöèè ìàòðè÷íûõ ýëåìåíòîâ

(Y, Ce, Fe, Ga) ïðîâîäèëè ïðè ñòàíäàðòíûõ óñëî-

âèÿõ ðàáîòû ñïåêòðîìåòðà: ñêîðîñòü ðàñïûëè-

òåëüíîãî ïîòîêà — 0,6 ë/ìèí, ìîùíîñòü âûñîêî-

÷àñòîòíîãî ãåíåðàòîðà — 1150 Âò. Èññëåäîâàíèÿ

ïðîâîäèëè â äâóõ ðåæèìàõ íàáëþäåíèÿ ïëàçìû:
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Òàáëèöà 2. Âûáðàííûå àíàëèòè÷åñêèå ëèíèè ïðè àíàëèçå ôåððîãðàíàòà èòòðèÿ, ëåãèðîâàííîãî öåðèåì

Table 2. Selected analytical wavelengths of the yttrium iron garnet doped with cerium

Ýëåìåíò
Àíàëèòè÷åñêàÿ

ëèíèÿ, íì
Òèï ëèíèè* ÏÎ, % ìàññ. Ýëåìåíò

Àíàëèòè÷åñêàÿ

ëèíèÿ, íì
Òèï ëèíèè* ÏÎ, % ìàññ.

Na 588,995 I 5,0 · 10–5 Cd 228,802 I 5,0 · 10–5

818,326 I 2,5 · 10–4 226,502 II 5,0 · 10–5

Mg 279,553 II 5,0 · 10–5 Sn 189,989 II 1,0 · 10–4

280,270 II 3,5 · 10–4 175,790 II 5,0 · 10–4

285,213 I 5,0 · 10–4 Te 214,281 I 5,0 · 10–4

Al 396,152 I 3,0 · 10–5 225,902 I 1,0 · 10–3

Si 251,611 I 5,0 · 10–5 La 408,672 II 5,0 · 10–5

221,667 I 3,0 · 10–4 333,749 II 5,0 · 10–5

P 177,495 I 5,0 · 10–4 Ce 413,765 II
ÎÑÍÎÂÀ

213,618 I 1,5 · 10–4 413,380 II

K 766,490 I 3,0 · 10–5 Pr 422,535 II 5,0 · 10–5

Ca 393,366 II 5,0 · 10–5 511,076 II 1,0 · 10–4

396,847 II 5,0 · 10–5 Nd 430,358 II 1,0 · 10–4

Sc 361,384 II 1,0 · 10–4 529,317 II 1,5 · 10–4

363,075 II 5,0 · 10–5 Sm 359,260 II 5,0 · 10–5

Cr 267,716 II 5,0 · 10–5 363,429 II 1,0 · 10–4

283,563 II 1,0 · 10–4 Eu 412,970 II 1,0 · 10–4

425,435 I 3,0 · 10–4 281,394 II 5,0 · 10–5

Mn 257,610 II 5,0 · 10–5 Gd 336,223 II 1,0 · 10–4

259,373 II 1,0 · 10–4 364,619 II 5,0 · 10–5

Fe 238,204 II
ÎÑÍÎÂÀ

Tb 350,917 II 1,0 · 10–4

239,562 II 332,440 II 1,0 · 10–4

Co 228,616 II 1,5 · 10–4 Dy 353,170 II 3,0 · 10–5

238,892 II 5,0 · 10–5 Ho 345,600 II 3,0 · 10–5

Ni 221,647 II 1,0 · 10–4 381,073 II 5,0 · 10–4

231,604 II 5,0 · 10–5 Er 337,271 II 5,0 · 10–5

Cu 324,754 I 1,0 · 10–4 323,058 II 5,0 · 10–5

327,396 I 5,0 · 10–5 Tm 346,220 II 5,0 · 10–5

Zn 206,200 II 5,0 · 10–5 342,508 II 5,0 · 10–5

213,856 I 5,0 · 10–5 Yb 289,138 II 3,0 · 10–5

Ga 294,364 I
ÎÑÍÎÂÀ

328,937 II 5,0 · 10–5

417,206 I Lu 261,542 II 5,0 · 10–5

Se 196,090 I 5,0 · 10–4 Pb 220,353 II 2,0 · 10–4

203,985 I 6,0 · 10–4 216,999 I 5,0 · 10–4

Y 371,030 II
ÎÑÍÎÂÀ

324,228 II



àêñèàëüíîì è ðàäèàëüíîì. Â êà÷åñòâå ïðèìåðà

íà ðèñ. 2 ïðåäñòàâëåíà çàâèñèìîñòü èíòåíñèâ-

íîñòè àíàëèòè÷åñêèõ ëèíèé Cr, Fe, Cu, Gd, Lu,

La, Mg è Ni îò êîíöåíòðàöèè ìàòðèöû äëÿ ðàäè-

àëüíîãî è àêñèàëüíîãî ðåæèìîâ íàáëþäåíèÿ, ãäå

Ii — èíòåíñèâíîñòü àíàëèòè÷åñêèõ ñèãíàëîâ

ýëåìåíòîâ â ðàñòâîðå, ñîäåðæàùåì ìàòðè÷íûå

ýëåìåíòû; I0 — èíòåíñèâíîñòü àíàëèòè÷åñêèõ

ñèãíàëîâ ýëåìåíòîâ â ðàñòâîðå áåç ìàòðè÷íûõ

ýëåìåíòîâ.

Êàê âèäíî èç ðèñ. 2, äëÿ äâóõ ðåæèìîâ íàáëþ-

äåíèÿ ïëàçìû óâåëè÷åíèå êîíöåíòðàöèè ìàòðè÷-

íûõ ýëåìåíòîâ ïðèâåëî ê óìåíüøåíèþ ñèãíàëîâ

àíàëèòîâ. Ýòî ñâÿçàíî ñ òåì, ÷òî ïðèñóòñòâèå

ìàòðè÷íûõ ýëåìåíòîâ â ðàñòâîðå èçìåíÿåò ñî-

ñòîÿíèå, â êîòîðîì àíàëèò ïîñòóïàåò â ïëàçìó,

òåïëîâûå õàðàêòåðèñòèêè ïëàçìû è ýôôåêòèâ-

íîñòü âîçáóæäåíèÿ àíàëèòà, à òàêæå ïðîñòðàíñò-

âåííîå ðàñïðåäåëåíèå èçëó÷àþùèõ ÷àñòèö [13].

Çíà÷èìîå ïîäàâëåíèå ñèãíàëîâ áîëüøèíñòâà

ýëåìåíòîâ íàáëþäàëîñü äëÿ ðàñòâîðîâ ñ ñóììàð-

íîé êîíöåíòðàöèåé ìàòðè÷íûõ ýëåìåíòîâ Y, Ce,

Fe, Ga âûøå 1000 ìã/ë. Ïðè ýòîì áîëåå ÷óâñòâè-

òåëüíûì ê ìàòðè÷íîìó ýôôåêòó ÿâëÿåòñÿ àêñè-

àëüíûé ðåæèì íàáëþäåíèÿ, ÷òî õîðîøî ñîãëàñó-

åòñÿ ñ ëèòåðàòóðíûìè äàííûìè [13, 17, 18]. Òàê,

â ïðèñóòñòâèè â ðàñòâîðå 1000 ìã/ë Y, Ce, Fe, Ga

ñíèæåíèå èíòåíñèâíîñòè ñèãíàëà íåêîòîðûõ ýëå-

ìåíòîâ ñîñòàâëÿåò 16 % äëÿ ðàäèàëüíîãî ðåæèìà

è 39 % — äëÿ àêñèàëüíîãî, à â ïðèñóòñòâèè

3000 ìã/ë ìàòðèöû — 29 è 47 % ñîîòâåòñòâåííî.

Êàê èçâåñòíî, âåëè÷èíà ìàòðè÷íîãî ýôôåêòà

êîððåëèðóåò ñî çíà÷åíèÿìè ïîòåíöèàëà âîçáóæ-

äåíèÿ äëÿ àòîìíûõ ëèíèé è ïîòåíöèàëà èîíèçà-

öèè äëÿ èîííûõ ëèíèé [13 – 17]. Òàê, íàïðèìåð,

èíòåíñèâíîñòü ñïåêòðàëüíûõ ëèíèé ñ âûñîêèìè

çíà÷åíèÿìè ïîòåíöèàëà âîçáóæäåíèÿ, íàïðèìåð,

êàäìèÿ è ñåëåíà (Cd I 228,802 íì, Eexc = 5,41 ýÂ;

Se I 196,090 íì, Eexc = 6,32 ýÂ), ñèëüíåå ñíèæàåò-

ñÿ ñ óâåëè÷åíèåì êîíöåíòðàöèè ìàòðè÷íûõ ýëå-

ìåíòîâ, ÷åì èíòåíñèâíîñòü ëèíèé ñ áîëåå íèçêè-

ìè çíà÷åíèÿìè ïîòåíöèàëà âîçáóæäåíèÿ, íàïðè-

ìåð, õðîìà è àëþìèíèÿ (Cr I 425,435 íì,

Eexc = 2,91 ýÂ; Al I 396,152 íì, Eexc = 3,14 ýÂ). Â

àêñèàëüíîì ðåæèìå äëÿ êîíöåíòðàöèè ìàòðèöû

(Y, Ce, Fe, Ga) 1000 ìã/ë èíòåíñèâíîñòü àòîìíîé

ëèíèè Cd I 228,802 íì ñíèçèëàñü íà 27 %, òîãäà

êàê èíòåíñèâíîñòü ëèíèè Al I 396,152 íì óìåíü-

øèëàñü íà 12 % (â ðàäèàëüíîì ðåæèìå óìåíüøå-

íèå ñîñòàâèëî 18 è 8 % ñîîòâåòñòâåííî).

Ïðîâåäåííûå ýêñïåðèìåíòû ïîêàçàëè, ÷òî

èîííûå ëèíèè áîëåå ÷óâñòâèòåëüíû ê ìàòðè÷íî-

ìó ýôôåêòó. Òàê, ïðè êîíöåíòðàöèè ìàòðè÷íûõ

ýëåìåíòîâ â ðàñòâîðå 1000 ìã/ë àíàëèòè÷åñêèé

ñèãíàë êàäìèÿ íà ëèíèè Cd I 228,802 íì óìåíü-

øèëñÿ íà 18 %, òîãäà êàê åãî æå àíàëèòè÷åñêîé

ñèãíàë íà èîííîé ëèíèè Cd II 226,502 íì ñíè-

çèëñÿ íà 23 %, ñèãíàë ñâèíöà íà àòîìíîé ëèíèè

Pb I 216,999 íì ñíèçèëñÿ íà 5 %, à íà èîííîé

ëèíèè Pb II 220,353 — íà 14 %, àíàëèòè÷åñêèé

ñèãíàë öèíêà íà àòîìíîé ëèíèè Zn I 213,856 íì

óìåíüøèëñÿ íà 9 %, à íà èîííîé ëèíèè Zn II

206,200 íì — íà 17 % (äëÿ ðàäèàëüíîãî ðåæèìà

îáçîðà ïëàçìû). Ïîýòîìó äàííûå ýëåìåíòû öåëå-

ñîîáðàçíî îïðåäåëÿòü ïî àòîìíûì àíàëèòè÷å-

ñêèì ëèíèÿì Cd I 228,802 íì, Pb I 216,999 íì,

Zn I 213,856 íì.

Äëÿ óìåíüøåíèÿ ìàòðè÷íîãî ýôôåêòà â äàí-

íîé ðàáîòå ïðîâåäåíû èññëåäîâàíèÿ ïî îïòèìè-

çàöèè ïàðàìåòðîâ ââîäà àíàëèçèðóåìîãî ðàñòâî-

ðà â ïëàçìó — ìîùíîñòè âûñîêî÷àñòîòíîãî ãåíå-

ðàòîðà è ñêîðîñòè ðàñïûëèòåëüíîãî ïîòîêà àðãî-

íà (ðèñ. 3).
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à á

Ðèñ. 2. Çàâèñèìîñòü àíàëèòè÷åñêîãî ñèãíàëà (I
i
/I

0
) îò êîíöåíòðàöèè ìàòðè÷íîãî ýëåìåíòà â ðàñòâîðå (Y, Ce, Fe, Ga): à —

ðàäèàëüíûé ðåæèì îáçîðà ïëàçìû; á — àêñèàëüíûé ðåæèì îáçîðà ïëàçìû

Fig. 2. Dependence of the analytical signal ratio (Ii/I0) on the concentration of matrix element (Y, Ce, Fe, Ga) in the solution:

a — axial view; b — radial view



Êàê âèäíî èç ðèñ. 3, à, ñíèæåíèå ñêîðîñòè

ðàñïûëèòåëüíîãî ïîòîêà ïðèâîäèò ê ñíèæåíèþ

ìàòðè÷íîãî ýôôåêòà äëÿ áîëüøèíñòâà ýëåìåí-

òîâ. Ìèíèìàëüíûé ìàòðè÷íûé ýôôåêò è ìàêñè-

ìàëüíûå àíàëèòè÷åñêèå ñèãíàëû äëÿ áîëüøèíñò-

âà ýëåìåíòîâ â îáîèõ ðåæèìàõ íàáëþäåíèÿ ïëàç-

ìû áûëè ïîëó÷åíû ïðè ñêîðîñòè ðàñïûëèòåëüíî-

ãî ïîòîêà 0,5 ë/ìèí. Òàêîé ýôôåêò, âåðîÿòíî,

ñâÿçàí ñî ñíèæåíèåì íàãðóçêè íà ïëàçìó, à òàê-

æå óâåëè÷åíèåì âðåìåíè ïðåáûâàíèÿ àýðîçîëÿ â

ïëàçìå, ÷òî ïîâûøàåò ýôôåêòèâíîñòü ïðîöåññîâ

âîçáóæäåíèÿ è èîíèçàöèè [13 – 17]. Ëèøü äëÿ

ëèíèé Cu I 324,754 íì, K I 766,490 íì, Pb I

216,999 íì, Se I 196,090 íì, Te I 225,902 íì, Ca II

393,366 íì îòìå÷åíû íàèëó÷øèå ðåçóëüòàòû â

îòíîøåíèè ìàòðè÷íîãî ýôôåêòà ïðè ñêîðîñòè

ðàñïûëèòåëüíîãî ïîòîêà 0,7 ë/ìèí. Ñëåäóåò îò-

ìåòèòü, ÷òî â ýòèõ óñëîâèÿõ ïðåèìóùåñòâî â

óìåíüøåíèè ïîäàâëåíèÿ ñèãíàëà óêàçàííûõ ýëå-

ìåíòîâ â ïðèñóòñòâèè ìàòðèöû ïî ñðàâíåíèþ ñ

ðåçóëüòàòàìè, ïîëó÷åííûìè ïðè ñêîðîñòè 0,5 –

0,6 ë/ìèí, ñîñòàâëÿåò 2 – 5 %, îäíàêî ñ óâåëè÷å-

íèåì ñêîðîñòè ðàñïûëèòåëüíîãî ïîòîêà îòìå÷à-

ëîñü ñóùåñòâåííîå ïàäåíèå ñèãíàëîâ àíàëèòîâ

ïðè àíàëèçå ðàñòâîðà áåç ìàòðèöû (äî 45 %). Ïî-

ýòîìó äàëüíåéøèå ýêñïåðèìåíòû ïðîâîäèëè ïðè

ñêîðîñòè ðàñïûëèòåëüíîãî ïîòîêà 0,5 ë/ìèí.

Óñòàíîâëåíî, ÷òî ñ óâåëè÷åíèåì ìîùíîñòè

ïëàçìû òàêæå íàáëþäàëîñü ñíèæåíèå ìàòðè÷íî-

ãî ýôôåêòà äëÿ áîëüøèíñòâà àíàëèòîâ êàê äëÿ

ðàäèàëüíîãî, òàê è äëÿ àêñèàëüíîãî îáçîðà ïëàç-

ìû (ñì. ðèñ. 3, á). Â îáîèõ ðåæèìàõ îáçîðà ïëàç-

ìû îòíîøåíèÿ Ii/I0 áûëè áëèçêè ê 1 ïðè ìîùíî-

ñòè âûñîêî÷àñòîòíîãî ãåíåðàòîðà 1400 Âò.

Ïðàâèëüíîñòü ÀÝÑ-ÈÑÏ àíàëèçà ôåððîãðà-

íàòà èòòðèÿ ïîäòâåðæäåíà ñ ïîìîùüþ ìåòîäà

«ââåäåíî – íàéäåíî» (òàáë. 3) è àíàëèçîì îáðàçöà

ñ àòòåñòîâàííûìè çíà÷åíèÿìè ñîäåðæàíèé ýëå-

ìåíòîâ (òàáë. 4). Äëÿ ìåòîäà «ââåäåíî – íàéäåíî»

èñïîëüçîâàëè ðàñòâîðû, ñîäåðæàùèå 0,1, 1,0 è

10,0 ìã/ë öåëåâûõ ïðèìåñíûõ ýëåìåíòîâ (Na, Mg,

Al, Si, P, K, Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd,

Sn, Te, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,

Yb, Lu, Pb) è 100,0, 250,0 è 500 ìã/ë îñíîâíûõ

ýëåìåíòîâ (Y, Ce, Fe, Ga). Îòíîñèòåëüíîå ñòàí-

äàðòíîå îòêëîíåíèå äëÿ öåëåâûõ àíàëèòîâ ñîñòà-

âèëî 1 – 5 % ïðè îïðåäåëåíèè ïðèìåñíûõ ýëå-

ìåíòîâ â ðåæèìå ðàäèàëüíîãî îáçîðà ïëàçìû è

1 – 3 % ïðè àêñèàëüíîì ðåæèìå (ñì. òàáë. 3).

Îïðåäåëåíèå îñíîâíûõ ýëåìåíòîâ ïðîâîäèëè

òîëüêî â ðåæèìå ðàäèàëüíîãî îáçîðà ïëàçìû, Sr

íàõîäèëîñü â äèàïàçîíå 1,7 – 2,1 % (ñì. òàáë. 3).

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàíà ìåòîäèêà

ÀÝÑ-ÈÑÏ àíàëèçà ôåððîãðàíàòîâ èòòðèÿ

Y3 – xCexFe5 – yGayO12 ñ ïðåäâàðèòåëüíûì ðàñòâî-

ðåíèåì îáðàçöîâ â ìèêðîâîëíîâîé ñèñòåìå. Ðàç-

ëîæåíèå ïðîâîäèëè â ñìåñè 2 ìë àçîòíîé è 5 ìë

ñîëÿíîé êèñëîòû. Âûáðàíû ïàðàìåòðû ìèêðî-

âîëíîâîãî ðàçëîæåíèÿ (âðåìÿ âûäåðæêè —

30 ìèí, òåìïåðàòóðà âûäåðæêè — 220 °C), ïðè

êîòîðûõ óäàåòñÿ ïîëíîñòüþ ïåðåâåñòè îáðàçöû â

ðàñòâîð. Èññëåäîâàíî âëèÿíèå ìàòðè÷íûõ ýëå-

ìåíòîâ (Y, Ce, Fe, Ga) íà èíòåíñèâíîñòü àíàëèòè-

÷åñêèõ ñèãíàëîâ ýëåìåíòîâ-ïðèìåñåé Na, Mg, Al,

Si, P, K, Ca, Sc, Cr, Mn, Co, Ni, Cu, Zn, Se, Cd, Sn,

Te, La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb,

Lu, Pb, âûáðàíû àíàëèòè÷åñêèå ëèíèè äëÿ ïðÿ-

ìîãî îïðåäåëåíèÿ ìàêðî- è ìèêðîêîìïîíåíòîâ

â ôåððîãðàíàòàõ èòòðèÿ ìåòîäîì ÀÝÑ-ÈÑÏ.

Èññëåäîâàíî âëèÿíèå ðàáî÷èõ ïàðàìåòðîâ ñïåê-

òðîìåòðà (ñêîðîñòü ðàñïûëèòåëüíîãî ïîòîêà àð-

ãîíà è ìîùíîñòü Â×-ãåíåðàòîðà) íà ìàòðè÷íûé
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Ðèñ. 3. Çàâèñèìîñòü âåëè÷èíû ìàòðè÷íîãî ýôôåêòà (I
i
/I

0
) â ðàñòâîðå, ñîäåðæàùåì 1000 ìã/ë ìàòðè÷íûõ ýëåìåíòîâ (Y,

Ce, Fe, Ga), îò ñêîðîñòè ðàñïûëèòåëüíîãî ïîòîêà (à) è ìîùíîñòè Â×-ãåíåðàòîðà (á), àêñèàëüíûé ðåæèì îáçîðà ïëàçìû

Fig. 3. Dependence of the analytical signal ratio (Ii/I0) in the solution containing 1000 mg/liter (Y, Ce, Fe, Ga) on the nebulizer

flow rate (a) and RF power (b) (axial view)
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ýôôåêò. Íàéäåíû óñëîâèÿ àíàëèçà ôåððîãðà-

íàòîâ èòòðèÿ: ðàñõîä ðàñïûëèòåëüíîãî ïîòîêà

àðãîíà — 0,5 – 0,6 ë/ìèí è ìîùíîñòü Â×-ãåíåðà-

òîðà — 1400 Âò.

Ïðàâèëüíîñòü àíàëèçà ïîäòâåðæäåíà ìå-

òîäîì «ââåäåíî – íàéäåíî» è àíàëèçîì îáðàçöîâ

ñ àòòåñòîâàííûìè çíà÷åíèÿìè ñîäåðæàíèé ýëå-

ìåíòîâ. Ïðåäåëû îáíàðóæåíèÿ íàõîäÿòñÿ â

äèàïàçîíå n · 10–5 – n · 10–4 % ìàññ. Òàêèì îáðà-

çîì, ðàçðàáîòàííûé ìåòîä ïîçâîëÿåò îïðåäåëÿòü

ìàêðî- è ìèêðîêîìïîíåíòû â ôåððîãðàíàòàõ èò-

òðèÿ â øèðîêîì äèàïàçîíå êîíöåíòðàöèé ñ âûñî-

êîé òî÷íîñòüþ.

Ôèíàíñèðîâàíèå

Èññëåäîâàíèå âûïîëíåíî çà ñ÷åò ãðàíòà Ðîñ-

ñèéñêîãî íàó÷íîãî ôîíäà (ïðîåêò ¹ 20-13-

00180-Ï) ñ èñïîëüçîâàíèåì îáîðóäîâàíèÿ ÖÊÏ

ÔÌÈ ÈÎÍÕ ÐÀÍ.
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Òàáëèöà 4. Ðåçóëüòàòû àíàëèçà îáðàçöà ôåððîãðàíàòà èòòðèÿ, ëåãèðîâàííîãî öåðèåì, ñ àòòåñòîâàííûìè çíà÷åíèÿìè

ñîäåðæàíèé ýëåìåíòîâ (n = 3; P = 0,95)

Table 4. Results of analysis of reference samples of yttrium iron garnet doped with cerium (n = 3; P = 0.95)

Ýëåìåíò Íàéäåíî, % ìàññ. ± Ä
Àòòåñòîâàííîå çíà÷åíèå,

% ìàññ. ± Ä
Ýëåìåíò Íàéäåíî, % ìàññ. ± Ä

Àòòåñòîâàííîå çíà÷åíèå,

% ìàññ. ± Ä

Na (6,9 ± 0,2) · 10–4 (7,0 ± 0,2) · 10–4 Cd <5,0 · 10–5 <5,0 · 10–5

Mg <2,0 · 10–5 <1,0 · 10–4 Sn <1,0 · 10–4 <1,0 · 10–4

Al <3,0 · 10–5 <1,0 · 10–4 Te <5,0 · 10–4 <5,0 · 10–4

Si <5,0 · 10–5 <5,0 · 10–4 La (9,3 ± 0,1) · 10–5 (9,2 ± 0,1) · 10–5

P (4,96 ± 0,06) · 10–4 (5,05 ± 0,05) · 10–4 Ce 8,63 ± 0,12 8,75 ± 0,10

K <3,0 · 10–5 <1,0 · 10–4 Pr (5,8 ± 0,2) · 10–5 (6,0 ± 0,1) · 10–5

Ca (1,23 ± 0,03) · 10–3 (1,20 ± 0,04) · 10–3 Nd (1,12 ± 0,05) · 10–4 (1,20 ± 0,06) · 10–4

Sc (8,5 ± 0,1) · 10–5 (8,4 ± 0,2) · 10–5 Sm <5,0 · 10–5 <1,0 · 10–4

Cr (5,61 ± 0,02) · 10–4 (5,60 ± 0,03) · 10–4 Eu <5,0 · 10–5 <1,0 · 10–4

Mn <5,0 · 10–5 <5,0 · 10–4 Gd <5,0 · 10–5 <1,0 · 10–4

Fe 17,45 ± 0,24 17,50 ± 0,20 Tb <1,0 · 10–4 <1,0 · 10–4

Co <5,0 · 10–5 <5,0 · 10–4 Dy <3,0 · 10–5 <1,0 · 10–4

Ni <5,0 · 10–5 <1,0 · 10–4 Ho <3,0 · 10–5 <1,0 · 10–4

Cu (6,50 ± 0,02) · 10–4 (6,48 ± 0,02) · 10–4 Er <5,0 · 10–5 <1,0 · 10–4

Zn <5,0 · 10–5 <5,0 · 10–5 Tm <5,0 · 10–5 <1,0 · 10–4

Ga 21,83 ± 0,18 21,90 ± 0,23 Yb <3,0 · 10–5 <1,0 · 10–4

Se <5,0 · 10–4 <5,0 · 10–4 Lu <5,0 · 10–5 <1,0 · 10–4

Y 27,90 ± 0,28 27,83 ± 0,30 Pb (4,34 ± 0,04) · 10–4 (4,30 ± 0,06) · 10–4
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