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Ðàçðàáîòàíà ìåòîäèêà êîíöåíòðèðîâàíèÿ ïðèìåñåé â âûñîêî÷èñòîì äèîêñèäå ãåðìàíèÿ

(GeO2) ñ ïðèìåíåíèåì ìèêðîâîëíîâîé ñèñòåìû ïðîáîïîäãîòîâêè MARS 5. Îñíîâó ïðîáû

óäàëÿëè ïóòåì ïàðîôàçíîé îòãîíêè ãåðìàíèÿ â âèäå ëåòó÷åãî òåòðàõëîðèäà (GeCl4). Âû-

áðàíû ïàðàìåòðû ðàáîòû ìèêðîâîëíîâîé ñèñòåìû, ãàëîãåíèðóþùèé ðåàãåíò è óñëîâèÿ îò-

äåëåíèÿ îñíîâû ïðîáû áîëåå ÷åì íà 99 %. Ðàçðàáîòàíà êîìáèíèðîâàííàÿ ìåòîäèêà êîëè÷å-

ñòâåííîãî õèìè÷åñêîãî àíàëèçà (ÊÕÀ) GeO2 ìåòîäîì àòîìíî-ýìèññèîííîé ñïåêòðîìåòðèè ñ

äóãîé ïîñòîÿííîãî òîêà (ÄÏÒ-ÀÝÑ) ñ ìíîãîêàíàëüíûì àíàëèçàòîðîì ñïåêòðîâ ÌÀÝÑ ïðî-

èçâîäñòâà «ÂÌÊ-Îïòîýëåêòðîíèêà». Îïðåäåëåíî îñòàòî÷íîå ñîäåðæàíèå ãåðìàíèÿ â ðàñ-

òâîðàõ, ïîëó÷åííûõ ïîñëå ïàðîôàçíîé îòãîíêè îñíîâû ïðîáû. Ïîêàçàíî, ÷òî ïðåäåëû

îáíàðóæåíèÿ (ÏÎ) 46 ýëåìåíòîâ ïðè ÄÏÒ-ÀÝÑ àíàëèçå äèîêñèäà ãåðìàíèÿ ñ ïðåäâàðè-

òåëüíûì êîíöåíòðèðîâàíèåì ïðèìåñåé íàõîäÿòñÿ â äèàïàçîíå n · 10–8 – n · 10–4 % ìàññ.

Ïðàâèëüíîñòü êîìáèíèðîâàííîé ÄÏÒ-ÀÝÑ ìåòîäèêè ïîäòâåðæäåíà ýêñïåðèìåíòîì «ââå-

äåíî – íàéäåíî».

Êëþ÷åâûå ñëîâà: àòîìíî-ýìèññèîííàÿ ñïåêòðîìåòðèÿ ñ äóãîé ïîñòîÿííîãî òîêà; ïðåäâà-

ðèòåëüíîå êîíöåíòðèðîâàíèå ïðèìåñåé; ïðåäåëû îáíàðóæåíèÿ; âûñîêî÷èñòûé äèîêñèä

ãåðìàíèÿ.
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A method for trace element concentration in the microwave accelerated reaction system MARS 5 is devel-

oped. The vapor-phase distillation was used to remove high-purity germanium dioxide matrix as volatile

germanium tetrachloride (GeCl
4
). We specified operating conditions of the microwave system and chose a

halogenating agent and its volume. The method of quantitative chemical analysis of germanium dioxide

by direct current arc atomic emission spectrometry (DCA AES) was developed. The unit for analysis is

equipped with a multichannel spectrum analyzer MAÉS produced by “VMK-Optoélektronika”. We also

determined the residual content of germanium in the resulting solutions after vapor-phase distillation.

The limits for detection of 46 trace elements in DCA AES analysis of germanium dioxide with preconcen-

tration of trace elements ranged from 0.5 ng/g to 1 ìg/g. We carried out validation of the combined proce-

dure using “spike test”.

Keywords: direct current arc atomic emission spectrometry; preconcentration of trace elements; high

purity germanium dioxide.

Âûñîêî÷èñòûé GeO2 ïðèìåíÿåòñÿ â ðåíòãåíîâ-

ñêîé ñïåêòðîñêîïèè, ýëåêòðîííîé ïðîìûøëåííî-

ñòè è ìåäèöèíå. Ýëåêòðîííàÿ ïðîìûøëåííîñòü

èñïîëüçóåò ïîëóïðîâîäíèêîâûé ìàòåðèàë íà îñ-

íîâå ãåðìàíèÿ äëÿ èçãîòîâëåíèÿ òðàíçèñòîðîâ,

âûñîêîñêîðîñòíûõ èíòåãðàëüíûõ ñõåì è ò.ï.

Âûñîêî÷èñòûé GeO2 âûñòóïàåò ïðåêóðñîðîì äëÿ

ïðîèçâîäñòâà ôóíêöèîíàëüíûõ ìàòåðèàëîâ, íà-
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ïðèìåð, ïðè âûðàùèâàíèè êðèñòàëëîâ îðòîãåð-

ìàíàòà âèñìóòà — äåòåêòîðîâ ã-èçëó÷åíèÿ [1];

ïðè ïðîèçâîäñòâå ëþìèíîôîðîâ äëÿ ëþìèíèñ-

öåíòíûõ ëàìï è êàê êàòàëèçàòîð ïðè ïðîèçâîä-

ñòâå ïîëèýòèëåíòåðåôòàëåâîé ñìîëû [2, 3].

Êà÷åñòâî ôóíêöèîíàëüíûõ ìàòåðèàëîâ íà îñ-

íîâå ãåðìàíèÿ îïðåäåëÿåòñÿ ïðèìåñíûì ñîñòà-

âîì, îäíàêî âëèÿíèå îòäåëüíûõ ýëåìåíòîâ íà öå-

ëåâûå ñâîéñòâà äî êîíöà íå âûÿñíåíî, ïîýòîìó

âàæíî èìåòü íàèáîëåå ïîëíóþ èíôîðìàöèþ î

õèìè÷åñêîì ñîñòàâå ïðåêóðñîðîâ. Òåõíè÷åñêèå

óñëîâèÿ 48-4-545–90, ïðèíÿòûå â «Ãèðåäìåò»,

ðåãëàìåíòèðóþò îïðåäåëåíèå â GeO2 11 ïðèìå-

ñåé ìåòîäîì ÄÏÒ-ÀÝÑ ñ ïðåäåëàìè îáíàðóæåíèÿ

10–7 – 10–6 % ìàññ. [4].

Ðàçðàáîòêà êîìáèíèðîâàííûõ ìåòîäèê ÊÕÀ,

ñî÷åòàþùèõ ïðåäâàðèòåëüíîå êîíöåíòðèðîâàíèå

ïðèìåñåé ñ âîçìîæíîñòÿìè èíñòðóìåíòàëüíûõ

ìåòîäîâ àíàëèçà, ïîçâîëÿåò ñóùåñòâåííî óëó÷-

øèòü ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè, èñïîëü-

çîâàòü ïðåäñòàâèòåëüíûå íàâåñêè ïðîá è äîñòè÷ü

ÏÎ àíàëèòîâ íà óðîâíå 10–6 – 10–10 % ìàññ. [5],

à òàêæå óñòðàíèòü ìåøàþùèå âëèÿíèÿ ìàòðè÷-

íûõ êîìïîíåíòîâ.

Ãåðìàíèé èìååò íåñêîëüêî ëåòó÷èõ ãàëîãåíè-

äîâ [6], â àíàëèòè÷åñêîé ïðàêòèêå ÷àùå âñåãî

ïðèìåíÿþò îòãîíêó îñíîâû ïðîáû ãåðìàíèÿ â

âèäå òåòðàõëîðèäà GeCl4, òåìïåðàòóðà êèïåíèÿ

êîòîðîãî — +83,4 °C [7].

Â òàáë. 1 ïðåäñòàâëåíû ðàíåå îïóáëèêîâàí-

íûå ðàáîòû ïî àíàëèçó îêñèäà ãåðìàíèÿ. Âî âñåõ

ðàáîòàõ, êðîìå [2], [11, ñïîñîá 3] è [12], èñïîëüçî-

âàëè ïîäãîòîâêó îáðàçöîâ â äâå ñòàäèè: ðàñòâîðå-

íèå íàâåñêè è óäàëåíèå ãåðìàíèÿ â âèäå òåòðà-

õëîðèäà. Ïðîöåäóðà ðàñòâîðåíèÿ íàâåñêè GeO2,

îïèñàííàÿ â ðàáîòàõ [8 – 10], çàíèìàåò 5 – 6 ÷, à

îòãîíêà ãåðìàíèÿ â ðàáîòå [2] — 5,5 ÷.

Öåëüþ íàñòîÿùåé ðàáîòû áûëà ðàçðàáîòêà

êîìáèíèðîâàííîé ìåòîäèêè àíàëèçà âûñîêî÷èñ-

òîãî GeO2 ìåòîäîì ÄÏÒ-ÀÝÑ ñ àíàëèçàòîðîì

ÌÀÝÑ, âêëþ÷àþùåé ïðåäâàðèòåëüíîå êîíöåí-

òðèðîâàíèå ïðèìåñåé ñ èñïîëüçîâàíèåì ìèêðî-

âîëíîâîé ñèñòåìû. Äëÿ êîíöåíòðèðîâàíèÿ ïðè-

ìåñåé ïðèìåíÿëè ïàðîôàçíóþ îòãîíêó ãåðìàíèÿ

â âèäå ëåòó÷åãî GeCl4 â ñòàíäàðòíûõ àâòîêëàâàõ

äëÿ ìèêðîâîëíîâîé ñèñòåìû ïðîáîïîäãîòîâêè

MARS 5 (CEM, Matthews, ÑØÀ). Ïàðîôàçíàÿ îò-

ãîíêà îñíîâû ïðîáû ïðîèñõîäèò áåç êîíòàêòà

ðåàãåíòà ñ îáðàçöîì, ÷òî ïîçâîëÿåò èñïîëüçîâàòü

ðåàêòèâû áåç äîïîëíèòåëüíîé î÷èñòêè. Äëÿ ýòîãî

áûë èçãîòîâëåí âêëàäûø ñïåöèàëüíîé êîíñòðóê-

öèè äëÿ ñòàíäàðòíûõ êîíòðîëüíîãî è ðàáî÷åãî

àâòîêëàâîâ (ñì. ðèñóíîê). Â óãëóáëåíèÿ 4 ôòîð-

ïëàñòîâîãî âêëàäûøà ïîìåùàëè íàâåñêó GeO2

(ïî 250 ìã â òðåõ ÿ÷åéêàõ), â àâòîêëàâ âíîñèëè

20 ìë HCl (îñ÷).
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Òàáëèöà 1. Ëèòåðàòóðíûé îáçîð ðàíåå îïóáëèêîâàííûõ ìåòîäèê àíàëèçà GeO
2

ñ ïðåäâàðèòåëüíûì êîíöåíòðèðîâàíèåì

ïðèìåñåé

Èñòî÷-

íèê
Ïðîáîïîäãîòîâêà

×èñëî

îïðåäåëÿ-

åìûõ ýëå-

ìåíòîâ

Ìåòîä àíàëèçà ÏÎ, % ìàññ.

[2] Îòãîíêà Ge ñ ãàçîîáðàçíûì õëîðîì è àðãîíîì â êà÷åñòâå

ãàçà-íîñèòåëÿ ïîñëå îáåçâîæèâàíèÿ ïðè òåìïåðàòóðå 84 °C

56 ÈÑÏ-ÌÑ, ÀÀÑ-ÝÒÀ 3,3 · 10–9 – 1,8 · 10–6

[8] Ðàñòâîðåíèå GeO
2

â ïðåäâàðèòåëüíî î÷èùåííîé HCl ïðè

íàãðåâàíèè â òåðìîñòàòå ïðè 80 °C, îòãîíêà â âèäå GeCl
4

25 ÈÑÏ-ÀÝÑ 5 · 10–9 – 2,0 · 10–6

24 ÝÒÈ-ÈÑÏ-ÀÝÑ

[9] Ðàñòâîðåíèå GeO
2

â ïðåäâàðèòåëüíî î÷èùåííîé HCl ïðè

íàãðåâàíèè â òåðìîñòàòå ïðè 80 °C, îòãîíêà â âèäå GeCl
4

7 ÀÀÑ-ÝÒÀ 1 · 10–8 – 1 · 10–7

[10] Ðàñòâîðåíèå GeO
2

â ïðåäâàðèòåëüíî î÷èùåííîé HCl ïðè

íàãðåâàíèè â òåðìîñòàòå ïðè 80 °C, îòãîíêà â âèäå GeCl
4

31 ÄÏÒ-ÀÝÑ 5 · 10–8 – 4 · 10–5

[11] Ðàñòâîðåíèå GeO
2

â ñìåñè êèñëîò HNO
3

è HCl (1:1) â àâòî-

êëàâå, óïàðèâàíèå äîñóõà, ðàñòâîðåíèå GeO
2

è ïàðîôàç-

íàÿ îòãîíêà GeCl
4

â àâòîêëàâå

63 ÈÑÏ-ÀÝÑ, ÈÑÏ-ÌÑ 4 · 10–9 – 7 · 10–4

39 ÈÑÏ-ÀÝÑ, ÈÑÏ-ÌÑ 1 · 10–10 – 7,5 · 10–6

[12] Ïàðîôàçíàÿ îòãîíêà Ge â ìèêðîâîëíîâîé ñèñòåìå, â ñìåñè

êèñëîò HNO
3
: HCl (1:3)

12 ÈÑÏ-ÌÑ 4 · 10–8 – 3,4 · 10–6

[13] Ðàñòâîðåíèå GeO
2

â ñìåñè HNO
3

è HCl (1:5) â êâàðöåâûõ

ñîñóäàõ ïðè íàãðåâàíèè. Óïàðèâàíèå äîñóõà, ðàñòâîðåíèå

ïîëó÷åííûõ ñîëåé

16 ÈÑÏ-ÀÝÑ, ÈÑÏ-ÌÑ,

ÀÀÑ-ÝÒÀ

2 · 10–7 – 1,4 · 10–3

1

2

3

4

5

6

7

Ñõåìà àâòîêëàâà ñî âêëàäûøåì äëÿ

ïàðîôàçíîãî âñêðûòèÿ è êîíöåíòðè-

ðîâàíèÿ ïðîá: 1 — äàò÷èê òåìïåðàòó-

ðû; 2 — êðûøêà àâòîêëàâà ñ âûõîäîì

äëÿ äàò÷èêà äàâëåíèÿ; 3 — àâòîêëàâ

XP-1500Plus; 4 — óãëóáëåíèå ñ ïðî-

áîé èëè êîíòðîëüíûì îïûòîì; 5 —

ôòîðîïëàñòîâûé âêëàäûø; 6 — ïîä-

ñòàâêà äëÿ âêëàäûøà; 7 — ðåàãåíòû



Â õîäå ðàáîòû áûëè âûáðàíû: âðåìÿ ðàáîòû

ìèêðîâîëíîâîé ïå÷è 75 ìèí, ìàêñèìàëüíàÿ òåì-

ïåðàòóðà íàãðåâà 180 °C è ìàêñèìàëüíîå äàâ-

ëåíèå 17 àòì. Ïîñëå ïðîöåäóðû îòãîíêè â òðåõ

óãëóáëåíèÿõ ôòîðïëàñòâîãî âêëàäûøà ïîëó÷èëè

ðàñòâîðû, êîòîðûå ïðåäñòàâëÿëè ñîáîé áåñöâåò-

íóþ æèäêîñòü îáúåìîì 200 – 300 ìêë. Â ïîëó÷åí-

íûõ ðàñòâîðàõ îïðåäåëèëè îñíîâíîé êîìïîíåíò

ìåòîäàìè ÈÑÏ-ÀÝÑ (iCap 6500 Thermo Scienti-

fic, ÑØÀ) è ÌÏ-ÀÝÑ (4100 MP-AES Agilent Tech-

nologies, ÑØÀ): ñîäåðæàíèå Ge íå ïðåâûøàëî

1 % îò èñõîäíîãî. Îïðåäåëåíèå ãåðìàíèÿ ïðîâî-

äèëè ñ èñïîëüçîâàíèåì îáðàçöîâ ñðàâíåíèÿ íà

âîäíîé îñíîâå, ïðèãîòîâëåííûõ èç îäíîýëåìåíò-

íîãî ðàñòâîðà (C
Ge

0 = 1000 ìã/ë), â ñòàíäàðòíûõ

óñëîâèÿõ, ðåêîìåíäîâàííûõ ïðîèçâîäèòåëåì.

Ðàñòâîðû ïîñëå îòãîíêè ïåðåíîñèëè âî ôòîð-

ïëàñòîâûå ÷àøêè è óïàðèâàëè ïîä ÈÊ-ëàìïîé

â áîêñå ñ ïðèíóäèòåëüíîé âåíòèëÿöèåé íà ãðà-

ôèòîâîì ïîðîøêå (ÃÏ) îñ÷ 8 – 4, ñîäåðæàùåì

4 % ìàññ. NaCl. Ïîëó÷åííûå ãðàôèòîâûå êîíöåí-

òðàòû ïîìåùàëè â ýëåêòðîäû è ðåãèñòðèðîâàëè

ñïåêòðû ñ èñïîëüçîâàíèåì ñïåêòðàëüíîé óñòà-

íîâêè ñ ÄÏÒ â êà÷åñòâå èñòî÷íèêà âîçáóæäåíèÿ.

Â óñòàíîâêó âõîäÿò: ìîäåðíèçèðîâàííûé ñïåê-

òðîãðàô PGS-2 ñ ðåøåòêîé 900 øòð/ìì, îñíà-

ùåííûé 8-êðèñòàëüíîé ôîòîäèîäíîé ëèíåéêîé

ÌÀÝÑ, è ãåíåðàòîð «Øàðîâàÿ Ìîëíèÿ» ïðîèç-

âîäñòâà «ÂÌÊ-Îïòîýëåêòðîíèêà» [14]. Ñïåêòðû

ðåãèñòðèðîâàëè ïðè ñèëå òîêà äóãè 13 À â ñïåê-

òðàëüíîì äèàïàçîíå 205 – 344 íì. Îáðàçöû äëÿ

ïîñòðîåíèÿ ãðàäóèðîâî÷íûõ ãðàôèêîâ ãîòîâèëè

íà îñíîâå ÃÏ, ñîäåðæàùåãî 4 % ìàññ. NaCl è ïðè-

ìåñè â äèàïàçîíå 1 · 10–5 – 1 · 10–2 % ìàññ. Ïðèìå-

ñè ââîäèëè èç ìíîãîýëåìåíòíûõ ñòàíäàðòíûõ

ðàñòâîðîâ ÌÝÑ 1 – 5 («Ñêàò», ã. Íîâîñèáèðñê).

Îáðàáîòêó ñïåêòðîâ ïðîâîäèëè ñ èñïîëüçîâàíèåì

ïðîãðàììû «Àòîì».

Îöåíêà ìåòðîëîãè÷åñêèõ õàðàêòåðèñòèê

ìåòîäèêè ÄÏÒ-ÀÝÑ àíàëèçà GeO2 ñ ïðåäâàðè-

òåëüíûì êîíöåíòðèðîâàíèåì ïðèìåñåé â ìèê-

ðîâîëíîâîé ñèñòåìå. Ïàðîôàçíàÿ îòãîíêà ïîçâî-

ëÿåò îòäåëÿòü ãåðìàíèé áîëåå ÷åì íà 99 %, åãî

âëèÿíèå íà èíòåíñèâíîñòü àíàëèòè÷åñêèõ ëèíèé

ýëåìåíòîâ-ïðèìåñåé íåçíà÷èòåëüíî, ïîýòîìó ÏÎ

ðàçðàáîòàííîé ìåòîäèêè îöåíèâàëè ïî ÃÏ, ñî-
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Òàáëèöà 2. Ïðåäåëû îáíàðóæåíèÿ ïðè ÄÏÒ-ÀÝÑ àíàëèçå äèîêñèäà ãåðìàíèÿ ñ ïðåäâàðèòåëü-

íûì êîíöåíòðèðîâàíèåì ïðèìåñåé

Àíàëèòè÷åñêàÿ ëèíèÿ, íì ÏÎ, % ìàññ. Àíàëèòè÷åñêàÿ ëèíèÿ, íì ÏÎ, % ìàññ.

Ag I 328,068 5 · 10–8 La II 333,749 2 · 10–6

Al I 308,215 2 · 10–6 (5 · 10–7)* Li I 256,231 1 · 10–5

As I 234,984 1 · 10–4 Lu II 261,542 5 · 10–7

Au I 267,595 5 · 10–7 Mg II 280,270 1 · 10–6 (5 · 10–7)

Ba II 233,527 1 · 10–5 Mn I 280,108 1 · 10–7 (1 · 10–7)

Be I 234,861 1 · 10–7 Mo I 317,034 4 · 10–6

Bi I 306,772 1 · 10–6 Nb II 316,340 2 · 10–6

Ca II 317,933 2 · 10–5 Ni I 305,082 2 · 10–6 (2 · 10–6)

Cd I 228,802 2 · 10–7 Pb I 283,305 1 · 10–6

Ce II 321,894 4 · 10–5 Sb I 259,807 4 · 10–6

Co I 242,493 2 · 10–6 (2 · 10–6) Sc II 255,235 2 · 10–6

Cr II 284,324 2 · 10–6 (1 · 10–6) Si I 288,158 — (2 · 10–6)

Cu I 324,753 4 · 10–7 (5 · 10–7) Sm II 338,466 4 · 10–5

Dy II 315,652 2 · 10–5 Sn I 283,999 1 · 10–6

Er II 326,478 6 · 10–6 Ta I 296,332 1 · 10–5

Eu II 272,778 6 · 10–6 Tb II 328,504 1 · 10–4

Fe I 302,064 5 · 10–6 (5 · 10–6) Te I 317,513 1 · 10–5

Ga I 294,3637 2 · 10–7 (5 · 10–7) Ti II 308,804 3 · 10–6

Gd II 303,406 2 · 10–6 Tm II 313,126 5 · 10–6

Hf I 286,637 5 · 10–6 Y II 321,668 1 · 10–6

Hg I 253,652 7 · 10–5 Yb II 289,138 1 · 10–6

Ho II 339,898 7 · 10–6 Zn I 213,857 2 · 10–6

In I 325,608 4 · 10–7 Zr II 327,305 2 · 10–6

K I 321,702 5 · 10–6

* Â ñêîáêàõ ïðèâåäåíû ïðåäåëû îáíàðóæåíèÿ ýëåìåíòîâ ñîãëàñíî ÒÓ 48-4-545–90.
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Òàáëèöà 3. Ðåçóëüòàòû ýêñïåðèìåíòà «ââåäåíî – íàéäåíî» (P = 0,95)

Àíàëèòè÷åñêàÿ

ëèíèÿ, íì

Ñîäåðæàíèå, % ìàññ.

Ââåäåíî (n = 3 – 4) Íàéäåíî (n = 3 – 12)

Hf I 286,637 (7,5 ± 0,9) · 10–6 (8,9 ± 0,5) · 10–6

(4,0 ± 0,6) · 10–5 (3,3 ± 0,1) · 10–5

(9,0 ± 2,3) · 10–4 (8,9 ± 2,4) · 10–4

Hg I 253,652 (1,0 ± 0,2) · 10–3 (8,0 ± 0,8) · 10–4

Ho I 339,898 (1,1 ± 0,1) · 10–5 (9,6 ± 1,0) · 10–6

(4,9 ± 0,3) · 10–5 (3,9 ± 0,9) · 10–5

In I 325,608 (1,0 ± 0,3) · 10–6 (7,5 ± 2,5) · 10–7

(9,5 ± 0,8) · 10–6 (9,0 ± 0,9) · 10–6

(4,3 ± 0,2) · 10–5 (3,6 ± 0,7) · 10–5

K I 321,702 (5,0 ± 0,5) · 10–6 (4,2 ± 0,4) · 10–6

(1,1 ± 0,1) · 10–5 (9,3 ± 0,8) · 10–6

(4,1 ± 0,2) · 10–5 (3,5 ± 0,7) · 10–5

La II 333,749 (4,8 ± 0,9) · 10–6 (6,7 ± 1,9) · 10–6

(1,0 ± 0,2) · 10–5 (9,8 ± 0,8) · 10–6

(3,4 ± 0,2) · 10–5 (3,6 ± 0,6) · 10–5

Li I 256,231 (1,1 ± 0,2) · 10–5 (1,1 ± 0,2) · 10–5

Lu II 261,542 (4,6 ± 0,3) · 10–6 (5,3 ± 2,1) · 10–6

(9,6 ± 0,8) · 10–6 (9,1 ± 0,9) · 10–6

(4,0 ± 0,8) · 10–5 (3,8 ± 0,7) · 10–5

Mg II 280,270 (4,6 ± 0,7) · 10–6 (6,8 ± 1,6) · 10–6

(9,6 ± 1,3) · 10–6 (1,1 ± 0,1) · 10–5

Mn I 280,108 (1,0 ± 0,6) · 10–6 (1,1 ± 0,6) · 10–6

(1,1 ± 0,1) · 10–5 (1,0 ± 0,1) · 10–5

(4,2 ± 0,2) · 10–5 (3,7 ± 0,6) · 10–5

Mo I 317,034 (9,1 ± 0,2) · 10–6 (8,4 ± 0,9) · 10–6

(3,8 ± 0,3) · 10–5 (3,2 ± 1,5) · 10–5

Nb II 316,340 (4,4 ± 0,2) · 10–5 (4,2 ± 0,8) · 10–5

Ni I 305,082 (4,3 ± 0,7) · 10–6 (5,1 ± 1,7) · 10–6

(1,2 ± 0,1) · 10–5 (1,0 ± 0,1) · 10–5

(3,8 ± 0,6) · 10–5 (3,4 ± 0,5) · 10–5

Pb I 283,305 (1,0 ± 0,4) · 10–6 (1,4 ± 0,7) · 10–6

(5,1 ± 0,5) · 10–6 (4,0 ± 1,6) · 10–6

(9,7 ± 0,1) · 10–6 (9,6 ± 0,9) · 10–6

(4,3 ± 0,3) · 10–5 (3,8 ± 0,4) · 10–5

Sb I 259,807 (1,2 ± 0,2) · 10–5 (1,1 ± 0,1) · 10–5

(4,4 ± 0,3) · 10–5 (3,6 ± 0,9) · 10–5

Sc II 255,235 (4,3 ± 0,6) · 10–6 (5,6 ± 1,3) · 10–6

(1,0 ± 0,1) · 10–5 (1,0 ± 0,1) · 10–5

(3,8 ± 0,2) · 10–5 (3,9 ± 0,6) · 10–5

Sm II 338,466 (4,0 ± 0,6) · 10–5 (4,1 ± 0,4) · 10–5

(9,0 ± 1,3) · 10–4 (7,7 ± 3,8) · 10–4

Sn I 283,999 (9,5 ± 1,0) · 10–6 (8,6 ± 0,1) · 10–6

(4,6 ± 0,2) · 10–5 (3,6 ± 1,0) · 10–5

Ta I 296,332 (7,8 ± 0,7) · 10–6 (9,5 ± 1,0) · 10–6

(3,8 ± 0,2) · 10–5 (3,4 ± 0,2) · 10–5

Tb II 328,504 (9,0 ± 1,3) · 10–4 (1,2 ± 0,2) · 10–3

Te I 317,513 (4,0 ± 0,2) · 10–5 (3,9 ± 1,4) · 10–5

Àíàëèòè÷åñêàÿ

ëèíèÿ, íì

Ñîäåðæàíèå, % ìàññ.

Ââåäåíî (n = 3 – 4) Íàéäåíî (n = 3 – 12)

Ag I 328,068 (2,0 ± 0,2) · 10–7 (2,0 ± 0,8) · 10–7

(1,1 ± 0,1) · 10–6 (8,0 ± 3,5) · 10–7

(2,0 ± 0,1) · 10–6 (2,1 ± 0,1) · 10–6

(8,0 ± 1,2) · 10–6 (7,9 ± 1,2) · 10–6

Al I 308,215 (1,2 ± 0,1) · 10–5 (1,0 ± 0,1) · 10–5

(5,8 ± 1,5) · 10–5 (4,7 ± 0,8) · 10–5

As I 234,984 (1,0 ± 0,4) · 10–3 (7,2 ± 2,5) · 10–3

Au I 267,595 (1,4 ± 0,3) · 10–6 (1,7 ± 0,1) · 10–6

(8,0 ± 1,3) · 10–6 (6,3 ± 1,0) · 10–6

(1,4 ± 0,1) · 10–5 (1,2 ± 0,6) · 10–5

(1,8 ± 0,6) · 10–4 (1,9 ± 0,4) · 10–4

Ba II 233,527 (1,8 ± 0,2) · 10–5 (1,5 ± 0,2) · 10–5

(4,0 ± 0,7) · 10–4 (5,3 ± 0,9) · 10–4

Be I 234,861 (1,2 ± 0,2) · 10–6 (9,8 ± 2,9) · 10–7

(2,0 ± 0,2) · 10–6 (2,0 ± 0,2) · 10–6

(8,0 ± 2,9) · 10–6 (6,6 ± 2,5) · 10–6

Bi I 306,772 (5,0 ± 0,6) · 10–6 (6,5 ± 1,4) · 10–6

(9,8 ± 0,5) · 10–6 (1,0 ± 0,1) · 10–5

(3,8 ± 1,3) · 10–5 (3,7 ± 0,6) · 10–5

Ca II 317,933 (3,8 ± 0,9) · 10–5 (4,2 ± 0,8) · 10–5

Cd I 228,802 (4,7 ± 0,2) · 10–6 (5,7 ± 3,8) · 10–6

(1,1 ± 0,2) · 10–5 (9,9 ± 0,7) · 10–6

(2,8 ± 0,6) · 10–5 (4,1 ± 1,2) · 10–5

Ce II 321,894 (5,1 ± 1,0) · 10–5 (4,9 ± 0,7) · 10–5

Co I 242,493 (5,4 ± 0,5) · 10–6 (3,1 ± 0,7) · 10–6

(8,8 ± 1,1) · 10–6 (1,0 ± 0,1) · 10–5

(4,0 ± 0,2) · 10–5 (3,4 ± 0,5) · 10–5

Cr I 284,324 (4,4 ± 0,5) · 10–6 (4,5 ± 1,9) · 10–6

(1,0 ± 0,1) · 10–5 (1,0 ± 0,1) · 10–5

(3,8 ± 0,3) · 10–5 (3,5 ± 0,5) · 10–5

Cu I 324,753 (1,1 ± 0,1) · 10–5 (1,0 ± 0,1) · 10–5

Dy II 315,652 (4,2 ± 0,5) · 10–5 (3,6 ± 0,3) · 10–5

Er II 326,478 (9,2 ± 0,8) · 10–6 (9,1 ± 0,1) · 10–6

(4,8 ± 0,4) · 10–5 (3,9 ± 0,9) · 10–5

Eu II 272,778 (4,2 ± 0,2) · 10–6 (5,0 ± 1,8) · 10–6

(1,1 ± 0,3) · 10–5 (9,5 ± 0,1) · 10–6

(3,8 ± 0,1) · 10–5 (3,7 ± 0,5) · 10–5

(9,0 ± 1,3) · 10–4 (8,1 ± 1,2) · 10–4

Fe I 302,064 (4,2 ± 1,2) · 10–6 (5,7 ± 1,8) · 10–6

(1,1 ± 0,2) · 10–5 (1,1 ± 0,2) · 10–5

(4,0 ± 0,3) · 10–5 (4,4 ± 0,6) · 10–5

Ga I 294,3637 (1,1 ± 0,1) · 10–5 (9,6 ± 1,0) · 10–6

(4,2 ± 0,2) · 10–5 (4,0 ± 0,8) · 10–5

Gd II 303,406 (5,5 ± 0,4) · 10–6 (5,4 ± 0,5) · 10–6

(1,1 ± 0,1) · 10–5 (9,2 ± 0,8) · 10–6

(4,4 ± 0,6) · 10–5 (3,2 ± 0,8) · 10–5



äåðæàùåìó 4 % ìàññ. NaCl. Çíà÷åíèÿ ÏÎ ïðèìå-

ñåé ïî ðàçðàáîòàííîé ìåòîäèêå, ðàññ÷èòàííûå ïî

3s-êðèòåðèþ âàðèàöèè ôîíîâîãî ñèãíàëà ãðàôè-

òîâîãî ïîðîøêà íà äëèíå âîëíû ýëåìåíòà (n =

= 10) ïðèâåäåíû â òàáë. 2 è íàõîäÿòñÿ â äèàïàçî-

íå îò n · 10–8 äî n · 10–4 % ìàññ.

Ïðàâèëüíîñòü ÄÏÒ-ÀÝÑ àíàëèçà GeO2 ñ

ïðåäâàðèòåëüíûì êîíöåíòðèðîâàíèåì ïðèìåñåé

îöåíèëè ìåòîäîì «ââåäåíî – íàéäåíî». Íà íà-

âåñêè âûñîêî÷èñòîãî GeO2 íàíîñèëè ïðèìåñè

èç ìíîãîýëåìåíòíûõ ðàñòâîðîâ ÌÝÑ, âûñóøè-

âàëè ïîä ÈÊ-ëàìïîé è ïðîâîäèëè ïàðîôàçíóþ

îòãîíêó è ðåãèñòðàöèþ ñïåêòðîâ, êàê áûëî îïè-

ñàíî âûøå. Ýêñïåðèìåíò «ââåäåíî – íàéäåíî»

ïðîâîäèëè äëÿ ðàçíûõ óðîâíåé êîíöåíòðàöèé

(òàáë. 3).

Èç äàííûõ, ïðåäñòàâëåííûõ â òàáë. 3, âèäíî,

÷òî íàéäåííûå ñîäåðæàíèÿ àíàëèòîâ óäîâëå-

òâîðèòåëüíî ñîãëàñóþòñÿ ñ ââåäåííûìè â ïðå-

äåëàõ äîâåðèòåëüíîãî èíòåðâàëà, ÷òî ïîäòâåðæ-

äàåò ïðàâèëüíîñòü ÄÏÒ-ÀÝÑ àíàëèçà äèîêñèäà

ãåðìàíèÿ ñ ïðåäâàðèòåëüíûì êîíöåíòðèðîâàíè-

åì ïðèìåñåé.

Òàêèì îáðàçîì, ðàçðàáîòàí ñïîñîá êîíöåí-

òðèðîâàíèÿ ïðèìåñåé â ìèêðîâîëíîâîé ñèñòåìå

MARS 5, ïîçâîëÿþùèé ñîêðàòèòü âðåìÿ ïîä-

ãîòîâêè îáðàçöà. Äîêàçàíî, ÷òî ïàðîôàçíàÿ îò-

ãîíêà îñíîâû ïðîáû ïîçâîëÿåò èñïîëüçîâàòü

ðåàêòèâû áåç ïðåäâàðèòåëüíîé î÷èñòêè. Âûáðà-

íû óñëîâèÿ ðàáîòû ìèêðîâîëíîâîé ñèñòåìû,

ãàëîãåíèðóþùèé àãåíò è åãî îáúåì. Ïîêàçàíî,

÷òî ïðåäåëû îáíàðóæåíèÿ 46 ýëåìåíòîâ, â òîì

÷èñëå, 10 òåõíîëîãè÷åñêè âàæíûõ ïðèìåñåé, ïðè

ÄÏÒ-ÀÝÑ àíàëèçå äèîêñèäà ãåðìàíèÿ ñ ïðåäâà-

ðèòåëüíûì êîíöåíòðèðîâàíèåì ïðèìåñåé íà-

õîäÿòñÿ â äèàïàçîíå n · 10–8 – n · 10–4 % ìàññ.

Ñ ïîìîùüþ ýêñïåðèìåíòà «ââåäåíî – íàéäåíî»

ïîäòâåðæäåíà ïðàâèëüíîñòü ðàçðàáîòàííîé ìå-

òîäèêè: íàéäåííûå ñîäåðæàíèÿ àíàëèòîâ ñîãëà-

ñóþòñÿ ñ ââåäåííûìè.
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Àíàëèòè÷åñêàÿ

ëèíèÿ, íì

Ñîäåðæàíèå, % ìàññ.

Ââåäåíî (n = 3 – 4) Íàéäåíî (n = 3 – 12)

Ti II 308,804 (5,0 ± 0,7) · 10–6 (3,9 ± 1,5) · 10–6

(9,6 ± 0,8) · 10–6 (1,1 ± 0,1) · 10–5

(3,9 ± 0,3) · 10–5 (4,3 ± 0,9) · 10–5

Tm II 313,126 (9,1 ± 1,2) · 10–6 (9,4 ± 0,1) · 10–6
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