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Ðàçðàáîòàíà ôîòîõèìè÷åñêàÿ ìåòîäèêà îïðåäåëåíèÿ 1,1-äèìåòèëãèäðàçèíà (ÍÄÌÃ), îñíî-

âàííàÿ íà òèòðîâàíèè àíàëèòà ôîòîãåíåðèðîâàííûì éîäîì, êîòîðûé ïîëó÷àëè ïðè îáëó-

÷åíèè âñïîìîãàòåëüíîãî ðàñòâîðà éîäèäà êàëèÿ è ñìåñè ñåíñèáèëèçàòîðîâ (ýîçèíàò íà-

òðèÿ: àóðàìèí: ôëóîðåñöåèí â ìîëÿðíîì ñîîòíîøåíèè 1:1:1), â àöåòàòíîé ñðåäå (ðÍ 6).

Ïðè ïîâûøåíèè êèñëîòíîñòè íàáëþäàåòñÿ óìåíüøåíèå ñêîðîñòè ôîòîãåíåðàöèè, ÷òî, ñêî-

ðåå âñåãî, ñâÿçàíî ñ äèñïðîïîðöèîíèðîâàíèåì îáðàçóþùåãîñÿ òèòðàíòà. Òàê êàê ñîäåðæà-

íèå òèòðàíòà (éîäà) êîíòðîëèðóþò âîëüòàìïåðîìåòðè÷åñêèì ìåòîäîì, ôîòîõèìè÷åñêîå

òèòðîâàíèå ÍÄÌÃ ñîïðîâîæäàåòñÿ óìåíüøåíèåì ñèëû òîêà â öåïè àìïåðîìåòðè÷åñêîé

óñòàíîâêè, à ñòàáèëèçàöèÿ òîêà ñâèäåòåëüñòâóåò î ïîëíîòå ïðîòåêàíèÿ ðåàêöèè. Èçìåðå-

íèå âðåìåíè ôîòîãåíåðàöèè, íåîáõîäèìîãî äëÿ âîñïîëíåíèÿ óáûëè òèòðàíòà â ÿ÷åéêå ïðè

äàëüíåéøåì îáëó÷åíèè ðàñòâîðà â ïðèñóòñòâèè êèñëîðîäà âîçäóõà, ïîçâîëÿåò êîëè÷åñò-

âåííî îöåíèòü ñîäåðæàíèå ÍÄÌÃ â îáúåêòàõ îêðóæàþùåé ñðåäû. Ïîñêîëüêó àíàëèò âçàè-

ìîäåéñòâóåò ñ òèòðàíòîì â ìîëÿðíîì ñîîòíîøåíèè 1:2, ýòî ïîçâîëèëî ïðåäïîëîæèòü âîç-

ìîæíîñòü îêèñëåíèÿ ÍÄÌÃ äî íèòðîçîäèìåòèëàìèíà. Íà îñíîâàíèè ïðîâåäåííûõ èññëå-

äîâàíèé ðàçðàáîòàíà ôîòîõèìè÷åñêàÿ ìåòîäèêà îïðåäåëåíèÿ ÍÄÌÃ â ðàñòâîðå ñ ïðåäåëà-

ìè îáíàðóæåíèÿ è îïðåäåëåíèÿ 0,49 è 1,62 ìêã/ìë ñîîòâåòñòâåííî. Ê ñîæàëåíèþ, ÷óâñòâè-

òåëüíîñòü ïðåäëîæåííîé ìåòîäèêè íå ïîçâîëÿåò îïðåäåëÿòü òîêñè÷íûé õèìè÷åñêèé êîíòà-

ìèíàíò íà óðîâíå ÏÄÊ, â ñâÿçè ñ ÷åì âîçíèêàåò íåîáõîäèìîñòü ïðåäâàðèòåëüíîãî êîíöåíò-

ðèðîâàíèÿ ïîäâèæíûõ ôîðì ÍÄÌÃ ïóòåì îòãîíêè ñ âîäÿíûì ïàðîì â ñðåäå 40 %-íîãî ðàñ-

òâîðà ãèäðîêñèäà íàòðèÿ. Ðàçðàáîòàííàÿ ìåòîäèêà óäîâëåòâîðÿåò ïàðàìåòðàì âàëèäàöèè

ïî òàêèì ïîêàçàòåëÿì, êàê ëèíåéíîñòü, ïðåöèçèîííîñòü è ïðàâèëüíîñòü, è, ñëåäîâàòåëüíî,

ìîæåò áûòü ðåêîìåíäîâàíà äëÿ îïðåäåëåíèÿ ÍÄÌÃ â ëþáîé êîíòðîëüíî-àíàëèòè÷åñêîé

ëàáîðàòîðèè. Àïðîáàöèþ ôîòîõèìè÷åñêîé ìåòîäèêè ïðîâîäèëè ïðè àíàëèçå îáðàçöîâ ïî÷-

âû, îòîáðàííîé ñ ôîíîâûõ è çàãðÿçíåííûõ òåððèòîðèé, à òàêæå ïðèðîäíîé âîäû. Íà îñíî-

âàíèè ïîëó÷åííûõ ðåçóëüòàòîâ óñòàíîâëåíî íåçíà÷èòåëüíîå ïðåâûøåíèå ñîäåðæàíèÿ

ÍÄÌÃ â ïî÷âå, îòîáðàííîé ñ áûâøåãî ìåñòà äèñëîêàöèè âîèíñêîé ÷àñòè.

Êëþ÷åâûå ñëîâà: ôîòîãåíåðèðîâàííûé éîä; 1,1-äèìåòèëãèäðàçèí; îïðåäåëåíèå; îáúåê-

òû îêðóæàþùåé ñðåäû.
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A photochemical method for determination of 1,1-dimethylhydrazine H
2
NN(CH

3
)
2

(unsymmetrical

dimethylhydrazine (UDMH)) based on titration of the analyte with photogenerated iodine obtained by ir-

radiation of an auxiliary solution containing potassium iodide and a mixture of sensitizers (EOSIN

Y:auramine:fluorescein taken in a molar ratio 1:1:1) in an acetate medium (pH 6) has been developed.

With increasing acidity, a decrease in the rate of photogeneration is observed which is most likely attrib-

uted to disproportionation of the resultant titrant. Since the titrant (iodine) content is controlled by the

voltammetric method, the photochemical titration of UDMH is accompanied by a decrease in the current

strength in the circuit of the amperometric setup and stabilization indicates the completeness of the reac-

tion. Measurements of the photogeneration time necessary to compensate for the loss of titrant in the cell

upon further irradiation of the solution in the presence of atmospheric oxygen provide quantitative assess-

ing of the UDMH content in environmental objects. Since the analyte interacts with the titrant in a molar
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ratio 1:2, we suggest the possibility of UDMH oxidation to NDMA (N-nitrosodimethylamine). A photo-

chemical method of UDMH determination in solution is thus developed with the detection and determina-

tion limits (0.49 and 1.62) ìg/ml, respectively. Unfortunately, the sensitivity of the proposed methodology

does not allow determination of a toxic chemical contaminant at the MPC level which necessitates

preconcentration of the mobile forms of UDMH by steam distillation in a 40 % sodium hydroxide solution.

The developed methodology matches the validation parameters by the indices of linearity, ranking, cor-

rectness and thus can be recommended for determination of the UDMH content in any analytical labora-

tory. The photochemical method was tested in the analysis of soil samples taken from background and

contaminated territories as well as natural water. A slight excess of the UDMH content has been found in

the soil taken from the former location of the military unit.

Keywords: photogenerated iodine; unsymmetrical dimethylhydrazine (UDMH); determination; environ-

mental objects.

Îöåíêà ãåíåòè÷åñêèõ è òîêñè÷åñêèõ ïîñëåäñòâèé

àíòðîïîãåííîãî çàãðÿçíåíèÿ îêðóæàþùåé ñðåäû

äëÿ æèâûõ îðãàíèçìîâ ÿâëÿåòñÿ íà ñåãîäíÿøíèé

äåíü îäíîé èç íàèáîëåå àêòóàëüíûõ ïðîáëåì [1].

Îñîáîãî âíèìàíèÿ ñðåäè âûñîêîòîêñè÷íûõ õè-

ìè÷åñêèõ êîíòàìèíàíòîâ çàñëóæèâàåò 1,1-äèìå-

òèëãèäðàçèí (ÍÄÌÃ), êîòîðûé âõîäèò â ñîñòàâ

ðàêåòíîãî òîïëèâà, èñïîëüçóåìîãî ïðè çàïóñêå

ìåæêîíòèíåíòàëüíûõ áàëëèñòè÷åñêèõ ðàêåò

òèïà «Ïðîòîí» [2]. Èçâåñòíî, ÷òî ïðè ïàäåíèè

ïåðâûõ ñòóïåíåé ðàêåò-íîñèòåëåé â òîïëèâíûõ

ìàãèñòðàëÿõ ìîæåò íàõîäèòüñÿ îò 0,6 äî 4,0 ò íå-

ñãîðåâøåãî ÍÄÌÃ, èç êîòîðûõ 10 – 30 êã äîñòè-

ãàåò ïîâåðõíîñòè çåìëè [2] è âñëåäñòâèå âûñîêî-

ãî ìèãðàöèîííîãî ïîòåíöèàëà â ëàíäøàôòàõ

ïðåäîïðåäåëÿåò âîçíèêíîâåíèå îòäåëüíûõ òåõíî-

ãåííûõ àíîìàëèé [3]. Õðîíè÷åñêîå âîçäåéñòâèå

íèçêèõ äîç ÍÄÌÃ íà æèâîòíûé îðãàíèçì ïðèâî-

äèò ê ïîðàæåíèþ ïå÷åíè, öåíòðàëüíîé íåðâíîé,

ñåðäå÷íî-ñîñóäèñòîé è êðîâåòâîðíîé ñèñòåì [1,

4 – 8]. Â ÐÔ óñòàíîâëåííûå ÏÄÊ ÍÄÌÃ â âîäå

âîäîåìîâ ðûáîõîçÿéñòâåííîãî íàçíà÷åíèÿ è ïî÷-

âå ñîñòàâëÿþò 0,50 ìêã/ë è 0,10 ìã/êã ñîîòâåò-

ñòâåííî, à îáùèé äîïóñòèìûé óðîâåíü (ÎÄÓ)

â âîäå õîçÿéñòâåííî-áûòîâîãî íàçíà÷åíèÿ —

0,06 ìêã/ë [8, 9]. Ñîâðåìåííûå ïîäõîäû äëÿ îïðå-

äåëåíèÿ ñëåäîâûõ êîëè÷åñòâ ÍÄÌÃ îáëàäàþò ðÿ-

äîì íåäîñòàòêîâ. Òàê, íàïðèìåð, âîçìîæíîñòè

ôîòîìåòðè÷åñêèõ ìåòîäîâ [10], õàðàêòåðèçó-

þùèõñÿ ïðîñòîòîé è äîñòóïíîñòüþ àïïàðàòóðíî-

ãî îôîðìëåíèÿ, îãðàíè÷èâàþòñÿ íåäîñòàòî÷íû-

ìè ÷óâñòâèòåëüíîñòüþ è ñåëåêòèâíîñòüþ [9, 11].

Âûñîêî÷óâñòâèòåëüíûå õðîìàòîãðàôè÷åñêèå ìå-

òîäû [12 – 18] è ìåòîä êàïèëëÿðíîãî ýëåêòðîôî-

ðåçà ñ ýëåêòðîõèìè÷åñêèì äåòåêòèðîâàíèåì [19]

òðåáóþò ïðîâåäåíèÿ òðóäîåìêîé è äëèòåëüíîé

ïðîáîïîäãîòîâêè [9, 11].

Öåëü ðàáîòû — ðàçðàáîòêà ôîòîõèìè÷å-

ñêîé ìåòîäèêè îïðåäåëåíèÿ ÍÄÌÃ, îñíîâàííîé

íà òèòðîâàíèè àíàëèòà ôîòîãåíåðèðîâàííûì

éîäîì. Òèòðàíò ïîëó÷àëè â ðåçóëüòàòå îáëó÷åíèÿ

âñïîìîãàòåëüíîãî ðàñòâîðà, ñîäåðæàùåãî éîäèä

êàëèÿ, ñåíñèáèëèçàòîð (ñìåñü ýîçèíàòà íàòðèÿ,

àóðàìèíà è ôëóîðåñöåèíà â ìîëÿðíîì ñîîòíîøå-

íèè 1:1:1) è àöåòàòíûé áóôåðíûé ðàñòâîð (pH 6).

Òàê êàê ñîäåðæàíèå òèòðàíòà êîíòðîëèðîâàëè

âîëüòàìïåðîìåòðè÷åñêèì ìåòîäîì, ôîòîõèìè÷å-

ñêîå òèòðîâàíèå ÍÄÌÃ ñîïðîâîæäàåòñÿ óìåíü-

øåíèåì ñèëû òîêà â öåïè àìïåðîìåòðè÷åñêîé

óñòàíîâêè. Ñòàáèëèçàöèÿ òîêà ñâèäåòåëüñòâóåò

î ïîëíîòå ïðîòåêàíèÿ ðåàêöèè. Äàëüíåéøåå îá-

ëó÷åíèå ðàñòâîðà è èçìåðåíèå âðåìåíè ôîòî-

ãåíåðàöèè, íåîáõîäèìîãî äëÿ âîñïîëíåíèÿ óáûëè

òèòðàíòà â ÿ÷åéêå, ïîçâîëÿåò êîëè÷åñòâåííî îöå-

íèòü ñîäåðæàíèå ÍÄÌÃ â îáúåêòàõ îêðóæàþùåé

ñðåäû.

Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Ðåàãåíòû è ðàñòâîðû. Â ðàáîòå èñïîëüçîâà-

ëè HCl (ñ = 1,19 ã/ìë, õ÷), éîäèä êàëèÿ (÷äà),

ýîçèíàò íàòðèÿ (÷äà), H3PO4 (ñ = 1,70 ã/ìë, õ÷),

îêñèä êàëüöèÿ (÷äà), ñóëüôèä íàòðèÿ (÷äà), ãèä-

ðîêñèä íàòðèÿ (÷äà), H2SO4 (ñ = 1,83 ã/ìë, ÷äà),

98 %-íûé ÍÄÌÃ (ÃÑÎ, Sigma Aldrich, Ãåðìà-

íèÿ). Êèñëîòíîñòü, íåîáõîäèìóþ äëÿ ôîòîãåíåðà-

öèè òèòðàíòà, ïîääåðæèâàëè ââåäåíèåì â ïîãëî-

òèòåëüíóþ ñèñòåìó áóôåðíîãî ðàñòâîðà ñ pH = 6.

Àïïàðàòóðà. Òèòðîâàíèå ÍÄÌÃ ïðîâîäèëè

ñ èñïîëüçîâàíèåì óñòàíîâêè, îïèñàííîé â ðàáîòå

[20]. Çíà÷åíèå pH èçìåðÿëè ñ ïîìîùüþ èîíîìåò-

ðà «pH-150ÌÈ» ñî ñòåêëÿííûì èíäèêàòîðíûì

ýëåêòðîäîì.

Â ÿ÷åéêó óñòàíîâêè äëÿ ôîòîõèìè÷åñêîãî

òèòðîâàíèÿ ïîìåùàëè 40,0 ìë 0,50 Ì ðàñòâîðà

éîäèäà êàëèÿ è 10,0 ìë ñåíñèáèëèçàòîðà. Êèñëîò-

íîñòü â ÿ÷åéêå ñîçäàâàëè ââåäåíèåì 20,0 ìë ñîîò-

âåòñòâóþùåãî áóôåðíîãî ðàñòâîðà. Ïîëó÷åííóþ

ñìåñü ïðîäóâàëè âîçäóõîì è îáëó÷àëè ñâåòîì â

òå÷åíèå 1 – 2 ìèí, ãåíåðèðóÿ òèòðàíò äî åãî ñî-

äåðæàíèÿ 3,28 · 10–5 ììîëü (ïîðîãîâîå çíà÷åíèå).

Ñîäåðæàíèå òèòðàíòà â ñîñóäå êîíòðîëèðîâàëè

âîëüòàìïåðîìåòðè÷åñêèì ìåòîäîì ïî èçìåíåíèþ

ñèëû òîêà â öåïè àìïåðîìåòðè÷åñêîé óñòàíîâêè.

Ïîñëå äîñòèæåíèÿ ïîðîãîâîãî çíà÷åíèÿ â ÿ÷åéêó

ââîäèëè 1,0 – 5,0 ìë ðàáî÷åãî ðàñòâîðà, ôèêñèðóÿ

ïðè ýòîì èçìåíåíèå ïîêàçàíèé ãàëüâàíîìåòðà.

Äîñòèæåíèå ïîñòîÿííîãî çíà÷åíèÿ ñèëû òîêà â

öåïè àìïåðîìåòðè÷åñêîé óñòàíîâêè ñâèäåòåëü-
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ñòâîâàëî î ïîëíîòå ïðîòåêàíèÿ ðåàêöèè. Çàòåì

âñïîìîãàòåëüíûé ðàñòâîð âíîâü ïðîäóâàëè âîç-

äóõîì â òå÷åíèå 1 – 2 ìèí, îáëó÷àëè ñâåòîì è èç-

ìåðÿëè âðåìÿ, íåîáõîäèìîå äëÿ âîñïîëíåíèÿ

óáûëè òèòðàíòà â ÿ÷åéêå. Äëÿ ïðîâåäåíèÿ ïî-

ñëåäóþùèõ îïðåäåëåíèé ðàñòâîð, íàõîäÿùèéñÿ

â ÿ÷åéêå äëÿ ôîòîõèìè÷åñêîãî òèòðîâàíèÿ, âíîâü

îáëó÷àëè ñâåòîì, ãåíåðèðóÿ òèòðàíò äî åãî ïî-

ðîãîâîãî çíà÷åíèÿ. Îäèí è òîò æå ïîãëîòè-

òåëüíûé ðàñòâîð ïîçâîëÿåò ïðîâîäèòü 10 – 20

îïðåäåëåíèé.

Ñîäåðæàíèå ÍÄÌÃ (ìã/ë) ðàññ÷èòûâàëè ïî

ôîðìóëàì:

X
IMV

V
�

Ö ä ê

à

. .��

2

(ïî èçìåíåíèþ ñèëû òîêà â öåïè àìïåðîìåòðè÷å-

ñêîé óñòàíîâêè),

X
MV

V
�

Ö ä ê

à

. .��

2

(ïî âðåìåíè ãåíåðàöèè òèòðàíòà), ãäå Ö.ä. —

öåíà äåëåíèÿ óñòàíîâêè, ðàññ÷èòàííàÿ ïî âðåìå-

íè ãåíåðàöèè (5,33 · 10–7 ììîëü/ñ) è èçìåíåíèþ

ñèëû òîêà (6,67 · 10–7 ììîëü/ìêÀ) ñîîòâåòñòâåí-

íî; ÄÄI , Ä� — èçìåíåíèå ñèëû òîêà (ìêÀ) è âðå-

ìåíè ãåíåðàöèè òèòðàíòà (ñ) ñîîòâåòñòâåííî ñ

ó÷åòîì êîíòðîëüíîãî îïûòà; M — ìîëÿðíàÿ ìàñ-

ñà ÍÄÌÃ, 60,1 ã/ìîëü; Vê — îáúåì ìåðíîé êîëáû,

ìë; Và — îáúåì àëèêâîòíîé ÷àñòè, ìë.

Îáñóæäåíèå ðåçóëüòàòîâ

×óâñòâèòåëüíîñòü îïðåäåëåíèÿ âîññòàíîâèòå-

ëåé ôîòîõèìè÷åñêèì ìåòîäîì â ïåðâóþ î÷åðåäü

çàâèñèò îò óñëîâèé ôîòîãåíåðàöèè òèòðàíòà, à

èìåííî, êèñëîòíîñòè ðàñòâîðà è ïðèðîäû ñåíñè-

áèëèçàòîðà.

Âëèÿíèå ïðèðîäû ñåíñèáèëèçàòîðà. Â ñâÿçè

ñ òåì, ÷òî ñêîðîñòü ãåíåðèðîâàíèÿ òèòðàíòà ïðè

çàäàííîé èíòåíñèâíîñòè îáëó÷åíèÿ çàâèñèò

òîëüêî îò êîëè÷åñòâà ïîãëîùàåìîãî ñåíñèáèëè-

çàòîðîì ñâåòà [21], óâåëè÷åíèå äèàïàçîíà ïîãëî-

ùåíèÿ, äîñòèãàåìîå ïðèìåíåíèåì ñîîòâåòñòâó-

þùåãî êðàñèòåëÿ, ïîçâîëÿåò èçìåíÿòü ñêîðîñòü

ôîòîãåíåðàöèè òèòðàíòà è, ñëåäîâàòåëüíî, ðåãó-

ëèðîâàòü ÷óâñòâèòåëüíîñòü îïðåäåëåíèÿ âîññòà-

íîâèòåëÿ. Êèíåòèêó ôîòîãåíåðàöèè òèòðàíòà

èçó÷àëè â ïðèñóòñòâèè ýîçèíàòà íàòðèÿ, àóðàìè-

íà è ôëóîðåñöåèíà, à òàêæå èõ ñìåñåé. Ñîãëàñíî

ïîëó÷åííûì ðåçóëüòàòàì (òàáë. 1) ïðèìåíåíèå

ñìåñè ñåíñèáèëèçàòîðîâ (ýîçèíàòà íàòðèÿ, àóðà-

ìèíà è ôëóîðåñöåèíà â ìîëÿðíîì ñîîòíîøåíèè

1:1:1) ïîçâîëÿåò óâåëè÷èòü ñêîðîñòü ãåíåðàöèè

òèòðàíòà ïðàêòè÷åñêè âäâîå, ÷òî, âåðîÿòíî, ñâÿ-

çàíî ñ ðàñøèðåíèåì äèàïàçîíà ïîãëîùåíèÿ.

Âëèÿíèå pH. Ñîãëàñíî äàííûì ðàáîòû [21] â

èíòåðâàëå çíà÷åíèé pH 5 – 9 ñêîðîñòü ôîòîãåíå-

ðàöèè éîäà ïîñòîÿííà è íå çàâèñèò îò êèñëîò-

íîñòè ðàñòâîðà. Îäíàêî â ñîîòâåòñòâèè ñ äàííû-

ìè òàáë. 1 ïîñòîÿííîå çíà÷åíèå ñêîðîñòè íàáëþ-

äàåòñÿ ïðè pH 5 – 7 (ðèñóíîê). Äàëüíåéøåå óâå-

ëè÷åíèå êèñëîòíîñòè ðàñòâîðà ñîïðîâîæäàåòñÿ

óìåíüøåíèåì ñêîðîñòè ôîòîãåíåðàöèè, ÷òî,

ñêîðåå âñåãî, ñâÿçàíî ñ äèñïðîïîðöèîíèðîâàíèåì

îáðàçóþùåãîñÿ òèòðàíòà. Â ñâÿçè ñ ýòèì îïðåäå-

ëåíèå ÍÄÌÃ ïðîâîäèëè ïðè pH 6,0. Ïîñêîëüêó
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Òàáëèöà 1. Êèíåòèêà ôîòîãåíåðàöèè éîäà (n = 4)

Table 1. Kinetics of iodine photogeneration (n = 4)

Ñåíñèáèëèçàòîð
Ñêîðîñòü ãåíåðàöèè òèòðàíòà, Ö.ä. · 104, ììîëü/ñ, ïðè pH

4,0 5,0 6,0 7,0 8,0 9,0 10,0

1 2,22 2,53 2,51 2,47 1,72 1,07 0,42

2 2,07 2,29 2,32 2,27 1,59 0,94 0,30

3 2,25 2,41 2,40 2,45 1,75 1,10 1,45

1 + 2 3,90 4,11 4,15 4,10 3,41 2,76 2,10

1 + 3 3,80 4,02 3,98 4,00 3,29 2,65 2,00

2 + 3 3,90 4,05 4,01 4,09 3,40 2,75 2,10

1 + 2 + 3 5,07 5,31 5,33 5,30 4,57 3,91 3,25

Ïðèìå÷àíèå. Ñåíñèáèëèçàòîð: 1 — ýîçèíàò íàòðèÿ; 2 — ôëóîðåñöåèí; 3 — àóðàìèí.

Ö
.ä

.
·

1
0

,
ì

ì
î
ë

ü
/ñ

4

Çàâèñèìîñòü ñêîðîñòè ôîòîãåíåðàöèè éîäà îò êèñëîòíî-
ñòè ðàñòâîðà

The dependence of the iodine photogeneration rate on the

solution acidity



ïðåäëîæåííàÿ ìåòîäèêà ïîçâîëÿåò îïðåäåëÿòü

ÍÄÌÃ êàê ïî âðåìåíè ãåíåðàöèè òèòðàíòà (Ä�,

ñ), òàê è ïî èçìåíåíèþ ñèëû òîêà â öåïè àìïåðî-

ìåòðè÷åñêîé óñòàíîâêè (ÄÄI , ìêÀ), ðàññ÷èòàëè

Ö.ä. ïî ÄÄI ïðè pH 6 (6,67 · 10–4 ììîëü/ìêÀ).

Èññëåäîâàíèå ìåõàíèçìà âçàèìîäåéñòâèÿ

ÍÄÌÃ ñ ôîòîãåíåðèðîâàííûì éîäîì. Â ñâÿçè ñ

òåì, ÷òî ÍÄÌÃ ëåãêî îêèñëÿåòñÿ êèñëîðîäîì è

äðóãèìè ïðèðîäíûìè îêèñëèòåëÿìè ñ îáðàçîâà-

íèåì öåëîãî ðÿäà âåùåñòâ [22, 23], ìîæíî ïðåä-

ïîëîæèòü âîçìîæíîñòü åãî òðàíñôîðìàöèè è ïîä

äåéñòâèåì ôîòîãåíåðèðîâàííîãî éîäà. Íà îñíî-

âàíèè ðåçóëüòàòîâ ôîòîõèìè÷åñêîãî òèòðîâàíèÿ

ìîäåëüíûõ ñèñòåì (òàáë. 2), ñîãëàñíî êîòîðûì

àíàëèò âçàèìîäåéñòâóåò ñ òèòðàíòîì â ìîëÿðíîì

ñîîòíîøåíèè 1:2, ïðåäïîëîæèëè âîçìîæíûé ìå-

õàíèçì îêèñëåíèÿ ÍÄÌÃ:

(CH3)2N–NH2 + 2I2 + H2O �

� (CH3)2N–N=O + 4HI.

Äëÿ ïîäòâåðæäåíèÿ îòñóòñòâèÿ ñèñòåìàòè÷å-

ñêîé îøèáêè ïðåäëàãàåìîé ìåòîäèêè èñïîëüçî-

âàëè ìåòîä «ââåäåíî-íàéäåíî» (òàáë. 3). Ñîãëàñíî

äàííûì òàáë. 3 ïîëó÷åííûå ðåçóëüòàòû ñîãëàñó-

þòñÿ ìåæäó ñîáîé è ñ ðåçóëüòàòàìè àðáèòðàæíî-

ãî ìåòîäà (ÃÕ).

Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ïðåäëî-

æåííîé ìåòîäèêè ïðèâåäåíû â òàáë. 4. Èç ðàñ-

ñ÷èòàííûõ çíà÷åíèé ïðåäåëîâ îáíàðóæåíèÿ è

îïðåäåëåíèÿ âèäíî, ÷òî ìåòîäèêà íå ïîçâîëÿåò

îïðåäåëÿòü ÍÄÌÃ íà óðîâíå ÏÄÊ, ïîýòîìó äëÿ

ïîâûøåíèÿ ÷óâñòâèòåëüíîñòè è ñåëåêòèâíîñòè

îïðåäåëåíèÿ íåîáõîäèìî ïðîâåäåíèå äîïîëíè-

òåëüíîé ïðîáîïîäãîòîâêè.

Îïðåäåëåíèå ÍÄÌÃ â ïî÷âå. Àíàëèçèðîâàëè

äâà îáðàçöà ïî÷âû: îáðàçåö 1 (ôîíîâûé), îòî-

áðàííûé âåñíîé 2019 ã. â ðàéîíå ãîðîäà Àõòó-

áèíñêà Àñòðàõàíñêîé îáë., è îáðàçåö 2 (çàãðÿç-

íåííûé ÍÄÌÃ), îòîáðàííûé ñ áûâøåãî ìåñòà

äèñëîêàöèè âîèíñêîé ÷àñòè îäíîâðåìåííî ñ îá-

ðàçöîì 1.

Îòáîð ïðîá îñóùåñòâëÿëè ñîãëàñíî ðåêîìåí-

äàöèÿì ÃÎÑÒ 17.4.4.02–2017. Îáðàçöû ñóøèëè

ïðè êîìíàòíîé òåìïåðàòóðå íà âîçäóõå â òå÷åíèå

äâóõ äíåé, âëàæíîñòü âîçäóøíî-ñóõîãî ïðåïàðàòà

ñîñòàâèëà 11,8 % (âëàæíîñòü èñõîäíîãî ñûðüÿ —

98 %) [24].

Â íàâåñêó ïî÷âû ìàññîé 10,0 ã âíîñèëè 5,0 ã

îêñèäà êàëüöèÿ è ïåðåìåøèâàëè. Ïîëó÷åííûé

îáðàçåö îáðàáàòûâàëè 40,0 ìë äèàëèçîâàííîé

âîäû. Äëÿ óâåëè÷åíèÿ ñòåïåíè èçâëå÷åíèÿ

ÍÄÌÃ ïîëó÷åííóþ ñóñïåíçèþ íàãðåâàëè â òå÷å-

íèå 7 ìèí ïðè 90 °C, ïîñëå ÷åãî ââîäèëè 1,0 ìë
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Òàáëèöà 2. Ðåçóëüòàòû ôîòîõèìè÷åñêîãî îïðåäåëåíèÿ ÍÄÌÃ (n = 6)

Table 2. The results of photochemical determination of UDMH (n = 6)

Ââåäåíî ÍÄÌÃ
ÄÄI , ìêÀ nI 2

· 109, ììîëü nI 2
:nÍÄÌÃ Ä�, ñ nI 2

· 109, ììîëü nI 2
:nÍÄÌÃ

ìêã · 109, ììîëü

0,20 3,33 9,5 6,34 1,9:1,0 12,0 6,40 1,9:1,0

0,30 4,99 14,5 9,67 1,9:1,0 18,0 9,59 1,9:1,0

0,40 6,66 19,5 13,01 1,9:1,0 24,0 12,79 1,9:1,0

0,50 8,32 24,5 16,34 2,0:1,0 31,0 16,52 2,0:1,0

Òàáëèöà 3. Ðåçóëüòàòû îïðåäåëåíèÿ ÍÄÌÃ â ìîäåëüíîé ñèñòåìå ìåòîäîì «ââåäåíî – íàéäåíî»

Table 3. The results of UDMH determination in a model system using spiked test

Ñîäåðæàíèå
ÍÄÌÃ, ìêã/ìë

Äîáàâêà
ÍÄÌÃ, ìêã/ìë

Íàéäåíî ÍÄÌÃ

ìåòîäîì ÃÕ
ôîòîõèìè÷åñêè

ïî ÄÄI ïî Ä�

ìêã/ìë % ìêã/ìë % ìêã/ìë %

0,50 0,05 0,54 98,2 0,55 98,2 0,55 98,2

0,10 0,60 100,0 0,60 100,0 0,59 98,2

0,55 0,05 0,60 100,0 0,59 98,3 0,60 100,0

0,10 0,64 98,5 0,64 98,5 0,65 100,0

0,60 0,05 0,65 100,0 0,65 100,0 0,65 100,0

0,10 0,70 100,0 0,70 100,0 0,70 100,0

Ìåòðîëîãè÷åñêèå õàðàêòåðèñòè-
êè ìåòîäîâ îïðåäåëåíèÿ ÍÄÌÃ

X = 99,45; Sx
= 0,3412;

Äx = 3,07 %; ó = 3,05
X = 99,22; Sx

= 0,3543;
Äx = 3,19 %; ó = 3,17

X = 99,40; Sx
= 0,3794;

Äx = 3,41 %;ó = 3,39

Ïðèìå÷àíèå. ó — íàèáîëåå âåðîÿòíàÿ ïîãðåøíîñòü àíàëèçà ïðè P = 0,98 è f = 5.



ðàñòâîðà H3PO4 (ñ = 1,70 ã/ìë) è îòôèëüòðîâû-

âàëè, êîëè÷åñòâåííî ïåðåâîäÿ ðàñòâîð â ìåðíóþ

êîëáó íà 50 ìë. Äëÿ óñòðàíåíèÿ âëèÿíèÿ ìàòðè-

öû ê ïîëó÷åííîìó ðàñòâîðó äîáàâëÿëè 20,0 ìë

0,04 Ì ðàñòâîðà NaOH è îòãîíÿëè â ïðèåìíèê,

ñîäåðæàùèé 2,0 ìë 0,10 Ì ðàñòâîðà H2SO4 [22].

Ïðîäóêò, ñîáðàííûé â èíòåðâàëå òåìïåðàòóð

63 – 65 °C, êîëè÷åñòâåííî ïåðåíîñèëè â ìåðíóþ

êîëáó íà 25,0 ìë è äîâîäèëè îáúåì ðàñòâîðà äèà-

ëèçîâàííîé âîäîé äî ìåòêè (ðàáî÷èé ðàñòâîð).

Ïðåäâàðèòåëüíî â ÿ÷åéêó äëÿ ôîòîõèìè÷å-

ñêîãî òèòðîâàíèÿ ïîìåùàëè 40,0 ìë 0,05 Ì ðàñ-

òâîðà éîäèäà êàëèÿ, 10,0 ìë 10 %-íîãî ðàñòâîðà

ýîçèíàòà íàòðèÿ è 20,0 ìë àöåòàòíîãî áóôåðíîãî

ðàñòâîðà (pH 6). Ïîëó÷åííóþ ñìåñü ïðîäóâàëè

âîçäóõîì è îáëó÷àëè ñâåòîì â òå÷åíèå 1 – 2 ìèí,

ãåíåðèðóÿ òèòðàíò ñî ñêîðîñòüþ 3,20 · 10–5

ììîëü/ìèí äî åãî ñîäåðæàíèÿ 3,28 · 10–5 ììîëü

(ïîðîãîâîå çíà÷åíèå). Ñîäåðæàíèå òèòðàíòà â ñî-

ñóäå êîíòðîëèðîâàëè âîëüòàìïåðîìåòðè÷åñêè ïî

èçìåíåíèþ ñèëû òîêà â öåïè àìïåðîìåòðè÷åñêîé

óñòàíîâêè. Ïîñëå äîñòèæåíèÿ ïîðîãîâîãî çíà÷å-

íèÿ â ÿ÷åéêó ââîäèëè 5,0 ìë ðàáî÷åãî ðàñòâîðà,

ôèêñèðóÿ ïðè ýòîì èçìåíåíèå ïîêàçàíèé ãàëü-

âàíîìåòðà. Äîñòèæåíèå ïîñòîÿííîé ñèëû òîêà

â öåïè àìïåðîìåòðè÷åñêîé óñòàíîâêè ñâèäåòåëü-

ñòâîâàëî î ïîëíîòå ïðîòåêàíèÿ ðåàêöèè. Çàòåì

âñïîìîãàòåëüíûé ðàñòâîð âíîâü ïðîäóâàëè âîç-

äóõîì â òå÷åíèå 1 – 2 ìèí, îáëó÷àëè ñâåòîì è èç-

ìåðÿëè âðåìÿ, íåîáõîäèìîå äëÿ âîñïîëíåíèÿ

óáûëè òèòðàíòà â ÿ÷åéêå. Äëÿ ïðîâåäåíèÿ ïî-

ñëåäóþùèõ îïðåäåëåíèé ðàñòâîð, íàõîäÿùèéñÿ

â ÿ÷åéêå äëÿ ôîòîõèìè÷åñêîãî òèòðîâàíèÿ, âíîâü

îáëó÷àëè ñâåòîì, ãåíåðèðóÿ òèòðàíò äî åãî ïîðî-

ãîâîãî çíà÷åíèÿ. Îäèí è òîò æå ïîãëîòèòåëüíûé

ðàñòâîð ïîçâîëÿåò ïðîâîäèòü 10 – 20 îïðåäå-

ëåíèé.

Ñîäåðæàíèå ÍÄÌÃ (ìã/êã) ðàññ÷èòûâàëè ïî

ôîðìóëàì:
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(ïî èçìåíåíèþ ñèëû òîêà â öåïè àìïåðîìåòðè÷å-

ñêîé óñòàíîâêè);
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(ïî âðåìåíè ãåíåðàöèè òèòðàíòà), ãäå Ö.ä. —

öåíà äåëåíèÿ óñòàíîâêè, ðàññ÷èòàííàÿ ïî âðåìå-

íè ãåíåðàöèè (5,33 · 10–7 ììîëü/ñ) è èçìåíåíèþ

ñèëû òîêà (6,67 · 10–7 ììîëü/ìêÀ) ñîîòâåòñòâåí-

íî; ÄÄI , Ä� — èçìåíåíèå ñèëû òîêà (ìêÀ) è âðå-

ìåíè ãåíåðàöèè òèòðàíòà (ñ) ñîîòâåòñòâåííî ñ

ó÷åòîì êîíòðîëüíîãî îïûòà, ìêÀ/ñ; M — ìîëÿð-

íàÿ ìàññà ÍÄÌÃ, 60,1 ã/ìîëü; Vê — îáúåì ìåð-

íîé êîëáû, ìë; Và — îáúåì àëèêâîòíîé ÷àñòè, ìë;

W — ìàññîâàÿ äîëÿ âëàãè; m — ìàññà íàâåñêè

ïî÷âû, êã.
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Òàáëèöà 4. Ìåòðîëîãè÷åñêèå õàðàêòåðèñòèêè ìåòîäèêè ôîòîõèìè÷åñêîãî îïðåäåëåíèÿ ÍÄÌÃ

Table 4. The metrological characteristics of the photochemical technique for UDMH determination

Ïàðàìåòð Ïî ÄÄI Ïî Ä�

Ëèíåéíûé äèíàìè÷åñêèé äèàïàçîí, ìêã/ìë 0,25 – 2,00

Óðàâíåíèå ãðàäóèðîâî÷íîé õàðàêòåðèñòèêè y = ax + b y = 24,995x – 0,0321 y = 31,19x + 0,0357

R 1,000 1,000

Äèàïàçîí îïðåäåëÿåìûõ ñîäåðæàíèé, ìêã/ìë 0,10 – 2,00

Ïðåäåë îïðåäåëåíèÿ, ìêã/ìë 1,62

Ïðåäåë îáíàðóæåíèÿ, ìêã/ìë 0,49

Òàáëèöà 5. Ðåçóëüòàòû îïðåäåëåíèÿ ÍÄÌÃ â ïî÷âå (n = 7; P = 0,95)

Table 5. The results of UDMH determination in soils (n = 7; P = 0.95)

Îáðàçåö
Äîáàâêà,

ìã/êã

Íàéäåíî, ìã/êã

ôîòîõèìè÷åñêè
ìåòîäîì ÃÕ [12]

ÄÄI Ä�

m m� � S
r
, % m m� � S

r
, % m m� � S

r
, %

1 0,00 — — — — 0,014 ± 0,001 7,14

0,02 0,033 ± 0,003 9,09 0,032 ± 0,003 9,38 0,030 ± 0,001 3,33

0,04 0,053 ± 0,003 5,66 0,048 ± 0,003 6,25 0,049 ± 0,001 2,04

2 0,00 0,120 ± 0,004 3,33 0,123 ± 0,004 3,25 0,118 ± 0,002 1,69

0,02 0,134 ± 0,004 2,99 0,139 ± 0,004 2,88 0,139 ± 0,002 1,44

0,04 0,160 ± 0,004 2,50 0,160 ± 0,004 2,50 0,158 ± 0,002 1,27



Ïðàâèëüíîñòü ïîëó÷åííûõ ðåçóëüòàòîâ êîí-

òðîëèðîâàëè ìåòîäîì «ââåäåíî – íàéäåíî» è ãà-

çîõðîìàòîãðàôè÷åñêèì ìåòîäîì [12]. Ðåçóëüòàòû

îïðåäåëåíèÿ îñòàòî÷íûõ êîëè÷åñòâ ÍÄÌÃ â ïî÷-

âå ïðåäñòàâëåíû â òàáë. 5.

Ñîäåðæàíèÿ òîêñè÷íîãî õèìè÷åñêîãî êîíòà-

ìèíàíòà, îïðåäåëåííûå ïî âðåìåíè ãåíåðàöèè

òèòðàíòà è èçìåíåíèþ ñèëû òîêà, ñîãëàñóþòñÿ

ìåæäó ñîáîé, à òàêæå ñ ðåçóëüòàòàìè àðáèòðàæ-

íîãî ìåòîäà (ÃÕ). Íåñìîòðÿ íà òî ÷òî âòîðîé îá-

ðàçåö áûë îòîáðàí ñ òåððèòîðèè áûâøåé âîèí-

ñêîé ÷àñòè ñïóñòÿ ãîä ïîñëå åå ðàñôîðìèðîâàíèÿ,

íàéäåííîå ñîäåðæàíèå ÍÄÌÃ ïðåâûøàåò ðåãëà-

ìåíòèðóåìîå â 1,2 ðàçà.

Îïðåäåëåíèå ÍÄÌÃ â âîäå. Ïðîáû âîäû îòáè-

ðàëè âåñíîé 2019 ã. ñîãëàñíî Ð 52.24.353–2012

[25] ñ ëåâîãî áåðåãà åðèêà Ïîñòåïêà â 2 êì îò

ã. Çíàìåíñêà (îáðàçåö 1) è ð. Àõòóáû â 1 êì îò

ã. Àõòóáèíñêà (îáðàçåö 2). Äëÿ óñòðàíåíèÿ âëèÿ-

íèÿ ìàòðèöû â èññëåäóåìîé ïðîáå îáúåìîì 1,0 ë

ðàñòâîðÿëè 650,0 ã NaOH è îòãîíÿëè â ïðèåì-

íèê, ñîäåðæàùèé 2,0 ìë 0,50 Ì ðàñòâîðà H2SO4

[22]. Ïðîäóêò, ñîáðàííûé â èíòåðâàëå òåìïåðà-

òóð 63 – 65 °C, êîëè÷åñòâåííî ïåðåâîäèëè â ìåð-

íóþ êîëáó íà 25,0 ìë è äîâîäèëè îáúåì ðàñòâîðà

äèàëèçîâàííîé âîäîé äî ìåòêè (ðàáî÷èé ðàñ-

òâîð). Äàëüíåéøåå îïðåäåëåíèå ÍÄÌÃ ïðîâîäè-

ëè ïî îïèñàííîé âûøå ìåòîäèêå.

Ñîäåðæàíèå ÍÄÌÃ (ìêã/ë) ðàññ÷èòûâàëè ïî

ôîðìóëàì:

X
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V V
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V
� �
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. . · . . ·

· ·
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(ïî âðåìåíè ãåíåðàöèè òèòðàíòà), ãäå Vïð — îáú-

åì ïðîáû âîäû, ë.

Ïðàâèëüíîñòü ïîëó÷åííûõ ðåçóëüòàòîâ êîí-

òðîëèðîâàëè ìåòîäîì «ââåäåíî-íàéäåíî» è ãàçî-

õðîìàòîãðàôè÷åñêèì ìåòîäîì [12]. Ðåçóëüòàòû

îïðåäåëåíèÿ îñòàòî÷íûõ êîëè÷åñòâ ÍÄÌÃ â ïðè-

ðîäíîé ïîâåðõíîñòíîé âîäå ïðåäñòàâëåíû â

òàáë. 6.

Íà îñíîâàíèè äàííûõ òàáë. 6 âñå íàéäåí-

íûå ñîäåðæàíèÿ ÍÄÌÃ ñîãëàñóþòñÿ ìåæäó ñî-

áîé; îáà îáðàçöà ñîîòâåòñòâóþò ñàíèòàðíî-ýïèäå-

ìèîëîãè÷åñêèì íîðìàì, ðåãëàìåíòèðóåìûì ÃÍ

2.1.5.689–98.

Çàêëþ÷åíèå

Òàêèì îáðàçîì, ðàçðàáîòàíà ôîòîõèìè-

÷åñêàÿ ìåòîäèêà îïðåäåëåíèÿ ÍÄÌÃ, îñíîâàí-

íàÿ íà òèòðîâàíèè àíàëèòà ôîòîãåíåðèðîâàí-

íûì éîäîì. Ìåòîäèêà ïðîñòà â âûïîëíåíèè è íå

òðåáóåò äîðîãîñòîÿùåãî îáîðóäîâàíèÿ. Ïîâûñèòü

÷óâñòâèòåëüíîñòü è óñòðàíèòü ìåøàþùåå âëèÿ-

íèå ñëîæíîé ìàòðèöû ïîçâîëÿåò ïðåäâàðèòåëü-

íîå êîíöåíòðèðîâàíèå ïîäâèæíûõ ôîðì ÍÄÌÃ

ïóòåì îòãîíêè ñ âîäÿíûì ïàðîì â ñðåäå 40 %-

íîãî ðàñòâîðà ãèäðîêñèäà íàòðèÿ. Ðàçðàáîòàííàÿ

ìåòîäèêà óäîâëåòâîðÿåò ïàðàìåòðàì âàëèäàöèè

ïî òàêèì ïîêàçàòåëÿì, êàê ëèíåéíîñòü, ïðåöè-

çèîííîñòü, ïðàâèëüíîñòü, è ìîæåò áûòü ðåêîìåí-

äîâàíà, äëÿ îïðåäåëåíèÿ ÍÄÌÃ â ëþáîé êîí-

òðîëüíî-àíàëèòè÷åñêîé ëàáîðàòîðèè.
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