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Ðàññìàòðèâàþòñÿ äàííûå ìîíèòîðèíãà ñóëüôàòîâ â ÷àñòèöàõ àòìîñôåðíîé äûìêè íàä Ïåêèíîì çèìîé 

2016 ã. Óñòàíîâëåíî, ÷òî èñòî÷íèêîì ñóëüôàòîâ â óâëàæíåííûõ ÷àñòèöàõ äûìêè ñëóæèò êàòàëèòè÷åñêîå 
îêèñëåíèå äèîêñèäà ñåðû ìîëåêóëÿðíûì êèñëîðîäîì ñ ó÷àñòèåì èîíîâ ïåðåõîäíûõ ìåòàëëîâ, SO2 (ãàç) → 

22
4(aq)

Mn/Fe,O
SO ,−

⎯⎯⎯⎯⎯→  êîòîðîå îñóùåñòâëÿåòñÿ â ðàçâåòâëåííîì ðåæèìå. Îáñóæäàþòñÿ êîíöåíòðàöèîííûå óñëîâèÿ 
ýòîãî ïðîöåññà è îñîáåííîñòè åãî äèíàìèêè â àòìîñôåðå. Âûÿâëåííîå â ðàáîòå ñîãëàñèå ðåçóëüòàòîâ ðàñ÷å-
òîâ ñîäåðæàíèÿ 

2
4(aq)SO
−

 â ÷àñòèöàõ ñ äàííûìè ìîíèòîðèíãà óêàçûâàåò íà ñóùåñòâîâàíèå ðàçâåòâëåííîãî ðå-
æèìà êàòàëèòè÷åñêîé êîíâåðñèè SO2 (ãàç) â àòìîñôåðå – íîâîãî èñòî÷íèêà ñóëüôàòîâ. Ýòîò áûñòðûé íåôîòî-
õèìè÷åñêèé êàíàë ñëåäóåò ó÷èòûâàòü ïðè èíâåíòàðèçàöèè èñòî÷íèêîâ ñóëüôàòîâ â ãëîáàëüíîé àòìîñôåðå. 

 

Êëþ÷åâûå ñëîâà: àýðîçîëüíàÿ äûìêà, äèîêñèä ñåðû, êàòàëèç, èîíû ïåðåõîäíûõ ìåòàëëîâ Fe/Mn, ðàç-
âåòâëåííûé ðåæèì; aerosol haze, sulfur dioxide, catalysis, Fe/Mn ions, branched mode. 

 
 

Ââåäåíèå 
 

Ìåëêîäèñïåðñíûå ñóëüôàòíûå ÷àñòèöû (PM2,5) 
â àòìîñôåðíîé äûìêå, ïðÿìî è êîñâåííî âîçäåéñò-
âóÿ íà ðàäèàöèîííûé ðåæèì àòìîñôåðû, âëèÿþò 

òàêæå íà êîíöåíòðàöèè ãàçîâûõ ïðèìåñåé è çäîðî-
âüå ëþäåé [1–4]. Î ïîÿâëåíèè äûìêè â èíäóñòðè-
àëüíûõ è ôîíîâûõ ðåãèîíàõ ñîîáùàëîñü â ðàáî- 
òàõ [4–9]. Â ïîñëåäíèå ãîäû ýïèçîäû ïëîòíîé 
äûìêè ó÷àñòèëèñü íàä Ïåêèíîì è â ðÿäå äðóãèõ 
ãîðîäîâ þãî-âîñòî÷íîé ÷àñòè Êèòàÿ [10–12]. Ïðè 
ýòîì â êà÷åñòâå èñòî÷íèêîâ ñóëüôàòîâ â ÷àñòèöàõ 
äûìêè ðàññìàòðèâàþòñÿ íåôîòîõèìè÷åñêèå (òåìíî-
âûå) ïðîöåññû îêèñëåíèÿ SO2 (ãàç) [13–15], â òîì 
÷èñëå êàòàëèòè÷åñêèå ñ ó÷àñòèåì èîíîâ ïåðåõîäíûõ 
ìåòàëëîâ (ÏÌ) [16–19]. 

Ïîä÷åðêíåì, ÷òî èìåþùèåñÿ äàííûå î õèìè÷å-
ñêèõ è êàòàëèòè÷åñêèõ ïðåâðàùåíèÿõ SO2 (ãàç) â àò-
ìîñôåðå íå îáúÿñíÿþò íè íàáëþäàåìûõ ñêîðîñòåé îá-
ðàçîâàíèÿ ñóëüôàòîâ â ÷àñòèöàõ (waq, ìîëü 

⋅
 ë−1 

⋅
 ñ−1), 

íè óðîâíÿ èõ ñîäåðæàíèÿ (äåñÿòêè-ñîòíè ìêã/ì3). 
Âûÿâëåííûé äåôèöèò ñóëüôàòîâ â âûñîêèõ øèðî-
òàõ â òðåõìåðíûõ ðàñ÷åòàõ [20], õîòÿ è ñâÿçûâàåòñÿ 
àâòîðàìè ñ íåó÷åòîì èõ íàðàáîòêè â êàòàëèòè÷å-
ñêèõ ïðîöåññàõ, íå ïîäòâåðæäàåòñÿ ðåçóëüòàòàìè 
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ýêñòðàïîëÿöèè ê àòìîñôåðíûì óñëîâèÿì [10–12] 
ðåçóëüòàòîâ ëàáîðàòîðíûõ îïûòîâ [16–19]. 

Ïðÿìûå ðàñ÷åòû îáðàçîâàíèÿ ñóëüôàòîâ 
(GEOS-Chem) â ãëîáàëüíîé àòìîñôåðå [21] ñ ó÷à-
ñòèåì íàèáîëåå àêòèâíûõ â ðÿäó ÏÌ èîíîâ 2+

(aq)Mn  
è 3+

(aq)Fe  [19] óêàçûâàþò íà çàâûøåííîå, â ñðàâíåíèè 
ñ äàííûìè ìîíèòîðèíãà, ñîäåðæàíèå ñóëüôàòîâ 
[22]. Ïðè÷èíà – èñïîëüçîâàíèå â ðàñ÷åòàõ âûðàæå-
íèé äëÿ waq, âñòðå÷àþùèõ ñåðüåçíûå âîçðàæå- 
íèÿ [23, 24]. 

Íåäàâíî ìû ñîîáùàëè î íîâîì ðàçâåòâëåííîì 
ðåæèìå ãåíåðàöèè ñóëüôàòîâ â ìàëîîáâîäíåííûõ 

àýðîçîëüíûõ ÷àñòèöàõ ñ ó÷àñòèåì ïàðû èîíîâ 
2+ 3+
(aq) (aq)Mn /Fe  [25, 26]. Ó÷åò ýòîãî áûñòðîãî êàíàëà 

ãåíåðàöèè ñóëüôàòîâ ïîçâîëèë ïîëó÷èòü ðåçóëüòàòû,  
ñîãëàñóþùèåñÿ ñ äàííûìè îïûòîâ â ñìîãîâûõ êàìå-
ðàõ [8–10], è íåïðîòèâîðå÷èâî îáîñíîâàòü íàáëþ-
äàåìûå ñêîðîñòè îáðàçîâàíèÿ 2

4 (aq)SO
−  â àòìîñôåð-

íîé äûìêå [25]. 
Öåëü íàñòîÿùåé ðàáîòû – íàéòè ñâèäåòåëüñòâà 

ðàçâåòâëåííîãî ðåæèìà íàðàáîòêè ñóëüôàòîâ â ìà-
ëî îáâîäíåííûõ ÷àñòèöàõ äûìêè â àòìîñôåðå. 

 
Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ 
 

Î ïðåîáëàäàíèè ãåòåðîôàçíûõ êàíàëîâ íàä  
ãàçîôàçíûìè ìàðøðóòàìè îêèñëåíèÿ SO2 (ãàç) â àò-
ìîñôåðå ñâèäåòåëüñòâóþò ðåçóëüòàòû òðåõìåðíîãî  
ìîäåëèðîâàíèÿ ãëîáàëüíîãî ðàñïðåäåëåíèÿ äèîêñèäà 
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ñåðû è ñóëüôàòîâ [22]. Íà ïðè÷àñòíîñòü èîíîâ ÏÌ 
ê îáðàçîâàíèþ ñóëüôàòîâ â àòìîñôåðå óêàçûâàþò 
äàííûå êîíòðîëÿ èçîòîïíîãî ñîñòàâà êèñëîðîäà 

(Δ17O) â ÷àñòèöàõ àýðîçîëÿ [27] è ñåðû (Δ34S) [22]  
â ñóëüôàòàõ, àòîìàðíîãî êèñëîðîäà (Δ17O) â ÷àñòè-
öàõ àýðîçîëÿ â îáëà÷íûõ êàïëÿõ. Â [10] ñîîáùà-
ëîñü òàêæå î ñîâïàäåíèè ïî âðåìåíè ïèêîâûõ êîí-
öåíòðàöèé 2

4 (aq)SO
−  è èîíîâ ìàðãàíöà â àýðîçîëå. 

Ðàíåå â [28–30] èçìåí÷èâîñòü êîíöåíòðàöèé 
2+ 3+
(aq) (aq)Fe /Fe  â îáëà÷íûõ êàïëÿõ èç-çà êîëåáàíèé 

ñîñòàâà âîçäóõà è èíñîëÿöèè ñâÿçûâàëàñü ñ ó÷àñòè-
åì ýòèõ èîíîâ â ïðåâðàùåíèÿõ SO2 â àòìîñôåðå. 

Â [31] êîíòðîëü ìàññîâîãî ñîäåðæàíèÿ è èîí-
íîãî ñîñòàâà ÷àñòèö äûìêè íàä Ïåêèíîì â äåêàáðå 
2016 ã. îñóùåñòâëÿëñÿ íà ñòàíöèè ìîíèòîðèíãà îê- 
ðóæàþùåé ñðåäû Ïåêèíñêîãî óíèâåðñèòåòà, ðàñïî-
ëîæåííîé íà âîñüìîì ýòàæå (39,99° ñ.ø.; 116,3° â.ä.). 
Íàðÿäó ñ ýòèì åæå÷àñíî ïðîâîäèëñÿ ìîíèòîðèíã 

ãàçîâ-ïðåäøåñòâåííèêîâ ÷àñòèö – SO2 (ãàç), NH3 (ãàç), 
HCl(ãàç) è HNO3 (ãàç). Îñîáåííîñòüþ ðàññìàòðèâàåìî-
ãî â ðàáîòå ýïèçîäà 19–21 äåêàáðÿ 2016 ã. ÿâëÿåòñÿ 
òåìïåðàòóðíàÿ èíâåðñèÿ, äëèâøàÿñÿ ïî÷òè âñå âðå-
ìÿ íàáëþäåíèé. Èíâåðñèîííûå ñëîè ïðè ýòîì äîñòè-
ãàëè âûñîò 500–1000 ì, à ñêîðîñòü âåòðà íå ïðå-
âûøàëà ∼ 3 ì/ñ. Äûìêà â ýòèõ çàñòîéíûõ óñëîâèÿõ 

ñîïðîâîæäàëàñü ïîìóòíåíèåì àòìîñôåðû è âûñîêèìè 
êîíöåíòðàöèÿìè ÷àñòèö â âîçäóõå (∼ 0,1 ÷ ∼

 10 ìêì). 
Íà ïèêå èõ ìàññîâîå ñîäåðæàíèå ïðåâûñèëî 
250 ìêã/ì3 (∼ 2,5 ìêìîëü/ì3)! Óñðåäíåííîå æå ïî 
ýïèçîäó îáùåå ñîäåðæàíèå ñóëüôàòîâ è íèòðàòîâ  
â ÷àñòèöàõ áëèçêî ê 50% ìàññ., à îáùåå ñîäåðæàíèå 
èîíîâ + + 2+ 2+

(aq) (aq) (aq) (aq)Na K Ca Mn− − −
 íå ïðåâûøàëî 

ïðè ýòîì ∼ 1%. 
Äàííûå èçìåðåíèé äîïîëíÿëèñü â [31] ðàñ÷åòà-

ìè ñîäåðæàíèÿ âëàãè è åå êèñëîòíîñòè ñ èñïîëüçî-
âàíèåì òåðìîäèíàìè÷åñêèõ ìîäåëåé ISORROPIA-II 
è E-AIM [32, 33]. Ýòî ïîçâîëèëî ñóäèòü î ðàâíî-
âåñíîì óâëàæíåíèè è êèñëîòíîñòè âëàãè (ðÍ) â ÷àñ-
òèöàõ, à òàêæå ïðîñëåäèòü çà èõ âëèÿíèåì íà ñî-
äåðæàíèå ñóëüôàòîâ ïî õîäó ìîíèòîðèíãà. Ïðè ýòîì 
îáíàðóæèâàëèñü âûðàæåííûå èçìåíåíèÿ ñîäåðæàíèÿ 
âëàãè â ÷àñòèöàõ (L, ì3 âëàãè/ì3 âîçäóõà) è åå êè-
ñëîòíîñòè (ðÍ 3,2 ÷ 4,9), âûçâàííûå êîëåáàíèÿìè 
îòíîñèòåëüíîé âëàæíîñòè (RH) âîçäóõà. Íàïðè-
ìåð, ïðè RH → 90% (Ò ≈ 275 ÷ 280 Ê) ïðèðîñò L 
äîñòèãàë ïîðÿäêà âåëè÷èíû è áîëåå, à ðÍ → 5. Ìàñ-
ñîâîå ñîäåðæàíèå ñóëüôàòîâ 

2
4 (aq)([SO ],−

 ìêìîëü/ì3) 
ïðè ýòîì óâåëè÷èâàëîñü íà ≈ 80%, óêàçûâàÿ íà áî-
ëåå áëàãîïðèÿòíûå óñëîâèÿ èõ îáðàçîâàíèÿ ïðè áî-
ëåå âûñîêèõ L (RH). 

 
Ðåçóëüòàòû è îáñóæäåíèå 

 

Ðåçóëüòàòû àíàëèçà äàííûõ  
ìîíèòîðèíãà 

 

Ïîëó÷åííàÿ íàìè ïî äàííûì ìîíèòîðèíãà âçàè-
ìîñâÿçü ìåæäó 2

èçì4(aq)[SO ]−  è L ïîêàçàíà íà ðèñ. 1. 
Íåñìîòðÿ íà ðàçáðîñ, ïðîñëåæèâàåòñÿ ìîíîòîííûé 
ðîñò 2

èçì4(aq)[SO ]−  ñ óâåëè÷åíèåì L 
⋅
 103 (103 – ïåðå-

ñ÷åòíûé ðàçìåðíûé êîýôôèöèåíò), ë/ì3, âïëîòü  
äî 2

4(aq)[SO ]−  ≈ 0,9 ìêìîëü/ì3. Óðîâåíü êîððåëÿöèè 
2

èçì4(aq)[SO ]−  è L áëèçîê ê ∼ 70% (ñì. ïðÿìóþ ëèíèþ 
íà ðèñ. 1). Ïðè ýòîì óâåëè÷åíèå 2

èçì4(aq)[SO ]−  ñ ðîñ-
òîì L íà÷èíàåòñÿ íå ñ íóëåâîé îòìåòêè, à ñ íåêîòî-
ðîãî áóëüøåãî çíà÷åíèÿ 2

04(aq)[SO ] .−  Ýêñòðàïîëÿöèÿ 

ïðÿìîé ëèíèè ê L 
⋅
 103 → 0 ïðèâîäèò ê 2

04(aq)[SO ]−  = 
= 0,5 ìêìîëü/ì3 (48 ìêã/ì3). Îáùåå ñîäåðæàíèå 
ñóëüôàòîâ â ÷àñòèöàõ 2 2

04(aq) 4(aq)[SO ] [SO ]− −

= + δΔ  ïðè 
RH ≥ RHdeliq, ãäå RHdeliq ∼ 0,6 – îòíîñèòåëüíàÿ 
âëàæíîñòü, îòâå÷àþùàÿ deliquesced point [34]. Ïðè 
RH < RHdeliq ñîëåâîé ñîñòàâ ÷àñòèö àýðîçîëÿ óòðà-
÷èâàåò ãèãðîñêîïè÷åñêèå ñâîéñòâà è ñàìîïðîèç-
âîëüíî òåðÿåò âëàãó. 

 

 
Ðèñ. 1. Çàâèñèìîñòü êîíöåíòðàöèè ñóëüôàòîâ â ÷àñòèöàõ 
äûìêè íàä Ïåêèíîì (19–21 äåêàáðÿ 2016 ã.) îò ñîäåð- 
æàíèÿ âëàãè â ÷àñòèöàõ (Ò = 275 Ê, ðÍ 3,2 ÷ 4,93, 
RH = 0,67 ± 0,15 [31]. Ïóíêòèð è ñòðåëêè íà ðèñóíêå 
ïîêàçûâàþò ñîäåðæàíèå ñóëüôàòîâ â «ñóõîé» àòìîñôåðå 

   2
4(aq)[SO ]−

î 

 
Íà ðèñ. 2 ïîêàçàíî, êàê èçìåíÿåòñÿ âû÷èñëåí- 

íàÿ ïî ýòèì äàííûì êîíâåðñèÿ äèîêñèäà ñåðû â ñóëü- 
ôàòû χ

 = 
Δ/[SO2] (χ – êðàòíîñòü ïîòðåáëåíèÿ  

  
 

 
Ðèñ. 2. Çàâèñèìîñòü ãëóáèíû êîíâåðñèè O2 (ãàç) → 

2 2
4(aq)

Mn/Fe,O
SO

−

⎯⎯⎯⎯⎯→  (χ = 2
4(aq)[SO ]− /[SO2(gas)]) îò êèñëîòíîñòè 

âëàãè â ÷àñòèöàõ. Ïåêèí, 19–21 äåêàáðÿ 2016 ã., Ò = 275 Ê, 
   RH = 0,67 

±
 0,15 [31] 



 

 Î íîâîì èñòî÷íèêå ñóëüôàòîâ â àòìîñôåðå 977 
 

â ðåàêöèè îêèñëåíèÿ ñîäåðæàùåéñÿ â âîçäóõå ïðè-
ìåñè SO2 (ãàç)) ïî ìåðå ðîñòà ðÍ. Ïðè ýòîì ñíèæå-
íèå êèñëîòíîñòè âëàãè â ÷àñòèöàõ îáóñëîâëåíî êàê 
óâåëè÷åíèåì L (RH), òàê è ïîãëîùåíèåì àììèàêà  
èç âîçäóõà. Âèäíî, ÷òî óìåíüøåíèå êèñëîòíîñòè 
âëàãè áëàãîïðèÿòñòâóåò óãëóáëåíèþ êîíâåðñèè SO2,  
à ïðè ðÍ > 4 íàáëþäàåòñÿ áëèçêèé ê ýêñïîíåíöè-
àëüíîìó ðîñò χ, ò.å. áûñòðûé ðîñò waq. È ýòî âî-
ïðåêè íå ñëèøêîì âûðàæåííîìó èçìåíåíèþ 

2
4(aq)[SO ]−  ïî ðåçóëüòàòàì ìîíèòîðèíãà. Ñ ïîõîæèì 

îòêëèêîì íà èçìåíåíèÿ ðÍ ìû âñòðå÷àåìñÿ, êîãäà 
ðàññìàòðèâàåì äàííûå îïûòîâ ïî äèíàìèêå êîíâåð-
ñèè 2Mn/Fe, O 2

2(ãàç) 4(aq)SO SO
−

⎯⎯⎯⎯⎯→  â ñìîãîâûõ êàìå- 
ðàõ [10–12]. 

Â [25, 26] îòìå÷àëîñü, ÷òî íàáëþäàåìàÿ â ýòèõ 
îïûòàõ âûñîêàÿ ñêîðîñòü îáðàçîâàíèÿ ñóëüôàòîâ 
(≥ 0,1 ìêìîëü 

⋅
 ì−3 

⋅
 ÷−1 (≥ 10 ìêã/ì3)) äîñòèãàëàñü 

ëèøü ïðè èçáûòêå èîíîâ ìåòàëëà, ò.å. ïðè êîíöåí-
òðàöèè èîíîâ ìåòàëëà áóëüøåé, ÷åì êîíöåíòðà- 
öèÿ ðàñòâîðåííîãî äèîêñèäà ñåðû: 

2
(aq)[Mn ]/+

α =  
/[S(IV)] 1.á  Çäåñü 2(aq) 3(aq)[S(IV)] [SO ] [HSO ]−

≈ +  – 
êîíöåíòðàöèÿ ðàñòâîðåííîãî äèîêñèäà ñåðû â óâ-
ëàæíåííûõ ÷àñòèöàõ äûìêè. Ïðè ýòîì ÷åì íèæå 
ðÍ, òåì áóëüøèìè îêàçûâàþòñÿ èçáûòîê èîíîâ ìå-
òàëëà è àáñîëþòíàÿ âåëè÷èíà α. Ñêàçàííîå ñëåäóåò 
èç äàííûõ ðèñ. 3, íà êîòîðîì ïîêàçàíû êîíöåíòðà-
öèîííûå óñëîâèÿ îïûòîâ [35, 36] (òåìíûå òðåóãîëü-
íèêè).  

 

 
Ðèñ. 3. Çàâèñèìîñòü α = 2+

(aq)[Mn ]/[S(IV)] îò êèñëîòíîñòè 
âëàãè â ÷àñòèöàõ; ñâåòëûå òðåóãîëüíèêè – êîíöåíòðàöè-
îííûå óñëîâèÿ äàííûõ ìîíèòîðèíãà [31], òåìíûå òðå-
óãîëüíèêè – ëàáîðàòîðíûå îïûòû â «ïðîáèðêàõ» [16]  
  è â àýðîçîëüíûõ ÷àñòèöàõ [10–12, 35–36] 

Ïîäîáíîå ñîîòíîøåíèå 
2
(aq)[Mn ]+

 è [S(IV)] è èõ 
èçìåíåíèÿ ïðè âàðèàöèÿõ ðÍ îáíàðóæèâàþòñÿ è ïî 
íàøèì ðàñ÷åòàì ñîñòàâà ÷àñòèö äûìêè [10, 31] íàä 
Ïåêèíîì (ñâåòëûå òðåóãîëüíèêè íà ðèñ. 3). Íåîá-
õîäèìûå äàííûå î ñîäåðæàíèè Mn â ÷àñòèöàõ 
äûìêè â ðàáîòå [31] íå êîíòðîëèðîâàëèñü, ïîýòîìó 
ìû çàèìñòâîâàëè äàííûå ýêñïåðèìåíòîâ [10], ïðî-
âîäèâøèõñÿ â  Ïåêèíå â òîò æå ïåðèîä. 

Îòìå÷åííûå âûøå îñîáåííîñòè ðàñïîëîæåíèÿ 
òåìíûõ è ñâåòëûõ òðåóãîëüíèêîâ íàä êðèâîé α = 1, 
ðàçäåëÿþùåé óñëîâèÿ äåôèöèòà è èçáûòêà èîíîâ 
ìåòàëëà [25], îòðàæàþò ïðåîáëàäàíèå ïåðâîé èç 
ïðèâîäèìûõ íèæå ðåàêöèé ðàñõîäîâàíèÿ HSO5 (aq), 
÷òî ÿâëÿåòñÿ ïðèçíàêîì ðàçâåòâëåííîãî ðåæèìà 
êàòàëèòè÷åñêîé êîíâåðñèè SO2 (ãàç) â ÷àñòèöàõ äûì-
êè íàä Ïåêèíîì: 

 2+ 3+
25(aq) (aq) 4(aq)HSO Mn Mn SO H O,− −

+ → + +  

 + +
5(aq) 3(aq) (aq) 4(aq) (aq)HSO HSO H 2HSO H .
− − −

+ + → +  

Íàïðîòèâ, ïðè íèçêèõ α ≤ 1 è íåâûñîêèõ ðÍ ðåàê-
öèÿ 5(aq) 3(aq)HSO HSO

− −

+  ïîäàâëÿåò ðàçâåòâëåíèå öå-
ïåé 2+

5(aq) (aq)HSO Mn ,−

+  à êîíâåðñèÿ SO2 (ãàç) ðàçâè- 
âàåòñÿ íå ïî ðàçâåòâëåííîìó, à ïî öåïíîìó ìåõà-
íèçìó. Äèíàìèêó êîíâåðñèè SO2 (ãàç) ïðè ýòîì  
õàðàêòåðèçóþò ãîðàçäî áîëåå íèçêèå waq è êîëîêî-
ëîîáðàçíûé âèä çàâèñèìîñòè waq = f(ðÍ) ñ ìàêñè-
ìóìîì ïðè ðÍ ≈ 3 [19]. 

Ñêîðîñòü íàêîïëåíèÿ ñóëüôàòîâ â ÷àñòèöàõ â ðàç-
âåòâëåííîì ðåæèìå îïðåäåëÿåòñÿ ïî ôîðìóëå [25]: 
 

 
2 2

2+
aq íàáë SO SO(aq)[Mn ] ,w k H P=  ìîëü 

⋅
 ë−1 

⋅
 ñ−1, 

ãäå kíàáë = k*(1 + 3K/10−pH)2/K – íàáëþäàåìàÿ 

êîíñòàíòà ñêîðîñòè æèäêîôàçíîé ðåàêöèè 

(ë 
⋅
 ìîëü−1 

⋅
 ñ−1), k* = 1,4 ñ−1 – êîìáèíàöèÿ êîíñòàíò 

ñêîðîñòåé ðÿäà æèäêîôàçíûõ ðåàêöèé, âõîäÿùèõ  
â öèêë ïðåâðàùåíèé S(IV) [25]. Çíà÷åíèå k* ìàëî-
÷óâñòâèòåëüíî ê Ò = 295 ÷ 325 Ê è íå çàâèñèò íè îò 

êèñëîòíîñòè (ðÍ ≈ 0,3 ÷ 3,6), íè îò èîííîé ñèëû ðàñ-
òâîðîâ (μ ≈ 2 ÷ 11 ìîëü/ë). Êîýôôèöèåíò 3 â ñêîá-
êàõ îòðàæàåò ðàññ÷èòàííîå â [25] ñîîòíîøåíèå êîí-
ñòàíò ñêîðîñòè ðåàêöèé 

3+
(aq) 2(aq)Mn +SO  è 

3+
(aq)Mn + 

3(aq)HSO
−

+  ïðè íàðàáîòêå ñóëüôàòîâ, à K = 
= 5 

⋅
 10−3 ìîëü/ë – ÷èñëåííîå çíà÷åíèå êîíñòàíòû 

ðàâíîâåñèÿ èîíèçàöèè 2(aq) 3(aq) (aq)SO HSO H
− +

+)
 

(μ ≈ 6 ìîëü/ë [37]); 2+
(aq)[Mn ] – êîíöåíòðàöèÿ ðàñ-

òâîðåííîãî ìàðãàíöà â ÷àñòèöàõ, ìîëü/ë; 
2SOH  – 

êîýôôèöèåíò Ãåíðè (1,23 ìîëü 
⋅
 ë−1 

⋅
 àòì−1 [38]),  

ïîêàçûâàþùèé ôèçè÷åñêóþ ðàñòâîðèìîñòü SO2 (ãàç) 

ïðè Ò = 298 Ê; 
2SOP  – ïàðöèàëüíîå äàâëåíèå 

SO2 (ãàç), àòì. Îòñóòñòâèå â óðàâíåíèè äëÿ waq êîí-
öåíòðàöèè èîíîâ Fe (èíèöèàòîðà öåïåé [39]) íå 
îçíà÷àåò, ÷òî îíè íå ïðèíèìàþò ó÷àñòèÿ â îáðàçî-
âàíèè 2

4SO .
−  Èõ ðîëü â ðàçâåòâëåííîì ðåæèìå çíà-

÷èìà ëèøü íà ñòàäèè ãåíåðàöèè ïåðâè÷íûõ ïåðå-
íîñ÷èêîâ öåïè. Ïîñëåäóþùèé áûñòðûé èõ ïðèðîñò 
â ðàçâåòâëåíèè öåïåé ìàñêèðóåò ó÷àñòèå èîíîâ Fe  
â ãåíåðàöèè ïåðåíîñ÷èêîâ öåïè [25]. 

Î òîì, ÷òî ñóëüôàòû â àòìîñôåðå â äåêàáðü-
ñêîì ýïèçîäå 2016 ã. íàä Ïåêèíîì äåéñòâèòåëüíî 
îáðàçóþòñÿ â ðàçâåòâëåííîì ðåæèìå, ñâèäåòåëüñò-
âóåò íàéäåííûé íàìè ïî äàííûì íàòóðíûõ ýêñïå-
ðèìåíòîâ ïîðÿäîê êàòàëèòè÷åñêîé ðåàêöèè ïî èîíàì 

ìàðãàíöà (ñì. âûøå). Èç óðàâíåíèÿ åå ñêîðîñòè 
ñëåäóåò waq ∼ 

2

2+
SO(aq)[Mn ] ,P  ÷òî ãîâîðèò î ïåðâîì 

ïîðÿäêå ðåàêöèè ïî èîíàì ìåòàëëà. Ó÷èòûâàÿ  
ïî÷òè ïîñòîÿííîå ñîäåðæàíèå â âîçäóõå SO2 (ãàç) 



 

978 Åðìàêîâ À.Í., Àëîÿí À.Å., Àðóòþíÿí Â.Î., Ïðîí÷åâ Ã.Á. 
 

2SO(P  
≈

 8 ppb) â õîäå ìîíèòîðèíãà (ò.å. â ïðèâåäåí-

íîì âûøå óðàâíåíèè äëÿ waq ìîæíî íå ñ÷èòàòüñÿ  
ñ èçìåíåíèÿìè 

2SOP ), à òàêæå  Mn* (≈ 80 íã/ì3), 

èìååì waq
 
∼

 [Mn]*/L 
⋅
 103, ãäå [Mn]* – êîíöåíòðà-

öèÿ ìàðãàíöà â àòìîñôåðå, íã/ì3. 
Íà ðèñ. 4 ïðèâåäåíà ðàññ÷èòàííàÿ íàìè ïî äàí-

íûì ìîíèòîðèíãà è òåðìîäèíàìè÷åñêèõ âû÷èñëå-
íèé [31] çàâèñèìîñòü 2+

(aq)[Mn ] îò L 
⋅
 103. 

 

 

Ðèñ. 4. Çàâèñèìîñòü êîíöåíòðàöèè èîíîâ 
2+
(aq)Mn

 îò ñîäåð-

æàíèÿ æèäêîé âëàãè â ÷àñòèöàõ äûìêè íàä Ïåêèíîì  

  19–21.12.2016 ã. 

 
Âèäíî, ÷òî êîíöåíòðàöèÿ èîíîâ Mn2+ â ÷àñòè-

öàõ îáðàòíî ïðîïîðöèîíàëüíà ñîäåðæàíèþ âëàãè, 
÷òî ãîâîðèò î ïåðâîì ïîðÿäêå êàòàëèòè÷åñêîé ðå-
àêöèè ïî èîíàì ìåòàëëà 2+

aq (aq)( [Mn ])w ∼  â àòìîñôå-
ðå. Ýòî çíà÷èò, ÷òî ïðè÷èíîé ðàññìàòðèâàâøåãîñÿ 

âûøå ïðèðîñòà 
2
4 (ag)[SO ]−

 ñ óâåëè÷åíèåì L (RH) ÿâ-
ëÿåòñÿ çàâèñèìîñòü waq îò ðÍ. Ïîñêîëüêó ñêîðîñòü 
îáðàçîâàíèÿ ñóëüôàòîâ â ðàñ÷åòå íà ãàçîâóþ ôàçó 
WSIV

 
∼

 waq 

L, òî WSIV
 
∼

 Mn*L/L è WSIV
 
≠

 f(L). 

 

Ðàñ÷åòû ñîäåðæàíèÿ ñóëüôàòîâ 
â ÷àñòèöàõ àòìîñôåðíîé äûìêè 

 

Ýêñïîíåíöèàëüíûé ïîäúåì χ ñ óâåëè÷åíèåì ðÍ 
(ñì. ðèñ. 1), èçáûòîê èîíîâ ìàðãàíöà íàä [S(IV)]  
â ÷àñòèöàõ (ñì. ðèñ. 2) è ïåðâûé ïîðÿäîê ðåàêöèè 
ïî èîíàì ìåòàëëà (ñì. ðèñ. 1) ñâèäåòåëüñòâóþò  
î ðàçâåòâëåííîì ðåæèìå îáðàçîâàíèÿ ñóëüôàòîâ  
â ÷àñòèöàõ äûìêè â àòìîñôåðå. Ïîäòâåðæäàþò ýòîò 
ðåæèì è ïðèâîäèìûå íèæå ðåçóëüòàòû íàøèõ ðàñ-
÷åòîâ, êîòîðûå âîñïðîèçâîäÿò íàáëþäàåìûå ìàññî-
âûå êîíöåíòðàöèè ñóëüôàòîâ â ÷àñòèöàõ äûìêè. 

Äëÿ âû÷èñëåíèÿ ìàññîâûõ êîíöåíòðàöèé ñóëü-
ôàòîâ â ÷àñòèöàõ äûìêè íåîáõîäèìû äàííûå î âðå-
ìåíè ýêñïîçèöèè ÷àñòèö äûìêè â àòìîñôåðå íàä Ïå-
êèíîì. Îòìåòèì â ýòîé ñâÿçè, ÷òî â [40, 41] ïðèìå-
íèòåëüíî ê êàïëÿì îáëàêîâ (L ∼ 10−6) óêàçûâàëîñü, 
÷òî ëèìèòèðóþùèì çâåíîì îêèñëåíèÿ SO2 (ãàç)  
ñ ó÷àñòèåì êèñëîðîäà âîçäóõà ñëóæèò õèìè÷åñêàÿ 
ðåàêöèÿ â êàïëÿõ. Îêèñëåíèå æå SO2 (ãàç) â ÷àñòè-

öàõ äûìêè îñóùåñòâëÿåòñÿ ïðè ýêñòðåìàëüíî íèç-
êîì ñîäåðæàíèè âëàãè (äåñÿòêè-ñîòíè ìêã/ì3 [10], 
ò.å. ïðè L ∼ 10−11 

÷
 10−10). Êîíâåðñèÿ SO2 (ãàç) â ýòèõ 

óñëîâèÿõ òðåáóåò ìíîãîêðàòíîãî íàñûùåíèÿ ðåà-
ãåíòàìè âëàãè â ÷àñòèöàõ, ÷òî çàñòàâëÿåò ñ÷èòàòü- 
ñÿ ñ âîçìîæíûìè òðàíñïîðòíûìè îãðàíè÷åíèÿìè  
waq [42]. Íàïðèìåð, ïðè ðÍ 4,7 è L = 10−10, à òàê-
æå ïðè [SO2 (ãàç)] = 0,34 ìêìîëü/ì3 äëÿ íàðàáîòêè  
â ÷àñòèöàõ 2

4[SO ]−  
≈ 0,78 ìêìîëü/ì3, êàê â ðàññìàò-

ðèâàåìîì íàìè ýïèçîäå (ñì. ðèñ. 1), ÷èñëî öèêëîâ 
ðàâíîâåñíîãî íàñûùåíèÿ SO2 (ãàç) ñîñòàâèò v = 0,78/ 

2

6
SO _ýôô/( ) 2 10 .H RTL ≈ ⋅  Çäåñü 

2 2SO _ýôô SO (1H H= + 
pH/10 )K

−

+  ≈ 450 ìîëü 
⋅
 ë−1 

⋅
 àòì−1 – ýôôåêòèâíûé 

êîýôôèöèåíò Ãåíðè (Ò = 275 Ê) äèîêñèäà ñåðû,  
à R = 8,2 

⋅
 10−2 ë 

⋅
 àòì 

⋅
 ìîëü−1 

⋅
 Ê−1 – óíèâåðñàëüíàÿ 

ãàçîâàÿ ïîñòîÿííàÿ. Â îöåíêàõ ïðèíèìàëîñü, ÷òî  
â çàñòîéíîé àòìîñôåðå òðàíñïîðò ïðèìåñè îñóùåñò-
âëÿåòñÿ áëàãîäàðÿ ìîëåêóëÿðíîé äèôôóçèè, à ïàð-
öèàëüíûå äàâëåíèÿ çàõâàòûâàåìûõ èç âîçäóõà êîì-
ïîíåíòîâ íàä ÷àñòèöàìè äûìêè áëèçêè ê íóëþ. 

Ñðàâíèâàÿ õàðàêòåðíîå âðåìÿ äèôôóçèîííîãî 

òðàíñïîðòà SO2 (ãàç) è O2 (ãàç) â ãàçîâîé (τäèô_ãàç_i = 
= r2/3Dãàç_iL [42]) è â æèäêîé ôàçàõ (τäèô_aq_i = 
= 2

ir /(π2Daq_iHiRTL)) [42], íàõîäèì, ÷òî äèôôóçèÿ  

â æèäêîñòè ëèìèòèðóåò ïåðåõîä êîìïîíåíòà èç ãà-
çîâîé â æèäêóþ ôàçó òîëüêî äëÿ ìàëîðàñòâîðèìûõ 
ñîåäèíåíèé: 

 Íi ≤ Dãàç_i 

/(Daq_iRT) ≈ 102 ìîëü 
⋅
 ë−1 

⋅
 àòì−1 

 
2

3

O( 1,3 10H
−

= ⋅á  ìîëü 
⋅
 ë−1 

⋅
 àòì−1 [38]). 

Ðàñòâîðèìîñòü SO2 (ãàç) ñ ðîñòîì ðÍ óâåëè÷èâàåòñÿ; 
íàïðèìåð, ïðè ðÍ = 3,8 

2_ýôôSOH  ≈ 102
 ìîëü ⋅ ë−1

 ⋅ àòì−1, 
÷òî óêàçûâàåò íà âîçìîæíîñòü òîðìîæåíèÿ ãåíåðà-
öèè ñóëüôàòîâ òðàíñïîðòîì â âîçäóõå èìåííî 

SO2 (ãàç). Â òàêèõ óñëîâèÿõ êîíöåíòðàöèÿ S(IV)  
â æèäêîé ôàçå â ÷àñòèöàõ ñíèæàåòñÿ, à äèíàìèêà 
íàðàáîòêè ñóëüôàòîâ îïðåäåëÿåòñÿ äèíàìèêîé ïî-
ñòóïëåíèÿ SO2 â ÷àñòèöû. Ïðè ðÍ < 3,8 

2_ýôôSO(H
 
< 

<
 

2 2ãàç_SO aq_SO/( ))D D RT  äèíàìèêó èõ íàðàáîòêè îã-
ðàíè÷èâàåò òðàíñïîðò SO2 (aq), à íå ìàëîðàñòâîðè-
ìîãî êèñëîðîäà. Îáóñëîâëåíî ýòî òåì, ÷òî êîíöåí-
òðàöèÿ SO2 (ãàç) íàä Ïåêèíîì (≈ 8 ppb) íà íåñêîëüêî 
ïîðÿäêîâ íèæå ìàññîâîé êîíöåíòðàöèè O2 (ãàç), íà-
÷èíàÿ ñ êîòîðîé ëèìèòèðóþùåé áûëà áû ñòàäèÿ 
äèôôóçèè O2 (aq) â æèäêîé ôàçå: 

 [SO2 (ãàç)]/[O2 (ãàç)] 2 2O SO2 /H HÜ  ≈ 5,5 
⋅
 10−5 

 (≈ 10 ppm ( 8á  ppb)), 

ãäå êîýôôèöèåíò 2 îòðàæàåò ñòåõèîìåòðèþ îêèñëå-
íèÿ SO2 (ãàç); r – ðàäèóñ ÷àñòèö; Dãàç_i è Daq_i –  
êîýôôèöèåíòû äèôôóçèè SO2 è O2 â âîçäóõå  
è â êàïåëüíîé ôàçå, ðàâíûå 0,13, 0,19 ñì2/ñ  
è ≈ 2 

⋅
 10−5 ñì2/ñ ñîîòâåòñòâåííî [36, 42]. 

Íà ðèñ. 5 ïîêàçàíî, êàê ìåíÿåòñÿ õàðàêòåðíîå 
âðåìÿ òðàíñïîðòà SO2 (ãàç) 2äèô_SO( )τ  â çàâèñèìîñòè 
îò ðÍ ñ ó÷åòîì äèôôóçèîííûõ îãðàíè÷åíèé â ãàçî-
âîé è æèäêîé ôàçàõ. Ïðè âû÷èñëåíèÿõ ïðèíèìàëè, 



 

 Î íîâîì èñòî÷íèêå ñóëüôàòîâ â àòìîñôåðå 979 
 

÷òî 
2 2 2äèô_SO äèô_aq_SO äèô_ãàç_SO1/ 1/ 1/τ = τ + τ  [43]. Äëÿ 

ñðàâíåíèÿ ïðèâîäèòñÿ âû÷èñëåííàÿ íàìè çàâèñè-
ìîñòü îò ðÍ õàðàêòåðíîãî âðåìåíè êàòàëèòè÷åñêîé 
ðåàêöèè â ðàçâåòâëåííîì ðåæèìå â ðàñ÷åòå íà ãàç: 
τõèì = [SO2 (ãàç)]/waqL

 
⋅
 103, ðàññìàòðèâàåìîãî äàëåå 

â êà÷åñòâå âðåìåíè íàðàáîòêè ñóëüôàòîâ â ÷àñòèöàõ 
â óñëîâèÿõ òîðìîæåíèÿ äèíàìèêè îêèñëåíèÿ 
SO2 (ãàç) õèìè÷åñêîé ðåàêöèåé. Ðàññ÷èòàííûå òàêèì 
îáðàçîì 

2äèô_SOτ  ðàññìàòðèâàëèñü íèæå â êà÷åñòâå 
âðåìåíè íàðàáîòêè ñóëüôàòîâ â ÷àñòèöàõ â óñëîâè-
ÿõ äèôôóçèîííîãî òîðìîæåíèÿ äèíàìèêè îêèñëå-
íèÿ SO2 (ãàç) â àòìîñôåðå. Â ðàñ÷åòàõ ïðèíèìàëè 
òàêæå r ≈ 1,5 ìêì, òàê êàê â ñîîòâåòñòâèè ñ [10]  
â äåêàáðå 2016 ã. â ÷àñòèöàõ îáíàðóæèâàëèñü ñóëü-
ôàòû èìåííî òàêèõ ðàçìåðîâ. Òîíêàÿ ñïëîøíàÿ 
ëèíèÿ íà ðèñ. 5 ïîêàçûâàåò äëèòåëüíîñòü ïðîìå-
æóòêà âðåìåíè (τ0 = 3600 ñ), â îñíîâíîì ðàçäå-
ëÿþùåãî îòáîð ïðîá ÷àñòèö äëÿ àíàëèçà. 

 

 
Ðèñ. 5. Çàâèñèìîñòè τäèô_SO2

 (÷åðíûå òðåóãîëüíèêè) è τõèì  

(áåëûå òðåóãîëüíèêè) îò ðÍ 

 
Ñðàâíèâàÿ ïîâåäåíèå êðèâûõ 

2äèô_SOτ  è τõèì 
ìîæíî óâèäåòü, ÷òî ãåòåðîôàçíîå îêèñëåíèå äèîê-
ñèäà ñåðû â êðóïíûõ ÷àñòèöàõ äûìêè â ñîîòâåòñò-
âèè ñ [40, 41] îãðàíè÷èâàåòñÿ äèíàìèêîé õèìè÷åñêîé 

ðåàêöèè â óñëîâèÿõ ýêñòðåìàëüíî íèçêîãî ñîäåðæà- 
íèÿ â íèõ âëàãè. Êàê îòìå÷àëîñü, íàáëþäàåìûå 
ïðåâðàùåíèÿ SO2 (ãàç) â ðàññìàòðèâàåìîì ýïèçîäå 
íåëüçÿ ñâÿçûâàòü ñ çàõâàòîì èç âîçäóõà ïåðîêñèäà 
âîäîðîäà, îçîíà èëè ðàäèêàëîâ ÎÍ(ãàç). Â çàíèìàå-
ìîé äûìêîé ÷àñòè àòìîñôåðû íàä Ïåêèíîì êîíöåí-
òðàöèè ýòèõ îêñèäàíòîâ SO2 (ãàç) â ðàññìàòðèâàåìîì 
ýïèçîäå ýêñòðåìàëüíî íèçêèå, ÷òî äåëàåò ðåàêöèè  
ñ èõ ó÷àñòèåì ìàëîçíà÷èìûìè [10, 11]. Íàïðèìåð, 
ñîäåðæàíèå îçîíà íå ïðåâûøàåò 1 ppb [44]. 

Íå ñëåäóåò óâÿçûâàòü êîíâåðñèþ SO2 (ãàç) → 
2Mn/Fe, O 2

4(aq)SO
−

⎯⎯⎯⎯⎯→  è ñ çàõâàòîì èç âîçäóõà äèîêñèäà 

àçîòà [44]. Âñëåäñòâèå íèçêîé ðàñòâîðèìîñòè 

NO2 (ãàç) äèíàìèêà îêèñëåíèÿ ðàñòâîðåííîãî SO2 (ãàç) 
ñ ó÷àñòèåì ðàñòâîðåííîãî NO2 îêàçûâàåòñÿ ñîïîñ-
òàâèìîé ñ ïðèâîäèâøèìèñÿ âûøå îöåíêàìè 
(≈ 0,1 ìêìîëü 

⋅
 ì−3 

⋅
 ÷−1) ëèøü ïðè ðÍ ≥ 6, ÷òî áîëåå 

÷åì íà åäèíèöó âûøå ìàêñèìàëüíîé âåëè÷èíû, ðàñ-

ñ÷èòàííîé â äàííîì ýïèçîäå ñ ïðèìåíåíèåì 
ISORROPIA-II. 

Âîïðåêè âûñîêèì êîíöåíòðàöèÿì èîíîâ ìàð-
ãàíöà â àýðîçîëå (≈ 80 íã/ì3) áûñòðóþ êîíâåðñèþ 
SO2 (ãàç) íàä Ïåêèíîì ïðè ðÍ > 4 (ñì. ðèñ. 1) íå 
ñòîèò îòîæäåñòâëÿòü è ñ öåïíî-êàòàëèòè÷åñêèì ðå-
æèìîì îêèñëåíèÿ ñ ó÷àñòèåì èîíîâ ÏÌ. Ïðè ðÍ ≥ 3 
äèíàìèêó ýòîé ðåàêöèè îãðàíè÷èâàþò ýêñòðåìàëüíî 
íèçêèå êîíöåíòðàöèè èîíîâ Fe3+ â êàïëÿõ, ÷òî âû-
çâàíî îáðàçîâàíèåì òðóäíîðàñòâîðèìîãî ñîåäèíåíèÿ 
Fe(OH)3 è ïðèâîäèò ê ñóùåñòâåííîìó ñïàäó waq  
ñ ðîñòîì ðÍ [9]. Òàê, ïðè ðÍ = 3,5 ñîäåðæà- 
íèå 3

(aq)Fe
+  â ðàñòâîðàõ íå ïðåâûøàåò 1 ìêìîëü/ë,  

à ïðè ðÍ = 4,5 – 1 íìîëü /ë, à ñêîðîñòü íàðàáîòêè  
ñóëüôàòîâ íå ïðåâûøàåò 10−4 ìêìîëü 

⋅
 ì−3 

⋅
 ÷−1 

(0,01 ìêã ⋅ ì−3
 ⋅ ÷−1). È ýòî ïðè ñîäåðæàíèè SO2 â àò-

ìîñôåðå ïðèìåðíî â 5 ðàç áóëüøåì è â áîëåå ìåë-
êèõ ÷àñòèöàõ (0,15 ìêì), ÷åì â ðàññìàòðèâàåìîì 
ýïèçîäå. 

Íàáëþäàåìûå ïî ìåðå ðîñòà ðÍ âëàãè â ÷àñòè-
öàõ èçìåíåíèÿ τõèì ðàñêðûâàþò ïðè÷èíû ðåãèñòðà-
öèè â ïåðèîä äûìêè íàä Ïåêèíîì ÷àñòèö ñ ñîäåð-
æàíèåì ñóëüôàòîâ 2

4 0[SO ]−  = 0,5 ìêìîëü/ì3
 è íèç-

êîé RH. Òàêîå èõ ñîäåðæàíèå õàðàêòåðíî äëÿ ÷àñòèö 
äûìêè â «ñóõîé» àòìîñôåðå ïðè RH, áëèçêèõ  
ê RHdeliq. Â ñóõîé àòìîñôåðå â äàííûõ óñëîâèÿõ 
íàðàáîòêà ñóëüôàòîâ â ÷àñòèöàõ ïðè ðÍ 

≤
 3,7, ò.å. íà 

ïðîòÿæåíèè âñåãî âðåìåíè íàáëþäåíèé 19.12.2016 ã., 
îïðåäåëÿåòñÿ äèíàìèêîé õèìè÷åñêîé ðåàêöèè è çà-
íèìàåò äëèòåëüíîå âðåìÿ: íàïðèìåð, ïðè ðÍ = 3,2 
äî ∼ 30 ÷ 0( )τá  (ñì. ðèñ. 5). Ïðè ïîâûøåíèè RH  
è [NH3] (20.12.2016 ã.) ïðîèñõîäÿò àêòèâàöèÿ ÷àñ-
òèö è óñêîðåíèå íàðàáîòêè ñóëüôàòîâ âñëåäñòâèå 
ïîãëîùåíèÿ èç âîçäóõà âëàãè è àììèàêà, ÷òî ñî-
ïðîâîæäàåòñÿ ðîñòîì 2

4(aq)[SO ]−  (ñì. ðèñ. 1). 
Íà ðèñ. 6 ïðåäñòàâëåíî ñðàâíåíèå ðàññ÷èòàí-

íûõ íàìè êîíöåíòðàöèé ñóëüôàòîâ â ÷àñòèöàõ  
äûìêè ([S(VI)]ðàñ÷) è ïî äàííûì ìîíèòîðèíãà 

2
èçì4(aq)([SO ] )−  [31].  

 

 
Ðèñ. 6. Ñîîòâåòñòâèå ðàññ÷èòàííûõ è èçìåðåííûõ êîíöåí-
òðàöèé ñóëüôàòîâ â ÷àñòèöàõ àòìîñôåðíîé äûìêè íàä 
Ïåêèíîì 19–21.12.2016 ã. [31]; ïðÿìàÿ – êîððåëÿöèÿ  
  ýòèõ äàííûõ ñ êîýôôèöèåíòîì, ðàâíûì åäèíèöå 
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Â ñóõîé àòìîñôåðå ïðè äåôèöèòå àììèàêà 
(ðÍ ≤ 4) ñîäåðæàíèå ñóëüôàòîâ â àýðîçîëüíûõ ÷àñ-
òèöàõ 

 2 2 0
ðàñ÷ 04(aq) 4(aq) 2(ãàç)

õèì

[SO ] [SO ] [SO ]− −

τ
= +

τ

 ìêìîëü/ì3. 

Âî âëàæíîé àòìîñôåðå è ïðè êîëè÷åñòâå NH3, äîñ-
òàòî÷íîì äëÿ ñòàáèëèçàöèè ðÍ âëàãè, íåñìîòðÿ íà 
ïðîäîëæàþùååñÿ îêèñëåíèå SO2 (ãàç), ðåàêöèÿ îáðà-
çîâàíèÿ ñóëüôàòîâ ïðîòåêàåò áûñòðî. Ñ ó÷åòîì 

0 õèì/ 1τ τ á  

 2 2
ðàñ÷ 04(aq) 4(aq) 2(ãàç)[SO ] [SO ] [SO ].− −

= + χ  

Íåñìîòðÿ íà ðàçëè÷èÿ α, ðÍ è L â ïðîöåññå 
îêèñëåíèÿ SO2 (ãàç) ïî õîäó ìîíèòîðèíãà (ñì. 
ðèñ. 1–4), ðèñ. 6 óêàçûâàåò íà ñîãëàñîâàííîñòü  
â öåëîì ðåçóëüòàòîâ ðàñ÷åòîâ 2

4 ðàñ÷[SO ]−  è äàííûõ 
ìîíèòîðèíãà 2

èçì4(aq)[SO ] ,−  ïîäòâåðæäàÿ ñóùåñòâîâà-
íèå ðàçâåòâëåííîãî ìåõàíèçìà íàðàáîòêè ñóëüôàòîâ 
â àòìîñôåðå. Ðàñõîæäåíèå ðàññ÷èòàííûõ è èçìå-
ðåííûõ âåëè÷èí 2

4(aq)[SO ]−  íå ïðåâûøàåò ∼ 50%, ÷òî 
áëèçêî ê êîëåáàíèÿì ñîäåðæàíèÿ äèîêñèäà ñåðû  
â âîçäóõå. Ñïëîøíîé ëèíèåé ïîêàçàíà âçàèìîñâÿçü 
ìåæäó 2

4 ðàñ÷[SO ]−  è 2
èçì4(aq)[SO ] ,−  îòâå÷àþùàÿ êîýô-

ôèöèåíòó êîððåëÿöèè, ðàâíîìó åäèíèöå. 

 

Çàêëþ÷åíèå 
 

Â ðàáîòå ïðèâîäÿòñÿ ðåçóëüòàòû íàøèõ ðàñ÷å-
òîâ ìàññîâîãî ñîäåðæàíèÿ ñóëüôàòîâ â ÷àñòèöàõ 
àòìîñôåðíîé äûìêè íàä Ïåêèíîì çèìîé 2016 ã.  
è èõ ñðàâíåíèå ñ äàííûìè ìîíèòîðèíãà. Ïîêàçàíî, 
÷òî îáðàçîâàíèå ñóëüôàòîâ â ÷àñòèöàõ äûìêè îñó-
ùåñòâëÿåòñÿ â ðàçâåòâëåííîì ðåæèìå êàòàëèòè÷å-
ñêîé ðåàêöèè ñ ó÷àñòèåì ïàðû èîíîâ Mn2+ è Fe3+. 
Ïðè ýòîì äèíàìèêó íàêîïëåíèÿ ñóëüôàòîâ â ÷àñòè-
öàõ îãðàíè÷èâàåò êèíåòèêà õèìè÷åñêîé ðåàêöèè,  
à íå äèôôóçèîííûå ïðîöåññû â ãàçîâîé è êîíäåí-
ñèðîâàííîé ôàçå. Äàííûå ðàñ÷åòîâ ñîäåðæàíèÿ 
ñóëüôàòîâ â ÷àñòèöàõ ñîãëàñóþòñÿ ñ ðåçóëüòàòàìè 
ìîíèòîðèíãà. Âñå âûøåñêàçàííîå äîêàçûâàåò ñóùå-
ñòâîâàíèå ðàçâåòâëåííîãî ðåæèìà îáðàçîâàíèÿ 
ñóëüôàòîâ â ãëîáàëüíîé àòìîñôåðå. Ýòîò íîâûé 
èñòî÷íèê ñóëüôàòîâ ìîæåò èãðàòü âàæíóþ ðîëü íå 
òîëüêî â òðîïîñôåðå (àýðîçîëü, îáëà÷íûå êàïëè), 
íî è â íèæíåé ñòðàòîñôåðå (â ÷àñòèöàõ ñëîÿ Þí-
ãå). Åãî íåîáõîäèìî ó÷èòûâàòü ïðè ðåøåíèè êëè-
ìàòè÷åñêèõ çàäà÷ è èíâåíòàðèçàöèè èñòî÷íèêîâ 
ñóëüôàòîâ â ãëîáàëüíîé àòìîñôåðå. 

 

Ôèíàíñèðîâàíèå. Ðàáîòà âûïîëíåíà ïðè ïîä-
äåðæêå ãîñçàäàíèÿ ÈÍÝÏÕÔ ÐÀÍ èì. Â.Ë. Òàëü- 
ðîçå (òåìà 1.1-2). 

 

Ñïèñîê ëèòåðàòóðû 
 

1. Andreae M.O., Jones C.D., Cox P.M. Strong present-
day cooling implies a hot future // Nature. 2005. 
V. 435, N 7046. P. 1187–1190. 

2. Kulmala M., Pirjola U., Mäkelä U. Stable sulphate 
clusters as a source of new atmospheric particles // Na-
ture. 2000. V. 404, N 6773. P. 66–69. 

3. Seinfeld J.H., Pandis S.N. Atmospheric Chemistry and 
Physics, from Air Pollution to Climate Change. Hobo-
ken, New Jersey, USA: John Wiley & Sons, 2016. 1152 p. 

4. Firket J. Fog along the Meuse valley // Trans. Farad. 
Soc. 1936. V. 32. P. 1192–1196. 

5. Bell M.L., Davis D.L. Reassessment of the lethal Lon-
don fog of 1952: Novel indicators of acute and chronic 
consequences of acute exposure to air pollution // Envi-
ron. Health Perspect. 2001. V. 109, N 3. P. 389–394. 

6. Ball R.J., Robinson G.D. The origin of haze in the 
central United States and its effect on solar radiation // 
J. Appl. Meteorol. 1982. V. 21, N 2. P. 171–188. 

7. Kim H., Zhang Q., Sun Y. Measurement report: Char-
acterization of severe spring haze episodes and influences 
of long-range transport in the Seoul metropolitan area in 
March 2019 // Atmos. Chem. Phys. 2020. V. 20, N 19. 
P. 11527–11550. 

8. Sirois A., Barrie L.A. Arctic lower tropospheric aerosol 
trends and composition at Alert, Canada: 1980–1995 // 
J.  Geophys.  Res.  1999.  V.  104,  N  D9.  P.  11599–11618. 

9. Barrie L.A., Hoff R.M. The oxidation rate and resi-
dence time of sulphur dioxide in the Arctic atmosphere 
// Atmos. Environ. 1984. V. 18, N 12. P. 2711–2722. 

10. Wang G.H., Zhang R.Y., Gomes M.E., Song Y., 
Zhou L., Cao J., Hu J., Tang G., Chen Zh., Li Z., 
Hu Z., Peng C., Lian C., Chen Y., Pan Y., Zhang Y., 
Sun Y., Li W., Zhu T., Tian H., Ge M. Persistent sul-
fate formation from London fog to Chinese haze // 
Proc. Natl. Acad. Sci. U.S.A. 2016. V. 113, N 48. 
P. 13630–13635. 

11. Liu T., Clegg S.L., Abbatt J.P.D. Fast oxidation of 
sulfur dioxide by hydrogen peroxide in deliquesced aero-
sol particles // Proc. Natl. Acad. Sci. U.S.A. 2020. 
V. 117, N 3. P. 1354–1359. 

12. Zhang H., Xu Y., Jia L. A chamber study of catalytic 
oxidation of SO2 by Mn2+/Fe3+ in aerosol water // At-
mos. Environ. 2021. V. 245. P. 118019. 

13. Warneck P., Mirabel P., Salmon G.A., van Eldik R., 
Winckier C., Wannowious K.J., Zetzsch C. Review  
of the activities and achievements of the EUROTRAC 
subproject HALIPP // Heterogeneous and Liquid 
Phase Processes. Berlin, Heidelberg: Springer, 1996. 
P. 7–74. 

14. Liu P., Ye C., Xue Ch,, Zhang Ch., Mu Yu., Sun X. 
Formation mechanisms of atmospheric nitrate and sul-
fate during the winter haze pollution periods in Beijing: 
Gas-phase, heterogeneous and aqueous-phase chemistry 

// Atmos. Chem. Phys. 2020. V. 20, N 7. P. 4153–4165. 
15. Zheng G.J., Duan F.K., Su H., Ma J.L., Zheng Y., 

Zheng B., Czhang Q., Huang T., Kimoto T., Chang D., 
Pőschl U., Cheng Y.F., He K.B. Exploring the severe 
winter haze in Beijing: The impact of synoptic weather, 
regional transport and heterogeneous reactions // At-
mos. Chem. Phys. 2015. V. 15, N 6. P. 2969–2983. 

16. Berglund J., Fronaeus S., Elding L.I. Kinetics and 
mechanism for manganese-catalyzed oxidation of sul-
fur(IV) by oxygen in aqueous solution // Inorg. Chem. 
1993. V. 32, N 21. P. 4527–4537. 

17. Coughanowr D.R., Krause F.E. The reaction of SO2 
and O2 in aqueous solutions of MnSO4 // Ind. Eng. 
Chem. Fund. 1965. V. 4, N 1. P. 61–66. 

18. Grgić I., Hudnik V., Bizjak M., Levec J. Aqueous S(IV) 
oxidation – I. Catalytic effects of some metal ions // 
Atmos. Environ. 1991. V. 25A, N 8. P. 1591–1597. 

19. Ibusuki T., Takeuchi K. Sulfur dioxide oxidation by 
oxygen catalyzed by mixtures of manganese (II) and 



 

 Î íîâîì èñòî÷íèêå ñóëüôàòîâ â àòìîñôåðå 981 
 

iron(III) in aqueous solutions at environmental reaction 
conditions // Atmos. Environ. 1987. V. 21, N 7. 
P. 1555–1560. 

20. Feichter J., Kjellstrom E., Rodhe H., Dentener F., Le- 
lieveld J., Roelofs G.-J. Simulation of the tropospheric 
sulfur cycle in a global climate model // Atmos. Envi-
ron. 1996. V. 30, N 10–11. P. 1693–1707. 

21. Alexander B., Park R.J., Jacob D.J., Gong S. Transi-
tion metal-catalyzed oxidation of atmospheric sulfur: 
Global implications for the sulfur budget // J. Geo-
phys. Res.: Atmos. 2009. V. 114. P. D02309. 

22. Harris E., Sinha B, van Pinxteren D., Tilgner A., 
Wadinga Fomba K., Schneider J., Roth A., Gnauk T., 
Fahlbusch B., Mertes S., Lee T., Collett J., Foley S., 
Borrmann S., Hoppe P., Herrmann H. Enhanced role of 
transition metal ion catalysis during in-cloud oxidation 
of  SO2  //  Science.  2013.  V. 340,  N 6133.  P.  727–730. 

23. Ermakov A.N., Purmal A.P. Catalysis of 2

3 3HSO /SO
− −  

oxidation by manganese ions // Kinetic. Catal. 2002. 
V. 43, N 2. P. 249–260. 

24. Yermakov A.N. On the influence of ionic strength on 
the kinetics of sulfite oxidation in the presence of 
Mn(II) // Kinetic. Catal. 2022. V. 63, N 2. P. 157–165. 

25. Åðìàêîâ À.Í., Àëîÿí À.Å., Àðóòþíÿí Â.Î. Äèíà-
ìèêà îáðàçîâàíèÿ ñóëüôàòîâ â àòìîñôåðíîé äûìêå // 
Îïòèêà àòìîñô. è îêåàíà. 2023. Ò. 36, ¹ 2. Ñ. 148–
153; Yermakov A.N., Aloyan A.E., Arutyunyan V.O. 
Dynamics of sulfate formation in atmospheric haze // 
Atmos. Ocean. Opt. 2023. V. 36, N 4. P. 394–399. 

26. Yermakov A.N. On a new mode of catalytic sulfite 
oxidation in the presence of Mn(II) and excess metal 
ions // Kinetic. Catal. 2023. V. 64, N 1. P. 74–84. 

27. Mc-Cabe J.R., Savarino J., Alexander B., Gong S., 
Thiemens M.H. Isotopic constraints on non-photoche-
mical sulfate production in the Arctic winter // Geo-
phys. Res. Lett. 2006. V. 33, N 5. P. L05810. 

28. Behra P., Sigg L. Evidence for redox cycling of iron in 
atmospheric water droplets // Nature. 1990. V. 344, 
N 6265. P. 419–421. 

29. Laj P., Fuzzi S., Facchini M.C., Lind J.A., Orsi G., 
Preiss M., Maser R., Jaeschke W., Seyffer E., He-
las G., Acker K., Wieprecht W., Möller D., Ar-
ends B.G., Möls J.J., Colvile R.N., Gallagher M.W., 
Beswick K.M., Hargreaves K.J., Stroreton-West R.L., 
Sutton M.A. Cloud processing of soluble gases // At-
mos. Environ. 1997. V. 31, N 16. P. 2589–2598. 

30. Sedlak D.L. Hoigne J., David M.M., Colvile R.N., 
Seyffer E., Acker K., Wiepercht T.W., Lindii J.A., 
Fuzz S. The cloudwater chemistry of iron and copper at 
Great Dun Fell, U.K // Atmos. Environ. 1997. V. 31, 
N 16. P. 2515–2526. 

31. Liu M., Song Y., Zhou T., Xu Z., Caiqing Y., 
Zheng M., Wu Z., Hu M., Wu Y., Zhu T. Fine par- 
ticle pH during severe haze episodes in northern  

China // Geophys. Res. Lett. 2017. V. 44, N 10. 
P. 5213–5221. 

32. Fountoukis C., Nenes A. ISORROPIA II: A computa-
tionally efficient thermodynamic equilibrium model for 
K+ – Ca2+ – Mg2+ – NH4+ – Na+ – 2

4SO
− – NO3

 – Cl− – 

H2O aerosols // Atmos. Chem. Phys. 2007. V. 7, N 17. 
P. 4639–4659. 

33. Clegg S.L., Brimblecombe P., Wexler A.S. Thermody-
namic model of the system H+ – NH4+ – 2

4SO
− – 

3NO
−  – 

H2O at tropospheric temperatures // Chem. Eur. J. 
1998. V. 102, N 12. P. 2137–2154. 

34. Berresheim H., Jaeschke W. Study of metal aerosol 
systems as a sink for atmospheric SO2 // J. Atmos. 
Chem. 1986. V. 4, N 3. P. 311. 

35. Barrie L.A., Georgii H.W. An experimental investiga-
tion of the absorption of sulphur dioxide by water drops 
containing heavy metal ions // Atmos. Environ. 1976. 
V. 10, N 9. P. 743–749. 

36. Kaplan D.J Himmelblau D.M., Kanaoka C. Oxidation 
of sulfur dioxide in aqueous ammonium sulfate aerosols 
containing manganese as a catalyst // Atmos. Environ. 
1981. V. 15, N 5. P. 763–773. 

37. Millero F.J., Hershey J.B., Johnson G., Zhang J.-Z. 
The solubility of SO2 and the 266 dissociation of H2SO3 
in NaCl solutions // J. Atmos. Chem. 1989. V. 8, N 4. 
P. 377. 

38. Herrmann H., Ervens B., Jacobi H.-W., Wolke R., No- 
wacki P., Zellner R.J. CAPRAM 2.3: A chemical aque-
ous phase radical mechanism for tropospheric chemistry 
// J. Atmos. Chem. 2000. V. 36, N 3. P. 231–284. 

39. Van Eldik R., Coichev N., Reddy K.B., Gerhard A. 
Metal ion catalyzed autoxidation of sulfur(IV)-Oxides: 
Redox cycling of metal ions induced by sulfite // 
Berichte der Bunsengesellschaft für physikalische Che-
mie. 1992. V. 96, N 3. P. 478–481. 

40. Beilke S., Gravenhorst G. Heterogeneous SO2 oxidation 
in the droplet phase // Atmos. Environ. 1978. V. 12, 
N 7. P. 231–240. 

41. Hegg D.A., Hobbs P.V. Oxidation of sulfur dioxide in 
aqueous systems with particular reference to the atmos-
phere // Atmos. Environ. 1978. V. 12. P. 241–253. 

42. Schwartz S.E., Freiberg J.E. Mass-transport limita-
tions to the rate of reaction of gases in liquid droplets: 
Application to oxidation of SO2 in aqueous solutions // 
Atmos. Environ. A. 1981. V. 15, N 7. P. 1129–1144. 

43. Jacob D.J. Chemistry of OH in remote clouds ant its 
role in the production of formic acid and peroxymono-
sulfate // J. Geophys. Res. 1986. V. 91, N D9. 
P. 9807–9826. 

44. Cheng Y., Zheng G., Wei C., Mu Q., Zheng B., 
Wang Z., Gao M., Zhang Q., He K., Carmichael G., 
Pöschl U., Su H. Reactive nitrogen chemistry in aerosol 
water as a source of sulfate during haze events in China 
// Sci. Adv. 2016. V. 2. P. e1601530. 

 

A.N. Yermakov, A.E. Aloyan, V.O. Arutyunyan, G.B. Pronchev. A new source of sulfates in the at-
mosphere. 

Monitoring data on sulfates in atmospheric haze particles over Beijing in winter 2016 are considered.  
It has been established that the source of sulfates in humidified haze particles is the catalytic oxidation of sul-
fur dioxide 2

2

Mn/Fe,O 2
4(SO SO )−⎯⎯⎯⎯⎯→  proceeding in a branched mode. Concentration conditions of this process and 

the features of its dynamics in the atmosphere are discussed. The agreement between the calculated content of 
2

4SO
− in particles and monitoring data indicates a branched mode of catalytic conversion of SO2 in the atmos-

phere – a new source of sulfates. This fast non-photochemical channel should be taken into account in inven-
tory system of sulfate sources in the global atmosphere. 

 
 


