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Biogeochemicky cyklus siry
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SOx - problémy kvality ovzdusi
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Sira v atmosféfe

Formy vyskytu v atmosféfe:

% S{I): H,S, (CH,),S, COS, CS, - vétsinou z pfirodnich latek

% S(IV): SO, - pfevazné antropogenni

% S(VI): SO,* aerosol - produkt transformace plynnych
slouCenin S, antropogenni zdroje, mofsky aerosol,
resuspendace povrchu

Biogenni slouceniny S:

Sulfan (H,S) - ptivodné byl povazZovan za dominantni slozku
Koncentrace nad oceany: 0,01 - 0,08 mg S.Nm-?

Chopok: 0,2 - 0,6 mg S.Nm=

Okoli nékterych chemickych technologii: > 10 mg S.Nm

t,/, = 4-5 dnt (H,S —-50,-50,%)

Research Centre for Toxic Compounds in the Environment
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Environmentalné vyznamné sloucCeniny siry
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Sira v atmosféfe — emise a transformace

organic
sulphur

organic
sulphur

Figure 1.4.4 Emissions and transformations

Research Centre for Toxic Compounds in the Environment
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Troposférické a stratosférické cykly siry

OCS hv, OH, 0 — S0, - ot
4 (1_12804 / Sulfate ]A{ A NO3 DMS
A || * Stratosphere
i i ' Troposphere
I
H,SO, / Sulfate i
‘(\ |
(03, H2 ) aq :

o)
SO,
A |
/yv OH | OH
NO;
S

OH, hv (Opaq~ !
OCS -—— (5, DMS— DMSO —MSA
BrO (Ozaq
From Chapter 2 of Scientific A t of Ozone Depletion: 2002 (WMO, 2003).
_— EMISSIONS B TRANSPORT
DU DRY AND/OR WET DEPOSITION _— = SEDIMENTATION
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Anorganické polutanty

Kovy — v pevnych Casticich
Plynné - CO, O,, S, N, CI

CO+HO — = OO+ H

H+ Oy +M — = HOO+ M
HOO+HOO — = HyOo + Oy

B0y +hy ——= 2HO

HyS+ HO® — HST — H,0

HS+0; - HO® + SO
SO+0y — S0y +0

SO+ HO = H S50y
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Sira v atmosféfe

Dimethylsulfid { (CH,),S, DMS }

Zdroje - puda, vegetace (emise je funkci T, V)

Koncentrace v pfizemni atmosféfe: 0,01 - 1,0 mg.m
Maximum - noc, pfes den rozklad reakci s OH radikalem
CH,SH, (CH,),S, - nizké koncentrace

t,/, = 1den ( (CHj;),S - SO, + CH;HSO,— SO,*> + CH,;80)

Sirouhlik (CS,)

Zdroje - vlhka puada, ocean (~ 10 ng.m™3)

Antropogenni zdroje - chemicky pramysl - vyroba viskozového
hedvabi - Bratislava - ~ 50 mg.m™>

t,/, = 12 dnit, CS, — SO, + COS

Research Centre for Toxic Compounds in the Environment
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Sira v atmosféfe

Redukované sirné slouceniny (dimethylsulfid)

Latky obsahujici redukovanou formu siry R-S-R’reaguji s radikaly

*OH a °NO.,.

Pro sulfan H,S je reakce s radikaly * OH dominantnim procesem
odstrafiovani z troposféry:

H,S + *OH — *SH + H,O
Atmosféricka doba Zivota této reakce je okolo 70 hodin.

Radikaly *SH podléhaji fadé reakci vedoucich k tvorbé SO,

Research Centre for Toxic Compounds in the Environment
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Sira v atmosféfe

Methylsulfid (CH;SH) reaguje s radikaly *OH i *NO,, coZ vede
ke vzniku radikalu CH,;S®(OH)H, jenZ se rozpada na radikal
CH,Se.

Vyslednymi produkty jsou HCHO, SO, a CH,SO;H.

Dimethylsulfid (DMS, CH;SCH,) je nejvétsim pfirodnim
pfispévkem ke globalnimu cyklu siry.

Pokud jde o rychlost reakci DMS s radikaly *OH a *NO;, je
rychlostni konstanta reakce *OH-DMS (5%10-? cm3.molekul
s pfi 298 K) &tyfikrat vétsi neZ rychlostni konstanta reakce
DMS-*NO; (dtto) (naproti tomu reakce H,S a CH,;SH s

radikaly ®*NO; jsou 6 000- a 40-krat pomalejsi neZ reakce s
radikaly *OH.

Research Centre for Toxic Compounds in the Environment 11
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Sira v atmosféfe

Doba Zivota DMS v mofské atmosféfe je vysledkem reakci
s obéma radikaly ® OH a ®*NO,; a dosahuje hodnot jeden az
nékolik dni, pfiCemz radikal ®*OH hraje vyznamnéjsi roli
v niZzsich zemépisnych Siftkach a naopak radikal *NO; je
vyznamnéjsi v chladnéjsich, tmavsich regionech.

To je také dano jednak tim, Ze ke vzniku radikali *OH je
potfeba fotolyza a tedy denni svétlo a také tim, Ze je
odstrafiovan pouze v denni dobé, coz vede k prodlouzZeni

vyskytu DMS.

Reakce DMS s radikalem *OH zacina odtrzenim atomu H nebo
adici radikalu ®*OH na atom siry v molekule DMS:
CH,SCH, + *OH — CH,SCH,* + H,O + M 5 CH,S*(OH)CH,
+ M

Research Centre for Toxic Compounds in the Environment 12
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Sira v atmosféfe

OdtrZeni atomu H je upfednostfiovano za vyssich teplot, adice
naopak za niZsich.

Pfi 298 K je odtrZeni realizovano z 80 %, pfi 285 K jsou obé cesty
pfibliZné v rovnovaze.

Radikal CH,SCH,® se chova jako alkylovy radikal:
CH,SCH,* + O, + M = CH,SCH,0,* + M
CH,SCH,0,* + NO = CH,SCH,O° + NO,

CH,SCH,O°* = CH,S* + HCHO

Research Centre for Toxic Compounds in the Environment 13
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Sira v atmosféfe

Rozklad radikalu CH,;SCH,O¢ probiha rychle.

V nizZ8ich vrstvach mofské troposféry, kde jsou koncentrace NOX
relativné nizké, reaguje radikal CH,;SCH,0,°® jednak
s radikaly HO,®, jednak s NO.

Reakce s HO,® radikaly mazZe probihat dvéma zptsoby:

CH,SCH,0,* + HO,* = CH,SCH,00H + O,

CH,SCH,0,* + HO,* = CH,SCHO + H,0 + O,

Research Centre for Toxic Compounds in the Environment 14
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Sira v atmosféfe

Radikal CH,Se® reaguje s kyslikem nasledovné:
CH,;Se + O, + M — CH,SO,* + M
CH,Se + O, = HO,* + CH,=S =>——=— COS
CH,Se radikaly mohou také reagovat s ozonem a NO.,.

Adukt CH,S*(OH)CH,; vznikajici reakci DMS s *OH radikaly,
muze reagovat s O, za vzniku dimethyl sulfoxidu (DMSO,
CH,S(O)CH,) jako hlavniho produktu:

CH,S*(OH)CH, + O, = CH,S(0)CH, + HO,*

Research Centre for Toxic Compounds in the Environment 15
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Sira v atmosféfe

Celkové schéma reakcniho mechanismu reakce DMS s * OH
radikaly je znazornéno na obrazku.

Mnoh¢ casti tohoto mechanismu jsou dosud malo znamé Ci
nejisté.

Zakladnimi stabilnimi oxida¢nimi produkty jsou DMSO, DMSO,,
MSA, SO, a H,SO,.

Uvedené reakce vedou ke vzniku SO.,.

Uvadi se, Ze napfiklad v tropickych podminkach v hrani¢ni vrstvé
v Pacifiku je vytéZzek oxidace DMS na SO, 27 — 54 %.

Tento sled reakci je také vyznamnym zdrojem karbonyl sulfidu
COS.

Research Centre for Toxic Compounds in the Environment
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Dimethylsulfid {(CH.,),S, DMS}

CH;SCH;
addition abstraction
\
OIH CH;SCH, -
CH;SCH; (o))
L] \ L]
o 1\ CH,SCH,0,+ 2 2% > CH,SCH,00H — — 7
\ v NO NO~a
DMSO 1] \ 2 CH,SCH,O Noz— -7
CESOHy) -y CH,SCH,0 - L
lOH- \z fast
: #° 0y O2
CH3§CH3 C{‘I3 SO S . CH,S Thultsieps
OH \ 3 CH3 SOz .
‘03, NO,, HO \ :
6/ \o \3 25103 # + CH;
I} ] \ CH3 SO3 l OH-
CH3SCH;| CH;SOH \
3 + HO,, H,0,, HCHOl HOSO, -
\
DMS0, CH;* O e
1l
CH;SOH| SOs; + CH;-
o) H,0
HsA
FIGURE 5.22 Mechanism for OH reaction of dimethyl sulfide (DMS).

Research Centre for Toxic Compounds in the Environment
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Dimethylsul

id {(CH,),S, DMS}

/——Aosorptlon

ORGANICS
MSA(g) /
k. S Nucleation (?)
Absorption
™~ Activation
7.0 ¢ CN
CLOUD 2 e
DMS + OH DROPLET -—— Anthropogenic
NO; S(IV)—S(VI) Aerosol from
P Evaporation/XemsRContinents (SO3)
Absorption /
SO f Growth SEA SALT
2(8 ) Absorption
N\
OH @)Condensatlon

7

H,SO04(g) —H,0, NH;
Nucleation

"IGURE 22.33 Relationship between dimethyl sulfide (DMS) emissions and CCN formation.
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Karbonylsulfid (COS)

Zdroje - biogenni procesy, sekundarni rozklad CS,

V troposféfe prakticky inertni, primérna koncentrace - ~ 1,4
mg.m™

Vyznamny rezervoar troposférické siry.

Stratosféra - rozklad slune¢nim zafenim hv > 260 nm (COS —
SO, - SO,%).

Bilance sirného cyklu - 46 mil. t:

% ocean - 36 mil. t
Y pudy - 7 mil. t
Y% antropogenni - 3 mil. t

Research Centre for Toxic Compounds in the Environment
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Karbonylsulfid (COS)

VAIUALIVUIL SLdLC

+4 SO,
A
+3 0,
¥ X SO
+1 0, HSO [
ey sy
oF
0 S HO,
OH .
-1 SH OH
HO, etc. \
=5 H,S cos - 123 | ey,

Conversions of sulphur contaihing species in the troposphere, showing
the progression towards more oxidized compounds.

Research Centre for Toxic Compounds in the Environment
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Oxid sifidity (SO,)

Hlavni indikator znecisténi ovzdusi

Zdroje - spalovaci procesy

Pfirodni procesy - vulkanicka Cinnost, lesni a prérijni poZary,
oxidacni meziprodukt transformace dvojmocnych
biogennich sirnych plyni.

Globalni antropogenni emise - 105 mil. t (2/3 ze spalovani
fosilnich paliv)

Evropa: 1980 - 28 mil. t

1990 - 22 mil. t

Nejvyssi koncentrace - pramyslové oblasti sttedni Evropy,
severovychod USA

t;,, = 4-5 dnu

Research Centre for Toxic Compounds in the Environment
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Oxid sifidity (SO,)

Lokalita (typ) SO, [mg.m™]
Mésta 20 - 100 (i vice)
Pozadi - niZiny stfedni Evropa 10 - 20
Regionalni pozadi stfedni Evropa <10
Chopok (2 000 m n.m.) 4
Evropské kontinentalni pozadi <2
Piizemni koncentrace nad oceanem <04
Stfedni a horni troposféra <0,

Objemova koncentrace SO, ve stratosféfe narusta aZ na dvojnasobek hodnot
tésné pod tropopauzou, SO, je oxidacni produkt COS, jehoZ koncentrace
nad tropopauzou s vyskou klesaji - vznik stratosférické sulfatové vrstvy

Sirany - dominujici atmosféricky anion:

%,  stfedni Evropa - 9 - 15 mg.m"?

%  Chopok - 6 mg.m™

%  ocean, volna troposféra - 3 mg.m-?

Research Centre for Toxic Compounds in the Environment
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Sira v atmosféfe

Chemismus . HZS + {0, 021 03}

S v atmosféfe \

S0, +{hv, 0, 0,, O}

0, +H,0

H,SO, + X (NH,)

|

XS0,

YS\;SVW. v
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Oxid sifidity (SO,)

Mechanismy:
Fotolyza SO,:
hv
SO, - SO,* - SO; - H,S0,
SO, + RH — R-SO;H

Reakce s radikaly:

FIGURE 6.21 Schematic of reactions in the radical oxidation chain of S(IV) by the OH
radical.

OH. + SO, (M) = H,SO, (M?i) H,SO,
Reakce v kapalné fazi:

SO, + H,O0 <— H,S0;,
H,SO,+—HSO; + H"

H,SO, + OH <— HSO; + H,0O

HSO,” <—S0O,* + H*

SO.> +1/2 0, SO

R
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Transformace SO, v atmosféfe

Mechanismus Rychlost Casova
[% za hodinu] | konstanta [dni]

1. P¥ima fotooxidace <0,04 > 100
SO, +hv - SO,*+ O, — SO, + O

2. Radikalové reakce 0,35 12
SO, + OH' — produkty < 0,04 >100
SO, + HO, — produkty <04 >11
SO, + RO, — produkty

3. Heterogenni oxidace v kapkach oblaku a srazek 7 * 103 6 * 104
S(IV) +1/20,— SO, 0,06 75
SAV)+ 0, —>S80,+ 0, 4,1 1,0
SIV) + H,0,—> SO, + H,O

4. Heterogenni katalyticka oxidace v kapkach oblakt a srazek 1,2 3,5
S(IV) + 1/20, (Mn?*, Fe**)— SO,

5. Heterogenni katalyticka oxidace (téZké kovy) na tuhych 22 0,2
Casticich 0,1 40

Popilky v dymovych vleckach

Pfirozeny aerosol

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz



Transformace SO, v atmosféfe

Dominantni reakce s OH® radikaly - pfevlada v zemich s malou
obla¢nosti a vysokymi hodnotami dennich sum slunecniho
zafeni.

Nejvétsi rychlost oxidace SO, - na povrchu popilku v dymovych
vleCkach tepelnych elektraren (prvni faze rozptylu i vice nez
20 % za hodinu).

Stfedni zemépisné Siftky - rozhodujici mechanismus vzniku
atmosférickych sirani - heterogenni oxidace SO, v kapkach
nesrazkovych oblakt - 9 z 10 oblaku je nestazkovych - po
rozplynuti jsou hlavnhim zdrojem aerosolua.

Hlavnim oxidantem SO, rozpusténého v oblacné vodé je H,O,
(tato oxidace nezavisi na pH).

Research Centre for Toxic Compounds in the Environment 2
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Transformace sloucenin siry v atmosféfe

hv, O - OH
OCS 3 = SO, 3
Tropopause
4| |7 7 10 7

Hy0,
S+ 25 S(46)
9Ls i W Bt

o/, lil;
— < OH
) Y S(+4) 12X S(+6)

| ‘ 8>

13

FIGURE 2.3 Major pathways of sulfur compounds in the atmosphere (Berresheim et al., 1995).
The paths are labeled according to the processes: (1) emission of DMS, H,S, CS,, and OCS; (2) emis-
sion of S(+4) and S(+6); (3) oxidation of DMS, H,S, and CS, by OH, and DMS, by NO; in the tro-
posphere; (4) transport of OCS into the stratosphere; (5) photolysis of OCS or reaction with O atoms
to form SO, in the stratosphere; (6) oxidation of SO, in the stratosphere; (7) transport of stratospheric
OCS, SO,, and sulfate back into the troposphere; (8) oxidation of SO, and other S(+4) products by
OH in the troposphere; (9) absorption of S(+4), mainly SO,, into hydrosols (cloud/fog/rain droplets,
moist aerosol particles); (10) liquid phase oxidation of S(+4) by H,0,(aq) in hydrosols (and by O, in
the presence of elevated levels of catalytic metal ions); (11) absorption/growth of S(+6) aerosol—
mainly sulfate—into hydrosols; (12) evaporation of cloud-water leaving residual S(+6) aerosol; (13)
deposition of OCS, S(+4), and S(+6).

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz




Koncentrace S(IV) forem v zavislosti na pH

S(lV) Fraction

FIGURE 6.8 Concentrations of S(IV) species expressed as S(IV) mole fractions. These fractions
are independent of the gas-phase SO, concentration.
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Oxid sificity

L4

V atmosféfe nejrozsifenéjsi sloucenina siry.
VLIV NA ROSTLINY:

Y% zpomaleni tvorby chlorofylu - odbarvovani listii a jehliCi a
nasledné opadavani

% sniZeni urody

% odumirani bunék a celych rostlin

e\"ERS’r
3

NSYAL.

P,
2, N
“ranpa B

<

ent Res
o(\\‘\v S@,ﬁ/ . . .
(@) Research Centre for Toxic Compounds in the Environment

Yensis©

s http:/ /recetox.muni.cz

29



file:///C:/Documents and Settings/DANA/Desktop/chem181/CarbonDioxide/CarbonDioxide.html

Oxid sificity

VLIV NA CLOVEKA:

% Drazdivy ucinek na horni cesty dychaci (kasel, ztiZeni
dechu), poskozeni oci

% Pfi velmi vysokych koncentracich tvorba tekutiny v plicich
(edém) a zhorSeni plicnich funkci a zménu plicni kapacity,

prudké otravy.

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz



Zdroje, transformace a likvidace SO,

Spalovani fosilnich paliv a zpracovani sulfidickych rud jsou
nejvétsim zdrojem siry v atmosféfe.

SO, je oxidovan na SO; reakci s O, nebo O; a nasledné s
vodou — vznika kyselina sirova, jedna ze slozZek kyselych
destu:

SO;(g) + H,O() = H,50,(aq)
Odstranovat siru z uhli a ropy je pfilis nakladné, proto se
odstrafiuje azZ SO, z emisi po spalovani

SO, se z koutovych plynt odstratiuje obvykle sorpcnimi
procesy, napt. suchou cestou s CaO nebo mokrou cestou s
Ca(OH),




Jedna z technologii odstrafiovani SO, z koufovych

plyni

Furnace
@— Water + CaO
Coal - S+0, S0,
Stack
CaCO > I CaO | tl SOZ ScrUbber ac
3
oo ooooo
Air > —> CaSO; + SOZ:I_>
(CaSO; slurry,
Y
waer oy

Dalsi oxidaci vznika CaSO,-2 H,O — tzv. energeticka sadra

Research Centre for Toxic Compounds in the Environment 32
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Dalkovy transport SO, v atmosféfe nad izemim

CSFR 1989

Germany

Long - range Transmission of 502 in 1989

Germany - East

West 14 Sl

EMEP - European Monitoring Evaluation Programme

Poland

" (1000/t/year)

/ A import " (1000/t/year)

Research Centre for Toxic Compounds in the Environment

http:/ /recetox.muni.cz



Typy stanic, reprezentativnost

(100 m)

Méstské pozad’ové
(0,5 - 5 km)

Pfedméstské pozad’ové
(5 - 10 km)

Venkovské pozad’ové (10 - 100 km)

Reglonalnl pozad’ové (stovky km)
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Vyvoj emisi SO, v CR v
90. letech

Research Centre for

htt

Pole roénich aritmetickych pramérnych koncentraci oxidu sific¢itého v letech 1990,1598 a 2000

Korsanirace [g.n >

<8 0%
§-10 065%
0-15 TN

15-20 2w/H:%
20-25 2047 %
25-30 aa%
-40 WEZN
40-50 451%
G0-60 35%
>00=IH, 32%

=

Zdraj: Cesky hydrometeorologicky Ustav




RozloZeni emisi SO, v CR

koncentrace [pg.m-3]
[ 1=8 < LAT
[ 1>8-12 (LAT,UAT>
0> 12-20 (UAT.LV>
B > 20 > LV

klasifikace stanic
A venkovska

Research Centre for Toxic Compounds in the Environment
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Oxid sifidity — SO,

B 1A1a - Vefejna energetika a vyroba tepla mémé emise [t.kmZ rok 1]
B 1A4bi - Lokalni vytapéni domacnosti 7505

B 1A2c - Spalovaci procesy v primyslu a stavebnictvi: Chemicky pramys| — e [1]-_%‘1

B 1A%a - Spalovaci procesy v primyslu a stavebnictvi: Zelezo a ocel = =510 i
B 1Adai - Sluzhy | instituce: Stacionami spalovaci zdroje & > 10-100 zng
B 1A1c - Zpracovani uhli (brikety, koks, zplyfiovani) & > 100-1000 10
[ 1A2f - Spalovaci procesy v pramyslu a stavebnictvi: Mineralni nekovové produkty “ >1000

1 Ostatn

|

NX‘JSVW. N

1990 l | ! ! ! I 11850
o T
1
S03 1998 | 1438
2000 J 225
2002 | 228
2004 | 219
2006 | 211
2007 | 217
5008 ——177
2000 1175
S0 F—165
2011 | 1 .
2012 1157 the Environment
v i
J2 £ 3
& < § .
O % sn .
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Oxid sifigity — SO,

klasifikace stanic koncentrace [ug.m-3]

classification of stations concentration [ug.m-3]
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Figure 1.1: Development of the EMEP monitoring programme. Bars represent the number of

_ parties/countries submitting data according to the level-1 and level-2 monitoring requirements, respectively.

Lines indicate the mumber of sites for which measurements of the various variables have been measured (g) =
igaseous, (a) = aerosol, adapted from (Torseth et al., 2012).
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Figure 41. Relationships between sources and receptors of air pollution (based on Grennfelt et al. 1994).

Research Centre for Toxic Compounds in the Environment

ent Res,
& S,
S ()

S 3,
¢ S
o 2
£ o

-

.‘z" \9

%, 9
Y N2
Noduwod

http://recetox.muni.cz

42



Emisni trendy

Figure 2: Emission trends in the UNECE region
(excluding Canada and the United States)
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Figure 3: US emission trends for the main air pollutants
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Emise, EU28

Figure 2.1 Development in EU-28 emissions, 2000-2014 (% of 2000 levels): (a) 50,, NO,, NH;, PM,,, PM...
NMVOCs, CO, CH, and BC; (b) As, Cd, Ni, Pb, Hg and BaP
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Emise, EU28

Figure 2.2 Development in EU-28 emissions from main sowrce sectors of 50, NO,, NH,, PM,,, PM,.,
NMVOCs, CO, BC and CH, 2000-2014 (% of 2000 levels)
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Figure 2.3 Development in EU-28 emissions from main source sectors of As, Cd, Ni, Pb, Hg and BaP.
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Figure 33. Trends in anthropogenic emissions (million tons) of nitrogen oxides (NO,, as NO,), non-methane volatile organic compounds (nmVOC),
& 7] carbon monoxide (CO) and methane (CH,) for the world and five major regions, and the Ref-CLE (current legislation scenario for air pollution), Clim-
o ( CLE (current legislation scenario for air pollution including climate mitigation measures) and Ref-MTFR (maximum technically feasible reduction
"2 \] scenario for air pollution) scenarios. The first scenario year is 2015 (Amann et al., 2013).
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