Irreversible Aqueous Chemistry

Mark Z. Jacobson
Chapter 19 - Fundamentals of Atmospheric Modeling

OMI Annual SO2 Emissions Summary by Country
https:/lso2.gsfc.nasa.govimeasures.html

/AN means Oil and Gas, RED means Power Plant, GREEN means Smelter, and is a Volcano.




Stratospheric Sulfate Loading (Tg)

10.00

[ l|||I||
L1 IIIIII|

1.00

T IIIIIII

0.10

Sulfate loading (Tg)

I TTTTI
| IIIIIIII

o.o1.F..........................................
1980 1985 1990 1995 2\‘(000 2005 2010 2015 2020
ear
The SO, mass for all significant explosive eruptions in our database (VEI 3+) was converted to
sulfate mass in this plot using a typical SO2/sulfate mass ratio (assuming complete conversion
of SO, to sultate aerosol with composition 75 wt% H.SO, - 25 wt% H.0). To simulate the decay
of sulfate aerosol mass with time we assumed a fixed, latitude-dependent e-folding time.
https:/lso2.gsfc.nasa.govimeasures.html
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https:/lgs614-avdcl-pz.gsfc.nasa.gov/publ/datal/satellite/ Aura/lOMI/V03/L3/OMSO2m/
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Liquid Water Content [g/m3]

Gas Dissolution ~ Liquid Water Quality

Aqueous chemistry proceeds faster in cloud drops, which generally have
liquid-water contents >10° pg m™ , than in aerosol particles, which have
liquid-water contents <500 pg m™ .
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Henry’s Law — Gas Dissolution

* Over a dilute solution, the pressure exerted by a gas is proportional to the
molality of the dissolved gas in solution (Section 17.4).

* The quantity of gas over a drop surface is the saturation vapor pressure of the
gas, and the gas is in equilibrium with its dissolved phase at the
surface.

* In the absence of aqueous chemistry, only a finite amount of a gas
dissolves in a liquid drop.

* When irreversible chemistry occurs, the dissolved gas chemically reacts to
produce a product, instantaneously decreasing the molality of the dissolved
gas and more gas must dissolve into the drop to maintain saturation.



Mechanisms of Converting S(IV) to S(VI)

Why is converting S(IV) to S(VI) important?
It allows sulfuric acid to enter or form within cloud drops and aerosol
particles, increasing their acidity. Sulfuric Acid is main source of acidity
in rain water.

Mechanisms (Convert Sulfur Dioxide Gas to Dissolved Sulfuric Acid)

1. Gas-phase oxidation of SO,(g) to H,SO,(g) followed by
condensation of H,SO,(g).

2. Dissolution of SO,(g) into liquid water to form H,SO,(aq) followed
by aqueous chemical conversion of H,SO,(aq) and its dissociation
products to H,SO,(aq) and its dissociation products.

Bisulfate and Sulfate are Dissociation products of Sulfuric Acid



Gas-Phase Oxidation of S(1V)

(1) Gas-phase Oxidation of Sulfur Dioxide to Sulfuric Acid

. 1+ 01(g)
+ OH(g), M . + H2O(g) (191)
SO,(g) —» HSOs(g) P>  SO3(g) —» H,S04(g)
Sul fur Bisulfite HE) ( ) Sul fur Sulfuric Condenses -
dioxide gas 28" trioxide acid gas  Irreversible

(2) Condensation and Dissociation of Sulfuric Acid

H,SO,g) — H,SO4aq) === H" + HSO, === 2H" + SO42' (19.2)
Sul furic Aqueous Bisulfate ion Sulfate 1on
acid gas sulfuric acid

Dissociation of sulfuric acid releases two protons, decreasing pH and increasing acidity.



S(IV) Dissolution/Aqueous Oxidation

(1) Dissolution of Sulfur Dioxide

SO,(g) === SO»(aq) (19.3) Volume-limited Process

Sul fur Dissolved
dioxide gas  sulfur dioxide

(2) Dissociation of Dissolved Sulfur Dioxide
At pH of 2-7, most S(IV) dissociates to HSO;

SO,(aq) + HyO(aq) <= H,SO3(aq) === H* + HSO; === 2H' + S0;2- (19.4)

Dissolved Liquid Sul furous Hydrogen Bisulfite Hydrogen Sulfite
sul fur water acid ion ion ion ion
dioxide



Aqueous Oxidation of S(IV)

(3) Oxidation of S(IV) by Hydrogen Peroxide (H>0O)

HSO3; + H,O5(aq) + H" = S0,% + H,O(aq) + 2H" (19.5)

Bisulfite Hydrogen Sul fate
ilon peroxide (aq) ion

Lower pH (aerosols) have higher rate coefficients; however,
aerosols contain less H.O;(aq) and liquid water, therefore
less efficient reaction than cloud drops.

It [H,0,(aq)] > [S(IV)]

S(IV) is consumed within tens of minutes.

If [SOV)] > [H,0,(aq)]

H,0,(aq) is consumed within minutes.



Hydrogen Peroxide Sources/Sinks

Sinks of Hydrogen Peroxide in Liquid Water

Photolyzed H,0,(aq) + hv — 20H(aq) (19.6)
H,0,(aq) + OH(aq) —» H,0(aq) + HOx@aq (19.7)

Sources of Hydrogen Peroxide in Liquid water
HyO5(g) === H,03(aq  (19.8)

HO5@q) + O, + HyO(aq) —»  H,0,(aq) + Oy@aq) + OH"  (19.9)

Hydroperoxy Peroxy Hydrogen Hydroxide
radical ion peroxide ion



Aqueous Oxidation of S(IV)

Oxidation by Dissolved Ozone
Important when pH > 6 (Only Cloud Drops with ammonium and sodium)

Most Important SO + Osaq) = SO+ O,aq)  (19.11)

Reaction Sulfite  Dissolved Sulfate Dissolved
ion 0Zone ion oxygen

What does 19.11 do to gas phase ozone?

Oxidation by Hydroxyl Radical
Important when liquid-water content exceeds 0.2 g m™ and pH ~ 5

HSO;- + OH(aq) + Oyaq) —» SOs + H,O(aq) (19.12)

Bisulfite Peroxysulfate
1on ion



Aqueous Oxidation of S(IV)

(1) Oxidation by Dissolved Oxygen: Catalyzed by Peroxysulfate Ion (SOs-)

S(.) 5
HSO;™ + Oj@aq) — HSOs (19.13)
Bisulfite Dissolved Peroxymonosulfate
1on oxygen 1on
(2) Oxidation by the Peroxymonosulfate Ion
(19.14)

HSO; + HSOs” + HY —» 2S0,> + 3H'

Bisulfite Sul fate
10N 10n



Aqueous Oxidation of S(IV)

Oxidation by Dissolved Oxygen: Catalyzed by Fe(Ill)=Fe>*

Fe(IIT)
SO;Z +H,0(aq) + Os(aq) — S04 + H,0,aq) (1915
Sulfite 1on Sulfate 10n

Oxidation by Dissolved Oxygen: Catalyzed by Mn(II) = Mn**

Mn(1I)
HSO; +H,O(aq) + Or(aq) —> SO+ + H,O,@q) + H* (19.16)
Bisulfite ion Sulfate ion



Aqueous Oxidation of S(IV)

Formaldehyde (produced by combustion and photochemistry) Equilibrates
with Methylene Glycol

HCHO(@q) + Hy0(aq) === H,C(OH),(aq) (19.17)
Formaldehyde Methylene glycol
Oxidation by Formaldehyde (HCHO) at High pH
SO,> + HCHO(aq) —» HOCH,S0; +OH- (19-19)

Sulfite ~ Formald HMSA
1on -chyde (Hydroxymethanesulfonate)



Aqueous Oxidation of S(IV)

Dichloride Ion Equilibrates with Chlorine Atom, Ion

Cl,y, === Cl(aq) + CI (19.21)
Dichloride Chlorine Chloride
on atom on

What is a source for Chlorine Atom?

Oxidation by Dichloride Ion

HSO;~ + Cl,» + O,(aq) —P S(.)S- +92Cl- + H' (19.24)
Bisulfite Dichloride Peroxysulfate
10n ion ion

Summarizing, what does the conversion rate of S(IV) to S(VI) depend on?



Change in S(VI) content when SO,(g) dissolved and did not react (a) and did

react (b) in a cloud. H2SO4 condensed in both cases, but So2 dissolved and
reacted in the second case only. The conversion took < 10 minutes.
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PH 1L.evel of Selected Solutions
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Precipitation pH

Hydrogen ion concentration as pH of precipitation, 2002

Sites not pictured:

AKO1 5.1

AKOD3 5.0

HI99 4.6

VID1 4.8
MNational Atmospheric Deposition Program/National Trends Network B <43
http:/inadp.sws.uiuc.edu

https://www.usgs.gov/media/images/ph-rainfall-usa-2002
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Precipitation pH
Hydrogen ion concentration as pH from measurements
made at the Central Analytical Laboratory, 2005

Sites not pictured:
AKO03 5.3
viod 51

https://www.learner.org/courses/envsci/visual/visual.php?shortname=hydrogen_ion



19.3 Diffusion Within a Drop

Characteristic time (1) for aqueous diffusion in cloud drop.

Ui i — Radius of Drop (19.25)
" Dyg,q  Dagq — Diffusion Coefficient

Example 19.1: From Equation 19.25
d=30uwm ---> 1 =0.011 s

ad,q

d=10um --> 1 =0.0013 s

ad,q

Reaction times for O,(aq), NO,(aq), OH(aq), Cl(aq), SO, COy, and Cl, are
shorter than are diffusion transport times.



Diffusion Within a Drop

Time rate of change of concentration of species g in size bin i as a
function of radius during diffusion

_p. Laf 2%ir
~Paga 2 or

+ Pc,q,i,r - Lc,q,i,r (19.26)
ad,aq

Boundary Condition At drop center, ch,i, Jdr=0



19.4 Aqueous Chemistry With Growth

Aqueous reactions stiffer than gas reactions
Aqueous reactions solved in more size bins than gas reactions
Aqueous concentrations coupled to growth and equilibrium

--> Either time split aqueous chemistry from other processes with
a small splitting time step or solve aqueous chemistry together
with other processes

Change in Aerosol Composition

[Ew _ degit it] + dcgzizt) +[ deg.is (19.27)
dt dt dt dt
ge.eq,dq ge eq aq
dcC NB(dc. .
Corresponding conservation of gas equation —d‘L J;Ld Ll (19.28)
! !

1= ge



Aqueous Chemistry Families

Used for one type of numerical solution to aqueous chemistry
cSAV),i =C€S05(aq)i T CHSO3™,i T €S032",i
CS(VI),i =CH,S04(aq)i TCHSO,4 i T€S042,i
CHOj, 7,i =C€HO3(aq),i ¥ €Oy ,i
CCOy1,i =CCO,(q)i ¥ CHCO3™,i ¥ €CO3%™ i
CHCHO7,i =¢HCHO(aq);i ¥ ¢Hy C(OH), i
CHCOOH7p,i =CHCOOH(aq)i T CHCOO",i (19.29)-(19.35)

CCH3COOH 7,i =CCH3CO0H(aq)i * CCH3CO0 ", i



Growth/Aqueous Chemistry ODEs

Change in S(IV) due to aqueous chemistry (19.43)
desvi, ¢ V) o0 (ot - SEQV) CSAV ),i b
—KS(IV),i,t- h| LSO, (g)t = PSUV )L t- h o,/
dt Hy(vy,i - h
+ R S(av),i.t = Le,SAV),it
Chemical production and loss terms (19.45)
N prod ,q Nioss .q
Pgit = 2 Rempgrt  Legit= X Reny(ghi
[=1 [=1
Gas conservation equation (19.53)
dCs0, @) & CSAV),i
2 L Z k . , . , 1,1
== 2, ksav)it- n| €SO, = SSAV)ie-h 77,
dz - _ 2 (e Hy(v )i 1 |




Growth/Aqueous Chemistry ODEs

(19.44)

Dimensionless effective Henry’s constant

CSAV ),i ¢t

HSQv )i t- h :HéOz(aq),i

€S0, (aq)i,z

t 3
=myCy,jt- hR THSO, |1+
my ;. p m

Dimensionless Henry’s constant

%k
HS0 5 @q)i =myecwR THSO,

2
H',it

K1,8av) . K1, s(av)K2,sav)

h

(19.37)



Growth/Aqueous Chemistry ODEs

Ratio of S(IV) to SO,(aq) (19.38)

SAVYL |, K1,3(1v) +K1,S(IV)K2,S(IV)
= 2

€S0, (aq)i, ¢ my™ ;- p m
2 \aq i, oLy H+,i,t' A

First and second dissociation constants of S(IV) (19.39)

m 'Mm
H' HSO5~ ,ZY +/HSOg

K1,sqv) = (15.40)
mSOz(aaZ),i

my* ;mgQ ,2- iyl. H* /502"

Kosv) =

m
HSO3 ,ly +/HSO3



Chemical Loss Term

Consider aqueous reactions of family (19.46 - 7)
SAV)+ HyO5(ag)+ H™ —— S(VD+2H™ +H,0(ag)
SAV)+ HOy 7 —— SVD+ OHlag)+2H”
These represent individual aqueous reactions (19.48-52)
HSO3 +H70,G)+H™
HSO 3™ +HO; (ag)
3032 + HO»(aq)
HSO3 +0»>
S03%™ +0y”



Chemical Loss Term
and their equilibrium partitioning (19.53-4)

SO, (g )+ Hy0Gq)e HT + HSO3™ < 2H' +S032%"

HO, (ag) = HY +09y



Chemical Loss Term

Family Loss Rate (19.55)
LeSAV)it =kaCSAV )i, tCH0,,i,tCH " it + KbCS(IV )i,1CHO 5 7,i,1
Rate Coefficient for S(VI)+H,0,(aq)+H" (19.56)

ka :ka,la ,S(V)

Mole fraction of S(IV) partitioned to HSO (19.57)

my~* ;- K1 SqQv)
 FMHT - hKLsav) + KL sav K2, sav)

a1,8(v) == >
m_ ..
H ,iz-



Chemical Loss Term
Rate coefficient for S(VI)+HO,(aq) (19.58)

kp = Lkb,lal,S(IV) + kp 202 SAV )JO‘O,HOz, Tt Lkb,30€1,S(IV) + kb,40t2,s(1V)Jﬂ1,H02 T

Mole fraction of S(IV) partitioned to SO ,* (19.59)
K1sav)k2,sav)
a2.SaQv) =" N
m_+ o PIHT G KISV + K1SavHK2,sav)

Mole fraction of HO, ; partitioned to HO,(aq) and O," (19.60-1)
K1,HO, B my"* ;s p
My~ i+ h Y KLHO 7

ULHOp, 7 — UOHO, 7 =

my* ir-n +K1,HO, 7



Effect of Sparse-Matrix Reductions When
Solving Growth/Aqueous ODEs

Dissolution/chemistry of 10 gases to 16 size bins, 11 species per bin.

With Out With

Quantity ReductionsReductions
Order of matrix 186 186
Initial fill-in 34,596 1226
Final fill-in 34,596 2164
Decomp. 1 2,127,685 6333
Decomp. 2 17,205 1005
Backsub. 1 17,205 1005

Backsub. 2 17,205 973 Table 19.2



	Slide53
	Slide 2
	Slide 3
	Slide 4
	Slide405
	Slide295
	Slide 7
	Slide 8
	Slide323
	Slide383
	Slide384
	Slide385
	Slide386
	Slide387
	Slide388
	Slide389
	Slide390
	Slide406
	Slide 19
	Slide 20
	Slide 21
	Slide391
	Slide392
	Slide393
	Slide394
	Slide396
	Slide397
	Slide398
	Slide399
	Slide401
	Slide402
	Slide403
	Slide407

