Part 2a
Liquid phase chemistry: Basic reactions



Typical Atmospheric Aerosol Compositions
IN micro g per m3

» Marine
o Electrolytes: Na+ (2.91), K+ (0.11), NH4+ (0.16), Ca2+ (0.17), Mg2+ (0.40)
S042- (2.58), NO3- (0.05), CI- (4.63), Br- (0.015), I- (?), MSA (0.12)
o Mineral compounds: Fe203 (0.07)

o Organic compounds: neutral aliphatic (0.16) and aromatic compounds (0.20),
organic acids (0.23) and bases (0.03)

» Continental
o Electrolytes: Na+ (0.08), K+ (0.12), NH4+ (0.16), Ca2+ (0.30), Mg2+ (0.25)
S042- (4.90), NO3- (1.35), CI- (0.14), Br- (<0.01)
o Mineral components: SiO2 (1.25), Al203 (0.39), Fe203 (0.37), CaO (0.18)

o Organic compounds: neutral aliphatic and aromatic compounds,
organic acids and bases
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Chemical Composition of Liquid Water in Clouds

» Material from the condensation nuclel.
» Dissolution of gasses from the surrounding air.
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Basic chemistry of CH4 oxidation induced by HO radicals

Gas Phase Gas-Liquid Exchange Aqueous Phase

NO2+hv — NO + O(3P)
O(3P) +02+M — 03 + M | < > 03
NO + 03 — NO2 + 02

03 + hv — O(1D)
O(1D) + H20 — 2HO

Major HO sd@

03 + hv — O(1D) + 02
O(1D)+ M — O(3P) + M :
O(1D) + H20 — 2HO Chemistry

HO + 03 — HO2 + 02 |@ainly dgveab

HO2 + O3 - HO + 202

HO2 — H+ + O2-
02-+ 03 — 03- + 02
H+ + O3- - HO + 02

HCHO + H20 — CH2(OH)2
HO + CH2(OH)2 — H20 + CH(OH)2
CH(OH)2 + 02 — HCOOH + HO2
HO + HCOO- — H20 CO2-

CO2- + 02 — CO2 + O2-

HO + HCO3- — H20 + CO3-

02 + CO3- »HCO3- + 02

HO + CH4 — CH3 + H20
CH3 + 02 — CH302

CH302 + NO — CH30 + NO2
CH30 + 02 —» HCHO + HO2
<€ > HCHC

HCHO + hv — CO + H2
HCHO + hv — HCO + H e
HCO + 02 — CO + HO2 g SOIUDIITY

H202 + HO — H20 + HO2
HO2 + HO2 — H202 + O2
HO+CO - CO2 +H < > H20 HO2 + 02- + H+ — H202 + 02
H+02+M —- HO2+M H202 + hv — 2HO
HO2 + HO2 — H202 + 02
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Nitrogen chemistry

Gas Phase Gas-Liquid Exchange Aqueous Phase

HONO — NO2- + H+
NO2- + O3 —» NO3-+ 02
HONO + hv — NO + HO
NO2- + hv + H+— NO + HO
NO2- + HO —» HO- + NO2

O(3P)+02+M — O3 + M| € >HONQ
HONO + hv — NO + HO

relative low solubi

O3 + NO — NO2 + 02 < > NO NO2- + NO2 — N204

N204 + H20 — HNO2 + NO3- + H+

HO + NO2 —» HNO3 < > HNO3

HNO3 — H+ + NO3-
NO3- + hv + H+ —» NO2 + HO-
high solubility
HNO4 — H+ + NO4-
NO4- —» NO2- + O2-
HNO4 + HSO3- —» NO3- + SO42- + H+

HO2 + NO2 —~ HNO4 <€ > HNO

03 + NO2 — NO3 + 02 | > NO
NO3 + hv — NO3 + 02

NO3 + Cl- - NO3- + ClI
NO3 + HSO3- — NO3- + SO3- + H+

NO3 + NO2 —~ N205 <€ > N205 N205 + H20 — 2H+ + 2NO3-
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Sulphur chemistry

Gas Phase Gas-Liquid Exchange Aqueous Phase

SO2 + H20 <~ HSO3- + H+
O3 + HSO3- — HSO4- + 02
03 + SO3- — S042- + 02

03 + S032- — S042- + 02

€ > CH3S02
DMS + HO — ..... —» SO2

€ > CH3S03
S0O2 + HO — SO3 + HO2

H202 + HSO3- —» HSO4- + CH3OH
HSO5- + HSO3- — 2HSO4-

HNO4 + HSO3- —» HSO4- + NO3- + H+
HNO3 + HSO3- — HSO4- + HONO

S0O3 + H20 — H2S04

SO5- + SO32- — S042- + SO4-
SO5- + SO5- — 2S04- + 02

CH3SO2H <> CH3S02- + H+ 7
CH3SO2H <> CH3S02- + H+?
H2S04 — HSO4- + H+
HSO4- <> SO42- + H+
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Chemistry of transition metals

Aqueous Phase

Me = Fe or Mn
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Gas—phase DMS mch. for Atm. Modelling
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Halogens and sea salt particles
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CAPRAM2.3
Highlights

> A detailed treatment of the oxidation of organic
compounds with one and two carbon atoms.

> an explicit description of S(IV)-oxidation by radicals and
iron(lll), as well as by peroxides and ozone.

> the reactions of HO, NO3, CI2-, Br2-, and CO3- radicals,
as well as reactions of the transition metal ions iron,
manganese and copper.
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CAPRAM2.4
Highlights

> Based on the former version CAPRAM2.3.
> Extended organic and transition metal chemistry.

> |s formulated more explicitly based on a critical review
of the literature.

> A condensed version (183 reactions) has also been
developed to allow the use of CAPRAM 2.4 in larger
scale models.
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CAPRAMS3.0
Highlights

> Incorporates the former version CAPRAM 2.4.

> A new extended reaction mechanism for
atmospherically important hydrocarbons containing
more than two and up to six carbon atoms. The
chemistry of several organic compounds containing
three and four carbon atoms is now described in detail.
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Most detailed liguid phase chemical mechanism for
cloud and aerosol modelling

» Chemical Agueous Phase RAdical Mechanism (CAPRAM)
Herman et et.

« CAPRAMZ2.3:
agueous- photolysis aqueous- heterogeneous aqueous-
phase species | reactions phase reac. equili. phase equili.
70 6 199 34 31
« CAPRAM2.4:
‘ 153 ‘ 11 ‘ 324 ‘ 34 ‘ 57 ‘
« CAPRAMS3.O:

‘ 164 ‘ 12 ‘ 686 ‘ 36 ‘ 97




Part 2.B
Liquid phase chemistry:

numerical problems to solve



Heterogeneous Chemistry
Interaction between gas-phase species and particles involves

» gas-phase species «——— agueous particles
> gas-phase species —_ solid particle

> gas-phase species ¢ » lon-equilibrium
> aqueus species < » lon-equilibrium
> aqueus species < > solid
> lon < » lon-equilibrium
» solid p y lon-equilibrium
» solid p » solid

58



Solid

No diffusion

Diffusion into the bulk of the solid is
assumed to be too slow to effect the
concentration at the surface; thus the
reaction is confined to the surface.

Liquid

/

Diffusion
Reactign

In the liquid, is it assumed that the
reaction takes place after the molecule
has been incorporated into the bulk of the
liquid.
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Reactions

<

GAS-PHASE

Diffusion

Condensation}

<

Evaporation




Chemical Equilibrium, Example

Reac. 1: HCIgl — H* + CI

Reac. 2: HSO,” = H*+ SO,*

Assumption Considered in General:
Gasses are considered to have ideal behaviour
Liquids and Solids are considered to have real behaviour
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Ideal — Real Mixtures

Gasses:
—T 1 r 1 t 1T 7T f= op(/p°)
Partial f: fugacity
Pressure [ ] ¢: fugacity coefficient
0
— P, Ing= [(PVNRT-1)pdp
0

Raoult’s law

¢—1 as p—0

Mixtures, solvent:

L Ideal solution . * a=plp* >a=yx

0 (K o y—1 as x—1
P, ) L -
L . .7 Real solution - Mixtures, solute:
.-‘f‘."'_, i a=pIK_)a=Yx
- , P-4 — y—1 as x—0
s s Py I .
] M ™
Pl N -
A A I I I | |
0.0 0.2 0.4 0.6 0.8
Pure B x,

Henry’s law




lonic strength and activity in solutions

e calculation of the ionic strength in the solution,

e calculation of the activity coefficients in the solution, different
methods

Bromley method : Bromley (AlICh J. 1973, 19, 313) and Saxena
and Peterson (J. Colloid Interface Sci. 1981, 79, 496)

Kusik and Meissner method : Kusik and Meissner (AIChE Symp.
Ser. 1978, 173, 14)

Pitzer method Pitzer and Kim (J. Am. Chem. Soc. 1974, 96,
5701) and Pitzer (Pure Appl. Chem. 1986, 58, 1599)



Equations to solve — Equilibrium expressions:

9
mH+~f'ffmflf_f'if#:"H+.f__'f_.f'f; =5 1
= K

PHCl,eq

~ 3
mHJri'ffm.S'{.?i_ 9H+. n,(}i— eq -
i — j-lf't‘,r.f

Muso; e VH+ HSOT eq

m; ... molality of species : alone In the solution (mole/kg) at equilib-
rium.

Vi+ - eq- Mean mixed activity coefficient at equilibrium.
Picq- Saturation vapor pressure of gas I at equilibrium.
lql' Henry coefficient for reac. 1.

K., 2: lon-lon equilibrium coefficient for reac. 2.



Equations to solve — Mass balance constraints:

("'Hﬂ_'fI:§; 1,eq + Corl— £ = ( FH{-T[‘i;].T:[] + Col— =0

CHSOL (g)eq T €503 eq = CHSO (9)4=0 T €502 1=0

Equations to solve — Charge balance equation:

P S D e —
CCl=eq T ¢ HSOJ (g).eq T 2« SOF eq = CH*eq

{

Ci(q).cq- Mole concentration of gas (mole/cm?) at equilibrium.
¢;..q. Mole concentration of species : in the liquid (mole/cm*) at equi-
librium.

Ciq).+=0- the Initial mole concentration of gas « (mole/cm?).

;. +—o. the initial mole concentration of species i in the liquid (mole/cm?).



Equations to solve — Charge balance equation:
The solution of the above equations requires not only the aerosol

sulphate and aerosol chloride, but also the amount of water in the
aerosol phase.

The particle liquid water content (C',, ) Is given by:

i} 1000 CHY Cl— m CH+ HSO—4.m riﬂH"‘.SUE_.m
( w,edq — - + ) + %

(34)
My \Mptci-a  Mp+ gsora  Mop+ 502

m.,. mole weight of water

m; ;.. the molarity of the species alone (determined from empirical
functions) M; ia = Ti=0Yi Qo

water activity: a, =

c;.;.m. hypothetical mole concentrations of the electrolyte pairs, con-

strained by



Hypothetical mole concentrations of the electrolyte pair

1’”;'T-f‘|‘.r¢l_a — CH+ Cl—m CH+ HSO—4.m 1FHEH‘"..“_:.n'{.'J"f_.m

COl=eq — CHT.Cl= m
CHSO-4.eq — CHT HSO—4,m

CSO%T" eq = “2HT SO1 m



Total number of equations to solve for a problem considered of two
equilibriums

two equilibrium equations,
two mass balance equations,
the water equation, and

the activity coefficients.



Non-equilibrium between gas and particle described by Schwartz:

Rate of mass transport for a gas-phase species A:

dC,) _ k. Kt
a0 ) | m“r“PTﬁw

dei o ki

dr vint,e 1 g) ”.r’“.ﬂfﬂ‘f.ﬂ,_;rg |
C;,)- mole concentration of gas i (mole/cm”).
k, ... mass transfer rate (s—'). T
m.,. mole weight of water. The liquid phase
... liquid water content. equilibrium problem

kegio Henry's coefficient.
;> mole concentration of species i in the liquid (mole/cm?).



Non-equilibrium between gas and particle the resistance method
(Ravishanhara, and Williams and Tolbert)

The uptake coefficient is given by
L S S 1
H - ]-—‘_«:,.' k ]-—‘Ht::'f —+ ]-—‘.r'.r'.'.'
The gas transport coefficient

1 c d

r:—'.l' 8 ‘D:-'.l'

The solubility limited uptake coefficient:

bo| =

]-—‘,H-c:ni' —

AHRT I\ Y2
T 1/2 ( + )

Reactive uptake coefficient:
- 4HI?T{

c

r Dk, )7

L =

ﬁ: accommodation coefficient.

<. mean molecular speed.

d: sphere diameter.

D, gas phase diffusion coefficient.

;. liquid phase diffusion coefficient.

H: Henry’'s law coefficient.

k,.... reaction rate of the dissolved gas in the condensed phase



Method for solving equilibrium reactions (Mass-Flux Iteration (MFI) method)

Consider:

vpl) + vplE = e A + vpB

LS W W

gasses liquids

Iteration loop:

L

Step 1: . a CENT i} . {Cano CBoO
(), = min L - ) (), = min L . )
‘D VR Yy bR .

Step2:  z; = LA+ ¢, ) and Axry = )y — 2,



Method for solving equilibrium reactions (MFI method), cont.

Step 3:
calrl = cag+ vadry cppp = cpg + vpdar
Chbl = €Og — VDAL CElp = CE] — VRAD
Step 4:
14 4 ' 1 g .
MM Tk L
|-"|:| |-"E - ’ "
PO PE i ﬁeq[TJ
Analyze: - 1 fi'l-T.!+1 = —z. o "
. O 10 Sstiep ste
F=4{ <1 — Amry = -I-S'J.!+1g PSP
=1 — convergence  stop



Example NHAHSO4 — NH4+ + HSO4- & HSO4- — H+ + SO42-

107 ¢ . : : .
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Figure 1: Concentrations as a function of radius



Most detailed liguid phase chemical database for
cloud and aerosol modelling

» Chemical Agueous Phase RAdical Mechanism (CAPRAM)
Herman et et.

« CAPRAMZ2.3:
agueous- photolysis aqueous- heterogeneous aqueous-
phase species | reactions phase reac. equili. phase equili.
70 6 199 34 31
« CAPRAM2.4:
‘ 153 ‘ 11 ‘ 324 ‘ 34 ‘ 57 ‘
« CAPRAMS3.O:

‘ 164 ‘ 12 l 686 ' 36 i 97
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Air Pollutants Thresholds

Threshold Av. per. Effects on humans
O, Forringet lungefunktion, hoste, brystsmer-
Population information 180 pg/m®> 1 h./max. ter, andedratsbesvaer, hovedpine og gjen-
Population warning 240 ug/m® 1 hJmax. 3 h, | Iritation.
SO, 350 pg/m®* 1 h./24 times | Forringet lungefunktion, &ndedraetsbe-
125 pg/m® 24 h. svaer og i sidste instans forgget dedelig-
Population information 350 ug/m® 1 hJmax. hed.
NO, Nedsat lungefunktion og andened. @ger
Population information 350 pg/m® 1 hJmax. luftvejenes folsomhed ex. ager infektioner.
CcO Optages i blodet og ha2mmer blodets tran-
10 mg/m® 8 hours sport af ilt. Kan derfor have skadelig effekt
pa hjerne, hjerte, fosters udvikling etc.
Particular Matter: PM10 50 pg/m® 24 hs/35 times | Luftvejslidelser- og hjerte-karsygdomme.
40 pg/m®  yearly
Benzene 5 pg/m? yearly Kraeftfremkaldende
Pb 0.5 pg/m® yearly/max. Nerveskadende stof. Nedsat intelligens,
nedsat koncentration og hyperaktivitet.

Red from the Danish Smog and ozoneberedskabet Green from EU 76




Number of months air
pollutants reduce the life of —>
an European on the average

H;'ﬂml”-l-l:l

=
=
=
C_J
=l
=

On the average air pollu-
tants reduce nine months of
an European’s life.




Air pollution systems at DMI

Aerosol Chemical Solvers

Approaches: Gas Phase

Aqueous phase
Chemical equil. ECMWF

. ; ———————————— T ————
Climate Modeling Met. Models 1

Normal distribution,
Bin approach

sl R

Physics:
. Condensation

e Evaporation

/ DMI-HIRLAM

: Er:j\éf:;?on Eulerian trans-
5 Al port 0.2-0.05 Stochastic
. eposition i
:  Cconoulation lat-lon, 25-40 Lagrangian
g vert. layer, transport,
3-D regional 3-D regional
scale scale

Tropo. Trans. Mocgls

On-Line Chemical
Aerosol Trans.
EnviroHIRLAM

Off-Line Chemical
Aerosol Trans.
CAC

Emergency Pre-
parednes & Risk Assess-
ment. DERMA

Regional (European) to city scale Regional (European) to city scale Nuclear, veterinary and
air pollution: particles, smog and air pollution: particles, smog and chemical.
ozone. ozone, and pollen. 78



Enviro-HIRLAM, Status

Chemistry
»Gas phase chemistry, 17 chemical species, 28 chemical reactions and 1 operator
reaction. The mechanism covers:
=urban plume chemistry (14 reactions)
=Sulphur/DMS chemistry (4 reactions)
*Biogenic chemistry (5 reactions)

»Liquid phase chemistry:
=4 gas/liquid phase equilibriums
=9 liquid/liquid phase equilibriums

Aerosol physics

»Modal description (three modes: nucleation, accumulation, coarse):
"Physics — Condensation, Evaporation, Emission, Nucleation, Deposition and
Coagulation

Feedbacks

»First and second indirect effect, and direct effect
79



Enviro-HIRLAM, June 29-30 -2005
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HO after 36 hour
June 30, 2005

Sulphate aerosols
after 24 hours
June 30, 2005




Wednesday 2 July 2008 00UTC GEMS-RAQ Forecast t+000 VT: Wednesday 2 July 2008 00UTC
Model: CAC Height level: Surface Parameter: Ozone [ pg/m3 ]
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Wednesday 2 July 2008 00UTC GEMS-RAQ Forecast t+000 VT: Wednesday 2 July 2008 00UTC
Model: CAC Height level: Surface Parameter: Nitrogen Dioxide [ pg/m3 ]
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