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. De bewering van Raes (1885), dat de snelheid van ozon afbraask aan de

wand van een glazen reactievat bepaald wordt door diffusie, 1s onjuist,

gezien de metingen van Van de Vate (1977) en die in dit proefschrirt.

Raes, F., 1985, De omzetting van 502 tot HpS04-aerosol door ultravioclet
licht en gammastraling, Proefschrift, Rijksuniversiteit Gent, blz.
46-47.

Van de Vate, J.F., 1977, Verslag van milieu-hygiénisch onderzoek in het
tweede halfjaar 1976, ECK-77-008, Petten, blz. 11-13.

Dit proefschrift.

. In de door Peters en Carmichael (1982) uitgevoerde modelberekeningen

wordt ten onrechte verondersteld, dat de opnamesnelheid van NOp in
wolken beschreven kan worden met de gas diffusiesnelheid van NOp naar de

wolkendruppels.

Peters, L.K., and Carmichael, G.R., 1982, Modeling of transport and che-
mical processes that affect reglonal and global distributions of trace
species in the troposphere, In : S.E. Schwarz (Ed.) 'Trace atmospheric

constituents', Wiley, New York, pp. 493-3538.

. De suggestie van Finlayson-Pitts (19883), dat de reactie tussen KOy en

NaCl-aerosel bij kan dragen tot nitraatvorming in de atmosfeer, blijkt

niet uit haar experimenten.

;

Finlayson-Pitts, B.J., 1983, Reaction of NOp with NaCl and atmospheric
implications for NOCl formation, Nature, 306, 676-677.

. De methode, waarmee Martin et al. (1981) de invloed van NOy op de oxida-

tie van S0; in de waterfase bepalen, is foutief.

Martin, L.B., Damschen, D.E., and Judeikis, H.S., 1981, The reactions of
nitrogen oxides with S0 in agueous aerosols, Atmos. Environ., 13,
191-195.

. Voor een juist begrip van het atmosfeer chemisch gedrag van N305 is het

noodzakelijk, dat het verloop van de NyOg concentratie gedurende de

nacht onder verschillende atmosferische omstandigheden bepaald wordt.
Bl.:

LANDY "o L nom
VAGENINGEN
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. De garantie, dat een NOy monitor met een meetprincipe, gebaseerd op che-

miluminescentie, probleemloos gebruikt kan worden in situaties met
wisselende relatieve vochtigheld, is aan twijfel onderhevig. Meestal is
de door de fabrikant verstrekte handleiding op dit punt ontoereikend
danwel misleidend.

. De inadembare fractie van het atmosferische stof wordt vaak tem onrechte

aangeduid als de gezondheidsrelevante fractie.

ISO/TR 7708 Air quality - Particle size fraction definitions for health-
related sampling.

. Bij de analyse van het zogenaamde 'sick building syndrome' wordt in

taenemende mate de vervuiling van de binnenlucht gekarakteriseerd. Het
verdient aanbeveling am daarbij weer aandacht te besteden aan chemische
omzettingen in de binnenluchtatmosfeer,

. Europees milieubeleid : 'L'enfer, c'est les Autres'. (Sartre, 1947)

Sartre, J-P., 1947, "Huis clos', Editions Gallimard, blz. 92.

De algemeen verbreide opvatting, dat Albert Einstein een beslissende
rol speelde in de ontwikkeling van de atoombom, is in strijd met de
historische feiten.

De promovendus mag bij de traditionele bedankronde in zijn proefschrift

zijn echtgenote of samenwonende partner niet onvermeld laten.

Stellingen, behorende bij het proefschrift :

"On the atmospheric chemistry of KOp-0O3 systems; a laboratory study”

Pieter Verhees, Wageningen, 17 december 1986.
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Chapter 1.

GENERAL INTRODUCTION

1.1. AIR POLLUTION AND ATMOSPHERIC CHEMISTRY

Atmospheric chemical processes play an essential role in a great number
of air pollution problems, e.g. acid deposition, photochemical air pollu-
tion and the increase of the tropespheric ozone concentration at the middle
latitudes of the Northern hemisphere caused by the increase of global
emissions of CO and CHy.

The general structure of an air pollution problem is schematically pre-

sented in Figure 1.

EMISSION TRANSPORT IMMISSION
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ACTIVITIES CHEMISTRY DEPOSITIO

EFFECTS

FIGURE 1. Schematic presentation of an air pollution problem
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After their emission, mostly by anthropogenic sources, air pollutants
are transported in the atmosphere, During transport the air pollutants are
exposed to several physical and chemical processes, e.g. the chemical for-
mation of new atmaspheric constituents, the so-called secondary air pollu-
tion. Air pollution is removed from the atmosphere by deposition processes,
either direct uptake by a receiving environment or deposition via
atmospheric precipitation. The final result of all these processes is the
immission, which can be considered as the supply of air pollution on effect
level, 1.e. the distribution pattern of air pollutants in space and time.
This pattern varies extensively, since it depends on emission charac-
teristics and meteorological variables. The immissjon sitwation and the
deposition processes can cause a great number of deleteriocus effects, thus

typifying air pollution as an environmental problem.

Acid deposition i8 currently one of the most serious environmental
problems. The combustion of fossil fuel involves the emission of the acid
oxides 50z and NOy. These species can be converted in sulfuric and nitric
acld respectively by gas and aqueous phase chemical reactions. The deposi-
tion of all these acid substances cause a great number of effects. Well
established is the acidification of many lakes accompanied with their
biological exhaustion. The recent forest dieback is believed to be partly
caused by either direct acid deposition or indirect via soil acidification.
Another alarming effect is the deterioration of materials, e.g. the degrada-
tion of centuries old monuments. This is only a brief description of acid
deposition, which lacks the detail that can be found in the numerous publi-
cations available on this subject. An entry in the scientific literature
can be found in Beilke and Elshout (1983}, Bubenick et al. (1983), or (in
Dutch) Adema and van Ham (1983). A popular description of the problem is
given 1n "Acidification, today and tomorrow" (Swedish Ministry of
Agriculture, 1882) or (in Dutch) "Zure Regen” (VROM, 1985).

The photochemical air pollution occurs under certain meteorological cir-
cumstances after emission of NOy and hydrocarbons. A complex system of
(photo)chemistry causes an immission characterized by an increased level
of the ozone concentration and formation of harmful products such as for-
maldehyde, peroxyacetyl nitrate (PAN) or organic aerosol particles. This

immission situation can cause a number of health effects, damage vegeta-




-3~

tion and reduce visibility because of the aerosol formation. The litera-
ture on this subject is recently reviewed by Besemer et al. (1984).

The recent awareness of the increase in ozone concentration at the
middle latitudes of the Northern hemisphere is an aiyr pollution problem in
which atmospheric chemistry plays a key-role. In a NOy rich environment the
oxidation of atmospheric CO and CHy leads to the formation of 03. The
emissions of €O and CH4 increase annually, mainly because of activities in
the tropics such as biomass burning (CO) and rice production (CHgq). The
increased Oy level may cause health effects. Ozone dawages vegatation, thus
its increased concentration level is considered to be one of the causes of
the forest dieback. Recently, a survey on this subject is given by Crutzen
(198%).

As indicated by the above-mentioned examples, air pollution phencmena
are strongly coupled to atmospheric chemistry. The subject of this thesis,
the NO3-03 system, is particularly impertant, since it forms an essential
part of any atmospheric chemical system. In recent years it has becoame
recognized that NO» and O3 play a pivotal role in air pollution problems,
such as acid deposition and the production aof photochemical oxidants. In
order to determine this role, it is necessary to survey the relevant

atmospheric chemical reactions.
1.2. A BRIEF INTRODUCTION TQ ATMOSPHERIC CHEMISTRY

Atmospheric chemistry is the description of the chemical phenomena of
all the atmospheric constituents. When studying air pollution, the
atmaspheric chemistry can be restricted to the description of the chemical
processes that usually take place in the troposphere. In practice, this
involves a study of many photochemical and thermochemical processes, which
can be either homogeneous gas phase reactions or heterogeneous gas-liquid,
gas-s0lid interactions. Since the ultimate purpose is the description of
the fate of the pollutants from source to sink and a characterization of
the immission situation, a detailed knowledge of the rates and pathways of
these atmospheric chemical processes is necessary.

Generally, there are three ways to investigate the chemistry of the
atmosphere : (1) field experiments, (2) computer modelling and (3) labora-
tory studies., By field studies direct information of the distribution in
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space and time of the atmospheric constituents can be obtained. However,
this information is oniy useful when a detalled description of the origins
of the measured distribution pattern is available. Since it involves a
large number of complex atmospheric processes such a description can only
be made by computer simulation. The computer model mostly contains a chemi-
cal module, which summarizes the relevant atmospheric chemical reactions.
In practice, the chemical module is a mathematic description of the kinetic
behaviour of the included chemical species adopting a relevant set of che-
mical reactions. The proper reaction kinetic parameters are deduced from
laboratory studies. These studies are either studies of a specific
atmospheric chemical model system or a laboratory simulation of an ambient
situatien. Clearly, a thorough understanding of the chemistry of the
atmosphere can only be obtained if the different methods of investigation

are considered together.
1.2.1. The formation and concentration level of oxidants

Generally, the atmosphere can be considered as an oxidizing environment
gsince 1t contains almost 21 vol.% molecular oxygen. However, oxygen only
plays a minor role in atmospheric oxidation. The ubiquitous ozone and its
derivate the hydroxyl radical determine the oxidative power of the
atmosphere, although their atmospheric concentration 1s extremely low com-
pared with the concentration of molecular oxygen.

One of the key-species in atmospheric oxidation is the OH radical, which
1s photochemically formed. Through absorptioen of solar ultraviolet
radiation (A € 310 nm) Os photolizes with the production of an electroni-
cally excited oxygen atom 0('D).

03 + hv =+ 0p + 0('D) (R1)

The 0('D} usually relaxes to produce the ground state oxygen atom, 0{3P)

or reacts with water vapour with the formation of the OH radical.
0{'D) + HaO -+ 2 OH (R2}

Next, the OH radical reacts with CO and CH4y respectively. In the case of CO
oxidaticen, another important free radical HO; is formed according to :

CO + OH ~ C0p + H (R3)
H+0; +M ~+ HOp + M (R4)
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The HOp, radical reacts with O3 or NO depending on the amount of NO
avallable. If the ratio of the concentrations of NG to 05 is less than
2 x 1074 (Crutzen, 1985) then

HOy + O3 - 205 + OH (R3}

If the ratio exceeds 2 x 1074

HO, + NO + NO» + OH {R6)
N0z + hv - NO + O(3P) (A £ 400 nm) (RT)
Op + O(3P) + M+~ 05 + M {R8)

An M stands for any third molecule (e.g. Np, O3} required to make a recom-
binaticon reaction take place. The net result of the CO oxidation is either
an ozone destruction (R2, R4, R3) or an ozone production (R3, R4, R6, R7,
R8). The OH radical initially reacts with CO (R3), and then it 1s rege-
nerated (R5 or R6), indicating that it acts as a catalyst.

The CHy oxidation is far more complex. Again it is initiated by reaction
with OH.

CHy + OH -+ CHy + Ho0 (RO}
CHy + Op + M - CH30p + M (R10)

Subsequent chemical steps lead to the formation of formaldehyde, which can
be further oxidized to CO and subsequently COp. The net result depends on
the avallability of NO. In environments in which sufficient amounts of NO
are present, the oxidation of CH; to COp yields an average net gain of
about 3.7 O3 molecules per CHy oxidised (Crutzen, 1973). In low NO environ-
ments oxldation of CH4 to COp leads, on the average, to a net loss of about
1.7 05 molecules.

The chemical pathway has to be extended if sufficient organic species are
present. Some other formation routes for the OH radical become important
{e.g. photolysis of aldehydes (Calvert and Stockwell, 1983)). Moreover,
reaction sequences Initiated by reaction of OH with a hydrocarbon take
place. Provided sufficient NO is available, the nat result of these reac-
tion sequences is given by {(R11). Once more, NOp is formed and the OH radi-
cal is conserved.

(03)
hydrocarbon + OH + 2 NO -~ products + OH + 2NOp (R11)
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The most important hydrocarbons are alkenes and aromatics. These hydrocar-
bons are converted into products such as ketones and aldehydes, which them-
selves are photolized or react with OH. Of special importance is the reac-

tion acetaldehyde to form peroxyacetyl nitrate (PAN)

CH3CHO + OH - Hz0 + CH3CO {(R12)
CHaCO + Oy -~ CH3C00; (R13)
CH3C005 + NOg - CH3 -~ C -0 -0 - NOy (R14)
1
0
(PAN)

Several termination reactions are known which result in a loss of OH.
Mutual reactions of radicals and reactions of these radicals with the 'odd
electron' NO; (e.g. R14) lead to a large spectrum of organic (nitrogeneous)
compounds, although most of these compounds are unstable. The most impor-
tant termination reactions, resulting in the formation of relative stable

watersoluble products, are :

HO, + HO5 + Ha0p + 0z (R15)
CH302 + HOp - CHaCOOH + Dg (R16)
NOa + OH + M - HNOj + M {R1T)

These products are readily removed by precipitation. The PAN formation
according to the reaction sequence (Ri2) to (R14) {s an important ter-
mination mechanism of both OH and NO,. Another sink for OH radicals may be
the heterogeneous process of radical scavenging.

The above-mentioned chemistry disturbs the photochemical equilibrium
formed by the reactions :

NOg + ho -~ NO + 0 (%P) (R7)
0(F) + 03 + M -~ D3 +M (R8)
04 + NO -~ NOp + Op (R18)

Since NO is converted in NOpz by the CO oxidation and processes as sum-
marized by (R11), less NO is availlable to react with 03. This disturbance
of the photostationary state leads to an increase of the O3 concentration,
Especially during episades of photachemical air pollution the 05 con-
centration can be extremely high.




It will be obvious that the concentration level of the important oxidant
species (Og, HOp, OH) will vary in place and time to a large extent. Due to
the photochemistry there will be a pronounced diurnal and seasonal
variation. The OH radical concentration (cgy) is poorly defined, both by
experiment and by model studies. Until now there are no reliable methods of
mreasurement for OH, nor there is sufficient detailed knowledge to calculate
the DH concentration. In a recent review Hewitt and Harrison (1985) report
a global annual mean of coy : {0.5 - 1.0) x 10* molecule/cm®. In this review
both atmospheric measurements and computer simulations are considered.
The diurnal variation depends on the actual chemical sitvation, but a
general feature is the absence of OH during the night. Atmospheric measure-
ment shows, that ¢oy is below the detection limit during the night (e.g.
Davis et al., 1982), model studies predict a night-time cgyg of zero (Logan
et al., 1981). The seascnal variation is also not thoroughly quantified,
Hewitt and Harrison (1985) suggest that the asummer concentrations are 3 - 4
times higher than those in winter.

The HO» concentration has been calculated to be two orders of magnitude
higher than the OH concentration (Logan et al., 1981; Weinstock et al.,
1980}. Atmospheric measurements of Cho, are not available. The diurnal and
seasonal varlation is likely to be similar to that of OH.

Ozone is present in the troposphere with an average molecular mixing
ratio of about 10 to 40 ppb (1 ppb = 1 part per billion = 2.5 x i0'° mole-
cule/cm?; at 298 K, 1 atm). In Europe the tropespheric cog levels are
increasing; in Bavaria, West-Germany, a €0y increasing rate of 4 % per vear
has been measured (Attmanspacher et al., 1984). Extreme high 03 con-
centrations can be observed during episodes of photochemical air pollution:

003 levels of 200 ppb are not uncommon.

1.2.2. Atmospheric 803 chemistry

The role of the oxidants can be illustrated by the oxidation of 803,
which has received considerable attention. The conversion of 802 into
sulfate is of great importance in atmospheric chemistry, especlally in
relation to the acid deposition problem. Three different formation routes
for atmospheric sulfate can be distinguished : (1) gas phase oxidation, (2)
aqueous phase oxidation and (3) heterogenecus oxidation at aerosal sur-

faces.



The homogeneous gas phase oxlidation of S0 is extensively reviewed by
Calvert et al. (1978). The most important is the reaction of S0 with the
OH radical :

SO + OH + M - HSOg + M (R19)

The HSO03 radical rapidly reacts with Hp0 and 0, to form sulfuric acid.
Since (R19) is the rate determining step, the rate of formation of sulfuric
acid can be expressed by

chasO4
at " “19 ®on %o, 1)
The value of kyg recommended by the most recent CODATA evaluation (Baulch

et al., 1982) is 2.5 107'? cm?® molecule™® 87! in the temperature range 200 -
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FIGURE 2. Calculated monthly averaged conversion rate of
805 by reaction with OH, HO, and CH30; respectively
(from: Calvert et al.,1978)
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400 K. In the literature the term conversion rate expressed in % per hour
is often used. In formula :

. dcs02
k

at = “19 om (2}

This means that the S0, conversion rates are typical 0.1 - 1.0 %/h; an
example of a computer simulation is shown in Figure 2.

Under atmospheric conditions the reactions :
S0z + HOp -+ 504 + OR {R20)
503 + CHst - 303 + CHaO {(R21)

and the subsequent rapid conversion of SO03 to HaS04 can be significant.
However, their conversion rate is much lower than that of the S0,-0H reac-
tion, see Figure 2. Due to its low vapour pressure the gas phase sulfuric
acid forms aerosol particles consisting of a concentrated sulfuric acid
solution. If NHg is present, it will neutralize the acid resulting in the
formation of (NH4),S04 aerosol.

The aqueous phase chemistry of SO, is among others deacribed by Cox and
Penkett (1983). SO, is relatively good soluble in liguid water :

S0 (g) & SO0z (ag) (R22)
and then hydrolysis occurs :

S0, (aq) + Ha0 = HSO3~ + HY (R23)
HS03"~ = 8042 + H* (R24)

Clearly, the overall SOp sclubility will depend on the pH. Next, the rate
determining oxidation of the sulfite species lead to the formation of
sulfate.

oxidant
5042~ / HS03™ - 5042 (R25)

The invelved oxidants are 0y, O3 and Hz0p. Figure 3 compares the rates of
sulfate formation influenced by these species.
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FIGURE 3. Rate of sulfate formation resulting form aqueous phase 505
oxidation by 0O, Oz and Hy03. Initial conditions are
cs0, = 5 ppb, tog = 50 ppb, CHa0, = 1 ppb and T = 10°C
{(from : Penkett et al., 1979)

It is shown that the uncatalyzed oxidation by O3 is relatively unimportant.
However, this proces may be enhanced significantly by catalytic processes.
Well known catalysts are the ilonic species Fe3+, Mn2+ and soot particles
suspended in the agueous phase. The oxidation by 05 1s of importance at
high pH, whereas oxidation by HpOp 1s only slightly influenced by the pH.
The aqueous phase SOp conversion rate in clouds is significant higher than
the gas phase S0; conversion rate. Beilke (1583) reports that in Europe 40
to 80 X of the sulfate formation is due to agqueous phase processes.

The heterogeneous oxidation of $0p is not well understood. Novakov et al.
(1974) have suggested that the surface of soot particles serves as a cata-
lyst for the oxidation of SOp. However, the question is whether there is
sufficient active surface available in the atmosphere.

1.2.3. Atmospheric NO, chemistry

The importance of the complex atmospheric chemistry of the nitrogen
oxides has been recognized for some time, and subsequently a large number
of reviews are available on this subject (e.g. Anderson, 1984; Cox, 1982).
It has already been shown that NOy plays a key-role in the photochemical
formation of oxidizing species, likewise the conversion of NOy into nitrate
is a relevant atmospheric process.
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The homogeneous gas phase oxidation of NOy 1s the most important for-
mation route of nitrate. Two different mechanisms, that operate during the

day and night respectively, have to be considered.

In daylight NO and NOp are part of the reaction sequence that forms the
photostationary state (R7, R8, R18}. Another pathway that affects the NO,
chemistry is nitric acid generation according to :

NOz + OH + M + HNOg + M (R17).

Baulch et al. (1982} recommend a value for kyp of 3.5 x 1077 cm? molecule™
a”' (200 - 300 K). The NOp conversion rate, givem by :

. cho2
" T at - X7 Coy (3
o,

is in the order of 2 - 10 %/h. The reaction of NO; with HO, plays a minor
role since its product (HOzNOz) is very unstable. This is also the case
with the NO - OH reaction, its product (HNO;)} photodissociates to rege-

nerate the reactants.

During the night, the NOy chemistry is totally different. The photoche-
mistry stops and the OH radical concentration drops to zero. Now, reactions
with ozone dominate the conversion of NOy. Primarily, NO is rapidly con-

verted to NOp according to
NO + O3 ~ NOp + Og (R18)

The NO, oxidation proceeds by the NO3-03 reaction which leads to the for-
mation of the NOa radical.

NOp + 03 -~ NDg + 02 (R26)

This NOz radical can react in several ways. For example, the strong reduc-
tion of the efficiency of the NOp - 03 process during daytime is caused
by the rapid photolysis of NOg,

NOz + hu - NO + Op (R27a)
-~ HNDy + 0 {R27b)
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and the rapid regeneration of NOp via :
NOg + NO - 2NOp (R28)

At night the main removal process for NOg is the formation of dinitrogen
pentoxide

NO + NO3 + M~ NgOg + M (R29)
This reaction is in rapid equilibrium with the thermal dissociation of NjOg.
NaO5 + M -+ N0z + NOp + M (R30)
The N30g may react with water to form nitric acid.
NyOg + Hg0 + 2HNOg (R31)

This reaction is believed to occur quite slowly in the gas phase, but may
also occur heterogeneously. The heterogeneous process is generally assumed
to be an efficient removal process for NyOgz. The NO5 radical can also react
with a number of crganic specles, especially with aldehydes and olefins
(Atkinson et al., 1984). The aldehyde-NOg reaction probably involves H-atom
abstraction and yields a HNO3 molecule.

RCHO + NO3 -~ RCO + HNOg (R32)

Neglecting the reactions with organic species, the formation rate of nitric
acid at night can be expressed by :

9Cno
3 = 2K c
at 31 °No,

c (4)

H20

The NgOg concentration can be evaluated assuming that bath NO3 and NaOg
have short characteristic reaction times, s¢ the pseuwdo-steady-state
approximation can be made for these components. In the situation that the
raction mechanism is formed by the reactions (R26) and (R28} to {R31), this
assumption is plausible for NO3. The reactions (R28} and (R29) are fast in
such a manner that the characteristic reaction time of NO3 will probably be
short. For N305 this assumption is questionable since no relevant kinetic
parameters in order to quantify the atmospheric NaOs hydrolysis are
currently available. Nevertheless, applying the pseudo-steady-state

approximation for both components, one finds:
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Relation (5) ashows the important role of NO. If the NO concentration is
sufficiently low, that the condition :

kzg cno (k31 cHy0 + kao) << kag kaj Cyy0 CNO, (8)
may be epplied, then (5) simplifies to :

9o

a
= 2k,. ¢ c (7)
dt 26 NO2 0a

In this case the rate of nitric acid formation is governed by the rate
determining reaction (R26). The NOp conversion rate can be evaluated as :

Cyno deyg
3 _ _ 2 (8)
dat dat
. ch°2
L —& . 3k ¢ (2)
Cgo. Ot 26 %0,

2
Baulch et al. (1982) recommend kzg = 3.2 x 107'7 cm® molecule™ 57! at 298 K
for Cog = 10 - 40 ppb the NOz is converted into N0y with a rate of 6 - 24 %/h.
This means that , in theory, the nighttime NOj-formation rate can be appre-
clably higher than the rate of the daytime mechaniam, which has been esti-
mated to be 2 - 10 %/h.

Some minor pathways for the NOy chemistry are the reactions :

2 NOp + H0 ~ HNO3 + HNOy (R33)
HNOg + HNOp -~ 2NOz + HpO ' (R34)
HNO3 + NO - HNOp + NOp (R35)
NO + NOp + HgO ~ 2 HNOp (R36)

Although most of these reactions are believed to proceed heterogeneously,
the current reported rate constants (England and Corcoran, 1974; Kalser and

Wu, 1977; Streit et al., 1979) are too low to indicate an important role
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for these processes.
The HNOz formed can exist as a gas, but, due to its high solubility in
water, it easily be Incorporated in cloud and rain droplets. Moreover, in

the presence of NHz, the HNC3 is partly neutralized by the equilibrium :
NHz + HNOz # NH4NOj3 (R37)

Because of 1its low vapour pressure the NH4NO3 nucleates to form aerosol
particles.

Finally, the agueous formation of nitrate is considered. The following

aqueous phase processes are possible :

NO (g) 2 NO (aq) (R38)
NOs (g} # NOg (aq) (R39)’
NOo{aq) + NOp(aq) + Hy0 - 2H* + 2NO,~ {R40)
2NDy(aq) + H30 -+ 2H* + NOp~ + NOg~ (R41)

The nitrite is not stable, it is oxidized to NO3~ or reduced ta NO.
Recently Lee and Schwarz (1981} have reported that these processes are
unimportant under atmospheric conditions, because of the low physical solu~
bility of the NOy, species. Beilke {1983) reports NOp conversion rates of

1074 - 10"% %/h. However, the influence of oxidants has not been fully

investigated vet and may he of considerable importance.
1.3. AIM AND DUTLINE OF THE PRESENT DISSERTATION

In this dissertation the results of laboratory investigations on the NO»
- 0y atmospheric chemistry are reported and discussed.

The importance of studying mutual interaction between NO; and O3 1s evi-
dent, since both components pay an essential role in the atmospheric che-
mistry of a number of air pollution problems. It is therefore necessary to
identify and characterize the mechanisms invelved in NO2-03 chemistry. The
recent interest in this system has been arisen from its potential as a for-
mation route for atmospheric nitric acid, so it is relevant with respect to
the acid deposition problem.

The study of the NOp - O3 chemistry becomes even more relevant as a con-
equence of the continuous increase of NOy emissions and tropospheric 0z

concentration respectively. As a result the observed atmospheric nitrate
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deposition exhibits a clear upward tendency on both European and North-
American continents.

The main object of the present dissertation is to contribute to the fun-
damental knowledge of the atmospheric chemistry of N0, - O3 systems. Gaps
in this knowledge are generally identified as one of the most important
areas of uncertainty of atmospheric chemistry.

More specific the objectives of this study contain the determination of
the relevant reaction kinetic parameters at low NO; and O concentrations,
and to study the influence of Hp0 and aerosol particles. The term aerosol
particles must be interpreted widely,‘it mey range from submicron particles
to cloud and rain droplets. Therefore both gas phase and aqueous phase pro-
cesses have been studied.

In chapter 2 a selection of the current available literature with
respect to the subject of this thesis 1s given. The experimental methods
applied in this study are summarized in chapter 3.

The results are reported and discussed in the chapters 4, 5, 6, and 7.
Chapter 4 describes the stoichiometry and reaction kinetics of the gas
phase NOy ~ 03 system and studies the influence of temperature and relative
humidity. Chapter 5 deals with the dynamic behaviour of submicron aercscl
particles in the reaction vessel. In chapter 6 the influence of submicron
NaCl and MgCl, aerosol particles on the processes described in chapter 4 is
determined. Chapter 7 is devoted to the aqueous phase chemistry of NO; and
N0,/03 mixtures.

A general evaluation Is given in chapter 8. We will attempt to establish
to what extent these investigations have contributed to the knowledge of

the atmospheric chemistry of NDp-0O3 systems.
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! ' Chapter 2.

|  CURRENT LITERATURE RELATED TO THE ATMOSPHERIC CHEMISTRY OF THE NO,-0,
i SYSTEM

2.1. INTRODUCTION

In recent years, much research related to atmospheric chemistry has
taken place. It has resulted in a comprehensive range of publications
dealing with all aspects of atmospheric chemistry. This is surely the case
in respect of the atmospheric oxidation of NOp to nitrate. In this chapter
we pay attention to this part of the current literature with emphasis on
the non-photochemical oxidation of N0z initiated by reaction with O3,

The presentation has been subdivided in four sections. In the first

three sections, laboratory, ficld and model studies are discussed separa-
tely. In the last section the current state of our knowledge is evaluated

and some research needs are formulated.

2.2. LABORATORY STUDIES
The NO2-03 reaction

The reaction sequence describing the non-photochemical oxidation of NOp
is initiated by the reaction :

NOp + 03 —+ NOj + Op {R26)

after which the equilibrium :
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NOg + NOg + M = Ny05 + M (R29) (R30)

is rapidly reached. The net result of this reaction sequence depends on the
reactivity of NO3 and Ny0g.

The kinetics of reaction (R26) has been the subject of a considerable
amount of laboratory investigations (Johnston and Yost, 1949; Ford et al.,
1957; Wu et al., 1973; Stedman and Niki, 1973; Davis et al., 1974; Huie and
Herron, 1974; Graham and Johnston, 1974; Cox and Coker, 1983). The method
generally applied involves the measurement of either the decay of NOz in
excess 0z or the 03 decay in excess NO;. The rate constants reported and
their temperature dependence agree reasonably well: in the CODATA eva-
luation (Baulch et al., 1982) the data have been summarized and have lead

to a preferred value of :

kog = (1.2 £ 0.5) x 107'* . exp(-{2450 £ 150}/T) cm® molecule™' s~!

A feature of these laboratory measurements is the lower-than-two reac-
tion stoichiometry as observed in some studies (Wu et al., 1973; Graham and
Johnston, 1974; Cox and Coker, 1983). The reaction stoichiometry is defined
as the ratio of the amount of NOp reacted to the amount of Oz reacted.
Theoretically a value of two is expected, since at ambient temperatures the
forward reaction of the eguilibrium (R29, R30) is favoured. Several alter-
native minor processes have been suggested to account for the law

stoichiometry. The well-known side reactions,

NOp + NOg ~ NO + NOg + Op (Ra2)
2 NOg ~ 2 NOp + Op (R43)

cannot be responsible for the observed stoichiometry, since the reported
rate constants (Graham and Johnston., 1978) are much too low to compete with
the rapid NpOg formation (R29). Wu et al. (1873) have suggested the side

reaction :
NOp + 03 -+ NO + 205 (R44)

with extra loss of ozone as it reacts with NO. Graham and Johnston (1974)
have tested the mechanisms, in which NO formation is proposed, by looking
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for the chemiluminescence of the N0O-O4 reaction (R18). Since no chemilumi-
nescent signal has been observed, they conclude from the sensitivity of the
method that only 0.2 % of the NOj reacts to give NO, so that NO can be
ruled out as an intermediate. However, Graham and Johnston neglect the
rapid non-chemiluminescent reaction, (kpg = 2 x 107'' cm® molecule™ g71;
Baulch et al., 1982) :

NO + NOg ~ 2 NOp (R28)

Cox and Coker (1983) have shown that taking (R28) into account only 20 % of
the NO will react via the chemiluminescent reaction (R18). This means that
approximately 1 % of the NO3 may react to form NO. This amount is still far
too small to meet the observed stoichiometries. Since the value of 1 %
must be considered as an upper limit, it seems unlikely that NO acts as an
intermediate. Cox and Coker (1983) suggest the formation of the unsym-
metrical ONOO as an intermediate, which subsequently regenerates NOz by
reaction with O3 or NOg3. Another possibility 1s the NOj decay to reform
KOp. Graham and Johnston (1978) and Ten Brink et al. (1982) report that
this NO3 decay takes place heterogenecusly at the wall of the reaction
vessel.

In conclusion, the reason for the lower-than-two stoichiometry is not
yet fully understood. Yet it is well established that NpO5 is the only
stable N-containing product in the NOp-Os model system, which 1s supported
by the observation that the Na0O5 vield is one-half the amount of NOz con-
verted (Wu et al., 1973; Cox and Coker, 1983). And if NO is excluded as an
intermediate, it is likely that a side reactlion, in which NOp is rege-
nerated from NOg or NyOs. ls operative.

The NO2-NO3-NpOs equilibrium

Several laboratory studies concerning the equilibrium formed by the
reactions (R2%, R30) have been performed. The equilibrium constant and the
rate constant for the forward and backward reaction have been determined.
The laboratory investigations on the thermal decomposition of NaOg (R30} by
Connell and Johnston (1979) and Viggiano et al. (1981) have recently
been reevaluated by a theoretical study of Malko and Troe (1982). They have
deduced the temperature dependence of the high pressure limit of kyp. The T
dependent relation for kpg has been obtained by combining the kjg data with
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thermodynamic estimates of the equilibrium constant. These data have be
adopted by the most recent CODATA evaluation (Baulch et al., 1982), and ai
listed in Table I. The accuracy is estimated to be about 25 %.

TABLE I. The preferred values for the high pressure rate constants
of the equilibrium NOz + NO3 2 Ny0g

Paranater T dependant osquation T range {K) Value at 208 K

kap (cw® molscule™? oY) 1.6 x 107** (T/300)>* 220 - 520 1.6 x 10°10

kap {s7*) 2,7 x 104 (1/300)}™ ’ exp(- 11080/T) 220 - 300 6.9 x 1072
2.7 x 1074 (T/300)* ¢ axp(- 11080/T) 300 - 500

Kaq = K3p/kzg (solecule o™} &.1 x 10%% (T/300)}9 1 exp(- 11080/T) 220 - 300 4.3 x 10%°

The equilibrium constant given in Table I only slightly differs from t
experimental derived value of Graham and Johnston (1978). Recent dir
determinations of Keq at 298 K using wmodern spectroscopic techniques h
confirmed the value given in Table I (Perner et al., 1985) or have lead
a smaller value by a factor of approximately 1.5 (Tuazon et al., 1984}. T
first direct determination of the rate constant of the forward reacti
(R29) has been reported by Xircher et al. (1984). They find excelle
agreement (within 5 %) with the value listed in Table I. Similar work
Burrows et al. (1984) shows analogous results. Table I seems to provide
reasonable data @ set based on both  experimental and theoretig

considerations.
The NpOs hydrolysis

The hydrolysis of Nz05 is considered to be the most important sink f
Np0s at average atmospheric conditions. Nitric acid is formed according to

N2Os5 + Hp0 -+  2HNDgz (R31)
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In this equation it is left undecided whether the hydrelysis is a homoge-
necus process or & heterogeneous one.

Laboratory investigations of the kinetics of this reaction show a large
variability. The erronecus value of kz; of about 107'® cm?® molecule™' s7°
deduced from the experiment of Jaffe and Ford (1967) has been the earliest
gas phase rate constant quoted in the literature. However, the first direct
measurements of (R31) carried out by Morris and Niki (1973) have shown
that this value is several orders of magnitude too high. Morris and Niki
monitored the N»O5 decay rates at various reilative humidities (R.H. ¢ - 20
%). Pseudo-first-order decay rates, which were directly proportional to the
concentration aof water vapour, were observed, The rate constant was found
to be independent of the nature of the wall and of the total gas pressure,
suggesting a homogeneous gas phase reaction. However, in view of the
possible heterogeneity of the reaction, they report the rate constant as an
upper limit : kg; € 1.3 1072° cm® molecule™ s~ ' (298 K). Smog chamber stu-
dies (Carter et al., 1979; Atkinson et al., 1982} showed a significantly
lower kgy value and even this value was attributed to a heterogeneous reaction
at the chamber walls. The recent direct determination of the rate of (R31)
by Tuazon et al. (1983) has confirmed this lower value. Tuazon and co-
workeras measured the N;05 decay rates as well as the gas phase HNOg for-
mation rates as a function of the concentration of water vapour (R.H. 2 -
65 %) in two teflon reaction vessels of different volume. The results
clearly indicated that the overall N»Os decay involved both homogenecus
and heterogeneous components. From the measurements of HNO3 formation a
value of kg; = 1.3 107%' ¢m® molecule™ 87! was obtained at 293 K. Even
this value must be regarded as an upper limit, since the HNO; wmay have
been revaporized from the wall, as is commonly encountered in teflon
vessels (Spicer and Miller, 1976).

From smog chamber studies (Spicer and Miller, 1576; Carter et al., 1979;
Atkinson et al., 1982; Grosjean, 1985) and infrared spectroscopic N0y
measurements (Ten Brink et al., 1982; Cox and Coker, 1983; Perner et al.,
1985) there is ample qualitative proof for a heterogeneous NpOg hydrolysis.
The quantitative data will be chamber dependent and are difficult to be
compared or to be interpret in relation to atmospheric conditions. Under
ambient circumstances NzOs5 may react at the surface of 'wet' aercsols.

Such NpOs-aerosol interactions have rarely been studied in the laboratory.
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Cox (1974) has found positive evidence for a heterogeneous NaOg reaction
with deliquescent ammonium sulfate aerosol, but a quantitative treatment of
the data is not given. Harker and Straus (1981) measured surface hydrolysis
of NyOp with sulfuric acid aerosols and found collision efficiencies of
107% to 1074,

Clearly, much has to be learned about N20g-Hy0 interactions in order
to establish the fate of NpOs in the atmosphere. Where the reaction with
water vapour seems of minor importance, the heterogeneous reaction is

likely to be a significant sink for NpOg.
Other NO3 loss processes

Alternative loss processes for NO3, other than N305 formation, are regu-
larly studied in the laboratory. NOg photolysis (R27) has been studied by
Magnotta and Johnston {(1980) and has been shown to be an important loss
mechanism during daylight hours. Another efficient NOg loss process is the
rapid reaction between NO and NO3 (R28), for which a rate constant of
2 x 10 7' cm® molecule™ s”' is reported (Graham and Johnston, 1878).
These reactions bring about that the NOo-03 Interaction does not lead to
the oxidation of NOz by day, but only leads to a net loss of O3.

The NOj radical may alsc react with organic trace constituents. In the
last few years, a large number of rate constants have been determined by
laboratory 1nvestigations of Atkinson and co-workers {see references in
Perner et al., 1985). The effect of these reactions in the atmosphere will
be largely dependent on the availability of organic species.

Aqueous phase reactions

Another possible non-photochemical formation pathway for nitrates is the
liquid phase oxidation of NO,. A large body of laboratory work pertinent to
the reactive dissolution of NOy orginates from the interest of these
systems in respect of the industrial manufacture of nitric acid. This work
has recently been reviewed and has been tested for its applications under
atmospheric conditions by Schwartz and White {1982). Let uns restrict our-
selves to the uptake of NO; by liquid water according to :

NOy (g) ® NOp (ag) {Rag)
2N0g (ag) + Hp0 #* NOp~ + NOg~ + 2H* (R41)
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Schwartz and White (1981) have shown that for thermodynamic reasons this
process is potentially important. The Henry's constant for the physical
dissolution has been evaluated by Schwartz and White (1982) and a value of
(1.0 £ 0.3) x 1072" M atm™' is recommended. In the same work a preferred
value for kgy of (0.7 t 0.3) x 10® M™% s~' is given. These values are
partly derived from laboratory studies concerning the NOs uptake at low
partial pressure (Lee and Schwartz, 198la). With the use of these values
the rate of uptake of NOz by atmospheric liguid water can be shown to be
too slow and does not lead to any significant nitrate formation (Lee and
Schwartz, 1881b). Not much is known about the influence of several jenic
species, that may react with NOp(ag) or catalyse the N0 uptake. Recently,
Lee and Schwartz (1983) have investigated the influence of HS03~ and have
found that reaction of NOz{aq) with HSO3~ may be a potential pathway for
atmospheric nitrate formation. The influence of oxidants on the aqueous
phase chemistry of NOs is not well understood and has rarely been studied.
Lee (1984) has shown that Hy0; reacts only slowly with NOp(aq).

2.3. FIELD STUDIES

Field experiments are essential for atmospheric chemical research. The
data obtained from observations in the atmosphere form the basis of
atmospheric chemistry. The interpretation of atmospheric observations is
difficult and can often be performed in several ways. For example, the
frequently observed correlation between the 03 concentration level and
nitrate concentrations (e.¢. Martin and Barber, 1984; Ayers and Gillet,
1984: Kelly et al., 1984} cannot be regarded as definitive experimental
evidence for nitrate formation by the non-photochemical NO-053 reaction
since the 0z concentration level also directly relates to photochemical
activity.

Therefore, the explanations proposed in this section have to be inter-
preted with care. The statements given often are hypotheses rather than
conclusiong. The field studies presented in this section are focussed on
the following subjects : direct maesurement of the NO3 radical con-
centration, some specific nocturnal observations, the diurnal and seasonal
variation of atmospheric nitrate and the nitrate formation in clouds and

fogs.
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NO3 radical measurements

The measurement of the atmospheric concentrations of NO3 and NpOs pro-
vides direct information about the importance of the reaction sequence ini-
tiated by the NO;-04 reaction. Unfortunately, observations of atmospheric
Nz05 are currently not available. NO3 measurements have been recently
reported by Noxon and co-workers as well as Platt and co-workers (Noxon et
al., 1978; 1980; Platt et al., 1980; 1981; 1982; 1984; 1985). The NO3 con-
centrations were obtained with a long path UV/VIS absorption technique
measuring the two strong absorption bands of NDg at 623 and 662 nm. In
Figure 1 an example of a NOj night-time profile is shown.

Oy/peb |
e

o

FIGURE 1. Results of NO3, NOp, O3 measurements in Deuselbach,
West-Germany; R.H. = 50% (from : Platt et al., 1985).

It can be seen from this particular example that NO3 is formed immediately
after sunset and gradually increases during the night. Platt and co-workers
have measured such night-time profiles on several occasions with different
atmospheric circumstances. They were able to obtain much useful information
about the NOg and NOp reaction scheme. From simultaneous data sets of NOg
and NOz concentrations, the equilibrium constant of (R29, R30) was found to
be 3 times higher than the current recommended literature value (Baulch et
al., 1982). In a more recent field study, Perner et al. (1985) deduced
values in accordance with the recommended data. The higher values of Platt
may have resulted from an inaccurate estimate of the temperature.

From their observations Platt et al. (1984) calculated an average life-
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time of NO; applying a steady-state assumption. This calculated NOgz life-
time is shown as a function of relative humidity in Figure 2.
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FIGURE 2. Plot of the calculated NOg lifetime (T) versus relative
humidity (from: Platt et al., 1984}

Above R.H. 50 % the NO3 lifetime is only in the order of a few minutes or
less. This indicates a rapid loss of ND3 or NpOgx at relative high R.H. The
loss process 1s not the homogeneous NzOg hydrolysis, for which Platt et al.
(1985) report an upper limit of : kg; < 2 x 10722 cm® molecule™ s~'. The
removal process is very likely to be due to a heterogeneous reaction of
either NpOg or NOg with liquid water. This suggestion is further confirmed
by the guick decrease of CNOg cobserved during fog formation. At R.H. < 50 %
the NOg lifetime is limited to about 1 -~ 2 hours, which suggests a relati~
vely slow NO3 loss process. This limit is measured in the absence of NO
emlasions &t moderate O3 concentration, which means that the NO-NOj reac-
tion (R28) does not seem to be the loss process. The nature aof the removal
mechanism is not yet recognized, but it appears that it regenerates NOz.
Recently, Atkinson et al. {1986} have evaluated all the field measure-
ments of the NO3 radical concentrations. The concentration profiles are
explained by assuming either a NO3 loss process or Nz0s removal. If the NO3
Joss process 1s considered, its first-order rate constant roughly varies
between =3 x 1074 s~ and 10™' s7' unaffected by the temperature. The NpOs
removal is assumed to occur via the NyOg~Hz0 reaction and the results are
considered as upper limits of the homogeneous reaction. The upper limits of

kzy are found to be a function of the temperature : ksz; < 10722 cm3
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molecule™!' a~* at 284 K, increasing to < 107%' cm® molecule™? s8™' at 288 K.

Although the details are not yet fully understood, the identification and
measurement of NO3 in the atmosphere has confirmed the night-time NO, con-
version as a relevant atmospheric chemical process.

Nocturnal measurements

Field studies concerning the measurement of the conversion rate of NOy
into nitrate are commonly performed during day-time. Of the few night-time
ohservations the plume study of Forrest et al. (1981) is often cited.
Forest et al. (1981) measured combined gas phase and particulate nitrate
formation in a coal-fired power plant plume. Some experiments were per-
formed before dawn and the nitrate formation rates ranged from 0.1 - 3 %
h™'. These rates were averages for the entire time since the plume was
emitted. Therefore, the NOp oxidation rates were probably appreciably
larger, since the NO, oxidatlon just began after the plume was dilute
enough to contain ozone and the NO had been converted into NOp. The slow
nitrate formation of about 0.1 % was observed in a plume that was stable
enough that NO was not fully converted into NOp by background ozone. This
means there was little opportunity for the night-time oxidation of NOp to
take place. A similar study was performed by Clark et al. (1984), who made
measurements of a plume of a coal-fired power plant during its transport
over the North Sea. The NO, concentrations, particulate nitrate and the
nitrate content of cloud water were measured close to source on a late
afternoon in January. The measurements were repeated the next day early in
the morning some 550 km further from the source. An average nitrate for-
mation rate of about D.5 % h~1 was registrated. NO was still present with a
maximum of about 50% of the total NOy at the plume axe. Conseguently the O3
concentrations in the plume were very low. Hence a rather low nitrate for-
mation rate may be expected. This observation is a good example of the
important role of NO in limiting the nitrate formation during the night.

Martin (1984) determined the washout coefficient for NO; at day and
night by measuring the NOp concentration before and after a rain event. The
night-time coefficient was considerably higher than that of the day-time.
Martin (19684) suggested that, because of the low solobility of NOp, N3Os
washout was registrated. Assuming a fast scavenging of NpOg by rain

droplets, the apparent NO» washout rate was governed by the rate of the
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NOp-0a reaction. Furthermore, it was probable that NoOs was read as NOp by
the chemiluminescent analyzer. Qualitative evidence for the NO,-NO3~ con-
version was found by Ayers et al. (1984), who analyzed the nitrate for-
mation during night-time rain events. Significant amounts of nitrate were
observed. Night-time NO; oxidation was suggested since there was a strong
positive correlation between nitrate concentration in rain and the ambient

Coq level.

Diurnal and seasonal varjation of atmospheric nitrate

The diurnal variation of gaseous nitric acid and/or particulate nitrate
has been determined by a large number of investigators (e.g. Appel et al.,
1978; 1980; 1981; Van Duuren and Romer, 1982; Shaw Jr. et al., 1982;
Forrest et al., 1982; Spicer et al., 1982; Grosjean, 1983: Gailey et al.,
1983; Anlauf et al., 1985). Although the profiles are quite variable, there
are a number of general features. Gaseous nitric acid commonly exhibits a
day-time maximum occurring during the afternocon. This observation reflects
the photochemical origin of gaseous HNO3. At night the measured cyyog is
much lower, but nearly never drops below the detection limit of the various
nitric acid measurement methods. Occasionally, an increase of CHNOg is
registrated during the night. Quite different is the diurnal variation of
particulate nitrate. In this case the maximum concentrations are observed
during the night or early in the morning. An example of a typical diurnal

variation is shown in Figure 3.
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FIGURE 3. Diurnal variation for particulate nitrate and
sulfate (from: Appel et al., 1978}
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This profile indicates a non-photochemical nitrate formation mechanism that
operates during the night. Night-time particulate nitrate peak values are
frequently reported under various atmospheric circumstances and at various
measuring sites, The differences In the diurnal variation between gaseous
and particulate njtrate can be partly explained on the basis of ther-
modynamic considerations for the formation of ammonium nitrate.

The seasonal variation of gaseous HNO3 subscribes to the diurnal
variation. The HNO3 concentrations mostly peak in summer (Okita et al..
1976; Diederen, 1984; Cadle, 1985; Melxner et al., 1985}, although saome
spring maxima are reported (Meszaros and Horvath, 1984; Ferm et al., 1984}.
The average summer CHNOg is approximately 2 - 4 times_ higher than the
average winter CHNO3- A seasonal variation of particulate nitrate is not
clearly percievable. The absence of a seasonal trend is observed at several
locations (Okita et al., 1976; Diederen, 1984; Meixner et al., 1985).
However, some studies indicate the occurence of significant maxima which
may be found in winter (Van Duuren and Romer, 1982; Meszaros and Horvath,
1984; Willison et al., 1985) as well as in summer (Cadle, 1985) or in
spring (Ferm et al., 1983). The same Indistinctness is observed in the
seascnal variation of nitrate determination in rain water. In the U.S.A.
the nitrate content of rain water peaks in winter {(Galloway and Likens,
1981}, whereas in Europe slight summer maxima (Freyer, 1978; Ridder and
Frantzen, 1983) as well as spring maxima {(Martin and Barber, 1984; Horvath
and Meszaros, 1984} are gbserved. If we consider the sum of atmospheric
nitrate, it appears that the nitrate level is fairly constant throughout
the year with a possible maximum during the summer caused by gaseous nitric
acid.

In order to interpret these results several season-dependent factors such
as emissions, meteorological parameters, atmospheric (photo)chemistry must
be considered. It appears that if it is assumed that nitrate is only formed
by photochemical processes (i.e. the NO2-OH reactiom (R17}) a much more
pronounced seasonal variation than generally observed would result.
Obviously, there are other nitrate formation pathways that mainly operate

during wintertime.
Nitrate in cloud and fog water

Nitrate is an important constituent of cloud water (e.g. Kelly et al..

1984; Romer et al., 1985). The nitrate may originate from the scavenging of
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gaseocus and partjculate nitrate by cloud droplets. Moreover, nitrate par-
ticles act as cloud condensation nuclei. Although some studies report that
the nitrate in cloud water results entirely from these processes (Daum et
al., 1984; Marsh, 1983), some recent field measurements suggest nitrate
formation within the cloud (Kelly et al., 1984; Castillo and Jiusto, 1983;
Lazrus et al., 1983;: Hegg et al., 1984). Lazrus et al. (1883) estimated the
rate of nitrate production in a precipitating cloud to be about 1 ppb h™!
Hegg et al. (1984) report in-cloud scavenging coefficients for nitrate > 1
and suggest that nitrate may be formed by dissolution of N(V)-compounds
other than HNOj or that nitrate can be produced within cloud droplets.

Since photochemical formation of nitrate in a situation of reduced
insolation, such as within a cloud, is unlikely, the conversion of NO; into
Na0g in the interatitial air and the subsequent absorption of Np05 in the
cloud droplets may contribute to the in-cloud nitrate production. Likewise,
liquid water oxidation of NOy promoted by oxidants or catalysts may be a
possibility.

Similar considerations can be made concerning fog studies. In fog water
nitrate is observed as one of the dominant lonic species {(Waldman et al.,
1982; 1983; Brewer et al., 1983; Jacob et al., 1985; Georgii and Schmitt,
1985). An increase of the nitrate concentration as a function of time is
regularly observed, especially during night-time fog events. Occasionally,
extreme high nitrate concentrations are found in nocturnal fog occurring in
winter in an urban area (Waldman et al., 1982). The above-mentioned results
again suggest nitrate formation by the NO;-D3 reaction system. However, it
must be realized that most fog events were analysed during the winter
months under stagnant meteorological conditions, with which fogs are often
formed. Because of the suppressed vertical mixing the NOy concentratjons
may be extremely high in an urban area. This implies that the efficiency of
nitrate formation via the NOp-03 reaction jis strongly reduced, since the
cog level will be low and the NO3 radical formed will be rapidly destroyed
by reaction with NO. Therefore, significant nitrate formation may origi-
nate from agueous phase processes which are much more effective at these

high NOy concentrations.
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2.4. MODEL STUDIES

The confrontation between laboratory results and field measurements
can only be realized by model studies. In a model the emissions, meteoro-
logy, deposition processes and atmospheric chemistry are parameterized and
their mutual relations are mathematically described. Although the theore-
tical formulations embody some degree of approximation and a variety of
assumptions must be used, models can be considered as useful diagnastic
tools for exploring atmospheric processes. In practice, there are rodels
in many forms and for many purposes, Some of the model studies focus on the
atmospheric chemical aspects. From these studies a selection is presented
in this section, with emphasis on the NOg-03 interactions.

Homogeneous chemistry

Calvert and Stockwell (1983) report computer simulations of the acid

generation in the troposphere by gas phase chemistry using a realistic che-
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FIGURE 4. Theoretical rates of HNOg generation from various reaction
pathways for moderately polluted air masses with (1) NOp-OH
reaction, (2) Ny05-Hp0 reaction, (3) CH30-NOj reaction and
(4) CH3CHO-NOs reaction (from: Calvert and Stockwell, 1983}
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mical reaction acheme based upon the current knowledge. The meteorclogy has
been restricted to typical summer conditions, whereas transport and deposi-
tion have not been treated. Therefore, the results have to be seen as the
maximum potential for acid generation. The results are presented as time
profiles of the rate of acid generation. The degree of contamination has
been considered by varying the initial conditions and the emiasion rates of
the pellutants. An example of a result 1s given in Figure 4.

The Nz05-Hz0 reaction has been considered as a homogeneous gas phase
reac on with a rate constant of 3 x 10721 ca’ molecule™? 8™' at R.H. 50 %.
Under these conditions the rate of HNO3 production during the night is com-
parahle with the day-time rate. Similar profiles are presented as a func-
tion of contamination level. In most cases the nocturnal NG, conversions
rate 1s calculated in the order of 10 - 30 %/h. However, in situations with
extreme high 05 levels the NO; conversions rate at night i1s as high as 80
%/h, whereas in the case of large NO emlssion nocturnal NOz conversion is
ineffective.

Russell et al. (1985) have also studied the gas phase HNO3 generation,
applying a trajectory model, which includes an up-to-date detalled chemical
reaction scheme. The fate of NO, emissjons along a 24-h trajectory across
the Los Angeles basin has been computed using the proper meteorology and
including deposftion processes. The total nitric acid produced by the
various reactions is shown in Table 1II. Note that the reaction

numbering deviates from the numbering in this work.

TABLE II. Percentage of total nitric acid preductian by each reaction
along a 24-h trajectory (from: Russell et al., 1985)

kas kg of

Base  decressed  Morris Aerosol scavenging
Reaction step case by 10n  and Niki k=0 (@=0001) (@@= [x=10
producing HNO, {0 (%) (%) (%) (%) (%) ")
NO, + OH (18) 44 53 36 56 A4 37 >
N,O, + H, O} (36} P} b 44 1} 2n 5 r*
NO, + HCHO  (5)) 4 7 2 7 4 ! tr
NO, + RCHO (54 28 M 18 N P 1 4
N;O, + Acrosol 2 46 67
Percemage of base case
nitri acid produced 0", 97 n? 93 [1}] 114 124

* i1, trace amount, less than 1%,

In the base case the rate constant of the NyOg-H30 reaction given by Tuazon

et al. (1983) has been used. The results demonstrate a non-linear rela-
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tionship between the rate constant of the NaOs hydrolysis and the amount of
nitric acld produced by this reaction. Furthermore, it can be seen that the
total production of HNO5 is not greatly affected by perturbing the rate
constant of the NjOz hydrolysis, which appears to lead to a redistribution
of the amount of nitric acid produced by each reaction.

Another result of the model study by Russell et al. (1985) is the ver-
tical distribution of the NO3 radical as shown in Figure 5
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FIGURE 5. An example of a predicted vertical NOg
concentration profile (from: Russell et al., 1985)

The very pronounced vertical KOs concentration profile shows the important
raole of NO, which is emitted at ground level. Figure 3 also indicates the
potential importance of night-time nitric acid production aloft, where NOy
and N0 concentrations are predicted to be much greater than those
observed at ground level.

Heterogeneous chemistry

Up to now only homogeneous gas phase reactions have been considered,
whereas heterogeneous reactions are also significant in NOy atmospheric
chemistry. Unfortunately, the rates of these reactions are unknown, and
have to be estimated. This estimation can be performed by calculating the
collision rate of the gas malecules with the aerosol surface. The actual
reaction rate is determined by assuming a value for the collision effi-

ciency, which is mostly denoted by a. Sometimes the terms ‘'accomodation
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coefficient’ or 'sticking coefficient' are used instead of collision
efficlency. The reaction rate also depends on the total available aerosol
surface area, which is determined by the aeroscl size distribution
function.

Russell et al. (1985) have used this method, applying a typical aerosol
distribution as measured by Whitby et al. (1972) and assuming that the
nitric acid formed is reentered in the gas phase. The results are shown in
Table II. With the use of ¢ = 1073 the situation only slightly differs from
the homogeneous base case. The heterogeneous reactions are important at
high collision efficiencies (a > 0.01), and may lead to a significant
increase in the total nitric acid production.

Heikes and Thompson (1983) have computed the effect of heterogeneous pro-
cesses on nitrate formation in clouds, applying an empirical cloud droplet
distribution. The results show that under atmospheric day-time conditiens
the heterogeneous Ny0s hydrolysis can account for considerable nitrate for-
mation within a cloud if a is greater than 0.01. At night nitrate formation
is already significant at ¢ = 107*. Similar model studies have been per-
formed by Seigneur and Saxena (1984) using the heterogeneous Np0g hydroly-
sis rate of Harker and Strauss (1981) (i.e. a4 = 1074) and a monosize cloud
droplet distribution. They conclude that B0 % of the nitrate is formed via
NzOg5. The potential importance of nocturnal nitrate formation in a power
plant plume by heterogeneous NpOs hydrolysis is clearly demonstrated in a
model investigation of Sverdrup and Hov (1984) with the use of typical in-
plume aerosol loadings and a collision efficiency of 0.01.

Chameides and Davis {1983) have suggested that the scavenging of NOg
radicals in cloud droplets followed by nitrate formation is an important
heterogeneous mechanism. Because of the NO3-N»O5 equilibrium, the above-
mentioned considerations may also be applied for heterogenecus NOj reaction
with the restriction that only half the amount of nitrate is formed and
provided that the heterogeneous NyOg hydrolysis is neglected. However, if
NO3 and NyOg scavenging are considered together with an equivalent colli-
sion efficiency then the NOg reaction is relatively unimportant, since in
the ambient sitvation Ny05 is favoured by the NO3-Na05 equilibrium.
Seigneur and Saxena (1984) have shown that NO3 scavenging is an effective
pathway for nitrate formation, if 1its a-value exceeds that of Ny05 sca-
venging by at least three orders of magnitude.
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Several authors have tried to simulate the NOg profile measured by Platt
et al. (1980) at September 12, 1979 (Helkes and Thompson, 1983; Jones and
Seinfeld, 1983; Stockwell and Calvert, 1983; Russell et al., 1985). The
computer simplations are in accordance with Platt's measurements provided
some kind of assumption is made. These assumptions are either a conatant
source of NO or heterogeneous NOg and NpOs scavenging. However, the simula-
tions do not predict the correct NO; and O3 profile as measured by Platt.
It seems that additional reaction pathways vet unknown need te be incor-
porated in the models.

Aqueous phase chemistry

In some model studies aquecus phase reactions of NO; have been included,
but it is found that these reactions do not significantly contribute to
nitrate formation (Heikes and Thompscon, 1983; Seigneur and Saxena, 1984).
The kinetic parameters used are those from the measurements of Lee and
Schwartz (1981a,b). For the aqueous NOp, auto-oxidation of 1 ppb N0y in a
cloud with a liquid water content of 1 g/m?, the NO; conversion rate can
be calculated to be as low as 4 x 107% %/h. However, it must be realized
that the kinetic parameters were obtained in pure ligquid water. The possi-
bility that alternative reaction pathways in atmospheric water may enhance
the NOp uptake, is not yet inquired.

At high NOy levels the rate of aqueohs NOx uptake becomes appreciable,
because of its gquadratic dependence on NO, partjal pressures. In a recent
model study Kasting and Ackerman (1985) point out that above 100 ppb NOg
direct dissolution of NOy; is an important NOx removal process, especially
since HNDg formation by gas phase processes i{s inhibited. Such a situation
may occur in urban fog.

2.5. EVALUATION

A fragmentary literature survey of the non-photochemical nitrate for-
mation has been presented in this section. The different methods, that may
be employed to investigate atmospheric chemistry, notably : laboratory,
field and model studies, have been considered. Each of these approaches has
its individual strengths and weaknesses. Together they form the foundation

of gur understanding of atmospheric chemistry.
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With respect to the atmospheric NO2-QOg chemistry there is ample evidence
that it plays a dominant role in atmospheric NOx chemistry and is one of
the major pathways for nitrate formation. In order to quantify this process
more detailed information needs to be obtained from further research.
Laboratory studies, that establish the fate of the NOz radical and Np0s
molecule, need to be performed. Of special concern is the role of water
vapour and agueous aerosola. More fleld studies, that investigate the
night-time NOy; chemistry, are necessary, especially data of the ambient
concentrations of NpOs are needed.

Quite different is the situation with respect to the aqueous phase reac-
tions of NOy, which is poorly understood and is sporadically investigated.
More research is therefore necessary to determine the atmospheric signifi-
cance of aqueous phase processes. Such studies must pay attention to the
influence of oxidants, ionic species, potential catalysts and temperature.

Similar recommendations for further research are given in a number of
review studies (Anderson, 1982; Asman, 1982; Cox, 1982; Cox and Penkett,
1983).

In this work the above formulated research needs are partly considered.
With that it is one of the many efforts to learn more about this system.
The present interest is perhaps best illustrated by the fact that the
majority of the work cited in this section has been published during the

course of the present investigation.
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Chapter 3.,

EXPERIMENTAL TECHNIQUES

3.1. INTRODUCTION

All experiments described in this thesis have been performed using flow
systems, which are the most suitable as measurements can be made under
steady-state conditions. The general features of such a flow system are

schematically represented in Figure 1.

carrier gas flow reactant
| - < reactor L fy.
supply regulation generation | ™ e
N
; ~ s
~ e
N/
s
analysis

FIGURE 1. Schematic outline of the experimental equipment.

A more detailed description of the experimental aspects denoted in each of
the blocks of Figure 1 is given in the next sections. The parts of the
equipment, which are in contact with the gases, are constructed of stain-
less steel, brass, Pyrex glass or Teflon. The gas tubing materials are
flexible polypropylene (Imperial Eastman 'Impolene') or Teflon (PTFE) with
inner diameters of 1/4" or 3/8”. In particular, 03 is only exposed to glass

and Teflon surfaces. Connections between the tubing are made by means of






