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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
i TN i e
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'\.\ -~
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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-
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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.




-10-

000
- 03
E 100}
H
> nL H0,
3
£ -
=
P .
g ool
2
s oool—
2
1 1 1 ]
4 L3 [ L4

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)




-21-

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
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quick-connect fittings of ©brass, satainless steel, nylon or Teflon
{Swagelok) or by means of Pyrex glasas Tee connections. All chemicals that

have been used, are 'analytical grade'.

3.2. CARRIER GAS SUPPLY AND FLOW REGULATION

Either compressed air (Laboratory provision) or nitrogen {taken from
cylinders) are used as a carrler gas, after it has been purified within
the apparatus. The purification is performed by means of columns with
active coal (Merck), molecular sieves (Union Carbide type 3A) and oxidation
catalyst (Hopcalite). Organic vapours are removed by active coal. Water
vapour and larger molecules such as NOp, COp are filtered by the molecular
sieves. Small molecules such as NO, CO are first catalytically oxidised to
NOz, COp and subsequently removed by molecular sieves. The purification is
performed at room temperature., The purification columns can be activated by

a high temperature treatment.

After purification the carrier gas is separated into several lines in
which the reactants are generated or which are used for dilution. The flow
in each line is regulated and controlled by mechanical means. For low volu-
metric flow rates (0 - 20 1/h) a flow controller (Brooks model 8844) in
series with a rotameter (Brooks R-2-15-AAA or R 2-15-A} is used. For higher
flow rates a constant flow unit based on critical erifices (as depicted in
Figure 2) is applied {NEN 2042, 1982).

D—H—»

FIGURE 2. Schematic outline of a constant flow unit based on critical ori-
fices. (1) pressure regulator, (2) manometer, (3) critical
orifice.

The volumetric flow rate (Q) is directly proportional to the pressure
before the critical orifice (pp). provided that the ratio of the pressure

before and after the critical orifice exceeds a value of two. The pressure
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before the critical orifice can be varled with a pressure regulator
{Conoflow} and is measured with a high precision manometer (Econosto type
347). An example of the linear Q-pp relations of some control flow units
used iﬁ this study is shown in Figure 3.

Q(l/h}

500 m

100+ 1
_,,——l"“—.

.—”“'——“_.

0 20 &b

R, (atm)

FIGURE 3. Q-pp relations for critical orifices of (I} 0.15 mm; {(II) 0.30
mm; (III) 0.45 mm,

3.3. REACTANT GENERATION

The generation of nitrogen dioxide, ozone, water vapour and aerosol
particles are described consecutively. The methods used are those commonly

applied for the production of calibration mixtures.

3.3.1. Nitrogen dioxide

Low, constant concentrations of nitrogen dioxide are prepared with
the use of permeation tubes (Lindqvist and Lanting, 1972; Hughes et al.,
1977; NEN 2042, 1982). The construction of a permeation tube is shown in
Figure 4.
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FIGURE 4. Design of a permeation tube. (1) Glass vessel filled with NoOy4;
(2) Teflon stopper; (3) Permeation surface.
The glass container is partly filled with pure, liguid Ny04 by the con-
densation of a pure, dry NOp/Np04 gas mixture. Above the liquid there is
equilibrium according to:

Na04 (1} 2 Na04 (£) ® 2 NO2 (g) (R45)

The glass container is closed with a teflon stopper, through which the
NOz(g) can permente. Provided the temperature does not change, constant NOp
delivery in time is obtained. Therefore, the permeation tube is placed in a
temperature controlled chamber, in which it is flushed with temperature
regulated carrier gas with a volumetric flow rate of 3 1/h. The rate of
permeation 1s registrated by a biweekly weighing of the permeaticon tube
using an analytical balance (Sartorius type 1712).

Figure 5 represents the mass loss as a function of time of two of the
permeation tubes used In this study.

The gas stream leaving the permeation chamber is diluted with carrier
gas in a mixing chamber, The ultimate NO; concentration is determined by
the permeation rate and the total flow rate. Different concentration levels
can be obtained by variation of the temperature, the permeation surface of
the teflon stopper and the total flow rate.
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FIGURE 5. The mass loss of a permeation tube (Ag) as a function of time.
Permeation rate: (I) 0.08 mg/h; (II) 0.22 mg/h.

In the present investigation NOg concentrations between 0 and 10 ppm
have been applied by means of permeation devices. The accuracy cam be esti-
mated to be about 2%.

In a few experiments, NOs; concentrations above 10 ppm have been used;
this has been achleved with standard NOp/Np mixtures and further dilu-
tion.

3.3.2. 0Ozone

Low constant ozone concentrations are prepared by photolysis of dry air
with UV-light (A < 245 nm) (NPR 2047, 1982). 053 is produced according to:

0p + ho - 20 (°P) (R46)
0p + O (%) + M~ 03+ M (R8s )

The radiation device used in this study is shown in Figure 6.
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L.

FIGURE 6. Apparatus for the production of low O3 concentrations.
(1) Uv-Lamp; (2) photolysis cell (quartz tube);
{3) movable diaphragm; (4) housing; (5} air inlet;
(6) ozonised air outlet.

The UV-lamp consists of a Pen-Ray mercury discharge Lamp (Ultra violet
Products S0G 1) producing stable 185 nm UV-radiation. The Og concentrations
can be varied by covering part of the Pen-Ray Lamp with the diaphragm. Oy
concentrations between 20 and 200 ppb have been used applying this radiation
device. The fluctuations of cg, are typical within 1%.

Ozone concentrations of several ppm have been applied in the aqueous
phase studies. In this case the 05 has been produced with a commercial ozo-
nizer (Fischer type 0500). The principle of the szpparatus rests on the ato-
mization of molecular oxygen {R48) by an electric discharge, and subsequent
formation (R8). It must be noted that fluctuations as high as 10X may be
expected.

3.3.3. Water vapour

Two methods have been used to introduce water vapour into the flow
system. One method is the saturation of part of the carrier gas with water
vapour using a bubbler. The other method is the in-line evaporation of
liquid water which is supplied with a constant rate using a peristaltic
pump (Gibson Minipuls 2). The desired relative humidity can be adjusted by
setting the proper flows and by varying the amount of dry and humid air
used,
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3.3.4 Aerosol particles

Aerosol particles were generated with a 'constant output atomizer'
(TSI model 3078). The apparatus is extensively described by Liu and Lee
(1975). The heart of the apparatus 1s depicted in Figure 7.

FIGURE 7. Design of the atomizer device.

{1) compressed air (3 atm); (2) liquid feed;

(3) critical orifice (0.34 mm); (4) excess liquid;

{5) aerosol outlet.
Dry filtered compressed air expands through the critical orifice to form a
high velocity jet. The liquid to be atomized 1s supplied to the jet by the
Pitot-effect and becomes atomized by the high velocity jet. Coarse droplets
in the spray are removed by impaction on the opposite wall and the excess
ligquid collected in this manner is allowed to drain off to a closed reser-
voir. The swmall droplets leave the atomizer at the top suspended in a
constant air flow.

This method is particularly suitable for the generation of aerosol par-
ticles of substances that are soluble in water. In this study experiments
with NaCl and MgCl, aerosol have been performed. The atomizer produces a
polydispers aerosol, which can be described by a lognormal distribution.
The mean particle size can be varied between 0.01 and 0.3 um by the use of
solutions with different concentration. The number concentration of the

particles can be changed by circulating a well-known part of the aerosol
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stream over an absolute filter (HEPA, Gelman).

The generated aeroscl is highly charged and needs to be neutralized in
order to avold electrostatic deposition. The principle of the aerosol
charge neutralizer uaed (TS! model 3054) is based on the lonization of air
molecules by a radicactive source (Kr-85 £ radiation). The air ions sub-
sequently collide with opposite charged aerosol particlea and neutraliza-
tion occurs. The aerosol particle charge is thus reduced to the minimum
level as described by Boltzmann's Law (Liu and Pui, 1974a; 1974 b).

If aerosol is needed in dry air a diffusion dryer can be used. The
aerosol stream is passed through a porous tube, which is surrounded by
silica gel. The aerosol will pass through the tube, but water vapour will
diffuse to the porous wall and will be absorbed by the silica gel.

3.4. REACTOR

For the gas phase and aerosol experiments, a continuous stirred tank
reactor {CSTR) has been used. The CSTR is a Pyrex glass vessel, roughly
spherical 1n shape, fitted with iInlets and outlets. Two different reaction
vessels have been used, both provided with a Pyrex glass/Teflon stirrer. In
both vessels, the temperature is maintained at a constant value, which can
be varied., Both vessels are protected against light.

The vessel volumes are determined by registrating the decay in NO con-
centration, when it 1s purged with clean air. Provided the flow rate is
constant, the decay is described by:

_ _9
no.t = “No,o %@ (- y t) (1)
ar
°No.0 Q
ln —+ = vt (2)
®yo,t

The results are plotted in Figure 8. From the slopes of the plots, the
vessel volumes can be calculated to be 87 1 and 236 1 respectively.

The volume of the smaller vessel is to be compared with a value of 69 1,
which is obtained by filling the vessel with liquid water. The mixing in
the vessel appears to be good. This is supported by the perfect exponential
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FIGURE 8. Determination of the vessel volume according to equation (1).
(a) small vessel, Q = 48 1/h; (b} large vessel, Q = 190 1/h.

decay obtained in CNO, t- Good mixing may be expected since it has been
theoretically asserted that turbulent convection already occurs in the case
of local temperature differences of 10™% to 107* K (Van de Vate, 1930;
Hollander et al., 1984).

Before use, the vessels have been cleaned, dried and treated with an
ozone concentration of several vol.%. The latter procedure has been per-

formed in order to minimize the 03 decomposition at the reactor wall.

The liquid phase experiments have been performed with the use of an
all-Pyrex glass bubbler as reactor. The gas is supplied to the liquid as
finely dispersed bubbles by flowing through a glass frit. The bubbler is
equipped with a water jacket for temperature control.

3.5. ANALYSIS

Several analytical techniques have been employed to measure the NOy

and 03 concentration, relative humidity and aerosol characteristics. In the
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agqueocus phase studies the determination of the NO™ and NO3™ concentration
has been performed. In this section the back-grounds of these techniques
are described.

3.5.1. Nitrogen dioxide

Most measurements of the NO; concentration have been made with a Bendix
model 8101 C NOy analyzer, an often employed commercial NOy analyzer. The
technique involves the measurement of the chemiluminescence of the NO-04
reaction which has been amply described in the literature (cf. Fontijn et
al., 1970; Helas et al., 1981; Drummond et al., 1585). The chemilumi-
nescence is due to the reactions:

N + 03 - NO* + 03 (R47)

Nog* - Nop, + h (R48)

where NOg* denotes an activated NO; molecule. Besides by light production,
Noa* can also be deactivated by quenching,

NO,* + M~ NOp + M (R49)

FIGURE 9. Schematic design of the NOy analyzer.
(1) air inlet; (2) dryer; (3) ozonizer; (4) capillary;
{5) sample air inlet; (6) three way valve; (7) NOz converter;
{8} reaction chamber; (2) photomultiplier; (10) manometer;
{11) pump.
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A achematic design of the NOy analyzer is shown in Figure 9. The appara-
tus consista of a reaction chamber, which is viewed by & cooled photo-
multiplier through a red filter, and which is connected In series with a
gas flow system.

The reaction chamber is fed by ozonized air and sample air. The actual
light production is registrated by the photomultiplier. For NO measurerent
the sample air is directly supplied to the reaction chamber, for NOy (= NO
+ NOz)} measurement the sample air is first passed through a converter for
NO2 to NO. In the apparatus an automatic three way valve alternately
supplies the sample air to the reaction chamber either directly or via the
converter. Therefore, the analyzer continucusly cutputs the KO, NOy and N°2
(by difference) concentration.

Of special interest is the operation of the NOp converter. Several types
such as catalytic (molybdenum), chemical (heated carbon or FeSQ4) and pho-
tolytic converters are commonly used. Some of these converters may convert
nitrogeneous species other than NO;. For example, nitric acid may be con-
verted into NO by a catalytic molybdenum converter {Winer et al., 1974).
The Bendix analyzer is provided with a chemical 'heated carbon' converter,
for which no detailed information is available. Therefore, the NO; measure-
ments have been performed using three different methods of analysis
notably: NOy analyzer with build-in converter, NOy analyzer with a FeS04
converter and the wet-chemical Salzman method. The FeS04 converter is known
to be specific for NOp (Helas et al., 1981). The Salzman method also is
specific for NOp. Good agreement between the results obtained with the dif-
ferent methods of NO; analysis has been observed. Furthermore, 0,5 ppm
gas phase nitric acid, prepared by bubbling through a sclution of 45% HNQj
and dilution, has been supplied to the NOy analyzer and no NOz response has
been observed.

In order to avoid a large quenching effect, the pressure in the reaction
chamber is kept low (< 0.2 atm) and constant. Moreover, the quenching effi-
clency is a function of the chemical nature of the third body (M) (Mvers et
al., 1966; Matthews et al., 1977; Zabielski et al., 1984). Water vapour in
particular has a high quenching efficiency, which means that the sensitivi-
ty of the method is a function of the relative humidity. Deviations as high
as 10% may occur if the R.H. of the sample gas is 70% and the instrument is

calibrated with dried carrier gas.
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The method requires calibration, which can be performed with the permea-
tion device described earlier. The calibration has to be performed with the
same carrler gas and the same relative humidity as that of the sample, in
order to avoid errors due to quenching. The accuracy of the chemilumines—
cent method is reported by the manufacturer to be about 5 ppb (Full scale
500 ppb}. This 1s in accordance with the agcuracy obtained during this
study.

In some experiments the wet-chemical Saltzman method has been employed
for NO, analysis. The details of this method are described elsewhere
(Saltzman, 1954; Huygen and Lanting, 1975; Adema, 1979; NEN 2040, 1982).
The method is based on the red colouring of an acid solution of sulfanila-
mide and N-{1-naftyl)-ethyleen diammonium dichloride after interaction with
NO,. The extinction of the coloured solution at 540 nm is a measure of the
N0, concentration. 04 interference is avoided with the use of a special
designed sample bottle (Adema, 1979). The accuracy is about 10%.

3.5.2. 0Ozone

The 03 concentration has been measured with a Bendix 8002 Oz analyzer.
The method is based on the chemlluminescent reaction of ozone and ethylene
(Pitts Jr. et al., 1972). In practise, the sample air is mixed with ethy-
lene in a reaction chamber and the amount of light produced is measured by
a photomultiplier. Quenching is much less effective than compared with the
NO-03 reaction. The apparatus 1s provided with an internal calibration
system based on 05 production by UV light. The performance of this calibra-
tion system is tested with a NO gas phase titration accerding to NEN 2045
(1881). The accuracy of the method is about 1 ppb (full scale 200 pph).

In some experiments, the 03 concentration has been determined using the
wet-chemical indigotin disulphonate method (Adema, 1979; NEN 2780, 1983). A
blue solution of 5,5'-disodium indigotin disulphonate is discoloured by 03.
The discolouration is measured at 610 nm with the use of a Vitratron colori-
meter. The decrease in extinction is a measure for the O3 concentration.

The results must be corrected for a slight N0y interference. The accuracy
of the method is about 5%.
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3.5.3. Relative humidity

Several types of hygrometers have been used to determine the relative
humidity. With a Becker type 4010 hygrometer low values (< 10%) of R.H. can
be measured. For higher wvalues of R.H., a Lambrecht hygrometer has been
used, with which a rough estimate of R.H. is obtained. More accurate
measurements have been performed applying the method of the ‘'dry' and 'wet'
temperature. From the difference of these temperatures, the R.H. can be
deduced.

3.5.4. Aerosol particles

The properties of the aerosol particles have been determined by two
methods, which are both available as commercial instruments manufactured by
Thermo-Systems Incorporated (TSI): a model 3020 Condensation Nucleus Counter
{CNC) and a model 3030 Electrical Aerosol Analyzer (EAA).

With the CNC the particle number concentration of the aerosol particles
in the size range 0.01 - 1.0 um can be measured. The principle of the
apparatus is expounded referring to Figure 10.

N
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PIGURE 10. Schematic design of the CNC.
(1) aerosol stream inlet; (2) butanol bath; (3) saturator
(35 °C): (4) condensor (10 °C); (5) detection cell; {6) lamp:
(7) optical system; (8) photo-detector; (9) pump.
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First, the aerosol stream is led through the saturator, which consists of a
tebe kept at 35 °C and in open connection with a butanol bath. In this way
the aerosol stream becomes saturated with butanol vapour. Next, this stream is
supplied to a tube held at 10 °C (the condensor). Because of the decrease
in temperature, the butanol vapour becomes supersaturated and preferentially
condenses on the aerosol particles. The particles grow and form droplets
with a diameter of a few micrometers, large enough that appreciable light
scatter 1s caused. The forward scattered light js detected as a measure
for the particle number concentration.

The instrument has only been used in its 'continuous mede', for which the
instrument has been calibrated by the manufacturer in the particle number
concentration range 102 to 2x10%* c¢cm~3, The count efficiency is reported to
be 100% for particle diameters > 0.02 pum (Agarwal and Sem, 1980). The
accuracy of the method is about 5%; the reproducibility is good.

The size distribution of the aerosol particles has been obtained with the
use of the EAA. The many aspects of this instrument are described by Liu
et al. (1974); (1976} and Liu and Pui (1975). The performance of the
apparatus employed in the present investigation is given by Buringh (1980),
The principle of measurement is the size dependence of the electrical mobi-
lity of aerosol particles. In the instrument, this is realized as shown in
Figure 11.

The aerosol is first pesses through a diffusion charger in which it becomes
positively charged. The charged aerosc] is brought in a grounded stainless
steel cylinder provided with a stainless steel rod {collector rod) in its
centre. An electrical field is created by applying a high, negative voltage
to the collector rod. Due to this electrical field, the poasitively charged
particles are deflected towards the collector rod. A part of the particles
1s precipitated on the rod, the other are collected on an absolute filter,
which is placed downstream the cylinder. The collected particles decharge
and cause a small current, which is measured with a sensitive electrometer.
This current is a measure for the particle number concentration.

The amount of particles collected on the rod is a function of the
electrical mobility of the particles, which itself is a function of the
particle diameter. By varying the voltage on the collector rod, the
mobility distribution {and subseguently the size distribution) can be ob-
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FIGURE 11. Schematic design of the EAA.
{1) aerosol inlet; (2) flow meter; (3) sheet air inlet;
(4) absolute Ffilter: (5) diffusion charger; (6) stainless
steel cylinder: (7) collector rod; (8) electrometer;
{9) pump.

tained. In the apparatus the classification is organized by the increase of
the negative voltage on the rod in eleven consecutive steps. In this man-
ner eleven size classes are created with wmidpoint particle diameters (dp)
between 0.0032 um and 1.0 um {(with Alog dp = 0.25). At each voltage, the
current produced on the absolute filter is determined. By taking the dif-
ference of the consecutive values of the current and applying the calibra-
tion data of Liu et al. (1976), the number particle concentration in each
size class is obtained. In this way, a profile of the size distribution of
the aerosal particles can be deduced. -

Since the particle size distribution of the aerosol offered to the EAA
is likely to be a lognormal distribution, the data have been reduced with
the computer program developed by Liu and Kapadia {1977}. This method
corrects the data for cross-sensitivity and fits the measured size distri-

bution with a lognormal distribution by minimization of the chi-square. The
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output of the computer program contains the parameters that determine the
lognormal distribution, i.e. the geometrical wmean diameter (dp.g). the
geometrical standard deviation (og) and the total number concentration of
the aerosol particles (N). Thus, the aercsol number distribution is found;
the aerosol surface and aerosol volume distribution can be obtained by
assuming monodispersity in each size class.

In order to increase the accuracy, the measurement has been started with
the fourth size class (lower limit 0.024 pm) and the total number con-
centration has been kept in the range 10*% - 5x104 cm~3. The latter means
that often the aerosol stream has to be diluted. This is performed by the
method given by Whitby et al. (1872). Taking into account the above-
mentioned precautions, the accuracy of the parameters determined with the
computer model is approximately § to 10%. The comparison between the total
number concentration measurements of the CNC and the EAA shows good

agreement as depicted in Figure 12,

Nyautem?)
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FIGURE 12. Comparison of total number concentration measured by the CNC
and the EAA.

The major disadvantage of the EAA is its low size-resclution. Recently,
a high-resolution electrical mobility aerosol spectrometer (MAS) has been
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developed by Ten Brink et al. {(1983). Unfortunately, this instrument was
not available for the present study. When both instruments are compared,

considerable discrepancies can occur but, however, the best agreement is

- found when the EAA data are corrected for cross-sensitivity by the proce-

dure deacribed by Liu and Kapadia (1977). Moreover, the aerosol volume and
surface concentration as measured with MAS and EAA appears to agree fairly

well.

3.5.5. Nitrite and nitrate

The nitrite and nitrate concentrations have been determined simulta-
neously by means of ion chromatography. A convential isocratic HPLC equip-~
ment has Baen used with separation on an anion exchanger and detection with
UV-spectroscopy at 210 nm (Gerritse, 1979; Leuenberger et al., 1980). The
instruments wsed are: a high pressure pump (Kipp model LC 414) and an UV-
detector {Kratos Spectroflow 757). A IonoSpher column (Chrompack) has been
used. The calibration is performed with standard N0~ and N0z~ solutions.
The accuracy is 3%.

3.5.6. Data registration

Recarders (Kipp model BD 41) have been used in most cases. The EAA data
have been registrated with a micro computer (Hewlett-Packard model HP 85)
connected with the EAA via a data acquisition/control unit (Hewlett Packard
model HP 3421). The registration of the ion chromatograms has been per-
formed with an automatic integrator (Spectra Physics model SP 4270}.
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Chapter 4.

THE N02-03 SYSTEM AT SUB-PPM CONCENTRATIONS: INFLUENCE OF TEMPERATURE AND
RELATIVE HUMIDITY

4.1, INTRODUCTION

It is now generally accepted that there are two important mechanisms
for the formation of atmospheric nitric acid (Richards, 1983; Cox and
Penkett, 1983). The first one invalves atmoaspheric nitric acid being formed
by the reaction of NO; with the CH radical:

NO; + OH + M -+ HNOg + M (R1)

which dominates during day-time. In the second mechanism a reaction pattern

which is initiated with the NC; oxidation by 05:

NOp + Og -~ NOg + O {R2)
NO + NOg + M~ NpO5 + M (R3)
NyO5 + M - NOg + NOz + M (R4)
Npls + Hg0 - 2 HNOg (R5)

The second process occurs mainly at night. because by day the NOs radical
is rapidly photolized. Likewise, ND3 reacts rapidly with NO:

NOz + NO -~ 2 NOp (R6)

The importance of the night-time NOp oxidation is confirmed by recent
field measurements (Platt et al, 1981; Platt et al., 1984) and model stu-
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dies (Calvert and Stockwell, 1983; Jones and Seinfield, 1883; Helkes and
Thompson, 1983). The NO, conversion rate to HNOy associated with this pro-
cess might even exceed the NO, conversion rate of the daylight reaction
(R1).

The influence of relative humidity (R.H.) seems to be of crucial
importance. Platt et al. {1984} report that the lifetime of NO3 calculated
from their observations of atmospheric NO3 decreases with increasing R.H.
The involvement of water in the loss process for N0y or Np05 is suggested.
For example, the Np05 scavenging in clouds or on aerosol surfaces where Hp0
is present in its aqueous state, is considered as a potential loss process.

The influence of R.H. on the kinetics and stoichiometry of the K0,-03
system has rarely been studied in laboratory experiments. Table I lists the
results of some laboratory studies of the past decades. In none of these
studies attention was paid to the influence of R.H.. Table I shows reaso-
nable agreement for the rate constant kg and its temperature dependence. In
some studies the stoichiometry (ANOp/A03) was determined; most values were
lower than 2, the value expected on the basis of {R2), (R3) and (R4}. The
reason for this low stoichioeetry is not vet understood, although there are
as many suggestions as there are determinations of the reaction

steichiometry.

TABLE 1 Laboratory studies concerning the NOp-0Gg3 system (from: Verhees and
Adema, 1985)

Study Concentration k, x 10% Arrhenius- Sroichi-
NO, (Pl’“'). o, (PP“}- (l:mz.l’::hme-l ’-l)w omeLy
Ford ¢t al. (1957 0.2-1.0 0.25-0.63 3313 0.88-4.75
Wuetal (1913) 624 4-21 43:0.7 1.53-2.02
Stedman and Niki
(1973 0.01-01 1-8 65:08
Davis et ai. (1974) 100400 5-40 28:0] 9&x 107
exp(-2427/T)
Huie and Herron 25-250 23-63 38:01 1.6 % 10°1
(1974) exp(-2509/T)
Graliam and Johnston 9-60 5-50 135:02 L3x 104 189+ 0.08
(1974) exp{-—2466/T)
Becker et al. (1974) 4.2
Cox and Coker (1983) 8-80 -850 15201 1851009

"1 ppm = 1000 ppb = 2.5 x 10" molecule cn™" (] atm; 298 K).

In most of the studies summarized in Table I, the reactant concentra-

tion were at ppm level ar higher. Only the dated and inaccurate study of
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Pord et al. (1957) used sub-ppm concentrations for both reactants. One of
the objectives of the present study is to check the validity of the kinetic
parameters (as listed in Table I} at sub-ppm concentrations of NOp and 0g.
At the same time, this chapter deals with the influence of the temperature
and relative humidity on the kinetics and stoichiometry of the NOz-03

reaction system.

4.2. EXPERIMENTAL

The equipment in which the experiments were performed is schematically
shown in Figure 1. The system operates as a continuous stirred tank reactor
(CSTR) flow system.

¥ CSTR

FIGURE 1: Schematic ocutline of the experimental set-up.

AIR: clean, dry compressed air (6 atm): F.C.: flow controlling

device; ND3z, 03, Ha0: generation of NOp, 03, Ha0(g) respectively;

S: stirrer; CSTR: continuous stirred tank reactor: A: sampling

The tank reactor consists of a roughly spherical all-Pyrex glass vessel

with a Pyrex glass/Teflon stirrer operating at a frequency of about 1 Hz.
Two vessels of different size (volume 67 and 236 1, respectively) were used.
The vessels were wrapped with rubber tubing and were insulated with glass
wool. The rubber tubing wes fed with water from a PMT-Tamson TC 9
thermostat. Thus, the temperature in the vessels is kept constant and can
be varied between 277 and 340 K to within an accuracy of 0.02 K. To screen
light exposure, the 1nsulated reaction vessel was covered with aluminium
foil.
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Clean, dry air was used as a carrier gas which was split into four lines.
Three lines were used for the generation of the reactants and the fourth
line was used for dilution. In each line the flow could be controlled. In
line I by means of a Brooks flow controller model 8844 and a Brooks
R-2-15-AAA flow meter and in the other lines by a constant flow unit based
on critical orifices (NEN 2042, 1982).

In line I, ROz was generated using a permeation tube system. A per-
meation tube filled with pure, liquid N304 was kept at a constant tem-
perature in a permeation chamber and flushed with a flow of 3 1/h air. The
NCs; comcentration could be changed by using several permeation tubes.

In line II, 05 was produced by radiating the air with 185 nm UV-light
using a Pen-Ray tube (Ultraviolet Products S0G-1}. The Oz concentration
could be varied by covering part of the Pen-Ray tube. Both N0 and 03 were
generated in accordance with Dutch standards (NEN 2042, 1982; NPR 2047,
1982) for the production of calibration gases. Water vapour was introduced
by saturating the flow through line III, the desired relative humidity
and/or taotal flow could be adjusted by setting the proper flows through
lines III and IV.

The N0y and 03 concentrations were determined before and after the reac-
tion vessel. The analysis of NO; was performed with a Bendix 8101C NOy
analyzer based on the chemiluminescent reaction of NO with ozone. In most
experiments NO» was converted to NO using the built-in converter, and in a
few experiments a FeS04 converter operating at room temperature was used.
The analyzer had been calibrated with the permeation system described
above. The 03 concentrations were measured by the chemiluminescent reaction
with ethylene using a Bendix 8002 0g analyzer. A gas phase titration with
NO was used to calibrate the Oz monitor (NEN 2045, 1981). In some of the
experiments wet chemical methods such as the Saltzman method for NO; and
the indigotinedisulphonate method for O3 were applied as described by Adema
{1979).

In this experimental set-up several kinetic experiments were performed
with a number of variables illustrated in Table II.

Generally the experiments can be divided into two parts: those under
'dry conditions' and those under 'wet conditions'. 'Dry conditions' are

defined as being when no water vapour is introduced into the reaction
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TABLE II. Summary of the reaction conditions and its variations

Variable Symbal Range

Input NOp concentration Co,NO2 40 - 330 ppb

Input O3 concentration Co,04 20 - 200 ppb
reaction vessel volume oV 67 ; 236 1.

space velocity? 8 1.1 ; 1.5 ; 2.2 h~1
temperature T 277 - 325 K
relative humidity R.H. <0.1% - BO%

a) Space velocity defined as: 8 = Q/V with Q: volumetric flow rate

vessel. The water vapour content of the dried carrier gas was measured

using a Becker type 4010 Hygrometer and a value of about 8 ppm Hp0 (g) was

obtained. This corresponded to a relative humidity of less than 0.1%.

The experimental data are reduced using the mass balance for every com-

ponent i in the CSTR. The mass balance is expressed by:

Q.¢p,i = Q.e,ij - V. erij + V.dcg y/dt

(1)

with Q = volumetric flow rate {cm? s71)

Co,i = input concentration of component i {molecule cm™?)

Ct, 4 = concentration of component 1 in the reaction vessel at
time t (molecule cm3)

ryj = rate of formation of component i by reaction j
{molecule cm™® s7)

v = reaction vessel volume (cm?}

dce j/dt = accumulation of component i (molecule cm™2* s7')

In course of time a stationary state is achieved, then :

decy,3/dt = 0 5 cg,§ = Cgg,i
Css,i = steady state concentration of component i

Hence
Q.co,4 = Q-Cgs,i - V.23Tij

(2)

(3)
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or 8.¢q,1 8.ca0,1 - erij (1)

2] space velocity defined as Q/V (s87')

Note that the reciprocal value of 8 is the mean residence time of a com-

panent in the reaction vessel.

4.3. RESULTS
4.3.1. 0Og-decay

To determine the stability of the reactants with respect to the
vessel wall, the CSTR was flushed with a carrier gas containing either NO,
or 0O3. N0, was found to be stable under all experimental conditions but 05
appeared to decay. If we consider the 0; wall loss to be a first-order
reaction, its rate can be characterized with the rate constant koa. In the
steady state, kos can be derived from (4):

(co'o - c RN :

k = (5]

In the 67 1 reaction vessel, a koa value of (1.2 ¢ 0.3) x 107%* 57" was
obtained and in the 236 1 vessel ko, = (2.8 1 0.8) x 107* s7' was found.
The 03 decay was measured several times during the experiments; k03 wasg
always within the limits given above.

As a function of temperature, kg, tends to decrease slightly with

3
increasing temperature but, however, in the temperature range under exami-
nation (277-325 K) the value for koa remains in the range given above.
kg, increases with R.H., a value of about 2.5 x 107% 871 1s found in the 67 1

vessel at R.H. 50%.

4.3.2. The NOp-03-system under 'dry-conditions'

Stoichiogetry

The measurements were performed using the following standard procedure.
The reaction vessel was continuously flushed with carrier gas with a NOp

concentration of Co,NOp- A experiment was started with the initiation of
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the 05 production so that during the experiment the gas flow through the
reaction vessel remained constant. Both NO, and 04 concentrations in the
reaction vessel were recorded as a function of time, using the chemilumi-
nescent analyzers. Figures 2a and 2b illustrate the course of Ct,NOy and
€t,0g during an experiment. As can be seen from the figures, a steady-state
is reached after some time. In steady-state conditjons input and output
concentrations were measured by applying the same analyzers (see Figures
2a, 2b) and wet chemical methods.

Cr.0, { ppb)
2004 (a)
—Cq0,
Csm.04
1001
o @ %
time {min}
Cy no, (PPD}
3504
{b} —tam,
250 Cu 0,
G’ T do T 160 T

time {min)

FIGURE 2: (a) Ozone concentration as a function of time.
{b) Nitrogen dioxide concentration as a function of time
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We define the stoichiometric factor (8) of the reaction system as:

- cas.Noz

c -c (1+k6_ /8 (6)
3 3

In this forsula the term (1+k03/9) ia used to correct the 03 decomposition
on the wall.

Table III lists the stoichiometric factors determined in the 67 1 vessel
with the use of different methods of NOs analysis. Here Co,0; has been
varied between 40 and 200 ppb. It appears, however, that S does not depend
on Co,Qg- As follows from Table III there is a good agreement between the
different methods of analysis. Further description concerns results

obtained with the chemiluminescent analyzers only.

TABLE III. The stoichiometric factor at 293 K; 67 1 vessel,
Reaction conditions 8 = 1.5 h7t, Co,NOg = 325 ppb,
Co,05 = 40 - 200 ppb.

Method of analysis 8 ogd) na}
chemiluminescent analyzers 1.12 0.09 18
ibid, with FeS04 converter for

NO; analysis 1.09 0.07 4
wet chemical 1.1 0.2 18

a} Standard deviation based on n measurements

The influence of the temperature on S is illustrated in Table IV. At

higher temperatures, a clear decrease in the stoichiometric factor results.

Table V shows the results obtained in the 236 1 vessel at a constant tem-
perature of 298 K. Here Co,0, has been varied between 20 - 80 ppb, but
again § is found to be independent of €g,04- 1IN this set of experiments
€o,NO, has also been changed, as shown in Table V. Reducing Co,NOp results
in a lower stoichiometric factor.
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TABLE IV. The stoichiometric factor as a function of temperature;
67 1 vessel, 8 = 1.5 h™', ¢o,NO, = 325 ppb, ¢q,04
= 40 - 200 ppb.

T (K) s Og n
277 1.37 0.09 4
287 1.29 0.08 5
293 1.12 0.09 18
298 0.94 0.07 4
301 0.85 0.08 5
313 0.70 0.10 8
325 0.44 0.14 5

TABLE V. The stoichiometric factor at different Co,NOp$ 236 1
vessel, T = 288 K, & = 1.7 h™1, Co,03 = 20 - 780 ppb.

Co,Noy (pPD) 5 Og n
328 1.3 0.2 6
110 ¢.81 0.16 6
44 0.41 0.04 7

Comparing the results of the two different reaction vessels, it can be
seen that under corresponding reaction circumstances, a higher value for S
is found in the 236 1 vessel.

Finally, the influence of space velocity is described. This has been
varied by & change in the total flow, but since the same permeation tube
has been used, Co,NOy changes inversely proportional to the space velocity.
Under these conditions, it was found that S remained constant. This beha-
viour was observed in both vessels at 293 K and 313 K. Thus, a constant
stoichiometric factor results, when the product B-Co,Noz remains censtant.
If the space velocity only is varied, the dependence of S on 6 will be
opposite to the dependence of S on Co,NOy-
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Kinetics and Mechanism

The kinetic analysis has been performed based on expression (4). The
relevant kinetic parameters are described in the term erij' The exact com-
position of this term depends on the reaction mechanism in the CSTR.
Because this mechanism is not known, we have examined several combinations
of reactions given {n Table VI. The reactions (R2), (R3} and (§4) are
always included but, however, when only these three reactions are con-
sidered a stoichiometric factor of 2 is found to contrast with the results.

TABLE VI. Summary of the reactions used for kinetic analysis.

Reaction Expression Rate constant as £(T)8) T-range

R2 NOp + 03 =~ NOz + Oy 1.2x10~ " "exp(-2450/T) 230-360

R3 NOy + NOg + M » NyOg + M 1.6x10-"2(17300)% 2 220-520
R4 NgOg + M » NOy + NOg + M 9.7x10"%exp(-11080/T) 220-500

R7 NO; + NOz - NO + NOp + Oy 2.5x10" " “exp(-1127/T) 338-396

RS 2 NOg -~ 2 NOg + Og 8.5x10™ ' *exp(-2450/T) 208-329

RS NOy + 03 ~ NO + 2 0p

R10 NOz + W+ NOg + % 0 + W

R11 NOg + W+ NO + O + W

R12 NaO5 + W~ 2 N0z + % 0g + W

R13 NaOs + W - NO + NOg + O + W

R14 NO + 03 + NOp + Op 2.3x10™ ' *exp(-1450/T) 200-360

R6 NO + NOz - 2 NOy 2 x 100"

RS NgOg + Hp0 ~ 2 HNDg4

M : third molecule ; W : wall

a) Rate constant units are s™' (first-order reaction) and cm® molecule™ s~
(second-order reaction).
Rate constants are the recommended values for the given T-range from
Baulch et al. (1982), except for (R7) and (R8) which are taken from
Graham and Johnstan {1978).
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Therefore, 1t is necessary to consider additional reactions. A combination
with {(R7), (R6) and (R14) or with {R8) might be possible. Both {R7) and
R(8) have been reported in literature [(Graham and Johnston, 1978) but,
however, the reported rate constants are too low to match the stoichiometric
factors found.

The results of such an analysis agree with the present data only when
one of the reactions (R9) to (R13} is included. The possibility of (R9) has
been indicated by Wu et al. (1973). Reactions (R10} to (R13) are the wall
decomposition of NOg or N0 with the formation of NO, or NO. In case there
is NO formation, the reactions (R6) and (R14) are also inserted into the
reaction combination.

For any combination of reactions the term ZJrij can be composed. All
reactions are considered elementary, so they are first-order in the reac-
tants. From (4} we get i equations where 8, c, j and cy j for NOp and O3
are known variables, while the other (i-2} wvalues for cy j are unknown.
This means that two rate constants can be determined in the term Ijrij- In
our analysis we have determined the rate constant for reaction (R2}, {kj),
and the rate constant for the reaction selected from the set {(R9) to (R13),
(kJ). For the other rate constants we have used the literature values given
in Table VI.

TABLE VIT. Results of the kinetic analysis at R.H. < 0.1%; T = 208 K.

67 1 vessel 236 1 vessel
Reaction
combination | kp ) k) ko kj
R2, R9 2.2x10-"" 9.8x10""" z.9x10-'7  5.9x10°'°
RZ, R1D 3.4x10"""7 8.2x107° 3.1x10~"7 3.7x10°"
R2. R11 3.2x10° "7 4.1x10°? 3.6x10" "7 1.9x107°
R2. R12 3.4x10°"7 4.8x10-* 3.7x10°"" 2.0x10"*
R2, RI3 a.zx10-"’ 2.4x10°" 3.5x10° "7 1.0x10~*

a) Rate constant units are s ' (first-order reaction) and cm®molecule?
sec¢” ' (second-order reaction).
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The system of i equations with i variables obtained in this manner, can
be solved. In Table VII, the rate constants as found with the different
reaction combinations are given for the experiments at 298 K in the 67 and
236 1 vessels. We note that in all cases the k; values are nearly equal
and that the same reaction combination yields a corresponding ks value in
both reaction vessels. Likewise, we see a clear difference in the kj values
obtained with the same reaction combination but with different reaction

vessels.

4.3.3. The NOy-03-system under 'wet conditions’

Stoichiometry

Table VIII shows the stoichiometric factor as a function of rela-
tive humidity. The results are corrected for the influence of R.H. on the
chemiluminescent detection techniques.

TABLE VIII. The stoichiometric factor as a function of R.H.; 67 1 vessel,
T =293 K, @ =1.5h™, co,np, = 325 ppb, co,05 = 180 ppb.

R.H. (%) 8 ag n
<0.1 1.12 0.09 18
30 1.20 0.11 8
a8 1.26 0.07 5
68 1.34 D.08 6
78 . 1.40 0.10 7
788) 1.96 0.04 3

a) after exposure te R.H. 78 % for ca. 100 h.
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From Table VII] we observe a significant increase of § with R.H. It is of
importance to mention that Hp0(g) was only suppplied during the experiment.
The Ho0(g) supply was started simultaneously with the beginning of the 04
generation. It was stopped after Co,NOg and €o,03 were measured. This means
that during night-time and at the weekends no HpO0(g) was supplied.

When an experiment is performed after the reaction wvessel has been
exposed to a R.H. of 78% for a longer period (ca. 100 h), there is a signi-
ficant change in S, which {ncreases drastically to a value of 1.96 &t 0.04,

Kinetics and Mechanism

Most likely the influence of Hp0(g)} can be attributed to the conversion
of NyOg according to reaction (R5) (Table VI). This Ny05 converslon causes
a shift to the right of the equilibrjum formed by the reactions (R3) and
(R4) which results in an increase of S.

The reaction rate constants of the reactions (R2) and (R5) have been
calculated. That of (R5) is considered as a pseudo-first-order reaction
rate constant {kg') because of excess Hy0. The k values are given in Table
IX. The results refer to the reaction combination (R2), (R3), (R4}. (R5).
(R10). For kjg. the value obtained under 'dry conditions' has been used and
kg and kg have been taken from literature (Baulch et al., 1982).

TABLE IX. Results of the kinetic analysis at different R.H.;
T = 203 K; 67 1 vessel.

1
R.H. (%) ko {cm?molecule™ s77) ks (s71)
<0.1 2.7 x 1077 0
30 2.6 x 1077 8.4 x 107"%
48 2.7 x 10717 1.5 x 1072

68 2.7 x 10717 2.6 x 107

78 2.8 x 10777 3.6 x 1074
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4.4. DISCUSSION

The NO3-05 system under 'dry conditions’

One of the major points of discussion is the gquestion of which reaction
combination best explaina the observed phenomena. To answer this question
we first consider the stoichiometric factor obtained in the two reaction
vessels used. Comparing the results at 298 K and Co,NOg = 325 - 328 ppb, a
significant higher stoichiometric factor is found in the 236 1 vessel; S =
0.94 Iin the 67 1 (Table IV) and 8 = 1.3 in the 236 1 vessel (Table V).
The different behaviour 1in different reaction vessels can also be
illustrated by the disparity in the ky value {see Table VII). If only homo-
geneous processes occur, the result in both vessels would be similar. Since
this is not the case, an influence of the reactor wall is obvious. Most
likely, the decomposition of NO3 or N0 (R10) to (R13) {s involved.
Next, we consider the results as a function of cq,No, (Table V). If we com-
pute the steichiometric factor as a function of Cp,NOg using the rate
constants found in the experiment with €o,NOg = 326 ppb, we obtain for the
combination (R2), (R3), (R4) and (R10) the dashed line given in Figure 3.

S
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-
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0 %0 200 300
Como, (PPB)
FIGURE 3. The stoichiometric factor as a function of cg,No,-
{o) experimental data points
{---~) calculated line using reaction combination with (R10) or
{R11).
{——) calculated line using reaction combination with (R12) or

(R13)
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If we use the combination (R2), (R2), (R4), (R6), (R11) and (R14) nearly the
same line is found but, however, calculations with the reaction com-
binations inciuding (R12) or (R13) show a stoichiometric factor that is
independent of €o,NOg in the range 5-500 ppb (solid line in Figure 3). More
information is provided by the measurements with different space velocity.
Simulation of 5 using the rate constants found with ® = 1.5 h™' show marked
differences between the various reaction combinations, as illustrated in

Figure 4.

Co o, (PPDI
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FIGURE 4. The stoichiometric factor as a function of space velocity.

(o) experimental data points

{----) calculated line using reaction combination with {R10) or
{R11}.

{——) calculated line using reaction combination with (R12) or
(R13).

We see that when (R12) or (R13) is used, a dependence of S on the space
velocity (and a corresponding change in Co,NUz) results, whereas reaction
combinations with (R10) or (R11) lead to a constant value for S. The
experimental results are also indicated in the Figure 3 and 4. From a com-
parison between the computed lines and the experimental data points, which
have not been used in the calculations, it appears that only reaction com-
binations with (R10} or (R11) are in accordance with the observations. We
may conclude, that the low stoichiometric factor is caused by a wall reac-

tion invelving NOa with subsequent formation of NOz or NO.
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On the basis of the present results, we cannot discriminate between {(R10)
and {R11). According to Graham and Johnston (1974), it is unlikely that NC
acts as an intermediate, since they failed to detect the chemiluminescence
from (R14) in the NOy-0g system. Combining this with the present results,
the combination (R2), (R3), (R4) and (R10) is preferable to any other reaction
combination. Graham and Jchnston (1978) insert reaction (R10) in their
reaction mechanism, and they report that this mechanism is capable of
explaining the laboratory reactions of the NOy-0; system in the dark. The
possibility of (R10) is also reported by Ten Brink et al. {1982). In the
further discussion we restrict ourselves to the reaction combination with
(R10).

Let us now consider the numerical value of kyjp. A wall reacticn, such as
(R10), can be considered as a two step process, that invalves diffusion of
N0z to the wall followed by reaction at the surface. Either diffusion or
surface reaction can limit the reaction rate.

In the surface-reaction-limited aituation, the first-order rate constant

of a wall reaction, k3, can be expressed by (Grosjean, 1985):

K A awv
10 = G _Z_g (7)
where A/V = surface area to volume ratio of the reaction vessel (cm™1)
@ = accommodation coefficlent
Vg = mean thermal velecity of the gas molecule (cm s7')

The accomodation coefficient (or sticking coefficient or collision yield)
is the fraction of collisions on the surface that actually lead to
reaction. The mean thermal velocity of the gas molecules can be derived

from the kinetic theory of gases:

(8)

where M denotes the molecular weight, and R is the gas constant. In the case
of NOg, vg = 3.2x10% cm/s. From the kyp values given in Table VII and A/V
values of 0.12 cm™' (87 1 vessel) and 0.08 cm™ ' (236 1 vessel}, we find a
values of 8.5x10"% and 5.8x10"® respectively. These values are rather low
compared to the accommodation coefficients for OH radical scavenging as
reported by Chameides and Davis (1982). However, they are clearly higher
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than the a values for the O3 wall decomposition given by Grosjean (1985) or
deduced from the values of k03 given 1In section 4.3.1., (a values in the
order of 107°%),

In the case of diffusion limitation, the results can be discussed in
terms of the following madel (Van de Vate, 1980; Ten Brink et al., 1982).
In this model it is assumed that in a well-stirred reaction mixture the
rate of a wall reaction is controlled by the molecular diffusion through a
thin boundary layer near the wall. From Fick's laws, the rate constant of a

wall reaction can be derived:

D A
ko = 5 v (9)
where D = diffusion constant {cm? 871)
é = boundary layer thickness {cm)

From kyg (Table VII} and A/V = 0.12 cm™' (67 1 vessel) and Dygg = 0.12 cm2s™?
{calculated following the method outlined by Perry and Chilton (1973)}) one
finds: 8§ = 0.18 cm. For the 236 1 vessel, we obtain § = 0.268 cm. In order
of magnitude, these results agree well with the considerations of Ten Brink
et al. (1982), who state that in flow reactors the thickness of the boun-
dary layer is of the order of millimeters.

From the present results, it cannot be determined whether the wall reac-
tion {R10) is surface-reaction-limited or diffusion-limited or that it is
controlled by both diffusion and surface reaction. The problem is that
neither ¢ nor & can be obtained independently aof the value of Kkjp.
Therefore, we may only conclude that the a values are lower limits, whereas

the values of & are upper limits.

Temperature behaviour is considered as the last point of discussion in
this section. A clear reduction of $ was found with increasing temperature
{Table IV). This reduction is mainly caused by the strong temperature
dependence of the equilibrium formed by the reactions (R3) and (R4). From
the rate constants for (R3) and (R4) given in Table VI, it can be seen that
the equilibrium shifts to the left at higher temperatures which results in
a lower stoichinmetric factor. From the kinetic analysis at several tem-
peratures, the Arrhenius expression for reaction (R2} can be deduced (the
Arrhenius plot is given in Figure 5). From a least-sguares fit of the data

points, the Arrhenius expression can be expressed as:
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Ko = (2.3 £ 0.2) x 10713 exp ({-2620 ¥ 90)/T) cm?® molecule™! 8™ {10)
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FIGURE 5. Arrhenius-plot for reaction (R2).

This result is compared with the preferred value recommended by Baulch et al.
(1982) given in Table VI. This value has been derived from the data of the
three temperature depended studies mentioned in Table I. The activation
energy agrees reasonably well, but there is a difference in the pre-
exponential factor. The reason for this discrepancy is not obvious, but
wight be due to the different experimental systems and different analytical
techniques. The pre-exponential factor appears to agree well with the
theoretical wvalue based on the transition state theory as calculated by
Herschbach et al. (1956).

4.2. The NOp-O3 system under 'wet conditions'

The increase in S at higher R.H. was related to reactfon (R5). The
results of the kinetic analysis are summarized in Table IX. From this table
it can be seen that the ks values obtained both under 'dry' and 'wet con-
ditions' show no differences. The observed values for ks are shown in
Figure 6 as a function of R.H. It appears that ks' is not directly propor-
tional to R.H.
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FIGURE 6. ks' as a function of R.H.; T = 293 K.

This means that most probably (R5) is a heterogeneous reaction of which the
rate strongly depends on the amount of Hz0 deposited on the vesse] wall.
This result contrasts with the observations of Morris and Niki (1973) who
state that {(R5) might be a homogeneous gas phase reaction. Also quan-
titative agreement is lecking; Morris and Niki (1973) repert a rate
constant of 1.3 x 10729 cmd molecule™' s~7 at 298 K, this corresponds with a
pseudo-first-order rate constant of 4.5 x 1072 s”1' at R.H., 50%. With the
use of this rate constant the stoichiometric factor cam be calculated to be
1.85, much higher than thg value found in the present study. Our results
agree much better with Atkinson et al. (1982}, who report a rate constant
of 3.0 X 1072 ¢m?® molecule™*' s7° (k5' 1s 1.0 x 107% s~ at R.H. 50 %} and
note that the reaction is heterogeneous.

In a recent paper, Tuazon et al. (1983) report on the N;0z decay rates
as a function of water vapour concentration, an upper limit to ks of 2.4 x
10-2' cm® molecule™' s~' is found. It appears that the Nz0p decay involves
both homogenecus and heterogeneous processes. From the measured con-
centrations of gas phase nitric acid an upper limit estimate of the gas
phase homogeneous rate constant for (R5) of 1.3 x 107" cm? molecule™! s7!
{298 K) is abtained.

An upper limit estimate of the homogeneous rate constant can also be
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determined from the present results. To that end, we take the tangent of
the R.H.—k5' curve, as shown in PFigure 6. The slope of this line can be
considered as the upper limit estimate: 4 x 10722 cm? molecule™ s7' at
293 K.

This value is lower than that of Tuazon et al. (1983) but, however, this
might be due to the different temperature. In fact, a rough estimate of the
activation energy can be obtained: 170 kJ/mol. This rather high value
might reflect the complexity of the atom shuffling that presumably occurs
in the passage from reactants to products. Such a strong temperature depen-
dence has also been deduced from atmospheric NO3 concentration measurements
(Atkinson et al,, 1988).

The heterogeneous contribution of (R3) can be discussed using equations
{7) to (9). It is unlikely that diffusion limitation occurs, since equation
(9) leads to unrealistic high values of & With the equations (7) and (8)
accommodation coefficients of 107° to 1072 can be obtained from the values
of ks' given in Table IX. ,

The heterogeneity of (R3) is further confirmed by the behaviour of the
reaction system after exposure of the reaction vessel to a R.H. of 78% for
some time. We see a sharp increase In S5 (Table VIII). This is also the case
with R5', which can be calculated to be 1.5 x 1072 s7'. This means that in
this situation the rate of NoOg hydrolisis is comparable to the rate of NOg
wall conversion. This is an indication that these rates are controlled by
molecular diffusion through a thin boundary layer near the wall. We believe
that the rapid scavenging of Nx0s5 is due to the presence of sufficient Hp0
in its condensed state. Possibly during the exposure with HpO(g) & water
layer is formed at the reactor wall or H0(1) is deposited in the pores of
the reactor wall (capillary condensation). Under such conditions the system
is dominated by the Np05 scavenging as follows from the stoichiometric fac-
tor which approximates a value of 2. Ten Brink et al. (1982) also concluded
that the Ny0s scavenging is enhanced by a water layer formed at the wall
of a reactlon vessel.

In the above considerations, the influence of R.H. on the N0p-0g system
is treated using the rate constant of the NO3 wall reaction (kjp) obtained
at R.H. <0.1%. It must be realized that this rate constant may undergo

changes, since the wall properties are believed to change in the presence

of Hp0. However, we believe that there are no significant changes in k;p to
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be expected (see also Chapter 6). Another aspect, which has not yet been
discussed, is the possibility of NOs wall scavenging leading to formation
of nitrate as reported by Chameides and Davis (1983)}. This process alone
cannot be responsible for the observed phenomena, since model calculations
show that the stoichiometric factor decreases when R.H. increases, in
contrast with the present results. The N0z scavenging may still occur
simultaneously with NpOg scavenging. However, the rate of NO3 scavenging
will be very small compared to that of NpOgs scavenging as follows fram the
stoichiometric factor of about 2.
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Chapter 5.

THE DYNAMIC BEHAVIOUR OF AEROSOL PARTICLES IN A CONTINUOUS STIRRED
TANK REACTOR

5.1. INTRODUCTION

In the previous chapter we have ascertained that heterogeneous processes
occurring at the reactor wall seem to be essential in the description of
the chemistry of the NOp-03 system. In the ambient environment these
heterogenecus processes may occur through interactions with aerosol
particles. Before we discuss the NOy-0Og-aerosol chemistry, we must pay
attention to the dynamic behaviour of aerosol particles when they are
flushed through a spherical continuous stirred tank reactor.

The aerosol behaviour in a reaction vessel is determined by the process
of coagulation and by deposition processes. The theory of these processes has
been extensively described by Van de Vate (1980). A brief summary is given
below.

Aerosol particles move in arbitrary direction with different velocities.
Mutual inelastic collisions leading to the formation of new particles cause
the so-called Brownian coagulation. Besides particle growth, Brownian coagu-
lation leads to a decay of the particle nuaber concentration (N), which for a
polydispers aeroscl is expressed by:

d Nt n n
5 ;KN N (1)

where Ky, is the coagulation constant. The subscripts n and m denote a given
size range. The coagulation constant is a function of several parameters such
as particle diameter, diffusion coefficient of the particle and the average
velocity of the particles. Several theories that describe K,y as a function

of these parameters are available in the literature (e.g. Fuchs. 1964;
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Walter, 1873; Davies, 1979). The coagulntion process is especially effec-
tive for relatively high particle nrumber concentrations, because it is a
second-order process,

Another important aerosol loss process is that of deposition of the aeroscl
particles on the walls of the reaction vessel. Several mechanisms can act
as driving force for deposition: gravitationa} sedimentation, Brownian and
turbulent diffusion, thermopharesis, diffusiophoresis, electrophoresis and
photophoresis. In general, the deposition loss rate is defined by the
equation:

- B _ 5y (2)

where B denotes the wall loss coefficient. Equation (2) holds provided the
aerosol in the vessel 1s well mixed, except 1n a small boundary layer near
the wall. The wall loss coefficient can be considered as the product of the
deposition velocity (vg4 ,) and the surface/volume-ratio (A/V) of the reaction
vessel.

A
By = vd.n v (3)

Theoretical relations of the deposition velocity for the different deposi-
tion mechanisms are given by Van de Vate (1980). It appears that irrespec-
tive of the deposition mechenism, vq,p is a function of the particle diameter.

This chapter deals with the determination of the properties of an arti-
ficially generated aerosol, which 1s supplied to a continuous stirred tank
reactor. The difference between the characterigtics of the input aerosol
and the aerosol characteristica in the CSTR under steady-state conditions
is discussed.

5.2. EXPERIMENTAL

A design of the flow system with which the experiments were performed is
is schematically shown in Figure }.
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[AIR |—={c0A | NEU [—BUF DIF |
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FIGURE 1. Schematic outline for the experimental set-up.
AIR : clean, dry compressed air (3 atm.}); F.C. :flow
controlling divice; C.0.A. : constant output atomizer;
NEU : neutralizer; BUF : 10 1 buffer vessel; A.F.
absolute filter; F + P : pump in connection with flow
controller and flowmeter; DIF : diffusion drver; A :
sampling point: CSTR : continuous stirred tank reactor;
$: stirrer.

A large part of the experimental set-up consisted of an air flow system
in which aeroseol particles were generated and treated for proper use. This
stream was diluted with air toe a total flow rate of 400 1/h and sub-
sequently fed to the CSTR. The 236 1 reaction vessel used was described in
the chapters 3 and 4. The temperature in the reaction vessel was kept at
298 K and light was excluded in all experiments.

The aerosol was produced by atomizatian of NaCl or MgClp solutions by means
of a Constant Output Atomizer (TSI model 3076), followed by passage through
a Kr-85 charge neutralizer (TSI model 3054). Next, the aerosol was passed
through a 10 1 buffer vessel in order to avoid fluctuations in the particle
number concentration. Dilution of the aerosol was realized by circulating
a well-known part of the aeroscl stream over an absolute filter {HEPA,
Gelman). In this way the particle number concentration could be easily
varied.

Two types of aercsols were distinguished : 'dry' aerosocl (only NaCl) and
'wet' aeroscl (NaCl and MgClp). The 'dry' aerosol was obtained by passing
the aerosol particles through the diffusion dryer, which reduced the rela-
tive humidity to 25%. Through dilution with dried air, the R.H. in the
vessel was about 15%. Under these conditions the aerosol consisted of small

NaCl crystals. In the case of 'wet' aerosol, the diffusion dryer was
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bypassed and the dilution air was partly humidified, which led to a R.H. of
about T8% in the vessel. At this R.B., NaCl as well as MgClp is deliquescent:
the 'wet' aeroscl can be considered as small droplets of concentrated NaCl
or MgClz solutions.

The system was allowed to reach steady state, after which measurements
were made of both the CSTR output and the feed. The particle number con-
centrations were measured with a Condensation Nucleus Counter (TSI model
3020). Size distributions were obtained with an Electrical Aercsocl Analyzer
{TSI model 3030). The currents measured with EAA were converted to particle
number concentrations using the monodisperse sensitivities of Liu et al.
(1876) =as well as the method of Liy and Kapadia (1977). With tﬁe latter
method the EAA data were corrected for cross-sensitivity and the size
distribution was lognormally described.

5.3. RESULTS

With the applied aerosol generation method, a constant supply of aero-
sol particles could be maintained for several hours. Figure 2 shows an
electron micrograph of feed NaCl 'dry' aerosol particles. The aerosol has
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FIGURE 2. Transmission electron micrograph of the 'dry' NaCl aerosol




prim—

_81_

been sampled on the electron microscope grid by electrostatic precipitation
with an electrostatic precipitator as described by Van de Vate et al. (1978).
The polydisperity of the aerosol generated is clearly indicated by the
electron micrograph. Likewise, the cubic structure of the NaCl aerosol can
be seen, which is an indication for the crystalline properties of the 'dry'

aerosol.
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FIGURE 3. Histogram of the size distribution of the feed aeroscl.
Experiment 1, Table I

A size distribution of feed aeroscl is shown in Figure 3. The histogram

depicts the direct output of the EAA converted to particle number

concentrations. The lognormal distribution, described by :

2
dN . 1 exp (- (log d, - log d; o) )
4 log dp ¥zn log %y

(4)
2
2 (log ag)

is obtained by applying the method of Liu and Kapadia (1977) and is shown
in Figure 4 by the solid line. The dashed line gives the corresponding CSTR

putput lognormal size distribution.
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FIGURE 4. Lognormal distribution of the feed (
aerosol. Experiment 1; Table I.

) and cutput (----: )

Several experiments were performed where the lognormal distribution of
the feed and of the steady-state output aerosol was determined. Table I
gives the results. The particle number concentration, the geometrical mean
diameter, the geometrical standard deviation and the particle volume con-
centration of both feed and steady-state output aerosol are given for
several types of aerosol. The size distribution parameters given are the
average of five EAA measurements. A general feature of the resuits is the
clear decrease in the particle number concentration, when the aerosol is
passed through the CSTR, whereas the particle volume concentratian only
slightly decreases. Also the size distributlion changes, notably : an
increase of the geometrical mean diameter and a decrease of the geometrical

standard deviation.

5.4. DISCUSSION

It can be expected that Brownian coagulation is an important process in
the CSTR, because of the relatively high feed particle number concentration.
Table I clearly indicates that this is the case. Brownian coagulation leads
to a decrease in N and to a change of the size distribution. Recently, some

theoretical work on the Brownian coagulation of a lognormally distributed
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aerosol has been reported (Lee, 1983; Lee et al., 1984). Assuming that the
lognormal distribution i1s preserved during the coagulation process, 1t can
be shown that the size distribution shifts to a larger dp‘g and a smaller
gg. These considerations are in accordance with the observations in this
study.

Apart from Brownian coagulation, deposition of aerosol particles on the
wall takes place in the reaction vessel. This i{s illustrated by the dif-
ference between the feed and steady-state particle volume concentration.
This difference is due to wall deposition, since the aerosol volume is con-
served in the coagulation process. The wall loss coefficient can be calcu-

lated with the steady state balance of the particle volume concentration :
Vo . 8 = Vgg . B + By Vgg (5)

The wall loss coefficient is denoted B,, since it is an average value for
the polydisperse aerosol during its residence time in the CSTR. The values
of B, obtained with this method are given in Table I, together with the
corresponding values for vy 5 taking A/V = 0.08 cm™',

These results can be discussed referring to the various deposition mecha-
nisms as mentioned in the introduction. The mechanisms of photophoresis,
thermophoresis and diffusiophoresis are ineffective in the dark, tem-
perature controlled reaction vessel and in the absence of strong conden-
sation or evaporation. Deposition due to gravitation settling can also be
considered as an unimportant factor. The gravitational sedimentation vele-
city can be calculated from Stokes law (see Van de Vate, 1980) : for par-
ticles of 0.3 um with a particle density of 1.2 g/cm®, the sedimentation
velocity is about 1074 cm/s.

The mechanisms of electrophoresis as well as Brownian and turbulent dif-
fusion have to be considered, since both are likely to be relevant in the
present study.

The deposition velocity of diffusion is given by :
- B
Vi< s (6)

Van de vate (1980} reports on diffusion processes in an enclosed reaction

vessel without mechanical stirring. He finds that the boundary layer
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thickness (6) is a function of the diffusion constant (D}. The following

empirical relation was given :

0¢.265 (1)

where D is the Brownian diffusion constant, which can be expressed as :

kT
D amnd " c {(8)
b
where k = Boltzmann constant
n = viscosity of air
C = slip correction factor

Using this method, we find for particles with dp = 0.1 um at 298 K : D =
2.3 x 107* cm® s7' and subsequently vq = 7.2 10”% cm s~ '. This value is
much lower than those given in Table I. The reason for this discrepancy is
the fact that turbulent diffusion is not included in Van de Vate's model.
Recently, it has been shown theoretically as well as experimentally (Crump
and Seinfeld, 1981; Crump et al., 1983; Hollénder et al., 1984; McMurry and
Grosjean, 1985) that in the case of considerable dissipation of turbulent
energy {(such as in flow systems) the effective boundary layer thickness is
much swaller as predicted by equation (7). Hence, the rate of aerasol wall
deposition 1s significantly enhanced due to turbulent diffusion.

The present results can be best compared to the study of Crump et al.
(1983), who have determined the particle wall loss rate in a spherical flow

reacter of 118 1, Figure 5 shows their results at various particle diameters.

FIGURE 5. 8 as a function of dp according to Crump et al. (1983)
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The shape of the curve is caused by diffusive deposition, which is effec-
tive at low dp, and by gravitational settling, which is effective at high
dp. There are two clear differences between the results of Crump et al.
(1983) and the results of Table I. Firstly. the numerical values do not
agree and secondly, the results of Crump et al. (1983) show a clear decrease
of § going from dp = 0.06 im to 0.3 um, whereas the present results appear
to show no dependence on dp. There is however considerable scatter in the
data. The former is probably due to a difference in the experimental set-up.
The reaction vessel of Crump et al. {1983} is not provided with a mechani-
cal stirring apparatus in contra-distinction with the present investiga-
tion. Mechanical stirring leads to an increase in the dissipation of tur-
bulent energy and, consequently, to a higher wall loss rate (Okuyama et
al., 1984). The latter is possibly cavsed by charge effects. The particles
leaving the neutralizer, attain a Beltzmann charge distribution and, since
the glass wall is likely to be electrically charged, electrophoresis may
osccur. The effect of this electrostatic deposition on the wall loss rate is
theoretically and experimentally studied by McMurry and Grosjean (1985) and
is shown in Figure 6.
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FIGURE 6. The effect of electrostatic deposition on wall deposition
rates (From: McMurry and Grosjean (1985)}

It can be seen that electrostatic deposition significantly affects deposi-
tion rate for particles in the 0.05 - 1.0 pm diameter range. The wall loss
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coefficient is predicted to be nearly independent of dp. in accordance with
the present results. It is 1likely that these charge effects are an
highly variable uncontrolled factor and may account for the scatter in the
data.

We may conclude that probably the wall deposition of the aerosol particles

can be explained by turbulent diffusion and electrostatic transport.

Finally, we return to the discussion of the Brownian cocagulation. Using
the values of f;, we can calculate the coagulation constant from the steady-

state balance of the particle number concentration :

. . . 2
8. ho Q. Nss * 5& hss * Ka Nss (9)

Again, the value of Ky is an average for the polydisperse aerosol during
the residence time in the CSTR. The values of K, are listed in Table I.
There is considerable scatter in the K data and it appears that the calcu-
lated K5 value depends on Ngy. A summary of literature data is given by Van
de Vate (1980), the values commonly reported for polydisperse aerosol vary
between 0.5 x 107 and 2.0 x 10°% cm® s '. Some of the present data agree
reasonably well with the literature. A plausible explanation for the

scatter in the data may be the influence charge effects.

TABLE II. Sensitivity calculation for experiment 7 of Table I

5o dp,g.0 9g. 0 Ba Ka

{cm™3) {jam) {s™1) {cm®s~1)
1.2x10° 0.11 1.9 1.7x107° 0.8x10""°
1.0x108 0.11 1.9 6.7x10° 0.9x10~"
1.4x10°¢ 0.11 1.9 2.8x10~* 0.5x10"°
1.2x106% a.10 1.9 1.2x10"° 1.0x10""°
1.2x10°% 0.12 1.9 3.6x10°° 0.4x10-°
1.2x10° 0.11 2.0 4.1x10"* 0.3x10-*

1.2x10¢ 0.11 1.8 7.2x10°° 1.1x10°"
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The scatter in the data may also be expected regarding the accuracy of the
experiments. The accuracy of the parameters listed in Table I can be esti-
mated to be 5 to 10 %. It appears that changes of this magnitude lead teo
drastic changes in the values of 85 and Ky. See for example Table II, where
the sensitivity of the éalculated Bz and Ky values is shown for experiment 7
of Table I.
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Chapter 6.

THE NO,-O, SYSTEM AT SUB-PPM CONCENTRATIONS: INFLUENCE OF SUB-MICRON NaC1
AND MgC1, AEROSOL

6.1. INTRODUCTION

In chapter 4, we have focussed attention on the oxidation of NOg by
03 as a formation mechanism of atmospheric nitric acid. It is shown that
the results give rise to consider heterogeneous reactions. The NOg wall
conversion to NOz and the NpOs wall scavenging in the presence of Hp0 are
suggested to account for the cbserved results.

In the atmosphere, heterogeneous reactions mainly manifest themselves as
interactions beiween gaseous species and aerosol particles. With respect to
the atmospheric NOp-0Oz chemistry the potential significance of such hetero-
geneous interactions has been recognized for some time. Especially, the
nitrate formation by heterogeneous Np0g5 hydrolysis is believed to play a
rele in nocturnal NOy chemistry. It has been proposed as an explanation
for a number of field observations (Richards, 1983; Heikes and Thomson,
1983; Atkinson et al., 1986). Furthermore, a number of model studies
(Heikes and Thomson, 1983; Russell et al., 1985; Seigneur and Saxena, 1984)
have shown the potential importance of nitrate formation by NpOs scavenging
on wet particles. However, the model results are limited to sensitivity
studies alone because the necessary information to quantify the Np05 sca-
venging is unavailable. For example, a realistic value of the accommodation

coefficient for in-cloud NpOg scavenging is not available.

The heterogeneous MN05 hydrolysis has been investigated in a few
laboratory studies. Cox (1974} has studied the influence of artificially
generated ammonium sulfate aerosol on the NOy-05 chemistry. It was shown

that at high R.H.. when the ammonium sulfate aerosol consisted of droplets,
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the incorporation of the NO; oxidation preducts was particularly efficient.
Unfortunately, a value of the accommodation coefficient was not given.
Harker and Strauss (1981) investigated the interaction of Ny05 with
sulfuric acid aerosol and reported accommodation coefficients of about 107%
to 1074 depending on the temperature.

Heterogeneous loss processes of the NOy radical have received con-
siderably less attention. Chameides and Davis (1983) have suggested that
the scavenging of NO3 radicals by droplets may lead to significant nitrate
formation. Model sensitivity calculations have shown that NOg radical sca-
venging is only effective if its scavenging efficiency is significantly
higher than that of Ny05 (Heikes and Thompson, 1983; Seigneur and Saxena,
1984). An NOg loss process with subsequent formation of NOy such as the
wall reaction proposed in chapter 4 has not yet been reported in the

literature.

In this chapter, we report on the influence of sub-micron aerosol
particles on the NOp-0g chemistry as encountered in chapter 4. The aerosol
particles used consisted of NaCl and MgClp. Particles of this type were
used because of their abundant presence in the atmosphere and because of
their hygroscopic nature, so they form droplets at high R.H.. Moreover,
they could easily be artificlally generated as described in chapter 5. The
dynamic behaviour of this type of aerosol was also described in the pre-

vious chapter.

6.2. EXPERIMENTAL

The experimental equipments described in the chapters 4 and 5 were con-
nected. Only the 236 1 vessel was used. In all experiments, the temperature
was kept constant at 298 K, whereas the flow rate was maintained constant
at 400 1/h. The input concentrations were hold at 23985 ppb for NO; and 190
_ppb for 05. The particle number concentration and the size distribution of
the aerosol were varled., The methods of analysis for both gaseous specles

and aerosol particles were also described in the previous chapters.

Again 'dry' and 'wet' aerosol particles were dlstinguished. With the
use of a diffusion dryer and dilution with dry air, a'dry' aeroscl {NaCl)

was obtained at a R.H. of 15% in the reaction vessel. 'Wet' aerosol (NaCl,
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MgCloa) was obtained by bypassing the diffusion dryer and dilution with
bumid air to a R.H. of 78% in the reaction vessel.

The following precedure was applied in all experiments. The NO; and 0g
were supplied to the reaction vessel and the desired relative humidity was
realized by feeding the atomizer with pure, liguid water and proper dilu-
tion. This means that an experiment was started without a supply of aerosol
particles, This system wag allowed to reach steady-state, after which
measurements of the NOz and 03 concentration were made. Next, the pure,
liguid water was replaced by the salt solution to be atomized, so that the
aerosol particles were supplied to the reaction vessel. Again, the system
was allowed to reach steady state, after which the change in NOs; or 04
concentration was detected and the aerosol properties were measured. After
that the aerosol feed was characterized. During the night and at the
weekends, the system was fed with dry air only, in order to avoid the for-

mation of a water layver on the vessel wall,

In a number of eXxperiments the aeroscl particles were sampled for
nitrate analysis. The particles were collected on a Teflon filter using a
Teflon filter holder and a pump connected in series with a gasmeter. The
sample time was two minutes, the flow through the filter was approximately
200 1/h, Next, the particles were released from the filter and dissolved in
2 ml of pure, liquid water applying an ultrasonic water bath., The nitrate
analyses were performed by ion chromatography using a coaventional isocra-

tic HPLC system (described in detail in Chapter 7).

6.3. RESULTS

6.3.1. Experiments with 'dry' aerosol

In all experiments, no change in the steady-state 03 concentration
could be detected when the aerosol particles were supplied to the reaction
vesgsel. This means that the kinetics of ozone removal are not significantly
affected by the presence of aerosal particles. Consequently, 03 is not
significantly destroyed at the particle surface. Therefore, we can give
the results in terms of the stoichiometric factors corretted for 0s wall
decomposition such as described in chapter 4. Table I summarizes the

stoichiometric factors obtained.
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TABLE I. The stoichiometric factor in the presence of 'dry' NaCl aerosol.
236 1 vessel; T = 298 K; €o,NOp = 395 ppb; 0,03~ 180 ppb; 6 =
1.7 h™'; R.H. = 15%

case dp,g,ss O, ss Ngg s ag n
(um) {cm™3)

A - - - 1.42 0.05 10

B 0.09 1.7 1.1x10¢ 1.4 0.1 3

c 0.15 1.8 2.1x10% 1.4 0.1 3

D 0.17 1.8 1.7x10¢ 1.24 0.09 4

1t can be seen that the NO,-04 system is rather insensitive to the presence
of sub-micron NaCl aerosol at R.H. 15%. Only in case D a significant
decrease in S is apparent. Case D contains the most extreme aerosol con-
ditions that can be realized with the present aerosol generation eguipment.
The decrease in S of case D is caused by an increase in the steady-state

NOz concentration of approximately 10 ppb.

The kinetics can be described by the mass balance equations given in
chapter 4 and applying the reaction combination (R2), (R3), (R4}, {(R5) and
(R10). The relevant reaction expressions and literature data are summarized
in Table VI of chapter 4. The reaction rate constants for (R2) and (R10)
are determined. It is already mentioned that the kinetics of ozone removal
are unaffected. This is reflected by the mean value of ks, which is 3.6x
10717 cmmolecule™'s™' in accordance with previous results. The mean value
of kjg for the cases A, B and C is calculated to be 3.6x10"% 8", which
corresponds with the rate constant for NO3 loss at the wall of the reaction

vessel. In case D a clear increase in kygp is observed: kjp = 5.5x1072 877,

6.3.2. Experiments with 'wet' aerosol

Once more, the steady-state D3 concentration did not change when 'wet'
aerosol particles were present. The results are presented as staichiometric

factors corrected for O3 wall decomposition, as shown in Table II.
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TABLE II. The stoichiometric factor in the presence of 'wet' aerosol.
286 1 vessel; T = 208 K; co,No, = 395 ppb; Co,0g = 190 ppb;
8 =1.7h"'; R.H. = 78%

Case  Aeroscl dp,g,s8 05 ss Ngg S og n
(m} (cm™2)
E - - - - 1.54 0.08 14
F NaCl 0.21 1.7 1.7x10¢ 1.50 0.1 3
G MgCls 0.29 1.7 1.6x100 1.6 0.1 4
H MgClp 0.27 1.7 5.3x10% 1.6 0.1 3
I MgCls 0.25 1.8 2.8x10°% 1.6 0.1 2
J MgCls 0.25 1.8 1.3x10°% 1.8 0.1 2

The results show that in the case of 'wet' aeroscl, the stoichiometric factor
is practically unchanged. The ‘wet' NaCl aerosol shows a very small de-
crease in §, whereas with 'wet' MgClp aeroscl the stoichiometric factor
is slightly increased. However, the changes in S are smaller than the stan-
dard deviation of the experiments and are in the order of magnitude of the
accuracy of the NO; analyzer. It appears that the value of S is independent

of the particle number concentration.

During the experiments with MgCl; aerosol, the particles were collected
for nitrate analysis. Both feed and steady-state output aerosol were
sampled. The feed did not contain any measurable nitrate. This is an indi-
cation that there is no artifact nitrate formation caused by NOp or the
combination NO2-03. In order to egtablish the possible interference of
Np05, a filter previously loaded with MgCly aerosol was exposed to the
steady-state NOp-03 matrix at R.H. 78%. Only traces of nitrate were
observed, typically in the order of magnitude of the detection limit of the
ion chromatographic NO3~ analysis, i.e. 0.1 pM. This corresponds with a
particle nitrate concentration of about 2 x 10'® molecule cm™3.

Table TII gives the steady-state particle pitrate concentration obtained

in the experiments with MgCl; aerosol at R.H. 78 %.
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TABLE III, Steady-state particulate nitrate concentration. Reaction
conditions: see Table II,

Case CNO3 ™, 88 o n
{molecule cm~3) {molecule cm™3)

G 8.5x1011t 6x1010 8

H 3.7x10M 3xlg0'e 2

I 1.8x10M) 2x1p1° 2

J 1.1x101? 2x101¢ 2

It can be seen that the particle nitrate concentration is clearly dependent

on the particle number concentration.

The interpretation of the kinetics is performed using the reaction com-
bination (R2), (R3), (R4), (R5) and (R10), where the rate constants for (R2)
and (R5) are calculated. For all experiments, the mean value of kp is found
consistent with previous results: ks = 3.7x107'" cm®molecule 's™*. The
value of Kks' has been calculated as a function of S, where S varies between
the limits given by the accuracy of the experiments. It is assumed that the
NG5 loss reaction R({10) only takes place at the reactor wall. The results
are given in Table IV.

TABLE IV. The pseudo-first-order rate constant of (RS}, ks' and its sen-
sitivity with respect to small changes in S

5 Css,NOy ks' Css,NOg~
(ppb) (s~1) (molecule cm™?)

1.54 287 2.9x1074 0

1.81 282 4.9x1074 5.9x1011

1.69 277 7.8x1074 1.2x101#
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Also indicated in Table IV are the Css,NOg~ values that can be calculated,
if it is assumed that in the lower limit of 8 ($=1.54) no particulate
nitrate is formed. Furthermore, it is assumed that at the higher values of
S the pseudo-first-order rate constant for particulate nitrate formation is
given by the difference with this lower limit.

The results of Table IV have reference to all the experiments of the
cases G to J. If compared with the results given in Table III, it is ciear
that only in case G the measured Css, N0y~ Meets the calculated values.
Obviously, the dependence on particle number concentration of cgg,Nog~ 1s
conflicting with the calculation based on measurements of S. Another flaw
may be the assumption that the kinetics of NOg removal by (R18) are not

influenced by the presence of aerosol particles.

Therefore, we have also made calculations using the results of Table III.

The particulate nitrate formation can be expressed by reaction (R15):

Na0s + 'wet' particle - 2{NO3~ - 'wet' particle} {R15)

TABLE V. The calculated values of kyg' and kqig and their sensitivity to §.

Details of the reaction conditions are givem in Table II and III.

S = 1.52 S = 1.61 S = 1.69

kis' kj0 kis' kig Ky5 kig
Case

{(s7") (s™%) (™) (s™1) {s™1) {(s™1)
G 3.5x10"*% 5.4x107% 3.3¥1074 4.2x10-% 3.1x1074  3.1x10°2
H 1.2x10°% 4.3x10°%2 1.1x10™%  3.3x10°2 1.1x10"%  2.5x10°¢
I 5.5x10°% 3.9x107% 5.2x10°%  3.1x10"® 5.0x10"%  2.4x10°¢
J 3.2x10°% 3.8x10°% 3.1%107% 3.0x10°2 2.9%x10°%  2.3x107¢




~96-

Since Css,NOg~ is introduced as a new variable, an extra k value may be
calculated. We have calculated the pseudo-first-order rate constant of
(R15), kjg5', and the value of kg, using the reaction combination (R2),
(R3}, (R4), (R5), (R10) and (R15). For ksg' a value of 2.9 x 107* s~ ' i=x
used. This value represents kg' in absence of MgClp aerosol particles.

The results are given in Table V (previcus page}. Again, the results
are given for various values of § referring to its variability encountered
in Table I1. Moreover, the cases G to J are considered individually.

The dependence on particle number concentration of kig5' as well as kjp
is obvious. Furthermore, kj5' is rather insensitive to variations in §,

whereas the change in kig is much more pronounced.

6.4. DISCUSSION

6.4.1. Experiments with 'dry' aerosol

The iInfluence of 'dry' sub-micron particles is found to be limited.
Since the extra surface area introduced by the particles is small compared
to the surface area of the reactor wall, any effect can only be expected If
caused by a sufficiently fast interaction with the aerosol particle.
Apparently, such fast interactions do not occur. Only in case D (Table I),

an appreciable decrease in § 1is detected.

We suggest to explain this behaviour by a NOg loss process at the sur-
face of the 'dry’ particle. The steady-state O3 concentration remains
constant when the particles are supplied to the reaction vessel. This
implies that it is unlikely that NO acts as an intermediate since NO would
have reacted with 03. Therefore, the NOj loss at the particle surface can
probably be best described by reaction {R10). The consequences for the
kinetics are already given: an increase of kjp from 3.6x107%2 s™' (without
'dry' aerosol) te 5.5x107% s™' (in case D). The latter kjyp value can be

written as:

kip = ke, 10 *+ kp 10 (1)

where the subscripts w and p denote 'wall' and 'aerosol particle’' respec-

tively. Thus, for case D we obtain: kp,10 = 1.6x1072 577,
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This result can be discussed with the thearetical considerations of Fuchs
and Sutugin (1970) as described by Peterson and Seinfeld {1980), Chameides
and Davis (1982) or Heikes and Thompson (1983)., The Iinteraction of a
gaseous species with an aerosol particle can be considered as a two-hody
chemical reaction. The description of the rate of this reaction requires a
detailed treatment of the rate of diffusion of the gaseous species to the
particle, knowledge of the particle size distribution, and an examination
of the accommodation coefficient.

The interaction of the gaseous species with all particles can be considered
as a pseudo-first-order process and the pseudo-first-order rate constant

[kp) can be expressed as:

o

kp = f @(dp) n(dp) d(dp) (2)
(]

where n(dp} denotes the number particle concentration with diameters bet-
ween dp and dp+d(dp). which can be deduced from the particle size
distribution. The term ¢(dp) is the gas-to-particle diffusion rate
constant for a particle of diameter d,. Besides on dp, $(dp) depends on
the nature of the diffusing gaseous species and on state variables.

The term ¢(dp) is generally described referring to the characteristic
parameter: the Knudsen number (Kn). Kn is defined as the ratio of the mean

free path of a gas molecule in air (1) to the particle radius:

- 21
Kn = =5 (3)

o

The theory of transport phenomena is simple in two extreme cases; at very
small and very large Knudsen numbers. For Kn <<1, the so-called continuous
diffusion regime, ¢(dp) can be described by the classical continuum dif-
fusion theory (Fick's laws). For the free molecular diffusion regime
(Rn >>1), the particle can be considered dynamically as if it were another
molecule and ¢(dp) can be predicted by cellision theory.

The case of intermediate Kn values jis called the transition regime., For a
spherical particle, ¢(dp) is given by

$(dp) =2mdy D F (4



=G~

where D is the diffusion constant of the gaseous speclies in air. The factor
P is developed by Fuchs and Sutugin {1970} to span the transition region
between the free molecular diffusion regime and the continuous diffusion
regime. F is expressed by:

et
L]

-1
1+xn{A+~‘-—%-§4‘u]] (5)
where A is a dimensionless parameter equal to

4/3 Kn +0.M

A= Kn + 1 (6}

and a denotes the accommodation coefficient.

When the particle size distribution is known, kp can be calculated as a
function of a. Referring to the present results, we may calculate the kp
values for reaction (R10). In Figure 1, some plots of kp 109 versus a are
shown, with Dyg, = 0.12 cm® 37" and Inog = 0.113 pm.

The kp.lo values are obtained by numerical integration of equation (2)
and applying the egquations (3) to (6). We have used the lognormal size
distributions characterized by the parameters given in Table I (cases B to
D}.

For case D, we have obtained a kp 3p value of 1.6x107* s7', which
corresponds with @ = 6.5x107%. Using this a value, we find kp 10 values of
2.6x107% s and 1.5x10"% s8~' for case B and C respectively. It may be
clear that, compared to kg, 1p, these kp,lo values are too small to observe

a measureable decrease in $§.

6.4.2. Experiments with 'wet' aerosol

The stoichlometric factor is hardly affected by the presence of sub-
micron 'wet' aerosol., The change In S appears to be that small that any
dependence of S on the particle number concentration is not noticed, at
least within the accuracy of the NO; analyzer. Furthermore, we observed
discrepancies between the kinetic results based on the measurements of the
stoichiometric factorand those based on the measurements of the particle

nitrate content of the 'wet' particles.
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FIGURE 1. kg jp as a function of @. Loghormal size distribution as in:
[Ii case B; {II) case C; (III) case D.

Probably, there are two competitive processes operative. Firstly, NCg
scavenging with subsequent NO; formation which leads to a decrease in S.
Secondly, heterogeneous N;Os hydrolysis which leads to an increase in 5. In
the calculation of the kinetic results given in Table IV, we made the
assumption that the KO3 loss reaction R{10) only takes place at the wall of
the reaction vessel. In view of the explanation given above this assumption
is incorrect. Therefure, we believe that the kinetic results based an the
measurements of the particle nitrate content provide a more confident data
set.

The kinetic results based on the nitrate measurements are summarized in
Tabel V. It can be seen that irrespective of the value of S, a rather con-
sistent value of ky5' is calculated.

These values of kjg' can be compared with those calculated using the
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method outlined in the previous paragraph. In Figure 2, the plots of kyg'
versus ¢ for the lognormal size distributions of cases G to J are shown.

k(s
0y I
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FIGURE 2. k;5' versus a. Lognormal size distribution as in: (I) case G;
{I1) case H; (III) case I; (IV) case J. The squares depict the
values given in Table V.

The kjs5' values of Table V are also depicted in Figure 2. The accommodation
coefficient for Ny0s scavenging according to reaction (R15) is about
(0.8%0.2)x10"%. In order of magnitude, this value agrees well with the
values of Harker and Strauss (1981).

Another way to interpret the results is to search for a correlation bet-
ween the kys' value and the steady-state particle surface concentration

{Sgg)}. Figure 3 shows kyg5' as a function of Sgq.
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FIGURE 3. Kkj5' versus Sgg
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Apparently, we obtain a lineair relationship according to:
kig' = 2.1 x 107* Sgg (7

A third way to interpret the results is to assume that the Ny05-H30
interacticn takes place in the bulk of the liquid phase. The Ny05 reaction
can be described as the physical dissolution of N»0s5 followed by an aqueous
phase reaction of Ny0s(aq) according to:

N205 (g} = Na05 (aq) (R16)
NoOs (ay) + Ho0 (1} - 2 NDy~ + 2 H* (R17)

The rate of this process is governed by the Henry's law constant of Na0j
and the aqueous phase rate constant for reaction (R17). Provided the
aqueous phase i{s saturated in NpDs, a rate constant for the overall process

may be evaluated as {(Lee and Schwarz, 1981).
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k = L RT Hnyos K17 (8)

where L stands for the liquid water content, which {s defined as the volume
of liquid water (m®*} per m?® air.

The values of kyg' can be discussed referring to equation (8), The liguid
water content can be deduced from the particle volume concentration and the
Kohler curve (Pruppacher and Klett, 1978} for MgClp aerosol. Figure 4 gives

K15* as a function of L.

10 i (s
s 7/
304
20
10- :
e
U/ 70 40 60
10'L

FIGURE 4. kyg5' versus L

The value of Hy, 05 - ky7 can be determined from the slope of the line
given in Figure 4, we obtain: HN205. kKy7 = 2.4x102 M atm™ ' s7'. This number
must be regarded as an upper limit since mass transport processes are not
considered. Mass transport processes will become rate limitting for large
drops and very high chemical rates (Schwartz and Freiberg, 1981).

To the best of our knowledge, neither Hy,0g DOT K17 has been reported in
the literature. When compared to the reactive solubility of HNOg, it
appears that NpOg is much less soluble than HNO3, for which the product of
Henry's law constant and the first-order agueous phase rate constant equals
4.6x10'% M atm™! s7' (Durham et al., 1981). The reactive solubility of Nz0g
can be best compared with that of N503 and Ng0O4. From the recommended
values given by Schwartz and White (1982), the product of Henry's law
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constant and first-order aqueous phase reactlon rate for both Ny03 and NoOy

can be evaluated as 1x10? M atm™' s7°'.

Finally, we consider the behaviour of the NOg radical. The kinetics of
reaction (R10) are given in Table V. It can be seen that the rate constant
kig is rather sensitive to small changes in S. In order to determine the
effect of the aerosol particles on kyg, equation (1)} may be used. Since
Ky, 10 = 3.8x1072 s7', it appears that only the kyp values obtained for the
lower values of § are realistic. Obviously, S should have a value between
1.54 and 1.6, An upper limit for the accommodation coefficient can be
calculated from the k, 1g values obtained at S = 1.54 and using the for-
malism outlined in paragraph 6.4.1.. This upper limit appears to be:
a = (3.6£0.5)x107¢,

Another NOj loss process to be considered is the interaction of the NOj
radical with the 'wet' particle leading to nitrate formation. This process
alone cannut be responsible for the nitrate formation. Model calculations
show that the formation of nitrate concentrations (such as given in Table
111} would lead to a significant decrease in 5, when heterogeneous NO5 loss
is considered to he the only nitrate forming process. Such a decrease in $
is not observed. The formation of NO3~ by a combination of both NO3 and
No0g5 scavenging may be possible, but in that case we cannot quantify these
processes with the present results. Rowever, note that the NOz scavenging
must be many times faster than No0g scavenging since the NyOs concentration
is several orders of magnitude higher than that of NOj. Recently, Lee (1985)
(has studied the hydrogen peroxide formation caused by an agueous phase NOj
reaction. From his results. Lee derived an upper limit for Huoa-k of
4x10~% M atm™' s~'. Although Lee did not actually study the nitrate for-
mation, this extreme Iow value of HN03~k may be an indication that NOa

scavenging is relatively unimportant.
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Chapter 7.

TUHE.AQIHﬂ)USEﬂ{ASE(IﬂmulsrkYiDFhK%zAbﬂ)hﬂ)z4)3h1DTFURES

7.1. INTRODUCTION

The atmospheric chemistry of NO,-O5 systems is of importance since it
provides one of the formaticon routes of atmospheric nitric acid. The gas
phase chemistry has been extensively studied by laboratory, field and model
studies (Verhees and Adema, 1985, and references therein}. The possible
chemical interactions between NO; und O3 in the agueous phase have received
considerably less attention.

Individually, the interaction of NOp with liquid water as well as the
interaction of 0Oz with liquid water has recently been studied. Lee and
Schwartz (1981a) report on a laboratory study of the reaction kinetics of
the NO; reaction with liquid water at low NOz partial pressure. The NOp
uptake in liquid water can be described by the physical dissoluticn of NOg
(R1} followed by the aqueocus phase disproportionation of NOs(ag) (R2)

NOp(g) & NOp(aq) (R1)
2N0z(aq) - Hp0(1) = 2H* + NOp~ + NOg~ (R2)

The kinetics are found to be consistent with a second-order aguecus phase
reaction coupled to mass-transport processes. The rate of (R2) is established
as being insensitive to the presence of 0> (Lee and Schwartz, 1981b). In
an extensive review on the kinetics of the reactive dissolution of the
nitrogen oxides, Schwartz and White (1982) derive 2 value of Henry's law
constant of NOp {the equilibrium constant of (R1)) as {1.0 ¢ 0.3) x 1072

M.atm™' (293-298 K) and a value of the rate constant for the agueous phase
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reaction (R2) as (0.7 * 0.3) x 10®* M~1,8”' (293-298 K). With the use of
these parameters the removal of KOp with pure, liquid water 1s found te be
Inefficient under most atmospheric conditions. For example, in a cloud with
a liquid water content of 1 g/m3 the NOp conversion rate is in the order of
1074 % h™' (Beilke, 1983). However, during a fog event in an urban area
associated with high NOy concentratijons, the NO; agueous phase chemistry
may lead to significant nitrate formation (Kasting and Ackerman, 1985).

Some studies on the interaction of 03 with liquid water have been
recently reported. The physical dissolution of 03 is characterized by its
Henry's law constant, a value of 1.3 x 107% M.atm ' (293 K) is recently
given by Kosak-Channing and Helz (1983). Several chemical interactions bet-
ween aqueous 04 and pure, liquid water are known, a summary is given by
Heikes (1984). A poszible process is the 05 decompesition to form HuDgp,
initfated by reaction with OH-,

Os(aq} + o~ - Hoz_ + Oz(aq) {RS)
HOz™ + HY # Hp0z(aq) {R4)

Reaction (R3} is the rate limiting step, the rate constants are given by
Staehelin and Hoigné (1982). Likewise, it appears that heterogeneous pro-
cesses and reactions with trace impurities in the aqueous phase are
involved.

To the best of our knowledge, the influence of 03 on the rate of NOj
uptake by liquid water has never been studied. Only the oxidation of
nitrite to nitrate by aqueous 05 has been studied (Penkett, 1972; Damschen
and Martin, 1983), and is found te be a significant sink for NOp~ under
atmospheric conditions. The influence of dissolved ozone on the reactive
dissolution of 80, is well-established. The aqueous phase 5042~ formation
is known to be enhanced by 03 for several orders of magnitude (Beilke,
1983) .

From chemical thermodynamics, the dissolution of NO; by reaction with 03
is characterized by a large equilibrium constant (Schwartz and White, 1981)
but, however, kinetic information is not available. Enhancement of the
aqueous NO uptake might occur analogously to the NOp-Oy gas phase che-
mistry, i.e. formation of an aqueous NOg specles, which easily reacts with
aqueous NOs to form nitrates. Another possibility is the invelvement of
species formed by the interaction of 03 with liquid water.
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This chapter deals with a laboratory study of the kinetics of the NOs
uptake in liquid water as well as the influence of O3 on these kinetics.
The experimental method is almost identical with the method used by Lee
and Schwartz (198la), i.e. applying a gas-liquid contact reactor. Only the
analysis of the ionic species is performed with ion chromatographic methods

instead of conductivity measurements.

7.2. THEORY
7.2.1. The slow reaction model

The formalism to be used to describe the rates of pas-liquid reactions
1s given by Schwartz and White (1982); an extensive treatment is given by
Danckwerts (1970). Briefly, a situation of mixed phase reaction involves a
competition between (1) the rate of reaction of the physically dissoclved
gas and (2) the replenishment of the concentration of the dissclved gas by
mass transport in each of the two phases and (3) dissaolution of the reagent
gas at the gas-liquid interface. In the case of the NOz(g)-Hs0(1l) system
gas phase mass transport can be considered sufficiently rapid, so it is not
a limiting factor in the overall kinetics of NOp uptake in liquid water.
Therefore, the rate is controlled by agqueous phase processes such as dif-
fusion in the agueous phase, convective mass transport or the agueous phase
reaction itself. For the NOp{g)-Ho0(1) system with a second-order aqueous
phase reaction and N0 as the diffusing species, Lee and Schwartz (1981a)
distinguish three regimes., where the overall reaction rate is controlled by
one of these aqueous phase processes. They derive criteria for the partial
pressure of NO; that are applicable to gas-liquid reactors as employed in
their investigation. At a rough estimate, these criteria may be applied in
the present study since the gas-liquid reactor used is nearly similar to
the one used by Lee and Schwartz (198la). Considering the NOp partial
pressure applied, only the phase mixed and convective mass transport regi-
res (des¢cribed below) are relevant.

In the phase mixed regime, the rate of the agueous phase reaction is suf-
ficiently slow, compared to the rate at which the phase equilibrium (R1) is
restored, so that the aqueous phase concentration of the reagent is uniform

throughout the agueous phase. Thus, Henry's law is satified :
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[N0z(2q)] = Hyo, - PNo, (1)
The rate determining step 1s the agueous phase reaction :
2NOp(aq)+ Ha0(1) - 2H* + NOa~ + NOa~ ' (R2)

The rate of nitrate formation R(NOg~) = d[N0z~}/dt as well as the rate of
nitrite formation R(ND2~) = d[N0a~}/dt can be expressed as :

R(NOz™) = R(NOz™) = ka[NOa(aq)]® = ka(Hyp, pNo,)" (2)

In the limiting situation of convective mass transport contral, the rate
of the aqueous phage reaction is rapid compared to convective mass transport.
The rate of uptake of the gas is controlled by the rate of convection of
the material present at the gas-liquid interface into the bulk aqueous

phase or in term of a chemical reaction :
NOz(in) ~ NOz(aq) (Rm)

where (in) denotes the species at the gas-liquid interface.
When the interfacial N0y concentration is described by Henry's law, the
rate of reactien (Rm) equals :

kp{NO2(in)] = ky Hyo, PNO, , {3)

Here, ky denotes a first order 'rate constant' which is the frequency of
the convection of NOz from the interface to bulk solution. The rate of

nitrate or nitrite formation can be given as :
R(NOg~) = R(NO2") = 0.5 ky Hyo, PNO, (4)

The factor 0.5 results from the reaction stoichiometry.

Situations intermediate between the phase mixed and convective mass
transpart controlled regimes can be described by the so-called slow reac-
tion model. The rate of gas uptake is controlled by competition between
convective mass transport and chemical reaétiont Convective mass transport
is considered to be a reversible process and the reaction is considered to

occur in the bulk aqueous phase. In terms of chemical reactions :

NOz{in) - NOz(aq} (Rm}
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NOz(aq) - NOs{in) (R-m)

2NOp{ag) + Hp0(1) - 2H* + NOg~ + NOp~ (R2)
Applying the steady state approximation for NOs(aq), one obtains :

2 kp[Noz(aq)]® + k-p{NOz(aq)] - ky[NOp(in)] = 0 (5)
Again, assuming phase equilibrium at the interface and since ky = k_g:

2 kz[N0p(aq)]* + kn[NOz(aq)] - kn Hyo,pNO, = O (6)

The formation rate of the ionic species can be described as (with R(NO3~) =
R(NOz™) = R)

R = ky[Noy(aq)]® (7)

Combining the equatians (6) and (7), the parameter of interest, ks, can be
written as:

R
k2 = (8}
4 T2 Rt -4T1T RH p + H? p?
m m No, “NO, No, ¥ NO,

Here, the characteristic time for convective mass transport (Ty) is Intro-

duced, Ty, is the reciprocal value of k.

7.2.2. Influence of 03

Primarily, ozone influences the NOs(g) - Hz0(1) chemistry by oxidizing
nitrite {Damschen and Martin, 1983):

NOp~™ + Oslaq) - NO3~ + O0Op(aq) {R5)

When the influence of 05 is limited by reaction (R5)}, the rate of formation

of the lomnic species can be modified to:

R' (NO,™)

kz(Noz(aq)]® - ks{oa(aq}] [Nvop~] (9)
and

R'(NOg3™) = k2[NDa(aq)]® + ks[0g(aq)] {NOp~] (10)
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The [Oa(aq)] needs to be quantified. In theory, it may range between zero
and saturation according to Henry's law, i.e. Hog Poy- Let us assume that
[Oa(aq)] is determined by competition between convective mass transport and
chemical reaction. This means that [03(aq)] can be obtained by a steady-
state approximation analogous to equation (8):

k5[0g(aq)] [NOz] + kp[0ataa}] - kyligy pog = O (11)
ar
H. p. k
0 0 | ]
[og e} - g— it T (12)
n 5 2

It can be seen that [0g{aq)] is a function of [NO;~], which itself is
dependent on PNO, - Using the equations (9), (10) and (12), the difference

between the rates of nitrate and nitrite formation can be expressed as:

"o, Po, ke
1 -y ] -y = -
R'(NO,™) - R'(NO,™) = 2 Ky 371 Twg 1] [No2 ] {13)
[ 5 2
Ozone can also be of influence on the NO; uptake according to the overall-
reaction:
2NOp(ag) + Og(aq) + Hp0{1l) - 2NOgz~ + 2K* + 0s{aq) (R6)

If so, the steady-state approximations for NOz{aq) and Os(aq) as well as

the nitrate formation rate may be modified as:

2 kp[Nog(aq)]® + 2 kg[NOp(aq)]® [03(aq)] + ky[NOa(aq)] - ky Hyo, PNO, = O (14)

ks[03(aq)] [N0x7] + kg[NOp(aq)]" [03(aq)] + ky[03(aq)] - ky Hoy Poy = O (15)

R''(NOg™) = kp[NOp(aq)]® « kg[oalaq)] [N0p~)] + 2 kg[NOa(aq)]® [0a(aq)] (16)
The problem is that the exact mechanism of reaction (R6) is not Kknown. For

the equations (14) to {16), it is assumed that the rate of reaction (R8) is
first-order in Og(ag), whereas the order in NOs(aq) is left variable and is
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denoted n. The calculations are made taking either first-order or second-

order kinetics, i.e. n=1 or n=2.

7.2. EXPERIMENTAL

The experiments were performed in a reaction system as schematically
shown in Figure 1. The apparatus was composed of two parts: a flow systenm,
in which the reactants could be generated, and a pump system, with which
air from the flow system could be drawn through the gas-liguid reactor.
The flow system consisted of a manifold of three gas streams. Clean, dry
air or pure, dry nitrogen was used as a carrier gas. The gas flow was

controlled by means of a Brooks flow controller model 8844 and a Brooks

. FIGURE 1. Schematic of the experimental set-up.

C.G.: carrier gas supply; F.C.: flow controlling device;

V1 and V2: three way valve; NOp: NOg supply; HUM: humidifier;
05: 03 generator; M; mixing vessel; G.P.A.: gas phase analysis;
G.L.R.: gas liquid reactor; R: rotameter; P: manometer; Pu: pump

R-2-15-AAA rotameter (line I} or by constant flow units based on critical

{ orifices. In line I, the carrier gas was passed through a temperature

controlled chamber containing a permeation tube releasing NOp at a rate of

11.3 mg/h. The flow rate in line I was kept constant at 3 1/h. For NOp con-

centrations > 10 ppm, a stock cylinder containing 0.96% KO in Nj

(Matheson, certified standard) was wused. Line Il was used for dilution,
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this gas stream was saturated with water vapour uaing a bubbler located in
a constant temperature bath. Ozone was produced in line III by the use of a
modified Fischer model 03 generator. The ND; and 03 concentration could be
adjusted by setting the proper flows through line IIJAHdldr line III. The
total flow rate was always greater than 80 1/h. The 03 concentration could
be varied at constant NO» concentration by the use of mixtures of air and
nitrogen in line III. The gas phase analysis of the NOz concentration was
performed with a Monitor Labs model 8840 NOx analyzer. The 03 concentration
was measured by the chemiluminescent reacticn with ethylene using a Bendix
8002 03 analyzer.

A part of the air-N0p or air-NOp-05 mixture from the flow aystem was
pumped through the gas-liquid reactor using a Charles Austen M361 pump in
connection with a 0.9 mm capillary. The volumetric flow rate was 60 1/h (%
3%) in all experiments. The pressure in the pumpline was measured with a

mercurial manometer.

=t

)

FIGURE 2 Gas-liquid reactor. (1) gas inlet; (2) disk-frit: (3) reagent
water; (4) water jacket; (5, 6) thermostatted water in- and
outlet; (7) in and outlet of reagent water; (8) provision to
prevent loss of small water droplets; (9) gas outlet.

The gas-liguid reactor was an all-glass bubbler as shown in Figure 2.

Temperature contrelled water from a Colora WK 4 kryo-thermestat was cir-
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culated through the water jacket in order to regulate and maintain a
constant temperature (within #0.1 K) in the reactor. In all experiments,
the temperature was Kkept constant at 293 K. The gasesous reagents were
introduced as finely divided bubbles through a fritted disk (frit porosity
2).

The water employed as a reagent and for humidification of the diluent gas
was demineralized water which had been doubly distilled =and further
purified with active coal. Next, the water was filtered over a 5 um
membrane filter and degassed under vacuum. The water thus obtained had a pH
value of 6.8 + 0.1 as measured with a Radiometer PHM-83 pH meter. The con-
ductivity of the reagent water was measured with a Philips PW 9504 conduc-
tivity meter and was found typically 1 pS/cm. For experiments at pH lower
than 6.8, the reagent water was acidified with 85% H3PO4 (Merck p.a.)

The experiments were performed with the following standard procedure. The
flow rate in each line was set at its proper value and the gas phase NO,
and 03 concentration were measured. A volume of 20 ml reagent water was
pipetted in the gas-liquid reactor. At t=0 the three way valve (V2) was
switched and the pump was started at the same time. The reagent gas mixture
was brought into contact with the liquid for a well known reaction time. A
run was stopped by simultanecusly switching V2 and shutting of the pump.
Next, the water was sampled for analysis. Kinetic information was obtained
by repeating this procedure for a series of reaction times. Between the

runs, the gas-liquid reactor was thorcughly cleaned and dried.

The analysis of the concentration of the ionic species formed by reaction
(R2) (i.e. nitrite and nitrate) was performed using the iseocratic HPLC
method described by Gerritse (1979) and Leuenberger et al. (1980), which is
based on UV detection at 210 nm. The HPLC equipment consisted of a Kipp
model 414 LC pump and a Kratos Spectroflow 757 UV detector both connected
to the analytical column by stainless steel 1/16 inch tubing. A Chrompack
Iono-Spher A column was used. The temperature of the column was stabilized
at 20 °C with a water jacket and temperature controlled water. The mobile
phase consisted of 0.2 M HPO42~/HpPO4 -buffer (pH = €.9). Before use, the
eluens was filtered over a 5 pm membrane filter and degassed under vacuum.

Samples of 100 pl were injected using a Rheodyne model 7125 injector. The
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chromatogram was reglstrated with & Spectra Physics 4270 integrator. An
example of a chromatogram is given in Figure 3. The calibration was per-
formed using standard solutions of NaNO, and KNOz (both Merck p.a.}. The
integrator output was found lineair in the range 0-100 uM. The detection
limit was in the order of 0.1 uM. The standard deviation based on 5 sample
injections was found to be 3% for [Noa‘] and about 5% for [NOs~).

NO

NO

FIGURE 3. Example of a ion-chromatogram for NO;~ and NOj~.

7.4. RESULTS

7.4.%1. Interactian of NOs(g) with H»0(1)

A typical result of a series of experiments applving different reaction

times is shown in the Figures 4 and 5.

The input concentration of NOs is 5.3 ppm corresponding to a NO, partial
pressure (pNga) of 5.3x10"% atm. We see that [NOZ‘] as well as [NO3']
appear to increase lineair with the reaction time. Such lineair rela-
tionships are found in all experiments with reaction times upto 180
minutes. The rate of formatian of NOp~ (R(NOp"}) and NOz~ (R{(NO37))} is
given by the slope of the concentration-time profiles.
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The influence of pH (3.0 < pH < 7.0) is also indicated in the Figures 4
and 5. It can be seen that nitrate formation is independent af pH, whereaa
nitrite formation is not Influenced at pH > 4.5. At pH = 3.0 less nitrite
formation is observed. The dispersion of the data at constant reaction time
but different pH is a measure of the accuracy of the experiments. From the
Figures 4 and 5, the accuracy can be estimated to be in the order of 5 to
10%. If an experiment was repeated ten times using the same reaction con-
ditions and at constant reaction time, a corresponding accuracy of 5%

resulted.

[NOZ] CpuM)
BH
& 30
15 s
x 63
104

t imin}

FIGURE 4., Nitrite formation as a function of time at various pH.
PNo, = 5.3 x 107° atm; T = 293 K.
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Several sets of experiments have been performed to determine R(NOp~) and
R(NOg™) as a function of the partlal pressure of NOp with 1.35 x 107% «
PNO, € 4.5x107% atm. In some experiments nitrogen has been used as the
carrier gas. The results are summarized in Table I.

Note that at high pyp, short reaction times were used. The concentrations
of the products were always less then 20 uM. Thus, the decrease of PNOp due

to reaction was always less than 5%. Therefore, pyp, can be considered as
constant during the experiments.

iNDy 1 (M)
204
pH
s 30
o5t o
x 6.8

A SR T

t {min}

FIGURE 5, Nitrate formation as a function of time at various pH.
PNOp = 5.3 x 107¢ atm; T = 293 K.
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TABLE I. The rate of nitrite and nitrate formation at various pyo,-
T = 293 K; pH = 6.8,

PNO R(NO2™) R(NO3") R(NOZ™)/R{NO3~)}  R(NOg~)-R{NOz")
(10-¢ atm) {10-* M.s71) (10-% M.s™1) (10-% M.s™1)

1.35 1.5 3.7 0.41 2.2

1.7 1.9 4.3 0.44 2.4

1.78) 1.9 3.4 0.56 1.5

3.4 3.0 4.9 0.61 1.9

4.6 4.7 6.7 .70 2.0

5.3 6.8 9.0 0.76 2.2

5.8 7.5 9.6 0.78 2.1

8.8 14 16 0.88 2

11.7 19 20 0.95 1

2ga) 52 52 1.00 0
453} 96 a5 1.01 -1

a) Experiments using N, as the carrier gas

As can be expected, both R(NOz~} and R(NO3~) increase when PNO, increases.
Also indicated in Table I 1is the product stoichiometry defined as
R{NO2~)/R(NOgz~}. It can be seen that this product stoichiometry appears to
deviate from the expected value of 1.0. Especially at low PNOy relatively
more NOz~ than NO,~ is formed, whereas at high pNOg the product
stoichiometry tends to a value of 1.0. In the last column of Table I, the
difference between R(NO3 ) and R(NOp"} is given. It seems that this dif-
ference is rather constant with an average value of about 2.1x107% M.s™?,
Obviously, some extra NO3~ is formed at a constant rate, irrespective of
the NOo partial pressure. For the experiments at PNO; > 107% atm, nitrate
formation cannot be distinguished within the limits of accuracy. Hence,
R{NO3™)-R(NOz~} differs from the value of 2x107* M.s™', whereas the

observed product stoichiometry is close to the expected value of 1.0.
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7.4.2.

Interaction of NO»{(g)}-O5{g} mixtures with H,0(1)

The experiments have been performed using a gas mixture of air containing

5.3 ppm NOo and alternately 6.3, 3,3 and 1.0 ppm 03. The concentration-time

profiles are showw. in the Fipures 6 and 7.

[N0,] (Rw)
13 .
Co,0y fi
e 33
a 10:: f/f

0 2 »
t (win)
FIGURE 6. Nitrite formation as a function of time at various Pog
PNOp = 8.3 x 107 atm; T = 283 K.
} nitrite formation in absence of ozone.
(N3] (M)
€a,0,
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/
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FIGURE 7.

Nitrate formation as a function of time at various Pog-
PNOy = 5.3 x 107% atm; T = 293 K.

) nitrate formation in absence of ozone.
(-=~—- ) sum of nitrite and nitrate formation in absence of Og.




In the case of cg 0q = 6.3 ppm, no N0z~ has been observed and the amount of
NO3~ formed is clearly higher than the sum of NOp~ and NO3~ formed in the
absence of 03. When ¢5, 0, = 3.3 ppm, only traces of N0z~ have been detected
and the NO3~ formation is less than at Co,05 = 6.3 ppm. A considerable
amcunt of NOs~ is formed at the lowest ozone partial pressure. This is
accompanied with a nitrate formation that is clearly less than the nitrate
formation at higher ozone partial pressures. Furthermore, it appears that
the sum of NOz~ and NO3~ formation is approximately equal to the sum of
NOp~ and NO3~ in absence of 03.

7.%. DISCUSSION

7.5.1. Interaction of NOs(g) with Hs0

The results can be discussed referring to the so-called 'slow-reaction'
model, which is summarized in paragraph 7.2.1. But, first some of the
observed phenoma such as the pH dependence and the observed product
stoichiometry have to be considered.

Any significant pH dependence is only observed at pH = 3.0 where less
NOp~ is formed, whereas the NO3~ formation is unaffected. A simple quali-
tative explanation is the following. At pH < 4, the formation of nitrous
acid by the acid dissociation equilibrium

N0z~ + H* # HNOg(aq) {R7)

becomes relevant (pK; = 3.2, Schwartz and White (1981)). The nitrous acid is
in equilibrium with NO(aq) and NOa(aq) according to

2 HNOg(ag) = NO(ag)} + NOa(ag) + Ho0 (R8)

In view of the low solubility of NO (Hygp = 1.93x107% M.atm™', Schwartz and
White (1981)) and the absence of NO in the gas phase, it is likely that NO
desorbs from the liquid phase. The NO desorption results in a NOp~ loss

consistent with our observations at pH = 3.0,

Another phenomenon to be considered is the lower-than-one product
stoichiometry. According to reaction {R2) a product stoichiometry of one

may be expected, which is also reported by Lee and Schwartz (1981a).
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Probably, we have to deal with a side reaction. There are three possibili-
ties: (1) NDp~ loss followed by NO formation, {2) conversion of NOz~ into
NOg~ and (3) formation of NO3z~ from NOa{(g) or NOz{aq) by a reaction other
than (R2).

Any NO formation according to (R7) and (R8) is very unlikely at pH = 6.8.
Oxidation of NOo~ to NO3~ may occur by the reactions

2 N0z~ + Op{aq) - 2 NOg~ (R9)

or

NOo~ + NOg(ag) ~ N0z~ + NO(ag) (R10)

The kinetics of the oxidation of NOp~ by Oz{aq) has been studied by
Damschen and Martin {1983). The rate constant reported is much too low to
cause any significant NO;~ formation. However, the rate of R(9) may be
enhanced by trace impurities in the water or because of the reaction taking
place on the surface of the glass vessel.

Reaction (R10} has not yet been studied and kinetic information is
currently not available,

In order to examine the role of NO;~, we have performed some experiments
using a NaNOp solution in stead of water. The N0z~ concentration of these
solutions was varied between 0.5 and 10 uyM. Air as well as an air-NO; mix-
ture was allowed to flow through the NO;~ solution and the output gas was
analyzed for NO. With air, no NOp~ loss nor any NO3~ or NO formation was
observed. In the case of the NOp-air mixture, no extra NOg~ nor NO for-
mation was found. Clearly, the lower-than-one product stoichiometry cannot
not be explained by a side reaction that invalves NOs™.

Nitrate formation by a side reaction of NOz(g) or NOz(aq) remains as the

third possibllity. Once more, the influence of trace impurities or surface
reactions is possible. An aqueocus Impurity can be excluded since the pro-
duct stoichiometry did not change when extra purified water was used.
Apparently, the best way to explain the observed product stoichiometry is
to assume a side reaction on the surface of the glass-liquid reactor.
Reactions on the surface of the disk-frit are particularly probable. The
arder in NOp of this surface reaction must be lower than two since at high
PNO, the side reaction 1s slow compared to the second-order reaction (R2}.

In fact, it seems that the surface reaction is zero-order in NOp because
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the difference between R(NO3~) and R(NOz"}, i.e. the rate of the extra NOg~
formation, is not dependent on pyg,. This zero-order dependence on pyg, can
be explained referring to a surface reaction. When only a limited amount of
active sites on the glass surface is available, saturation of these active
sites rapidly occurs. In this case, not the amount of NOp determines the
rate of artifact NO3~ formation, but the amount of active sites avajlahle.

The glass surface chemistry lmplies that the observed product stoichiometry
will depend on the apparatus used. This may be an explanation for the
fact that Lee and Schwartz {198l1a) obtained a product stoichiometry of one.
Interactions between glass surfaces and NO; are also known as an inter-
ference in the sampling of particulate nitrate with glass fiber filters.
Spicer and Schumacher (1977) have shown that when glass fiber filters are

exposed to NOp a considerable amount of nitrate is formed,.

For the guantitative interpretation of the results, the 'slow reaction'’
model may be used. This model is outlined in paragraph 7.2.1. It is impor-
tant to know whether NOs(g) or NOa(aq) reacts on the surface of the disk-
frit. If NOg(g) reacts, R(KOs™) or R(NO3~} decreased with the rate of
nitrate formation on the glass surface, i.e. 2.1x107% M.s7', must be used in
the c¢alculations. Moreover, the partial NKOp pressure will be slightly
lower, but mostly this effect can be neglected. In the case of surface
reaction of NOs{aq), the steady-state equation (6) must be modified.
However, this leads to erroneous results, especially at low PN, -
Therefore, we believe that NOz(g) rather than NOz{aq) reacts on the sur-
face, which is not surprising in view of the numerous contacts between

NOs{g) and the glass surface compared with those of NOsz(aq).

Applying equation (8), the rate constant for reaction (R2) can be calcu-
lated, provided Tp and Hyp, are known. A recommendation for the value of
Hyg, 1is given by Schwartz and White (1982): Hng, = 1x1072 M.atm™'. The
characteristic time for convective mass transport (Tp) can be obtained from
the experiments at PXO, = 2.8x107% atm and 4.5x10"% ata, assuming that at
these partial pressures the rate of NOp uptake is controlled by convective
mass transport, which follows from the criteria given by Lee and Schwartz
{1981a). This means that Ty can be obtained from equation (4) resulting in
Ty = 2.5 % 0.2 s.
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A kg value can be calculated from each R{NO2") and the corresponding PNO,
given in Table I. An average value of ky = 2.7 x 107 M7 '.87' is found with
a standard deviation of about 1.4 x 107 M '.s™'. This result may be com-
pared with the value recommended by Schwartz and White (1982): (7 ¢+ 3) x 107
M~™1.87' in the temperature range 293 - 298 K. Our result is close to the
lower limit of Schwartz and White, which means that it agrees reascnably
well since our measurements were performed at 293 K.

These calculations can also be made wusing the BNog obtained in the
laboratory study of Lee and Schwartz (1981a), notably: Hyo, = 7 X 1073
M.atm™' (298 K). Now we obtain T3 = 1.8 £+ 0.2 s and an average kp of
6.2 x 107 M™' . s 1; standard deviation 3.4 x 107 M '.s~', This result may be
compared with the value reported by Lee and Schwartz (1981a) in their
laboratory study: ( 10 £ 1 ) x 107 M™1'.s87' at 298 K. Again our result is

somewhat lower which may be due to the lower temperature (293 K).

From the high values of the standard deviation, it appears that there is
a rather large scatter in the kpy values obtained at wvarious PNOy - This
scatter can be understoed, if we consider the result of the slow reaction
model with respect to the accuracy of the variables in eguation (8). The
effect of a 30% change in Hyp, is already shown above. We have seen that
the accuracy and reproducibility of R(NO3™) is about 5 to 10%. This will

also be the case for Ty since it is derived from R(NO3"). Table II sum-

TABLE II : Sensitivity analysis of the ky calculations.

PNO2 R(NO2™) Tm ko

(10~¢ atm) (107® M.s"1) (s) (107 M~ 15 1)
5.3 6.8 2.5 1.9
5.3 6.2 2.5 1.3
5.3 7.4 2.5 2.8
5.3 6.8 2.7 2.6
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marizes the results of a sensitivity analysis when R(NOp,~) and T, are
varied between their limits. The experiment at pyg, = 5.23x107% atm is taken
as the base case. The calculations are performed taking Hyg, = 1 x 107®
M.atm™ 1.

The sensitivity of the calculated kg values is evident: a change of 10%
in R(NO2~) or T leads to changes of approximately 30 to 50% in k3.

7.5.2. Interaction of NO»(g)-05(g} mixtures with Hs0

We may begin the discussion with the experiments at Co,04 = 1 ppm. In
this case, there is no enhancement of the rate of N0y uptake, which follows
from the observation that the sum of the nitrite and nitrate formation rate
at Co,03 = 1 ppm is eqgual to this sum in absence of 0g3. The only effect of
is a change of the product distributicn, i.e. more N0z~ and less NOp~ is

formed. This is caused by the oxidation of NO3~ according to:
N0~ + 0alaq) - Nog~ + Oplaq) (R5)

This means that the results can be discussed using equation (12) given in
paragraph 7.2.2.. With this equation the difference between the rate of
nitrate and nitrite formation can be calculated as a function of the
nitrite concentration, provided a realistic value for ks is assumed.
Next, the nitrite concentration-time profile can be constructed since the
sum of the rate of NOp~ and NO3~ formation is known. In Figure 8, some
of these calculated plets are presented by the sclid curves. The measured

nitrite concentrations are also indicated in the Figure.

The best fit to the experimental data yields a ks value of 3.5x10% M™1.571,
This result may be compared with the result of Damschen and Martin (1983),
who report a ks value of 5x10% M™'.s™' at 298 K. Penkett (1872) reports
ks = 1.6x10% M~'.s™' at 283 K. The combination of these results implies an
activation energy of about 14 kcal.mol™'. Consequently, a value of about
3.3x105 M7'.s7% may be expected at 293 X, which means that our result

agrees fairly well with the literature data.
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FIGURE 8. The calculated [NOZ‘]Atime profiles using equation (16)
With kg = 2x105 M7'.s71 {I); 4x10% M~ '.57'{II) and 6x105 M7’
s”' (III). (*) Experimental observations.

The experiments at higher Co,045 exhibit the feature that the total amount
of N-containing ionic species exceeds the amount formed in the absence of
0. This indicates that the rate of NO; uptake is enhanced. Especially, the
experiment performed at Co,0q9 = 6.3 ppm shows a substantial increase of
16%, appreciably larger than the agcuracy of the measurement.

The reason for this behaviour may be twofold. It can be either a gas phase
contribution or an agueous phase reaction. The former refers to the gas
phase NOz-03 chemistry, which may lead to nitrate formation. The upper
limit for the rate of gas phase nitrate formation is determined by twice
the rate of the NO>-03 reaction. Using the recommended rate constant of
Baulch et al. (1982), co,p5 = 6.3 ppm and co,N0, = 5.3 ppm, the upper limit
for gas phase nitrate formation equals 2x107'2 mol.cm™2*.s7'. Since the
volume where NOp and 03 are in contact before entering the liquid is
approximately 10 ml and the volume of the liguid is 20 ml, the maximum
contribution to the agueous nitrate formation is 1xi0~* M.s™'. This quan-
tity is much smaller than the observed increase in nitrate formation rate,
which equals 2.5x107° M.s '. Therefore, a significant gas phase contribu-

tion to the nitrate formation may be excluded.
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The second possibility is an agueous phase reaction between Noz(aq) and
03(aq), which is likely to have the stoichiometry:

2 Nog(ag) + Ozlag) + HaO{l) -+ 2 NOg~™ + 2 H* + Og{aq) (R6)

Schwartz and White (1981) have shown that from chemical thermodynamics, it
may be concluded that the formation of the nitric acid product is strongly
favoured. Kinetic information or information about the reaction mechanism
is not avallable. Based on the present results, a value of the rate
constant can be deduced. In order to evaluate this rate constant, the
theory outlined in paragraph 7.2.2. is applied. This theary invelves four
equations, i.e. the equations (9), (14), (15) and (16). If a value of the
reaction-arder in NOs{aq) (n) is adopted, there are four unknown variables,
i.e. [Nogtaq)], [0g(aq)], [NOp~] and kg. This set of 4 equations with 4
unknown parameters can be solved. Note that the rate of nitrate formation
must be corrected for the artifact nitrate formation. This procedure leads
to a kg value of 6.7x10% M™'.s"' for a reaction first-order in NOp(ag) or
to a kg value of 5.3x10'% M"2.37' for a second-order reaction.

These values must be considered as rough estimates, regarding the uncer-
tainity of the ké value and the accuracy of the measurements. For example,
sensitivity calculations for the first-order assumption show that kg may
vary between 3.6x10¢ and 8x10¢ M™'.s™' when kp is varied between 3.4x107
and 1.2x107 M~ ',s"'. Deviations of the same size may be expected when other
parameters such as R''(NO3~), HNOZI Hpq etc. are varied between their uncer-

tainity limits.

It is abvious that these rate constants are too small to cause any
significant atmospheric nitrate formation by the NOy-03 aqueous chemistry.
In a cloud with a liquid water content of 1 g/m®* and an ozone concentration

of 50 ppb, the NO; conversion rate is about 1072 % h™'.
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Chapter 8.

GENERAL EVALUATION

8.1. GENERAL DISCUSSION AND CONCLUSIONS

8.1.1. The gas phase N0p-0g reaction system

In this section, some conclusions based on the results described in the
chapters 4 and 6 are considered. Moreover, their importance in relation to

atmospheric events is estimated.

An important conclusion is the reasonable agreement between the rate
constants for the KO07-0O3 reaction determined in this work and the rate
constants reported in the current literature, although the reactant con-
centrations were at least one order of magnitude lower. It also appears
that the rate constant is not affected by varying the relative humidity nor
by the presence of certain sub-micron aeroscl particles. Therefore, the
present results support the generally accepted picture (as applied in the
current models) that the NO,-O3 reaction pathway is initiated by the homo-
geneous gas phase, rate determining oxidation of NOz by O3, after which
equilibrium between NOp, NOs and NpOs is rapidly reached. However, the net
result of the NOp-04 chemistry depends on the reactivity of the reaction
products NOs and NzOs. The actual atmospheric chemical processes for these
compounds are not yet completely recognized. Moreover, accurate parameters
needed to quantify the rate of the currently known processes are not

available in sufficient detail.

In the present work, attention is paid to the reactivity of both NOj and
NyO5. In most cases it is concluded that heterogeneous processes are

involved.
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In respect of the NOj reactivity, the heterogeneous NO3 decomposition
with subsequent formation of NOp is suggested to play an important role.
Such a reaction is regularly used to interpret laboratory experiments, but
it has not yet been introduced in model studies. Therefore, the definitive
answer of the question, whether such a heterogeneous NOg removal is signi-
ficant under representative atmospheric conditions, cannot be given.

In theory, this process may be the NOj sink needed to explain the NOa
radical concentration profile observed during nights with relative humidities
below 50 %. The typical features of these measurements are an average NOgj
lifetime of about 1 - 2 hours and a fairly constant value of the NO» con-
centration during the night (Platt et al., 1982). Qualitatively., these
observations can be understood with a NOg removal by heterogeneous NOz to
NOo conversion. The question is whether the rate of the removal process is
sufficient to predict a NOg lifetime of 1 - 2 hours. Quantification
involves an examination of the accommodation coefficient and of the total
aerosol surface. In the chapters 4 and 6, we have estimated accommodation
coefficients for the heterogeneous NOgz to NOz conversion of the order of
6 x 107% to 6.5 x 1074, allthough the values given in chapter 4 have to be
considered as lower limits. For small aeroscol particles of diameter 0.5 um
and number concentration 104 ¢m™®, a first-order rate constant for NOg
removal of 6.3 x 10°% g”' can be estimated, when an accommodation coef-
ficient of 10™* is employed. This first-order rate constant restricts the
NO3 lifetime to about four hours. This value is slightly higher than the
ocbserved values but in the right order of magnitude. Furthermore, we must
note that the accommodation coefficients were determined on rather inert
sufaces, such as Pyrex glass and NaCl. It séems reasonable that in the real
atmosphere the accommodation coefficients are appreciably higher.

We may conclude that the heterogeneous N0z to NO, conversion is a poten-
tially important removal process for NOj. Therefore, this factor must be
considered in describing or meodelling the NOg chemistry in the nocturnal
atmosphere.

Another process of crucial importance to the gas phase NO3-03 chemistry
is the hydrolysis of N305. In the current literature both homogeneous and
heterogeneous Ns05 hydrolysis are considered as important NpOg removal

pathways. However, the gquantification of the removal rate is still proble-
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matic. In the chapters 4 and 6 of this thesis, we have addressed attention
to this subject.

Regarding the homogeneous Njy0s5 hydrolysis, we have obtained an upper
limit for its rate constant which is in fairly good agreement with the
recent literature data. Using this upper limit, the Ny05 conversion rate
(R.H. 50 %, T = 293 K) can be estimated to be approximately 40 %/h, which
is slow compared to the rate of the thermal dissoclation of Np0s. This
implies that the homogenecus NzOs removal competes with the various NOj

removal processes.

It is evident that heterogeneous NyOs hydrolysis is an important loss
process for NpOg. The observation of heterogeneity is a common phenomencn
in both laboratory and field studies. In order to guantify this process, it
is necessary to know whether the heterogeneous N;05 hydrolysis is surface-
controlled or whether it is a bulk agueous process.

In case of a surface-controlled N;05 scavenging, we need to establish the
accommodation coefficient. In chapter 4 we obtained values of 107% to 107,
whereas in chapter 6 we found an accommodation coefficient of 107%. This
discrepancy raises questions about the validity of a surface-controlled
scavenging. As an example, we may calculate the rate of NpOs transfer when
a = 1075, For small aerosol particles (dp = 0.5 um, N = 104 ca~2}, a first-
order rate constant of 4.8 x 107¢ s~1, can be calculated. For in-cloud aca-
venging with cloud droplets of diameter 20 um and 100 droplets per cubic
¢m, this first-order rate constant is calculated to be 3.8 x 107% g1,
These rate constants correspond with N»Os conversion rates of 2 %/h and 14
%/h respectively, i.e. even slower than the homogeneous N»0Os hydrolysis. It
may be clear that heterogeneous N205 removal by the surfacefcontrolled
mechanism is only effective in the atmosphere iIf the accommodation coef-
ficient is considerably higher than found in this work.

Otherwise, the attachment of NpOs to atmospheric liquid water can be
considered as a bulk agqueous phase process. The reactive dissolution of
NaOs is characterized by the product of its Henry's law constant and the
rate constant for NyOg hydrolysis in the aqueous phase, for which we
deduced a value of 2.4 x 10?2 M atm™' s~1 (chapter 6}. This would agree with
the results of chapter 4, when the liquid water content in the vessel

during the experiments described in chapter 4 was between 107° and 6 x 107°,
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This result is in reasonable agreement with recent ohservations jin our
laboratory (Adema, 1986). Moreover, Adema found that the curve representing
the relation between the liquid water content in the 67 1 vessel and the
relative humidity is of the same shape a&s the curve plotted in Figure 6 of
chapter 4, i.e. the relation between the pseudo-first-order rate constant
for Na0s5 hydrolysis and the relative humidity. In view of this ascertain-
ment and of the remarkable agreement between the observed reactive solubi-
lity of NoOs and that of NpOg and Np04, we may conclude that a bulk aqueous
phase process seems to be a realistic optlan to describe the heterogeneocus
NpoOg5 removal.

The atmospheric rate of this process can be evaluated assuring that there
is no mass transport limitation. The amount of liquid water in a moderately
dense cloud is about 1 g/m?® (Pruppacher and Klett, 1978), corresponding
with a liquid water content of 107%. For such a cloud, the first-order NaOs
removal rate is calculated te be 6 x 1073 s7' or a Np0y conversion rate of
2160 %/h, comparable with the rate of thermal dissocatlon. For small aero-
sol particles, the liqguid water content is much less (107'°} and con-
sequently the N»0g5 conversion rate is consjiderably less (0.2 %/h).

The above means that in a cloud the NgDg removal is fast compared with
NOg removal processes, except for NOg photolysis and the NO4-NO reaction
provided sufficient NO is available. Since In most cases the NO con-
centration is too low at cloud level, a nocturnal cloud is the obvious
atmospheric event for nitric acid formation by the NO2-0O3 mechanism.
Eventually, nitrate formation by this mechanism may be of importance in a
dark cloud during day-time.

Recapltulating, we can describe nocturnal N0-03 system referring to
Figure 1, in which the possible influence of organic species is neglected.
The net result of the NO2-03 chemistry will strongly depend on the actual
atmospheric conditions. For example, if sufficient NO is available, the NOj
depletion by reaction with NO dominates and no nitric acid formation
occurs. The opposite extreme is relevant in a situation of relatively high
liquid water content (cloud, fog), where the rapid NpOs scavenging leads to
significant nitric acid formation. In this case the N0 conversion rate at
night is determined by the rate of the NOz-0Og reaction and can be as high as
25 %/h, 1.e. considerably higher than the rate by photochemical processes.
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FIGURE 1 Scheme of the nocturnal NOp-Og system in absence
of organic species.

In the absence of clouds or fog and at low NO concentration level, the
actual nitric acid production depends on the competition between NOg3 and
N»05 removal processes.

In conclusion, the present work confirms the current insights in the
atmospheric chemistry of NO,-05. It provides more detailed knowledge about
some of the processes that play a role in the complex mechanism of noctur-
nal nitri¢ acid formation. This information is wvalid for many represen-
tative atmospheric conditions and has to be considered in describing the

budgets of atmospheric nitrogen compounds.

8.1.2. The aqueous phase NOp-0O3 chemistry

The aqueous phase chemistry has been described in chapter 7. The rate of
NOs uptake by liquid water appears to be in reasonable agreement with
recent laboratory studies. This implies that the nitrite and nitrate for-
mation by this agueous phase mechanism may be considered insignificant for
typical atmospheric conditions, which is caused by the low physical disso-
lution of NOj.

The influence of 03 is primarily the oxidation of nitrite to nitrate,
which has been recognized as an important atmospheric chemical process for
some time, Moreover, there is an indication for an aqueous phase reaction

between dissolved NOp and dissclved 03. However, it is unlikely that this
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process leads to significant nitrate production in atmospheric liguid
water, because the observed rate is too low,

Evaluating the present knowledge, significant aqueous phase reactions of
N0y, leading to the formation of NO3~, have not been identified. However,
up to now all kinetic studies on this subject have been performed using
pure, liguid water. Atmospheric liquid water does not consist of pure,
liquid water, but it may contain a large varlety of dissolved species.
These dissclved species may react with NOp and enhance its rate of uptake.
For example, a reducing species is a possible reaction partner since NO; is
a fairly strong oxidizing agent. Some recent experiments in our laboratory
have gualitatively shown that the uptake of NOp ie enhanced by Fe2* and I~
Another possible influence of dissolved aqueous specles is to act as a

catalyst for the aqueous phase NOp disproportionation.

8.2. SOME SUGGESTIONS FOR FURTHER RESEARCH

Evaluating the results of the present study, it is inevitable to state
that more detailed insight in the atmospheric chemistry of NO;-05 systems
is needed. Further research may be addressed to some of the subjects men-
tioned below.

In the case of laboratory experiments, the N0Oj depletion on aerosols of
different chemical composure merits further investigations. Furthermore,
the exact physical chemical nature of the Nz05 hydrolysis needs to be
clarified. Especially, accurate values for the Henry's law constant of NaOg
and kinetic parameters of aqueous phase NyOs reactions have to be deter-
mined. In order to obtain this information advantage may be taken from ana-
logous laboratory studies concerning the reactive dissolution of Na0s or
Ny04. Also more laboratory work may be addressed to the aqueous phase che-
mistry of NOp and NO2-0g3 mixtures, with emphasis on the chemistry in aqueous
solutions characteristic for atmospheric liquid water.

Future field experiments are also needed. The determination of the
ambient N»05 concentration profiles durlng the night under different
atmospheric conditions are crucial for a better understanding of the NO5-0g
chemistry. More field data on NOj concentration levels may also be useful,
particularly when these experiments are accompanied with the determinatjon

of the concentration, size distribution and chemical composure of aerosol
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particles.

It is obvious that new laboratory and field data lead to more model
studies. Moreover, model sensitivity studies dealing with phenomena not yet
fully understood, may provide more insight in the atmospheric chemistry of
NO3-03 systems.
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SUMMARY

In this dissertation a laboratory study dealing with the atmaspheric
chemistry of K0p-0O3 systems is described. Knowledge of this system is rele-
vant for a better understanding of a number of air pallutian problems, par-
ticularly that of acid deposition.

In chapter 1 a short overview of atmospheric chemistry is given, in
which the formation of oxidants, the S0; chemistry and the NO; chemistry
are considered.

It appears that, in absence of light, interactions between X0y and Og
may lead to the formation of nitric acid. After oxidation of NOs by 0g. the
N0z radical is formed. Next. this radical can react in several ways. One of
the possibilities is the reaction with NOp resulting in Nz0s5. The actual
nitric acid formation 1ls the Np05 hydrolysis. In theory, this process can
substantially contribute to the nitric acid formation in the atmosphere.
Some gaps in the present knowledge are the exact mechanism and kinetics of
the N»05 hydrolysis and the NOg reactivity.

Chapter 2 contains a review of the recent literature. Subsequently,
laboratory, field and model studies are censidered. Withovut deubt, it can
be concluded that the non-photochemical nitrate formation by the XN03-0j
system is recognized as an important atmospheric chemical process. The
ahove-mentioned knowiedge gaps are confirmed which, among other things.
foliows from measurements of the ambient NOg radical concentration profile.
Regularly, it is suggested that heterogeneous processes of NOg or NyOj
removal are invelved. The parameters needed to quantify such processes are
currently unavailable,

After the general introduction and the literature review, the experimen-
tal methods applied In the present investigation are described. The

construction of the employed laboratory equipment is given. The basic prin-
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ciples of the techniques used for the generation and analysis of the reac-
tants are listed.

In the chapters 4 to 7 the results are described and discussed. Chapter
4 treates the results of a study on the NOp-Oz chemistry at sub-ppm con-
centrations as well as the influence of temperature and relative humidity
(R.H.). The experiments are performed using the standard techniques for
measurement and calibration of NOz and O3

If we consider the stoichiometry of the reaction system at R.H, < 0.1%,
it appears that it deviates from the theoretical value of two. Obviously a
side-reaction, that regenerates NO;, consumes extra Oz or both, is
invelved. Since the stoichiometry significantly differs in reaction vessels
of different size (other variables constant), we have to deal with a wall
reaction. Further analysis of the results combined with literature data
leads to the interpretation that the low stoichiometry is caused by the
heterogeneous NOg decay on the vessel wall with regeneration of NOp. With
this reaction mechanism, kinetic parameters can be obtained from the mass-
balance of every component. The rate constant of the NOp-O3 reaction
appears ta agree reasonably well with literature values.

The influence of R.H. results in an increase of the stoichiometry caused
by N305 hydrolysis. The kinetics of the NOp-O3 reaction remains unchanged.
The kinetics of the NpOg hydrolysis can be described with its pseudo-first-
order rate constant. This rate constant is not directly proportional to the
R.H., which is an‘indication that the NoOs hydrolysis -at least in part-
occurs heterogeneously at the wall of the reaction vessel.

In the atmosphere, aerosal particles are involved in these heterogeneous
processes, Before studying the NO,-Oz-aeroso}l chemistry, the dynamical
behaviour of aerosol particles in the reaction vessels is considered. The
results are given in chapter 5. The differences in the particle number con-
centration and in the particle size distribution of the feed and steady
state aerospl have been measured. ]t appears that these differences are
caused by coagulation and wall deposition processes.

The influence of aerosol particles on the NOz-03 chemistry is the sub-
ject of chapter 6. 'Dry' aerasol {NaCl; R.H.=15%) and 'wet’' aerosol (MgClp:
R.H.=78%) are distinguished. In case of a 'dry' aerosol a small decrease in
the stoichiometry is observed. This can be interpreted as a NOz decay on

the aerosol surface. In case of 'wet' aerosol KOz decay as well as NaOg
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hydrolysis is important. This follows from the nearly constant stoichio-
metry and the nitrate formation in the aerosol.

The kinetics of the NO;-03 reaction do not change in the presence of
aerosol particles. Moreover, the rate constants of the heterogenecus reac-
tions can be obtained. From these the so-called 'accommodation coefficient’
can be deduced. This coefficient indicates what part of the gas-aerosol
collisions really leads to reaction and characterizes the rate of the
heterogeneous reaction. The heterogeneous N0 hydrolysis can also be
understood as a bulk aqueous phase process. The product of Henry's law
constant and the rate constant of the agueous phase hydrolysis can be
found. It appears that for Np05 this product is in fairly good agreement
with the product for NjOz and NaO4.

In chapter 7 the aqueous phase chemistry of NOp and Oy is considered. It
is investigated using a gas-liquid contact reactor and analysis of the
nitrite and nitrate formation. The results of the interaction between NO;
and liquid water are In agreement with the current literature. The
influence of 03 is restricted to the oxidation of nitrite. From the results
it can be deduced that aqueous phase NO3-03 reactions do not significantly
contribute to atmospheric nitrate formation.

Finally, a general evaluation 1s given in chapter 8. It can be concluded
that this investigation confirms the present ifnsights in the atmospheric
chemistry of NOy and O3 and that new insights in the reactivity of N0z and
NalOs are obtained.
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SAMENVATTING

In dit proefschrift wordt een laboratorium onderzoek naar de atmos-
ferische chemie van NO5-03 systemen beschreven. Kennis van dit systeem is
van groot belang voor een beter begrip van tal van luchtverontreinigings-
problemen met name dat van de zure depositie.

In hoofdstuk 1 wordt een kort overzicht gegeven van de atmosferische
chemie, waarbij wordt ingegaan op de vorming van oxidantia, de $0; chemie
en de NOy chemie.

Duidelijk wordt dat, in afwezigheid van iicht, interacties tussen N0, en
04 kunnen leiden tot de vorming van salpeterzuur. Bij de oxidatie van XNOp
door Oz vormt zich het NO3z radicaal. Dit radicaal kan op een aantal
manieren verder reageren onder meer met NOp, waarbij het salpeter-
zuuranhydride NyOs wordt gevormd. De feitelijke vorming van HNOg is de
hydrolyse van N»05. In theorie kan dit proces wezenlijk bijdragen tot
salpeterzuurverming in de atmosfeer. Kennislacunes die opgevuld moeten wor-
den, zijn met name het mechanisme en de kinetiek van de N»05 hydrolyse en
de reactiviteit van NO3.

Hoofdstuk 2 geeft een averzicht van de recente ljteratuur. Achtereen-
volgens worden laboratarium-, veld- en model studies besproken. Zonder meer
kan geconcludeerd worden dat de niet-fotochemische route voor nitraat
vorming via het NO>-03 systeem onderkend wordt als een relevant atmosfeer
chemisch proces. De bovengenoemde Xkennislacunes worden bevestigd: dit
blijkt onder meer uit de in het veld gemeten profielen van de NOg radicaal
congcentratie. Regelmatig wordt gesuggereerd dat heterogene verwijderings-
processen voor NOj of NyOs een rol spelen. De parameters die nodig zijn om
dergelijke processen te kwantificeren ontbreken echter.

Na de algemene inleiding en de literatuurbespreking worden in hoofdstuk
3 de in dit onderzoek toegepaste experimentele methoden beschreven. De

opbouw van de gebruikte laboratorium opstelling wordt gegeven. De
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basisprincipes van de technieken voer de generatie en analyse van de reac-
tanten worden opgesomd.

In de hoofdstukken 4 t/m 7 worden de resultaten besproken en
bediscussieerd. Hoofdstuk 4 behandelt de resultaten van een studie naar de
NG5-03 chemie bij sub-ppm concentraties alsmede de iInvloed van de tem-
peratuur en de relatieve vochtigheid (R.V.). De experimenten zijn uitge-
voerd in een flow systeem met daarin opgenomen een glazen bolvormig reac-
tievat uitgesloten van licht. De generatie en analyse van de reactanten
vindt plaats met de standaard technieken voor meting en ijking van NOp en
Dg.

Beschouwen we de stoechiometrie in het reactiesysteem bij R.V. < 0,1%,
dan blijkt dat deze afwijkt van de theoretische waarde van twee. Dit wijst
op een nevenreactie die KOy terugvormt, extra O afbreekt of beide. Daar de
stoechiometrie significant wverschilt in reactievaten van verschillende
grootte {overige variabelen constant) is er sprake van een wandreactie.
Verdere analyse van de resultaten gecombineerd met literatuurgegevens
resulteert in de interpretatie dat de lage stoechiometrie veroorzaakt wordt
door een heterogene afbraak van NO3 aan de wand van het reactievat, waarbij
N0, wordt teruggevormd. Gegeven dit mechanisme kunnen kinetische gegevens
verkregen worden uitgaande van de massabalans voor iedere component. De
reactiesnelheidsconstante van de N03-03 reactie en haar temperatuur-
afhankelijkheid blijkt redelijk overeen te komen met literatuur gegevens.

De invlced van de R.V. Xkrijgt gestalte in een verhoging van de
stoechiometrie als gevolg van de N»0g5 hydrolyse. De kinetiek van de NOp-Og
reactie blijft onveranderd, die van de NyOg hydrolyse kan beschreven worden
met de pseudo-eerste-orde reactiesnelheidsconstante. Deze blijkt niet recht-
evenredig met de R.V., hetgeen een indicatie 1s dat de NpO5 hydrolyse
- @lthans gedeeltelijk - heterogeen aan de wand plaatsvindt.

In de atmosfeer zijn bij dergelijke heterogene processen zerosol deel-
tjes betrokken. Alvorens de NO»-0Os-aeroso! chemie te onderzoeken is aandacht
besteed aan het dynamisch gedrag van aerosol deeltjes in het reactievat. De
uitkomsten zijn weergegeven in hoofdstuk 3. De verschillen in de deeltjes-
aantalconcentratie en in de deeltjesgrootteverdeling wvan het aerosol
voor en na het reactievat zijn gemeten. Het blijkt dat deze verschillen
veroorzaakt worden door coapulatie en wandverliezen ten gevolge van dif-

fusie en electrostatische depositie.
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De invloed van de aeroso]l deeltjes op de NO,-0O3 chemie wordt beschouwd
in hoofdstuk 6. Er s onderscheid gemaakt tussen ‘'droog' aerosol
(NaCl; R.V.=15%) en 'mat' aerosol (MgCly; R.V.=78%). In geval van een
‘droog' aerosol wordt een kleine afname van de stoechiometrie waargenomen,
mits voldoende oppervlak aanwezig. Dit kan worden geinterpreteerd als een
NOs; afbraak aan het aerosol oppervlak. Bij ‘nat' aerosol is behalve NOj
afbraak ook de NpOz hydrolyse van belang. Dit blijkt uit de stoechiometrie
die vrijwel constant blijft en uit de nitraat vorming in het aerosol.

De kinetiek van de NOp-05 reactie verandert niet ten gevolge van de aan-
wezigheid van aerosol deeltjes. Verder worden reactiesnelheidsconstanten
van de heterogene reacties aan het aerosol bepaald. Hieruit kan de Zzoge-
naamde 'accommodatie coéfficiént' worden gehaald. Deze coéfficiént geeft
aan welk pedeelte van de gas-aerosol botsingen daadwerkelijk tot reactie
leidt en karakteriseert daarmee de snelheid van de heterogene reactie. De
hetercgene NsOs hydrolyse kan ook opgevat worden als een bulk waterfase
proces. In dat geval kan het product van de Henry constante en de reac-
tiesneiheidsconstante voor de waterfase hydrolyse bepaald worden. Het
blijkt dat dit product voor NaOs nagenoeg overeenkomt met die van NoOgz en
Noly .

In hoofdstuk 7 is de waterfase chemle van NO» en O3 aan de orde. Deze
wordt conderzocht met behulp van een gas-vloeistof contact reactor en ana-
lyse van de nitriet en nitraat vorming. De resultaten van de interactie van
X0, met vloeibaar water 1s in overeenstemming met de literatuur. BDe
invloed van 0 beperkt zich tot de oxidatie van nitriet. Uit de resultaten
kan afgeleid worden dat waterfase NO2-0Oz Iinteracties geen significante
bijdrage leveren tot de nitraat vorming in de atmosfeer.

Het proefschrift wordt afgesloten met een algemene evaluatie in
hoofdstuk 8. Geconcludeerd wordt dat dit onderzoek de huidige inzichten in
de atmosferische chemie van NO,-0O5 bevestigt en dat nieuwe inzichten in de

reactiviteit van NO3 en N20g zijn verkregen.
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