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Abstract

Peroxy radicals('O0 and 'Y 0) are key intermediates of many tropospheric
chemical processemdhavea crucialimpactin the ozone tropgpheric chemistry and in
particular in the formation of smog episodes

Due to their high reactivity, this work was carried out to study the loss€x)of
and0 "Q) radicals on the walls usirigeroxy Radical Chemical Amplification (PeRETA
atechniqueusedfor measuring the sum of peroxy radicals indirecillge analysis of the
radical losses was characterizedrtprove the accuracy of the results obtained by this
technique and to propose a suitable method for radical speciation

For thispurpose a setup was desigriedietermine the radical losses on the walls
of glass inlets with different diameters and lengthat have beerattachedprior to
PeRCA reactorA systematic series of measurements were performed to investigate the
dependencyof the wall losses, described by the wall loss wiefficient'Q, on the
radical diffusionto the inlet walls, as well as on the geometry of the in{kingth and
diameter) Therefore, the radical diffusion coefficien®® ( andO ) were obtained
experimentallyand their values were used to calculgefor the different inlets

The results ofQ calculations were compared with enigal values from the
literature, and they agree reasonably withghevious stugks Furthermore, thanalysis
of the results indicates thao efficient speciation for theadicalscanbe achieved based

on the differences of their wall loss rates with respetheinlet length and diameter.
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1. Introduction

Peroxy radicals are short lived trace gases playing a crucial role in the ozone
tropospheric chemistry and in particular in the formation of smog episodes. iGenax
capacity of the global &th atmospere is mainly controlled by these radicals tatea
major impact on the concentration and distribution of greenhouse gades® QU |,
"O0é e t Thus, understanding the variability of these radicals is very important to
evaluate human impacts on the atmosphere and clifvdte/ne, 200)) The low
concentration and short lifetimaf the peray radicals require sensitive techniques to
measure them. Several direct and indirect methods were developed since decades trying
to determine the mixing ratios of several mixtures of peroxy radicals in the air.

The Peroxy RadicaChemical Amplification, PeRCA),is an indirecttechnique
for measuring peroxy radicals in either ground based or airborne measiseitien
simplicity and low costof this techniqguemake it favorable to use, therefoseveral
developments have been done to improve its effici¢@eytrell et al., 1982; Reichest
al., 2003 Clemitshawet al., 1997 Hastieet al., 199).The Institute for Environmental
Physics of the University of Bremen, (ILWB), is one of the leading institutes thdeal
with the development of PeRCA. In facgveral improvements of PeRCiAave been
achievedat this hstitute througteither airborne campaigns laboratory experiments.

This work has beercarried outat the IUP-UB for studying particular issue in
PeRCA methodegarding the radical losses on thellsyaand the potentiality of this
technique for the speciation of the radicals based on these. |8ssesalmeasuremest
were performed in the laborateryand different analyseswere carried out for this

purposeThe structure of this work consists oétfollowing chapters:



1. Introduction : A general description about the peroxy radicals, their wall
|l osses and the state of presentednths t he r a
chapter. Also the objectives of this work are introduced.

2. Theoretical back ground In this chapter, the chemistry of thadicals,
their role in the atmosphere and tlstate of art of their measurement
techniques are discussed. In addition, the principle of PeRG&,
associated chemical reactions as well as the factors influenciregutiés
are described in detail

3. Experimental: In the experimental chapter, the setup of PeRSAd in
this workis presented with the calibration procedures that have been done
in the laboratoryIn addition the experimentalapproachto achieve the
objectvesof the workis described.

4. Results and discussionin chapter four, all the results of the calibrations
of this work as well as the associated calculations are presented.
Furthermorepbservations and analyses bétdata are discussed in detail
The eror analysis of the results is provided as well.

5. Summay and conclusiors. Finally the summary of the whole work is

described in the last chapter with soraeommendations for future waork

1.1 Problem description

The basic principle of PeRCA is the convensof 'Y §('O0 B'Y 0) radicals
intob U , where'Y is anorganicchain As will be described in chapter this conversion
is achieved by series of reactions that leadi®@ andd0 from the radicalswhere he

produced0 0 moleculescan be related tohe concentration of the reacted radicals.



Moreover, sme termination reactions take plas@ring this proceskading to stopping
the radical conversion.

One of these termination reactions is the loss of the radinatlseoreactor walls
of PeRCA instrument. Thevall loss reactiorplays a considerable role that affectset
final radical conversion bthis techniquéHastieet al., 199). In this contextone of the
objectives of this work is todetermine the rateoefficient that describes thebesses. In
parallel, since PeRCA measures the sum of the peroxy radicals in the troposphere,
determining the rate coefficients tife wall losses oflifferent radicals could lead to a

suitablemethod for achieving radical spedmat as a second scope of this work

1.1.1 Radical wall losses

In general, considering different radicals in an air flow entering a tube, different
collisions will occur between the radicals themselves and also on the walls of the inner
tube. As a resulthese radicals will diffuse artie removedlifferently on the walls. This
reaction withthe wall can becontrolled by several factors such as the velocity of the
flow, the chemical nature and the reactivity of the radicals, the geometry of the tube, and
thetemperature and pressure

The removal of radicals on the walls is a fiostler reaction(YJ 0 G a a i
g€ € ¢ 1 OR'Waeomrogress of this reaction is described by the wall loss rate
coefficient 'Q , where the following empiricabquation €q. 1.1) can be used for

calculating this coefficientHayman, 199).
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where™Q is the wall loss rate coefficient ( , U is the velocity of the air flow
entering the inletd 6fi , Ois the diffusion coefficient of the radical® ¢ 71 ), Qis the
inner diameter of the inletd, ais the inlet lengthd §, and "W is the surface to
volume ratio of the inletc§ §.

As a consequence of the wall losses all the radicalwill be converted int@ 0
and theywill destruct on the walls and give non radical produisicethe PeRCA
technique measurée total radical mixtureY§ "O0 B'Y 0 , calculatingthe wall

loss rate coeitientfor each type of peroxy radicasnotstraightforward

1.1.2 Radical Speciation

As stated before, peroxy radicals have an essential contributibe &rhospheric
chemistry especially to oxidation processes. Therefore, it is important to study the role of
these radicals separately in their mixtures to have a clear picture about their contribution
to the atmospheric processes and to precisely deteth@imesources.

Several studies tried to develodifferent techniquesfor the selective
measurements of peroxy radicalne of these studies used a laseluced fluorescence
instrument (LIF) for this goalFuchs, 2008 Two conversion modes are involved in this
study The first mode convertthe atmosphericradical mixture Y0 YO 0 O
"00) to 00 by addingd 0and0d Uat reduced pressumhich is then converted 0 "O
through further reaction withh 0 and detectedy LIF instrument In the second mode,
only ¢ Ois added to convef©0 and0 "drom the mixture intdO0 and further detected
following the same procesklowever,the sensitivity of this techniquie dependenbn
the rate of the alment airpollution, where in high polluted air, the interference of the

YO beingconverted intdQ) during the’'Q) mode, affected by thé 0 concentration



in the ambient air, would excead b for equal amounts ofQ) and'Y U if the 0 0
concentration is higher thanuj 1) dnthe ambient air.

Another techniqueused for the quantification of peroxy radica@sthe Peroxy
Radical Chemical lonization Massp8ctrometer (PerCIMSJEdwards, 2003)In this
study, peroxy radicals"™Qb 'Y 0U) are converted and amplified into @YU ion by
adding0 0 and"YU reagent gasedhe quantification of the radicals is achieved using
two modes, one foiOU only and the other for the rm@l mixture. These modes are
controlledby changing the comatration of the reagent gasédso this technique has
limitations in theefficiency of 'Y 0 and"O0 detection, where the interference of the
converted’Y 0 into “O0 during tre 'O0 mode depends on th& U concentration
presented in the ambient air.

Furthermore, selective measurements of different peroxy radicals were
investigated using PeRCIIF techniqueg(Miyazaki, et al., 201)) wherea preinlet filled
with glass beads was used fibre quantification ofOU ando Q) . As a result, a
successful removal of 90 % @0 was achieved while the loss ®fQ) was only 15%.
This technique provides promising improvementthe selective measurements'@j
and 0 "Q) radicals, but it needfurther developmentin order to study the removal

efficiency for other organic peroxy radicals.

1.2 Objectives of this work

The mainobjective of this work is to studyall the parametersnfluencing the
radical wall lossesluring the samplingand the dependency tife wall loss ratéQ on
theseparameterd-or thisgoal prereactor inlets made of glass with different lengths and
diameters have been attached to #wctor where the conversion of radicals take place

and the net degree of radical conversion have been investigated.
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Several measurementsr pure’'O0 and a mixture ob TEOOL v M B Q)
have beerdone based othe inlet geometry changeand the resulthavebeen used to
calculate experimentallyhe diffusion coefficients for both'O0 and 6 Q) (O
andO ). Using the obtained diffusiomoefficients, Q has been calculated for
different lengtls and diameters of the inlet.

A second objective of this work ie study the possibility aheradical speciation
based orthe differences ottheir wall losseslf there were significant differences of the
loss rate between these radic@isvould be mssible to define suitablemethod for the

radicalspeciation with a defined geometry of théet.



2. Theoretical Background

In this chapter, the importance of peroxy radicals and their role in the atmosphere
are decribedandsome of the techniques thate used for the measurements of peroxy
radicals are presented. In addition, the principle of PeRCA technique is described, and the

major factors and parameters that affect the process in this technique are clarified.

2.1 Radicals in the troposphere

The clemistry of the troposphere is highly dependent on the radicals such a
peroxy radicals (hydroperoxy®0 , and organylperoxy¥ 0). These short lived species
have a special influence into the tropospheric chemistry with the involvement in some of
the tropospheriprocessesuch as hydrocarbons oxidation, acid formation, and especially
through theparticipating inthe production and loss mechanisms of ozané.(The
contribution to ozone production occug the reaction of pesy radicals with nitrogen
oxide (0 0) producing nitrogen dioxid€) O ) which is then the source of ozone in the

troposphere tlmugh its photolysis

‘06 600 60 60 R.2.1
YO 00°9YO 00 R.2.2

00 "® _ tcgad ©00 O O R.2.3
0 0 0 00 R.2.4



ReactionsR. 2.1 to R. 2.4 predominate ahigh concentrations a0 0 0
00 (in polluted areas). While when thed concentration is lowperoxy radicals

deplete ozone:

06 6 © 00 ¢ R.25
600 ©'05 © R.26
¢l © ov R.2.7

The major sources of peroxy radicals in the atmosphere are the oxidation

reactions 06 § 60O orw U Oby U "O0 Ureacts with) "gR. 2.8) leading to'OU .

0060 0 ©°00 60 R.2.8

Similarly, 6O is oxidized byd "Cby the following reaction§R. 2.9 to R. 2.14) to

produce) U .

60 6@ 60 0F R.29
60 6 008 O R.2.10
60 000 6 OO R.211
60 0 © 0805 00 R.2.12



06 6060 60 60 R.2.13

¢cO0 ™ _ tcgawd ©00 O 0 R.2.3

¢O v 0990 R.24

6Qdp 'O 6 MO '06'0bch 06 R.214

The previous reactions are axaaple describing the formation @0 ,Y§ 'Y 0
through the hydrocarbong (O in this examploxidation byd O

Moreover, there are some reactions that lead to the loss of peroxy radites in
troposphere. For example, ¢lean airthe selfreactions of the peroxy radicals dominate

as following:

06 06 0 ©'06 O R.2.15
606 06 © 60 'O U R.2.16
606 600 © ¢6'A  § R.2.17

The washout of the resulted peroxides is a sink of peroxy radicals.
Clearly, the more accurate the understandinghef chemistry of theperoxy

radicals is, the better the understanding of some tropospheric chemical cycles will be.



2.2 Peroxy Radical measurement techniques

Due to the importance of peroxy radicés the chemistry of the troposphere,
somestudieswere developedor peroxy radicaimeasurements. In fact, these studies are
few because of the difficulties of measuring #pdasting trace concentrationa the
troposphere Mainly there are two types of techniques used in radical measurements,
direct and indirectechniques

1 TheMatrix IsolationandElectron Spin Resonan¢®llESR) is adirecttechnique
that is used for ground base measurement of the radicatisis technique, the
radical s6 concentrations are trapped in ¢
temperature. These tragpeadicals are then analyzed in the laboratory using
ESR The measured spectra by the ESR are compared with a laboratory prepared
spectra for different radicals to identify the radicals in the trapped matrix
(Mihelcic et al., 19851990.

1 Another techniquehat uses @mindirect method for detecting the radicals is the
Proton Transfer Reaction Mass Spectrometry (®13%). The principle of this
method is a chemical ionization of the radicals usidg ions to transfer a
proton to the analyst, and tesal mass spectrometric detectifmanselet al.,
1995.

1 Thelaserinduced Fluorescence (LIF a technique that uses an indirect method
for measuring) "@'Q) radicals using a low pressure fluorescence detection cell.
The principle of this method isonverting™@) to 0 "Oby adding0 U to the
ambient air which is expanded through a nozzle into low pressure detection
chamber. The convertad "As then excited using a laser beanoat & & and its

fluorescence signas measuredHardet al.,1984; Kanayaet al., 200).

10



1 Furthermore, an indirect technique which is being used in this work, created and
developedoy Cantrelland StedmariCantrell et al., 1982 1984, is the peroxy
radical chemical amplificationechnique (PeRCA)This technique is asimple
method for measuring the total sum of peroxy radidals "O0 B'YOD.

Being a portable technique makes it applicable for growased and airborne
measurements. MoreovelPeRCA has been thoroughly characterized and
calibratedthrough several studiesich agHastieet al., 1991; Clmitshawet al.,

1997.
2.3Principle of PeRCA

The main principle of PeRCAf converting'Y § radicalsto a large number of
0 0 molecules using a chemical amplifier systisrdescribed by the following reactions

for the conversion 60U radicals:

06 660 60 0§ R.2.1

0060 0 ©°©00 60 R.2.8

where( 0is being oxidized t@) 0 andd Oto6 0. Theamplification factor that
describes thgield of 0 U molecules produced by this conversion is called chain length
(6 0.

In the case ofY U radicals,0 Q) as an example, the following reactioiake

place by whichkd Q) is converted t6O0 which leads ta) O .

11



6@ V006 0O R.2.11

6°Q G 06w O R.2.18

To achieve this conversion and the measuremend 0f, the measurement
consiss of threemain levels: addition of reagent gasésiand( 0) conversion reactian
in the reactarand detection af U at the detector.

In order to discriminate thé 0 that is coming from other sources than the
conversion guch as the) 0 that exists already in the ajror what comes from the
reaction of0 in the ambient air with) 0 added in the reactpfrom the yield( 0
molecules from theadical conversion reactions, the reactworks in two modes as

shown in the next figuré={gure2.1), the amplification mode and the background mode.

a!}!(\‘\ ' ﬂ { ,Background mode
/ m W‘ L Iy +No)
Amplification mode N“ “M kﬂ

Signal (V)

[CO+NO]

Counts

Figure2.1: The amplification and bagkound modes of the PeRCA technique

The amplification mode introduc&s0 O Uin the first addition poinin the top
of the reactar and U in the secondat the bottom of the reactoilherefore, e
conversion reactions take plaaed theb 0 molecules are detectes a signal in volts
(Figure 2.1). In the background mod®, 0 0 enter the first addition point, and 0

12



enters the second. In this case, there will be no conversion reactiotheddi
molecules that are detected are confiogn the reaction of ozone withOor 0 0 that
exists in the ambient air or anything else which could produgein the way inside the
reactor, and give a signal in valts

The chain reaction is terminated by some reactitims so called terminating

reactionsas following

06 66 OO 0W 6 O R.2.19
06 66 0OTWE O R.2.20
06 00 000560 O R.221
06 W 0006 O R.2.15

V6 O0O®EEET OQNORD OO | R.2.22

These reactions also exist in the alkylradicals, and in the c@sé&Xf, that leads
to a 0.85 factor of thehain ength of'OU . This is because of the fact thdtiradicals
(such a® "Q) that comes fronRR. 2.11) have a high possibility of reacting with 0 and
producing stable alkynitrate instead of undgoing conversion reaction intoU

(R.2.23):

YO 00 DOYOOO00D R.2.23

13



Or foro "Q):

6@ 0V 0°906™MAOU O R.2.24

2.3.1 General factors influencing CL

The chain length(6 ) of the chain reactionamplifying 'Y § radicals to0 0

molecules can be defined: as

Y00
‘00 BYD

Eqg.2.1

whereY 0 0 is the difference in thé U concentration due to the amplification
process, and’OU B 'Y is the sum of peroxy radical concentrations entering the
reactor of PeRCA instruemt

Some parameters influence the changth such as the concentratioh the
reagent gases) (0 and0 0, the reaction timen the reactqr temperature, pressure,
relative humidity and anyradical removaprocessesThefactor whichis beingstudiedin
this work is the geometry of thelet of thereactorand thus the wall losses and diffusion
coefficients associated witts change

1 Radical wall losses and diffusion coefficients

The 6 Odecreases with the increase of the radical losses on the ofdle
PeRCA instrument. These losses are influenced by several faotdrsasthe material
and shape of the reactor, the surface to volume ratio, and as a result the velocity and

retention time of the gas floas shown irEq. 1.1. The removal of the radicals on the
14



walls is described by the wall loss reaction rate coeffic@ntvhich is expressed using

the following exponential equation for a first order reactiq. .2):

YU o YO A@DPQOo Eq.2.2

where the radical mixing ratioY § 6 afteratime o can be calculated from the
initial radical mixing ratio entering the reactor § m if 'Q is known.

Moreover, the radical wall losses depend on the compositennatureof the
peroxy radicals that are measured and also on the geomelry adactarlf there is an
inlet attachedo the reactqrthen the losses will depend ts geomaty, i.e. length and
diameter.Therefore, it is important to characterize the radical wall losses for different
geometries of thanlet and also for different mixtures of peroxy radicals.

The effect of changing the length of timet should be the resulif @hanging the

velocity and the residence time of the radicals in the inlet. This can be seen from the

following equations

U © Eq. 2.3

N q. .4

O Eq. 2.5
O

where"Ois the air flow through the inletda "Q¢ 0 is the velocity of the air

(G 6), ois theretentiontime of the flow (), ais the inlet lengthd 9, 6 is theinternal

area ofthe inlet 6o &).
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Moreover,’Q is proportional to the surface to volume ratio of the tuilfeof and

given by the following relationshifq. 2.6):

. « Y
Q& Eq.2.6
W

The constant c is proportional to the diameter of the flow Tdaerd the diffusion

coefficientO through Sherwood numberQ

Eq.2.7

e
Fo

And the Sherwood number could be described by Reynolds and Schmidt

numbers'Y ‘Gand"Y despectively:
YQ — Eq.2.8

Yo =5 Eq.2.9

Where” the gas density) is the gas velocity, andis the gas viscosity. From the

previous relationsHq.2.6 © Eq.2.9) resultstheEq.1.1:

- vo Y
Q pvu o Eq.1.1

aqQ

16



The diffusion coefficientO describes the collision and the destruction of the
radicds on the walls. As this destructiesidescribed by a first order reactioiq 2.2),
then there must be a relation between the wall loss rate coefficient and the diffusion
coefficient of the radical. In fact, several studiesrehdbeen done to estimate the
diffusivities in gaseous syster(Silliland, 1934; Arnold, 1930; Wilket al., 195)% based
on a general expression starting with the Stéfaxwell hard sphere model derived from
the kinetic theory of the gasésutherland, 1894

Arnold (Arnold, 1930 suggested equatiorieq. 2.10 as a reference for estimating
the diffusion coefficient from the boiling temperature of the substancestraid

molecular volumes

0 Eq.2.10

Yo g ey
- Y 6
W W

where;

#is Sutherland constant,

6 ,6 are the molecular volumes for thenstituentd and 2,

4 is the boiling temperature,

- ,- arethe molecular weight ¢fie moleculed and 2.

Also, in another studyGilliland (Gilliland, 1939 developed anempirical
equationassuming that the collision diameters are proportional to the cube roots of the
molar voluma at normal boiling temperatuirg

In addition, a study by wHler et al,(Fuller et al., 196% showed a high correlation

between the methods used for the estimation of the diffusion coefficient and suggested a
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new empirical method bad on the previous studies. Tlolowing formula(Eq.2.11) is

suggested to be simple, wide applicable, and has a higher accuracy

P8t p T Y8
0 Eq.2.11

L P
U U

w ® 0

wherethe constanp8t 1t p 1 was derived empirically.
1 The effect of some other factors on CL

The effect of changing Oor 0 Uconcentrations ot Uis significant and has been
studiedin detail (Ashbourn et al., 1998; Clemitshaat al., 199). It has been observed
thatat 6 Uconstantthe & Oincreasesvith O 0 mixing ratio until itreacles a maximum
atu  @n n @ 0. This occurs due to the fact that the increas@ Offavors thereaction
(R. 2.1) and gives highed 0 After that,R. 2.19 dominate which leads to the decrease
of 6 0

On the other handan increase i Ois observed withd 0 asthe termination
reaction R. 2.19) dominates for lowd Umixing ratios. Thenthe increase dio { favors
R. 2.8 relative to reactionR. 2.19 having more of the peroxy radicals and higbebas a
result. After that, having mor©0 radicals will favorreationsR. 2.1 andR. 2.21, and
R. 2.15 (loss reaction) more than the react®r2.8 and the loss reactidr. 2.19. Furthe
increase ob Omixing ratio highetthan< x  w Pis not advisabldecause it is explosive
above 10 %

Furthermorejt has been show(Hastieet al., 199} that the reaction time has a

significant effect on chain length at very sh@tentiontimesin thereactor An increase
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of 0 Ghas been obseed up to a reaction time +1After that, the increase of the reaction
timein the reactohas almost no funer effect on the chain length.

Moreover,the chemical nature of the peroxy radical plays a cruoial in the
determination of th& 0 Beforereacting inthe chemical reactothe destruction ofO0
radicals on the walls is expected to be highantthe same reaction in caséYob . This
is because of the highpolarity and reactivity ofO0 radicals.This affect the resulting
0 ((seeQ 0 i chapter 3) of theorresponding radicalifferenty depending on the shape
and nature of the inlet of the reactor used.

Another important factor affecting th@ Osignificantly is the relatie humidity
(Y'Q It has been observed that theldecreasgwith increasing’Y "OThis behaviour is
still not fully explained but some reactions involvil@) £"O0 dimers and UGor U 0
might be a reason for this tenden@yiihele et al., 1998 Reichertet al., 200} where
some norradical products are produced (é@u 0) (R.2.20,R.2.21, R.2.22).

The following figure Figure2.2) describesow the different parameteravean

influence on th@ Uas they have been explained in this chapter.
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Figure2.2: Factors affecting O(Reichert et al., 2003; Clemitshaw et al., 19Rartal,

2009)
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3. Experimental

The study of the efficiency of theconversion of peroxy radicaland the

calculation of the chain length in the laboratoeguireproducing a known concentration

of peroxy radicalso beconvertednto O 0 . TheFigure3.1 illustrates he general scheme

of the set up used at IUBB for carrying out the present work. Peroxy radicals are

producedat the radical sourdeom the photolysis of water as explained below

CO/CH,4 l lHumidified Synthetic air

Data Acquisition
Radical source
A

XRO; (x —n)RO; / Reactor
> inlet | (Chemistry) Detector —>

CL Yield

nRO; losses K T NO,
Reagent
gases
(CO+NO) eCL

Figure3.1 Schematic diagram of the set up usedUP-UB for the present work

According toFigure 3.1, the operation of PeRCA in general starts by humidifying

acertain synthetic air flow which enters themidifier in parallel withd Oor 6 "Q In the

radical source, the photolysis of water occurs and the peroxy radicals are pr(sheced

R. 3.1, R. 32, R. 28, R. 29, andR. 2.10). By sucking¢ ofad "Q&of the air using an

21




exhaust flow controller hie o Y Uradicals produced from the source enter the glass inlet
before the reactor, where they collide, diffusied destruct on the walls of the inlet.

Then, the yields radicats ¢ 'Y Uenter the reaction zone where they react with
0 Uandd OUmolecules which enter the reactor continuously via reacti®n2.{, R. 2.8,
andR. 3.1). TheO 0 molecules that are produced will be then added to a certain offset of
0 0 and be detected, and finally the effective chain lenfld )(is determinedQ ¢ i
the measureahain length that combines the chain length in the readtdy 4nd the
losses in the inletMoreover, a specific system is used for the data acquisition and the
control of the process.

In this work, the concentrations of the reagent gases are kepambast also the
material and shape of the reactor. Thereforéin the zone where the chemistry is taking
place is considered to be the sarf@re 3.1) and the change in the effective chain
length {Q 6)0which is measureds considered to be only because of changing the
geometry of theénlet before the radicals enter the reactor.

The units that contribute togethir the amplification process of PeRCA which
are illustrated irFigure3.1 are descbed in detailin this chapter. The starting point is the
production of the radicals, and th#rereactions are taken place in the reactor to produce
0 0 molecules that are detectéal obtain théQ 6.0n addition, this chapter describes the
calibrations that have been done for obtainingeffectivechain length for the different

mixtures of peroxy radicals.

3.1 The radical source unit

The calibration/source unit is used for producing peroxy radicals. The radicals are
produced by the photolysis avater at wavelengtip p@e & in the presence of the

oxygen (Schultzet al., 1995 As it is shownby reactionsR. 3.1, R. 3.2, R. 2.8, the
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hydrogenOand hydroxylb "Catoms that are producé&mm the photolysis will react with

0 andd Urespectively to produc®u .

(/ EQ puys io( (/ R.3.1
( | -o°o¢( - R.3.2
#1 1 ( (I # R.2.8

Adding methane ¢ 'O instead ofd Uwill give a radical mixture caisting of
50%"00 +50%0 Q) where the hydroxyl atom$ "Qwill react withé "Oto produce the

methyl peroxide moleulesd Q) .

#( I (O# 1 (1 R.2.9

#( 1 | - O#H( [ - R.2.10

The radical sourceonsists ofa cell made ofquartzwhere the water and the
calibrated air are mixed gumping water into the air flow using a peristaltic pump, and

therefore the synthetic air gets wEigure3.2).
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Figure3.2 A view of the humidifier for wetting the synthetia ai

For Y "Chelow 10%, lhe relative humidity of the wetted air is controlled by the
velocity of peristaltic pump and measured with a dew point sensor (Vaisala DMP 248).
For higher'Y "QOa mixed flow of the dry and wet air is controlled using a liquid pamgp
a humidifier The consequent humidified air goes to the photolysis zone, andthigere
radicals will be produced.

Figure 3.3 describes the internal parts of the radical source that is used in the

laboratory.
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Shutters Cylindrical lense

Quartz-Glass

Absorption cell

Interference filter Photolysis zone

Photomultiplier

Figure3.3 PeRCA radical souraesedat IUP-UB Bremen(Kartal, 2009)

The radical source consists of the components described in the following table

(Table3.1) assomted with their function:
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Table3.1: Main components of the radical source and their function.

Hg-lamp This lamp is used for the photolysis of watep apde Gemission

wavelergth of the mercury vapor. It is installed in a block that is
kept at constant temperature (by warming up the lamp using a
heater before starting the experiment) to avoid variations in the
lamp profileasthe lamp spectrum is sensitive to the operation
condtions of the lampA shuttermpermits or blocks the light coming
from the lamp.

Cylindrical lens It is used to parallelize the light beam coming from the lamp.

Absorption cell  This cell is between the lamp and the photolysis area and confi
by quartz ¢ass windows. To generate different concentrations o
peroxy radicals, the intensity of the light at the absorption cell h
to be changed while adding a constant mixing ratio of water in 1
synthetic air. This is achieved by the injection of a gas mextdir
0 0 O through the absorption cell and this gas filter leads to
reduction of the intensitigading todifferent mixing ratios of the
radicals. Nitrous oxidé U is an irertgas that can reduce the
intensity to 90%Cantrellet al., 199Y.

Photolysis zone This zone is @art of acylindrical quartz tubeq ™ alength and
p @ & inner diameterunder the influence of the light emitted by
the lampwhereO U, synthetic air and Uenter and the photolysis
reactions take place.

Interfer ence filter This filter letsthe wavelength of interest ptyd¢ &to transmit

through and blocks the rest

Photomultiplier A photomultiplier Hamamatsu 1259 with "Q "Qvindow and
spectral response betweerp v p wd d&is usedor the detection
of the attenuated intensity

Before the humidified air enters the photolysis zan&(ord O is added to mix
with the air so as to react with "Qhat will be produced from the photolysis reaction of
water and give the peroxy radicattstead of gtting lost on the wallsAt the same time,
ozone molecules are produced from the photolysis of oxygen at the same wavelength

C p y&®e 0 (R.3.3andR.3.4):
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O O _ pydEaos 0 O 0 R.33

o o 090 R.3.4

The mixing ratio of the yield peroxy radical©[ ] or ['Y 0] is calculated usig

Eq.3.1:

(0 5 —2 0 Eq.3.1

where:
, is the water absorption cross sectionpatp@de & that is used @
XP P T wadé & Qoq@a@rellet al., 1997Hofzumahaust al., 199), "O0 is

the water mixing ratio calculated from a dew point sensor measureméntss the

8

mixing ratio of the oxygen that is known from the syntheir cylinder,, is the

oxygen absorption cross sectiorpath@®e & and U is the mixing ratio of ozond3oth

, 8 ~and 0 are calculated experimentally.

Eq.3.1is derived fromthe integration of the change of the concentratioi®of

andU asfollowing (Kartal, 2009:

0
TT 5 ¢zo 8 z, 8 z00 Eq.3.2
Y ‘ 8 .

[ cz0O 8 =z z Eq.3.3

WhereO 8 s the photon flux which is the same for b&@i andi .
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3.2 Theradical reactor unit

In this unit Figure3.4) thereactions of the radicals with 0, andd Otake place.
The standardeactoris made of glass and has inletof ¢®c &length andté & inner

diameter('OD

3-way magnet valves
! = 4

&
\$. 2

1st addition point

- TIY

Figure3.4: Reactorunit where the chemistry is taking pladéne reactor and its inlet are
covered by an aluminum sheet to prevent the photolysistof

The synthetic air enters through the inlet and mix withrhixture ofb 0, andd 0
or0 U, and0 enteringthroughthe first addition pointFor this thereare3-way magnet
valves that operate the addition(of and0 Uentering the first and second addition points
alternatvely for controlling the amplification and background medsee chapter 2)n
addition, there is @ U scrubber which is filled witHOQUY8O O (Ferrous sulphate
hepthahydrate). This scrubber remove® traces from tha) 0 flow which is mixed

then with0 or 6 Oand added to the reactdn the laboratory, theeactor magnet valves
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and the scrubber are installed on a plate and connected to the othed unitketector,

7z

fl ow controll erse).

3.3 The detector unit

The 0 U molecules which are producedarthe reactor flow withhe airto the

detector unitis shown in the following figure by the blue arrqwigure3.5):

Luminol flow

Filter paper

: Air flow
Photodiode

Figure3.5: Inner parts of the detector unit with an illustration of the air amanlal flows
(Kartal, 2009)

The detector has a Whattman fiber filter paper, and a photodiode (Hamamatsu Si

1248).There is a quartz glasghich separates the photodiode from the filter paper. In the
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detedor, there isa contine flow of v p 1 0 luminol solution § 'O0 0 ) by a
peristaltic pumshown in red arrowgartal et al., 2010; Wendek al., 198}
The detection process is done as following:
1. The0 O molecules that entehe detector react with the luminol sobni
on the surface of the filter paper by a chemiluminescence reaction.
2. As a result of this reaction 0 molecules emit photons at
wavelengthr T v mata
3. The photons are detectduy the photodiode. The resultingignal is
amplified, converted to aoltage and digitized, and finally stored in a data

acquisition system.
3.4 The calibration procedures

There are two factordefiningthe sensitivity othe P&CA instrument. The first
factor is the efficiencyf converting the radicals into U , quanified by theQ 0, @nd the
second is th& U detector performanc¢ejuantified by the) 0 calibrations Therefore,
regular calibrations have to be done forb response and) 6 before starting the
experiments. These calibrations havébéodone under specific conditions of the reactor
and the addition gase3hus it has been noticed in previous studies that tihe
sensitivity becomes nonlinear belawu) i ® O offset in the presence affy i) & 0
(Clemitshawet al., 199Y. Besides that, adding® ppm0 0 gives a maximum value of
‘Q 0 as explained in chapter 2 (factors influencingdhg. On the other hand, addidgg0
up to 10% does not affect the response of(thie detector Moreover, adding the same
amountof 0 Vand0 is to avoid pressure variations and as a result keep the mixing ratio

the same in the detectdduring this workp Ydtod G p Ydrad , andp T &) 0 have
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beenaddedand a total of¢ gfad "Qbas been sucked through theatea Theacquisition

of the data and the calculations in PeRCA labldeesh done using Matlab and Excel.

3.4.1d E calibration

0 U calibrations are done to examine the detectmponse and sensitivityy
adding various) 0 -air mixtures fom calibrated airThe response of the O detectoris
determinedy applying different concentrations 6f0 and changing the mixing ratio of
0 U each time(between 45 ppb and 61 pphyhere a volume of O from its gas
cylinder is mixed with a volume of synthetic aiburing this work, 500 0 calibrations
were done in the laboratory and an example of the resulesigibed in detail in chapter

4.

3.4.25 k calibration/g g determination

"O0 calibrations are carriedut for the determination of tHf@ 0, @nd they consist
of the following steps:

1. Synthetic air is humidified by pumping water into the air flogpofa Q<
inside the source unit (4% ‘®or mixing wet and dry air for highéy "Qas
described previouglin section 3.1

2. The humidified air enters the photolysis zone in the source unit. In this
area the UV photolysis of watair mixture is taking plac€Error!
Reference source not found.as described in section 3.In addition,
various0 UF0 mixturesare added in the absorption cell for attenuating
the intensity of the Hdgamp.

3. "0O0 radicalsare produced according (B. 3.2)

4. 0 "Omolecules produced fromR. 2.1 react withd Othat is eing added
continuously (16 opured U to producéO0 (R. 2.8). Both steps (3 and
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4) are enough to convert all the products from the photolysi© 6f
into"00 .

Moreover,0 "Ocan be added instead @f0to the photolysis zone to gétQ)
that has the same mixing ratios@® (Error! Reference source not found.andError!
Reference source not found.

5. The 'O0 radicals generatedreact with 0 U and ¢ 0 in the reactor to
producel 0 which signal is detected in the detector.

The mixing ratio 600 can be calculated fronk(. 3.1) that has been described

in section 3.1During this work, 5000 calibrations and 50 mixture calibrations

were performedn the laboratory and an example betresultsare described in

chapter 4.

3.4.3Determination of the mixing ratio of ozone:

During the'O0 calibration, ozonés produced by the photolysis of oxygen at the
same wavelengtip(p&¢ ¢) in the photolgis areaandgives a background signahich
has to be determined accurat@®y 3.3 andR. 3.4).

The accurate determination of the mixiragio of the ozongroducedcontributes
essentiallyto the accuacy of theY() U thatdefines théQ &.{Therefore, it is important to
have direct measurements of the sniallvariations between single points of ti@0
calibration

The experiments done in by adding dry synthetic air, emitting the 1igly the
Hg-lamp through the photolysis zone, and measuring the attenuated intensity due to the
absorption of light by ozone. This attenuated intensity is detected by a photomultiplier.

As a result, the amount af produced can be calculated and thaximmum of ozone
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mixing ratio can be determined by detecting the light intensity at the maximum
production of ozone.
The results othreeozone calibrations that have been done in the lab with respect

to their photomultiplierd 0 “Walues are described detail in chapter 4.

3.4.4. Determinatiorof absorption cross section of oxygen

It is important to determine theffectiveabsorption cross section of the oxygen in
the photolysis zonef each calibration sourdeecause thé absorption spectrum ithe
SchumanfRunge bands is located nganp@®e & (Yoshinoet al., 198} and the Hg
lamp that is used in the calibration has an emission spectrum whittereforea
function of 0 column.For this reason and in order to reduce Ghepresent, lte space
between the lamp and the photolysis area is flushed continuously during the calibration
with 0 . The effective absorption cross sectiamf 0 for the setughas been determined
for the setup usedt the beginningnd duringhe experimentand this process should be
repeatedo monitor any changes in the lamp as a consequence of ageindnanever a
change in the setup is applied. Tdetermination of the effective cross sectislone by
adding different oxygen columns by using mixturdsUo-synthetic air entering the
photolysis zone. Using this method, the attenuated intensity can be determined and then
the apparent absorption cross section can be calculated theirBeerLambert law

(Eq.3.4) (Creasey et gl2000:

P
® ) © Eq.34

where:
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wis the oxygen columriQis the incident light intensity if there is only in the
photolysis zone, anyl @ is the attenated intensity measured after the oxygen column
has been added and interacted with the incident light.

The apparent absorption cross section is derived from the integration of the
effective cross section through an oxygen columCreaseyet al., 200), and the
relation between both apparent and effective absorption cross sections can be expressed

by the following equationHq. 3.5):

RO, R ® ——o———?®  EQ.35

Following this procedureyalues of the oxygen effective cross section were

determined and are described in chapter 4.

3.5 Experimental procedure for determining the wall losses

As discussed irchapter 1 the approachollowed in this work isstudying the
diffusion of 'O0 and 600 using inletswith different lengtls and diameter and
calculating the corresponding wall loss rate accordingetp 1.1 Therefore, he
calibrations, describegreviouslyin this chapter, werdirstly done using a g&s reactor
with até & "O@ndc @ dlengthinlet. After obtaining theQ 6, he length of thénlet
was gradually reduced by cutting abouwit & of its length and the calibrations were
repeated to obtain th@ Oassociated with eadhlet length. This procedure is clarified in

the Figure 3.6.

34



(x —m);RO;
XROE : 25cm ReacFor
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n;RO; losses
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xRO
—> inlet ) >
- _ [ANO,];
n,RO; losses eCL, = TXRO;
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— > —> m="3R0;
n3;RO; losses

Figure3.6: Obtaining theQ 0 for differentinlet lengths.

As shown inFigure 3.6, changing the length of thelet leads todifferentQ 6 0
from the same initiatladicalconcentration ¥, asthe 6 linside the reactds supposed
to remainconstant.

In the next step the wholgocedure was repeated ngian inletwith a different
diameter pa & 'OD which length was reducedand theQ 0 for each length was
determined Changing the diameter of thelet gives information about the effect of
changinghe surface to volume are&the inletonthe walllosses.

These calibrations usindifferent diameters and lengthgere performed for
differentrelative humiditieg4%, 20%, 40%, and 60%ndthe diffusion coefficientvas
derived as a function of th@ ¢ @nd the geometry of thimlet. Finally the 'Q is
calculated using the obtained value of the diffusion coefficient for Tthand6 "QJ

based oreg. 1.1.
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Furthermore,the variation of the Q6 (with the diameter of the inletvas
investigated more in detddy additionallyusingothertwo differentinlets with & & 00
andu® dlength and with@ & & "O'@ndu alength. Both of them were used dbtain
the'Q 0 it dry conditiongt PY'Q

Furthermorethe reproducibility of the experiments inighwork was studied by
repeating calibrations of some lengths and diametérthe measurements that was
obtained as wellThe results of these experimeratsd the corresponding error analysis

will be described in detail in the following chapter.
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4. Resultsand discussion

In this chapter the results obtained from the experimantspresented and
analyzedDifferent observations ardiscussedegardingthe variation of théQ ¢ tespect
to the change aseveral parameters and conditiaugh as the diameter and lengttithe
inlet. Based a these observationamethod isusedfor deriving the diffusion coefficient
for 'O0 and8’O0 . Additionally, an experimetal wall loss rate coefficienfQ is
calculated usin@q.1.1(seechapter ) based onthederiveddiffusion coefficient values

Finally, the error analysis of the experiments is discussed to describe the different

sources oflatauncertaintiesas wdl asto estimatethe total accuracy of this method

4.1 Measurements of thgg F d

As discussed in thprevious chapter, tH@ ¢ was measured for different lengths
and diameters of the inleThe general approach fobining Q6 is based on the

following processasshown inFigure 3.1, here repeated for clarificatifligure4.1):

xRO; (x —mRO; / Reactor
—> Inlet ( (Chemistry) Detector
CL Yield
nRO; losses T NO,
Reagent
gases
(CO+NO)
eCL

Figure4.1: Schematic representation of the processes involved in the determination of the
‘Q 6 (from Figure 3.1 in chapter 3).

In this figure,the initial concentration of the radicals that enters the inlgtl{ )

is subject tolosses on the walls (Y ). Thus the yielded concentration after a
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residence timgo) in the inlet ('Y § ) enters the reactor arnke corresponding radicals
are amplified andconverted i 0 U according to the reactochain length ¢ )

(Eq.4.2).

Y Y§ YO Eq.4.1

The actual chain lengtld Oin the reactor)s unknown since the loss on the wall
is undetermineénd thereforalsothe exactadicalconcentration that enters the reactor.
Thus the measured chain length at the end of the calibration is an effective chain length
(Q 6)idhatresultsfrom 'Y §

As discussed in the calibration procedures (see chapter 3§ ¢h& obtained
from both0 U and"OU0 calibrations Theresults of thecalibrationscarried outduring

this workare shown in the next sections

4.1.14 E calibrations

AU 0 calibrationis shownexemplaryin the next figure Figure4.2).

38



e 5 -

3 475 - m

> 45

S o e

© 4 -

c 3.75 w

20 35 -—

n 325
3 -

275
2.5 £ 1 | 1 | 1 | 1 | | | 1 | 1 | | 1 | 1 | | 1 | |

12:21:36 PM 12:36:00 PM 12:50:24 PM 1:04:48 PM 1:19:12 PM 1:33:36 PM
Time (hh:mm:ss)

Figure4.2: Variation of the signal of thé U detector during & 0 calibration

The calibration is obtainedy applying different concentrations af 0 and
changing the mixing ratio ofiy 0 every 8 minutes. Thezero of tke calibration
corresponds td5 ppb0 U offset(for the linearity of the detectoat the beginning and at
the end of the calibratiohe mixing ratios of0 U in fj | ére plotted as a function of
the detector signal in voltsigure 4.3). TheO U mixing ratios arecalculated from the

following formula €q.4.2):

L DYE B0 OEMQML W & QR Q06
0YeE Q0 Nnw T
v 0o

Eq.4.2

where, he mixing ratio { Y of the0 0 in the gascylinder during this study is
10.117 f a0 0 "Og is the voltage ob U flow controller, 0 0 "@ ) is the sum othe

voltages taken from both tlied flow controller and the exhaust flow controller.
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Figure4.3: Linear relationship between 0 mixing ratiosand the detector signal in
volts.

This linearrelationshipis fitted by & o ®@using linear regression analysis
where"Y pTdrepresents the sensitivity of the detector for diffeteit concentrations.

The next mathematical analysis was done demonstratethe cause ofthe
deviatiors of the calculated0 0 mixing ratics around the regression line. Based on
Eq. 4.2, the governing variables for calculating the) mixing ratio are the measured
voltages of th&) 0 flow controller 0 0 "OQ and the ghaust flow controller

By taking one cluster of theé 0 mixing ratios from the calibration above.g.
T U] n)@the averages and the standard deviatioh both flow controllers were
calculated forsome minutes. Thus, he correspondingd 0 mixing ratios using the
averages of the flow controllersthe standard deviatiomerecalculatedas shown in the

following table.
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Table4.1: Calculation of / mixing ratiowith respect to the deviations the flow
controllers.

Minutes 4 F "08  ExhaustO6 4k mixing ratio 4k mixing ratio

Ooc H 4V (d‘H‘

mean std mean std using using using using
00 "006 00 06 Exhaust FC Exhaust FC
(mean+st)l (meanstd) (mear+stg (meanstd

1% 0.9® 0.008 1.9 0.029 46.074 45.180 44971 46.3@
2" 0.899 0.0 1.9 0.027 45.748 44.998 44.783 46.012
3 0.899 0.008 1.9% 0.0 45.812 44.A90 44.604 46.15
4" 0.903 0.009 2.000 0.049 45.89 44.9A% 44.358 46.58
5 0.900 0.009 1.90 0.038 46.069 45.17% 4473 46.491

From this table, it can be seen that the deviation of each flow contallses a
varigion of 1 ppb of thed 0 mixing ratia As a result92% to 95%of the pointshave
variances anend £ 2 ppbfrom the mean valug/hich are caused by the variation of the
FC signal but do not correspond to a real variation in the flow and consequently do not
affect the accuracy of the determination ofthe sensitivity.

Therefore, amoothing aerage filter was applied on the points as shown in the

following figure where the outliers in the calibration can be better identffreglire4.4).
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Figure4.4: Smoothed inearrelationship betweetr 0 mixing ratiosand the detector
signal in volts.
Based on theidear regression in this figure(( 0 Wz @), the sensitivity
(p¥Sd of the detector is determinéolber o T8t @ £ o i}, awhere the relatie eror

is calculated in detaih the error analysis section.

4.1.25 E7T{ E Calibrations

Once determined the detector sensitivigcled 0 calibration was followed by
both the’O0 and'Y § calibrations that are needed for obtagnthe’Q 6.(Figure 4.5
describes the linear relationship from ane@mpleof the OU calibrationthat have been

done inthis work
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Figure4.5: Example of théOU calibration. The slope corresponds to the value of the
Q6.0
Using different mixing ratios ofOU as described in chapter, @ linear0 0
concentration response is observed with the increa€siomixing ratia In the previous
figure (Figure 4.5), the eCL value is determined usitige linear regression analysis
(where'Y is the correlation coefficient)This value is represented by tepeof the
regression linaisingEq.2.1, and itis p Y& p un this calbration(the error analysis

of the'Q 6 i§ explained later in this chapter)

4.2 Analysis of thegg F 4

In this sectionthe obtainedQ ¢ tor different inlet lengths and diameters are
analyzedusing two different inlet diametersd & 'OCandpa & "'OY) different inlet
lengths betweeg®a dandc @ ¢ and differentY "etween 4% and 60%
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