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Abstract

Secondary organic aerosol (SOA) mass yields were tested for six combinations of two anthropogenic
volatile organic compounds (AVOC); m-xylene & toluene, and three biogenic volatile organic com-
pounds (BVOC); a-pinene, myrcene & isoprene. The purpose was to investigate any non-additive
results in SOA formation from mixtures of AVOCs and BVOCs by comparing experimental yield
with corresponding two-product model yields. No seed particles were used. Mass and number size
distributions from generated SOA was investigated. The measurements were performed by aging the
VOC gases using a potential aerosol mass (PAM) chamber and measuring the resulting SOA mass
with a scanning mobility particle sizer (SMPS), and to a limited extent an aerosol mass spectrome-
ter (AMS). AMS data was used to calculate an average SOA density of ~ 2.0 g em ™3, although for
calculations a value ~ 1.4 gcm ™2 was used. The VOC air flow was at RH = 30.6 £0.3%, and PAM
chamber O concentrations were for all experiments 5400 4+ 880 ppb. Differences in experimental
and model yields were observed with a maximum difference of 30 % and a minimum of 4 %, although
for all experiments model yields were mostly or completely inside experimental uncertainty limits,
and so no non-additive effects could be concluded. Aging of a mixture with isoprene added showed
a factor =~ 4 decrease in overall number concentration, and a slight shift of mass size distribution to
larger particle sizes. The experiment set-up used was also investigated, and showed several short-
comings. Most notably was the uncertainty regarding VOC emission rate, to a part caused by a lack
of instrumentation measuring diffusion chamber parameters.
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1 Introduction

1.1 Background

Aerosols are defined as solid or liquid particles sus-
pended in a gas such as air. Secondary organic
aerosol (SOA) is a subgroup of these, which are
produced naturally in the atmosphere by means of
oxidation of volatile organic compounds (VOC).
SOA can make up a range of properties in the at-
mosphere, such as scatter light, absorb light, but
also act as cloud condensation nuclei in forming
clouds. Although exact definitions vary, VOCs
are a group of organic chemicals which generally
have a low boiling point at atmospheric condi-
tions, causing them to evaporate.

Atmospheric secondary organic aerosols (SOA)
have become an increasingly researched subject in
recent years. This is originating from the fact that
still very little is understood about the processes
surrounding them, and that these particles can
have potentially significant implications on both
the Earth’s climate and human health.

There is a very large uncertainty as to the global
atmospheric SOA production levels. Current es-
timates range from 50 - 380 Tg yr~! (Spracklen
et al., |2011)), although older studies suggest esti-
mates ranging from 12 - 1820 Tg yr~! (Kanakidou
et al. [2005; |Goldstein and Galbally, 2007} [Hal-
lquist et al., |2009; Spracklen et al., 2011)|H This
leads to large uncertainties in other areas, not
least how SOA contributes to the Earth’s radia-
tive forcing. Currently, atmospheric SOAs effect
on the radiative forcing is estimated to be some-
where between -0.4 and +0.1 Wm™2 (Boucher
and Zhang} 2013]).

In addition to this, particulate matter such as
SOA is also associated with a range of negative
health effects mainly related to the pulmonary
or cardiovascular systems (Davidson et al. [2005;
Pope and Dockery,, 2006]). It would therefore be
of importance to learn sufficiently about these
compounds in order to be able to mitigate any
future complications they may lead to.

VOCs can be divided into two subgroups.
Biogenic (BVOC); VOCs produced and emitted
by natural processes mainly in plants, and

1Upper estimate calculated by |[Spracklen et al.| (2011)
based on data from given sources.

Anthropogenic (AVOC); VOCs produced and
emitted by means of human activity such as
petroleum combustion. Although large un-
certainties persist also on the specific global
emissions of VOCs, most research indicate that
BVOCs stands for a large majority of produced
atmospheric SOA (Spracklen et al.| 2011} |Kanaki-
dou et al., 2005; [Heald et al., [2011}; |Goldstein and
Galbally, [2007)). As this may be, locally such as
in urban areas, AVOCs may take a majority role
in SOA production (Fushimi et al., |2011)).

It has previously been suggested that atmo-
spheric aging of a mixture between AVOCs and
BVOCs would lead to an enhanced amount of
SOA formation. (Volkamer et al., |2006; Hoyle
et al., 2011; Heald et al., 2011), This more
specifically meaning that had the AVOC and
BVOC components been aged separately, at
the same conditions as the mixture, then their
combined amount of formed SOA would have
been lower from that of the mixture. This
was recently reported by |Setyan et al.| (2012).
The study observed outside organic aerosol to
carbon monoxide ratios(AOA/ACO) to look
at indications of SOA production levels, and
found that this ratio was largest when the
studied air mass contained high levels of both
AVOCs and BVOCs. [Shen et al.| (2013) have
more generally laid forward that heterogeneous
VOC combinations might prove to affect SOA
formation.

(Emanuelsson et al., [2013)) on the other hand,
while noticing an overall difference in volatility in
produced SOA from AVOC and BVOC mixtures,
found no such relation in SOA production.

1.2 Aim

This thesis aim is to investigate these theories of
non-additivity for some selected combinations of
VOCs. It will be guided by exploring the following
research questions:

e Are there any non-additive effects relat-
ing to SOA formation for selected AVOC
and BVOC mixtures compared to individual
VOCs?
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e How is particle size distribution and number
concentration affected by mixing the selected
VOCs?

e What are the advantages/disadvantages of
the experimental set-up that was used?

Chapter [I| presents the background motivation
and aim for this thesis. Chapter [2] describes rel-
evant theory connected to the experiments and
analysis of data. It presents more in detail the
chemistry behind SOA formation related to these
experiments. It also explains the particle detec-
tion method which was used, and present the
mathematical theory of which the data analysis
is based on.

Chapter [3| explains the experiment set-up and
how experiments as well as analysis were per-
formed. Here it discusses the layout of the exper-
iment set-up and its components, as well as the
function of these components. It explains in de-
tail procedures used for handling the VOCs, how
the measurements were performed, and how the
data analysis was performed. Uncertainty limits
are stipulated in section

Chapter [4] presents the results and a discussion
surrounding them. For each studied mixture SOA
yields as well as number and mass size distribu-
tions are presented and discussed. Comparisons
between the individual VOCs experimental and
model yield are presented here as well.

Chapter [B] will discuss and evaluate the experi-
mental set-up itself, and present shortcomings and
possible improvements to be made. Chapter []
summarizes the main conclusions from this work
and present an outlook for future work.

2 Theory

2.1 SOA formation chemistry

SOA is formed in the atmosphere from oxidiza-
tion of organic compounds such as VOCs, caus-
ing them to grow. This process involves inter-
action with hydroxyl (OH) radicals, and is often
referred to as atmospheric aging of the compound.
A Potential Aerosol Mass (PAM) reactor chamber
(Kang et al., [2007) can simulate this process at
100 to 10,000 times higher concentrations of OH
radicals, which causes aging to happen at a faster

rate. This makes PAM measurements more time-
efficient than natural atmospheric aging. Initially
Oj3 is formed in the PAM through UV radiation
which interacts with oxygen gas according to the
reactions

Oy +hv — 20, A<242 nm (1)

0, +0 — O 2)

Excited O('D)-atoms are created through photol-
ysis (A = 254 nm) of Os
Os+hv— 0,+0('D), A<320nm (3)
These excited oxygen atoms in turn reacts with
water vapor from incoming flow (in these experi-
ments RH = 30.6 + 0.3 %) to create OH radicals
through

O('D) + H,0 — 20H (4)

which are then reacting with the introduced
compounds.

2.2 Particle equivalent diameter

For the most part when studying aerosols, what
you have is a collection of irregularly shaped par-
ticles. This is often true even when looking at
more specific types of aerosols; soot being a good
example. Soot particles are a chaotic conglomer-
ate of smaller particles, sometimes with an almost
tree-like structure. Because of this depending on
what property one desire to study, basic physical
form for example could be very mis-representative
to density. However, there are cases where the
shape is the property of interest; such as with
nano-tubes and their ability to penetrate living
tissue and so on.

Instead, something called equivalent diame-
ter is often used in aerosol measurement tech-
niques. This concept instead categorizes the stud-
ied aerosols and assigns a diameter by how they
act in certain settings compared to a perfectly
spherical particle. This can be aerodynamically,
optically, electromagnetically and so on.

In this thesis, a Scanning mobility particle sizer
was used. This device measures the so-called
electric mobility equivalent diameter of a particle,
which looks at how movement of charged particles
are influenced by an electromagnetic field. The
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particles are charged with a radioactive source
prior to entering the device. Based on how much
the charged particles are then influenced to drift
perpendicular to the main air or liquid flow direc-
tion, an equivalent diameter is calculated. This
is derived from what diameter a spherical particle
with the same charge would have to have in order
to be equally affected by the electromagnetic field.
This is done through the equation

neC,

Z, = 5
p 37TT)Dp ( )

where Z, is electric mobility (m?Vs™'); n the
particles’ number of charges; e elemental charge;
C. Cunningham slip correction factor, which is de-
pendent on particle diameter; 1 absolute viscosity
of air (kg/ms~!'); and D,, diameter of the particle
(m). The equation is derived from Stokes’ Law.

2.3 Theoretical emission rates

Theoretical emission rates for a compound in a
volume with an attached capillary can be obtained
by applying (McKelvey and Hoelscherl, |1957))

r

_ DM AP, In <PO—P) (6)

RTL P

where 7 is emission rate (gs~!); D diffusion
constant (m?s~1)at pressure Py, Py being 105.8
kPa in these experiments; M compound molar
weight(gmol~1); A capillary cross-sectional area
(m?); R the gas constant (m? Pamol *K~1); T
absolute temperature (K); L length of capillary
(m); Py total pressure acting on the system (Pa),
and P specific vapor pressure (Pa).

Diffusion constant D for each VOC in the exper-
iments was estimated based on a mean of three dif-
ferent methods for calculating diffusion constants:
The FSG method, which is based on a regression
formula taking into account temperature, pres-
sure, molar weights and molar volumes (Fuller
et al., 1966)); the FSG-LeBas method, which is
a modified version of the FSG method that in-
stead uses LeBas molar volume estimates in place
of molar volumes (Lyman, [1990)); the WL method,
which is based on a series of calculations of a
collision integral representing collisions between
atoms, also taking into account temperature, pres-
sure and LeBas molar volume estimates (Wilke
and Lee), [1955]).

Equation @ assumes that the gas-phase of
the compound in the vial is saturated, and that
the concentration of the compound vapor in the
outside medium is approximately zero.

Vapor pressure for the compound can be es-
timated with the Antoine equation (Thomson,
1946)

B
l P)=A—- —— 7
og0(P) = A= oo (7
where A, B and C are compound specific con-
stants and T is absolute temperature (K).

2.4 SOA Yield
2.4.1 Experimental yield

The SOA yield Y is defined as the generated SOA
mass concentration from the reacted precursor
VOC mass concentration, or

My

Y =RHc

(8)

where Y is yield; My SOA mass concentration;
AHC VOC mass concentration. (Pankow,
1994 b a; [Odum et al.l |1996))

A true chemist would point out that this is
not really a yield since, from a chemical stand-
point, the VOC mass is actually reacting with
OH to form the SOA, and the reacting OH mass
is not considered in this equation. In spite of this,
it is a well established term and will be referred
to as a yield here.

My in these experiments was derived from
volume concentration according to

9)
Veone,s0a being the SOA volume concentration
(um3em=3) and psoa the average SOA density
(gem™).

MO = %onc,soa * Psoa

2.4.2 Two-product model yield

The two-product model can be used to approx-
imate a compounds SOA yield for a given SOA
mass concentration. Based on these models it
is also possible to construct an additive approx-
imation for the yield for a mixture of compounds.
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The model is defined as (Pankow, [1994b,a; |Odum
et al.l |1996])

Qi * kom,l

1 + kom,l * MO

a2 * kom,2
1+k0m’2*M0) ’
(10)
where Mj is measured SOA mass concentra-
tion; Ya,(Mp) the model yield as a function of
SOA mass concentration; oo mass-based gas-
phase stoichiometric factors; Kkom,1,2 gas-phase
partitioning coefficients. 2p denotes two-product
model derived values.

Yap(Mo) = Mo (

By wusing the two-product model of corre-
sponding VOC in a mixture, it is possible to
calculate that VOCs theoretical SOA mass
concentration at the related measured mixture
SOA mass concentration

Msp voc1(Mo) = Yap,voc1(Mo) * AHC vy, voct
(11)
where Mo, voc1(Mp) is  theoretical SOA
mass concentration for a compound VOC1
at measured mixture SOA mass concentra-
tion My; Yapvoci(My) the theoretical yield;
AHCy, voc1 experimental VOC mass concen-
tration.

From this, the mixtures total theoretical
SOA mass concentration is given by adding all
individual VOCs contributions

Moy mizture = Mop voci+Map voce+...4+Mapvocn.
(12)
and from that the theoretical SOA yield

M2p,mi:rture

AHC (1)

YQp,mizture =

3 Methodology

3.1 Summary

The experiments were centered around use of the
Potential Aerosol Mass (PAM) chamber. This de-
vice would provide simulation of atmospheric ag-
ing processes via oxidization of precursory gases.
The simulated aging would correspond to 5-6 days
of atmospheric aging (OH,., ~ 7% 1011 em™3s).

The thesis would study the resulting SOA yield
from mixtures of AVOCs; m-xylene, toluene,

and BVOCs; «-pinene, myrcene and isoprene,
and compare experimental yield with an additive
model yield. First each individual VOC was aged
separately in order to calculate a corresponding
additive model based on the two-product model
(section for each mixture. Following this,
each VOC mixture was aged, and the resulting
SOA yield was compared to corresponding two-
product model.

In addition to SOA yield, SOA size distribu-
tions were also studied and compared to that of
the individual VOCs. An Aerodyne Aerosol Mass
Spectrometer (AMS) was connected to the set-
up and used to estimate the density of produced
SOA.

The experiment set-up was based on having pu-
rified dry air running through a sealed chamber
containing VOC vials with capillaries attached
(Figure 1f). The resulting VOC populated flow
(Q1) would be adjusted by diverting part of it to a
sink (Q3). The flow would continue be mixed with
a humid air flow(Q3), and continue into the PAM
chamber (Q7,)for aging. An Aerosol Mass Spec-
trometer (AMS) and a Scanning Mobility Particle
Sizer (SMPS) were used to collect data on the pro-
duced aerosols.

3.2 PTR-MS trials

The VOC vials and capillaries were measured with
a proton transfer-rate mass spectrometer (PTR-
MS) prior to starting the main experiment cam-
paign. This was performed to evaluate several
set-up parameters such as suitable capillaries for
each VOC; water bath temperature; VOC emis-
sion rate and stability; and to investigate how well
the custom-built diffusion system worked overall.

3.3 Experiment set-up

The experiment set-up can be viewed in
where relevant flows are denoted Q). The set-up
was based mainly on 1/4 inch steel piping with
Swagelok connections. A diffusion chamber for
the studied VOCs was connected upstream from
the PAM chamber, and the diffusion chamber
was set to have a constant flow, Q)7 in
of purified dry air running through it throughout
the experiments.  The diffusion chamber as
well as some length of steel piping pre-diffusion



June 11, 2014

Lund University

Department of Physics

chamber was partially submerged in a water bath
(GRANT SUB Aqua Pro) with distilled water
of a constant temperature 24 °C, to allow an
as stable evaporation of the VOCs as possible.
The purified air was supplied from compressed
air running through a zero air generator (LNI
Schmidlin GT-30000), and the flow Q; was set
with a needle valve.

All controlled flows in the experiment set-up
were regulated either with needle valves, or
computer controlled mass flow controllers. The
exception being a gate valve on the @, line.
@4 was the flow that was regulated to attain
different mass concentrations for the VOCs
coming from the diffusion chamber. The gate
valve had the purpose of sealing the main line
in order to reroute the flow through a flow
meter (TSI 4100 Series), when such a device was
connected in parallel over the gate valve. The
Q1 flow wasn’t regularly checked for fluctua-
tions, although the largest fluctuation observed
was 0.08 I/min during a 4 hour interval, 6 -
8 hours being a typical complete session. Be-
tween experiment days () varied significantly
more, and the flow was observed to change as
much 0.2 [/min. This was assumed to be at
least partially due to the varying atmospheric
pressure, which varied between 99.37—102.9 kPa.

The relative humidity of the flow entering
the PAM chamber was 30.6 = 0.3 % and was
controlled via a separate humid air flow, @,
of a constant flow 6.0 I/min whose humidity
was regulated by mass flow controllers and a
humidifier. The @2 flow merged with the main
flow post-diffusion chamber, pre-PAM chamber.
No mixing volume was utilized prior to the flow
entering the PAM chamber, as it was deemed
unnecessary. A connection port for extra VOC
flows Qjso, specifically used including isoprene
which was supplied by gas tank, was located just
before the Qg flow.

A charcoal denuder was connected directly
after the PAM chamber to try to reduce Oy
and minimize the risk of damaging the detection
instrumentation. The set-up was tested without
a denuder to check if it interfered with the
measurements, and showed no noticeable change

in measured aerosol mass. The PAM chamber
was subject to a flow @19 caused by suction
downstream which was regulated by a needle
valve. This flow was set so that the flow Q7,,
into the PAM chamber was always 5 [/min.
This meant an average particle residence time of
7 =162 s. The AMS and SMPS were connected
to the Q)10 flow, and since these devices required
flows of 0.2 I/min and 1 I/min respectively,
Q10 had to be smaller than Q7,. The difference
between flows Qs and Q7,, Qg always being
larger than QJ7,, was handled by the excess flow
drain, Q5. This flow was exposed to atmospheric
pressures downstream so as to affect the up-
stream flows to a minimal extent. An O3 monitor
(Thermo Scientific 491) was connected through
a separate outlet on the downstream end of the
PAM chamber.

3.4 PAM chamber

The PAM chamber is a tool for generating sec-
ondary organic aerosols (SOA) by creating a
highly-oxidizing environment with a continuous
flow of reacting material, in a relatively small vol-
ume by means of a controlled UV radiation source.
(Kang et all |2007; Lambe et al.l [2011)). It is used
for simulating atmospheric oxidation processes,
and is a complement to other methods such as
chambers where batches of reacting material are
instead studied. One such example is the SAPHIR,
chamber in Jilich, Germany (Dorn et al.| [2013).

The shorter time intervals involved per mea-
surement, requiring on an order of minutes rather
than hours or days for other methods as well
as working with continuous flows rather than
batch-wise measurements can be very advan-
tageous, especially when looking at scenarios
with individual variable changes. In addition
to this, the PAM concept allows for a larger
environmental control since the radiation itself is
controlled.

The PAM chamber is not without faults, as
not only do the higher concentrations of oxidizing
particles involved potentially skew results when
comparing to atmospheric processes, but neither
does the PAM UV emission spectrum fully
represent the atmospheric counterpart, which
might further affect representation. The chamber
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Figure 1: A schematic of the experiment set-up. Relevant flows are marked Q1 — Q11, QTenazs Qiso- QTenar Was a
connection point for taking mass samples from the air for off-line analysis. Qiso was a connection point for isoprene

gas flow.

consists of an air-tight, enclosed cylinder of either
a metal alloy or Pyrex. Inside the chamber there
are a number of UV lamps placed at an equal
distance from the center of the cylinder. The
chamber used in these experiments were made
out of a metal alloy, and had a volume of 13.5 [. It
also had two UV lamps (Apeqr = 254 nm, 185 nm)
located in the upper half of the cylinder, see
To prevent Oz production near the lamps
and cool them, these UV lamps are themselves
located inside Teflon cylinders, forming a volume
around the lamps which is continuously purged
with nitrogen gas supplied from a gas tank.

In most PAM designs Oj is created pre-PAM
by a separate radiation source, typically a mer-
cury lamp with Apeqr = 185 nm. This was not
deemed necessary for these experiments. Os lev-
els in the PAM chamber were for all experiments
at 5400 + 880 ppb. Compared to other PAM stud-
ies where an external Os-source was employed, 2

- 5 times higher Os-levels were used (Kang et al.
2007, 2011).

/ N, -outlet
/ HV lamps N, -inlet
I\
\\\ \\ T
N L — L
/ AV N \

/
\ /
\ %
\O, -samling line, Q8 PAM inlet, Q7a
\PAM outlet, Q7b

Figure 2: Basic design of the PAM chamber. The PAM
inlet was of a dispersing kind, so as to spread incoming
matter as much as possible. Not shown is the voltage
source for the UV lamps.
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3.5 Diffusion chamber

The VOCs entering the PAM were introduced to
the air flow by means of diffusion inside a modi-
fied glass container; in this thesis referred to as a
diffusion chamber. This chamber was made from
a glass container, and a plastic lid with an in-
ner coating of Teflon to minimize contamination
and uptake of the hosted compounds. Since the
container was made out of glass and would be ex-
posed to pressure, its outside was lined with tape
to contain any eventual shattering. The container
was never exposed to any large pressures, typically
103—-108 kPa, but as the set-up didn’t contain any
specific relief valves a stoppage could potentially
have lead to a pressure build-up in the chamber.
The plastic lid had three flow ports; one center
port for incoming flow, with Teflon piping to reach
near the bottom of the container; one port for
outgoing flow and one closed port for measuring
pressure. A custom metal cylinder was located at
the bottom of the container, with four circular de-
pressions where the VOC vials were to be placed.
A hole ran through the center of the cylinder, and
its underneath was grooved to allow the plastic
piping from the center flow port to direct the in-
coming air around the rim of the cylinder and up-
wards, past the VOC vials. The cylinder also had
a number of vertical holes through it to allow air
flowing upwards also there, and help in trying to
create an as laminar air flow around the vials as
possible.

3.6 Air humidity control system

This system was supplied with purified dry air
from the same zero air flow as the main flow Q.
It consisted of a flow Q)2 regulated by a mass flow
controller, denoted Mass flow controller 1 in[Fig]
ure 1} which was set to always have a flow of
6 [/min. This flow was then divided into two
separate flows, QQ2, and Q9. The primary line
was (24, which had another mass flow controller,
Mass flow controller 2, followed by an air humid-
ifier. The humidifier was a water-filled cylinder
with tubing made of Gore-Tex submerged in it,
allowing small amounts of water to penetrate the
Gore-Tex material and enter the air stream. Ul-
tra pure water was used in the humidifier. The
purpose of QQo, was to redirect the remaining flow
which did not flow through Q2,, creating a con-

stant flow while adapting humidity. An RH mon-
itor was located in an excess flow drain @5 prior
to the PAM chamber. Both the RH monitor and
the mass flow controllers were connected to a com-
puter via a DAQ card and controlled via National
Instruments LabView 7.0, which was configured
to work as a PID-regulator for the humidity level.
The PID settings were; P = 0.1;1 = 0.02; D =
0.002. It is unclear if there was any significant
advantage to include such a small D-term but as
the configuration proved to function well, it was
not further looked into.

3.7 VOCs

All VOCs studied with the exception of iso-
prene were handled in liquid form. Because
of this, introduction of isoprene to the experi-
ment VOC flow had to be handled differently
and independent from the diffusion chamber
system. Isoprene was supplied from a gas tank
through a connection port @;s, seen in
and was held at a constant flow of 0.5 [/min
throughout most experiments. The reasoning
behind this was that by keeping the isoprene
flow constant and the same for all experiments
containing isoprene, it would be easier to com-

pare results. The VOCs used are listed in

The liquid form VOCs were put in glass
vials, typically in quantities of 0.3 to 1.0 mL.
The exact volumes for each individual compound
weren’t deemed relevant for the experiments,
as long as the compounds filled up a noticeable
portion of the vial and were used together with
capillaries. A gas-tight syringe was used to
transfer the compounds, and great care was taken
not to contaminate the compounds. The syringe
was rinsed with ethanol, acetone and distilled
water before and after each use. In some cases
there was unavoidable residue coming from the
original vials septum, which had to be penetrated
and left small plastic bits. This was assumed not
to interfere with diffusion of the compound, and
thus not an issue. The vials were stored sealed
in a plastic bag in a fume collecting environment
between sessions. The vials themselves were
handled with care so as to not introduce material
into the diffusion chamber that would interfere
with measurements.
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In order to have a controlled diffusion of
the compounds from each vial, capillaries of vary-
ing dimensions were made for each compound.
These were to be put through the lids on the
vials. The capillaries were made from hollow
glass rods, and Teflon tape and Teflon rings were
used to seal and ensure minimum leakage. The
capillaries were taken off and replaced by closed
lids between sessions.

3.8 VOC emission rates

Emission rates r for the different liquid form
VOCs (a-pinene, toluene, m-xylene and myrcene)
were tested by allowing the compounds to diffuse
over time in a controlled environment, and
measuring resulting weight difference. Since no
emission rate was possible to get from myrcene
experimentally, a probable upper and lower limit
to study was extrapolated based on the other
VOCs experimental values, and theoretically
calculated values for all involved VOCs. Theoret-
ically calculated rates for a-pinene, toluene and
m-xylene were lower than experimental rates by
a factor ~3. Two cases were tested for myrcene,
which were based on this; a lower value equal
to the theoretical value; an upper value equal to
roughly three times the theoretical value. This
was based rather arbitrarily on the assumption
that values three times the theoretical were close
to the real emission rate, which was the case for
the three other VOCs. These two myrcene cases
would allow extrapolation of how data based on
other emission rates would present itself.

The tests were performed in the main ex-
periment set-up, but since the only variable of
interest for this purpose was the @)y flow and
diffusion chamber pressure, PAM chamber UV
lamps were turned off and all other flows unsuper-
vised. Additionally the humidifier was inactive.
The four vials containing a-pinene, m-xylene,
toluene and myrcene were placed with matching
capillaries from experiments in the diffusion
chamber. All procedures had to be carefully
handled as the weight differences would be very
small (on the order of 1072 g), and so even a
small contamination on a vial or capillary would
affect measurement. Since the only available

method of handling the vials was plastic gloves,
contamination to some extent was unavoidable
each weighing. The set-up was configured so
that @1 = 1.5 {/min; similar to that of during
experiments, although this could vary as much as
+0.2 I/min between measurements. The water
bath was maintained at 24 +0.1 °C and the VOCs
were allowed to diffuse during a period of 25 days.

Weight was measured with an analytical balance
(Mettler AT261 Delta Range), initially as well as
after 12, 15 and 25 days respectively. Vials and
capillaries were not de-ionized before measure-
ment possibly adding to uncertainty. The lost
weight after each measurement was then divided
by the time that had passed to obtain emission
rate. These intervals were considered too short
to give any reliable estimate, but was subject to
time constraints. The emission rate results which
were used were those from the first 12 day session.
Motivation for this and not taking an average
was 1) Each weighing affected the results to an
unknown extent, 2) Shorter diffusion sessions led
to larger uncertainties, 3) Possible chemical aging
of the VOCs. The other two sessions were instead
used as a confirmation that the first result was
reproducible.

Vapor pressure data for use in calculating eq.
@ was available from some manufacturers, but
was considered too unreliable since a comparison
between VOCs with this data would result in one
compound having higher standard boiling point
but lower vapor pressure than another. instead

eq. was used.

3.9 SMPS

The Scanning mobility particle sizer, or SMPS
as it is often referred to, is a device used for
measuring number size distribution of sub-
micrometer particles in a gas flow. It is based on
a particle’s electric mobility equivalent diameter,
and basically counts the number of particles
of different sizes based on this for a given size
interval. This equivalent diameter assumes that
the measured particles are perfectly spherical,
which is an approximation and not fully rep-
resentative of reality. The SMPS is not able
to directly weigh measured particles, but can
give an approximation to this by calculating a
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Table 1: List of the VOCs studied, as well as some basic characteristics. Since isoprene was taken from a gas tank,

no vial or capillary was associated with it.

voc Manufacturer — Manufacturer

specifications

Type

Capillaries used Chemical

(Length/inner diam.) — structure

«@-pinene Sigma-Aldrich (-), Fluka,
analytical standard
Vapor pressure:

~ 0.4kPa (20 °C)
Boiling point:

155 - 156 °C

Sigma-Aldrich Technical grade
Vapor pressure:
~ 0.93kPa (20 °C)
Boiling point:
167 °C

myrcene

isoprene BOC Gas, 1 ppm 1soprene
in No-gas
Vapor pressure:

~ 0.4kPa (20 °C) @
Boiling point:

33-34°C¢@

m-xylene Sigma-Aldrich puriss. p.a., >99%
Vapor pressure:

~ 2.1kPa (20 °C)%
Boiling point:

138 — 139 °C
toluene Merck Analytical grade, >99.5 %
Vapor pressure:

2.9kPa (20 °C)
Boiling point:
110.6 °C

Biogenic

Biogenic

Biogenic

Anthropogenic

Anthropogenic

CHy

Ci0Hq g,
107716 H307Sj

HyC

7 cm / 2 mm

5cm /2 mm CioHyg ]

CHj
7 cm / 2 mm C.H

CH,

CHy

7 cm / 2 mm C,Hg,

@Value obtained from [Thermodynamics Research Center| (2011)).

volume concentration based on measurements.
This volume concentration is then assumed to
be of a uniform density. Based on an average
SOA density psoq(gcm™3) one can then derive
the mass concentration.

There are a number of factory built SMPS
systems available, although the one employed
in this experiment was built in-house at Lund
University. The advantage over earlier systems
such as the DMPS is the ability to do continuous
automated scans over a desired particle size
interval. With a DMPS it would be necessary to
manually set each desired particle size to count.
The SMPS can be simplified into its three main
components; A bipolar charger; a Differential
mobility analyzer or DMA, and a condensation
particle counter (CPC). The CPC used in these
experiments was a TSI CPC 3010 series. In
reality the device is a fair bit more complex
containing various sensory and regulatory equip-
ment. Although for the purpose of this thesis,
the following explanation should be sufficient.

The bipolar charger contains a radioactive
material which charges incoming particles accord-
ing to a well-defined charge distribution. With
the particles charged, the DMA then allows par-
ticles of a certain size based on electric mobility
equivalent diameter to pass. The DMA consists
of two up-right concentric metal cylinders with
a gap between their walls. Through the length
of this gap there is a constant air flow called a
sheath flow, established using a dedicated air
pump. When a certain voltage is applied over the
two concentric cylinders and charged particles are
present in the sheath flow, the path of particles
of a matching electric mobility are influenced
just enough to be evacuated through a small slit
in the upper end of the inner cylinder. These
particles then move on to be counted by the CPC.

The CPC works by condensing a liquid (e.g.
water or buthanol) onto the particles, which are
otherwise too small to be detected. After the
particles have grown many times their original
size, they are detected optically. The DMA
voltage source and CPC are connected to a
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computer, in the case of the Lund SMPS using
software written in LabView (Roldin, 2008). This
software controls a number of system parameters,
such as DMA voltage which is swept over a
defined corresponding size interval.

3.10 AMS

The AMS used in these experiments was an
Aerodyne Research Inc. Aerosol Time of Flight
Mass Spectrometer (ToF-AMS). (Canagaratna
et al 2007) For this thesis, its use was limited
to get a preliminary SOA particle density by
comparing SMPS/AMS data. By assuming that
SMPS volume size distribution for one measure-
ment interval is shifted due to each detected
particle size’s corresponding volume being off by
a factor psoq, one can compare with AMS mass
size distribution data from the same interval, and
estimate psoq-

The ToF-AMS functions by sampling an aerosol
populated air flow that is passed through an
aerodynamic lens. This lens disperse a majority
of the gas phase material and collimates the
aerosols into a beam, which is aimed at a heated
metal surface of several hundred °C. The heated
surface vaporizes the particles allowing resulting
vapor to be analyzed through electron ionization
mass spectrometry. A rotating chopper disc
is positioned between the lens and the heated
surface, which blocks or allows the beam to pass.
This is so that the particle size for the aerosols
can be estimated by looking at particle velocities.

3.11 Measurements

Each experiment session was carried out contin-
uously during one day, usually from morning to
evening. A typical session lasted six to eight
hours. Due to the possibility uncontrolled outside
effects such as varying atmospheric air pressure
affecting some flows, it was deemed advantageous
to carry out sessions in as short time intervals as
possible. The diffusion chamber was emptied af-
ter each session was complete to allow clean air
to run through the PAM chamber, and remove
any sedimented particles that could affect follow-
ing measurements.

At the start of experiments, the set-up was
cleared from particles to a very satisfactory de-

10

gree. The SMPS generally counted < 30 par-
ticles em™2 and a volume concentration < 0.01
um3/em=3. For all experiments the UV lamp
voltage in the PAM chamber was set at 120+3 V.
This voltage was chosen based on tests with a-
pinene, where VOC mass concentration was held
constant and SOA generation was tested against
different voltages. 120 £ 3 V proved to give the
highest SOA generation. A plot for this test can
be seen in [Figure 3
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Figure 3: A time series depicting a-pinene number and
mass concentration for various lamp voltages. Values are
+3V.

Initially, each VOC involved in the experiments
were measured by themselves. Following that,
mixtures were looked at. A complete list of the
experiments analyzed can be seen in [lable 2
Reproducibility was tested by performing the
same experiments again on days different from
the first, although not for all configurations of
flow Q4. This was due to time constraints, and
additionally for the very same reason, not all ex-
periments were retried. Details on reproducibility

is shown in [Table 2

All sessions started with the insertion of de-
sired VOCs into the diffusion chamber. This was
done in a fume cupboard to minimize introducing
those compounds to the laboratory air. Checking
and refilling water bath and humidifier water
levels was also done before starting each session,
as insufficient water in either systems would
compromise their functionality. = Neither was
to be refilled during sessions; as for the water
bath it would alter water temperature, and for
the humidifier potentially disturb flow and RH.
Following that, measurements of flows @1, Q2
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and @7, were made to verify that the system was
properly calibrated. Diffusion chamber pressure
was also measured during this time.

After the set-up was verified, ), was adjusted
by increasing or decreasing the suction flow, @3
in diverting part of the Q; VOC flow
out of the system. During adjustment, a flow
meter (TSI 4100 Series) was connected in parallel
with the gate valve on Q4 through the connection
ports surrounding it. The gate valve was then
closed to allow a complete reroute of the Q4
flow through the flow meter. This was done to
minimize flow interruption while still having to
connect and disconnect measurement tools.

During early experiments, it was decided
that the sessions were to go from low to high
VOC mass concentrations. The reasoning behind
this was that a higher previous concentration
would leave more VOC mass in the PAM cham-
ber, taking longer to reach the desired mass
concentration there. The Q4 flow was typically
set to start at around 0.1 I/min, and was also
changed in intervals of 0.1 [/min, although these
parameters were varied to some degree depending
on which VOCs were looked at, and what SOA
volume concentration they produced. A volume
concentration from 1to 100 pm3cm =2 was aimed
for in order to simulate atmospheric conditions,
although that limit couldn’t always be reached
for some VOCs with this set-up. It took between
10 - 30 minutes for the PAM chamber to reach
a stable SOA production from each VOC mass
concentration that was input. Exceptions to
this were some experiments, such as the ones
containing myrcene which could take as much as
up to 1.5 hours to reach stable levels.

An example of SMPS data from one experi-
ment session is shown in Tenax sample
collection was used for all experiments, although
generally only three to four samples were taken.
These were pipes containing the material Tenax,
which collected the gas mass to be analyzed in
a mass spectrometer. Priority for these samples
were given to low VOC mass concentrations, i.e.
at low Q4 flows, since the concentrations would
be most uncertain there.

11
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Figure 4: FExample of SMPS data from an experiment
with myrcene, m-zylene & a-pinene. Dashed vertical lines
show the intervals which were of interest.

3.12 Data analysis

3.12.1 SOA yields

The SOA yields were calculated for all ex-
periments with individual VOCs, as well as
the experiments with VOC mixtures. For all
calculations converting SMPS SOA volume
concentration to mass concentration, a density of
1.4 p1g em ™2 was used, based mainly on data from
Kuwata et al| (2012), as well as other studies
verifying similar results (Shilling et al., [2008; Ng
et al.l |2007; |Nakao et al.l 2013]).

A script was constructed in MATLAB to
analyze SMPS data from each experiment
session. The relevant data was of measured

SOA volume concentration for each VOC mass
concentration level that was reacted in the PAM
chamber. This data was the plateau data of
which an example is shown in |[Figure 4, The code
for this script can be found in appendix A. The
script would display the volume concentration
plateau data for selected experiment and give
the user ability to select intervals in which the
arithmetic average, standard deviation, volume
and number size distribution would then be
calculated. For ease of work, the script was made
so that each processed interval and all calculated
data could be saved with a customizable tag to
the MATLAB workspace.

Since each new VOC mass concentration
setting required some time for SOA production
to reach an equilibrium (usually between 10 -
20 minutes), the left-hand side of each interval
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had to be carefully chosen. The interval average
would then be inserted into an Excel sheet and
paired with other relevant data for each plateau,
such as Os levels, Q1 , Q2 , @4 flows and emission
rate r pug/min for each VOC and accompanying
capillary present in the experiment. These data
sheets are available in Appendix B.

An estimation of the mass concentration for
each involved VOC was then calculated based on

Q1 Q2 , Qu (I/min), and r (ng/min)

T

_ Q4
T Qi x103 "

Q2+

AHC a (ng/m?)  (14)

where the left multiplicative term represents the
VOC mass concentration in Q1 and @Q4; The right
multiplicative term the fraction of VOC mass con-
centration after Q4 and (2 have converged and
mixed.

For a VOC mixture, AHC would simply be cal-
culated as the sum of the individual VOC mass
concentrations

AHC = AHCvoca+AHCvoc2+...+AHCvoc,N.
(15)

The SOA mass concentration was then calculated
based on measured volume concentration, and di-
vided by the total VOC mass concentration ac-

cording to eq. ().

3.12.2 Two-product model comparison

The purpose of this comparison was to see if
the SOA yield of a VOC mixture corresponded
well with a theoretical linear approximation
of its yield. The idea was to use data from
individual VOC measurements, and build a
linear approximation for mixtures based on this.
This was done by employing the absorptive
gas-particle partitioning model eq. laid out
by [Pankow| (1994b,a); |Odum et al.| (1996), which
in this paper is referred to as the two-product
model. This would be the method in which this
thesis explored possible non-additive yield results.
constants

Corresponding two-product model

12

were approximated for each experimental SOA
yield curve where a-pinene, myrcene, m-xylene,
toluene and isoprene had been measured inde-
pendently.  This was done using MATLAB’s
curve fitting tool cftool with the two-product
model equation eq. . A legacy version of this
tool had to be used, accessed with the command
cftool -v1 as the current version (MATLAB
R2013a) had issues handling custom non-linear
equations with multiple unknown constants.

The curve was fitted for experimental yield data
by finding good values for the equation constants
01,2, kom,1,2. Good values were considered to be
0<aip <1, and 0 < kom1,2 < 5. These limits
were somewhat arbitrarily chosen based on results
from other studies ﬂ As limiting intervals were set
for sought constants, a trust-region algorithm was
employed.

These two-product models were then used for
each mixture to compare with experimental mea-
surements of the same mixture.

3.13 Uncertainty limits

Uncertainty limits for experimental measure-
ments was narrowed down to three factors; i)
Uncertainty in air flow measurement readings for
VOC mass concentration estimations, ii) Uncer-
tainty in recorded SMPS volume concentration,
iii) Uncertainty in emission rates. All of these
points were of direct influence in the calculated
VOC mass concentration. In reality there were
more uncertainties, but these were the ones
significant and tangible enough to work with in
the given time frame with given materials. Other
uncertainty sources were: room temperatures,
atmospheric pressures, fluctuating voltage on UV
lamps, VOC vials changing chemical composi-
tion/becoming contaminated over time, diffusion
chamber temperature, needle valve flow settings.

i) The flow meter used was of model TSI
4100 series. Manufacturer specifications claim
that for measurement in air or oxygen, the
maximum error of the device is 2 % of reading,
with a minimum of 0.005 1/min at 21.1 °C, 101.3
kPa. For each degree away from 21.1 °C, 0.075
% was to be added to the error, and for every

2e.g. |Odum et al.|(1996); Ng et al.| (2007);[Shilling et al.
(2008)
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kPa above 101.3 kPa 0.015 % was to be added
to the error. Certain flows in the experiment
setup were at 24 °C, and average pressure in the
diffusion chamber was 105.8 kPa. These values
was chosen to represent the system, and resulted
in a flow error of 2.3 %, with a minimum error
of 0.005 I/min. This was then applied on all
measured flows in such a way that a minimum
and maximum could be obtained .

Flow data was mainly relevant to calculate
VOC mass concentrations described by eq. .
In order to get maximum/minimum represen-
tation of these uncertainties, two cases were
explored. Each with a configuration of Q4 =+ e,
Q1 e Qs te (Qiso £e) in such a way that
would yield the largest/smallest value. e denotes
error.

ii) The SMPS data collected volume concen-
tration information once every minute while
running. Because an average session for each
VOC mass concentration level studied was
around 30 - 40 minutes, and about 10 minutes
of that time was needed for equilibrium to be
achieved, about 20 - 30 data points would be
collected on average. From this data mean
and related standard deviation was calculated
with MATLAB. Values can be seen in appendix B.

iii) VOC emission rates were examined by
means of weight difference under a 25 day
diffusion session, during which VOC vials were
weighed a total of four times. This was much
to short to give reliable data, and any weighing
increased uncertainties due to possible contami-
nation. Emission data from the longest interval
under these 25 days was used, with the other
intervals only verifying that a consistent pattern
could be observed. No fluctuation larger than 25
% was observed in these tests.

Data from previous PTR-MS measurements
with a-pinene, with the same diffusion cham-
ber set-up as in main experiments, were ana-
lyzed in order to get a reasonable uncertainty
limit from emission rate. This data only con-
tained three tests that had been made with a-
pinene and matching capillary, so also here there
is large uncertainty. Two of the tests also in-
cluded S-caryophyllene in the diffusion chamber,
although it was judged that this wouldn’t influ-

13

ence a-pinene results. The three data points had
been taken during intervals of 1, 1.5 and 11 hours.
During the 11 hour interval, only a fluctuation of
~7 % was observed. Between the mean of the two
longest intervals, which were separated by three
days, only a difference of 1.6 % was observed. Be-
cause of these results, an uncertainty of 6 % was
set for emission rates. This is with most certainty
an underestimation.

4 Results & discussion

4.1 SOA yields

A summary of all experiments can be seen in
able 2l The two-product model constants used
can be viewed in Uncertainties are pre-
sented more in depth in section 3.13] Consistent
emission rates from weighing tests were obtained
for all VOCs except myrcene. Experimental and
theoretical emission rates can be seen in [Table 41
Myrcene instead showed a non-consistent increase
in mass over time during diffusion tests. This was
possibly from chemical interaction with the other
compounds present in the diffusion chamber,
although the real reasons are unknown. An upper
and lower case was instead used for myrcene.
SOA density was calculated to pgoq = 2.0 g cm 3.
This was based on AMS-SMPS average size
distribution data analysis for the two highest
AHC levels, done on experiments [a-pinene],
[m-xylene], [a-pinene], [myrcene, m-xylene,
a-pinene].  Although this density might be of
interest, it was not used in estimating SMPS SOA
mass in this study. This since AMS data was
not properly calibrated, and pgoq = 2.0 gcm ™3
is not a reliable estimate. Instead a density of
Psoa = 1.4 gem™ was used, based on findings
from other studies (Kuwata et al., 2012; |Shilling
et al., |2008; Ng et al.| 2007; [Nakao et al.| [2013)).

The yield results for a-pinene and m-xylene,
assuming a SOA density of 1.4 gem™3 are
comparable to values obtained by |[Kang et al.

(2011)) and Ng et al.| (2007]), depicted in [Table 5

The experiments of Kang et al| (2011) were
as with this study performed with a PAM cham-
ber, and a-pinene results compare very well to



June 11, 2014

Lund University

Department of Physics

Table 2: Summary of the performed experiments. Times performed indicated number of times repeated / within what
average accuracy those repetitions were. VOC and SOA mass concentrations are presented as lowest - highest values
from the measurement series, with uncertainty included for the highest. Difference from model yield is an average of
all points. For yield, only the value corresponding to highest VOC reacted mass concentration is shown. Os range is
the recorded changes in PAM chamber ozone levels during each experiments.

Experiment

vVOcC Mixture ratios Times AHC range Mg range O3 range Difference from Yield (%)
performed/ (ng/m3) (g/m3) (ppb) two-product
Accuracy model (Y/Yay)

a-pinene 3/ 20% 29 - 179 + 11 1.8 - 101 + 1.4 5800 - 6260 - 40 £ 6.1%

m-xylene 2 /30 % 47 - 291 + 17 0-57 + 1.6 5580 - 6120 - 14 +£ 2.4%

myrcene 1/-% 20 - 117 + 7 0-27 + 0.8 4510 - 5560 - 17 +1.4% /
50 + 3.9%

isoprene 1/-% 45 - 510 + 31 0-2740.1 5480 - 6190 - 0.3%

toluene 1/-% 66 - 746 + 45 1.5 - 188 £ 3.0 4910 - 5360 - 18 +2.9%

a-pinene (39%) 1/-% 43 - 402 + 24 0.4 - 150 £+ 2.8 5430 - 6130 -9 % 27 + 4.3%

m-xylene (61%)

m-xylene (16 — 59%) 1/-% 246 - 423 + 26 0.4-37 + 1.1 5000 - 5270 -4 % 9+ 1.1%

isoprene (84 — 41%)

a-pinene (10%) 1/-% 42 - 825 + 50 0.3 - 235 £+ 4.6 5430 - 6130 -4 % 20 + 3.4%

toluene (90%)

myrcene b(12/29%) 1/-% 29 - 271 + 16 / 0.5-111 + 2.8 5160 - 5590 30 % / 30 % 26 + 5.0% /

m-xylene (88/71%) 36 - 335 £ 20 21 +4.1%

myrcene b(8/20%) 1/-% 22 - 328 + 20 / 0.1-156 + 3.0 4530 - 5470  12% / 12% 34 +5.5% /

m-xylene (57/49%) 25 - 379 + 23 20 + 5.9%

«-pinene (35/31%)

myrcene C(1 — 4%/2 — 12%) 1/-% 240 - 501 + 30 / 2-150 + 3.2 5050 - 5330  16% / 16% 23 4+ 2.9% /

m-xylene (4 — 32%/2 — 30%) 237 - 461 + 28 21 + 2.7%

a-pinene
isoprene

(3 = 20%/3 — 19%)

(92 — 43%/91

— 39%)

®Due to constant isoprene VOC mass concentrations, ratios changed during experiment. This is shown with an arrow going from initial to final

value.

For mixes including myrcene, scenarios corresponding to Tmyrc = 0.3/rmyre = 0.9 (ug/min) are shown throughout table.

©As both isoprene and myrcene were present, two scenarios representing changing mixture ratios are shown.

Table 3: Two-product constants used in these experiments.

VOC aq a2 kom,l kom,?
This study

«a-pinene 0.0617 0.4788  0.4814 0.03507
m-xylene 0.0871 0.476 0.1267 0.003886
toluene 0.01823  0.2336  0.8908 0.04462
myrcene, r = 0.3 0.08894  0.8613 1.100  0.04851
myrcene, r = 0.9 0.03106  0.2883 1.009  0.04737
isoprene 0.002131 0.06325 0.8419 0.02074

14
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these. For m-xylene there is about a factor 2
difference in yield. This would most likely be
due to differences in relative humidity and OH
concentration.

4.1.1 a-pinene & m-xylene

The mixture showed a final 27+1.7 % SOA yield,
visible in This yield was on average 9

% lower than a comparison with the constructed
two-product model of the mixture. The two-
product models for the individual VOCs as well
as the experimental data which they were based

on can be viewed in
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Figure 5: Yield curve for the experimental and two-
product model SOA vyields for the [a-pinene, m-zylene]
mizture. The yields from measurements with the individ-
ual VOCs are also shown, from which the mizture model
yield was derived. Notably these individual measurements
didn’t reach as high in SOA mass concentrations as the
mizture itself, adding to uncertainty for values beyond
that.

The model was most accurate for mass concentra-
tions < 60 ug/m? due to the experiments with m-
xylene not going further. Within that region the
difference was less than 5 %. Beyond 60 pg/m?
the uncertainty of m-xylene yield gets large, and
so it’s entirely possible that the model yield is
within the accuracy of measurements. This is
further strengthened by established error limits.
The two-product model was extrapolated from the
measurements of the individual VOC components,
and neither of those explored as high SOA mass
concentrations as the mixture, affecting the accu-
racy of the two-product model constants obtained
by curve fitting. The number of measurement
points is also relevant for a good curve fit, and for
both a-pinene and m-xylene relatively few (eight

A a-pinene measured points
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--- a-pinene fitted curve
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Figure 6: The experimental data compared to the two-
product model curve fit for a-pinene and m-xylene. The
coefficients are ar: 0.0617, kom,1: 0.4814, az: 0.4788,
kom,2: 0.08507 and a1 : 0.0871, kom,1: 0.1267, a: 0.476,
kom,2: 0.003886 for a-pinene and m-zylene respectively.
The curve fits follow the experimental data well, but as in
the case of m-zylene, there is a larger uncertainty for SOA
mass concentration > 60 ugcem ™3, which would be inher-
ited by any use of the model beyond that. This is also true

for a-pinene SOA mass concentration > 105 pgcm™3.

and six respectively) were taken, adding to uncer-
tainty.

As can be seen in the mixture of
a-pinene and m-xylene never reached high enough
concentration pre-PAM to enable a definitive
leveling out of the yield curve. Because of this the
final yield is most likely higher than the measured
274+4.5%. In the growth curve for the
mixture show a near-linear relation between SOA
and VOC mass concentration in the VOC mass
concentration interval 100 — 400 pg/m3.

® o-pinene & m-xylene
A o-pinene
v m-xylene

140 4

3,

SOA mass concentration (ug m )

120 H
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80—
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o
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Figure 7: Growth curve for the [a-pinene, m-zylene] miz-
ture as well as a-pinene and m-zylene individually.

Due to the higher emission rate and concentration
of m-xylene in this mixture, the mixture growth
curve is gravitating somewhat towards m-xylene.
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Table 4: Emission rates for the four liquid form VOCs used in this study. Except for myrcene, experimentally obtained
numbers were the ones used for estimating VOC mass concentrations from the experiments. Motivation for using a

+6% uncertainty for the values is detailed in section

VOC Emission rate, r (ugmin)
experimental  theoretical used in this study (+6%)
a-pinene 1.4 0.49 1.4
m-xylene 2.2 0.87 2.2
toluene 12 2.9 12
myrcene - 0.31 0.3/0.9

Table 5: Yield comparison with other studies for a-pinene and m-xylene.

could be due to differing OH concentration and RH.

The higher m-xylene yield of this study

voc Reference AHC (pg m—3) OH exposure (moleculesem™3s )  RH (%) Mg (pgm™—3) SOA Yield (%)

a-pinene This work 179 + 11 ~ 71011 30.6 + 0.3 101 4+ 1.4 40 + 6.1
Kang et al.| (2011 217 + 33 (2.8 + 0.9) x 1011 a 110 + 10 54 + 10
Kang et al.| (2011 217 + 33 (7.8 £ 2.5) % 1011 a 110 + 10 52+ 9
Kang et al.| (2011 217 + 33 (1.3 4+ 0.5) x 1012 a 9449 45 4+ 8
Kang et al.| (2011 217 + 33 (2.3 £0.8) x 1012 a 94+ 9 45 + 8
Ng et al.l 2007 264 + 4 - 6.2 121.3 + 9.4 45.8 + 3.6

m-xylene  This work 201 + 17 ~7x10'1 306 403 57+1.6 144 2.4
Kang ot al. 737 + 130 (6.2 + 4.0) x 1011 a 63+ 7 9+2
Kang et al. 737 + 130 (1.2 4+ 0.5) « 1012 a 53+ 7 742
Kang et al. 737 + 130 (1.9 £+ 0.9) % 1012 a 52 + 7 7T+2
Kang et al. 737 + 130 (2.4 £ 0.8) x 1012 a 57 + 7 8+ 2

@The RH levels of the [Kang ot al.| (2011) experiments is stated as varying between 3 -

Number and mass size concentrations for
the mixture are shown in and [9] These
distributions are taken from the highest measured
AHC point in each experiment. Corresponding
VOC or SOA mass values can be seen in [Table 21
The majority of particles for all subjects lie in
the nucleation mode, although all three also show
small tops in the Aitken mode.

Number size distribution, AHC high
—- o-pinene & m-xylene

—A— g-pinene

—&- m-xylene

dN/dlogDp (# om”)

Particle diameter (nm)

Figure 8: Number size distribution at highest AHC' for
the [a-pinene, m-zylene] mizture and individual VOCs.
Lines between points are present to help guide the eye.

45 %.

300 pass size distribution, AHC high

—- a-pinene & m-xylene
—A— a-pinene

250 - ~@- m-xylene

200

150 o

dM/diogDp (ug m”)

100 —

50 —

T
2 3 4 5 6 7809

Particle diameter (nm)

Figure 9: Mass size distribution at highest AHC' for the
[a-pinene, m-zylene] mizture and individual VOCs. Lines
between points are present to help guide the eye.

Instead looking at mass, almost all mass lie on
the border to the accumulation mode, with a small
but noticeable bump in the Aitken mode. No non-
additive indications can be seen here, since VOC
mass concentrations of a-pinene and m-xylene are
rather similar between the mixture and plotted in-
dividual ones and the resulting SOA mass seem to
be roughly additive. It is interesting to note that
the mixture mass top is shifted slightly toward the
right.
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4.1.2 m-xylene & isoprene

The flow of isoprene was held constant through-
out the measurement. Since VOC flow Q4 was to
be varied, a constant isoprene flow was preferred
and set to 0.5 I/min representing a VOC mass
concentration of roughly 200ug/m?. This meant
that total mixture ratios would change depending
on Q4 setting. The mixture showed a 9 + 1.1 %
yield, but as can be seen in the curve is

far from leveling out.

0.14
O m-xylene & isoprene
- - - model
0.124 v m-xylene
-~ Isoprene
0.10

0.08 | i _‘,,/‘%{
0.06 | ; -

0.04 o

Yield

t
\
\
\

\

\

\
\
\

0.02 o .

0.00 —ei1><>

0 10 20 30 40 50
SOA mass concentration (ug m'3)

Figure 10: Yield curve and model for m-zylene and iso-
prene mizture. Also shown is the erperimental data for
individual VOCs which the model is based on. Note how
the model follows the data rather closely.

The experimental yield is furthermore 4% lower
than corresponding two-product model predic-
tion, and seem to follow the two-product model
well. It is possible though that the experimen-
tal data would surpass the model for SOA mass
concentrations > 60g cm ™2, as the model seem
to level out at a faster rate relative to the mea-
surements. However, very little can be said about
this without further experiments. Looking at
the very low SOA mass concentrations
achieved with isoprene makes for a large uncer-
tainty in how its yield actually propagates at
larger mass concentrations, and it’s entirely pos-
sible that the good yield/model match is a coinci-
dence. No growth curve was made with isoprene
data due to the constant isoprene VOC mass con-
centrations. Since it was independent of (4 set-
ting, it shifted the isoprene curve and made it dif-
ficult to present any useful data.

In one can see a pattern similar to
that of the mixture in Here the nu-
cleation mode and two Aitken mode bumps are
visible.

0.20 4

v m-xylene measured points
<> Isoprene measured points
--- m-xylene fitted curve -
0154~ Isoprene fitted curve |
he)
2 010 P
0.05 A
f’ --- R
0.00 —@ -
T T T 1
0 20 40 60 80

SOA mass concentration (ug m'g)

Figure 11: The yield curves derived from the two-product
model, with measurement data for reference. Notice the
very long extrapolation for isoprene. Parameters used for
isoprene were a: 0.002131, kom,1: 0.8419, az: 0.06325
and kom,2: 0.02074. Lines between points are present to
help guide the eye.

s Number size distribution, AHC high
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Figure 12: Number size distribution at highest AHC
for the [m-zylene, isoprene] mizture and individual VOCs.
Lines between points are present to help guide the eye.

AHC for isoprene in the presented distribution
was around 500 pugm ™3, while the mixture was
only 420 pgm™3. Isoprene as in seemed
to suppress nucleation mode particles, although
this didn’t seem to have an effect on resulting
yield. Again the mixtures mass size distribution
seen in [Figure 13|is shifted to the left, and some
notice of Aitken mode activity exists on both the
mixture and m-xylene curve. Again no obvious
non-additivity was seen in the size distributions.

4.1.3 Myrcene & m-xylene

Since no reliable experimental emission rate was
found for myrcene, a lower case equal to the
theoretically calculated 7,y = 0.3 pg/min, and
an upper case Tmyre = 0.9 pug/min was looked
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Figure 13: Mass size distribution at highest AHC' for the
[m-zylene, isoprene] mizture and individual VOCs. Here
one again can see the the mixture having shifted to the
right towards the accumulation mode.

at. Tmyre = 0.9pug/min was considered to lie
close to the actual emission rate, but this could
not be confirmed. As a result there are very
large uncertainties in these experiments, but as a
preliminary approach it has some value.

Yield results can be seen in The
mixture showed a yield of 26 + 5.0%/21 + 4.1%
for rmyre = 0.3/0.9 pg m ™3 respectively. Here ex-
perimental yield is for all points larger than their
corresponding two-product model, on average
differing with 29% for the last five data points.

O myrcene, m-xylene, fp, =0.3

® myrcene, m-xylene, ry,. =0.9
myrcene, f,. =0.3

W myrcene, fy,, =0.9

s Model, fye = 0.3

— = model, fp,. =0.9

v m-xylene

0.5

0.4 —

Yield

0 20 40 60 80 100

SOA mass concentration (ug m'a)

Figure 14: Yield diagram for the [myrcene € m-zylene]
mizture. Shows two sets of curves for experiments in-
volving myrcene, exploring different emission rates for
myrcene as they are unknown. Also shows the individu-
ally experimental yields for m-zylene and myrcene.

For neither r-case does the model fall within es-
tablished error limits. Individual myrcene yield is
very different depending on case; 50% for rp,yre =
0.3 and 17% for rpyre = 0.9, although only af-
fecting mixture yield marginally due to its low

mixture fraction. On average the experimental
yield is 30%/30% higher compared to two-product
models. It is possible that the experimental yield
would converge on the model yield for SOA mass
concentrations > 110y gcem ™3 although consid-
ering the large uncertainties involved, more ex-
periments would be required to confirm so. On
a very preliminary basis it is possible that some
yield-affecting mechanism not considered by the
two-product model occurs. The uncertainty of
myrcene emission shouldn’t be contributing to a
significant difference in yield as long as r-values
are within probable limits. The mixture growth

curve can be seen in

myrcene & m-xylene, f,. = 0.3 o
myrcene & m-xylene, rp. = 0.9
myrcene, fy, = 0.3
myrcene, . = 0.9
m-xylene
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Figure 15: Growth diagram for the [myrcene & m-zylene]
mizture for rmyrc = 0.3 pg/min and rmyre = 0.9 pg/min.

As can be viewed in there was a slight

shift of the mixtures mass top towards lower
diameters.

2004 Mass size distribution, AHC high

—- myrcene & m-xylene
—¥- myrcene
—®—- m-xylene
150 —

100 —

dM/diogDp (ug m™)
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100
Particle diameter (nm)
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Figure 16: Mass size distribution at highest AHC' for the
[myrcene, m-zylene] mizture and individual VOCs. Lines
between points are present to help guide the eye.

Myrcene number concentrations seen in
ure 17 were very high, to such an extent that the
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CPC had problems counting. This wasn’t viewed
as a big issue, as the slopes of the distributions
did seem to follow good and continuous patterns.

Number size distribution, AHC high
—#- myrcene & m-xylene

—¥- myrcene

~®- m-xylene

dN/dlogDp (# cm™ )

Figure 17: Number size distribution at highest AHC' for
the [myrcene, m-zylene] mizture experiment as well as in-
dividual VOC' experiments. One can see that the number
concentration for the mixture be clearly cut-off at around
13%10%cm =3 after having followed the myrcene concentra-
tion curve quite well. This is possibly a CPC issue, which
had problems counting such large number concentrations.
Lines between points are present to help guide the eye.

It was noted that while the mixture again was on
the border between Aitken mode and accumula-
tion mode, myrcene stayed completely in the nu-
cleation and Aitken mode. It is possible that this
is what’s causing there to be no mass top shift
towards higher diameters in the mass size distri-
bution for the mixture.

4.1.4 Myrcene, m-xylene & a-pinene

As with the myrcene & m-xylene experiment, the
same two cases for the unknown myrcene emission
rate were used as to try and give an estimation
of probable values. The results can be seen in

With the addition of a-pinene in the diffusion
chamber, the two cases of experimental mixture
yields both seemed to follow their corresponding
two-product model curves well, and for both
cases experimental yield was on average 12%
higher than model yields. Each model curve was
also well within the error limits for all experi-
mental yield points. Experimental yields were
34+5.5%/29+5.9% for rpyre = 0.3/0.9 pg/min,
respectively. The reason for this large difference
in two-product model compatibility compared to
the myrcene & m-xylene mix is unclear.
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Figure 18: Yield diagram for the [myrcene, m-zylene
and a-pmenej miaxture experiment for the two Tmyrc SCe-
narios. Note how well experimental values follow corre-
sponding two-product model.

When looking at the growth curve for the mix-

ture (Figure 19)), it can be seen that the mixture

growth lies very close to myrcene for ry,,r. = 0.9.
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Figure 19: Growth diagram for the [myrcene, m-zylene €
a—pinene/ mizture. Here the two Tmyrc mizture scenarios
lie fittingly between its VOC components.

This is very similar to the experiment without
a-pinene shown in for both r-cases
despite the added a-pinene which constitute a
large fraction of the mixture and has a high SOA
yield. Number and mass size distributions can be
viewed in [Figure 20| and |Figure 21| respectively.
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Number size distribution, AHC high
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Figure 20: Number size distribution at highest AHC
for the [myrcene, m-zylene, a-pinene] mizture experiment
as well as individual VOC' experiments. One can see the
number concentration for the mixture is clearly cut-off at
around 13 x 105cm =3 after having followed the myrcene
concentration curve quite well. This is possibly a CPC
issue, which had problems counting such large concentra-
tions. Lines between points are present to help guide the
eye.
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Figure 21: Mass size distribution at highest AHC for

the [myrcene, m-zylene, a-pinene] mizture and individual
VOCs. Lines between points are present to help guide the
eye.

4.1.5 Myrcene, m-xylene, a-pinene & iso-
prene

Adding isoprene to the mixture, one could see a
rather large decrease in experimental yield from
the mixture without isoprene. The result is seen in
Figure 22| The resulting yield was 23+2.9%/21+
2.7% for rimyre = 0.3 and 7p,yre = 0.9 respectively.
A similar decrease was also seen in the m-xylene
& isoprene mixture experiment compared to m-
xylene alone. It is not totally unexpected con-

v m-xylene ) Myrc, m-xyl, a-pin & iSOp, fpy,e =0.3
“r < Isoprene g pyrc, moxyl, o-pin & isop, v 202
05 < wpnene  ®
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SOA mass concentration (ug m’a)
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Figure 22: Yield diagram for the [myrcene, m-zylene,
a-pinene € isoprene] mizture. Also shown are the two-
product models for the two rmyrc cases, as well as the
individual mizture VOC component yields.

sidering the large mass concentration of isoprene
used, coupled with its low yield. What is of in-
terest though is how isoprene seem to stretch out
the yield curve and slow down the yield increase,
more clearly visible in

0.3
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Yield

=X - myrc & m-xyl, fp, = 0.3

-¥ - myrc & m-xyl, fy,e = 0.9
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Figure 23: Yield diagram for all three myrcene contain-
ing mizture experiments. Lines are drawn between mea-
surement points to help guide the eye and allow for easier
comparison. Notice the deviating shape and steadier mea-
surement points of the mizture containing isoprene.

Comparing the [myrcene, m-xylene] experiment
with the [myrcene, m-xylene, a-pinene] experi-
ment, one can deduce a roughly similar point of
the yield curves leveling out, while the experiment
with added isoprene has a much slower, steadier
growing curve. It is possible that this curve at
high enough SOA mass concentrations would end
up higher than the non-isoprene counterpart as
seen in but that would require further
experiments to determine. In[Figure 22] it’s again

noticeable that the experimental yield does not
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Figure 24: FExtrapolated yield diagram for [myrcene, m-
zylene, alpha-pinene] mizture with and without isoprene.
Based on two-product approzimations deriwed directly from
mizture experimental results. At a SOA mass concentra-
tion of around 600 ugm=3, the isoprene mizture surpasses
the non-isoprene mixture.

match the two-product models theoretical yield.
The difference between experimental and model
yield were 16% for both myrcene cases, but it is
again a large uncertainty in the mixture model
yield due to the large extrapolation of the isoprene
model yield curve, shown in

The number and mass size distributions, shown
in [Figure 25| and [Figure 26| respectively, for the
highest measured level of AHC was in general
very similar to those of previous myrcene mix-
tures.

Number size distribution, AHC high
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—¥- myrcene
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- isoprene
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Figure 25: Number size distribution at highest AHC' for
the [myrcene, m-zylene, a—pinene/ mizture experiment as
well as individual VOC' experiments. Lines between points
are present to help guide the eye.

The strong effect isoprene had on nucleation mode
particles in the mixture was again observed, but
what was interesting was that there was again a
shift in the mass top for the mixture previously
seen in the [m-xylene, isoprene] mixture, and to

some extent in the [a-pinene, m-xylene] mixture.
It is possible that isoprene is involved in this shift,
as they were not observed in other myrcene mix-
tures. It’s difficult to speculate about as a much
more coherent approach is needed, not least in see-
ing to that AHC levels for the experiments are
relevant for comparison. Again no non-additive
effects could be deduced from this data.
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Figure 26: Mass size distribution at highest AHC for

the [myrcene, m-zylene, a-pinene] mizture and individual
VOCs. Lines between points are present to help guide the
eye.

4.1.6 Toluene & a-pinene

Experimental yield of the mixture was 20 4= 1.4%.
This is only about 2 % higher than results
from individual toluene aging experiments. With
toluene’s large emission rate at 12 pg/min, it was
difficult to set up a good mixture ratio between
it and a-pinene through the use of capillaries. As
can be seen in[Table 2] the mixture consisted to 90
% of toluene. It was because of this expected to
see a resulting yield dominated by toluene’s prop-
erties. The result was an experimental yield 4
% lower than corresponding model yield. As can
be seen in the model yield curve lies
just inside error limits for the mixture. Since the
mixture ratio was also very toluene dominated, it
would be more difficult to detect effects other than
what the two-product model can predict.

The [toluene, a-pinene] mixture number size
distribution shown in for the highest
AHC level (825450, 750445 and 180411 pugm =3
for mixture, toluene and a-pinene respectively)
was very similar to previous distributions, with a
majority of nucleation mode particles and some
Aitken mode particle tops.
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Figure 27: Yield diagram for the toluene, a-pinene mix-
ture. The two-product model seem to be somewhat over-
estimating experimental yield.
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Figure 28: Number size distribution at highest AHC' for
the [toluene, a-pinene] mizture experiment as well as indi-
vidual VOC experiments. Lines between points are present

to help guide the eye.

For mass size distribution shown in |Figure 29|
the mixtures SOA mass was at 150 nm well with
in the accumulation mode.
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Figure 29: Mass size distribution at highest AHC' for the
[toluene, a-pinene] mizture and individual VOCs. Lines
between points are present to help guide the eye.

In addition to being shifted to the right, the top
was also significantly larger than those from indi-
vidual VOC experiments. Due to the difference
in mixture ratios and AHC, it is difficult to come
to any conclusion regarding SOA formation non-
additivity.

4.2 Number concentrations in rela-
tion to isoprene

It was noted during myrcene mixture experiments
that the adding of isoprene affected number con-
centration to a large degree. This can be seen
in The number concentration was re-
duced approximately by a factor of four for com-
parable SOA mass concentrations in the [myrcene,
m-xylene, a-pinene, isoprene] experiment com-
pared to previous experiment without isoprene.

KKiendler-Scharr et al.| (2009} [2012)) likewise ob-
served during experiments that isoprene can in-
hibit pew particle formation and so SOA, al-
though did so in a smog chamber with RH, Os-
levels different from this study.
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Figure 30: Mass and number concentration as a function
of time for [myrcene, m-zylene, a-pinene] and [myrcene,
m-zylene, «-pinene, isoprene] miztures. Lines between
points are present to help guide the eye.

For each of theses mixtures’ highest SOA
mass concentration levels, visible in
the isoprene mixture corresponds to
AHC = 500 4+ 30 ugm =3 and the non-isoprene
mixture to AHC = 380 &+ 23 pugm~—3. This
difference in VOC mass concentration relative to
SOA mass concentration is explained by the very
low yield of isoprene.
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It was also observed that number concentra-
tions for both mixtures started to level out at
around 200 + 12 pgm > and 350 &+ 21 pugm =3
for non-isoprene, isoprene mixture respectively.
Comparing number size distributions for these
AHC-levels 7 one can clearly see a
much lower number of particles in the nucleation
mode for the isoprene mixture, and the Aitken
mode top is no longer visible.

—- myrcene, m-xylene & a-pinene, AHC high
—A— myrcene, m-xylene, a-pinene & isoprene, AHC high
8-
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Figure 31: Awverage number size distribution compar-

ing highest AHC-levels for the [myrcene, m-zylene, a-
pinene] and [myrcene, m-zylene, a-pinene, isoprene] miz-
tures. The effect of isoprene on nucleation mode number
concentration is clearly visible, as well as suppressing the
visible Aitken mode top. Lines between points are present
to help guide the eye.

As for the mass size distribution shown in
almost all SOA mass concentration lies be-
tween the Aitken mode and accumulation mode,
although the non-isoprene mixture have a notice-
able mass top in the nucleation mode.

—- myrcene, m-xylene & a-pinene, AHC high
—A— myrcene, m-xylene, a-pinene & isoprene, AHC high
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Figure 32: Average mass size distribution for the mix-
tures shown in The non-isoprene mixture has a
larger top in the nucleation mode, supported by the much
lower number concentration seen in the same region. Lines
between points are present to help guide the eye.

The isoprene mixture is not only shifted to the
right, but also a bit higher than the non-isoprene
mixture. This probably lies within the uncer-
tainty limits. The same effect of much lower num-
ber concentration for comparable SOA mass con-
centrations was noticed in m-xylene experiments
with and without isoprene. Also there number
concentrations dropped by a factor three to four,
even though more measurement points from the
isoprene mixture would have been needed to say
if this was consistent.

5 Set-up evaluation

Several shortcomings were identified during exper-
iments. Most prominent was that air flows fluc-
tuated between 5 - 10 % during experiments, and
even more between days. Diffusion chamber pres-
sures fluctuated as well, and although the room in
which the experiment was located was exposed to
fluctuations in pressure and temperature no cor-
relation between that and the set-up reading fluc-
tuations could be made.

The set-up used a rather crude method of mea-

suring flows which included opening up the piping,
briefly exposing the experiment flows to room air
and rerouting them through the flow meter.
This caused room air to briefly contaminate the
experiment flow and small quantities of VOCs to
enter the room, and although this most probably
did not affect results nor was dangerous, a more
preferred method would have been to have on-line
flow meters, negating any need disrupt flows.

The purpose was to use Tenax pipes to analyze
and obtain VOC mass concentrations. However,
the results from these were unusable. It is un-
clear where the problem lies, but if this method
will be used in the future, extensive testing should
be made, preferably in conjunction with longer
weighing tests to validate results.

Furthermore since there was a gate valve on the
main pipe line, when measuring the Q4 flow there
was a risk of causing pressure build up if forgoing
to open up this valve prior to closing the flow
meter connection ports. To prevent any damage
from this or other unforeseen blockage, a pressure
relief valve should be considered upstream along
the main line.
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The diffusion chamber had an issue with
capillaries longer than 7 cm. These would be
needed to get highly volatile like toluene down
to emission rates more comparable to others like
a-pinene. Their length caused them to be close
to the lid and at level with the source of outgoing
flow, possibly affecting emission rates. The
maximum length that was used in experiments
was 7 cm, but it is not wholly dismissible that
a higher diffusion chamber would be preferable.
The bottom metal cylinder, which held vials in
place and distributed incoming purified air to flow
upwards past the vials could possibly use some
improvement. Mainly more holes for up-flowing
air, possibly a series of holes surrounding each
vial slot. It was also limited to testing VOC
mixtures with four or less components, so for
more complex mixtures one would have to modify
the cylinder. Although at that point a larger
chamber might be needed.

The diffusion chamber and incoming air was
also meant to have a stable temperature of 24 °C,
to allow for a steady VOC emission. It is not
certain that this was fully achieved as no temper-
ature meters were used directly around the cham-
ber flows more than momentarily. It would be a
good choice to continuously measure temperature
immediately after outgoing flow, for an extended
period of time to evaluate if the current set-up is
temperature stable.

Another issue was the UV lamp voltage source,
which constantly fluctuated £3 V. It is unclear
how well the reading fluctuations actually corre-
sponded to voltage output, but it is definitely a
possible source for unnecessary inaccuracy.

The set-up does have good potential to be-
come automated. This could for example be
achieved by replacing ()1 and @3 needle valves
with mass flow controller (MFC), although this
would require on-line flow meters that can be
connected to the control software. An MFC on
Q1 would make sure that this flow could be stabi-
lized pre-diffusion chamber, increasing certainty
in VOC mass concentrations based on emission
rates. Such a configuration would probably be
preferred even if the set-up also had an on-line
method for measuring VOC mass concentrations,
such as an PTR-MS. This control software could
then be programmed for a timetable of a set
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of reacting VOC mass concentrations it should
run, forgoing the need for constant supervision.
It could even be possible for control software
on one machine to parse the current SMPS
data file, to calculate the mean slope of volume
concentration from present to a desired amount
of time backwards, to evaluate if equilibrium
have been reached and move on to the next VOC
setting. Then, connected to the air humidity
system and possibly even a computer controlled
UV lamp voltage source, it could be turned in to
a quite efficient experiment set-up.

6 Conclusion

The purpose of this work was to study the yield
of secondary organic aerosol (SOA) mass from the
oxidation of a mixture of gas-phase anthropogenic
and biogenic volatile organic compounds, using a
potential aerosol mass (PAM) chamber with an
air of RH = 30.6 + 0.3%. The purpose was also
to evaluate the experiment set-up used.

SOA formation mass concentrations from five
individual volatile organic compounds (VOC) a-
pinene, myrcene, m-xylene, isoprene & toluene,
as well as from six mixtures of these VOCs were
measured for various VOC mass concentrations.
Corresponding two-product models were estab-
lished for each individual VOC, and based on
these models an additive approximation of the
mixture yields was calculated and compared with
experimental results.

For all mixtures experimentally obtained yield,
model approximations fell partially or completely
within established uncertainty limits. As for
experiments involving myrcene, as no emission
rate could be experimentally obtained, two cases
were tried based on theoretically calculated
emission rates.

In no experiments could non-additive yield
effects from mixing AVOCs and BVOCs be con-
clusively observed. However, further experiments
might be necessary to confirm this.

The mixture best matching model yield was the
mixture of m-xylene & isoprene, and the mixture
of toluene and a-pinene which were both 4 %
lower. For all points, except two for the toluene
& a-pinene mixture, were the models covered by
experimental uncertainty limits. Worst was the



June 11, 2014

Lund University

Department of Physics

mixture mixture myrcene, m-xylene which had
an experimental yield 30 % higher than model
yield for both myrcene cases, and uncertainties
covered only the two last model yield points.

Moreover, no non-additive effects could be
deduced from looking at particle size distribu-
tions for corresponding mixtures.

For the mixtures where AHC' from individual
VOCs was comparable to mixture components,
mass size distributions showed roughly additive
behavior. For some mixtures, mass size distri-
bution tops were shifted relative to individual
VOCs mass tops meaning overall bigger particles.
The implications for this are unclear as this
experiment only looked at SOA particles at the
time of formation, and as such how they would
change after a period of time is not studied here.

There could be several reasons as to why
these experiments didn’t show any definitive
non-additive effects from aging AVOC and
BVOC mixtures, as experiments were performed
under comparatively simple conditions. For one,
the experiments were performed under NO,-free
conditions, whereas AVOCs are typically present
in an environment containing some level of NO,.
This due to also potentially forming from human
activities such as combustion. NO, concentra-
tions does influence SOA yields, and it’s effect
on VOCs is complex and not fully understood
(Hoyle et al., 2011)).

Seed particles could also play a role in non-
additivity. For example both SO, and NO,, often
created from human activities can for example
lead to seed particles in the form of sulphuric
and nitric acid. This can also affect SOA yield
to a significant extent (Hoyle et all |2011).
Future experiments including these parameters
could therefor be of value in further exploring
non-additive effects of SOA formation.

The two mixture experiments involving iso-
prene showed some interesting properties. For
comparable amounts of reacted VOC mass,
isoprene lowered number concentration, generally
by a factor of four, mainly of particles in the
nucleation mode. Possibly connected to this
observation is that isoprene seemed to elongate

the yield curve which can be seen in
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i.e. that a higher amount of SOA mass would be
required to achieve a corresponding yield of the
non-isoprene mixture. It was also observed with
direct model approximations for the [myrcene,
m-xylene, a-pinene| mixtures with and without
isoprene, that yield for the isoprene-containing
mixture would surpass the other at around 600
g m > SOA mass concentration.

The experiment set-up functioned sufficiently
for the purpose of this thesis, but it would be
very beneficial to revise and improve parts of
its design. As long as an on-line VOC mass
concentration measurement device such as a
PTR-MS will not be used, then it would be
important to have much more supervision over
diffusion chamber parameters, such as flow,
temperature and pressure, preferably with on-line
methods. Tenax pipe measurements proved to be
problematic, and need to be revised if it continues
to be used.
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Appendix A: MATLAB code
SMPSeval code

This code loads Lund SMPS *.inv files and allows the user to select invervals from the time series, from which
a number of values are calculated and made available to the user.

The code makes use of a third-party script named dynamicDateTicks.m, which enables dynamic time ticks
when zooming on the x-axis.

function evalSMPS9
% Program for ewvaluating Lund SMPS inverted (*.inv) data files .

% Press 7 Process new interval , choose left and right interval by clicking

% on wvolume wvs time plot. To save a series of measurements with a custom tag

% enter desired tag in the process tag textboz and press “process new intervall and save”
% Will create arrays in workspace containing

% — mean, rms and std values for wvolume and number concentration , samples size

% — Mean nbr and volume size distribution , corresponding particle diameter

% — Array containing strings of start and end time of interval

%import data from dir

delimiter = ’\t’;

% startRow = 1;

filedir = uigetdir(’fileroot’,’Select_folder _with_SMPS_x.inv—files );
cd(filedir);

filearray = dir ([filedir ’/=.inv’]); %Inventory all inv—files in directory
namearray = repmat({’’},length(filearray) ,1); %Pre—allocate cell array

namestring = '’

for ip = 1:length(filearray) %Create one cell array with strings of file names in dir, and one string for
popupmenu
namearray (ip) = {filearray (ip).name};
namestring = [namestring ’|’ filearray (ip).name];
end
uicontrol(’Style’, ’popup’ ,... %popupmenu with file names
"String’, namestring ,...
*Units’, ’normalized’ ,...
*Position’, [0.01 0.9 0.07 0.04],...
*Callback ’, @loadinv) ;
uicontrol (’style’, text’ ,... %describing text for popup
’Units’, ’normalized’ ,...
"Position’ ,[0.01 0.95 0.07 0.03],...
’String ’, ’Open_file _from_current_dir’);
uicontrol(’Style’ ’pushbutton’ ,... %Optionally , open individual inf—file specifically
>String’, ’'Open_other_file’ ,...
"Units’, ’normalized’ ,...
*Position’, [0.01 0.7 0.07 0.04],...
"Callback’, @loadspecfile);

%Function for loading a specific file
function loadspecfile (hObj,event) %#ok<INUSD>
[filenamel , filepathl]=uigetfile ({ ' *.inv’, 'inv_Files '} ,...
’Select -Data_File )
cd(filepathl);

fp = fopen(filenamel , ’r’); %create handle for file to analyze
evalfile (filenamel) ;
set (hMain, ’'name’, filenamel);

updateMainPlot ;
end

%Function for loading chosen file in popup menu
function loadinv (hObj,event) %#ok<INUSD>

val = get(hObj, Value’) — 1; %compensate for empty space in first popup slot
filenamel = namearray{val};

fp = fopen(filenamel , ’r’); Z%create handle for file to analyze

evalfile (filenamel) ;

xcoord = [0, size(data(:,5))];

ginputon = false ;

set (hMain, ’name’, filenamel);

updateMainPlot ;

tagAsDate;

newFileLog;

end

% Variables that needs to be global

formatSpec = %[ \n\r] ’;

printlog = ’\r\n\r\n’;

ncols =

timecent 0;

time = 0;

dataraw = 0;

data =

% dplot = 0;

filenamel = namearray {1};

fp = fopen(filenamel, ’'r’); %create handle for file to analyze

evalfile (filenamel);

ginputon = false;

function evalfile (filenamel) %eztract data from loaded file , arrange into matrices
%evaluate number of columns the file has, and write formatSpec accordingly
fp2 = fopen(filenamel, 'r’'); %open same file again
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prevncols = 0; %previous maz number of columns
while 1
tline = fgetl(fp2); %read nexzt line in file
if isnumeric(tline), break, end %breaks loop if next line doesn 't contain a number
ncols = sum(tline == oo ") 4+ 1; %count nbr. columns
if ncols > prevncols
prevncols = ncols;
end
end
for i = 1l:ncols
formatSpec = ['%f’, formatSpec]; Z%write a new formatSpec based on number of columns
printlog = ['%f\t’, printlog]; %write a formatspec for printing out sizedistribution info to log
end

fgets (fp);

A = textscan (fp, formatSpec, ’Delimiter
fclose (fp) ;

data = [A{l:end—1}]; %creates a double—values matriz from imported teaxt
dataraw = data; %keep a matriz of the raw data

delimiter , *EmptyValue’ ,NaN ,’'ReturnOnError’, false);

data = data (:,1:5);

%Remove duplicate rows in data file

r = max(size(data)); % total rows

d = 2; % rows in each data set

n = 1; % remove first n rows in each data set
data (mod (2:r,d)<=n & mod(2:r,d) >0,:) = [];

timecent = data (:,1); %creates a vector with the time values
time = cellstr (datestr (timecent, 'HH:MM:SS’)); %converts to string with time in hours:min:sec

end

%% Main graphical components

hMain = figure (1) ;

% subplot (2,1,1)

subplot (2,8 ,1:6)

hMainpos = [0.01 0.3 0.98 0.5];

set (hMain, ’Units’, normalized’,’Position’, hMainpos); %old fig sizepos: [10 400 1900 500]

set (gecf, ’'name’, filenamel);

mTitleBox = uicontrol(’'style’, text’, ’Position’,[30 45 130 50],'String’, Mean_um"3/cm"3:_(
Automatically ~copies_to_clipboard)’); %create texzt box for title

mTextBox = uicontrol(’style’,’edit’, ’'Position’,[30 30 130 20]); %create text box for outputting
calculated mean wvalue

set (mTextBox, "String ’, ... );

mTimeBox = uicontrol(’style’,’edit’, ’Position’,[30 5 130 20]); %create text boxz for outputting
calculated mean wvalue

set (mTimeBox, ’String ', ... ")

set (gef, ’toolbar’, ’figure’

s ); %force toolbar to be wisible

%Create two y—azes (one for wol
axl = gca;
set (geca, xcolor’ ,[1 1 1]) %makes a second, redundant z—azis near invisible
%Set (gca, zcolor ', get(gcf, color ’))
set (geca, ’*XTick’, [])
set (ax1l, ’YAxisLocation’,’ ’right’);
ylabel (’Number_concentration_(#/cm~3) ) ;
hold on
hNbr = plot (timecent , data(:,3), 'r—"'); %NBRconcdata plot
ax2 = axes(’Position’,get(axl, Position’) ,...
*XAxisLocation’, ' bottom’ ,...
'Y AxisLocation’, ' left’
’Color’, ’none’ ,...
'XColor’, k', YColor’, k') ;
linkaxes ([ax1l ax2], 'x’);
hold on
hVol = plot ([0 1], [min(data(:,5)) max(data(:,5))], ’'b—’, ’'Parent’, ax2); %VOLconcdata plot
xlabel (’Time_of_Day’);
ylabel ( ’Volume_concentration_(\muem"3/cm"3) ") ;
title (’SMPS_data ') ;
grid on

, ome for mnbr)

dynamicDateTicks ([],[],''); %3rd party software. Modifies z—awzis to dynamically show time.

newFileLog;

%choice of interval for mean calc.
xcoord = [0 0] ;

hl = plot ([xcoord (1) xcoord (1) ]
h2 = plot ([xcoord (2) xcoord (2)

, [0 max(data(:,3))],
], [0 max(data(:,3))], ’'k—'

%Size distribution plot
subplot (2,8,9:11)

h3 = semilogx (0,0) ;

title (’Size_distribution’);
xlabel (’Dp—~(nm) ’) ;

ylabel (’dV/dlogDp ) ;

hold on

%Nbr distribution plot
subplot (2,8 ,12:14)

h4 = semilogx (0,0) ;

title (’Number_distribution ’);
xlabel ( 'Dp_(nm) ') ;

ylabel (’dN/dlogDp—(cm) ’);

hold on

%Create empty arrays for table
voldatatable = zeros(1,6);
distdatatable = zeros(ncols,3) ;
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%Create data tables for fetching data live

ssizetemp = get (0, ScreenSize’);

ssize = ssizetemp (3);

tablepos = [0.74 0.001 0.25 0.89];

datatable = uitable(’Data’, [1 2 3],...
’ColumnName’, {’Nothing’, ’to’, ’show’, ’yet
*Units’, ’'normalized’ ,...
’Position’, tablepos ,... %old piz [1390 1 50

"ColumnWidth '’ ,{tablepos (3)«hMainpos (3)xssize

%process name
procnameold
procnum 1;
processref

tag for saving to workspace
filenamel (1:end—4);

= uicontrol(’style’,’edit’ ,... %Process tag w

*Units’, ’normalized’ ,...

*Position’ ,[0.62 0.926 0.07 0.035],...
’String ’ ,procnameold) ;

tablewarning = uicontrol(’style’, text’ ,... %Text
’Units’, ’normalized’ ,...
'Position’ ,[0.605 0.9636 0.10 0.03],...
’String’,  Process_tag_for_saving_.to—-

tablewarning = uicontrol(’style’, text’ | Ftext

’Units’, ’normalized’ ,

’Position’ ,[0.74 0.89 0

.26 0.026],..

0 450]

*1/7—5});

indow, for mnaming

workspace: ) ;
liable_for_copypasting_values._Use_created

*String ’, "WARNING: .MATLAB_table_unre
workspace_matrices_instead . ') ;
timetabletitle = uicontrol(’style’, ' text’ Gtext
>Units’, ’normalized’ ,...
'Position’ ,[0.868 0.9636 0.1 0.026],...
’String’, Time_interval ’);

timetable = uicontrol(’style’,’edit’ ,... %Textbox showin
"Units’, ’normalized’ ,...
"Position’, [0.868 0.9176 0.1 0.04])
%Buttons for starting evaluating interval
evalbtn = uicontrol(’Style’, ’pushbutton’ ,... %will not
workspace
*String’, ’'Process_new_interval’ ,...
’Units’, ’normalized’ ,...
’Position’, [0.45 0.93 0.06 0.06],....
’Callback’, @evalintervalnosave);
evalbtnsave = uicontrol(’Style’, ’pushbutton’ ,... Fwill

tag from editbox
>String’, ’Process._new_interval_and_save’ ,...
’Units’, ’'normalized’

"Position’, [0.52 0.93 0.08 0.06],....

*Callback’, @evalintervalsave);
%btngroup for selecting what data one desires shown
h = uibuttongroup (’visible’,’on’,’Units’, ’normalized’,’
u0 = uicontrol(’Style’, pushbutton’ %Volume data to
’String’, Get_vol._.conc._data’ ,...
’Units’, ’normalized’ ,...
>pos’ ,[0 0 0.5 1],...
"parent ’,h,...
"HandleVisibility ', off’ ,...
*Callback’, @voldata) ;
ul = uicontrol(’Style’, pushbutton’ ,. %nbr. data to da
’String ', 'Get-.size_dist._data’ ,...
’Units’, ’'normalized’ ...
pos’ ,[0.5 0 0.5 1],...
'parent’ ,h, ...
>HandleVisibility 7, off’ ,...
>Callback’, @distdata) ;
%Update functions for data table

function voldata (hObj,event) %#ok<INUSD>
% Called when user activates popup menu
set (datatable , 'ColumnName’, {’'Vol_mean’,
samples’});
set (datatable , "Data’,

'Nbr_mean ’ ,

[voldatatable]) ;
end

function distdata (hObj,event) Z%#ok<INUSD>
% Called when wuser activates popup menu
set (datatable , 'ColumnName’, {’Vol_dist’,
set (datatable , 'Data’, [distdatatable]) ;

'Nbrodist ’,
end
%Pre—allocate

volcolname
distcolname

name and gather arrays

[{’vol_size_dist’},{ nbr_size_dist’},{ 'Dp’}];

%Gather arrays
procvol = [{’tag’}, volcolname];
procdist = repmat({’’},0,3);

proctime [{ tag’},{ From },{ To’}];

%Functions

to start processing , with and without saving
savetoworkspace = true;
function evalintervalnosave (™ ,7)
savetoworkspace = false;
ginputon = true;
evalinterval;
end
function evalintervalsave (~,”)
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timeinterval processed
save previous sessions , only send current to
save previous to workspace , with associated

Position’,[0.73 0.93 0.12 0.06]);

datatable

tatable

s

"Vol_std', ’Nbrostd’, ’'Vol_rms', ’Nbrrms’,’

'Dp’});

[{’vol_omean’},{ nbr_mean’},{ ' vol_std’},{ nbr_ostd’},{ vol_rms’},{ nbrorms’},{ samples’}];
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savetoworkspace = true;
ginputon = true;
evalinterval;
end
function evalinterval (hObj,event) %#ok<INUSD>

if ginputon

[xcoord, 7] = ginput(2); %Get mouse coordinates

end

[T,idx(1)] = min(abs(timecent — xcoord(1))); %Find corresponding indexz for mouse coordinates
[7,idx(2)] = min(abs(timecent — xcoord(2))); %—||—

assignin (’base’,’timecent’,timecent);

row = idx (1)%2

idx = sort (idx);

yintnbr = data(idx (1):idx(2),3); %y—wvals for chosen interval , #/cm8
yintvol = data(idx (1):idx(2),5); %y—wvals for chosen interval , vol/cm8
xint = timecent (idx (1) :idx(2)); %r—wvals for interval

nbr_rms_mean = [rms(yintnbr)’ mean(yintnbr) '] %rms & mean for #—conc

vol_rms_mean [rms(yintvol)’ mean(yintvol) '] %rms & mean for vol—conc
std-nbrconc std (yintnbr)’ %standarddeviation for #—conc

std-volconc std(yintvol)’ %std—deviation for wvol—conc

from_time = time (idx (1)) %time at beginning of chosen interval

nbr_samples = idx (2) — idx(1); %how many samples data is based on

%Calcualte mean size dist in given interval

tx = floor (idx (1) /2)«4; %Round down to nearest even to fit with corresponding SMPS data row

ty = floor (idx (2)/2)*4;

assignin (’base’,’idx’,idx);

assignin (’base’, nbrdistslotx’,tx+1:2:ty);

assignin (’base’, tx’,tx);

assignin (’base’, 'ty ’ ,ty);

nbrdist = dataraw (tx+1:2:ty ,6: ncols);

assignin (’base’,’asdasdasdllla’,nbrdist);

assignin (’base’,’ asdasdas22222a’,dataraw);

dr = dataraw (tx:2:ty —1,6:ncols)*1E—3; %diameter for each data point, um

Vp = (1/6)*pi*(dr)."3; % wvolume for ecach data point , um3

sizedist = nbrdist.*Vp;

dplot = dataraw (tx,6:ncols); %z values for diameter , nm

meanmassdist = mean(sizedist ,1); %Calc. mean mass size dist from interval

meannbrdist = mean(nbrdist ,1); %Calc. mean nbr size dist from interval

%Create arrays with relevant size dist data, for display in datatable

voldatatable = [vol_-rms_.mean (2), nbr_.rms.mean(2), std_volconc, std_-nbrconc, vol_-rms_mean (1),
nbr_rms_mean (1), nbr_samples ];

distdatatable = [meanmassdist’, meannbrdist’, dplot '];

timeinterval = [time{idx (1)} ’<’ time{idx (2) }];

set (timetable , ’String ', timeinterval); %updates textboz with current selected time interval

%Creates name array for data, send to workspace

volnamedtable = [volcolname;num2cell(voldatatable)];

distnamedtable = [distcolname;num2cell(distdatatable)];

assignin (’base’,’lastvolnbrdata’,volnamedtable); %Sends array to workspace
assignin (’base’,’lastsizedistdata ’,distnamedtable); %Sends array to workspace
assignin (’base’,’lasttimeinterval’,timeinterval); %array with times between interval

%create accumulating array with tagged wvalues for each process
if savetoworkspace

procname = get(processref, ’String’); %Get string from nameboz
if strcmpi(procname, 'Not_saved’)

procname = ’Very._saved ’;
end

if strcmpi(procname,procnameold) && Tisempty(procvol) %compare old string with new, if equal and

not first process , proceed
ind = find (procname == '—7); %find dash
if “isempty (ind)
procname = procname (1:ind(end)—1); %remove dash for comparison
end
procname = [procname ’'—’ num2str(procnum)]; %add current nbr of processes with this name
procnum = procnum + 1; %add nbr of processes dome with this name
elseif Tisempty(procvol) %I1f mame differs from previous , and not first time, proceed
prevnames = procvol (:,1); %make an array of the previous names
exist = false;
prevnum = O0;
for ik = 2:length(prevnames) %look through all previos names excluding dash and number
ind = find (prevnames{ik} == '—');
if strcmpi(procname,prevnames{ik }(1:ind (end)—1)) %if found, set condition true and add
current
exist = true; %number for found mname
currnum = str2num (prevnames{ik }(ind (end)+1l:end));
if currnum > prevnum
prevnum = currnum; %change highest number found
end
end
procnum = prevnum + 1; %add to highest number
end
if exist %if mame wsed previously , add ”"—1", increase counter
procname = [procname ’'—’ num2str(procnum) ];
procnum = procnum + 1;
else %if mnot, add "—17 to mame and increase counter
procname [procname ’'—’ num2str(1l)];
procnum = procnum -+ 1;
end
else %first time, (procvol empty) always add "—1" to name and increase counter
procname = [procname ’'—’' num2str(1)];
procnum = procnum + 1;
end
procvol = [procvol; [{procname}’,volnamedtable (2,:)]];
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procdist = [procdist; [{ tag’},{procname},{’’}];distnamedtable (:,1:3);[{ "}, { "}, { }1];
proctime = [proctime;[{ procname}, time (idx (1)), time(idx(2))]];
%send accumulated arrays to workspace
assignin (’base’, 'savedvoldata’,procvol);
assignin (’base’, ’saveddistdata’,procdist);
assignin (’base’,’savedtimedata’,proctime);
procnameold = procname; %set prev name for next iteration
set (processref , ’String’ ,procname); %update name in editbox
else
set (processref ,’String’, Not_saved’);
end
%Reset selection coordinates , thicken lines
set (h1, %Updates first interval selection marker
'XData’, [xcoord (1) xcoord(1)], ...
'YData’, [min(data(:,5)) max(data(:,5))],
'LineWidth ', 2)
set (h2, %Updates second interval selection marker
’XData’, [xcoord(2) xcoord(2)], .
’YData’, [min(data (:,5)) max(data(:,5))],

’LineWidth ', 2)

set (h3, %Updates mass size dist plot
>XData’, dplot,

*YData’, meanmassdist ,

'LineWidth’, 2)

set (h4, ...%updates nbr size dist plot
"XData’ dplot ,

’YData’, meannbrdist ,

'LineWidth ', 2)

set (mTextBox, ’String ',

num2str (mean(yintvol)));

%updates calculated

volconc

mean

set (mTimeBox, ’String ', time{idx (1) });

clipboard (’copy ’ ,

num2str (mean(yintvol)));

%copies

volcone

mean to clipboard

fid = fopen(’'SMPSeval—log.txt’', ‘at’);

fprintf(fid, ’\r\r \r\n’);

fprintf (fid , ’From_-%s_-%s_-%s-%s-%s -%s -%s -%s\r\n’, [time{idx (1)} ’—(index_x:-’ num2str(idx (1) ) ’'-)-_to-
ee—...  time{idx (2)} ’—(index_y:_’ num2str(idx (2)) ’_)_Nbr_of_data_points:_’ num2str(abs(idx (1)—idx(2)) )

1)
fprintf(fid, ’\r\n\r\n’);
fprintf (fid, "%s\t_-%s\t_-%s\t_Y%s\t\t Ys\t_-Y%s\t_%s\r\n’, [’vol_mean_|’ ’onbr_mean_|’ ’_vol_.std.|’
‘_nbr_std’ ’'_vol_orms_|’ ’_nbr_rms.|’ ’_samples_|’]);

fprintf(fid ,
fprintf(fid ,

fprintf(fid ,
fprintf(fid ,
fprintf(fid ,
fprintf(fid,
fprintf(fid ,
fprintf(fid ,
fprintf(fid
fprintf(fid
fprintf(fid
fprintf(fid
fclose (fid)

end

\r

rms(yintnbr)
\r\n\r\n’);
"Mass_.Size_distribution _.dMdlogDp_\r\n’);
printlog , meanmassdist) ;

Ar\n\rin’);
’Number_Size_distribution._.dNdlogDp_\r\n’);
printlog , meannbrdist) ;

\r\n\r\n’);
"Corresponding_particle_diameter_(nm)_\r\n’);
printlog , dplot);

\r\n\r\n’);

nbr_samples]) ;

n’);
PRENtRBENtBE\Nt B E\tBE\t%E\t%f\t\r\n’, [mean(yintvol) mean(yintnbr) std(yintvol) std(yintnbr)
rms(yintvol)

function updateMainPlot ()

get (hMain ,
set (hNbr,
’XData’ ,
’YData’,

set (hVol,

timecent
data (:,3) ,
'LineWidth ’,

"YLim ')
%Update:s

1)

number

conc

’XData’,

timecent ,

%Updates vol conc

’YData’, data (:,5),

'LineWidth ', 1);
xlim (ax2, [min(timecent) max(timecent)]) ;
ylim (ax2, [min(data (:,5)) max(data(:,5))]);
refresh (hMain)

end

function tagAsDate ()
set (processref , ’String’ ,filenamel (l:end—4));

end

function newFileLog ()
%create log of what file has been
fid = fopen(’SMPSeval—log.txt’,

opened and

Tat ')

when , create

title

fprintf(fid, '%s’, °
fprintf(fid, ’\r\n');
fprintf(fid, '%s_%s_-%s\r\n\r\n’,
fprintf(fid, ’\r\n\r\n’);

[filenamel

fclose (fid);
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Appendix B: Experiment data
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