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Abstract. The degradation of 2-aminoethanol (MEA) by 1 Introduction
the hydroxyl radical (OH) was studied in the European

Photoreactqr (EUPHORE), a large outdoor e”Viro.”me”talz-Aminoethanol (HNCH,CH,OH; MEA) is one of the most
chamber. High-Temperature Proton-Transfer-Reaction Masg 4 ctive absorption solvents for the removal of carbon diox-
Spectrometry (HT-PTR-MS) and Fast Fourier Transform In- 4 (CQ) from flue gasesRochellg 2009 and is regarded as
frared (FT-IR) were used to follow concentrations of reac- jhqustrial benchmark compounBxty et al, 2009 Lepau-

tants in the gas phase. Aerosol mass concentrations wWergier et al, 2009 for the CQ absorption performance in Car-
tracked with Aerosol Mass Spectrometry (AMS). The cham-p 4 capture Systems (CCS). Other industrial uses are mainly

ber aerosol model MAFOR was applied to quantify losses ofy5 ¢orrosion inhibitor in water-based metalworking fluids
MEA to the particle phase. The rate constef®H + MEA)  (Geier et al, 2004. It is also a common ingredient of con-
was determined relative to the rate constant of the 1,3,5g,mer products, such as detergents, degreasers, disinfectants,

trimethylbenzeqf reaction WitthI-i and was found to bepersonal care products and pharmaceutical prod@Gu-
(9.2+1.1)x10"* cm®molecule™* s, and thus the reac- jjig et al, 1992 Dow Chemicals201]). MEA is a natural

tion between OH radicals and MEA proceeds a factor of omponent in plants and animals: it is the second most abun-
2-3 faster than esnmated by s.tructure—actlwty'relat|onsh|pdam head group for phospholipids in cell membranes and
(SAR) methods. Main uncertainty of the relative rate de-is thys one of the most important building blocks in nature
termination is the unknown temporal behaviour of the Ioss(e_g_ Bakovic et al, 2007). An overview of anthropogenic
rate of MEA to chamber wall surfaces during the sunlit ex- 5nq natural atmospheric sources of various aliphatic, hetero-

periments. Nucleation and growth of particles observed i”cyclic and aromatic amines is given in the recent review by
the experiments could be reproduced by the chamber modet ¢ al(20113.

that accounted for condensation of gaseous oxidation prod-

ucts, condensation of ethanolaminium nitrate and nucleatioré oInhbisLtjizi g];a'\gp;u?: isgcigfnorggioend z()lﬁg;e'g ol?otité
involving MEA and nitric acid. P p y

amine by vaporization due to its relatively high vapour pres-
sure of 30 Pa at 20C (Kapteina et aJ.2005. A substance
with sufficiently high vapour pressure will leave the top of
the absorber column very easily together with the treated gas.
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MEA emissions from C@ capture vary strongly depending of the OH+ MEA reaction. Carter (2008 report a value
on operating conditions, for example the temperature of theof 4.4x 10-11cm® moleculels™! estimated using SAR
absorber top. In addition, a water wash or mist eliminatorand group-additivity parameters of the SAPRC-07 chemical
installed at the top section of the absorber will substantiallymechanism Carter 201Q http://www.cert.ucr.edufcarter/
reduce volatility losses from the absorber. Post-combustiorSAPRQ.
emissions are between 0.3 kg and 0.8 kg MEA pertonng CO  Gas-phase aliphatic amines may play a significant role in
captured without water-washGoff and Rochelle 2004, secondary aerosol formation via photo-oxidation and gas-
while highly efficient three-stage water-wash reduces theto-particle conversion in regions with high amine concen-
emissions approximately to 0.02kg MEA per tonne LCO trations in air Angelino et al, 2001 Murphy et al, 2007
captured Koornneef et al.2008 Thitakamol et al. 2007). Sorooshian et 312008 Smith et al, 2010. Aerosol par-
Typically, a CQ capture plant, that removes 1 Mt G@er ticles forming in the atmospheric oxidation of amines can
year from flue gas, emits between 1 ppmv and 4 ppmv MEAbe either organic salt particles or non-salt particles, the lat-
in the exhaust gas with single-stage water wash systRaws (  ter are commonly referred to as secondary organic aerosol
and Rubin 2002 NVE, 2006, corresponding to about 80t (SOA). Since amines are basic compounds, they can react
per year Yeltman et al.2010. with strong acids, commonly present in the atmosphere, such
Once released to the atmosphere, MEA will react duringas nitric acid (HN@) and sulphuric acid, to form amine salts,
daylight mainly with the hydroxyl (OH) radical. It is known which partition into the aerosol phase. This process can
that the atmospheric oxidation of amines can lead to the forbe viewed as a loss process of amines from the gas phase.
mation of potentially toxic compounds such as nitrosamines However, the acid-base reaction of amines with HN©re-
nitramines, and amide#®itts et al, 1978 Grosjean 1997 versible and an equilibrium exists between the salt, the amine
which are of public concern. The atmospheric oxidation of and HNGQ (Murphy et al, 2007).
MEA with OH-radicals is initiated by H-abstraction. Ab-  Accurate knowledge of the OH-reaction rate constant is
straction of H-atoms from the-NH2 group may lead to the  essential for the correct prediction of atmospheric concen-
formation of nitrosamine and nitramines. However, previoustrations of hazardous products forming in the degradation of
experimental studies in the European Photochemical ReaaviEA and consequently for estimating the impact of MEA
tor (EUPHORE) have shown that less than 10 % of the re-emissions from C@capture on health and environment. In
action between OH and MEA takes place-aiH; (Nielsen  this study we report on experimental determination of the
et al, 2013). While the nitramine of MEA, 2-nitroamino  rate constant for the reaction of OH with MEA relative to the
ethanol (QNNHCH,CH,OH), was observed with a prod- reaction rate constant with 1,3,5-trimethylbenzene (TMB).
uct yield between 0.3 % and 1.5 %, the nitrosamine of MEA, We also present a mechanism for atmospheric modelling
2-nitroso amino ethanol (ONNHGICH,OH), was not de-  the OH-initiated degradation of MEA which has been tested
tected Nielsen et al. 2011. In a recent study of the en- with chamber data obtained during a series of MEA photo-
vironmental impact of MEA emissions from GQapture,  oxidation experiments.
atmospheric dispersion calculations for a “worst case” situa-
tion (i.e. no degradation of MEA and its products in air, wa-
ter and soil) revealed, that nitramines emitted with a fraction2  Experimental
of only 1 % of the MEA emissions could be problematic for
the aquatic environment within an area obd® kn? around 2.1 EUPHORE
a power plant equipped with GQpost combustion emitting
40tonnes MEA per yeaKarl et al, 20113. To our knowl-  Photo-oxidation experiments with MEA were carried out at
edge, toxic effects of 2-nitroamino ethanol have not beenthe EUPHORE simulation chamber in Valencia, Spain, in
studied until now. However, available data for primary and the period of 26-30 July 2010. The EUPHORE facility
secondary N-nitro alkylamines strongly suggests that theseomprises two half-spherical outdoor chambers constructed
can have mutagenic and carcinogenic effe@sddall and of a steel frame covered with Teflon foil, each with vol-
Kennedy 1976 Mirvish et al, 198Q Suzuki et al. 1985 ume of approximately 200t(Becker 1996 Vera et al,
Scherf et al.1989 Hassel et a).1990). 20171 http://feuphore.e®/ This design has a surface/volume
The reaction rate of 2-aminoethanol with OH has not ratio close to one that is optimum to minimize possible losses
been studied experimentally to date. This may be largelyof MEA by adsorption to the chamber walls. The experi-
due to experimental difficulties with respect to its ten- mental reactor is shielded by two retractable half-spherical
dency to “stick” to Teflon (and other) surfaces and its protective housings which, when closed, also exclude sun-
high propensity to form aerosol particle€drter 2008 light from the reactors. To achieve homogeneous concen-
Nielsen et al. 2010. Estimates using structure-activity trations, two mixing fans are placed inside the chamber. The
relationship (SAR) methodsK(vok and Atkinson 1995 floor is water-cooled to minimise solar heating and the cham-
Meylan and Howard 2003 indicate values in the range bers are equipped with air purification and drying which pro-
of 3-4x 10 cm® molecules™1 for the rate constant vides dry air. Outside air is pressurised by means of a screw
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compressor to 6 bar. The compressed air is passed through
a condensate trap to separate water and oil from the air and
passed later through heat exchanger to reduce the absolute
water content. The air is dried in absorption driers and passes ~—
a special charcoal filter to remove nitrogen oxides {NO

the oil vapour and non-methane hydrocarbons (NMHC). The
cleaned air has the NOevel below the detection limit of the
instruments (i.e. 50 pptv), total NMHC concentration below

1 ppbv, carbon monoxide (CO) and methane are not com-
pletely removed and their concentration is at environmen-
tal level, and show high daily variability, water vapour is
removed to a value:0.1 mbar, i.e—50°C dew point.

2.2 Instrumentation

The analysis in EUPHORE was performed using the
following instrumentation:

— 03-ML9810 (Teledyne Monitor Labs, USAhe prin-
ciple of operation of the ozone ¢Pmonitor is a non
dispersive ultraviolet photometer, which alternatively
switches a selective ozone scrubber in and out of the
measuring stream, and computes the ratio of transmit-
ted light. A mercury vapour lamp is used as the light
source (254 nm) and a solar blind vacuum photodiode
is used as detector. The monitor measurgsvih an
accuracy of+2.5% (1s) and has a detection limit of
250 pptv (1e).

NO,-ECO-ALppt 77312 (Eco Physics, Switzerland).
This monitor measures the nitrogen oxide (NO), nitro-
gen dioxide (NQ) and NG (ppb) concentration di-
rectly from the chamber. The detection limit of NO,
NO2, and NG is 30 pptv, 50 pptv, and 90 pptv (@),
respectively. The @monitor and the two N moni-

tors have been calibrated with the same gas calibration
set-up and therefore have the same accuraey2b %
(1-0). NOx-ECO-ALppt has two independent units; the
analyzer CLD 770 Alppt and the photolytic converter
PLC 760. The principle of operation of the CLD 770
Alppt analyzer is the gas phase chemiluminescent reac-
tion of NO with Os. The photolytic converter PLC 760
performs a selective conversion of N@ NO through
photo dissociation with a xenon lamp.

NO,-API200AU (Teledyne Advanced Pollution Instru-
ments Inc. USAJThis instrument measures NCNOx,

NO, and NQ. For NG the detection limit is 800 pptv
(1-0). It measures the light intensity of the chemilumi-
nescent gas phase reaction of NO with @he analyzer
samples the gas stream and measures the NO concentra-
tion by digitizing the signal from the analyzer's photo-
multiplier tube (PMT). A valve then routes the sample
stream through a converter containing heated molybde-
num to reduce any Npresent to NO at 315C. Then

the analyzer measures the total Nédncentration. The
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NOy and NO values are subtracted from each other to
obtain the N@Q concentration.

J(NO,) Filter Radiometer (Meteorologie Consult
GmbH, Glasstitten, Germany).The filter radiometer

is installed inside the Teflon chamber, 50 cm above
the chamber floor, to measure the N@hotolysis fre-
quency. The field of view is 2180 degrees @@sr).
Wavelength characteristics are obtained from best fit to
the photolysis frequency of the NOnolecule. Abso-
lute calibration is better thar5% with respect to a
chemical actinometer and linearity is better than 1%
according to the detector characteristics.

High-Temperature  Proton-Transfer-Reaction Mass
Spectrometer (HT-PTR-M$AA.HT-PTR-MS Mikoviny

et al, 2010 was used for high time resolution mea-
surements of MEA and 1,3,5-trimethylbenzene.
Sample-wetted surfaces of the HT-PTR-MS were kept
at 200°C to minimize adsorption and desorption effects
of MEA. Previous work has shown that the 1%
response time of the HT-PTR-MS to MEA is in the 5-
to-18 s rangeNlikoviny et al,, 2010. The HT-PTR-MS
was interfaced to the EUPHORE chamber via a Sulfin-
ert® passivated stainless steel tube (length: 125cm,
i.d.: 5.33mm; temperature: 23C; flow: 10slpm).
Instrumental sensitivity for 1,3,5-trimethylbenzene
was determined experimentally using a certified gas
standard (AIR, Denver, USA). MEA quantification
was based on calculated proton transfer reaction rate
coefficients Nielsen et al. 2010. Detection limit

of TMB and MEA with the HT-PTR-MS is 100 pptv
(Mikoviny et al, 2010. Both compounds can be
measured with a &- precision of+ 10 % or better. The
1-0 accuracy is estimated to be10% for TMB and
+15 % for MEA.

— Fast Fourier Transform Infrared (FT-IR) Spectroscopy.

The spectrometer (NICOLET 6700, MCT-detector) is
coupled to a long-path multi-reflection cell installed in
the chamber for the detection in the IR spectral range
(650—-4000 cm?). The gold-coated mirrors of the cell
allow a total path length of 554 m. Spectra are collected
with resolution 1 cm® by averaging 280 scans, result-
ing in a sampling time of 5 min per spectrum. Concen-
trations of sulphur hexafluoride (gf MEA, and for-
mamide (BNCHO) during the experiments were de-
termined with analysis software developed at CEAM
(R6denas2008 by analysing the IR spectra using cali-
brated reference spectra collected a priori. For the cali-
bration of gases measured by FT-IR, the compound was
injected into the chamber with a syringe in repeated
trials. Typical detection limits for the analyzed com-
pounds are a few ppb. Accuracy §)-is +10% for
formamide and S§ For Sk the precision ist3 %
based on repeated injections. Quantification of MEA

Atmos. Chem. Phys., 12, 18814, 2012
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was done by cross-calibration against MEA measure-
ments of the HT-PTR-MS instrument with an estimated
accuracy of about15 %.

Gas chromatography with photo ionisation detector
(GC-PID). The GC-PID operated using a 30m DB-
624 fused silica capillary column (J&W Scientific,
0.32mmi.d., 1.8 mm film). Air was sampled from the
chamber into a 3 chhsampling loop and then injected
onto the column. The column was maintained at a con-
stant temperature (12C). The GC-PID analyzed TMB
with accuracy of+£10% (1o) and detection limit of
0.6 ppbv.

PTR-TOF 8000 Proton-Transfer-Reaction Time-of-
Flight Mass Spectrometer.A commercial PTR-TOF
8000 mass spectrometer (lonicon Analytik GmbH,
Innsbruck, Austria;Jordan et a).2009 was used to
measure two of the target products from MEA photo-
oxidation, formamide and 2-nitroamino ethanol. Both
compounds were detected in their protonated forms at
mass-to-charge ratiosn( 46.028 and 107.045, re-
spectively. Isobaric interferences prevented their spe-
cific detection by HTR-PTR-MS. On the other hand,
the time response of the PTR-TOF was too slow for
kinetic measurements of MEA. Quantification of for-
mamide and 2-nitroamino ethanol was based on calcu-
lated proton transfer reaction rate coefficiertée{sen

et al, 2010. It was not experimentally verified that 2-
nitroamino ethanol does not generate ionic fragments
upon protonation. In addition, adjacent mass peaks in
the PTR-TOF spectrum may have led to an overestima-
tion of the small protonated 2-nitroamino ethanol peak.
The quantification of 2-nitroamino ethanol should thus
be regarded as tentative. Thes2detection limit for
2-nitroamino ethanol at 5min signal integration time
was 2.5pptv. The PTR-TOF-MS was interfaced to the
chamber via a PEEK capillary tube (length: 220 cm,
i.d.: 1.01 mm; temperature: 16C; flow: 0.5 slpm). No
sampling line artefact tests were performed.

Compact Time-of-Flight Aerosol Mass Spectrometer (c-
TOF AMS).The c-TOF AMS Drewnick et al, 2005

was employed to characterize the chemical composi-
tion of non refractory aerosols. The AMS utilizes ther-
mal flash evaporation of the aerosol followed by elec-
tron impact ionization and ion detection by TOF-MS.
Measured ions are analyzed using the high resolution
data analysis methods described\iiller et al.(2011)

and are grouped into chemical species (organics, ni-
trates, ammonium, sulphates). For quantification, cal-
ibrations using ammonium nitrate, ammonium sulphate
and MEA nitrate have been performed.

Atmos. Chem. Phys., 12, 18811901, 2012
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— Tapered Element Oscillating Monitor (TEOM) model

1400a (Ruppercht and Patashnick Co. Inc, Albany,

USA).This instrument measures aerosol mass concen-
tration with a 1 min scan rate. The particles were col-

lected on a replaceable 0.5cm diameter filter, which

was mounted on an oscillating microbalance, with a

sampling flow of 3Imirt, at 27°C.

Scanning Mobility Particle Sizer (SMPS), model 3080
(TSI Incorporated, Shoreview, USAdarticle measure-
ments were also made with a SMPS system that con-
sists of a differential mobility analyzer, model 3081, and
a condensation particle counter, model 3022A, which
measure size distributions in the 11-982 nm diameter
range in real time with a 5min scan rate. Sheath and
aerosol sampling flows were 2 Imifand 0.30 I mirr?,
respectively.

Offline analysis of ThermosorbN cartridgessample
collection with ThermosorbN was performed for a one
hour period at a flow rate of approximately 3.3 min

and the samples were stored in a freezer until analysis.
The exposed tubes were desorbed with 2 ml of a solvent
mixture (75 % dichloromethane, 25 % methanol). The
sample extract solvent was changed to 0.5 ml MQ-water
and the samples were analysed by an Agilent 1100
liquid chromatography system (Agilent Technologies,
Waldbronn, Germany), equipped with an auto-sampler,
a quaternary pump, an on-line degassing system and a
diode array detector (UV). The compound separation
was performed using a reversed phase C18 column (At-
lantis dC18, 2.1 mm IDx 150 mm length, 3 um, Waters,
Milford USA). A stainless steel inlet filter (Supelco,
0.8 um) was used in front of the column. The analytical
detector was a Micromass LCT orthogonal-acceleration
time-of-flight (TOF) mass spectrometer (MS) equipped
with a Z-spray electrospray ion source and a 4 GHz time
to digital converter (TDC) (Micromass Ltd, Wythen-
shawe, Manchester, UK). The mobile phase consisted
of water and had a flow rate of 0.2mlmih The 2-
nitroamino ethanol was detected with negative electro-
spray ionisation, and the electrospray source parameters
were optimised as the following: sample cone 16V, cap-
illary voltage of 3.0 kV, extraction cone 3V, source tem-
perature 120C, desolvation temperature 330, zero
cone gas flow and desolvation gas flow of 4124thThe
pusher frequency was operated in automatic mode. The
data processing and instrument (HPLC-HRMS) con-
trol were performed by the MassLynx software, and
guantification was performed on the ion [M-H]at
(m/2 105.0300 with the external standard method us-
ing a calibration standard of 2-nitroamino ethanol in
water (250 ng mt1). The 2-nitroamino ethanol preci-
sion is estimated to b&7 % RSD with an accuracy of
+10% RSD.

www.atmos-chem-phys.net/12/1881/2012/



M. Karl et al.: OH-initiated degradation of MEA

2.3 Experiments

Two experiments were performed on the relative determina-
tion of the rate constant (E1 and E2) and one experiment
was performed to test the mechanism for OH-initiated atmo-
spheric degradation of MEA (E3). Various amounts of NO
and NG, 400 pl MEA, and a known amount of TMB (only

in E1 and E2) were injected into the dark chamber and af-
ter approximately one hour the canopy of the chamber was
opened and the mixture was exposed to sunlight. Initial mix-
ing ratio of TMB in E1 and E2 was about 200 ppbv. MEA
was injected with a Harvard 22 syringe pump system with
air stream heatingournier et al.2008 with modifications)
which allows for transfer of a known amount of MEA into
the chamber. However, MEA losses during injection which
occur between the outlet of the syringe and the inlet of the
chamber can be substantial and it was not possible to quan-
tify the lost amount. The quantification of MEA mixing ra-
tios in the chamber air relied on measurements with the HT-
PTR-MS and FT-IR instruments. Maximum MEA mixing
ratios were reached about 15 min after start of the injection.
Initial concentrations of reactants and ranges gf QO and
NO> concentrations in experiments E1-E5 are presented in
Table 1 together with average relative humidity (RH) and
temperature®). Time series of @ NO, NG, and the photol-
ysis frequency of N@, j(NO»), during E1 and E2 are shown

in Fig. 1.

3 Chamber model description and mechanism
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In the chamber, MEA is subject to the following loss

processes:

HaNCH,CH,0H+OH % products (R1)
HoNCH,CH,OH 9L (R2)
HoNCHoCHOH 20 (R3)

K,

H>NCH2CHo,OH+ HNO3

HaN+ CHyCHOHNO; (9)
(R4)

The aim of this study is to determine the rate constardf
Reaction (R1) between MEA and OH radicals. During the derive the rate for the loss of MEA to particlégarticles as
experiments, all compounds are diluted by the replenishmentunction of time (see Sects3.5and3.6).

flow. The replenishment flow is added to ensure a constant

chamber volume by replacing air that is lost due to outtake by3.1  Model description

the connected instruments and through the Teflon foil. The

first order loss rate constaky for dilution was determined Modelling of chamber experiments was done using the
from the first order decay of $fgas during the experiments. multicomponent aerosol dynamics model MAFOR (Marine
The loss of MEA to chamber walls can be described as a firsAerosol Formation model) version 1.3 which includes gas

order loss. The first order loss ratgg was determined in

www.atmos-chem-phys.net/12/1881/2012/

Fig. 1. Measured and modelled time series of, IO, and NO
mixing ratios in(a) experiments E1 an¢b) experiment E2. The
model was constrained by measuregl ®0,, and NO concentra-
tions and therefore modelled mixing ratios coincide with measured
ones. Photolysis frequency of NG@scaled by 1x 103) indicated

by grey-shaded line. Vertical dashed lines indicate beginning and
end of the sunlit experiment.

our study from the decay of MEA in the period after injection

of MEA into the dark chamber starting at the time when ho-
mogeneous distribution in the chamber volume was reached
until the time of opening the canopy. MEA reacts in ther-
modynamic solid-gas equilibrium with HNGo form solid
aminium nitrate (Reaction R4) which partitions to the aerosol
phase. A detailed chamber aerosol model has been used to

phase and aqueous phase chemistry in addition to aerosol

Atmos. Chem. Phys., 12, 18814, 2012
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Table 1. Initial mixing ratios of reactants (at start of the experiment), ranges of the mixing ratiog, %@, NO,, average relative humidity
and average temperature in the MEA photo-oxidation experiments.

Initial mixing ratio Range of mixing ratio
Exp. Date MEA  TMB NG O3 NO, NO RH T
(ppbv)  (ppbv)  (ppbv) (ppbv)  (ppbv)  (ppbv) (%) (K)
El 28.07.2010 255 193 78 0-80 5-55 0-30 £¥ 304.9+2.0
E2 28.07.2010 292 199 70 0-120 5-70 2 #HAD 307.4+1.6
E3 27.07.2010 410 — 406 10-25 140-280 20-140 H6 306.9+0.1
E4 15.05.2009 618 - 30 0-70 0-20 0-30 21 300.3+1.3
E5 11.05.2009 83 — 1170 <1 340-460 690-740 B1 299.5+1.8

dynamics Karl et al, 20118. In MAFOR, the general dy- 3.2 Chamber sources and losses
namic equation of the aerosol is solved using a sectional ap-
proach with a fixed grid. Mass transfer of gas molecules toParameterizations of the chamber wall sources of nitrous acid
particles is calculated using the Analytical Predictor of Con- (HONO), SHono, and formaldehyde (HCHO) are included in
densation schemédgcobson1997). The various aerosol dy- the model. The photolysis of HONO in sunlight was the main
namical processes are treated by calculation of the particléource of OH during the experiments in EUPHORE. The
number concentration and component mass concentrationrdONO wall source is parameterized as functionj @ 0,),
of each size section as functions of time. The number oftemperature and relative humidity for dry and humid con-
size sections can be selected by the user; in this study 10ditions Zador et al. 2009. The light-dependent source of
size bins were used to represent the aerosol size distributiofprmaldehyde Zador et al.2006 is used in the model. First
ranging from 1 nm to 10 um diameter sizes. order wall loss rates for NO, and HNG of 3x 106571,

The detailed gas phase chemistry scheme of the model.15x 10-°s~ and 8.2x 10> s, respectively, and a OH-
based on the Module Efficient Calculating the Chemistry ofto-HO, conversion rate of 8.4 to account for the back-
the Atmosphere (MECCA)Sander et a).2005 Sander et  ground reactivity of the chambeBlpss et al. 20053, have
al., 2017 includes chemistry of C2—C4 alkanes, propene,been used in the simulation of experiments. Loss rates for
isoprene and dimethyl sulphid&4rl et al, 2007. For the Oz and NG were not relevant in our study because moni-
purpose of this study, a chemistry mechanism for the OH-tored time series of N9and G concentrations were used
initiated oxidation of MEA (described in Sec3.3) and a  as model input in simulations of the experiments. Further,
simple scheme for TMB were added (Talfle A simpli- measured time series of NO concentrations, temperature and
fied treatment of the TMB chemistry is considered to be j(NO2) were used to constrain the model. A size-dependent
adequate since it is not intended to model concentrationparameterization of the wall loss of particles in the chamber
of TMB oxidation products in this study. Photolysis fre- is included in the model to reproduce the particle loss. The
quencies are calculated using the method.afdgraf and parameterization is according Maumann(2003 and takes
Crutzen(1998 and data on absorption coefficients and quan-into account the geometry of the EUPHORE chamber.
tum yields recommended by the Jet Propulsion Laboratory
(JPL) Evaluation no. 15ander et a]2008. 3.3 Atmospheric mechanism for the OH-initiated

The current mechanism of MAFOR v1.3 contains 383 re- degradation of MEA
actions and 221 compounds in the gas phase. The ki- ) . o
netic pre-processor (KPFhttp://people.cs.vt.eduasandu/ The mechamsm for t_he O.H-Inltla-led QX|dat|on of MEA used
Software/Kpp) solver package is used to generate Fortrangs" the model simulations is provided in Tak8e The mech-
code for the chemistry module and the Rosenbrock 3 solveRNISM has been constructed during the project ADA-2009
is used for integration the differential equation system of (Atmospheric Degradation of Amines, 2009Nielsen et
gas phase reactionS#ndu et a).1997 Sandu and Sander al., 2010, based on q_uantum chemical calculauoBga(ten
2006. Change of number and mass concentration of par_et al, 2008, SAR estimated rate constants and adjusted to

ticles is solved subsequent to the integration of the gaJit experimental data in MEA photo-oxidation experiments
phase/liquid phase chemistry. in EUPHORE. The scheme contains 17 reactions and 17

compounds in the gas phase.

According toNielsen et al.(2011), the formation of the
following products was unambiguously attributed to the
OH-initiated oxidation of MEA in the EUPHORE exper-
iments: formaldehyde (HCHO), formamide {NCHO),
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Table 2. Simplified reaction mechanism for 1,3,5-trimethylbenzene used in this study. The degree of detail of this mechanism corresponds
to the aromatic hydrocarbon chemistry schemdégobsor§1997).

No. Reaction Rate constaft Reference

1 TMB+OH —  0.79 TMBADO2 + 0.21 AROPEN + 0.03 TMBO2 + 0.05 CRES
+0.05 HG + 0.04 TMBSOA 440x1012exp(738/T)  Aschmann et al(200§

2  TMBO2+NO — 0.105 TMBNIT +0.895 TMBO + 0.895 N® 2.54x10"12exp(360/T) MCMP

3 TMBO + Oy — 1.28 CRES +1.28 H® 95x10715 MCMP

4  TMBADO2+0, — 0.157 TMBNIT +0.843 TMBADO + 0.843 N@ 2.54x10 12exp(360/T) MCMP

5  TMBADO2 — 1.2 TMBADO + 0.51 CRES + 0.51 BZALD + 1.2 MGLYOX 2x10712x[RO,] MCMP

6  TMBADO —  MGLYOX + HO, + 0.5 AROPEN + 0.5 DCB1 Dx1cP MCMP

7 AROPEN+ OH — AROPPX + CHCOz + HO, + CO 30x10°11 Jacobsor(2007)

8  AROPPX+NO — NOj+HCHO +HQ, + CO 81x10712 Jacobsoi{2007)

9 CRES+ OH — 0.24BZO +0.76 CRESO2 +40 17x10"12exp950/T)  Carter(2010

10 CRESO2+NO — 0.58 AROPEN + 0.58 ARACID + N@+ HO, 4.0x10712 Jacobsoi(2007)

11  BZO+NO, — BZN 2.3x10 2exp(150/T)  Carter(2010

12 AROPEN+ /v — CHgC(0)OO +CO +HG j(MGLYOX) MCM ¢

13 BZALD + hv — PHO2+CO +HQ j(MGLYOX) MCM¢©

aRate constant in units chmolecule ! s=1, photolysis rates in units™2. b Rate constant and branching ratio adopted from the Master Chemical Mechanism (MCMVBI34L (
et al, 20050, available ahttp://mcm.leeds.ac.uk/MCMv3. £ Photolysis rate parameterization &84) in MCM v3.1.

Table 3. Mechanism for OH-initiated oxidation of MEA used to simulate chamber experiments on the photo-oxidation 8f RiE&&tions

with gas-phase products and temperature dependent rate constants.

No. Reaction Rate constant Reference
1 NHoCH,CH,OH + OH  —  0.05 hNCH,CHO + 0.8 MEABO2

+0.15 MEAN + 0.05 HQ 358x10711 EPI Suite™v4.0
2 HoNCHoCHO + OH — 0.8 pNCH,CO;3 + 0.2 HbNCHO,CHO + H,O 483x10°11 EPI Suite™ v4.0
3 HoNCH,CO3 + NO —  MMAO2 + CO; + NO, 8.10x10 12exp(270/T) MCMC
4 Ho,NCHO,CHO +NO  —  HyNCOCHO + HG + NOy 1.7x10711 This work, estimate
5 Ho,NCOCHO + OH —  HyNCOCQ; + Hy0 147x10°11 EPI Suite™ v4.0
6 H,NCOCQ; + NO —  HyNCHO +CQ + NO, 8.10x10 12exp270/T) MCMC
7 MEABO2 + NO —  MEABO + NOy 2.54x10 12exp(360/T) MCMC
8 MEABO + O, —  HyNCOCH,OH + HO, 2.4x10715 This work, estimate
9 MEABO —  HyNCHO + HCHO 20x10° This work, estimate
10  HoNCHO + OH — HNCO +HO, 4.0x10712 Barnes et al(2010
11  HyNCOCH,OH+OH — HyNCOCHO +HG 459x1012 EPI Suite™ v4.0
12 MEAN +NO, — 0.5 MEANNO2 + 0.5 HNCHCHOH + 0.5 HONO  14x10~13 Nielsen et al(20109
13 MEAN+0O, —  HNCHCH,OH + HO, 1.2x10719 Nielsen et al(2010¢
14  MEAN +NO — MEANNO 8.5x10-14 Nielsen et al(2010¢
15  MEANNO2 + OH —  MEANHA + HO, 1.48x10711 EPI Suite™ v4.0
16  HNCHCHOH+OH — Hy;NCOCH,OH +HO, 3.0x10713 EPI Suite™ v4.0
17 MEANNO + hv — MEAN + NO j=0.33%j(NOy) This work, estimate

2 | ist of model surrogate compounds and compounds with shortnstBAN: N-amino ethanol radicaMEABO2: C2-amine peroxy radicaMEABO: C2-amine alkoxy radical,
MEANNO: 2-(N-nitrosoamino)-ethanoMEANNO2; 2-nitroamino ethanolMEANHA: N-nitro hydroxyacetamideMMAO2: methylamine peroxy radical® Rate constant in
units cn® moleculeL s=1 for bimolecular reactions.¢ Generic rate constant adopted from the Master Chemical Mechanism (MCM) B®ds(et al. 2005H), available at
http://mcm.Ieeds.ac.uklMCMva.f Rate constant estimated based on analogous dimethylamine reactions.

amino acetaldehyde @NMCH,CHO), 2-oxo-acetamide dation routes outlined bilielsen et al(2011), kinetic and
(H2NC(O)CHO), 2-imino ethanol (HN=CHC}DH) and  mechanistic information about the degradation of the major
the 2-nitroamino ethanol (for more details it is referred oxidation product, i.e. formamide, provided iBarnes et

to Table 1 in the publication byNielsen et al. 2011). al. (2010 was taken into account. Average branching ratios
The OH+MEA mechanism presented in Taldéncludes  of the initial H-abstraction given biielsen et al.(2011)
reaction pathways leading to the formation of all theseare 8% from—NH», 84% from —CH,— and 8% from
compounds. In addition to the schematic gas phase degra-CH;OH. In our presented mechanism, the branching ratios
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I ifi 0, 0, 0,
were slightly modified and are 15 /°,’ _80 %, and 5_/0 for Table 4. Parameters of the one-product model for $@érmed in
the —NH;, —CH;—, and —CH;OH positions, respectively.  oaction OH + MEA.
These branching ratios have been used in model simulations
of EUPHORE experiments in the report ielsen et al. SOA product o

AH, MW
(2010 and resulting gas phase concentrations of formamide (mass-bas&y nga at 296 K) (kJVr?"n%Il) (gmol~1)
and 2-nitroamino ethanol were in agreement with measured ygap; 080L004  3.910°5¢ 138 126
concentrations of these compounds by PTR-TOF-MS within
the uncertainty of measured data. aThe SOA yieldy SOA can be expressed as a functionoff, by (Odum et al, 1998:

EPI Suite™ version 4.0US EPA 2009 has been used
to estimate rate constant for reactions with the OH radicalr>>* = anmo} "
in case no experimental data was available. The Atkinson '
method is implemented in the program EPI Suite™ throughwhereKom, of a SOA compound is defined astom, = K 55*/f, with and f being
the module AOPWIN. AOPWIN incorporates updated frag- the absorptive mass fraction. The gas phase/particle partitioning coeﬁi&fi}%ﬁﬁ, is
ment and reaction values as given Kwok and Atkinson  calculated according to:
(1995. In addition, Syracuse Research Corporation has .., 10%k7y
added additional fragment and reaction values from more reXri = Mwz; p?
cent experimental datavigylan and Howard2000. The y - o , )

. ere the activity coefficient; is unity, and R is the universal gas constant

accuracy of the method has been evaluated in a test o@_zosx 10-5 mP atmmor-1K-1),
720 chemicals with respect to the non—logarithmic rate con Mass-based stoichiometric yiedld was determined from fit to experimental data as-
stant values: 90 % of the prediCted values were within a fac'suming a one-product model using a modified Marquardt-Levenberg parameter estima-
tor 2 of experimental data and 95 % within a factomMBey/- tion method Fahlman 2003). Given errors are statistical errors of the measurements
lan and Howard2003. Unfortunately, Atkinson’s method of a, andMEA. Fitting the experimental data with a two-product model resulted
has shown Iarger deviations for several important classes; =0.76+ 0.04 andx, = 0.09+ 0.01; the vapour pressure of the second SOA product
of chemical compounds such as organic compounds with 3vas assumed to be a factor of 100 lower than thatBApL.
halogens on the same carbon atom (as in DDT), chemical§ Vapour pressurepQ)and enthalpy of vaporizatiom\(Hyvap) of succinic acid, adopted
with NOy-groups as in nitroalkanes, phosphates, often usedo°m Bilde etal.(2003.
in herbicides, and small heterocyclic ringsisten 1999.

o Kom,i
14+ Kom,i AMo

3.4 SOA formation in the OH-initiated oxidation of The SOA yield from OH-initiated oxidation was deter-
MEA mined in experiments E4 and E5 (Talleas the ratio of the
amount of MEA reactedAMEAe30 to the total mass con-
MAFOR uses a hybrid method of condensation and partition-centration of organic aerosah(/4o). The time series of re-
ing to treat formation of SOA from the OH-initiated oxida- actedAMEAeacwas derived from a model simulation with
tion of MEA. Currently, very little is known about individual MAFOR and time synchronized to the time series/a¥/,
SOA compounds that form in the photo-oxidation of MEA Measured by AMS. SOA yields;5°4, were calculated for
(Nielsen et al.2011). Therefore the simplified approach of a €ach AMS data point in E4 and for the final AMS data point
one-product model was chosen to represent SOA from OHiN E5 (¥59% = AM,/AMEArea). Mass-based stoichiomet-
initiated MEA oxidation. The clear advantage of the one- fic yields for MEA were fit to the experimental yield data by
product SOA model over a two-product modéidum et al, using a modified Marquardt-Levenberg parameter estimation
1996 1997 is the need for fewer parameters. The single Method Eahiman2001). Parameters resulting from the fit to
SOA product, termed MEAp1, is formed in the initial reac- the yield curve (Fig2) are provided in Tablé.
tion of MEA and OH (Reaction R1b below) with the molar The finding that the one-product was sufficient to explain

stoichiometric yieldy; (see Tablet): the data indicates that the vapor pressures of the SOA com-
pounds are very similar or that only a very small fraction of
H,NCH,CH,OH+ OH N a less volatile product is formed. A two-product model was

also tested but did not result in a better fit to the data. It is
noted that gas phase loss of MEAp1 to the chamber walls
H,NCH,CH,0H + OH £> a1MEAp1 (R1b) was not considered in this study.

In the photo-oxidation of 1,3,5-trimethylbenzene mass-
The equilibrium partitioning of the condensable compoundbased aerosol yields ranging from 3.4 to 8.1% have been
between the gas phase and the aerosol phase is described foyind in experiments without seed particles pres@aicker
the gas/particle partitioning coefficient for absorptive uptakeet al, 2001). Based on this a molar-based SOA yield of 4%
into the particle phase (e.§einfeld and Pankov2003. An in the reaction of OH with TMB was assumed in the model
ideal solution was assumed between the dissolved speciezlculations of this study.
(MEAp1), and the other components of the particulate phase.

(1—oa1) gas phase product®1a
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0.8 . ; MEA-HNOg3 clusters. In Eq.J), N is the number concen-
tration of particles in size bih, (with Ng being the number

L e of size bins),f(Kn,an) is the correction for non-continuum
o6t -~ effects and imperfect accommodation as defined-bghs
and Sutugin(1970, Kn is the Knudsen numbet) is the
0.5f gas phase diffusion coefficient, ; the diameter of particles
g 04l in size bink, umea is the volume ratio (ratio of the volume
®Q of a MEA molecule to the volume of a patrticle in the first
0.3} size bin). The accommodation coefficient, for the mass
transfer of ethanolaminium nitrate to particles was assumed
0.2} = E4 t L uni
. E5 0 equal unl_t_y. _ _ _
0.1l — One-product| The equilibrium concentration of MEA, [MEAY, in
'0 _____ Two-product the MEA-HN_Q %lstem is bdefinfdld in dagalogé 923 the
0 50 100 150 ammonia-nitric acid system, bgéinfeld and Pandi 8:
-3 MEA] +[HNO
Fig. 2. Secondary organic aerosol yields in the OH-initiated ox- 5
idation of MEA as function of organic mass concentration (mea- \/([MEA] —[HNGg)) +K/ (4)
sured by AMS) in experiment E4 and E5. Data are shown as filled 4 P

squares. Curves were fitted to the data using the one-product model . o L . 2
(solid line) and the two-product model (dashed line). Parameters! € d|5$0C|at|_0r_1 constank’, in units (_molecules cm?)?,
obtained from the fit are given in Table 4. for ethanolaminium nitrate can be defined as product of the

equilibrium concentrations of MEA and HN@Seinfeld and
Pandis1998:

3.5 MEA losses to particles , ) o o
K,=K,/(RT)*=[MEA] 9% [HNO3]®? 5)

The mass balance of MEA considering losses throughFormation of the ethanolaminium nitrate salt according to

Reactions (R1)—(R4): (R4) is limited by the availability of the least abundant of the

d[MEA] d[MEA] d[MEA] two species. Any excess of MEA may then react with HNO

“ar Lmea+ (T) T (T) to form the ethanolaminium nitrateGe et al.(20110 esti-
particies [21) mated dissociation constants of several aminium nitrate salts

Here the squared brackets denote gas phase concentratiofsihe temperature range 263.15-323.15 K. The disso%iation
(in molecules cm3). The first term on the right hand side constant of ethanolaminium nitrate is g|venlsi$;:8><101
(RHS) of Eq. ), Lvea, is the total gas phase pseudo first (molecules cm?®)? at 293.15K Ge et al, 20118 and this

order loss rate: value was used for the modelling of the experiments in
our study.
Lmga = — (k1 [OH] + kdil + kwai) [MEA] ) It is assumed in this work that nucleation observed in

The second term on the right hand side of Eij.dccounts ~MEA oxidation experiments occurs through homogenous
for concentration changes due to formation of amine saltd'eteromolecular nucleation between Hj&hd MEA vapour

that partition to the aerosol phase and the third term conmolecules, or one of the vapours activating the clusters com-
siders concentration changes due to changes of density dgfosed around a molecule of the other vapour. The parameter-
air, p, caused by the daily cycle of pressure and temperajzation for the nucleation process developed in this work is:
ture. MEA .concentranon.changes with time due to transferjnud: Knuc[MEA] x [HNO3] [MEA] x [HNO3] > K’

to/from particles are predicted by: r

Jnuci=0 [MEA] x [HNOs] < K; (6)
d[MEA] & . : N .
(—) = —ZJTDZdep,kf(Kn,am) According to this parameterization, nucleation can only hap-
dr particles k=1 pen when the product of HNOand MEA concentrations
x([MEA]—[MEA]eq) exceeds a threshold oi’;,. Knuel IS an empiric nucle-

ation parameter. An average nucleation parameter is given
by Knucl=2 x 10-2°cm® molecules!s—1, as determined by
The first term on RHS of Eq.3}, describes concentration fitting the temporal evolution of number size distributions
changes due to mass transfer of the ethanolaminium nitratduring MEA experiments in EUPHOREN(elsen et al.
produced in Reaction (R4) to a particle population. The sec2010, and was used for the modelling of the experiments
ond term on RHS considers loss of MEA due to nucleation ofin our study.

—JnuclVUMEA (3)
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3.6 Model simulation of chamber experiments differential equations:
. . d <MEA >
The loss of MEA to the aerosol phase in the expenments(T) = — (k1[OH] + kdil + kwall + kparticle

competes with the gas phase reaction between OH and MEA.!
For the determination of the rate constant between OH and <MEA >
MEA in this work an estimate of the net loss rate of MEA to (d <TMB > >> = — (kref[OH] +kdil) < TMB >

particles is required. To this end, E®) (s expressed as net dt
loss of MEA to the aerosol phase of the form: (d < j,FG >> — kg <SFs> ©)
d[MEA]
(T) = —kparticled MEA] (7) We note that the density dependent term vanishes when mix-
particles ing ratio (denoted by< >) is used instead of concentra-
with tion. After integration and rearrangement of the set of bal-
ance equations, see Eqgs. (A1)20@\in the Appendix A, itis

Ng [MEA]®d possible to derive a standard relative rate equation:
kparticles= ZWDZdep,kf(Kn,am) X <1—W> X

= Yirga (0) = =Xy () (10)

+Jnucivmea [MEA] - Kret

A linear least-squares-model (LSQ) is invoked by
wherekparticlesiS @ quasi first order loss rate constant. Since

kparticles depends on the actual MEA equilibrium concen- Yuea(t) =a+b- X1y (1) (11)

tration (see Eg4), it is not possible to determine it di- \yhere the slopé corresponds to the ratioy/kref anda is
rectly from measured concentrations of particle numbersihe offset from zero of the y-axis. The reference rate con-
MAFOR is used in this study to compukgarticies @S func-  stantk,e for the OH + TMB reaction is taken fromschmann

tion of time in each experiment. The model included the et 4. (200, with the temperature dependent expression:
atmospheric mechanism of OH + MEA (Se8t3); the one- . .(T) = 4.40x 10~ 12exp(738+176/T).

product model for SOA formation (Se@&.4) and the forma-

tion of ethanolaminium nitrate salt (Se®&.5). Gas phase

concentrations of HONO and HNQvere not monitored in 5 Results

the chamber experiments. However, FT-IR signal indicates ] ] ]

that HNG; concentrations were below the detection limit of The time series for the pseudo first order loss processes were
2 ppbv during the experiments. In the model calculations,imé synchronized onto the HT-PTR-MS time grid before
the only adjusted parameters are the start concentration dfS€ in the LSQ model. Only the first 1300s of the respec-
HONO and the chamber wall source of HONO, which affect tive sunlit experiment were analyzed with the LSQ model.

both the OH concentration and N@vailable for the forma- For each experiment, the first order loss rate constants and
tion of the ethanolaminium nitrate salt. A factBeourcewas their associated uncertainties were determined (average and

used to scale the chamber wall source of HONGSNO): standard deviation in Tabl). The time-dependent dilution
loss termDsr, (1) (defined by Eq. &) was derived from the
SHt N0 = FsourceX SHONO (8)  measured Sftime series. The time-dependent loss rate of

MEA to particles kparticles Was determined by the chamber
The fit procedure proceeded until best agreement betweeaerosol model according to Eq. (7), as described in Segt.
modelled and monitored time series of total and nitrate parti-Modelled time series of total aerosol mass concentrations ob-
cle mass concentrations (as measured by AMS) and of MEAained in the fit procedure are in excellent agreement with the
gas phase concentrations as well as of TMB gas phase comnetal mass concentration measured by AMS (Bjg.
centrations (in case TMB was present) had been achieved. The lifetime of MEA towards dilution, wall loss and loss
Comparison of AMS nitrate signals obtained during the ex-to particles ranged between 8-11 h, 1-2 h and 40-60 h, re-
periments with the nitrate signal of the pure ethanolaminiumspectively. Thus, loss of MEA to particles was the least
nitrate (reference) salt revealed that about 85% of the tosensitive parameter in the LSQ for determination of the rate
tal nitrate concentrations observed in the experiments of thiconstant;.
study could be attributed to ethanolaminium nitrate salt. Linear regression which takes into account errors in both
X’ and Y’ was applied and a regression routine based on
FITEXY.C (Press et al.1992 was used. This regression
4 Relative rate method usually provides a better estimate of the true value
of the slope K1/ kref) and of the intercept than a simple re-
For the chamber experiments, the balance equations of MEAgression analysis which does not take the errors of the mea-
TMB and Sk can be written as a set of first order ordinary sured concentrations of both reactants into accdBrauers
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a) 400F . 600 Table 5. Loss rates in Experiment E1 and E2. Particle loss given as
o MEA FT-R FORM PTR model average particle loss rate (according to Eq. 7) in the first half
hour of the sunlit experiment..
= - MEAPTR  ----PM model [{900
e} —
300F &
2 > ° TMBGC-PID — MEA model 400 E, kqir® kwal® kparticled
S © % S Experiment ) s h (sh
£ X + TMBPTR -=- TMB model 2
g 5 £ E1l (2.45+0.74)x107°  (1.86+£0.65)x10~4 (7.0+£2.7)x10~©
5 2005 - h © FORMFT-IR ---- FORM model 1300 5 E2 (3.12£0.34)x107>  (2.324+0.86)x10™*  (4.840.5)x10°®
& Mg o g__g__f ----- o=~ @
E_ Fimis, 6™ 41200 % 21-¢ variance from least square fit weighted by measurement uncertafh@esndard
$ 100} ) . e E deviation of the average modelled particle loss rate.
= Mo iR e s
e N ] . {100
P e
Olee B ittt AU W andY’(MEA, 1) were shifted randomly according to the stan-
09:00 T UTe ey 10:50 dard deviation of the MEA and TMB measurements and of
the loss terms (withdf = 10 000 repetitions). It is noted that
b) the values ot andb and their variance (- standard devi-
° MEA FTIR FORMPTR ation of the mean) resulting from MC analysis were not sig-
400+ . MEAPTR - PMmodel | nificantly different from the values obtained in the LSQ fit.
= {800 : .
2 & An alternative way of estimating the standard errors
a ° TMB GC-PID —— MEA model e . .
> \\ N @ of the LSQ parameters is to perform bootstrap analysis,
g 3005 NOinject| . TmBpTR  ---TMBmodel 1500 »  i.e. estimating the variability of a statistic from the data
© P . . .
£ o FORMET-R --- FORM modsl 2 set by re-sampling it independently and with equal prob-
[=] ° apegs .
200wy ) V setoeemr o 1400 2 abilities (MC re-sampling). A bootstrap Model Il pro-
= o 0.7 v o 2 cedure should be used when the two variables in the re-
< £ gression equation are random and subject to error. Boot-
= 100r & _ 2200 strap Reduced Major Axis Regression was applied with
T S —— 1000 re-samplings, 50 blocks and at a significance level
oleb e I 242 R OO ) of 0.05; resulting LSQ parameters (E4=—0.05+0.01,
13:30 1400 1430 1500 1530 1600 16:30 b=1.93+0.04; E2:a =—0.04+0.01,6=1.714+0.02) were

Time UTC (hrs) in agreement with the regression using FITEXY, the stan-

Fig. 3. Measured and modelled time series of MEA, TMB and for- dard errors were however sma”er'. Itis noted that the applied
mamide mixing ratios iffa) experiment E1 an¢b) experiment E2. boot.st.rap method is nqn—parametrlc and thus does not assume
MEA measurements (golden crosses) from HT-PTR-MS are partlyeXPliCit error propagation.
overlaying the MEA data from FT-IR (dark green circles). Mea- A slight curvature of the data can however be noted in
sured (blue circles) and modelled (blue dashed line) total aerosoFig. 4 for the data points in both experiments. During the first
mass concentrations (PM) are in good agreement. Vertical dashe8-5 min of the relative rate experiment, data points seem to
lines indicate beginning and end of the sunlit experiment. Rate confollow the unity slope (grey dashed 1:1 line) while the later
stantkq was scaled by a factor of 2.6 in the model simulations. Hor- qatg points are all on a line with a slope greater than unity
izontal bar _(yeIIow) marks _the_time period of the experiment usedaS it is indicated by the LSQ model. A reason for the ob-
for the relative rate determination using the LSQ model. vious curvature could be that the loss processes other than
OH-reaction were not correctly subtracted when calculating
Y’ (Eq. 9) or that these loss processes are time-dependent.
and Finlayson-Pit{s1997). Results of the LSQ for experi- When a longer time period of the experiments, for instance
ment E1 and E2 are shown in Fig.and the corresponding 2600, is considered, the LSQ model resulted a slope
values fora andb are given in Tables. X’ andY’ were  This could indicate that there is a loss process that increases
found to be highly correlated, correlation coefficients were gver time during the sunlit experiment. While the time-
R?>=0.981 in E1 andR? = 0.992 in E2. The merit function dependence of the dilution loss and the particle loss terms
x? provides a means for the “goodness of fit” of the data tocan be accurately estimated, the time behaviour of the wall
the invoked linear modeRress et al.1992. In both exper-  |oss term is unknown. A more detailed discussion of the wall
iments the probability thag? exceeds a particular value by |oss follows in Sect6.1
chance wag) =1 in the regression analysis, supporting the  Based on the results from the LSQ model, the rate
adequateness of the linear LSQ model. constant k; of the reaction between OH and MEA
Further the validity of the LSQ model was tested in Monte is  found to be (9.31.0)x 10~ 1cm®moleculels™t
Carlo (MC) simulations where the time seri®$(TMB, 1) in experiment E1 (average temp. 303%6.4K) and
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Table 6. Rate constant(OH+MEA) values estimated by SAR and as determined in Experiment E1 and E2. LSQ parameters and their

uncertainties are provided for the experimentally derived rate constant values.

Method k(OH+MEA) Temp. LSQ parameters Reference
(cm®molecule1s71)  (K) a p

SAR Estimate  3.5810 11 298.25 EPI Suite™ v4.0

SAR Estimate  4.4¢10711 300.0 Carter(2009

E1, LSQ (9.3t 1.O)><1O*11 303.6+0.4 —0.04+0.01 1.86+0.08 This work

E2, LSQ (8.t 0.8)><10*11 306.6+1.4 —0.03+0.02 1.65-0.07 Thiswork

altis b=k/kref, Wherekgf is the rate constant of the OH + TMB reaction taken fridschmann et a2006). The value okt is calculated to be 5.0210~11 cm3 molecule 1 s—1
in E1 and 4.8%10~ 11 cm? molecule s~ in E2.

(8.1£0.8)x 10 M cmPmoleculelst in E2 (av- MAFOR predicted 2-nitroamino ethanol concentrations of
erage temperature 306i61.4K). The average rate up to 3ppbv in experiment E3. Based on the model re-
constant from the two experiments, extrapolated tosults, the product yield of the nitramine was estimated to
298K wusing the temperature dependence iof;, Iis be 0.75 %, which is within the range of experimental prod-
(9.2+1.1)x 10 cm® molecule*s1.  This experimen- uct yields of 0.3% to 1.5% found biielsen et al(2011)
tally derived value is a factor of 2.6 higher than the value in experiments with various NQlevels. Measured concen-
of 3.58x 10 cm*moleculels™! predicted by EPI trations of 2-nitroamino ethanol obtained from the online-
Suite v4.0 which makes use of the Atkinson SAR (Ta)le  method PTR-TOF-MS and from the offline analysis of Ther-

With the intention to study the sensitivity of the coupled mosorbN cartridges using liquid chromatography were how-
gas-phase/aerosol chemistry system on sudden changes @fer lower than the modelled concentrations by a factor of
the VOC/NQ, regime, experiment E2 was perturbed by the 40-50 and by a factor of 5-10, respectively (see Table
injection of 12 ml NO at 14:42 UTC, about 1 h after opening Despite the discrepancy between the two employed meth-
the canopy (Figlb). The primary effect of the NO injec- o0ds, measured concentrations of 2-nitroamino ethanol indi-
tion was to increase ozone production (ozone mixing ratiocate that the model overestimates the production yield of
increased by 40 ppbv) and by this to increase OH-reactivitythe nitramine by at least a factor of 5. It is noted that both
causing pronounced changes of measured decay rates ofiline and offline detection methods for the measurement of
MEA and TMB (HT-PTR-MS data, FigBb). The secondary nitramines have been largely improved since the report by
effect was to increase production of gaseous HNXi@ough Nielsen et al(2010.
the OH+NQ reaction potentially causing more particle-  The nitrosamine of MEA; 2-nitroso amino ethanol, was
bound nitrate to be formed. The total aerosol mass connot detected in the experiments with any of the methods, in
centration increased by 70 ugth According to the simu-  line with the findings byNielsen et al(2011). Our mech-
lation with MAFOR, the observed aerosol mass increase wagnism (Table3) predicts the formation of the nitrosamine
mainly due to increase of nitrate. MAFOR predicts slightly with a very small yield and its rapid destruction by photol-
faster MEA decay compared to HT-PTR-MS. ysis. Theoretical studie\Ggove et al. 2010 suggest that

In further simulations with MAFOR the effect of the 2-nitrosoamino ethanol partly undergoesimmediate isomeri-
higher k(OH+MEA) value found in this work on the pre- sation to 2-hydroxydiazenyl ethanol (HO@EH,N=NOH)
dicted concentrations of gaseous oxidation products was inwhich then decomposes to give 2-imino ethanol.
vestigated. Experiment E3 was modelled in the same way
as described in Sec3.6, by scaling the rate constant value
of k1 =3.58x 10~ cm® molecule* s~ by a factor of 2.6, 6 Discussion
and fitting the model output towards measured MEA mixing
ratios and aerosol mass concentrations (bjig. 6.1 Rate constant uncertainties

Modelled formamide mixing ratios were found to agree
very well with those measured by FT-IR, while overestimat- It was assumed that the wall loss rate of MEA was the same
ing those measured by PTR-TOF-MS. By repeating the simdin the sunlit experiment as in the dark period before open-
ulation with the original value of; and comparing the mod- ing the canopy. During the experiment, the chamber walls
elled time series, it was found that steady state concentrationare heated by the sun which could cause desorption of MEA
of 2-nitroamino ethanol and formamide in the experiment in-from the Teflon surface, leading to smaller wall loss rates.
creased by 39 % and 36 %, respectively, when applying theéOn the contrary, heating of the chamber floor by the sun may
higherk; value. cause convective movement of air inside the chamber which
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Table 7. Measured and modelled mixing ratios (pptv) of 2-nitroamino ethanol in experiment E3 as averages for certain sampling periods
before and during the sunlit experiment. Modelled concentrations are shown using the rate é¢g@itbnMEA) value 1) estimated by
EPI SuiteTM v4.0 and 2) obtained in this work.

) Model average (pptv)
Sample Sampling PTR-TOF-MS HPLC-HRMS

no. period (UT) average (pptv) ThermosorbN k1 k1
(pptv) (EPI Suite)  (This work)
E3-12 10:36-11:42 0.6 8 0 0
E3-2 11:55-12:56 21 193 1045 1240
E3-3 13:22-14:11 44 210 2018 2692
E3-4 14:24-15:19 55 217 2122 2953

@ Taken before start of the sunlit experiment.

would cause a more rapid loss of MEA to the Teflon walls. software CAChe system (2000-2005 Fuijtsu Limited) us-
As noted before, the curvature of the relative rate data ining semi empirical guantum mechanics (MOPAC PM3), and
dicates a loss rate that increases over time during the suriMe (mean atomic electronegativity of Sanderson) computed
lit experiment. It can be speculated that the temperature oby DRAGON software version 6Tpdeschini et a}.2017),

the floor increased during the sunlit experiment (despite thea value of 1.48 10~ 3 cm® molecule* s~ was calculated
floor cooling) and consequently accelerated the convectivdor this rate constant (Heimstad, E. S., personal communica-
movement. However, we note that mixing of the chambertion, 2011) The rate constant value is in good agreement with
air by the powerful fan system (673min—1 air throughput  the SAR estimate of 1.35 1013 cm® molecule*s~1 pro-
running throughout the experiment) will introduce a much vided by Carter(2008. Based on model calculations using
stronger movement of air than the thermally induced con-the rate constant value estimated here, thg NBIEA reac-
vection does. Mixing by the fans is expected to result in ation is predicted to contribute at the most 4% to the overall
constant loss of MEA to the Teflon walls. decay of MEA.

We assume that there was a high short-term variability The error of the model-derived particle loss rdt@yticles
after the opening of the chamber canopy which introduceds estimated to bet15% due to the instrumental error of
large errors to the first measured data points of the sunlit exAMS and the error of the nitrate signal. The loss of MEA to
periment. To estimate the influence of wall loss changes omparticles has been found to be a minor contributied ¢56)
our result, the LSQ fit was repeated wittb0 % higher and  to the overall loss of MEA during the kinetic experiments.
lower wall loss rates. As a resul{fOH+MEA) varied by The only other temperature-dependent rate data for the re-
+24%. In a second test the wall loss rate was increased linaction of OH radicals with TMB is published b@eiger et
early over time until it reached a 50 % higher value at theal. (2009. For the temperature range of 278-320K their
end of the selected time period of 13005s. This resulted in &xpression iser = 6.3 x 10 2exp(670/T) (Geiger et al.
decrease of the slogeby 22 %. It is emphasized that the 2002 Aschmann et a].2006. Rate constants calculated us-
experimentally derivedyq before and after the sunlit ex- ing this expression are uniformly higher by 11-15 % over the
periments never showed larger variations than given by théemperature range 278-320 K than those calculated using the
standard deviation (ca:35 %, see Tabl§). expression byAschmann et al(2006. In our data analysis,

Presence of the nitrate radical (NQduring the experi-  the use of the expression Beiger et al(2002 would imply
ments may have introduced an unmeasured interference dughigher rate constant for the reaction of OH with MEA, by
to the competing reaction of Nadicals with MEA. Exper- 14 % and 15 % in experiment E1 and E2, respectively.
iments were performed under full sunlight and Nander- Using the LSQ model with the MEA mixing ratio mea-
goes rapid photolysis under such conditions. ModelleggNO sured by FT-IR (time-synchronized on the PTR-MS grid) in-
concentrations were highest at the start of the experimentstead of the HT-PTR-MS data resulted in a 9% and 30 %
with a maximum value of & 107 radicals cnt3, while mod-  lower rate constant estimate in E1 and E2, respectively. How-
elled OH concentrations were5 x 10° radicals cn13. The ever, the MEA time series from FT-IR are less accurate be-
rate constant of the reaction N® MEA is not known from  cause of the possible presence of unknown compounds that
experiments and EPI Suite currently offers no possibility absorb in the same spectral region as MEA. Figdaeand b
to estimate rate constants of WQ@eactions. Using the show that there were no systematic discrepancies for the
new quantitative structure-property relationship (QSPR) forMEA measurement by both instruments, but the time se-
NO3 degradation of VOC given byapa and Gramatica ries show different slopes, in particular when mixing ratios
(2008, the molecular descriptors HOMO (highest occupied are small.
molecular orbital) computed with the molecular modelling
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Fig. 5. Concentration time series of experiment E3 on 27 July
2010:(a) measured gas phase concentrations of MEA (FT-IR), for-
) ) . i . mamide (FT-IR and PTR-TOF-MS)), 2-nitroamino ethanol (PTR-
Fig. 4. Results of the fit forx” (horizontal axis) and” (vertical  ToF_Ms), and modelled concentrations of formamide (FORM) and
axis) according to Eq. (11) f¢a) experiment E1 anb) experiment 5 _pitroamino ethanol (RN202) using th€OH + MEA) value from

E2. The experiment period used in the relative rate determinatiorzp) gyjite v4.0 (red lines, “k10") and the value derived in this work

was 1300s as indicated by horizontgl yellpw bars in Fig. 3 The(black lines, “k1n"),(b) measured and modelled mass concentra-
resultfrom the least-squares fit (LSQ) is indicated by the straight red;o s of nitrate (NQ), high-molecular weight organics m/z 65

I|r12e. Fit parameters for E1 are= _0’04i0‘01'b:1’86i0'208' (ORG), and total (TOT) particles. Measured total particle mass
x“=1328andfor E2 are = —0.03+0.02,b = 1.65+0.07, x“ = data from AMS (blue squares) and TEOM (magenta squares) are in
6.57. The grey dashed line represent/s the 1/:1 line. The error bargyreement. For better visibility, modelled nitramine concentrations
indicate 1o statistical errors of bottk” and Y" and these errors \yqare scaled by a factor of 5 and measured nitramine concentrations

include measurement errors of TMB (far') and MEA (forY') \yere scaled by a factor of 100. Vertical dashed lines indicate begin-
mixing ratios and estimated errors of loss rateand Dsp; . ning and end of the sunlit experiment.

i rate which translates into-824 % error, and is estimated to
Systematic errors of the measurements of MEA and ofp o4 5704

TMB mixing ratios are cancelled out in our data analysis,

since both compounds were measured by the HT-PTR-MSg 2  Particle formation

The good agreement between TMB mixing ratios measured

by HT-PTR-MS and GC-PID confirms the high accuracy of Amines have high particle formation potential and nucle-
the TMB measurement. The overall (systematic) error ofation of particles followed by fast growth has been observed
the rate constants determined in this work is composed ofn sunlit chamber experiments with MEAVIirphy et al,

the error of the reference rate constands, given by+12 % 2007 Carter 2008 Karl et al, 2010. Presence of the
(Aschmann et a).2006 and the error of the MEA wall loss ionic form of dimethylamine, i.e. dimethyl aminium cation,
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a) ey . ‘ ‘ ‘ - iments occurs through homogenous heteromolecular nucle-
' 100000 ation between HN@and MEA vapour molecules. Since ini-

tial HNO3 mixing ratios were very low in the experiments

the main source of HN®was the reaction of photochemi-

10000 cally produced OH with N@.

3000 This is consistent with the observed delayed start of the

nucleation burst by a few minutes after opening of the cham-

ber canopy (Figba). Both measured and modelled num-

300 ber size distributiondN /dlog Dp) show two separate bursts

in experiment E3; the first burst after exposing the chamber

30000

1000

diameter (nm)
o

100 to light was formed by nucleation mode particles that had
been generated in the dark chamber and grew by condensa-
10 tion of vapours, while the second burst (the nucleation burst)

19000 4200 1300 1400 1500  16.00GN/dlogDp was form'ed by growing particles that nucleated shortly aftgr—
Time (hours) [cm™] wards (Fig.6a and b). The diameter of the growth curve (di-

ameter of the/ N /dlog Dp peak) at the end of the experiment

was 322 nm in the size distribution measured by SMPS and

242 nm in the size distribution obtained from the MAFOR

30000 simulation.

The observed nucleation of MEA and HN©ould be rel-

100000

10000 evant for the atmosphere since the high numbers of particles
3000 which were produced in our experiments remained even af-
1000 ter MEA had been largely depleted. Dissociation coefficients
for aminium nitrate salts are typically one order of magnitude
300 smaller than that of ammonium nitrate at the same tempera-
100 ture, with the exception of trimethylamin&¢ et al, 2011H.
A recent flow tube study blyloyd et al.(2009 demonstrated
that trimethylamine can be taken up by ammonium nitrate
, 10 particles, leading to an exchange of trimethylamine forsNH
00 1200 1300 1400 1500  16:00dN/diogDp in the particles.
Time (hours) [em™] The theoreticak , value of ethanolaminium nitrate which

was used in this work is uncertain and it was not possible to
Fig. 6. Sequential number size distributiod X /dlogDp in determine the tru& , value.Salo et al(2011) used a volatil-
# cm~3) during experiment E8a) recorded by the SMP$b) ob- ity tandem differential mobility analyzer (VTDMA) to deter-
tained from a simulation with MAFQR. Diameter range shgwn iS mine the volatility properties of alkyl aminium and ethanol
from 10nm to 1000 nm. The lower size cut-off of the SMPS instru- 5 miniym nitrate particles. For the ethanol aminium nitrate
;nnedné‘r"]'gz?tthleg'sizm'e\)ieret'r?r?qlet;:?Ck dashed lines indicate beg'nr"ngparticles the derived vapour pressure was>819° Pa (at

P ' 298K) with an uncertainty range of (5.9-12:010"° Pa.

Based on the measured vapour pressurgddg et al(2011)

the valuek , =7.37x 1071°P& at 293.15K for the MEA
in nucleation mode particles in boreal and marine environ-nitrate is estimated using the simple relationst&p (in
ments led to the speculation that amines are strongly inunits P&) = (p°/2)? (Mozurkewich 1993. The experimen-
volved in post-nucleation growttM@akeh et al, 2001, Fac-  tal value is two orders of magnitude higher than the value
chini et al, 2008. Amines may also directly participate estimated based on thermodynamic data for vapour-solution
in the first steps of nucleation, e.g. by formation of dimer equilibria byGe et al(2011H. We therefore suggest that the
clusters with sulphuric acid. Short-chained aliphatic aminesk, of ethanolaminium nitrate should be studied in cham-
like dimethylamine and trimethylamine seem to be more im-ber experiments with MEA and NdHas competing reactants
portant than ammonia (N in enhancing sulphuric acid- for HNOs.
water nucleation in the atmosphere, even though their at- The mass-based fraction of the nitrate salt in the cham-
mospheric concentrations are usually 2—-3 orders lower thatver aerosol according to the AMS measurements was 23 %,
that of NHs (Kurtén et al, 2008 Bzdek et al. 2010 Erupe 24 %, and 30 %, respectively, at the end of experiments E1,
et al, 2017). Murphy et al. (2007 observed nucleation E2, and E3. The corresponding mass-based fractions of
within minutes after injection of amines in a chamber con- the nitrate salt predicted by MAFOR were 14 %, 20 %,
taining gaseous HN$ In this work we have assumed that and 46% in E1, E2, and E3, respectively. Given that
new particle formation observed in MEA oxidation exper- ethanolaminium nitrate contributed 80% to the measured
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nitrate salt concentrations, the agreement is good in E1 and2-h daytime OH concentrations of 1x5L0° radicals cnm®
E2. In the case of E3 it is noted that the agreement beand the reported rate constant for the reaction with OH
tween modelled and measured nitrate salt concentration isadicals Tuazon et al. 1984, updated with the rec-
very good in the first two hours of the experiment (F3b). ommended value for the reference rate of ;O&H;
The deviation of the modelled concentration at later experi-(k(OH + CHsOCHg) =2.8x 10 2cmP molecule 1s™1  at
ment time can be explained by the uncertaintiek gland of 298 K; IUPAC, 2009, the atmospheric lifetime of dimethyl-
the HNGQ; production rate in the model. nitramine is estimated to be 2.4 days. Using the estimated
The mass-based fraction of organics, attributed to SOArate constant of OH radicals with 2-nitroamino ethanol
measured by AMS was 68-76% in experiments E1, E20btained by EPI Suite version 4.0, indicates a shorter
and E3. The high contribution of secondary (non-salt) or-lifetime for this nitramine, i.e-~0.5days. To evaluate the
ganics to the aerosol formed in the OH-initiated oxidation health risk of nitramines which form in the atmospheric
of MEA has not been reported before and is likely a re- degradation of amines, further studies on their toxicity and
sult of favourable conditions in the experiments such as suffeactivity towards OH radicals are recommended.
ficiently high OH-levels. The non-salt organic fraction of = The environmental impact of MEA emissions from a£O
the aerosol partly consists of relatively high-molecular or- capture facility due to formation and dispersion of haz-
ganics &m/z65), mainly G and G compounds, however ardous oxidation products, photochemical ozone and particu-
individual compounds could not be identified. late matter can only be realistically assessed by application of
The SOA formation in the presented experiments coulda state-of-the-art 3-D atmospheric chemistry transport model
be adequately described with a one-product approach. Thi§CTM) which includes details of the MEA chemistry. Com-
work uses succinic acid, a dicarboxylic acid, to repre- pressed chemistry mechanisms for several amines have been
sent SOA compounds from MEA oxidation. The vapor added to the SAPRC-07 mechanis@a(ter 2010. How-
pressure of succinic acid and its temperature dependencever, these compressed mechanisms could not be evaluated in
adopted fromBilde et al. (2003 was used for MEApl. chamber experiments because of the difficulties with respect
The vapor pressure of succinic acid at 293.15K is calcu-to amine quantification. The gas-phase mechanism for the
lated to be 1.64 10~°Pa using the data bRilde et al. ~ OH-initiated oxidation of MEA presented in this work can
(2003. The dissociation constant of MEA nitrate par- be readily implemented in large scale models by using the
ticles used in this work is 1.44 10712P& at 293.15K, kinetic pre-processor as for example in the WRF/Chem com-
adopted fronGe et al (20118, which translates into a vapor munity model Grell et al, 2005 http://ruc.noaa.gov/wrf/
pressure of 2.3% 10 Pa using the relationship mentioned WG11). When a CTM with a dedicated chemistry solver
above. Thus in the one-product model approach, the SOAs used, it will be necessary to simplify the presented set of

compound has a higher volatility than MEA nitrate. reactions. This should be done carefully in order to preserve
important features of the MEA chemistry such as the,NO
6.3 Impact on health and environment dependence of the nitramine formation.

Formamide, one of the major gaseous oxidation products
from MEA (Nielsen et al.2017), will be oxidized to form 7 Conclusions
isocyanic acid (H-N=C=0) in the atmosphereBarnes et
al, 2010. Isocyanic acid reacts only slowly with OH and With the help of advanced instrumentation (HT-PTR-MS and
other atmospheric oxidant®\poldridge et al. 199 and, = AMS) it was possible to determine the reaction rate constant
due to its high solubility, will be taken up in water droplets k(OH+ MEA) relative to the rate constant of the OH + 1,3,5-
and finally be removed from the atmosphere by wet depositrimethylbenzene reaction in EUPHORE. The chamber
tion. In the aqueous phase, isocyanic acid may undergo hyaerosol model MAFOR was applied to quantify losses of
drolysis to form ammonia and carbon dioxide. Toxic infor- MEA to the particle phase. The rate consta(®H+ MEA)
mation on isocyanic acid is sparse. Although there is no di-was found to be (9.2 1.1)x 10~ cm® moleculets™* (at
rect evidence that isocyanic acid can cause respiratory sens?98 K) as an average of two similar experiments. The
tisation, it is a biologically reactive compound and can causereaction between OH radicals and MEA is a factor of 2—3
damage to biological systemSHah et a].2008. Exposure faster than estimated by SAR methods.
to elevated levelsx1 ppbv) of isocyanic acid and its disso-  Due to the large instrumental effort connected with exper-
ciated form, the cyanate ion (NCQ, have been related to imentsin EUPHORE, only two experiments were carried out
atherosclerosis, cataracts, rheumatoid arthritis, and asthm@a determine the rate constant. The reproducibility of photo-
(Baur et al, 1994 Piirila et al, 200Q Sennbro et a]2004). oxidation experiments in EUPHORE has been demonstrated
Nitramines may have carcinogenic effects and, in con-earlier (e.g.Bloss et al. 20053. The good agreement of
trary to nitrosamines, are photochemically stable in thethe rate constant values obtained in the two experiments of
atmosphere Grosjean 1991 and can have atmospheric this study further underlines this. Wall loss of MEA was
lifetimes of more than 2 days. Using atmospheric averageound to be the main uncertainty in the rate determination
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experiments. We estimated the maximum (systematic) error
of the resulting rate constant due to uncertain wall effects to, / _uea )~ ¢ P P
be- 24 %. A further complication was the possible presenceIn ( <MEA()> ) = kltfo [OH] " + Jo ki (")l
of NOjz radicals which may react relatively fast with MEA. + Jo (kwan (") + kparticted ")) dr’ (A1)
However, model calculations showed that the INOVEA
reaction accounted for 4 % of the total loss rate of MEA atthe, [ < TMB(0) > ! ! Nt
. IRl [ H i A2
most. The possible error of the rate constai@H-+ MEA) << TMB (1) > kref/o [OH] +/0 kail ()0 (A2)
due to NQ reaction was estimated to be smaller than 2 %. < SF(0) > ' o
Interestingly, the higher OH-reaction rate constant value In (W) = / kit (¢)dt (A3)
found for MEA is close to rate constant values estimated by _ 0 . )
EPI Suite v4.0 for other ethanolamines. The estimated rat€©r the analyzed time period of the experiment, tempera-

constants for the OH-reactions of diethanolamine (DEA) andtUré was almost constant and it is thus assumed that the OH
triethanolamine (TEA) are 9.8 10~ cn® moleculet s2 rate constants; andkyes do not vary over time. Introducing
and 11.1x 10~ cmd moleculels~! (at 298K), respec- short-cuts for the logarithmic relative concentrations,

tively. Two computational studies published in a report by <MEA(0) >

Angove et al(2010 demonstrate that hydrogen abstraction Yvea () =In <m) (Ad4)
from the hydroxyl groupOH) of MEA is a major pathway

of its OH-initiated oxidation. This may serve as a mecha- <TMB(0) >

nistic explanation for the higher rate constant value obtained Xtmg (f) =In <m) (A5)

in the experiments compared to the SAR methods where H-
abstraction at-OH is only a minor contribution to the overall
rate constant value. D _inf =Sk0 >
. L Sk (1) =1In (AB)
The higher rate constant value has implications for pre- < Sks(t) >
dicted atmo;pheric. concentrations of 2-nitroamino gthqno%nd an integrated loss rate,
and formamide which are produced in the photo-oxidation .
of MEA. Predicted steady-state concentrations of 2- ;. :/ Kovat (2 - Koarticted ) ) dt” A7
nitroamino ethanol and formamide increased by 39 % and ® 0 ( wall(") + Kparticled )) (A7)
36 %, respectively, when applying the experimentally de-resyits in a modified relative rate equation:
rived k(OH+MEA) value. However, comparison of mod- k
elled and measured concentrations of 2-nitroamino ethano¥yga (t) — Dsg, (1) — L(1) = k—l(XTMB(t)—DSFe(t)) (A8)
indicates that the model currently overestimates the produc- . ef _ _
tion yield of the nitramine by at least a factor of 5. This expression can be further simplified by introducing new
Further experiments in reactor systems, for example f|o\,\,vari.ables which can be calculated based on measured time
tube or flash photolysis systems, where adsorption of MEASETes:
to surfaces is prevented, are needed to improve the accuracy =Y,
. o = YMEA (1) — Dsgs (1) — L (1) (A9)
of k(OH+MEA). Alternatively, a better characterization of MEA Fo
the MEA wall loss in EUPHORE would reduce the uncer-
tainty of the rate constant. The observation of high aerosol X! N=X ) — Der (1 A10
formation potential in the photo-oxidation of MEA should v (1) . ™™ (1) ?Fﬁ( ) _ (A10)
encourage further experiments to better quantify the factordy replacing the terms in Eq. (A8) witlifyz, and Xy
affecting nucleation of new particles and their growth. as given in Eq. (M) and Eq. (AL0), a standard relative rate
equation is derived.
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Appendix A

Relative rate equation

Integration of the balances equations in B fom ¢ =0 to
t' =t gives the following set of equations:

Edited by: J. B. Burkholder
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