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Abstract

The atmospheric chemistry of (CHz)sCNH:2 (tert-butylamine, tBA) and (CH3)2(CH20H)CNH: (2-amino-2-methyl-1-propanol,
AMP) has been studied by quantum chemistry methods and in photo-oxidation experiments in the EUPHORE chamber in
Valencia (Spain). Aerosol formation and composition has been quantified. Yields of nitramines and other products in the photo-
oxidations have been determined and complete photo-oxidation schemes including branching between the major reaction routes
have been obtained.
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1. Introduction

Implementation of amine-based Carbon Capture technology results in small, but yet significant emission of amines
to the environment. The concern is that the amines emitted subsequently will undergo photo-oxidation resulting in
formation of potentially carcinogenic nitrosamines and nitramines. The Norwegian Institute for Public Health (NIPH)
has recommend upper limits ensuring minimal or negligible risk of cancer for the public from exposure to these
substances. NIPH concludes that the total amount of nitrosamines and nitramines should not exceed 0.3 ng/m? in air
and 4 ng/L in drinking water.! To realize such low ambient concentrations requires intimate knowledge of the
atmospheric chemistry and strict limits on the allowed amine emissions.

AMP (2-Amino-2-methyl-1-propanol) and tert-butylamine, tBA, differ from other amines studied in the ADA
projects®* in lacking hydrogen atoms attached to the carbon atom in alpha-position — the primary amino group is
attached to a tertiary carbon atom. There is no reliable quantitative information in the open literature on products
formed in the photo-oxidation of AMP and similar amines. Carter reported results from photo-oxidation studies of
AMP and reported ~80% H-abstraction from the amino group;® a “lumped photo-oxidation mechanism” was also
presented. This model was later used by CSIRO in their atmospheric dispersion calculations.® Azzi et al.® also reported
results from mixed AMP + NOy + VOC photo-oxidation experiments from which no information concerning the
branching ratio N-H : C-H in the initial abstraction step can be extracted. There is no mechanistic information on tBA
photo-oxidation available in the literature.

2. Experimental

The photo-oxidation experiments were part of a campaign carried out in the period June 1 — June 26, 2015, in
chamber B at the European Photoreactor Facility (EUPHORE) in Valencia, Spain (longitude -0.5, latitude 39.5). The
EUPHORE facility includes two ~200 m® hemispherical outdoor chambers constructed from Teflon film for
photochemical studies, offering a range of analytical instrumentation for in situ and on-line detection of chemical
components and particles in the chamber, and monitors for actinic flux.”

A commercial PTR-TOF 8000 instrument (lonicon Analytik GmbH, Innsbruck, Austria) was used for on-line
organic trace gas measurements.® The instrument was operated at 100 Td (1 Td = 10" V cm?molecule) ina 10 s
integration mode; the drift tube was kept at a temperature of 100 °C and a pressure of 2.4 mbar. The analyzer was
interfaced to the EUPHORE chamber via a 200 cm long Siltek®/Sulfinert®-treated stainless steel (inner diameter 2.16
mm) sampling tube kept at 80 °C. The inlet flow was set to 50 sccm. The PTR-TOF 8000 instrument was calibrated
for toluene using a dynamically diluted VOC standard (Apel-Riemer Environmental Inc., Boulder, CO, USA)
containing approximately 1 ppmV of toluene with an accuracy of + 5%. The instrument was also calibrated for amines
using a commercial liquid calibration unit (LCU, lonicon Analytik GmbH, Innsbruck, Austria) for evaporation of a
gravimetrically prepared aqueous standard in nitrogen. Instrumental response factors for potential photo-oxidation
products of tBA and AMP were theoretically derived using ion-molecule collision rates of HzO* ions with the
respective analyte molecules.® An empirical instrumental correction factor was applied to account for mass
discrimination effects in the ion detection and kinetic energy effects in the collision rate calculations.

Chemical analysis of semi-volatile submicron particles was obtained with a PTR-TOF 8000 instrument interfaced
to a CHARON inlet.’® The CHARON inlet strips off gas-phase analytes, enriches the particle concentration in the
PTR-ToF-MS subsampling flow and vaporizes the particles prior to analysis by PTR-ToF-MS. The vaporization
temperature used in this study was 140 °C. The CHARON inlet was interfaced to the EUPHORE chamber using
Siltek®/Sulfinert®-treated stainless steel tubing (total length: 415 cm, 40 cm extending into the chamber, ID: 4.57
mm). The inlet included a thermodenuder section immediately upstream of the gas-phase denuder of the CHARON
set-up. The PTR-ToF-MS drift tube was kept at a temperature of 130 °C and a pressure of 2.40 mbar (100 Td). The
entire set-up was calibrated using size-selected ammonium nitrate particles. Reference spectra were obtained for the
tBA and AMP nitrate salts.

The time-of-flight Aerodyne Aerosol Mass Spectrometer (AMS) allows real-time and in situ analysis of fine and
ultrafine particles. The instrument investigates size distribution and chemical composition of particles between 0.03
to 1.0 um on a 1 min basis. The methodology used within c-TOF AMS is fully described in Drewnick et al.* The
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particles are sampled through a critical orifice (diameter 100um) at 80 cm® min! and focused by an aerodynamic lens
which blocks all particles larger than 1 um in diameter. Then they enter a vacuum chamber where a mechanical
chopper allows a packet of particles (beam chopped) to be accelerated according to their vacuum aerodynamic
diameter (Dva) and thereby giving size distribution data. The particles are then sent to the vaporization-ionization
chamber where the non-refractory (NR) components of the particles are flash-vaporized on a hot surface (~600 °C)
and ionized by electron impact (35 eV). Resultant positively charged ions are guided into the time-of-flight mass
spectrometer. The collected mass spectra (m/z from 4 to > 300 in a minute scale) give information on the chemical
composition (nitrate, sulphate, chloride, potassium, ammonium, aliphatic organic, PAHSs) using a “fragmentation
table”.

Thermosorb/N air sampling cartridges (Ellutia, Cambridge) were used for the quantitative analysis of nitramines.
The cartridge contains a solid adsorbent to collect the nitrosamines and nitramines, and an amine trap and nitrosation
inhibitor to prevent artificial analyte formation. The Thermosorb/N cartridges were connected to the chamber using a
50 cm length of %" Sulfinert coated tubing, with an in-line particulate filter (2 um) installed before the cartridge.
Sampling was performed at 1 L min? for 60 minutes at various time intervals throughout each experiment. The
cartridges were eluted using 3 mL of DCM/methanol (3:1, v/v) for the analysis of nitramines. The elution efficiency
was estimated by vapor spiking the cartridges with the target compound; recovery of the tBA-nitramine was 54%
whereas only 5% of the AMP-nitramine was recovered. The solvent extracts were evaporated under a gentle stream
of nitrogen, redissolved in 1 mL ethyl acetate, and analysed by two-dimensional gas chromatography nitrogen
chemiluminescence detection (GCxGC-NCD). A series of blank Thermosorb/N cartridges were analysed and the
target compound was not found in any of these samples.

At the end of each experiment the chamber was closed and the aerosol formed was collected onto 47 mm diameter
quartz microfiber filters at a flow rate of 48 L min for 60 min. The filters were stored at -18 °C until further analysis.
Three quarters of each filter was analyzed using two-dimensional gas chromatography nitrogen chemiluminescence
detection (GCxGC-NCD). The filters were extracted into ethyl acetate using pressurized liquid extraction, and
concentrated to a final volume of 1 mL prior to injection into the GC. The remaining quarter of the filter was analyzed
for nitrate salts of tBA and AMP using ion chromatography. The filter was dissolved in deionized water (2 mL) and
sonicated at RT for 30 min. The liquid extract was filtered (0.22 um) prior to analysis.

Chemical synthesis procedures for the nitramines and other reference compounds will be reported elsewhere.

3. Theoretical methods
3.1. Quantum calculations

Stationary points on the potential energy surface for the reactions of OH with tBA and AMP were characterized in
MO06-2X*? calculations employing the aug-cc-pVTZ'** basis set. Pre and post reaction complexes were located by
following the reaction path (IRC) from the saddle points. The energies of the stationary points were then improved
with explicitly correlated coupled cluster singles and doubles calculations with perturbative triples scaled as
recommended in the Molpro manual, denoted CCSD(T*)-F12a.15-16 Reaction enthalpies were calculated using the G4
model chemistry.?” Additional dipole moments and isotropic polarizabilities serving as input to prediction of ion-
molecule reaction rate coefficients'® were obtained in B3LYP calculations. The coupled cluster calculations were
performed in Molpro 2012.1'%2° whereas the DFT and G4 calculations were performed in Gaussian 09.2

3.2. Kinetics calculations

Master equation calculations were carried out using the program MESMER 3.0% (Master Equation Solver for
Multi-Energy-well Reactions) to simulate the kinetics of the OH radical reactions with tBA and AMP as well as to
estimate the branching’s in the subsequent degradation steps. The required input parameters for the stationary points
were obtained from the electronic structure calculations, whereas the energy transfer in collisions with N2, <AEgown>,
was set to 250 cm'.
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4. Results

Six tBA and six AMP photo-oxidation experiments were carried out in the EUPHORE reactor in Valencia in June
2015. Full reports of the results obtained are in progress and will be offered elsewhere. In the present communication
we only give selected examples from our studies.

4.1. Tert-Butylamine

The atmospheric photo-oxidation of tBA is dominated by reaction with the OH radical that abstracts a hydrogen
atom from either one of the —CHs groups or from the —NH, group. The reaction is characterized by pre- and post-
reaction Van der Waals adducts and submerged barriers. Fig. 1 illustrates the stationary points on the potential energy
surface of the initial steps in the OH radical reaction with tBA and the atmospheric photo-oxidation mechanism
following H-abstraction from one of the —CHs groups. The theoretical study shows that the nitrosamine and nitramine
of tBA will be formed in the atmospheric photo-oxidation of tBA, but that the nitrosamine spontaneously re-arranges
and (CH3)sCNHNO — (CH3)sCN=NOH — (CH3),C=CH, + N> + H,0.
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Fig. 1. (Left) Potential energy surface of the initial steps in the OH radical reaction with tBA. Results from CCSD(T*)-F12a/aug-cc-pVTZ//
MO06-2X/aug-cc-pVTZ. (Right) Mechanism the atmospheric photo-oxidation following H-abstraction from one of the CH;-groups. The chemical
compounds in boldface typeset have been detected in the experiments.

The air was sampled on Thermosorb/N cartridges at regular intervals during the photo-oxidation experiments. Fig.
2 illustrates the pleasing agreement between the off-line results and the on-line PTR-ToF-MS results.
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Fig. 2. Comparison of off-line and on-line results during a tBA photo-oxidation experiment (on June 2, 2015). Chamber opened at 09:42 and
closed at 11:48.

Aerosol formation was observed in all photo-oxidation experiments. A major part of the particles is found to be
the amine-nitric acid salt, but other organic components were unambiguously identified by the CHARON system. Fig.
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3 shows an example of the aerosol growth and the chemical constituents found in the particles by evaporation at 140
°C.
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Fig. 3. tBA photo-oxidation experiment (on June 2, 2015). Chamber opened at 09:42 and closed at 11:48. (Top) Particle number and size
distribution during the experiment. (Bottom) CHARON primary ion signals from the aerosol. lon signals m/z 18.034 (NH,"), m/z 45.993
(H2NO3*"), m/z 57.084 (C4Hy" fragment from protonated tBA) , m/z 58.066 (C3HgN*, protonated (CH3),C=NH ), m/z 74.096 (C,H:,N*, protonated
tBA) and m/z 119.082 (C4H1;N,O,", protonated tBA-nitramine).

4.2. AMP

The atmospheric photo-oxidation of AMP is dominated by reaction with the OH radical that abstracts a hydrogen
atom from either one of the —CHj; groups, from the —CH,OH group or from the —NH; group. The reaction is
characterized by pre- and post-reaction Van der Waals adducts and submerged barriers for the H-abstraction reactions
involving —-NH; and CH; in —CH,OH; there is a small barrier to abstraction from the CHsz-groups and a medium high
barrier to abstraction from OH in —CH,OH. H-abstraction from the CHs-groups and the OH-group will therefore only
be of minor importance at atmospheric conditions.

AMP will also form both the corresponding nitrosamine and the nitramine during atmospheric photo-oxidation;
but, again, the nitrosamine spontaneously re-arranges: (CHs)2(CH,OH)CNHNO — (CHg3)2(CH,OH)CN=NOH —
CH,=C(CH3)CH,0OH + N + H;0. Focusing on the nitramine formation, an average number for the nitramine yield
was found to be (0.4 + 0.2) % of reacted AMP per ppbV NO; present in the air. Fig. 4 illustrates the AMP loss and
the AMP-nitramine formation during a photo-oxidation experiment (the NO, mixing ratio increased from around 10
to 30 ppbV during the experiment due to the addition of the OH pre-cursor isopropylnitrite).
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Fig. 4. Time profile of AMP during the AMP photo-oxidation experiment on 2015.06.12 from which a nitramine yield of (0.4 + 0.2) % of reacted
AMP per ppbV NO, present was extracted. Results from PTR-ToF-MS.

The composition of the aerosol formed during the experiments was not only analysed by AMS and CHARON, but
also by GCxGC-NCD and ion chromatography. The ion chromatography results for the AMP aerosol show that the
major constituent is the AMP nitrate; the GCxGC-NCD chromatogram, Fig. 5, shows the presence of the AMP
nitramine as well as other nitrogen containing compounds in the aerosol.

AMP-nitramine

Fig. 5. GCxGC-NCD chromatogram to show AMP-NO, and other organic nitrogen compounds in the collected aerosol
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