Amine fate and particle formation
downwind of post-combustion carbon
capture

James Brean - Roy M. Harrison

School of Geography, Earth and Environmental Sciences, University of Birmingham

=9 UNIVERSITYOr
=5 BIRMINGHAM




What are atmospheric aerosol particles?

® Suspended solid and liquid matter in air
® Spanning five orders of magnitude in diameter

® Number concentrations from ~10? to ~10° cm™3
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Background - aerosol particles



Why we care: particulate matter is a leading cause of premature

death
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Ambient PM, . (ug m?)

B Nosafe threshold. The response curves rise from

the lowest concentrations measured, with no
obvious floor.

The steepest gradient is at low concentrations.
Which is exactly where the UK sits, so small
changes matter more here than the curve's shape
at 100 pg m~3 suggests.

All of this is measured against mass. PM2.5 is the
exposure metric behind essentially every
epidemiological study and every air quality limit.

Apte et al., Environ. Sci. Technol., 2015, 49, 8057



But mass and number are not the same measurement
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Amine slip: three fates for the same amine

amine slip

@ Reacts with OH and NO

. +OH, NO The aminyl radical can terminate as a
nitrosamine or a nitramine. Several are
genotoxic carcinogens, and this is the fate

@ :=mine molecule (MEA, PIP, DMA) UK permitting is built around.

and the aerosol phase?

NDMA Environmental Assessment Level: 2 x 10~* ug m=3,

Olenius & Roldin, Sci. Rep., 2022, 10135

Amine slip - competing fates
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Amine slip: three fates for the same amine |G and Py

Amines are likely to enhance neutral and ion-induced sulfuric
acid-water nucleation in the atmosphere more effectively than
ammonia

amine slip ‘
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Molecular understanding of sulphuric acid-amine particle
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Reaction with OH and NO is an established fate, and it is the one that
makes the carcinogens we regulate. Whether the two particle-phase

fates are competitive with it has never been quantified.




What the model does

Inputs Emissions Meteorology Background aerosol
amines, NHs, SO,, NOy idealised diurnal T, RH, photolysis size distribution and composition

48 hours of atmospheric chemistry in one parcel
Sunlight makes OH, OH makes sulfuric acid from SO,, and the amines are then free to take any of three routes. No dispersion: this is what happens in
the plume, not what happens at the fence line.
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Condensation Nucleation Oxidation
onto the aerosol that is already there, limited clustering with H,SO4 into new particles at ~1 reaction with OH, then NO or NO,, giving
by its acidity and water content nm, which then grow and coagulate nitrosamines and nitramines
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What was actually run

Summer, plume 50% full
Summer, no plume 20 °C 50% 1x full
Winter, plume 4°C 88% 2x 25% of summer J
Winter, no plume 4°C 88% 2x 25% of summer J

B The two summer rows are the pair | will compare later. The no-plume run is a control..

Common to all four: 48 h run, amines peaking near 10 ppt at 10:00 and then decaying, NHs around 1 ppb, SO, 2 ppb, NO, 5 ppb. No SO, is co-
emitted by the plant, so every molecule of sulfuric acid comes from the background.

Scenario setup



Amines drive strong new-particle-formation events

Summer vs winter — diurnal time series (one day)
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Figure 2 - diurnal time series for the four reference runs
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Summer, with the plume: the formation rate peaks near 100 cm™3 s™" at
solar noon and produces of order 3 x 10° particles cm™, comparable to
the strongest events seen in polluted cities.

Summer, without it: an event still occurs on the 0.5 ppt background of
amine, but roughly thirty times weaker in formation rate.

Winter, with the plume: a small burst appears where UK observations
show essentially no wintertime formation at all. Without the plume there
is nothing.

Panels, top to bottom: size distribution, number and J, amines, meteorology, H,SO4
and OH.



The background conditions are a major control on amine fate

OH oxidation

Temperature

Aerosol liquid water

Summer reference

A Winter refe

1000 ug m-3

Nucleation Cond. uptake

Shaded region: plausible UK plume conditions.

Figure 1 - one-at-a-time sensitivity of the three-way branching

Aerosol liquid water is the master variable. From 1 to 1000 pg m
the dominant fate swings from mostly oxidation to almost entirely
condensation, without anything about the amine changing.

Temperature pushes in the same direction. Cold aerosol holds more
water and takes up more base, and cluster evaporation is suppressed,
so nucleation turns on as well.

These are the quantities nobody has measured near a plant. Aerosol
acidity and water content downwind of a capture cluster are
essentially unconstrained, and that is the largest single uncertainty in
this work.



The plume barely moves the mass and transforms the number
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Figure - particle number and PM2.5 mass, summer plume against summer control



Where the amine ends up, and what that produces

B MEA and DMA condense readily, so

0.00071 ug m-3 comparatively little is left for OH to attack.
(nitramine)

OMA 0.0017 ug m-3
(nitramine) i Piperazine resists uptake, stays in the gas

phase, and carries a nitramine burden around

thirty times MEA's.
0.021 ug m-3

(nitramine)

Note these bars split the amine that is lost.
Most of the emitted amine is still sitting in the
gas phase, because condensation saturates at
roughly two bases per sulfate.

Modelled nitrosamines stay below the NDMA Environmental Assessment Level in every run. The

mass is overwhelmingly nitramine.

Figure 3 - partitioning of lost amine and the resulting nitramine burden, summer plume



Which base actually makes the particles?

1:1 acid : base
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Right: the cluster population for the DMA channel. Concentration falls away either side of the 1:1 acid—
base line, so the rate is stoichiometrically bounded by sulfuric acid and the channel produces bursts

rather than runaway formation.

Figure 4 - fractional contribution to the nucleation rate at peak J, summer plume

DMA and piperazine split the nucleation
almost evenly between them, at a few ppt
each.

Ammonia is present at 920 ppt, around 150
times more abundant, and contributes
essentially nothing. Its clusters evaporate
before they can grow.

A lower bound. DEA and MDEA cluster better
still and are standard solvents in the UK
clusters, but are not in the model yet.



Conclusions

Amines can make a lot of particles. Above 10° cm™ under
favourable summer conditions, past the WHO figure, and
enough to switch on a wintertime event that would not
otherwise happen.

Condensation is the larger particle-phase sink, but it saturates

at roughly two bases per sulfate, so most amine stays in the gas
phase and remains available to oxidise.

Nitrosamines stay below the assessment level here, and the

gas-phase chemistry agrees with the ADMS scheme it is built on.

But it is very sensitive to inputs

Branching is governed by aerosol water content, acidity and
sulfuric-acid supply, none of which is constrained near a real plant.

Which base wins depends on the solvent blend, and the strongly
nucleating alkanolamines are not yet represented.

lodic and methanesulfonic acid are plausible at a coastal cluster
and are excluded, so the formation rates here are a lower limit.
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