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Abstract

Aerosol particles can serve as cloud condensation nuclei (CCN) to form cloud droplets,
and its composition is a main factor governing whether an aerosol particle is an effective
CCN. Pure mineral dust particles are poor CCN; however, changes in chemical
composition of mineral dust aerosol particles, due to heterogeneous reactions with reactive
trace gases in the troposphere, can modify their CCN properties. In this study we
investigated the CCN activities of CaCOz (as a surrogate for mineral dust) and its six
atmospheric ageing products: Ca(NOz)2, CaClz, CaSOs4, Ca(CHsSO3z)2, Ca(HCOO)2, and

Ca(CH3COO0),. CaCO3 has a very low CCN activity with a hygroscopicity parameter (x)
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of 0.001-0.003. The CCN activities of its potential atmospheric ageing products are
significantly higher. For example, we determined that Ca(NOs)., CaCl, and Ca(HCOO):
have x values of ~0.50, similar to that of (NH4)2SOs. Ca(CH3COO)> has slightly lower
CCN activity with a « value of ~0.40, and the x value of CaSO; is around 0.02. We further
show that exposure of CaCOs particles to N2Os at 0% relative humidity (RH) significantly
enhances their CCN activity, with « values increasing to around 0.02-0.04. Within the
experimental uncertainties, it appears that the variation in exposure to N2Os from ~550 to
15000 ppbv-s does not change the CCN activities of aged CaCOz particles. This
observation indicates that the CaCOs surface may be already saturated at the shortest
exposure. We also discussed the atmospheric implications of our study, and suggested that
the rate of change in CCN activities of mineral dust particles in the troposphere is important

to determine their roles in cloud formation.
1 Introduction

Atmospheric aerosol particles impact the energy balance of the earth by scattering and
absorbing solar and terrestrial radiation (direct radiative effect) and by affecting cloud
microphysics, albedo, and lifetime (indirect radiative effect).! The indirect radiative effect
arises from the ability of aerosol particles to serve as cloud condensation nuclei (CCN) to
form liquid clouds and ice nuclei (IN) to form ice clouds.? The indirect radiative forcing of
aerosol particles has the largest uncertainty in current estimates of radiative forcing, and
this lack of knowledge is one of the bottlenecks for reliable and accurate projections of
climate change.! The interaction of aerosol particles with clouds further impacts
precipitation and the hydrological cycle.® The ability of an aerosol particle to be activated

and thus become a cloud droplet under certain supersaturation depends primarily on its size
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but also on its hygroscopicity.* ® A detailed knowledge of how CCN activity varies with
the compositions and mixing state of aerosol particles is therefore required to fully
understand their roles in liquid cloud formation.

On a mass basis, mineral dust is the most abundant type of aerosol particles in the
troposphere, with a flux of ~2000 Tg yr.° Dust particles are mainly emitted from arid and
semi-arid regions and have an average lifetime of 2-7 days.” They can be transported over
thousands of kilometres and therefore have global impacts. ® For example, mineral dust
aerosols can impact the climate directly by absorbing and scattering solar and terrestrial
radiation 1% and indirectly by serving as CCN.'2®® The deposition of dust particles during
transport is a major source of nutrients (e.g., Fe and P) for many open-oceanic regions,
significantly impacting oceanic biogeochemical cycles and their feedbacks on climate.®
Mineral dust particles undergo heterogeneous reactions with reactive trace gases during
transport.t” 18 These reactions can influence the concentrations of several important trace
gases in the troposphere,'® 2% and modify the chemical compositions of dust particles,?2
leading to changes of their hygroscopicity and CCN activities,?*2® ice nucleation ability,?’-
29 and solubility and bio-availability of nutrients.*°

Calcium carbonate (CaCQs), an important component in mineral dust particles,®" %2 has a
very low hygroscopicity.3 34 The tropospheric loading of CaCOs is estimated to be 1.3 Tg,
which is ~8% of the total loading of mineral dust particles.®® In this study we have
investigated the CCN activity of CaCOs and its aging products, because atmospheric
heterogeneous chemistry of CaCOs has been widely studied 8 but it is not very clear how
these heterogeneous reactions will change its CCN activity. It is suggested that the

formation of more soluble species, due to heterogeneous reactions with acidic trace gases
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during atmospheric transport, would enhance the CCN activity of mineral dust particles.®
37 This is supported by experimental work. For example, it is found that the CCN activity
of Ca(NOs), and CaCly is similar to that of (NH4),S04.% In this work we determine the
CCN activity of CaCOs3 and six of its atmospheric ageing products: (i) Ca(NOz)., formed
in the reactions of CaCO3 with HNO3,%4% N,Os,*! 42 and NO2;* 44 (ii) CaCl,, formed in
the reaction of CaCO3 with HCI;*> %8 (iii) CaSOs, formed in the heterogeneous oxidation
of SO, on CaCOj; surface by Oz*" *® and (iv-vi) Ca(CH3SO3),, Ca(HCOO),, and
Ca(CH3C00),, formed in the reactions of CaCO3 with methanesulfonic acid,** HCOOH,>
and CH3COOH.®® °1 Abundant organic compounds were found to be associated with
ambient mineral dust particles.>? The CCN activities of Ca(NOs),, CaClz, and CaSO4 have
only been reported by one previous study,®® and more independent investigation is
warranted. The CCN activities of Ca(CH3SO3),, Ca(HCOO),, and Ca(CH3COOQO), have not
been investigated so far, although the hygroscopicity of Ca(CH3SO3)2 under subsaturation
conditions has been studied.>

In addition, for the first time, we investigate the CCN activity change of CaCO3 aerosol
particles after exposure to N20s. N2Os is an important nocturnal reservoir of nitrogen
oxides in the troposphere.> * Due to its significance in the troposphere, kinetics and
mechanisms of the heterogeneous reaction of N2Os with mineral dust have been
extensively studied. It is widely recognised that this reaction leads to the formation of
nitrate on mineral dust particles,*? ° % in addition to efficient removal of reactive nitrogen
species from the gas phase.*! %1 However, it has not been explored yet whether (and how
fast) this reaction will change the CCN activity of mineral dust particles. We show in this

study that heterogeneous reaction with N2Os can enhance the CCN activity of mineral dust
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particles, although the measured increase is likely too small to significantly impact CaCOs

particle activation in the atmosphere.
2 Experimental section

2.1 Cloud condensation nucleation measurement

Aerosol particles, except CaCOz (the generation of which is described in Section 2.2), were
generated by atomizing aqueous solutions of the pure species of interest in water (with
concentrations of 10-20 mg per litre), using a commercial atomizer (TSI 3076). The aerosol
flow (3000 cm®min) exiting the atomizer was transported through two diffusion dryers
and then split. One flow passed through a filter, across a temperature and relative humidity
(RH) sensor, and then into the exhaust. The measured RH was always below 5%. The other
flow (800 cm®min) was delivered through a Kr-85 aerosol neutralizer and then a
differential mobility analyser (DMA, TSI 3081) to produce monodisperse aerosol particles.
The sheath flow of the DMA was set to 8 L/min.

After exiting the DMA, the aerosol flow was split using a brass Y-piece. A flow of 300
cm?®min was sampled into a condensation particle counter (CPC, TSI 3775) to measure the
total particle (i.e., condensation nuclei, CN) number concentration, and the other flow (500
cm®min) was sampled into a cloud condensation nuclei counter (CCNc) to measure the
cloud condensation nuclei (CCN) number concentration. The particle size range for this
CPC is stated by the manufacturer to be from 4 nm to >3000 nm. The design of the CCNc
(Droplet Measurement Technologies, model 100) is based on the instrument developed by
Roberts and Nenes.®? In brief, the CCNc creates a constant supersaturation to which aerosol
particles are exposed. Aerosol particles could then be activated to cloud droplets, the

concentration of which is detected by an optical particle counter. The supersaturation (SS)
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which this instrument can create could be adjusted between 0.07% and 2% with increments
of a stated resolution of 0.01%. Details of the instrument are provided elsewhere.®® In this
study a typical activation curve contains measurements at 12-15 different SS.

2.1.1 CCNc calibration

The CCNc was calibrated using the method described in detail elsewhere.®® In brief,
measured critical supersaturations (SSc) of monodisperse (NH4)2.SO4 particles with dry
particle mobility diameters (dm) of 40, 50, 60, 70 and 75 nm were compared with theoretical
SSc values at 298 K, as predicted by the ADDEM model.®* It was found that the measured
SSc were always 0.02% (on an absolute scale) higher than theoretical values for SSc
ranging from ~0.2% to >0.6%. Therefore, all the experimentally determined SSc values
have been subtracted by 0.02% to give corrected SSc values, which are reported here.

2.2 Aerosol flow tube

In this section we describe the set-up used to determine the CCN activity of fresh and aged
CaCOg particles due to the reaction with N2Os. All other minerals were produced as
described in 2.1 and did not pass through the flow tube.

2.2.1 CaCOgs aerosol generation

The dust disperser used to produce CaCOs aerosol particles is similar to those described in
previous studies.*" > As shown in Figure 1, dry CaCO3 powder was placed in a 500 mL
Erlenmeyer flask and stirred using a magnetic stirrer. A N2 flow (F1) of 1500 cm®/min was
delivered through a 1/8”’ stainless steel tube into the flask to entrain dust particles into the
air. The tip of this tube was connected to a home-made nozzle with a diameter of ~0.3 mm
to increase the linear flow velocity. The resulting aerosol flow was delivered through a

glass vessel with a volume of ~3 L (length: 40 cm; inner diameter: 10 cm), serving to
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smooth spikes in the dust aerosol concentrations. The flow exiting the glass vessel could
be passed through a filter to remove all the particles, or alternatively the filter could be
bypassed. The aerosol flow was then transported through a cyclone (TSI 1031097) to
remove large particles. After that, the flow was passed through a Kr-85 neutralizer into a
differential mobility analyser (DMA, TSI 3081) to generate monodisperse dust particles.
Depending on the sheath flow, particles in the range approximately from 10 to 1000
nanometers in mobility diameter can be selected by this DMA. The sheath flow of the
DMA was set to 15 L/min.

2.2.2 Aerosol flow tube

The dust aerosol flow exiting the DMA was delivered into an aerosol flow tube via a side
arm, as shown in Figure 1. The aerosol flow tube was described previously.>” % In brief,
the flow tube, with an inner diameter of 3.0 cm and a length of 100 cm, was mounted
horizontally. The total flow in the flow tube was 1500 cm®/min, giving a linear flow
velocity of 3.54 cm s. The Reynolds number was 76, suggesting that the flow was laminar.
The entrance length, required to fully develop the laminar flow, was ~13 cm, and the
mixing length was ~16 cm. Only the middle part of the flow tube (20-70 cm) was used to
vary the interaction time of CaCQOz particles with N2Os.

A small N, flow (F2, typically 5-10 cm®/min) was used to elute gaseous N>Os from the
crystalline N2.Os sample kept at -50 °C in a cryostat. The N>Os flow was delivered into the
centre of the flow tube through a 1/8°” Teflon tube in a stainless steel sliding injector. The
injector position could be adjusted to vary the interaction time between airborne CaCOs3
particles and N2Os. At the end of the flow tube, one flow (=500 cm®/min) was sampled into

a heated reactor (100 °C), mixed with NO in excess, and then sampled into a NOx analyser



Physical Chemistry Chemical Physics

(Model 200E, Teledyne Instruments, USA). N2Os concentrations were determined by the
change of NO concentrations, as shown by reactions (R1) and (R2), where M is the third
collisional body. Synthesis and purification of N2Os crystals and detection of gaseous N2Os
are described in our previous work.>” ® The wall loss rate was determined to be around
0.01 s at 0% RH, by measuring N2Os concentrations at different injection positions.
N20s +M — NO2+ NOz + M (R1)

NO + NO3s — NO2 + NO2 (R2)

Another flow (=800 cm®min) was used to measure the CCN activity of fresh and aged
CaCOs particles, and the remaining flow (=200 cm®/min) went into the exhaust through the
end of the flow tube. The 800 cm®/min flow was first delivered through two tandem glass
tubes (denuders), the inner walls of which were sandblasted and coated with Na,COs to
remove N2Os in the gas flow. Removal of N2Os to terminate the heterogeneous reaction is
critical for the CCN measurement, because inside the CCNc column heterogeneous
hydrolysis of N2Os can be very fast, leading to the formation of additional nitrate on the
particles and thus causing measurement artifacts. Denuders used in this study have a length
of 70 cm and an inner diameter of 9 mm. Theoretical estimations ® suggests that only 0.6%
N20Os is left after the flow exits one denuder. The denuder capacity was experimentally
determined. It is confirmed that 500 ppbv N2Os could be completely removed for at least
six hours continuously (i.e. below 0.5 ppbv, which is detection limit of the NOx analyser).
Denuders were replaced with fresh ones every day before starting the experiments.

2.3 Data analysis and k-Kdhler theory

CCN activation curves of monodisperse aerosol particles were generated by measuring the

ratio of activated particle number concentration (CCN) to the total particle number
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concentration (CN) with a time resolution of 1 s at different SS. Measurements lasted for
5-10 minutes for each SS. Only the [CCN]/[CN] data in the last minute for each SS were
used to generate an average activation fraction ( i.e. [CCN]/[CN]), to ensure that the SS
were stable.

Aerosol particles generated by the atomizer have very stable concentrations over time, and
typical number concentrations of monodisperse particles used in this study were 1000-
3000 cm3, It is nontrivial to generate CaCOs dust particles with stable concentrations using
dry dispersion.*> % In this study, when the supersaturation in the CCNc column became
stable (usually 2-3 min after the supersaturation was set), CaCO3z powder in the flask was
stirred for ~30 s to generate dust aerosols. The number concentration of CaCOs particles
increased promptly and then decayed exponentially. An example dataset of [CCN], [CN]
and [CCN]/[CN] for CaCOs3 particles as a function of time is given in Section 3.3.

A Boltzmann sigmoid curve of the following form was then used to fit the activation

fraction against SS:%

Al1-A2
1+exp[(x—x0)/dx]

y=A2 + (E1)

where y is the activation fraction ([CCN]/[CN]), x is the supersaturation (SS). A1, A2, dx,
and x0 are constants which are determined by the fitting, and x0 is equal to the critical
supersaturation, SSc.

2.3.1 k-Kohler theory

The CCN activity of a particle can be described by the single hygroscopicity parameter, «,

which is defined through the water activity of the particle, aw:®’

! _ Ys
——1+KVW (E2)

aw
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where Vs and Vy are the volume of the dry particle and that of water contained by the

particle. The saturation ratio over a curved surface, is given by

40My,
S(D) = ayexp (RTPWD) (E3)

where S(D) is the saturation ratio over a particle with a diameter of D, ¢ is the surface
tension of the particle, Mw is the molecular weight of water, pw is the water density, R is
the gas constant, and T is temperature. Combination of Eqgs. (2-3) describes S(D) as a

function of «, the droplet diameter, D, and the dry particle diameter, Dqry:®’

S(D) = D" Dary exp (%) (E4)

D3-D3,, (1K)
where A is a constant equal to 2.1 nm at 298.15 K, assuming that the surface tension of the
particle is equal to that of pure water at 298.15 K, i.e. 0.072 J m2.3® This framework,
introduced by Petters and Kreidenweis (2007), is usually called x-Kdéhler theory. The
Frenkel-Hasley-Hill (FHH) adsorption activation theory has been suggested as an
alternative (and arguably more suitable) framework to describe the CCN activity of dust
particles.%® % However, a recent study suggests that the x-Kohler theory is a suitable
framework to describe the CCN activity not only of water-soluble particles but also of dust
particles.” It is beyond the scope of our current work to discuss whether the x-Koéhler
theory or the FHH adsorption theory is a more suitable framework to describe the CCN
activity of mineral dust particles. The x-Kohler theory only requires one parameter to
describe the CCN activity while the FHH adsorption activation theory needs two. Therefore,
in our work the single hygroscopicity parameter ( «) is used to represent the CCN activity
of fresh and aged CaCOs particle. The values of x can vary from 0 to ~1.4, increasing with
the CCN activity of the particle. For example, (NH4)2SO4 and Ca(NOs)2 have « values of

~0.5,%" while CaCO;s has a very low « value of ~0.001.3

10
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A given pair of Dary and « is inserted into Eq. (E4), and D is increased from Dgry to find the
maximum point of the S(D) curve, Smax. The critical supersaturation ratio, SSc, is equal to
Smax-1. In this study, a range of Dgry (from 20 to 439 nm with an increment of 1 nm) and «
(from 0 to 1.99 with an increment of 0.01 and from 0 to 0.0499 with an increment of 0.0001)
were inserted into Eq. (E4) using the same procedure to generate a lookup table of SSc as
afunction of Dgry and x.%* This table was then used to derive the x value from Dary (assumed
to be the mobility diameter of dry particles) and SSc which was experimentally determined.
2.4 Chemicals

Ammonium sulfate(>99.0%), calcium nitrate hydrate (>99.997%), calcium chloride
dehydrate (>99%), calcium sulfate dihydrate (>99%), calcium acetate monohydrate
(>99%) and calcium formate (>99.0%) were purchased from Sigma-Aldrich UK. Calcium
methanesulfonate (>98%) was purchased from Tokyo Chemical Industry UK Ltd. CaCOs
(precipitated calcium carbonate, >99.0%) particles were offered by Omya UK Limited. To
check the purity of CaCOs, CaCOz powder was extracted in Milli-Q water (continuously
stirred) for 90 min, and the solution was analysed by ion chromatography (IC). The
impurity level was 0.08+0.02, 0.25+0.09, 0.55+0.40, 0.59+0.21 and 2.92+1.87 ug per gram
CaCOs for Na*, K*, CI', NOz and SO4%, respectively. The amounts of NH4* and PO* were
both below the detection limit. All the chemicals were used as received, and HPLC grade

water (Fisher Scientific) was used to prepare solutions.
3 Results and Discussion

3.1 CCN activity of Ca(NOs)2, CaClz, and CaSOg4
Typical activation curves of 50 nm CaCl, (blue triangles) and 200 nm CaSOs (black

squares) are displayed in Figure 2. Dry particle diameters were selected in such a way that

11
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the measured SSc roughly falled into 0.3-0.6 %. The activation curve for 50 nm CaCl,
particles shows a small plateau for SS between 0.30% and 0.45%. Similar phenomena were
also observed for other types of aerosol particles. This is due to the presence of
double-charged particles which have the same electrical mobility as single-charged
particles. Double-charged particles have larger diameters and are activated at lower
supersaturation. The effect of double charge can be corrected, and we find that the
difference in derived SSc with and without double charge correction is <0.02% and thus
negligible for all types of aerosol particles generated using the atomizer. This is because
the fraction of multi-charged particles is small. Similar observations were also reported by
Sullivan et al.™

All the mobility diameters, SSc, and the corresponding hygroscopicity parameter (x) are
summarized in Table 1. In this work particle sizes always refer to mobility diameters of
dry particles. The «x values of Ca(NOs), CaCl,, and CaSO4 reported by Sullivan et al.3® 7
are also included in Table 1 for comparison. Our determined « is 0.57-0.59 for Ca(NO3):
and 0.51-0.54 for CaCl,, in good agreement with 0.44-0.64 for Ca(NO3z)2 and 0.46-0.58 for
CaCl, reported by Sullivan et al.,*® although mobility diameters used in our study are 50-
70 nm while they used 75-154 nm.3 Both Ca(NOs); and CaCl; are very CCN active and
have similar hygroscopicity to (NH4).S04,%” a common component in tropospheric aerosol
particles.

The hygroscopicity parameter of CaSO4 was determined at three different particle
diameters (100, 150 and 200 nm), with values of 0.012-0.034. Sullivan et al.”?> used a
similar method to generate CaSO4 particles and their reported x, 0.0045+£0.0012, is lower

than that determined by our study. However, as mentioned above, their reported CCN
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activities of CaCl, and Ca(NOs)2 in another study 3 agree well with our work. It is not
clear why the CCN activity of CaSO4 measured by Sullivan et al.”? is different from this
work. CaSQg is known to be very insoluble, but hygroscopic once deliquesced. It is likely
that kinetics will play an important role in its activation. Further measurements may help
resolve this discrepancy.

3.2 CCN activity of Ca(CHsS0Os3)2, Ca(HCOO)2, and Ca(CHsCOO):

Figure 2 also displays an activation curve of 70 nm Ca(CH3SOs3) particles (red circles).
The measured hygroscopicity, represented by «, is 0.30-0.38 for Ca(CH3S0s3) (Table 1),
which is significantly lower than those for Ca(NOs3). and CaClz but much higher than that
for CaSOs. To our knowledge, the hygroscopicity of Ca(CH3SOz)2 has never been
investigated previously under supersaturation conditions.

We have also measured the hygroscopicity of Ca(HCOO), and Ca(CH3COO)., the CCN
activities of which have not been studied previously. A typical activation curve for 50 nm
Ca(CH3COO); particles (orange diamonds) is displayed in Figure 2. The determined SSc,
corresponding diameters, and x are summarized in Table 1. The hygroscopicity of
Ca(HCOO); is determined to be 0.47-0.52, similar to those for (NH4)2SO4, Ca(NOs3). and
CaCly, and the hygroscopicity for Ca(CHsCOO): is slightly lower, with x values of
0.34-0.37.

3.3 CCN activity of fresh and aged CaCOs

3.3.1 CCN activity of fresh CaCOs

Figure 3 shows the measured [CN], [CCN], and [CCN]/[CN] of 200 nm fresh CaCOs
particles as a function of time at a SS of 0.50%. Although the particle number concentration,

i.e. [CN], decreased from ~1600 to ~1100cm™ in 1 min, the activation fraction,
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[CCNJ/[CN] was very stable, with an average value of 0.321+0.016. Similar data were
collected at 12-15 different supersaturations to generate an activation curve, and a typical
activation curve for 200 nm fresh CaCOs particles is shown in Figure 4 (open circles).

A distinctive feature of the activation curve for CaCOs particles is that the effect of
multicharged particles (as indicated by the plateau for SS between 0.50-0.65 %) is more
significant than those for other types of aerosol particles generated using an atomizer.
Similar observations were also reported previously.”* The derived SSc after removing the
contribution of multicharged particles is <0.02% larger than those without any correction.
The difference is negligible compared to the variation in SSc for 200 nm CaCOg particles
measured in different experiments.

As summarized in Table 2, the x values for CaCOs particles are in the range of 0.0013-
0.0033. Sullivan et al.®* measured the CCN activity of CaCOj3 aerosol particles generated
using a similar method, and « values of 0.0008-0.0018 were reported. CaCOs samples used
by Sullivan et al.® were synthesized using a similar method but provided by a different
company. However, x values determined by the two studies agree reasonably well. Water-
soluble impurities of CaCOg particles used in our study have been quantified, as discussed
in Section 2.4. In addition, Zhao et al.>* developed a novel method to generate pure CaCO3
aerosol particles, and their reported « values of 0.0019+0.0007 are also in good agreement
with those measured by our study.

3.3.2 Effect of heterogeneous N20Os uptake on CCN activity of CaCOs

As discussed in the introduction, the uptake of N2Os by mineral dust particles (in this case,
CaCOg) leads to the formation of nitrate on particles, probably increasing their CCN

activity. This is confirmed by the CCN activation curve (squares in Figure 4) of aged

14
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CaCOgz particles after heterogeneous reaction with N2Os in the aerosol flow tube.
Compared to that of fresh CaCO3 particles with the same initial diameter (200 nm), the
activation curve of aged CaCOs particles is substantially shifted to lower SS and thus the
SSc has been reduced and the CCN activity has increased due to the reaction with N2Os.

An interesting feature for the activation curves of fresh and aged CaCOs particles, as
evident from Figure 4, is that the plateau in the fresh CaCOz curve, caused by the presence
of multi-charged particles, has largely disappeared for aged particles. Similar observations
were reported in a previous study in which CaCOs particles were exposed to HNOs in an
aerosol flow tube,’* although no explanation was provided. For the same electrical mobility,
multi-charged particles have larger diameters than single charged particles. The formation
of nitrate on the particles, due to the heterogeneous reactions with N2Os or HNOsg, is
proportional to the particle surface area,'® i.e. proportional to the square of the particle
diameter, while the volume (and mass) of the particle is proportional to the cube of the
particle diameter. Therefore, the ratio of the mass (and volume) of formed nitrate to that of
the initial particle decreases with increasing particle diameter. The x value of internally
mixed particles is determined by the volume fractions of different compositions (and their
individual « values) they contain. After exposure to N2Os, CaCOs particles with larger
diameters will have lower nitrate to carbonate volume (and mass) ratios and as a result,
lower «x values. The combination of larger diameter (requiring lower SSc to be activated)
and lower x values (requiring higher SSc to be activated) for multicharged aged particles
may make them become activated at same/similar supersaturations as single charged aged
particles. Consequently, the distinctive plateau which occurred for fresh CaCOs particles

would disappear after the particles were aged.
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CCN activities of 200 nm CaCOg particles, after being exposed to N2Os at 0% RH in the
aerosol flow tube, are also summarized in Table 2. N2Os concentrations given in Table 2
refer to initial N2Os concentrations, which are extrapolated to the reaction time of 0 s from
the online measured N2Os concentration at each injector position (i.e., reaction time) by
taking the wall loss into account. N2Os wall loss in the flow tube has also been taken into
consideration when calculating exposures which are also listed in Table 2. Therefore, the
exposures are always smaller than the corresponding initial NoOs concentrations multiplied
by the reaction time. The amount of N.Os taken up by aerosol particles is negligible
compared to the total amount of N2Os introduced into the flow tube because only a few
thousand particles per cm® were present in the flow tube.

The effect of the heterogeneous reaction with N2Os on the CCN activity of mineral dust

particles has not been explored previously. We find that exposure to N2Os increases the

CCN activities of CaCOs particles, with x increasing from 0.0013-0.0033 to 0.0186-0.0418.

Table 2 also reveals that within the experimental uncertainties, x values remain the same
for all CaCOs particles which reacted with N2Os at 0% RH in the aerosol flow tube, though
the N2Os exposure varies from ~550 to ~15000 ppbv-s at 0% RH.

3.3.3 Discussion

A previous study found that exposure to HNOs significantly increased the CCN activity of
CaCOs particles, using an aerosol flow tube.”* At 0% RH, we found that x only increased
to ~0.02-0.04 with exposure to N2Os for up to 15000 ppbv-s, while Sullivan et al.”*
suggested that it increased to ~0.2 with exposure to HNOs only for ~300 ppbv-s. This may
be explained by the fact that at 0% RH the uptake coefficient on CaCOs is larger for HNOs

(0.11) ™ than that for N2Os (0.0048+0.0007) 4.
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We show that there is no change in x within the experimental uncertainties for N2Os
exposure varying from ~550 to ~15000 ppbv-s at 0% RH. In contrast, Sullivan et al.”
suggest that x increases with exposure (from ~2 to ~300 ppbv-s) for HNO3 at 0% RH.
Wagner et al.*! suggest that y(N2Os) increases from 0.0048+0.0007 at 0% RH to
0.0194+0.0022 at 71% RH for CaCOz3 particles. As a result, we expect that the CCN
activities of aged CaCOs particles will increase with RH for the same N2Os exposure. In
contrast, Sullivan et al.”* show that the change in CCN activity of CaCOs3 particles due to
the reaction with HNOg is independent of RH.

Only these two studies have explored how fast heterogeneous reactions change the CCN
activities of mineral dust particles, and the apparent differences reported by the two studies
highlight the challenges in this type of work. How fast the CCN activity of mineral dust
particles change with atmospheric exposure may critically determine the role of mineral
dust particles in the formation of cloud droplets, as discussed below.

3.4 Atmospheric implications

Our current work and other previous studies 2% ™ show that the CCN activities of
atmospheric aging products of CaCOs particles, an important component in mineral dust
particles, have significantly higher CCN activities than fresh CaCOgz particles. The
difference in CCN activity between fresh CaCOs particles and other Ca-containing
compounds listed in Table 1 is mainly due to the difference in solubility.3® ™ Figure 5
shows SSc as a function of dry particle diameter for different compounds. For a dry particle
diameter of 100 nm, the SSc is ~1.59% for fresh CaCO3, 0.77% for CaSOs, 0.65% for aged
CaCOg particles which have been exposed to N2Os at 0% RH, and 0.16% for Ca(NOs)z,

suggesting that heterogeneous reactions could substantially reduce the critical
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supersaturation required to activate mineral dust particles to form cloud droplets if
heterogeneous aging reactions have completely transformed the CaCOs particles into more
CCN active products. As a result, it might be important for cloud microphysics models to
take into account the effect of atmospheric aging processes, if such complete reaction
would occur in the atmosphere.

We further demonstrate that not only the scale of the change of CCN activity is important,
but also that the rate of the change critically determines its relevance and significance in
the atmosphere. In theory, a CaCOz particle with a « value of ~0.002 could be converted
to a Ca(NOz3). particle with a x value of ~0.5 after sufficient exposure to reactive nitrogen
species. However, our N2Os aging experiments show that at 0% RH, exposure to N2Os of
15000 ppbv-s (which corresponds to exposure to a typical tropospheric N2Os concentration
of 50 pptv for ~3.5 days, if assuming that a linear extrapolation is valid) only increases the
x value of CaCOs from ~0.002 to ~0.02. This is far below the x value for Ca(NOs3)., which
is ~0.5. Most mineral dust aerosol particles in the troposphere are in the supermicron size
range and their number concentrations are typically very low. This means that, in practice
all dust particles will act as giant CCN even if their « is effectively zero. Change in « as
small as from 0.002 to 0.02 may not be relevant to the number of activated droplets in any
cloud. Thus, the observed moderate increase in k under dry conditions will likely have no
significant effect for an increased activation of mineral dust in the ambient atmosphere. A
previous study ** suggests that y(N2Os) on CaCOs particles increases with RH, and thus we
expect that the effect of reaction with N2Os on the CCN activity will increase at higher RH.
Thus, the CCN activity of a dust particle in the troposphere depends on its exposure history

to acidic gases and, critically, how fast the exposure changes its CCN activity. Figure 6
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shows a schematic diagram of three theoretical representative types of CCN activity change
for dust particles. We would like to emphasise that Figure 6 is only for illustrative purposes
and is not constructed from experimental data.

If the change in CCN activity is very fast (Type Il, Figure 6), then only the initial and final
CCN activities need to be considered for atmospheric modelling. For example, Sullivan et
al.” suggest that CaCOs particles will be converted to a hygroscopic particle (x >0.1) after
being exposed to 10 pptv HNOs for 4 h or 1 ppbv HNO3 for 3 min. For such efficient
chemical reactions, most (if not all) of particles in the troposphere can be treated as particles
with a x value of >0.1.

In contrast, if the change is insignificant during atmospherically relevant exposures (Type
[11, Figure 6), then the effect of this reaction does not need to be taken into account. For
example, although the heterogeneous reaction of NOs radicals with mineral dust may lead
to the formation of nitrate on the particles, the concentration of NO3 radicals is much lower
than that of N2Os °* and the uptake coefficient for NOs is similar to that for N2Os.”
Therefore, the CCN activity change of dust particles due to the reaction with NOs radicals
in the troposphere may be negligible, compared to that due to the reaction with N2Os.

If the change is substantial and varies significantly with exposure in the atmosphere (Type
I1, Figure 6), then the rate of change, which depends on concentrations of acidic gases, RH,
and kinetics of relevant heterogeneous reactions, should be taken into consideration in
atmospheric models.

Atmospheric dust particles consist of a variety of minerals." 3 The CCN activities vary
with minerals,% 7% 7® and the heterogeneous reactivities with acidic gases, for example,

HNO3 8 and N2Os,°! also change with different minerals. Previous 2* 3% 43 and our work
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focuses on CaCOs, probably the most reactive mineral (but not the most abundant one) in
dust particles. More abundant minerals, e.g., illite, kaolinite, and SiO2,% deserve further
investigation.

4 Conclusion

In this work we investigated the CCN activities of CaCO3 particles and six calcium-
containing salts, including Ca(NOs)2, CaCly, CaSQ4, Ca(CH3S03)2, Ca(HCOO), and
Ca(CH3COOQO)2, which are possible atmospheric aging products of CaCOs. While the CCN
activity of CaCOs is very low, with a x value of ~0.002, the CCN activities of these
products are all higher than that of fresh CaCOs particles and vary over a wide range.

We have further explored the CCN activity change of CaCOs as a result of reaction with
N20s. Exposure of CaCOs particles to N2Os at 0% RH increases their CCN activities, with
k increasing from ~0.002 to ~0.03. At 0% RH the CCN activities of aged CaCOs particles
do not vary significantly with exposure, indicating that at 0% RH the heterogeneous
reaction of CaCOsz with N2Os may be limited to the particle surface. Our study suggests
that the CCN activities of mineral dust particles can be only slightly enhanced during a
realistic atmospheric lifetime due to heterogeneous reactions with acidic trace gases such
as N20s.
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Tables& Figures

Table 1. Dry mobility diameter (dm), critical supersaturation (SSc) and CCN activity (k)

of calcium-containing salts.

Particle dm (nm)  SSc (%) « (this study) x (literature)
) ) 50 0.440 0.57 0.44-0.64 =
calcium nitrate,
50 0.432 0.59
Ca(N03)2
70 0.262 0.59
) ) 50 0.467 0.51 0.46-0.58 =
calcium chloride,
50 0.464 0.52
CaC|2
70 0.273 0.54
) 200 0.222 0.034 0.0045+0.0012 "
calcium sulfate,
150 0.454 0.018
CaS0q4
100 0.927 0.012
calcium methanesulfonate, 100 0.216 0.30 not measured
Ca(CH3S0s), 70 0.327 0.38 previously
70 0.326 0.38
] 70 0.279 0.52 not measured
calcium formate, ]
50 0.460 0.47 previously
Ca(HCOO0),
50 0.460 0.47
] 70 0.294 0.47 not measured
calcium acetate, ]
70 0.316 0.41 previously
Ca(CH3C00);
50 0.549 0.37
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Table 2. Critical supersaturation (SSc) and CCN activities (x) of 200 nm fresh and aged

CaCOg particles. Aged particles were generated by exposure of airborne CaCO3 particles

to N2Os at 0% RH in an aerosol flow tube, with corresponding initial N2Os concentrations,

reaction time, and exposure also listed.

Particle N20s (ppbv)  Time (S) exposure SSc (%) K
(ppbv's)

Fresh CaCOs - - - 0.703 0.0013
-- -- -- 0.567 0.0033

-- -- -- 0.609 0.0025

-- -- -- 0.653 0.0019

-- -- -- 0.597 0.0023

Aged CaCOs 829 19.8 15041 0.233 0.0308
349 19.8 6331 0.219 0.0351

380 5.6 2142 0.231 0.0314

97 5.6 547 0.295 0.0186

110 14.1 1468 0.213 0.0370

132 8.5 910 0.201 0.0418
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Figure 1. Schematic diagram of the experimental set-up used in this work. DMA:
differential mobility analyser; CLD: chemiluminescence detector for nitrogen oxide
quantification; CPC: condensation particle counter; CCNc: cloud condensation nuclei

counter. F1 (1500 ml/min) was used to entrain dust particle into the air and F2 (5-10 ml/min)

was used to introduce N20Os into the flow tube.

27



Physical Chemistry Chemical Physics Page 28 of 32

o Caso, |
1071 o ca(CH,S0,),

A
1

=
Ll
S |

£

0.8 1

0.6 1

[CCNJ/[CN]

0.4 5

0.2 1

0.0

0.0 ' 0.1 ' 0.2 ' 0.3 ' 0.4 ' 0.5 ' 0.6 ' 0.7 ' 0.8 ' 0.9

SS (%)
Figure 2. CCN activation curves of 200 nm CaSOs (black squares), 70 nm Ca(CH3SOz3).
(red circles), 50 nm CacCl> (blue triangles), and 50 nm Ca(CHsCOOQO), (orange diamonds).

Please note that different particles diameters were used.
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Figure 3. Typical dataset of measured number concentrations (left y-axis) of CCN (circles)

and CN (triangles) for fresh CaCOg particles at a supersaturation of 0.50%. The activation

fraction, [CCN]/[CN], is plotted on the right y-axis (squares).
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Figure 4. CCN activation curves of 200 nm fresh (circles) and aged (squares) CaCOs
particles. The two curves are fitted activation curves for fresh and aged CaCOs particles.
The plateau for fresh CaCOs particles is highlighted by the blue box, and details are

provided in Section 3.3.
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Figure 5. Critical supersaturation (%) as a function of diameter for pure Ca-containing
compounds and aged CaCOs particles due to the reaction with N2Os at 0% RH. This figure
is produced using the average values of hygroscopicity parameters for each compounds
determined in this study. The uncertainties (1 o) in « are estimated to be +£0.001 for fresh
CaCOs, +0.01 for aged CaCOs and calcium sulfate, £0.05 for other Ca-containing

compounds, based on the measurements summarized in Tables 1-2.
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Figure 6. Schematic diagram of three theoretical kinetics regimes of hygroscopicity

change of mineral dust particles due to atmospheric heterogeneous reactions, illustrating

the importance of the kinetics of chemical reactions affecting « in the ambient atmosphere.
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