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Abstract

Ice nucleating particles can modify cloud properties with implications for climate and the
hydrological cycle; hence, it is important to undendtavhich aerosol particle types nucleate ice

and how efficiently they do so. It has been shown that aerosol particles such as natural dusts,
volcanic ash, bacteria and pollen can act as ice nucleating particles, but the ice nucleating ability
of combustionashes has not been studied. Combustion ashes are majoodugts released
during the combustion of solid fuels and a significant amount of these ashes are emitted into the
atmosphere either during combustion or via aerosolization of bottom ashesweesieow that
combustion ashes (coal fly ash, wood bottom ash, domestic bottom ash, and coal bottom ash)
nucleate ice in the immersion mode at conditions relevant to mixase clouds. Hence,
combustion ashes could play an important role in primary igadton in mixedphase clouds,
especially in clouds that are formed near the emission source of these aerosol particles. In order to
guantitatively assess the impact of combustion ashes on 4pineex clouds, we propose that the
atmospheric abundance of couostion ashes should be quantified since up to now they have
mostly been classified together with mineral dust particles. Also, in reporting ice residue
compositions, distinction should be made taesen natural mineral dusts and combustion ashes in
orderto quantify the contribution of combustion ashes to atmospheric ice nucleation.

1 Introduction

Combustion processés either natural or anthropogie 1 are a major source of mbspheric
aerosol particles (Bond et al., 2013; Li et al., 2003; Posfai,e2@03). Various combustion by
products are released directly or indirectly into the atmosphere. These include black and brown
carbon, soot, ashesr balls, volatile organic copounds (VOCs), and other gases (Petters et al.,
2009; Posfai et al., 2004;tepatrick et al., 2008; Williams et al., 2012). Thesepbgducts can



abshwNPE

impact on air quality, health and visibility. Additionally, they can influence cloud properties and
hence, the Earthoés climate (Forster canimpaet7; Jac
cloud properties by acting as cloud condensation nuclei (CCN) (Spracklen et al., 2011) and
potentially as ice nucleating particles (INPs) (Murray et al.,, 2012; Hoose and riMaBalE2;

Petters et al., 2009).

Ice nucleation can occur via variopathways: deposon nucleation entails fanationof ice from
water vapouonto a solid partictecontact freezing @urs when a particle comes in contact with
an interface of a supercoolegter droplet; immersion ice nucleation happens when a particle is
fully immersed in a water droplend freezes upon further coolingpndensation freezing is more
poorly defined, butnvolves the condensation of water prior to freezixgli, 1985; Wex et al.,
2014). Of these ice nucleation pathways, immersion modegsear to be thelominant process

for primary ice nucleation in mixeghase cloudsO(to 7 36 °C) (Bondet al., 2013; Murray et al.,
2012; Ansmann et al., 2009); hence, we focus here ordrpixase cloud conditions.

The ice nucleation abilities of some styppes (DeMott, 1990; Kireeva et al., 2009; Popovicheva

et al., 2008) and emissions from contrdlleurns of a range of plantdls (Petters et al., 2009) in

the immersion/condensation n@tiave been reported, but there is no data on the ice nucleation
activities d combustion ashes. Field stad have reported the presence of combustion ashes in
atmospheric aerosols (Li and Shao, 2009; Li et al., 2011) and ice crystal residues (DeMott et a
2003; Kumai, 1961; Cziczo et al., 2004) based on a combination of elemental composition and
morphologyanalysesHowever, the distinction between minedaist and combustion ash is often

not done because they have similar compositions.

There are similarities between the elemental composition of fly ash and mineral dust (Chen et al.,
2012), which means that it is a challenge to distinguish them using mass spectrometry and other
techniques. Consequently, maiag crystal residue studiegrétuted all mineral compositions to
natural dusts although in part it could be due to fly ashes. It is therefore important for the
contributon of combustion ashes to atsphieric INPs to be considered. Moreover, given that
some mineral dusts are relatiygjood INPs and combustion ashes have some similarities in their
elemental/mineral compositionsye initially hypothesied that combustion ashes have a
comparable ice nucleating efficiency to mineral dusts.

Combustion ashes can be classed into two gro{)sbottom ashe$ which aremainly the
mineral remains of a complete combustion process, and (2) fly ashsk particles that are
primarily emitted during combustion processes with further contributions from or the smelting of
metallurgical materialssometimes directly into the atmosphere (Adriano et al., 1980; USEPA,
2012; Hu et al., 2013). While coal is a major source of fly ash in the atmosphere, biomass burning,
wildfires, and domestic combustion dominate the bottom ash emissions n(Radisd., 185;

Certini, 2005).

Coal fly ash is one of the major 4pyoducts of coal combustion from both household and power
plants, used for the purpose of heating and generating electricity for industrial and domestic
consumptions (ACCA, 2013; WCA, 2013; Mahlaliaak, 2012). There is increasing demand for
coal to generate electrigimround the globe. This hésd to~ 8000 million tonnes of coal being
consumed daily in codired power plants which are distributed all over the world (WCA, 2013).

It is estimatedhat about 90 % of the fly ash is captured via different collection mechanisms such
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as electrostatic precipitators, fabric filters or bag houses, dust collectarsother hybrid
engineering syems like hot gas filtration systems (Bond et al., 2004; W&tng)., 2013; WCA,

2013). Nevertheless, sizeable quantities of these ash particles are emitted to the atmosphere as a
result of inefficiencies associated with collectioystems (e.g. electrostatic pigitators), and

during transportation and storagecoflected fly ash (Block and Dams, 1976).

Bottom ashes include ashes from the combustion of wood, other biomass, peat, coal and charcoal
solid fuels and are produced during wildfires or btlslrning (agricultural practices) (Pereira and
Ubeda, 2010), asell as in domestic and industrial settings (Chimenos et al., 1999). Bottom ashes
can be lofted into the atmosphere via the action of wind sometime after the fire as well as during
combustion (see Fig. 1). Comptienal analyses of various ash samples frdifferent sources

have been investigated previously, and efforts have focused on the effect of these ashes on
agricultural soils, applications in cement production and disposdloaet(Adriano et al., 1980;
Basumajumdar et al., 2005). However, little atten has been given to the potential effect of
these particles on cloud properties when they are lofted into the atmosphere.

Combustion ash particles emitted may have di
analogous to other types of aeropatticles (Forster, 2007; Murray et al., 2012) (as illustrated in

Fig. 1). Many studies have shown that particles in the atmosphere such as mineral dust, soot,
volcanic ash, pollen, fungi, and bacteria are INPs (Murray et al., 2012; Hoose and Mohlgr, 2012
Nevertheless, it is not known at present if combustion ashes nucleate ice.

There are some indications that combustidreasould be important INPs. éantly, several tens

of percent of ice crystal residues from both prescribed burns and wildfiresidesrtdied as
carbonaceoumineral and minerabxide mixed particles (McCluskey et al., 2014)The
measurement was performed attivation temperatures obetween-5 to -23 °C at water
supersaturation (SSw) of 5 @5) % at each temperaturlt is possible that thanorganic mineral
particles may have come from the combustion ash components of the fires. This is in contrast to
Schnell et al. (1976) who conducted an airborne study of INPs in diremhpower plant plume.

They showed that plumeparc | es di d not act a%inlthdéepositbedrwe en
condensation mode, as no difference was observed between the background air and the plume.
Conversely, a study on plume particles dtigher supersaturation withggect to ice showeda
enhancement, by a factor of two, in the number of INPs in the plume when compared to natural
aerosols (Parungo et al., 1978). In summary, these studies indicated that fly ash has some ice
nucleating pantial, but there is no quatative laboratory studof ice nucleation by combustion

ashes in the immersion mode.

In this study, we first systematically characterized four types of combustion ashes obtained at
well-defined conditions. We then quantify the ice nucleation activities of these particles in th
immersion mode.

2 Sources and generation of combustion ashes

In order to study ashes with a range of compositiopeesentative of typical combtisn ashes,
we have generated ashes in both a controlled laboratory environment and a domestic setting, as
well as obtaining fly ash from a large commercial power station.

r
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Bottom ash samples from wood and coal were generated in the laboratory using a fixed grate
multi-fuel stove rated at 6.5 kW (BS EN 13240:2001 and A2:2004), which is used for efficient
burning of solid fuelg¢e.g. wood or coal)The solid fuel was lit by using a commercially available
standard firelighter and it burned at relatively low temperatar800 °C). This temperature is

more typical of domestic stoves and wildfires ammhtrasts with higltemperature combustion
systems in power plants- (1000 °C and above). The ash samples were collected after the
combustion process from the ash pan fixed at the bottom of the stove.

Wood solid fuel used in generating the bottom smpes was a standard comroelly available
domestic fuel, while the coal solid fuel was also a domestic fuel which originated in Poland. Both
solid fuels used for this study are representative fuels used for heating and cooking in many
households in Europend around the world.

Domestic bottom ashes were obtained in a similar way to wood and coal bottom ashes but from a
stove in a typical household in Leeds, UK. The stove used here was a type approved by DEFRA
(U K éDepartmenfor Environment, Food & Rurahffairs) for usein UK smoke control aredsr

the purpose of household heatitgnce, typical of modern domestic stowath similar standard

as the one mentiea earlier. The materials burned to obtain the domestic ash were unspecified
soft and hard wais, with a few pieces of newsprint sheet used to ignite the solid fuel. Before the
fire was set up, previous debris from the stove was cleaned out from the fireplace to aveid cross
contamination by previous ashes.

Coal fly ash (hereafter referred to asAJRused in this study was fly ash released during coal
combustion process in a typical large efwdd power plant. The CFA saite used here was
collected from an electrostatic precipitator, which is used to trap these particles to avoid their
direct emision into the atmosphere. It should be poired that, fly ashes can escape into the
atmosphere if noeffectively trapped or if iefficient handling methods are applied during its
transport, disposal and storage as discussed in Sect. 1 (Buhre é5l., 20

3 Preparation of ash suspension and freezing experiments

Suspensions containing CFA, wood, domestic, and coal bottom ashes were prepared by
suspending a known mass of a specific combustion ash in a known mass- @unéraater (18.2

M q.cm resistivity, TOG10ppb) obtined from MilliQ Integral Syem (Millipore Water Purifier,

USA). The ash patrticle concentration was varied and the concentrations corresponding to specific
experiments are indicated in the respective figutdso, the ash sanigs that were used in the
preparation of thesuspensions were sieved befaaed. The suspension was placed in an ultra
sonic bath (Fisherbrand FB 15050 (S30)) for about 1Qutegand then stirred continuously for ~

24 hoursto break down ash aggregates beforeyoag out freezing experiments.

We used two distinct experimental systems for theeZing experimentsthe microlitre
Nucl eation by | mmer s éNtPl) &dits handitre eessionl (m:-NIPI) Botme n t
€ ENIPI and nL:NIPI are drop freezing experimental sgis and have been described and used
previously (Murray et al., 20H) Broadley et al., 2012; Atkino n et al ., 201 3;
2014; Murray & al., 2011; Whale et al., 201496 Su |l | i y 2005) Hete, oaly a brief
description of the procedure is presented: for experiments wHKIRL, ashcontaining droplets
were obtained by nebulizijnthe ash suspension onto alfgphobic glass slide (12mm, HR3J7,
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Hampton Research, USA), and placedaocold stage. The stage was cooled with liquicogen
while the freezing tempetares, video and corresponding times, were recorded using a LabVIEW
programme. Later, the video of the freezing droplets avedyzedmanually to yield the freezing
temperatre and size of each droplet.

For ex per i melplttise dnopletsh1.0&0. 025 ¢ L) were direct]l
hydrophobic glass slide (22 mm diameter) using a Picus BIOHIT electronic pipette (Sartorius Ltd,

UK). The number of droplets placed orckahydrophobic glass slide in eachperment varied

between 45 and%droplets The glass slide was placed on a cold plate that was cbgled

Stirling cryocooler (GranAsymptote EF60D . Temper at ur e-NIBlmadelekNtP&A i nt y f
cold-stages aresported as £.4°C and 10.2°C, respectivelf O6 Sul | i van et al ., 2
al., 2013; Whale et al., 2014). All results obtained from thesapsetire presented and discussed

in Sect. 5.

4 Characterization of combustion ash samples

To ascertai the compositions of the combustion eshwe employed a range of tagues to
characterize the physical and the chemical properties of the ash samples. We measured their
morphologies, surface areas, padidize distributions, and mirsdogy, as repoed in the
following subsections.

4.1  Surface areas and morphology of ash particles

The ash particles were first sisee g r e g at e d iarmeter b usih@testsiavashd a sieve

shaker (Endecotts M100, UK; ISO 9001 certified). Four 100 mm diametesieves, with mesh

sizes of 71, 6 3, 55 and 50 em were stacked ab:
passed t hr onuasthsieve with eab® inddrag that at leasttwo dimensions of the

particles were smaller than 40mand the thid could conceivably be largek fraction of the CFA
particles were | arger than 40 em and did not
then used for all characterization processes reported here.

The specific surface areas (SSA) obtaifreth BET measurements of CFA and the bottom ashes
are shown in Table 1. The SSAs of theesslwere measured follomg a standard Brunauer
Emmet Teller (BET) nitrogen gas adsorption method (Gregg and Sing, 1982). We used an
accelerated surfacarea and posimetry system (Miromeritics ASAP 2020 Analyser, UK) for

the measurements. Ash sdagpwere dgassed at about 120G for 3 h prior to BET analyses.

Generally, the bottom ashes showed larger SSAs compared to CFA, with coal bottom ash particles
having the &rgest SSA (8.86 frg' ). The observed variation in SSAs of the fly ash and that of
bottom ashes are related to their different morphologies vangldue to different mechanisms by
which the two ash types were generated (Buhre et al., 2005; Feneloho2@1@).

The morphology of the combustion ash particles was also explored to see how this may influence
their ice nucleation activities. A fiele@mission gun (FEQ LEO 1530) Scanning Electron
Microscopy (SEM) instrument was used to investigate thexseinproperties of the ash particles;

we looked at the surface morphology and the shapes of the ash particles. The SEM images of the
ashes are shown in Fig. 2. From all the ashes investigated, only CFA showed spherical particles
(Fig. 2a), similar to thosen previous studies (Del Monte and Sabbioni, 1984; Nyambura et al.,
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2011; Flanders, 1999; Li and Shao, 2009); while the other ash samples had irregulaastiapes
tended to form aggregates.

The spherical shape of CFA particles is attributed to the formatechanism of these particles as
discussed previously by Fenelonovatt (2010). Some CFA pactes formed hollow spheres,
which are referred to as mespheres, and some of thdsdlow particles may be filled up by
smallersized CFA particles and arefeered to as plerospheres. High combustion temperatures
and epansion of gas pockets arequered for the formation of cenospheres, which is consistent
with the production of this flash in a commercial power station. The average diameter of CFA
particlesbased on the SEM images was measured by using Ifiagédare as-5 ¢ m.

Wood bottom ash particles showed irregular shapes and aggregated particles as shown in Fig. 2b,
but generally smaller in size compdrto the CFA particles. Donte&sbottom astparticles were

highly agglomerated and asymmetrical shaped as shown in Fig. 2c, again, smaller than CFA
particles but within the same size range as wood bottom ash particles (Fig. 2b). Domestic and
wood bottom ashes were generated in similar combustioditmors and a similar fuel source;
hence, they present similar particle morphologies. The SEM images of coal bottom ash particles
(Fig. 2d) show that they were highly agglomerated and comprised smaller particles than CFA in
spite of having a similar fuelosirce (coal), although formednder different combustion
conditions. Owing to the irregular shapes of all the bottom ash samples, it was not possible to
estimate mean particle sizes from the SEM images.

4.2  Size distribution of combustion ash particles

We measured the particle size distribution for the combustion ash particles with a Malvern
Mastersizer 2000E laser diffraction instremh that uses Mie theory totesate the equivalent
volume of the particles (Malvern, 2012; De Boer et al., 2002). A efeandex of 1.62 and
absorption value of 1.0 was used for CFA aadl dotom ash based on suggestions by Jewell and
Rathbone (2009). For wood and domestic bottom ashes, we used a refractive index a &r65 an
absorption value of 0.1 bause of their igher calcite or CaCcontent(> 10 %, see Table 2)
(Jewell and Rathbone, 2009)he results in Fig. 3 areolume fractionsize distributions for ash
suspensions agitated and stirred in the same way as for the ice nucleation expérmartsults

in Fig. 3 are volume fraction size distributions for ash suspensions agitated and stirred in the same
way as for the ice nucleation experimerfsom these measurements, we report an average
volumeequivalentparticlediameter oD 1 0 forr®FA while that of the bottom ashedds8 e m

(Fig. 3). The SEMimagesfor CFA particleswere consistent with the size distribution determined

by laser diffraction.The SEM images for CFA particles showed a slightly smaller average
diameter of ~ & mbut mly relatively few particles were imaged in the SEM compared to the
laser diffraction method, which looked at a large volume of the material.

4.3  Mineralogical analyses and elemental compositions of combustion ashes

The mineral compositions of theombustion ashes exe analysed with an -Kay powder
diffractometer Bruker D8) and mineralogical composition determined using Rietveld refinement;
the results are reported in TableThe X-ray diffraction patterns and Rietveld fits are given in the
supplenentary materialThe results showed variability in the mineral compositions of each ash
type, but the proportions of major minerals suclyaartz, calcite, haematite and magnetrere
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similar to biomass ash (Vassilev et al., 2013a, b; Misra et al.).1Q8artz and haematite are also
present in natural desert dust samples, but the ash samples used here are distinct from typical
desert dusts ithat they do not contain meaable amounts of clay and feldspar minerals. Another
important distinction from esert dusts is that combustion ash samples co2&imo & %
amorphous materialdMullite (AleSi;O13) was detected in CFA but not in other bottom ashes
studied and isformed atthe high combustion temperature ef 1100 °Crelevant for CFA
production(Liu et al.,1994 Li and Thomson1990Q.

Focusing on the&CFA usedin this study, we found that its mineral composition (Table 2) was
similar to the mineralogy of CFAs from differesburces and locations. Forample, the Xray
Diffraction (XRD) mineralogy ér CFA in this study was found to be similar to CFA obtained
from Sasol in South Africa (lambura et al., 2011Also, a study of CFAs from five separate
power plants in the USA showed similar mineral compositions (ACAA, 2012). Howther
amorphous conte of the South African CFA (65%) walifferentfrom the bulk sample used here
(81%). Previously, it has been reported that over 90% of CFA contain sjliaumminium,
calcium and ironbased mineral§EPRI, 2010); this is consistemiith the XRD andEnergy
dispesive X-ray spectroscopy (EDX) results obtained for our CFA. In general, fly ashes from
large power plants are not strongly varied and our results for its ice nucleating abilities are
therefore representative of coal power stations arounddhbe.g

EDX analyses were carried out to study the elemental composition of individual ash particles.
This was achieved using an EDX instrument (XMaxh@® by Oxford Irstruments, UK), which

was coupled to the SEM instrument. The key elements found inRAeEDX spectra are shown

in Fig. 4. Based on the locations scanned, principal elements found were Al, Si, Fe, O, and C.
These elements are the major components of the minerals identified by the XRD. This result
agrees with literature EDX spectra of ulfme ash particles, which is reported to comprise high
levels of Ca, Si, and Fe (Chen et al., 2005). Although, carbon (C) showed a high count in the EDX
spectra, it is not part of the major minerals listed; it could bmaj o r component
amophous omposition. The elemental composition of coal bottom ash was similar to that of
CFA but with a higher count for CEEDX spectrafor the bottom ashes are shown in the
supplementary materidl.

The EDX spectra for wood and domestic bottom ashes identified the elements: C, O, Ca, Si, Mn,
Fe, Mg, S, Na and K. High counts were observed for C, O, Mg, K andP@assium (K) is
frequently found in combustion particles coming from wood fuel (Jenkia,e1998). From the

XRD, the mineralogy of both wood amtbmestic bottom ashes shows that CaGQCa(CQ).,
andCaSQ, are the major compents. Therefore, high elemental contents of Ca and O are from
the calcite andanhydrite (the anhydrous form gfpsun) minerals found in themThe amount of

SiO, present was relativelgmall; but, the signal fromSi was higher in some of tHeEDX scans

while in other scans, it was substantially low&lso, it is possible that the location (or particle)
where the EDX scanned did not contain quartz in a signtfipeoportion. Overall, the eteents
identified were consistent with the mineralogy established by the XRD.

5 Results and discussiofi ice nucleation ky combustion ash samples

In this section, we present and discuss the resul@naut from the freezing experents on
combustion ash particles.

of
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5.1 Droplet freezing results

The r esul t-NIPIfreednmexpenneents with ash are shown in Fign8 are compared
with the average of 23 freezing experiments with ypinee water. In all cases, droplets containing
combustion ash samples froa¢ higher temperaturethan ultrapure water indicating that
combustion ashes are capable of nucleatingeterbgeneously in the immersion mode.

The results of the nINIPI droplet freezing experiments are shown in Fig. 6. In these experiments

the majority of the nanolitre ol ume dr opl ets of pure wat°€r cont
consistent with homogeneous nucleation reported by Murray et al. (2010a) and Riechers et al.
(2013). This allows us to study icmicleation by combustion ashes to lower temperatures than
possible in the micritre experiments. Inclusion of ash in theleplets causes them to freeze at
highertemperatures than in the pure water experiments, which indicates that the ash particles also
nucleate iceirmt e mper at ur e r ange -NR éexpeanetEhe ketedodemeous 0 t h €
freezing temperatures fahe nN1 P | are | ower  tNiP4 becaude manelitref or t
volume dropletswith the same concentration of asbntain less ash and hend¢mve a lower

probability of freezing at a given temperature.

In these experimentsdroplets were generatdxy nebulizing 0.1 wt% aqueous g&nsions of ash

and the nanalitre dropletswere collectedon a glass slide. As a result there was a very broad
droplet size distribution (204 50 ¢ m, di amet e-NIPl,experiménts kvieereithe t h e
droplets were ofalmost identical size. Importantly, there were also significant differences in
droplet size distribution between experiments. Hence, the fraction frozen plots for each individual
experiment in Fig. 6 are for a different droplet size distribution and tdrendirectly compared.

When the distribution was made up of smaller droplets, and therefore less surface dreplgter

the freezing tempetares are lower and vice verda quantitatively compare data from different

runs on the niNIPI and also compa data from the iN | P | aNiPdl experiments we need

to normalizethe probability of nucleation to the surface area per droplet.

5.2  The ice nucleation efficiency of combustion ashes

In order to describe the ice nucleating abilities & thfferentcombustion ashes vestigated, a

singular model was adopted, which describes the cumulative number of activengitekich

nucleate ice on cooling to a characteristic temperafliyeefpressed per unit surface area of
combustion ash. This model has bagsed in many ice nucleation studies to describe the ice
nucleating eftiencies of particles, and tdéled description of # model has also been given in

Vali, 1971; Broadley et al., 2012; Murray et al.,, 2012; Niedermeier et al., 2010; Hoose and
Mohler,2012; Murray etal2 0 1 1; At ki n s o nllivantet alag 2014, Vak, 20143;is OO Su
defined as:

(M =71 n GedmA L (1)

wherefic is thecumulativefraction of frozen droplets, which we implicitly assume is equal to the
probability of a droplet being frozen at, andA is the surface area of the particles per droplet.
The value ofA is determined from the SSA reported in Table 1 together with the freadion of

the original suspensiomd the droplet volume.
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For t-Niel scenk of the fraction frozen curves for droplets containing ash overlap in
temperature range with the background freezing in pure water. In thee pastPI results have
only bee quoted above a threshold temperature abokehwvthe bacground is negligible
(At kinson et al ., 2013; O6Sullivan et al .,
subtractoff the background INP concentration and deternmoé lower temperatwes. In this
method, the cumulative INP concentration (INP per unit volume) for the backgr&ygjl i6
subtracted off the cumulative INP concentration for the ash containing saigles (

Khet = Kot T Kbgd (2)

Here theKyg is the cumulative INP concentration due to the heterogeneous freezing by the ash
samplesKyqqis obtained from the fit to the e#pmental data of ultrpurewater given as:

Kbgd = exp(mT+ d ) (3)

wherem( 1 0. 44 Nd(071.50.1008 afhd0. 24) are the gradient
Khet IS then used to determimg as shown in Eq. (4). The determinationkoind its relationship
with ngis set out by Murnaet al. (2012) and Vali (2014):

nT) =[] n fdV 17 expmT+d)] v A L

4)

whereV is theaveragevolume of a droplet (cni) andA is the surface areaf ash particleper
droplet Uncertainties irKpgqg, droplet volume and specific surface area are propagated to estimate
the uncertainty inns. A comparable methodology was recently employed by Hader et al. (2014)
and lvanSet al. (2015)to correct for backgroundreezing in similar experiments for
heterogeneous freezing by pollandnanoscale biological fragmentespectively

For the nk:NIPI experimentalresults the determination ohs needed to take into account the
broad size distribution of the droplets (204 50 ¢ m 4. ilnatlmeepase we have used a
method where we bin droplets into narrow size rarsgedescribed abowand the apply Eq. (1)
using the average surface area per drqetrray et al., 201l However, this method relies on
the assumption that we can take an average surface area per drogdéehibin.This is an
appropriate assumption only when the size bin is naammavwasound to be justified in previous
work e.g.Murray et al. (201)LlandBroadley et al.(2012. In the case of the ANIPI experiments
presented herte size distribution is very broad and it is not possible taHarimited number fo
droplets in sufficiently small size bins. This leads to an updediction at lower temperatures.

Instead, we hae used a moving average methaichilar to that used by Vali (1971)n this
analysis the average surface area per droplet is defined as:

b i (5)

h

WhereSiq 1 is the total surface area of the ash in liquid (unfrozen) dropl@isaadnq, 1 is the
number of liquid droplets remaining &t Hence A generally decreases through an experiment as
the largest droplets tend to freeze first and therefore provides a better approximafiivanfhe
standard method\ is used to determindifferential nucleus spectrukgT):
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h

Wheren; is thetotal number ofrozen dropletsn the temperature stepTd This can be used to
derive the cumulative valugs (Vali, 1971)

& _oQYQry (7)

Values of ng for each combustion ash sampl® fn b o t dnd rE:-NIPI experments are
presented in Fig. 7. Thedi st ri buti on o f-and eldI@llexpsriménts showeth o t h
good agreement even thougte tburface area per droplet ik by six orders of magnitude. The
agreement between data from experiments with vastfgreint droplet volumes and therefore
vastly different surface areas per droplet is consistent with the probability of tartlsealing

with surface area.

In the determination ofns from nL-NIPI results we assumed that the background INP
concentrations @re negligible. In general, theppears to be a reasonabl@ragimation, but it is
possible that for runs employing the largestdroplets ©0 e m) t her e may have
number of background INPgresent in the droplets. Accordingly, this blead toan over
estimationfor the highest temperature #NUIPInsv al ues when compared to
NIPI ns values. Note that some pureat er dr opl et s°C (Fig. 6)eEven withldhisv e 1
potential contribution of background INP in somie-NIP| experiments, the agreement between

the various experimenshown in Fig. 7 is reasonable.

Inspection of the various plots in Fig. 7 reveals a striking difference in temperature dependence of
ns between the CFA and the bottom ash samples. While GF#ell described by a log
exponential fit, wood and coal bottom ashes were well described by a log linear relationship and
domestic ash was better fitted by a log polynomial fit. The fitted parameterizations for each data
set are listed in Table 3. Theagte of the CFA curve is reminiscent of bacterial or fungal INP in
which there is an onséike behaviourwhere the number of active sites increases rapidly with
temperature, followed by a much shallower increase in active sites at lower temperature. The steep
increase imsa r o u n €C int CEA shows that the sites active around this temperature are less
diverse than those in the bottom ash samples. In contrast, the bottom ash samples have
measureablest o t emper atur®s well above 117

In Fig. 8, we compare thes (T) of the four ash samples (mineral dogtalues are also included

in this plot, but ar@liscussed in Sect. 5.3). Inspection of Fig. 8 shows that CFA is more efficient at
nucl eating i ce®headwethan tha botomtashés1but its activity falls away
very r api d°C.yrheddttonvash saniplés are more similar to onthan but there is a
trend with the coal ash being least active and the wood ash being most active beivl@ée

and the homogeneous limit. These differences must in some be related to the fuel,
combustion temperature, ash composition and ash mtogh. In terms of morphology and
generation conditions, CFA is very different to the bottom asheshown edier (Fig. 2), CFA

was made up of spherical particles whereas the bottom ashes were irsbgplead particles.
Moreover, CFA was pradcted in ahigh temperature cobustion system, 1500 1900 °C, in
contrast to the bottom ashes which were generated at 800YC (see Sect. 2.1). CFA was
produced at a very high temperature in a limited oxygen condition, the bottom ashes were
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generated in a suffient oxygensupply system. These combustion conditions can affect the
chemistry and conmgsition of the particles (Misra et al., 1993),daapparently also influence ice
nucleating abilities. However, the particular reason why CFA has a distinct nucleation spectrum
remains a subiject for further investigation.

5.3 Comparison of ice nucleation activities of combustion ashes to INPs with varied
mineralogies

Combustion ashebave some similarities with mineral dusts from deserts in terms of their
composition; hence, we have compared literature valussfof various mineral and desert dusts

in Fig. 8. For minerabased INPs, the observed variations in their ice nucleattwitees have

been linked to differences in their mineralogies (Atkinson et al., 2013; AugBatiditz et al.,

2014). In particular, feldspars have been identified as the most active mineral group present in
typical desert dusts followed by quartz withetclays only becoming similarly active at much
lower temperatures (Atkinson et al., 2013).

The combustion ashes showed less activity than the feldspars reported by Atkinson et al. (2013)
and the desert dust samples parameterized by Niemand et al. (20&2)suggested by Atkinson

et al. (2013) that these desert dusts also contained feldspars which determined their ice nucleating
activity. X-ray diffraction analyse (Table 2) shows that there is no detectable feldspar present in
the ash sampledut thee was a detectable amount of quartz in all sampiefact, he ng values

for the ashes ranges fraomughly 30 to 1 %of that of the available liteture data for quartz &t

126°C. This suggests quartz could be important in the ice nucleating acfivibmbustion ashes,

but further work is required texplorethis hypothesis. One major difference between the ash
samples and mineral dusts is that the ash samples contain a substantial proportion of amorphous
material Table 2). Amorphous solids havedmeshown to nucleate ice in the past (Murray et al.,
2010b; Wilsoret al, 2012 Baustianet al.,2013, and aluminiurssilicatesalso nucleate ice under

cirrus cloud conditions (Archuleta et al., 200Byt the ice nucleating ability of the amorphous
silicates in ashat mixedphase cloud conditioneemains unknown. lmeneral, the combustion

ashes have an enmediate, but variable, ice claating activity. They have greater or similar
activity to clay mnerals (illite, kaolinite, montmorillonite) and calcite, but lower activity than
quartz, feldspars and desert dusts. The components and surface properties that caotol the
nucleation activity of comustion ashes remains a subject for future investigati

6 Atmospheric implications of combustion ash particles as ice nuclei and future
research

The relative importance of some INP types relevant for mptease clouds have been assessed
previously by combiningys values with atmospheric abundanceyteld an estimate of the INP
concentrations (Cziczo et al ., 201 3; Murray
2014; Tobo et al., 2014). This sort of quantification gare an insight into the importance of

INPs fromdifferent sourcesnd potentially allows us to assess changes in INP concentrations due
to human activitiesUnfortunately, such an estimate is not possible for combustion ashes, because
we have a very limited knowledge of the atmospheric abundance of combustion ashesf Some o
the limiting factors that lead to unavailability of data are linked to a lack of airborne and ground
measurements of combustion ash particles, and theudty in differentiating mireral dust and
combustion ashes in the atmosphere. For example, in meneystal residue analyses natural
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mineral dusts, fly ashes, volcanic ashes, and others are often classed into a single category
(Richardson et al.,@7; Baustian et al.,, 2012; Kaimus et al., 2010; Friedman et al., 2013;
Cziczo et al., 2004). Some dias only used dust markers to class such aerosols as mineral dust
(e.g. Pratt et al., 2009) or grouped aerosol particles as simply mixed or industrial (Pratt et al.,
2010). Similar comments have been made by Wang et al. (2013) about theednco
apportiomment of coal coilustion particles in the atmosgie to biomass burning sources.

In this study, we have provided the first direct evidence that combustion ash particles can nucleate
ice in the immersion mode. These partiatesy contribute to the INP bgd in the atmosphere,

which is needed for a complete assessment of impact of cloud adjustment due to aerosol particles.
As the global energy demand increases, more fly ash may be produced. It is estimated that with
the current increase in annual global aonption of coal (2 3 %), by 2030, up to 10.6 billion

tonnes may be needed (Zhang et al., 2008). In addition, it is predicted that due to land use change
more wildfires are likely to occur (Westerling et al., 2006), hence, more biomass ash particles may

be released into the atmosphere. We strongly suggest that it is necessary to quantify the
concentration and distribution of combustion ash patrticles in the atmosphere and to understand
their ice nucleation mechanisms. This will help in proper assessmémipnfeffects on mixed

phase clouds.

7 Conclusions and recommendations

We investigated the ice nucleation efficiencies @hbustion ashes CFA, wood, dmestic, and

coal bottom asheisin the immersion mode. From this study, we have shown that combasto
particles nucleate ice heterogeneously in the immersion mode. We also show that there are
substantial differeces between ice nucleating dgls of the ashes generated from different fuels

and under different conditions. Ashes are composed chtgicand might therefore be expected to
have some similarities in their ice nucleating ability to mineral dusts, but the nucleating efficiency
(ng) of the ashes is lower than that of desert dusts reported ilitetegure. This is probably
because th@shes do not contain the highly ice active feldspars, which are present in desert dusts.
However, the ice nucleation activities @mbustion ashes may be irdhced by the presence of
guartz, but this suggestion needs further investigation.

At present itis not possible to assess the potential contribution of ashes to the INP loading of the
eart hoés at mos ph edata ondheieatmosphere alilamce. KThere iis a lack of
information on the abundance of combustion ashes intthesahere, in parbecause thesashes

are difficult to distinguish from mineral dusts and therefore tend to be counted together with
mineral dust particles. There is only one study we are aware of where the contribution of fly ash to
ice crystal residues wasstimated (D®lott, 2003. This study was for cirrus cloud conditions
rather than lower altitude mixed phase clouds, hemecay not be udlectly relevant, but
neverthéess illustrates the potential importance of combustion ash INP. Single particle mass

spectrometry wassued t o show that 33% of the ice cryst

and they then used electron microscopyshow that 20% of the paskes in this category had a

high degree of sphericity which indicated that they were fly ash. This is ingidp@éicause- 7 %

of the ice crystal residues were therefore fly ash. In addition, it should also be noted that their
electron microscopy technique could not identify aerosolised irregular shaped bottom ash
particles; hence, 7 % is probably a lower limit tbe contribution of combustion ash to the
measuements of DeMott et al. (2003).

12



30

31
32

33
34
35

36
37
38

39
40

In addition, Sassen and Khvorostyanov, (2008) report that particles associated with boreal fire
smoke could nucleate ice @influence altocumulus cloud$hey suggested théihese particles

could have been soil/dust particles, coated soot aerosol or organic material; we suggest that fly ash
should also be considered as a possibility.

As a follow up to this research, we propose theasurements are needed to st@in the
abundance of combustion ashes in the atmosphere. A clear distinction needs to be made between
mineral dust, fly ashes, and volcanic ashes by potentially using methods like magnetisation and
coercive field factorgFlanders, 1999; Xie and Daag, 1999). The coercive field factor gives an
indication of the percentage of fly ash that is airborne in relation to the total amount of magnetic
material thatis airborne. Other methods are isotopic labelling and back trajectdtrésution

Isotopic lakelling can be used during measurements by matching theaspéthe minerals in the
atmasphere with the known isotopes characteristic of the possible sources of the measured
particles. Back trajectory involves resolving the emission sources of combusi@ms and
comparing to the emission route for natural dusts.

To ascertain the contribution of combustion aslesdpospheric INPs and its pact on clouds,

we also propose that further studies should focus on quantifying the effect of atmospheric
processing and its implications for their ice nucleation abilities. This can give relevant information
on the impact ofreshly emitted and aged comkioa ash patrticles. Lastly, the impact of these
ashes on localized clouds (i.e. in the region of ash emissiag)also be of interest for future
assessment.
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Table 1. Specific surface areas (SSA) of combustion ashes as measured by BET nitrogen gas
adsorption method. All coal fly ash (CFA), wood, domestic, and coal bottom ashes were sieved to

O 4 0beforenthe measurement except CFA (bulk). CFA (bulk) denotes a raw CFA sample as
obtained from an electrostatic precipitator of a doat power plant. All data reported here were
measured from a fivpoint adsorption isotherm with correlation coeffitie o f O 0.9975
uncertainties in the measurements are indicated on a separate column.

Samples BET Uncertainty
(Mg  (m*g?h
Coal fly ash (bulk) 1.85 0.04
Coal fly ash (¢ 254 0.04
Wood ash 6.98 0.30
Domestic ash 3.87 0.20
Coal ash 8.86 0.38
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Table 2. Mineral compositions (%) of CFA, wood, domesénd coal bottom ashes as swad

froman xr ay powder diffractometer. A lexceptafas BFAs a mp | e
(bulk), which mineral composition analysis was performed on the raw sample as obtained from

the coalfired power plant. A greater part of the combustion ash samples consisted of amorphous
materials. The mineral composition is reported ircertages of the total volume of the sample

used. ND represents mineral concentrations that were beyond the detectable limits.

Minerals Chemical formulae Combustion ash samples and their mineral
compositions (%)

CFA CFA Wood Domestic Coal

(Bulk) (O40pm) ash ash ash
Quartz SiO, 7.1 5.7 0.7 0.7 0.3
Mullite AlsSiO13 9.8 8.1 ND ND ND
Calcite CaCQ ND ND 47.4 4.3 55.1
Haematite Fe0s -F8O; 0.5 0.5 1.1 3.1 0.3
Magnetite Fe'IFe,* 0, 1.2 1.1 ND 2.6 0.3
Fairchildite KoCa(CQ), ND ND 154 ND 12.1
Portlandite Ca(OH) ND ND 6.4 ND ND
Periclase MgO ND ND ND 7.7 ND
Anhydrite CasQ ND ND ND 7.7 ND
Goethite Fe*O(0OH) ND ND ND 1.7 ND
Muscovite 1M KAI_(AISi O, )(OH),  ND ND ND 3.8 ND
Lime CaO ND ND ND ND 0.9
Amorphous - 81.3 84.6 29 68.4 31
components
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Table 3. ns parameterizations for combustion ash samples investigateflisnreport. The
temperature 9C) ranges for which the fits are valid are shown for each of the ash type.

Combustion ash type ng(T) fit (cm™) R* Valid temperature
range (°C)

Coal fly ash (CFA) exp[11.30141712.27*exp(0.3158)] 0.9390 -15to0-31.5

Wood bottom ash exp[-0.78187-11.884] 0.9469 -11 to-36

Domestic bottom ash exp[-15.57211.0386T i 0.00637] 0.925 -121t0-35

Coal bottom ash exp[-0.7309-13.802] 0.9551 -131t0-36
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S Power station stacks can
Biomass burning Emissions from fly - emit ash particles due to

ash disposal ; : ;
sites/transportation inefficient collection

~ Ash remains from biomass/wood
fuel combustion (wild fires)

system

Figure 1. This schematic highlights the possible sources, emission routes and interactions of
combustion ash particles in the troposphere. Combustion agitlgzaralso participate in

heterogeneous chemistry processes in the atmosphere. This study focuses on their ice nucleation
activity at conditions relevant to mixgxhase clouds.

25



Ol WNEF

50 pni &

Figure 2. Scanning electron microscopy (SEM) images of C@) wood bottom ashb),
domestic bottom asft), and coal bottom agfdl) that were used for this ice nucleation study. All
ash particles were sieved to O 40 em before
boxes and their handles show different magnifications as presented witlalt® @t each SEM
image panel.
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Figure 3. Particle size distribution of suspended combustion ash partiaesal fly ash (CFA),
wood, domestic, and coal bottom ashes. The size distribution were measured after the ash
suspensions were pulsated in an ediaic bath for about 10 min and stirred f024 h before the
laser diffraction measurement. Each plot of the size distribution shown for each ash sample is an
average of three repeated measuremeéntsG¢01).
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Figure 4. Elemental composition of CFA rasured by energy dispersiveray spectroscopy
(EDX) that was coupled to a scanning electron microscope (SEM). Platinum/Palladium (Pt/Pd)
mixture was used to coat the samples before SEM/EDX speeteataken; hence, it is assied

on the spectra. Thespectra were background corrected before making this plot. The ordinate
(which is not shown) is intensity, in counts per second per energy unie{ePs The spectra
labels (spec_1, spec_2, ..., spec_n) on the SEM images are the locations frontnevEDiX t
scannedEDX spectra for the bottom ash samples are given in the supplementary material.
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Figure 5. Fraction of droplets frozerfife) f rom freezi ng -NPL gEaElhpgamelent s i

shows freezing curves of droplets containing known conagons (wt%) of CFA, wood,

domestic, and coal bottom ashes. In all the panels, a fit to the background freezing (blue line) of
ultrapur e water (18.2Mgcm resi st id@lwt pboneerypl ott e
panel are cumulative fractiofi®zen obtained from many repeat experimerysipette represents

normal pipette and Jpipette is for low retention pipette. All experiments shown in this figure

were performed with the-pi pett e except indicated.-NIFlise temp
quoted as 9.4 K for all measurements and it is not plotted with the data points for the purpose of
clarity.
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