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Abstract. Ice-nucleating particles can modify cloud proper- 1 Introduction

ties with implications for climate and the hydrological cycle;

hence, it is important to understand which aerosol particle

types nucleate ice and how efficiently they do so. It has beerf"0mbustion processes — either natural or anthropogenic —
shown that aerosol particles such as natural dusts, volcanigre¢ & major source of atmospheric aerosol particles (Bond
ash, bacteria and pollen can act as ice-nucleating particle§t al-, 2013; Li et al., 2003; Pdsfai et al., 2003). Various
but the ice-nucleating ability of combustion ashes has nogcombustion by-products are released directly or indirectly
been studied. Combustion ashes are major by-products rd0to the atmosphere. These include black and brown carbon,
leased during the combustion of solid fuels and a significan$00t, ashes, tar balls, volatile organic compounds (VOCs),
amount of these ashes are emitted into the atmosphere end other gases (Petters et al., 2009; Posfai et al., 2004; Fitz-
ther during combustion or via aerosolization of bottom ashespatrick etal., 2008; Williams et al., 2012). These by-products
Here, we show that combustion ashes (coal fly ash, woodan impact on air quality, health and visibility. Additionally,
bottom ash, domestic bottom ash, and coal bottom ash) nuthey can influence cloud properties and hence, the Earth’s
cleate ice in the immersion mode at conditions relevant toclimate (Forster et al., 2007; Jacobson, 2014). These com-
mixed-phase clouds. Hence, combustion ashes could plafustion particles can impact cloud properties by acting as
an important role in primary ice formation in mixed-phase cloud condensation nuclei (CCN) (Spracklen et al., 2011)
clouds, especially in clouds that are formed near the emissio@nd potentially as ice-nucleating particles (INPs) (Murray et
source of these aerosol particles. In order to quantitatively as@l-» 2012; Hoose and Mdhler, 2012; Petters et al., 2009).
sess the impact of combustion ashes on mixed-phase clouds, /ce nucleation can occur via various pathways: deposition
we propose that the atmospheric abundance of combustioRucleation entails formation of ice from water vapour onto a
ashes should be quantified since up to now they have mostl§0"d particle; contact freezing occurs when a particle comes
been classified together with mineral dust particles. Also, inin contact with an interface of a supercooled water droplet;
reporting ice residue compositions, a distinction should beimmersion ice nucleation happens when a particle is fully im-
made between natural mineral dusts and combustion ashégersed in a water droplet and freezes upon further cooling;

in order to quantify the contribution of combustion ashes tocondensation freezing is more poorly defined, but involves
atmospheric ice nucleation. the condensation of water prior to freezing (Vali, 1985; Wex

et al., 2014). Of these ice nucleation pathways, immersion
mode is argued to be the dominant process for primary ice
nucleation in mixed-phase clouds (0-+36°C) (Bond et al.,
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5196 N. S. Umo et al.: Ice nucleation by combustion ash particles

2013; Murray et al., 2012; Ansmann et al., 2009); hence, we e r—
focus here on mixed-phase cloud conditions. i P Yo
R . o Ice growth — o J L% >j
The ice nucleation abilities of some soot types (DeMott, |, U .’e rons Findmen s )
1990; Kireeva et al., 2009; Popovicheva et al., 2008) and Q e.. SN
emissions from controlled burns of a range of plant fuels \44:/'\/
(Petters et al., 2009) in the immersion/condensation mode| |
have been reported, but there are no data on the ice nucleatio
activities of combustion ashes. Field studies have reported
the presence of combustion ashes in atmospheric aerosols (L
and Shao, 2009; Li et al., 2011) and ice crystal residues (De-
Mott et al., 2003; Kumai, 1961; Cziczo et al., 2004) based
on a combination of elemental composition and morphology
analyses. However, the distinction between mineral dust and A
combustion ash is often not done because they have simila/§ sl R
compositions. B mion ey e Thehn aen
There are similarities between the elemental composition
of fly ash and mineral dust (Chen et al., 2012), which meand-igure 1. Th_is schematic highlights t_he possible sources, emission
that it is a challenge to distinguish them using mass specfoUtes and interactions of combustion ash particles in the tropo-

) . sphere. Combustion ash particles also participate in heterogeneous
trometry and other techniques. Consequently, many ice crys-, " . ; : )
tal residue studies attributed all mineral compositions to n<';1t-Chemlstry processes in the at_mosphere. This Stl-de focuses on their

. - ~~Ice nucleation activity at conditions relevant to mixed-phase clouds.

ural dusts although in part it could be due to fly ashes. It is
therefore important for the contribution of combustion ashes
to atmospheric INPs to be considered. Moreover, given that
some mineral dusts are relatively good INPs and combustion Bottom ashes include ashes from the combustion of wood,
ashes have some similarities in their elemental/mineral comether biomass, peat, coal and charcoal solid fuels, and are
positions, we initially hypothesized that combustion ashesproduced during wildfires or bush-burning (agricultural prac-
have a comparable ice-nucleating efficiency to mineral duststices) (Pereira and Ubeda, 2010), as well as in domestic and

Combustion ashes can be classed into two groups: (1) botindustrial settings (Chimenos et al., 1999). Bottom ashes can
tom ashes — which are mainly the mineral remains of a com-be lofted into the atmosphere via the action of wind sometime
plete combustion process, and (2) fly ashes — ash particlesfter the fire as well as during combustion (see Fig. 1). Com-
that are primarily emitted during combustion processes withpositional analyses of various ash samples from different
further contributions from the smelting of metallurgical ma- sources have been investigated previously, and efforts have
terials, sometimes directly into the atmosphere (Adriano etfocused on the effect of these ashes on agricultural soils, ap-
al., 1980; USEPA, 2012; Hu et al., 2013). While coal is a plications in cement production and disposal methods (Adri-
major source of fly ash in the atmosphere, biomass burningano et al., 1980; Basumajumdar et al., 2005). However, little
wildfires and domestic combustion dominate the bottom ashattention has been given to the potential effect of these parti-
emissions (Raison et al., 1985; Certini, 2005). cles on cloud properties when they are lofted into the atmo-

Coal fly ash is one of the major by-products of coal com- sphere.
bustion from both household and power plants, used for Combustion ash particles emitted may have direct and in-
the purpose of heating and generating electricity for indus-direct impacts on the planet’s climate analogous to other
trial and domestic consumptions (ACCA, 2013; WCA, 2013; types of aerosol particles (Forster et al., 2007; Murray et al.,
Mahlaba et al., 2012). There is increasing demand for coal012) (as illustrated in Fig. 1). Many studies have shown that
to generate electricity around the globe. This has led toparticles in the atmosphere such as mineral dust, soot, vol-
~ 8000 million tonnes of coal being consumed daily in coal- canic ash, pollen, fungi and bacteria are INPs (Murray et
fired power plants which are distributed all over the world al., 2012; Hoose and Mohler, 2012). Nevertheless, it is not
(WCA, 2013). It is estimated that about 90 % of the fly ash known at present if combustion ashes nucleate ice.
is captured via different collection mechanisms such as elec- There are some indications that combustion ashes could
trostatic precipitators, fabric filters or bag houses, dust col-be important INPs. Recently, several tens of percent of ice
lectors, and other hybrid engineering systems like hot gas fil-crystal residues from both prescribed burns and wildfires
tration systems (Bond et al., 2004; Wang et al., 2013; WCA,were identified as carbonaceous-mineral and mineral-oxide
2013). Nevertheless, sizeable quantities of these ash particlesixed particles (McCluskey et al., 2014). The measurement
are emitted to the atmosphere as a result of inefficiencies aswas performed at activation temperatures of betwegmand
sociated with collection systems (e.g. electrostatic precipita—23°C at water supersaturation (SSw) of52.5) % at each
tors), during transportation and storage of collected fly ashtemperature. It is possible that the inorganic mineral parti-
(Block and Dams, 1976). cles may have come from the combustion ash components of

Entrained ash
particles

Wind drives the.as
particles int6 th
atmosphere

a

Power station stacks can
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the fires. This is in contrast to Schnell et al. (1976) who con- Coal fly ash (hereafter referred to as CFA) used in this
ducted an airborne study of INPs in a coal-fired power plantstudy was fly ash released during coal combustion process in
plume. They showed that plume patrticles did not act as INPsa typical large coal-fired power plant. The CFA sample used
between—10 and—20°C in the deposition or condensa- here was collected from an electrostatic precipitator, which
tion mode, as no difference was observed between the backs used to trap these particles to avoid their direct emission
ground air and the plume. Conversely, a study on plume parinto the atmosphere. It should be pointed out that fly ash can
ticles at a higher supersaturation with respect to ice showegscape into the atmosphere if not effectively trapped or if
an enhancement, by a factor of 2, in the number of INPs ininefficient handling methods are applied during its transport,
the plume when compared to natural aerosols (Parungo etisposal and storage, as discussed in Sect. 1 (Buhre et al.,
al., 1978). In summary, these studies indicated that fly ast?005).
has some ice-nucleating potential, but there is no quantita-
tive laboratory study of ice nucleation by combustion ashes
in the immersion mode. 3 Preparation of ash suspension and freezing
In this study, we first systematically characterized four  experiments
types of combustion ashes obtained at well-defined condi-
tions. We then quantify the ice nucleation activities of theseSuspensions containing CFA, wood, domestic and coal bot-
particles in the immersion mode. tom ashes were prepared by suspending a known mass of a
specific combustion ash in a known mass of ultra-pure water
(18.2 M@ cm resistivity, TOC< 10 ppb) obtained from Milli-
2 Sources and generation of combustion ashes Q Integral System (Millipore Water Purifier, USA). The ash
particle concentration was varied and the concentrations cor-
In order to study ashes with a range of compositions rep+esponding to specific experiments are indicated in the re-
resentative of typical combustion ashes, we have generatesbective figures. Also, the ash samples that were used in the
ashes in both a controlled laboratory environment and a dopreparation of the suspensions were sieved beforehand. The
mestic setting, as well as obtaining fly ash from a large com-suspension was placed in an ultra-sonic bath (Fisherbrand FB
mercial power station. 15050 (S30)) for about 10 min and then stirred continuously
Bottom ash samples from wood and coal were generfor ~ 24 h to break down ash aggregates before carrying out
ated in the laboratory using a fixed grate multi-fuel stove freezing experiments.
rated at 6.5 kW (BS EN 13240:2001 and A2:2004), which is We used two distinct experimental systems for the freezing
used for efficient burning of solid fuels (e.g. wood or coal). experiments: the micro-litre Nucleation by Immersed Par-
The solid fuel was lit by using a commercially available ticles Instrument (UL-NIPI) and its nano-litre version (nL-
standard firelighter and it burned at relatively low tempera-NIPI). Both uL-NIPI and nL-NIPI are drop freezing experi-
ture (~ 800°C). This temperature is more typical of domes- mental set-ups and have been described and used previously
tic stoves and wildfires and contrasts with high-temperaturg(Murray et al., 2010a; Broadley et al., 2012; Atkinson et al.,
combustion systems in power plants 1000°C and above). 2013; O’Sullivan et al., 2014, 2015; Murray et al., 2011,
The ash samples were collected after the combustion proces¥'hale et al., 2014). Here, only a brief description of the
from the ash pan fixed at the bottom of the stove. procedure is presented: for experiments with nL-NIPI, ash-
Wood solid fuel used in generating the bottom ash samplegontaining droplets were obtained by nebulizing the ash sus-
was a standard commercially available domestic fuel, whilepension onto a hydrophobic glass slide (12 mm, HR3-277,
the coal solid fuel was also a domestic fuel which originatedHampton Research, USA), and placed on a cold stage. The
in Poland. Both solid fuels used for this study are representastage was cooled with liquid nitrogen while the freezing tem-
tive fuels used for heating and cooking in many householderatures, video and corresponding times were recorded us-
in Europe and around the world. ing a LabVIEW programme. Later, the video of the freezing
Domestic bottom ashes were obtained in a similar way todroplets was analysed manually to yield the freezing temper-
wood and coal bottom ashes but from a stove in a typicalature and size of each droplet.
household in Leeds, UK. The stove used here was a type ap- For experiments with  pL-NIPIl, the droplets
proved by DEFRA (UK'’s Department for Environment, Food (1.004+ 0.025 pL) were directly placed onto a hydrophobic
and Rural Affairs) for use in UK smoke control areas for the glass slide (22 mm diameter) using a Picus BIOHIT elec-
purpose of household heating — hence, typical of modern dotronic pipette (Sartorius Ltd, UK). The number of droplets
mestic stoves with similar standard as the one mentioned eaplaced on each hydrophobic glass slide in each experiment
lier. The materials burned to obtain the domestic ash were unvaried between 45 and 65 droplets. The glass slide was
specified soft and hard woods, with a few pieces of newsprinplaced on a cold plate that was cooled by a Stirling cry-
sheet used to ignite the solid fuel. Before the fire was set uppcooler (Grant-Asymptote EF600). Temperature uncertainty
previous debris from the stove was cleaned out from the firefor uL-NIPI and nL-NIPI cold-stages are reported8.4
place to avoid cross-contamination by previous ashes. and=+0.2°C, respectively (O’Sullivan et al., 2014; Atkinson
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Table 1. Specific surface areas (SSA) of combustion ashes as A
measured by BET nitrogen gas adsorption method. All coal fly

ash (CFA), wood, domestic and coal bottom ashes were sieved tc
<40 um before the measurement except CFA (bulk). CFA (bulk) v
denotes a raw CFA sample as obtained from an electrostatic pre- Lol
cipitator of a coal-fired power plant. All data reported here were

measured from a five-point adsorption isotherm with correlation co-
efficient of > 0.9975. The uncertainties in the measurements are in-
dicated on a separate column.

BET Uncertainty

Samples (rhg™h (m?2g~1

Coal fly ash (bulk) 1.85 0.04
Coal fly ash (sieved tec 40 um) 2.54 0.04
Wood ash 6.98 0.30
Domestic ash 3.87 0.20
Coal ash 8.86 0.38

et a.l., 2013, Whale et al., 2014) All results obtained from Figure 2_Scanning electron microscopy (SEM) images of QEA

these set-ups are presented and discussed in Sect. 5. wood bottom asHb), domestic bottom astc), and coal bottom
ash(d) that were used for this ice nucleation study. All ash particles
were sieved to< 40 um before the SEM images were taken. From

4 Characterization of combustion ash samples left to right, the red boxes and their handles show different magni-
fications as presented with the scales on each SEM image panel.

To ascertain the compositions of the combustion ashes, we

employed a range of techniques to characterize the physical

and the chemical properties of the ash samples. We measured the fly ash and that of bottom ashes are related to their dif-

their morphologies, surface areas, particle size distributiongderent morphologies which are due to different mechanisms

and mineralogy, as reported in the following sections. by which the two ash types were generated (Buhre et al.,
2005; Fenelonov et al., 2010).
4.1 Surface areas and morphology of ash particles The morphology of the combustion ash particles was also

) o ) explored to see how this may influence their ice nucleation
The ash particles were first size-segregated 40 pm diam-  activities. A field emission gun (FEG — LEO 1530) scanning
eter by using test sieves and a sieve shaker (Endecotts M10@jectron microscopy (SEM) instrument was used to investi-
UK; 1SO 9001 certified). Four 100 mm diameter test sieves,gate the surface properties of the ash particles; we looked at
with mesh sizes of 71, 63, 55 and 50 um were stacked abovghe surface morphology and the shapes of the ash particles.
the 40 um test sieve. The bottom ash particles passed througihe SEM images of the ashes are shown in Fig. 2. From all
the 40 um test sieve with ease indicating that at least two dithe ashes investigated, only CFA showed spherical particles
mensions of the particles were smaller than 40 um and thergig. 2a), similar to those in previous studies (Del Monte and
third could conceivably be larger. A fraction of the CFA par- gapbioni, 1984: Nyambura et al., 2011; Flanders, 1999; Li
ticles were larger than 40 um and did not pass through theyng Shao, 2009); while the other ash samples had irregular
sieve. The sieved ash samples were then used for all charaghapes and tended to form aggregates.
terization processes reported here. _ The spherical shape of CFA particles is attributed to the
The specific surface areas (SSAs) obtained from BETformation mechanism of these particles as discussed previ-
measurements of CFA and the bottom ashes are shown igys|y by Fenelonov et al. (2010). Some CFA particles formed
Table 1. The SSAs of the ashes were measured followingo|low spheres, which are referred to as cenospheres, and
a standard Brunauer-Emmet-Teller (BET) nitrogen gas adsome of these hollow particles may be filled up by smaller-
sorption method (Gregg and Sing, 1982). We used an accekjzed CFA particles and are referred to as plerospheres. High
erated surface area and porosimetry system (Micromeritic$.ompustion temperatures and expansion of gas pockets are
ASAP 2020 Analyser, UK) for the measurements. Ash sam-required for the formation of cenospheres, which is consis-
ples were degassed at about 2@for 3h prior to BET anal-  tent with the production of this fly ash in a commercial power

yses. station. The average diameter of CFA particles based on the

Generally, the bottom ashes showed larger SSAs comsgn images was measured by using Ima§esdftware as
pared to CFA, with coal bottom ash particles having the 5 m.

largest SSA (8.86 Ay~1). The observed variation in SSAs

Atmos. Chem. Phys., 15, 519%21Q 2015 www.atmos-chem-phys.net/15/5195/2015/
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Wood bottom ash particles showed irregular shapes and s s s L s L x
aggregated particles as shown in Fig. 2b, but generally 7@ fvash
smaller in size compared to the CFA particles. Domestic bot- 6
tom ash particles were highly agglomerated and asymmet- s
rical shaped as shown in Fig. 2c — again, smaller than CFA 41
particles but within the same size range as wood bottom ast  3-
particles (Fig. 2b). Domestic and wood bottom ashes were _ 2-
generated in similar combustion conditions and a similar fuel
source; hence, they present similar particle morphologies.
The SEM images of coal bottom ash particles (Fig. 2d) show 2
that they were highly agglomerated and comprised smaller
particles than CFA in spite of having a similar fuel source 4]
(coal), although formed under different combustion condi- 4]
tions. Owing to the irregular shapes of all the bottom ash 3]
samples, it was not possible to estimate mean particle size: 2
from the SEM images. 1

lume [%]

domestic bottom ash

10" 10° 10"

4.2 Size distribution of combustion ash particles Diameter [m] "

10° 10

We measured the particle size distribution for the combustiorfigure 3. Particle size distribution of suspended combustion ash
ash particles with a Malvern Mastersizer 2000E laser diffrac-Particles — coal fly ash (CFA), wood, domestic, and coal bottom
tion instrument that uses Mie theory to estimate the equiva-aSheS' The size distribution were measured afterthe ash suspensions
lent volume of the particles (Malvern, 2012; De Boer et al., were pulsated in an uItra—_sonlc _bath for about 10 min and stirred for
2002). A refractive index of 1.62 and absorption value ofN-24 h_ before the laser diffraction measurement. Each plot of the
size distribution shown for each ash sample is an average of three
1.0 was used for CFA and coal bottom ash based on suggegspeated measurements £ 0.01).
tions by Jewell and Rathbone (2009). For wood and domestic
bottom ashes, we used a refractive index of 1.65 and an ab-
sorption value of 0.1 because of their higher calcite or CaO
content & 10 %, see Table 2) (Jewell and Rathbone, 2009).tinct from typical desert dusts in that they do not contain
The results in Fig. 3 are volume fraction size distributions for measurable amounts of clay and feldspar minerals. Another
ash suspensions agitated and stirred in the same way as famportant distinction from desert dusts is that combustion
the ice nucleation experiments. From these measurementash samples contain 29 to 85 % amorphous materials. Mullite
we report an average volume equivalent particle diameter ofAlgSi»O13) was detected in CFA but not in the bottom ashes
~ 10 um for CFA while that of the bottom ashes~s8 um studied, and is formed at the high combustion temperature of
(Fig. 3). The SEM images for CFA particles were consistent~ 1100°C relevant for CFA production (Liu et al., 1994, Li
with the size distribution determined by laser diffraction. The and Thomson, 1990).
SEM images for CFA particles showed a slightly smaller av- Focusing on the CFA used in this study, we found that its
erage diameter of-5um, but only relatively few particles mineral composition (Table 2) was similar to the mineral-
were imaged in the SEM compared to the laser diffractionogy of CFAs from different sources and locations. For exam-
method, which looked at a large volume of the material. ple, the X-ray diffraction (XRD) mineralogy for CFA in this
study was found to be similar to CFA obtained from Sasol
4.3 Mineralogical analyses and elemental compositions in South Africa (Nyambura et al., 2011). Also, a study of
of combustion ashes CFAs from five separate power plants in the USA showed
similar mineral compositions (ACAA, 2012). However, the
The mineral compositions of the combustion ashes wereamorphous content of the South African CFA (65 %) was
analysed with an X-ray powder diffractometer (Bruker D8) different from the bulk sample used here (81 %). Previously,
and mineralogical composition determined using Rietveldit has been reported that over 90 % of CFA contain silicon-,
refinement; the results are reported in Table 2. The X-rayaluminium-, calcium- and iron-based minerals (EPRI, 2010);
diffraction patterns and Rietveld fits are given in the Sup-this is consistent with the XRD and energy-dispersive X-ray
plement. The results showed variability in the mineral com-spectroscopy (EDX) results obtained for our CFA. In gen-
positions of each ash type, but the proportions of major min-eral, fly ash from large power plants are not strongly varied
erals such as quartz, calcite, haematite and magnetite wernd our results for its ice-nucleating abilities are therefore
similar to biomass ash (Vassilev et al., 2013a, b; Misra etrepresentative of coal power stations around the globe.
al., 1993). Quartz and haematite are also present in natural EDX analyses were carried out to study the elemental
desert dust samples, but the ash samples used here are di®mposition of individual ash particles. This was achieved

www.atmos-chem-phys.net/15/5195/2015/ Atmos. Chem. Phys., 15, 5828 2015



5200 N. S. Umo et al.: Ice nucleation by combustion ash particles

Table 2.Mineral compositions (%) of CFA, wood, domestic and coal bottom ashes as measured from an X-ray powder diffractometer. All ash
samples were sieved 040 pm except for CFA (bulk), which mineral composition analysis was performed on the raw sample as obtained
from the coal-fired power plant. A greater part of the combustion ash samples consisted of amorphous materials. The mineral composition is
reported in percentages of the total volume of the sample used. ND represents mineral concentrations that were beyond the detectable limits

Combustion ash samples and their
mineral compositions (%)

CFA CFA Wood Domestic Coal
Minerals Chemical formulae (bulk) <(40pum) ash ash ash
Quartz SiQ 7.1 5.7 0.7 0.7 0.3
Mullite Al Sir013 9.8 8.1 ND ND ND
Calcite CaCQ@ ND ND 47.4 43 551
Haematite FgO3, a-FeO3 0.5 0.5 1.1 3.1 0.3
Magnetite Fé+/FeT0, 1.2 1.1 ND 26 03
Fairchildite KoCa(CQ)2 ND ND 15.4 ND 121
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 Fé+O(OH) ND ND ND 1.7 ND
Muscovite 1M KAL(AISi3010)(OH)» ND ND ND 3.8 ND
Lime CaO ND ND ND ND 0.9
Amorphous components  — 81.3 84.6 29 68.4 31

using an EDX instrument (XMax 80 nfitby Oxford Instru- 5 Results and discussion — ice nucleation by
ments, UK), which was coupled to the SEM instrument. The  combustion ash samples
key elements found in the CFA EDX spectra are shown in
Fig. 4. Based on the locations scanned, principal element#n this section, we present and discuss the results obtained
found were Al, Si, Fe, O, and C. These elements are the mafrom the freezing experiments on combustion ash particles.
jor components of the minerals identified by the XRD. This
result agrees with literature EDX spectra of ultra-fine ash par5.1  Droplet freezing results
ticles, which is reported to comprise high levels of Ca, Si, and
Fe (Chen et al., 2005). Although carbon (C) showed a highThe results from the pL-NIPI freezing experiments with ash
count in the EDX spectra, it is not part of the major minerals gre shown in Fig. 5 and are compared with the average of
listed; it could be a component of CFA's amorphous com- 23 freezing experiments with ultra-pure water. In all cases,
position. The elemental composition of coal bottom ash wasgroplets containing combustion ash samples froze at higher
similar to that of CFA but with a higher count for Ca (EDX  temperatures than ultra-pure water indicating that combus-
spectra for the bottom ashes are shown in the Supplement.kjon ashes are capable of nucleating ice heterogeneously in
The EDX spectra for wood and domestic bottom asheshe immersion mode.
identified the elements C, O, Ca, Si, Mn, Fe, Mg, S, Naand The results of the nL-NIPI droplet freezing experiments
K. High counts were observed for C, O, Mg, Kand Ca. Potas-gre shown in Fig. 6. In these experiments the majority of
sium (K) is frequently found in combustion particles coming the nano-litre-volume droplets of pure water containing no
from wood fuel (Jenkins et al., 1998). From the XRD, the ash froze below-36°C, consistent with homogeneous nu-
mineralogy of both wood and domestic bottom ashes showgjeation reported by Murray et al. (2010a) and Riechers et
that CaC@, K2Ca(CQ)2 and CaSQ are the major compo- 3| (2013). This allows us to study ice nucleation by combus-
nents. Therefore, high elemental contents of Ca and O ar@on ashes to lower temperatures than possible in the micro-
from the calcite and anhydrite (the anhydrous form of gyp-jitre experiments. Inclusion of ash in these droplets causes
sum) minerals found in them. The amount of Sifresent  them to freeze at higher temperatures than in the pure wa-
was relatively small, but the signal from Si was higher in ter experiments, which indicates that the ash particles also
some of the EDX scans While, in other scans, it was Substannucleate ice in a temperature range not accessible to the HL_
tially lower. Also, it is possible that the location (or particle) N|P| experiment. The heterogeneous freezing temperatures
where the EDX scanned did not contain quartz in a signif-for the nL-NIPI are lower than those for the pL-NIPI, be-
icant proportion. Overall, the elements identified were con-cayse nano-litre volume droplets with the same concentration
sistent with the mineralogy established by the XRD. of ash contain less ash, and hence have a lower probability of
freezing at a given temperature.
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adopted, which describes the cumulative number of active
sites @s) which nucleate ice on cooling to a characteristic
temperature®) expressed per unit surface area of combus-
tion ash. This model has been used in many ice nucleation
studies to describe the ice-nucleating efficiencies of parti-
l cles, and detailed description of the model has also been
Mppn A given in Vali (1971, 2014), Connolly et al. (2009), Broadley

' et al. (2012), Murray et al. (2011, 2012), Niedermeier et
Bpec—3 al. (2010), Hoose and Mohler (2012), Atkinson et al. (2013)
and O’'Sullivan et al. (2014} is defined as

spec_1

ns(T) = —IN(L— fice(T))A™2, 1

g s where fice is the cumulative fraction of frozen droplets,
: T e which we implicitly assume is equal to the probability of a
droplet being frozen ar’, and A is the surface area of the
Epecs particles per droplet. The value dfis determined from the
SSA reported in Table 1 together with the mass fraction of
the original suspension and the droplet volume.
For the pL-NIPI some of the fraction frozen curves for
droplets containing ash overlap in temperature range with the
— background freezing in pure water. In the past, uL-NIPI re-
sults have only been quoted above a threshold temperature

Figure 4. Elemental composition of CFA measured by energy dis- above which the background is negligible (Atkinson et al.,

persive X-ray spectroscopy (EDX) that was coupled to a scanning?013; O'Sullivan et al., 2014; Whale et al., 2014). Here we
electron microscope (SEM). Platinytpalladium (Py Pd) mixture ~ Use & method to subtract the background INP concentration
was used to coat the samples before SEM/EDX spectra were taker@nd determines to lower temperatures. In this method, the
hence, it is asterisked on the spectra. These spectra were backumulative INP concentration (INP per unit volume) for the
ground corrected before making this plot. The ordinate (which is notbackground Kpgqd) is subtracted from the cumulative INP
shown) is intensity, in counts per second per energy unit (cPS&V  concentration for the ash containing samplég):

The spectra labels (spec_1, spec_2, ..., spamn the SEM images

are the locations from which the EDX scanned. EDX spectra for the g o; = Kiot — Kpgd: )
bottom ash samples are given in the Supplement.

3 4 5 6
X-ray energy [keV]

;X(Jx

& 3 4 5
X-ray energy [keV]

K
) S B

6 3 ; 5
X-ray energy [keV]

Here theKhetis the cumulative INP concentration due to the
heterogeneous freezing by the ash samiggq is obtained

_ Inthese experiments, droplets were generated by nebulizerom the fit to the experimental data of ultra-pure water given
ing 0.1wt% aqueous suspensions of ash and the nano-litrgg

droplets were collected on a glass slide. As a result there was

a very broad droplet size distribution (20-450 pm, diameter),Kpgq = expimT +d), (3)
unlike in the uL-NIPI experiments where the droplets were

of almost identical size. Importantly, there were also signif- wherem(—0.44+0.01) andd (—5.08+0.24) are the gradient
icant differences in droplet size distribution between exper-and intercept of the fit, respectiveliinet is then used to de-
iments. Hence, the fraction frozen plots for each individual terminens as shown in Eq. (4). The determination &fand
experiment in Fig. 6 are for a different droplet size distribu- its relationship withus is set out by Murray et al. (2012) and
tion and cannot be directly compared. When the distributionVali (2014):

was made up of smaller droplets, and therefore less surface

area per droplet, the freezing temperatures are lower and vices(7) = [—In(1 - foo) V™t —expmT +d)]vA~! (4)
versa. To quantitatively compare data from different runs on )

the nL-NIPI and also compare data from the nL-NIPI and WhereV is the average volume of a droplet (®mand A

HUL-NIPI experiments we need to normalize the probability iS the surface area of ash particles per droplet. Uncertain-
of nucleation to the surface area per droplet. ties in Kpgq, droplet volume and specific surface area are
propagated to estimate the uncertainty:in A comparable

5.2 The ice nucleation efficiency of combustion ashes ~ methodology was recently employed by Hader et al. (2014)
and O’'Sullivan et al. (2015) to correct for background freez-

In order to describe the ice-nucleating abilities of the dif- ing in similar experiments for heterogeneous freezing by

ferent combustion ashes investigated, a singular model wapollen and nanoscale biological fragments, respectively.
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Figure 5. Fraction of droplets frozenf{.e) from freezing experiments in the pL-NIPI. Each panel shows freezing curves of droplets con-
taining known concentrations (wt %) of CFA, wood, domestic and coal bottom ashes. In all the panels, a fit to the background freezing (blue
line) of ultra-pure water (18.2 K& cm resistivity) is plotted. All plots labelled as “0.1wt%_all” on every panel are cumulative fractions
frozen obtained from many repeat experiments. n-pipette represents normal pipette tips and Ir-pipette is for low-retention pipette tips. All
experiments shown in this figure were performed with the n-pipette except indicated. The temperature uncertainty for pL-NIPI is quoted as
+0.4 K for all measurements and it is not plotted with the data points for the purpose of clarity.

For the nL-NIPI experimental results, the determination uid droplets remaining af'. Hence,A generally decreases
of ns needed to take into account the broad size distributionthrough an experiment as the largest droplets tend to freeze
of the droplets (20—-450 um diameters). In the past, we havdirst and therefore provides a better approximationghan
used a method where we bin droplets into narrow size rangethe standard methodt is used to determine differential nu-
as described above and then apply Eq. (1) using the averagdeus spectrun(T):
surface area per droplet (Murray et al., 2011). However, this
method relies on the assumption that we can take an average Ty — _in (1_ i ) (A.AT)L, (6)
surface area per droplet in each bin. This is an appropriate nliq,T

assumption only when the size bin is narrow and was found _ )
to be justified in previous work — e.g. Murray et al. (2011) wheren; is the total number of frozen droplets in the tem-

and Broadley et al. (2012). In the case of the nL-NIPI exper_perature step (@). This can be used to derive the cumulative

iments presented here the size distribution is very broad any@lué.ns (Vali, 1971):

it is not possible to bin the limited number of droplets in suf- T

ficiently small size bins. This leads to an underprediction at

lower temperatures. s = _/k(T) dr. @
Instead, we have used a moving average method similar to 0

that used by Vali (1971). In this analysis the average surfac

area per droplet is defined as

?/alues of ng for each combustion ash sample from both
pL- and nL-NIPI experiments are presented in Fig. 7. The
Siiq, T ns distribution of results from both pL- and nL-NIPI ex-
= (%) periments showed good agreement even though the surface

area per droplet varied by 6 orders of magnitude. The agree-
where Sjig,7 is the total surface area of the ash in liquid ment between data from experiments with vastly different
(unfrozen) droplets af’, and njiq,7 is the number of lig-  droplet volumes and therefore vastly different surface areas

A )
Nliq,T
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Figure 6. Fraction of droplets frozenf{ce) from freezing experiment in the nL-NIPI. Each panel shows freezing curves of droplets containing
0.1wt% of CFA, wood, domestic or coal bottom ashes. The size range of the droplets varied 2@to 450 um diameter. We give the

range of the droplet diameter, but note that this is a rough guide to the size distribution since the distributions were commonly not log-normal.
Most of the experiments in this figure were for droplets in the nano-litre (nL) volume range. For all panels, the royal blue squares (filled
and unfilled) represent the freezing curve of ultra-pure water (182ZM resistivity) on the same instrumental set-up with droplets ranging

from 30 to 400 um diameter for both runs. Uncertainty in the temperature measurements is qufletlikas

per droplet is consistent with the probability of nucleation which there is an onset-like behaviour where the nhumber of
scaling with surface area. active sites increases rapidly with temperature, followed by
In the determination ofis from nL-NIPI results we as- a much shallower increase in active sites at lower tempera-
sumed that the background INP concentrations were negliture. The steep increasesng around—17°C in CFA shows
gible. In general, this appears to be a reasonable approxihat the sites active around this temperature are less diverse
mation, but it is possible that for runs employing the largestthan those in the bottom ash samples. In contrast, the bottom
droplets & 100 um) there may have been a significant num-ash samples have measuratldo temperatures well above
ber of background INPs present in the droplets. Accord-—17°C.
ingly, this could lead to an overestimation for the highest- In Fig. 8, we compare thes (T) of the four ash sam-
temperature nL-NIP#ks values when compared to the equiv- ples (mineral dusts values are also included in this plot,
alent uL-NIPIng values. Note that some pure water droplets but are discussed in Sect. 5.3). Inspection of Fig. 8 shows
freeze above-36°C (Fig. 6). Even with this potential contri- that CFA is more efficient at nucleating ice between about
bution of background INP in some nL-NIPI experiments, the —17 and—27°C than the bottom ashes, but its activity falls
agreement between the various experiments shown in Fig. @way very rapidly above-17°C. The bottom ash samples
is reasonable. are more similar to one another, but there is a trend with the
Inspection of the various plots in Fig. 7 reveals a striking coal ash being least active and the wood ash being most ac-
difference in temperature dependencegfetween the CFA  tive between~ —12°C and the homogeneous limit. These
and the bottom ash samples. While CFA is well described bydifferences must in some way be related to the fuel, com-
a log—exponential fit, wood and coal bottom ashes were welbustion temperature, ash composition and ash morphology.
described by a log—linear relationship and domestic ash wa# terms of morphology and generation conditions, CFA is
better fitted by a log—polynomial fit. The fitted parameteri- very different to the bottom ashes. As shown earlier (Fig. 2),
zations for each data set are listed in Table 3. The shape d€FA was made up of spherical particles whereas the bot-
the CFAnsg curve is reminiscent of bacterial or fungal INP in tom ashes were irregular-shaped particles. Moreover, CFA
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Figure 7.lce nucleation active sitesgd) distribution for CFA, wood bottom ash, domestic bottom ash, and coal bottom ash particles, obtained
from freezing experiments in pL- and nL-NIPI. Each panel represents the cumulative number of nucleation actiuve) siteshe ash

particles calculated from the ice nucleation singular model and it covers all the temperature range explored during the freezing experiments.
For the pL-NIPI experiments, n-pipette represents normal pipette and Ir-pipette is for low retention pipette — all experiments shown in this
figure were performed with the-pipette (1.0G: 0.025 pL) except where indicated. On the wood bottom ash panel, the experiments indicating

23 and 40 C were performed to test the effect of the initial temperature of the suspensions on its freezing ability. The equatioms for the
parameterizations and their valid temperatures for each of the combustion ashes are shown in Table 3. Estimated error bars are only show
for a selection of data sets for clarity and in many of these cases the error bars are smaller than the size of the data points.

Table 3.ns parameterizations for combustion ash samples investigated in this report. The tempe@tmeages for which the fits are valid
are shown for each of the ash type.

Combustion ash type ns(T) fit (cm™—2) R?  Valid temperature rangé€C)
Coal fly ash (CFA) exfl11.3014—171227-exp(0.3153r)] 0.9390 —-15t0—31.5

Wood bottom ash efp-0.7818r — 11.884] 0.9469 —-11to—36

Domestic bottom ash  exp15.5721— 1.0386I"' — 0.006372] 0.9525 —12t0—35

Coal bottom ash exfp-0.7305I — 13.802 0.9551 -13to—36

was produced in a high-temperature combustion system, &.3 Comparison of ice nucleation activities of
1500-1900C, in contrast to the bottom ashes which were combustion ashes to INPs with varied mineralogies
generated at about 80C (see Sect. 2.1). CFA was produced

ata very high temperature in a limited oxygen condition, theCombustion ashes have some similarities with mineral dusts

bottom ashes were generated in a sufficient oxygen Suppl¥rom deserts in terms of their composition; hence, we have
system. These combustion conditions can affect the Chem(:ompared literature values of. for varioué miner:al and
istry and composition of the particles (Misra et al., 1993), desert dusts in Fig. 8. For min;ral—based INPs, the observed
and apparently also influence ice-nucleating abilities. How - '

) ha . Vvariations in their ice nucleation activities have been linked
ever, the particular reason why CFA has a distinct nucleatio : . S . . i
. . ; o o differences in their mineralogies (Atkinson et al., 2013;

spectrum remains a subject for further investigation.

Augustin-Bauditz et al., 2014). In particular, feldspars have
been identified as the most active mineral group present
in typical desert dusts followed by quartz with the clays
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mixed-phase cloud conditions remains unknown. In general,
the combustion ashes have an intermediate, but variable, ice-
nucleating activity. They have greater or similar activity to
clay minerals (illite, kaolinite, montmorillonite) and calcite,
but lower activity than quartz, feldspars and desert dusts. The
components and surface properties that control the ice nu-
cleation activity of combustion ashes remains a subject for
future investigation.

NE Coal fly ash
5 10° | % Woodash
= Y Domestic ash
<’ % Coal ash
10° 4 O K-Feldspar (Atkinson et al., 2013}

< Calcite (Atkinson et al., 2013)
. 1 O NalCa-Feldspar (Atkinson et al., 2013)
10" < A Quartz (Atkinson et al., 2013)
QO Montmorillonite (Atkinson et al., 2013)
10° . © Chlorite (Atkinson etal. 2013)
¥ Mica (Atkinson et al., 2013)
@Kaolinite_KGa-1b (Herbert et al., 2014)
10" /e Parameterisation for dust samples (Niemand et al., 2012)
HeKaolinite (Murray et al., 2011)
=« «NX-illte parameterisation (Hiranuma et al., 2014)
10? —e o » Clay-based minerals (Augustin-Bauditz et al., 2014)
= Volcanic ash parameterisation (Murray et al., 2012)

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

s
aw. . -
‘%

-38 -36 -3¢ -32 -30 -28 -26 -24 -22 -20 -18 -16 -14 -12 -10 -8 -6 -4

Temperature [°C] The relative importance of some INP types relevant for
_ _ ) _ o S mixed-phase clouds have been assessed previously by com-
Figure 8. Comparison of ice nucleation active siteg)(distribution biningns values with atmospheric abundance to yield an esti-
for combustion ashes and other mineral INPs such as mica, momfnate of the INP concentrations (Cziczo et al., 2013; Murray
morillonite, chlorite, feldspar (NACa) (albite), calcite, quartz, K- . . . L ' :
) ) . .. etal.,, 2012; Atkinson et al., 2013; O’Sullivan et al., 2014;
feldspar (microcline) taken from Atkinson et al. (2013), kaolinite . . . .
Tobo et al., 2014). This sort of quantification can give an in-

(KGa-1b) from Herbert et al. (2014), and kaolinite from Murray et " . - ’
al. (2011). The solid black line, dotted black line, solid cyan line Sight into the importance of INPs from different sources and

and the dashed-dotted black line are parameterizations for the imPotentially allows us to assess changes in INP concentrations
mersion freezing of desert dusts (Niemand et al., 2012), clay-basélue to human activities. Unfortunately, such an estimate is
mineral line (Augustin-Bauditz et al., 2014), volcanic ash (Murray not possible for combustion ashes, because we have a very
etal., 2012) and NX-illite (Hiranuma et al., 2015), respectively. All limited knowledge of the atmospheric abundance of combus-
coloured data points are for the different combustion ashes investion ashes. Some of the limiting factors that lead to unavail-
tigated in this present study. All the data shown here were derivedabi”ty of data are linked to a lack of airborne and ground
from the BET surface area except for parameterizations for dusineasurements of combustion ash particles, and the difficulty
samples (Niemand et al., 2012) and volcanic ash (Murray et al.;, ittarentiating mineral dust and combustion ashes in the
2012), which were based on the geometric surface areas calcula- . . .
tions, atmosphere. I_:or example, in some ice cryst_al residue analy-
ses natural mineral dusts, fly ashes, volcanic ashes and oth-
ers are often classed into a single category (Richardson et
al., 2007; Baustian et al., 2012; Kamphus et al., 2010; Fried-
only becoming similarly active at much lower temperaturesman et al., 2013; Cziczo et al., 2004). Some studies only
(Atkinson et al., 2013). used dust markers to class such aerosols as mineral dust
The combustion ashes showed less activity than thge.g. Pratt et al., 2009) or grouped aerosol particles as sim-
feldspars reported by Atkinson et al. (2013) and the deserply mixed or industrial (Pratt et al., 2010). Similar comments
dust samples parameterized by Niemand et al. (2012). Ihave been made by Wang et al. (2013) about the incorrect ap-
was suggested by Atkinson et al. (2013) that these desegtortionment of coal combustion particles in the atmosphere
dusts also contained feldspars which determined their iceto biomass burning sources.
nucleating activity. X-ray diffraction analyses (Table 2) In this study, we have provided the first direct evidence
showed no detectable feldspar present in the ash sampletfjat combustion ash particles can nucleate ice in the immer-
but there was a detectable amount of quartz in all samplession mode. These particles may contribute to the INP budget
In fact, theng values for the ashes ranges from roughly 30in the atmosphere, which is needed for a complete assess-
to 1% of that of the available literature data for quartz at ment of impact of cloud adjustment due to aerosol particles.
< —26°C. This suggests that quartz could be importantin theAs the global energy demand increases, more fly ash may
ice-nucleating activity of combustion ashes, but further workbe produced. It is estimated that with the current increase
is required to explore this hypothesis. One major differencein annual global consumption of coal (2—3 %), by 2030, up
between the ash samples and mineral dusts is that the ash 10.6 billion tonnes may be needed (Zhang et al., 2008).
samples contain a substantial proportion of amorphous mak addition, it is predicted that due to land use change more
terial (Table 2). Amorphous solids have been shown to nuclewildfires are likely to occur (Westerling et al., 2006) — hence,
ate ice in the past (Murray et al., 2010b; Wilson et al., 2012;more biomass ash particles may be released into the atmo-
Baustian et al., 2013), and aluminium silicates also nucleatesphere. We strongly suggest that it is necessary to quantify
ice under cirrus cloud conditions (Archuleta et al., 2005), butthe concentration and distribution of combustion ash parti-
the ice-nucleating ability of the amorphous silicates in ash afcles in the atmosphere and to understand their ice nucleation
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mechanisms. This will help in proper assessment of their efbetween mineral dust, fly ashes, and volcanic ashes by po-
fects on mixed-phase clouds. tentially using methods like magnetization and coercive field
factors (Flanders, 1999; Xie and Dearing, 1999). The coer-
cive field factor gives an indication of the percentage of fly
7 Conclusions and recommendations ash that is airborne in relation to the total amount of magnetic
material that is airborne. Other methods are isotopic labelling
We investigated the ice nucleation efficiencies of combus-and back trajectory attribution. Isotopic labelling can be used
tion ashes — CFA, wood, domestic, and coal bottom ashesluring measurements by matching the spectra of the miner-
— in the immersion mode. From this study, we have shownals in the atmosphere with the known isotopes characteristic
that combustion ash particles nucleate ice heterogeneouslyf the possible sources of the measured particles. The back
in the immersion mode. We also show that there are substartrajectory approach involves resolving the emission sources
tial differences between ice-nucleating abilities of the asheof combustion ashes and comparing to the emission route for
generated from different fuels and under different conditions.natural dusts.
Ashes are composed of silicates and might therefore be ex- To ascertain the contribution of combustion ashes to tro-
pected to have some similarities in their ice-nucleating abil-pospheric INPs and its impact on clouds, we also propose
ity to mineral dusts, but the nucleating efficienay)(of the that further studies should focus on quantifying the effect of
ashes is lower than that of desert dusts reported in the literatmospheric processing and its implications for their ice nu-
ature. This is probably because the ashes do not contain thedeation abilities. This can give relevant information on the
highly ice active feldspars, which are present in desert dustampact of freshly emitted and aged combustion ash patrticles.
However, the ice nucleation activities of combustion ashed_ astly, the impact of these ashes on localized clouds (i.e. in
may be influenced by the presence of quartz, but this suggeghe region of ash emission) may also be of interest for future
tion needs further investigation. assessment.
At present it is not possible to assess the potential con-
tribution of ashes to the INP loading of the Earth’'s atmo-
sphere due to a lack of data on their atmospheric abundancd he Supplement related to this article is available online
There is a lack of information on the abundance of combus-at doi:10.5194/acp-15-5195-2015-supplement.
tion ashes in the atmosphere, in part, because these ashes
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 CcmtributionAcknovaedgements. The authors are grateful to Edward Mitchell
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