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of soot particle ice nucleation
ability on its volatile content†

Kunfeng Gao, abc Hans-Christian Koch,d Chong-Wen Zhou *a

and Zamin A. Kanji *c

Aviation soot can affect contrail and cirrus cloud formation and impact climate. A product of incomplete

combustion, soot particles, are fractal and hydrophobic aggregates comprising carbonaceous spheres

with complex physicochemical properties. In the cirrus cloud regime, the surface wettability and pore

abundance of soot particles are important determinants for their ice nucleation ability via pore

condensation and freezing. In the atmosphere, soot particles can undergo various ageing processes

which modify their surface chemistry and porosity, thus acting as ice nucleating particles with varying

abilities as a function of ageing. In this study, size-selected soot particles were treated by thermal

denuding at 573 K in a pure nitrogen (N2) or synthetic air (N2 + O2) flow and then exposed to varying

relative humidity conditions at a fixed temperature in the range from 218 to 243 K, to investigate the role

of volatile content in the ice nucleation ability. Both organic-lean and organic-rich propane (C3H8) flame

soot particles, as well as two types of commercially available carbon black soot particles with high and

low surface wettability, were tested. The size and mass distribution of soot aerosol were monitored

during the ice nucleation experiments. Bulk soot samples also prepared in pure N2 or synthetic air

environments at 573 K were characterised by thermogravimetric analysis, Fourier transform infrared

spectroscopy and dynamic vapour sorption measurements, to reveal the relation between denuding

volatile content, associated soot particle property modifications and the ice nucleation ability. Our study

shows that thermal denuding induces a change in soot particle porosity playing a dominant role in

regulating its ice nucleation via the pore condensation and freezing mechanism. The enrichment in

mesopore (2–50 nm) availability may enhance soot ice nucleation. The presence of O2 in the thermal

denuding process may introduce new active sites on soot particles for water interaction and increase

soot surface wettability. However, these active sites only facilitate soot ice nucleation when mesopore

structures are available. We conclude that a change in volatile content modifies both morphological

properties and surface chemistry for soot particles, but porosity change plays the dominant role in

regulating soot particle ice nucleation ability.
Environmental signicance

The aerosol–cloud-interaction of soot particles is poorly constrained (indirect climate effect). Soot particles with complex and heterogeneous properties are
universally found in the troposphere. Soot emission sources co-emit volatile species that can condense or react with the particles thus changing their physical
and chemical properties. This process of property modication is termed atmospheric ageing. The complex ageing processes makes it challenging to predict
soot particle impacts on ice cloud formation. Here we investigate how the volatile content will inuence the physical and chemical properties that are
responsible for cloud droplet and ice crystal formation relevant for mixed-phase and cirrus clouds in the troposphere which will have implications for aviation
soot induced cloud formation.
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1 Introduction

Soot particles are one of the most important non-CO2 particu-
late emissions1 with poorly constrained climate impacts.2,3 By
acting as cloud condensation nuclei (CCN) or ice nucleating
particles (INPs), soot particles can form water droplets or
nucleate ice crystals, contributing to liquid or ice cloud forma-
tion.4–6 Soot particles emitted by aircra engines at high alti-
tudes are able to inuence aviation contrail evolution and
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2043
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further cirrus cloud formation, thereby modifying the cirrus
cloud coverage in aviation corridors and modulating regional
atmospheric radiative forcing.7–9 Globally, soot aerosol–cloud
interactions can alter both the sign and magnitude of its total
annual radiative forcing and the largest uncertainty remains in
the cirrus cloud regime.3,6,10However, laboratory studies suggest
that the ice nucleation (IN) ability of soot particles is poorly
constrained, in part because of their complex and heteroge-
neous physicochemical properties, and also due to varying
physiochemical properties during their atmospheric
transportation.

There is accumulating evidence from laboratory studies that
the pore condensation and freezing (PCF) process is an
important pathway for soot IN in the cirrus cloud regime.11,12

Porosity characteristics and surface wettability are viewed as
crucial and decisive properties for soot particle IN via PCF.13–16

PCF favours both mesopore (2 nm < Dp (pore diameter) < 50
nm)17 structures and a low soot–water contact angle to rst
induce supercooled water condensation in the pore.18–20 An ice
crystal can form via homogeneous freezing of supercooled pore-
water when the temperature (T) is lower than homogeneous
nucleation temperature (HNT ¼ 235 K) or by immersion
freezing at T > 235 K if active sites are present within the pore
and if the pore size is large enough to host an ice germ at the
nucleation temperature.18 Given that soot particles are
a product of incomplete combustion and mainly comprise
graphitized primary particles,21–23 the porosity and surface
wettability can be changed by non-carbonized components
associated with soot during combustion or by external material
coating during atmospheric ageing processes.24,25 As a result,
non-graphitized content changes may interfere with soot
particle PCF processes both by changing the pore volume and by
inuencing the surface wettability.

Laboratory studies suggested that the organic content is of
signicance to soot particle IN. For example, Möhler et al.26

suggested that the IN ability of propane (C3H8) ame soot can
be considerably supressed by high level of organic matter (OM)
coverage rendering active sites unavailable. This nding is
further supported by Crawford et al.27 who showed that soot
particles with a 5% OM content by mass are more active INPs
compared to those with a 30% OM content. Mahrt et al.11 also
suggested that hydrophobic nature of OM in organic-rich C3H8

ame soot is responsible for its suppressed IN ability. Zhang
et al.28 studied the coating effects of secondary organic aerosol
(SOA) on the IN ability of soot particles and noted that SOA
coating suppresses soot IN at T < HNT in the cirrus cloud regime
by lling in pore structures relevant to PCF. However, Friedman
et al.29 found that organic acid coated and size-selected C3H8

ame soot particles do not show prominently different IN
behaviour for 233 < T < 253 K compared to the uncoated
particles. The authors actually observed no IN at T > 233 K,29

which is consistent with a recent study by Kanji et al.30 who
reported black carbon particles are not relevant for IN at T >
HNT. In contrast to OM addition by coating, Demirdjian et al.31

suggested that the removal of hydrophobic material by heating
at 473 K results in enhanced IN for soot particles.
2044 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
The chemical property of OM on soot particle surface also
regulates its IN because the OM content may modify soot
particle surface polarity, oxidation level and hydrophilicity.
However, conicting results were reported in the literature. For
example, some studies suggested that oxidised soot surfaces
promote heterogeneous IN. Gorbunov et al.32 noted that oxida-
tion introduced surface chemical groups enhance soot IN by
promoting hydrogen bond formation with water. Kireeva et al.33

and Koehler et al.34 also suggested that oxygen-containing
functional groups on soot surfaces may facilitate its IN. Haus-
ler et al.35 reported that surface functionalisation for carbona-
ceous material increases its hydrophilicity by generating new
active sites and thus promoting IN. By contrast, some studies
demonstrated that hydrophilicity is not a sufficient predictor for
soot IN and low surface oxidation levels facilitate soot IN.36–40

Whale et al.38 reported that less oxidised carbon nanotubes can
nucleate ice more effectively than highly oxidised ones because
highly oxidised soot surface with a large polar site density
inhibits IN by conning the freedom of water molecules and
thus preventing them from rearranging into ice structures.
Similarly, Bi et al.39 presented simulation results showing that
increased hydrophilicity leads to decreased IN. Most recently,
Nichman et al.12 reported that oxidised soot particles freeze
homogeneously whereas unoxidised or slightly oxidised soot
samples can form ice below homogeneous freezing conditions
(HNT and Si ¼ 1.4 (saturation ratio with respect to ice)). The
authors deduced that surface oxidation inevitably introduces
a change in the soot particle pore structure which is favourable
for PCF, though accompanied with surface polarity and hydro-
philicity increase.12 Very likely, soot particle oxidation level or
hydrophilicity modication induced by surface OM content
change occurs simultaneously with soot particle morphology
modications, thus the combined effects play the role in
changing soot IN.12,35,41 Therefore, determining the role of OM
in soot IN requires systematic experimental investigations.

In this study, the dependence of soot particle IN ability on
volatile content was investigated under mixed-phase and cirrus
cloud conditions. Thermal denuding at 573 K in a pure nitrogen
(N2) or a synthetic air (N2 + O2) atmosphere was used to change
the soot particle volatile content. Then, the IN abilities of size-
selected soot particles were observed in a continuous ow
diffusion chamber at 218 < T < 243 K. Additionally, systematic
measurements characterising the physicochemical properties
of soot samples were performed, including soot particle size
and mass distribution, the mass of bulk soot volatile content,
the chemical composition and functional group changes of soot
samples, as well as soot–water interaction activities.

2 Experimental methods
2.1 Instrumentation

In Fig. 1, the experimental schematic is divided into three parts,
including sample generation, IN experiments and sample char-
acterisation measurements. A miniature combustion aerosol
standard (miniCAST, model 4200, Jing Ltd, Zollikofen, Switzer-
land) system was used to generate C3H8 ame soot under
different fuel to air ratios and a dry dispersion setup was utilised
This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic of the experimental setup. miniCAST: miniature combustion aerosol standard; DMA: differential mobility analyser; CPC:
condensation particle counter; HINC: horizontal ice nucleation chamber; OPC: optical particle counter; SMPS: scanning mobility particle sizer;
CPMA: centrifugal particle mass analyser; TEM: transmission electron microscopy; TGA: thermogravimetric analyser; FTIR: Fourier transform
infrared spectroscopy; DVS: dynamic vapour sorption.
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to disperse two types of carbon black powder. A 1 Lmin�1 aerosol
ow was sent through a differential mobility analyser (DMA;
classier 3080, with a 3081 column and a polonium radiation
source, TSI Inc.) to select monodisperse soot aerosol particles of
200 or 400 nm. Size-selected aerosol particles were directed to
a thermal denuder at 573 K or to a bypass volume before being
diluted by a factor of 5. Diluted aerosol sample (5 L min�1) was
split into ve pathways, including a condensation particle
counter (CPC; Model 3772, TSI Inc.) for measuring particle
number concentration (1 L min�1), a horizontal ice nucleation
chamber (HINC)42,43 for IN experiments (0.22 L min�1). A high
efficiency particulate air capsule (HEPA, PALL Corporation) lter
was used for the exhaust ow. A scanning mobility particle sizer
(SMPS, classier 3082, column 3081, CPC 3776 low-ow mode
0.3 L min�1, TSI Inc.) and a centrifugal particle mass analyser
(CPMA, Cambustion Ltd, Cambridge, UK) with a 1.5 Lmin�1

ow
pulled by a water CPC (model 3787, high-ow mode, TSI Inc.)
were used to test particle size andmass distribution, respectively.
In addition, 400 nm C3H8 ame soot particles were visualised
using transmission electron microscopy (TEM) technique. Bulk
soot samples were also analysed by thermogravimetric analysis
(TGA, Q50, TA Instruments, Eschborn), Fourier transform
infrared spectroscopy (FTIR, Tensor 27, Brucker) and dynamic
vapour sorption (DVS, Aquadyne DVS-2, 3P Instruments GmbH &
Co. KG) measurements.

2.2 Sample generation

Each type of soot sample was denuded at 573 K in either
a synthetic air or pure N2 atmosphere. It is expected that N2

thermal denuding mainly removes the volatile content from the
particle whereas the soot particle surface could oxidise in the
presence of O2 upon thermal denuding in air in addition to
volatile content removal. The miniCAST system was operated at
fuel/air ratios of 0.95 and 1.03 to generate organic-lean and -rich
C3H8 ame soot samples, termed mCASTblack and mCAST-
brown respectively. Before particle size selection, the combustion
exhaust was diluted by a factor of 100 with particle and organic
This journal is © The Royal Society of Chemistry 2022
free air (20.9% O2) through a dilutor (Model VKL100, Palas) and
then fed into a 125 L mixing volume to allow particle coagulation
and concentration stabilisation. The DMA was used to select 200
or 400 nm soot particles with a sample to sheath ow ratio of
1 : 13 or 1 : 7.3, respectively. Size-selected soot particles were
either denuded at 573 K, referred to mCASTblack-air or
mCASTbrown-air, or bypassed the thermal denuder before
sending to downstream experiments. To denude soot particles
under N2 atmosphere, the Palas dilutor was connected to a pure
N2 (99.99%) source. Generated soot samples were termed
mCASTblack-N2 or mCASTbrown-N2 hereaer. In addition,
commercial carbon black FW200 and Printex90 (Orion Engi-
neered Carbons GmbH, OEC, Frankfurt, Main, Germany) with
different graphitization levels were used. Dry carbon black
powder was sufficiently stirred for two weeks and then aero-
solised by a dry dispersion setup introduced in Gao et al.13

Filtered and organic free air (20.9% O2) source was used to
generate untreated or air denuded carbon black aerosols, termed
FW200, PR90, and FW200-air, PR90-air respectively. Pure N2

source was deployed in the dry dispersion setup to establish an
O2 free thermal denuding atmosphere, by which generated soot
samples are termed FW200-N2 and PR90-N2. Different soot
samples are summarised in Table 1.

For bulk sample characterisation, mCASTblack and
mCASTbrown soot were rst deposited on lters (PALL, 47 mm,
Tissuquartz 2500AQT-UP) by an air pump close to the outlet of
the miniCAST and then scraped off. To mimic aerosol particle
denuding conditions, soot powders were heated in an oven at
573 K in an air (20.9% O2) or pure N2 atmosphere for 6 hours
before conducting bulk sample characterisation measure-
ments. For the ease of discussion, oven-heated soot samples are
also named using the same suffix as for denuded aerosol
particles in the same atmosphere.

2.3 Ice nucleation experiments

Size-selected soot particle IN abilities were measured at a xed T
by running RH (relative humidity) scans in HINC.42,43 The IN
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2045
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experiment T range covers cirrus and mixed phase cloud regime
from 218 to 243 K and the RH scan at each Twith a 2%min�1 RHi

(relative humidity with respect to ice) slope starts from ice satu-
ration conditions (RHi ¼ 100%) and ends at RHw ¼ 110% (rela-
tive humidity with respect to water). Diffusion dryers were used to
reduce the soot aerosol sample RHw to less than 3%. The concept
and principle of HINC operation are elaborated in detail by
Lacher et al.43 and Mahrt et al.11 Briey, a linear T and water
vapour pressure prole can be established in the chamber
between two ice coated walls at different T (DT, Ttop > Tbottom).
Since the equilibrium vapour pressure is nonlinear as a function
of T (Clausius–Clapeyron equation), a RH prole with water sub-
and supersaturated conditions can be achieved in HINC. The RH
prole can be determined using the parameterisation suggested
by Murphy and Koop.44 Jacketed by a pure N2 sheath ow, a soot
particle aerosol ow (aerosol to sheath ow ratio of 1 : 12) is
injected and conned to the centre of the chamber. Hence, RH
conditions in the aerosol layer, which is also at the centre of the
RH prole, can be determined. Considering an uncertainty of
�0.1 K for T control, the variation of the RH prole across the
aerosol layer is calculated to have the largest uncertainty in RHw

of about 5% at the lowest T ¼ 218 K and highest RHw ¼ 110%
condition, and the uncertainty decreases with increasing T and at
lower RH conditions. Detailed discussion can be found in Mahrt
et al.11With a xed aerosol injector position of 25 cm, the particle
residence time is approximately equivalent to 10.1–12.3 s for 243
> T > 218 K in the HINC chamber and increases with decreasing
T. To evaluate soot particle activated fraction (AF) values, an
optical particle counter (OPC) running at different optical size
channels, including 1.0, 2.0, 3.0, 4.0 and 5.0 mm, was used to
count the number of ice crystals or water droplets (nice or water

droplets) exiting the chamber. The ratio of activated particle
number to the total number of soot particles (nsoot particles)
entering the chamber recorded by the CPC, i.e., the AF, can be
calculated according to (eqn. (1)):

AF ¼ nice or water droplets/nsoot particles (1)

The soot particle AF values can be presented as a function of
RH at a xed T. Soot particles detected by the OPC can be water
droplets or ice crystals at T > HNT. Since Si > Sw (saturation ratio
with respect to water), ice crystals grow much larger than water
droplets under the same RH and T conditions in HINC. By
comparing the AF curves derived from different OPC size chan-
nels, the phase of the particle exiting HINC can be discriminated.
At the same T as for soot particle IN experiments, we also per-
formed RH scans for 200 nm ammonium nitrate particles (see
Fig. S1†) which do not freeze at T > HNT (remain as supercooled
liquid droplets) but freeze homogeneously at T < HNT.43,45 As
a reference, we are able to evaluate the particle phase by
comparing the AF curves of soot particles to those of ammonium
nitrate particles in large OPC channels and at the same T.

2.4 Sample characterisation measurements

2.4.1 TGA. In a N2 atmosphere, fresh and air-heated (in an
oven at 573 K, see Section 2.2) bulk soot samples were analysed
by the thermogravimetric analysis (TGA) technique. A precision
This journal is © The Royal Society of Chemistry 2022
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balance was used to continuously monitor the mass of the soot
sample remaining in the furnace with increasing T. The leover
mass percentage can be calculated with respect to original
sample mass. The T ramp started from 25 to 300 �C with
a constant slope 5 �C min�1 and then the T was held constant
for 30minutes at 300 �C to allow sufficient heating and tomatch
aerosol particle denuding experiments. Next, a 10 �C min�1

gradient was set to heat the sample to 1000 �C. Two individual
runs were performed for each type of soot sample.

2.4.2 FTIR. Both oven-air- and -N2-heated (at 573 K, see
Section 2.2) bulk soot samples, as well as fresh soot samples,
were analysed by Fourier transform infrared spectroscopy
(FTIR), to investigate thermal denuding induced functional
group changes. Bulk soot sample was analysed without any
additive agents by ATR (attenuated total reection) technique
using a sampling module equipped with a diamond crystal. The
sample was compressed to assure sufficient contact with the
crystal surface and measurements were conducted in the range
from 400 to 4000 cm�1 at a spectral resolution of 2 cm�1. An
average of 48 individual scans was reported.

2.4.3 SMPS-CPMA. When assessing the size and mass of
denuded soot particles by a SMPS-CPMA system (see Fig. 1), the
ow rate and pressure of the whole ow system, as well as the
aerosol sample to sheath ow ratio of the upstream DMA for
size selection, were kept the same for each type of size-selected
soot sample, to achieve the smallest measurement uncertainty.
The SMPS was operated with an aerosol sample to sheath ow
ratio of 0.3 : 3.0 (0.3 : 1.8) for 200 (400) nm size-selected soot
particles, covering a size scanning range 14–594 (19–851) nm,
thus including double-charged particle sizes. The CPMA mass
scan was performed with a mass resolution better than 3%.

2.4.4 DVS. Samples used for dynamic vapour sorption
(DVS) measurements were prepared in the same manner as for
TGA. Before measuring soot sample dynamic vapour isotherms,
outgassing was performed for bulk soot samples at 573 K under
vacuum for 4 hours. At 298 K, the sample mass was recorded
and set as a benchmark for the measurements. The adsorption
branch of the soot sample isotherm wasmeasured by increasing
RHw conditions from 5 to 90% with a step of 10% then the RHw

was decreased in the same manner down to 5% to measure the
desorption branch. Each RHw condition was maintained for at
least 60 min with a RH accuracy �0.8% and the RHw condition
would only be changed until the mass change (Dm) rate is
smaller than 0.001% min�1. As such, a quasi-equilibrium state
between the soot sample and water vapour was assumed.
Finally, the isotherm was collected in the form of the percentage
mass of vapour adsorbed or desorbed as a function of RHw.

By assessing the soot water vapour isotherm characteristics,
water uptake abilities can be qualitatively evaluated.46,47 The
pore-volume based pore size distribution (PSD) of a soot sample
as a function of pore radius (rp) can also be derived.15,46 The
quantitative porosity analysis is based on the Kelvin equation:

rk ¼ �(2gsl$vs$cos(q))/RT ln(RHw/100%) (2)

where rk is the Kelvin rp required for capillary condensation at
a certain RHw below water saturation, gsl is the interfacial
This journal is © The Royal Society of Chemistry 2022
tension of liquid water with respect to a solid, vs denotes the
volume of a water molecule, q is the soot–water contact angle
and the gas constant R equals to 8.314 J mol�1 K�1. According to
eqn (2), the relationship between RHw and rk can be established
with assumptions for simplication, including (1) a rigid and
cylindrical geometry for pore structures in the soot aggregate,
(2) an averaged soot–water contact angle distribution over soot
surfaces, (3) the validation of the Kelvin equation over the
complete rp range calculated, (4) homogeneous pore-water-
interaction abilities regardless of the pore location. In this
study, we modied the mathematical approach for retrieving
PSD based on DVS isotherms developed by Wheeler48 and
Shkol'nikov and Sidorova49 and a high order polynomial tting
method was used to calculate a smoother desorption isotherm
function of RHw. For detailed formulation, we refer the reader to
Mahrt et al.15 and Gao et al.16

2.4.5 TEM. Size-selected mBlack and mBrown particles
(400 nm) with and without thermal denuding were also sampled
for transmission electron microscopy (TEM, JEOL-1400+, JEOL
Ltd, Tokyo, Japan, operated at 120 kV) analysis.

3 Results and discussion
3.1 Ice nucleation dependence on volatile content

3.1.1 Single soot sample ice nucleation results. To evaluate
soot particle IN abilities, the onset Si/Sw value required for
a sample to reach an AF value of 0.1% in the 1.0 mm OPC
channel is used as a metric. The RH variation that the sample is
exposed to in the chamber, is plotted as the uncertainty for each
onset Si. Fig. 2 and 3 summarise the onset Si results for 400 and
200 nm size-selected fresh soot particles and their denuded
counterparts based on individual AF curves in Fig. 9–12 and
13–16, respectively. As indicated by the 1.0 mm water droplet
survival line (red dashed line) in Fig. 2 and 3, activated particles
could be in liquid or ice phase for T ¼ 243 and 238 K. Following
the particle phase discrimination method introduced in Section
2.3 and AF curves derived from different OPC channels in ESI
S1,† the particle phase is inferred. At 243 K, all 400 and 200 nm
soot particles form water droplets as their OPC signals are only
present in channels#2.0 mm (see ESI S1 Fig. S2–S25),† the same
as those of ammonium nitrate particles (see Fig. S1).† At 238 K,
all mCASTblack, mCASTbrown, PR90, as well as fresh FW200
particles exiting HINC chamber are water droplets. However,
the AF curves of both denuded 400 nm FW200 particles derived
from OPC channels$4.0 mm at 238 K suggest these particles are
in ice phase as their AF values can reach higher than 0.1% when
RHw > 105% for which ammonium nitrate particles (liquid
droplets) do not reach an AF of 0.1% at the same RH (see Fig. S1,
S9 and S10).† As such, we conclude a fraction of 400 nm FW200-
N2 and FW200-air soot particles can nucleate ice at 238 K.

3.1.1.1 mCASTblack. As shown in Fig. 2a, fresh 400 nm
mCASTblack particles require Sw conditions higher than water
saturation to form droplets at T $ 238 K, suggesting a hydro-
phobic surface (consistent with DVS results in Section 3.2.4).
Thermal denuding further supresses the water droplet forma-
tion ability of mCASTblack as shown by higher onset Si values
for denuded mCASTblack, likely resulting from a decrease in
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2047
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Fig. 2 Onset (at AF¼ 0.1%) ice saturation ratio (Si) as a function of T for fresh and denuded 400 nmmCASTblack (a), mCASTbrown (b), FW200 (c)
and PR90 (d). AF is reported from the 1.0 mmOPC channel. Black dashed line: homogeneous freezing conditions for solution droplets at T < HNT,
according to Koop et al.45 Light blue dotted line: constant water saturation conditions calculated based on Murphy and Koop.44 Red dashed line:
the 1.0 mm size water droplet survival conditions for T > HNT, where the phase of the particle larger than 1.0 mm can be either ice or liquid water.
The Si uncertainty due to the temperature uncertainty (�0.1 K) of the HINC chamber is indicated as error bars. Each data point was derived from
the AF curves in Fig. 9–12 presented in the Appendix in which each AF curve is an average of at least two individual RH ramps.
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surface water interaction ability because of a decline in pore
availability47,50 caused by thermal denuding. Popovitcheva
et al.47 reported that microstructure and porosity play a role in
the soot–water interaction of particles emitted by an aero-
engine combustor, in addition to hydrophilicity. Thermal
denuding at 573 K potentially can fuse non-volatile OM over
soot surfaces, resulting in pore blocking. Additionally, the
network of non-rigid soot primary particles may be modied
due to thermophoretic forces,51 which decreases the pore
openness. For example, Ess et al.52 reported that the nano-
structure of C3H8 ame soot can be changed signicantly aer
heating in the air up to 773 K. Similarly, both thermal denuding
processes inhibit the water droplet activation of 200 nm
mCASTblack particles (Fig. 3a), by showing larger onset Sw
values above water saturation at the same T compared to the
fresh particles.

For T # 233 K, fresh 400 nm mCASTblack particles freeze at
onset Si values close to the homogeneous freezing threshold
(Si,hom). Aer thermal denuding, the onset Si values of both
mCASTblack-N2 and mCASTblack-air particles shi to Si
conditions higher than Si,hom. This aligns with the suppressed
water droplet activation and suggests that a decrease in pore
availability also inhibits soot IN via PCF. If the pore is blocked,
2048 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
then liquid water cannot be accommodated for PCF. Whereas if
the pore volume becomes smaller, the pore-water will only
freeze with a lower homogeneous freezing rate (u) because it is
proportional to the supercooled liquid volume (V) for a xed
T,45,53 following eqn (3):

u ¼ J$V (3)

where J is the homogeneous freezing rate coefficient as a func-
tion of T given as below (eqn. (4)):54

J ¼ Cprefac$exp(�Dg#/(kBT))$exp(�DG/kBT) (4)

in which Cprefac (1.0� 1041, according to Fletcher,55 Young56 and
Debenedetti57) is the preexponential factor, Dg# is the activation
energy required for a single molecule to diffuse across the
water–ice boundary, DG is the energy barrier required for an ice
germ formation, kB is the Boltzmann constant. Hence, both
cases explain the absence of PCF for the denuded particles. On
the other hand, thermal denuding may increase the pore
volume by removing volatile content. However, this is less
dominant as the organic-lean mCASTblack does not contain
a large amount of volatile OM which can be removed at 573 K
(see Section 3.2.1). Despite the speculated potential increase in
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Onset (at AF¼ 0.1%) ice saturation ratio (Si) as a function of T for fresh and denuded 200 nmmCASTblack (a), mCASTbrown (b), FW200 (c)
and PR90 (d). AF is reported from the 1.0 mmOPC channel. Black dashed line: homogeneous freezing conditions for solution droplets at T < HNT,
according to Koop et al.45 Light blue dotted line: constant water saturation conditions calculated based on Murphy and Koop.44 Red dashed line:
the 1.0 mm size water droplet survival conditions for T > HNT, where the phase of the particle larger than 1.0 mm can be either ice or liquid water.
The Si uncertainty due to the temperature uncertainty (�0.1 K) of the HINC chamber is indicated as error bars. Each data point was derived from
the AF curves in Fig. 13–16 presented in the Appendix in which each AF curve is an average of at least two individual RH ramps.
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surface oxidation level for mCASTblack-air, simulation and
laboratory studies suggest that a higher oxidation level may
inhibit soot IN36–38,40 because a large density of polar functional
groups will limit the orientation of water molecules for the ice
lattice arrangement.58 Therefore, mCASTblack-air shows sup-
pressed IN activities. In addition, we note that both thermal
denuding processes lead to more pronounced IN suppression
for 200 nm particles (Fig. 3a) at the same T compared to those of
400 nm particles (Fig. 2a) as the onset Si increase induced by
thermal denuding with respect to the fresh particle is larger for
200 nm particles, especially for mCASTblack-N2 at T # 223 K.
This probably originates from that thermal denuding leads to
a more signicant pore volume decrease for smaller 200 nm
particles which have a larger effective density (reff) and contain
less pore structures scaling to the number of primary particles.

3.1.1.2 mCASTbrown. Fresh 400 nm mCASTbrown particles
form water droplets at Sw conditions close to 1.1 for T > HNT as
shown in Fig. 2b, indicative of hydrophobicity (also consistent
with DVS results in Section 3.2.4). Compared to the fresh
particles, 400 nm mCASTbrown-N2 particles activate to water
droplets at lower Sw but still above water saturation. This is
because of volatile removal induced by thermal denuding as the
sample contains relatively large amount of hydrophobic volatile
This journal is © The Royal Society of Chemistry 2022
OM (see Section 3.2.1). Thus, thermal denuding increases pore
openness51 and exposes active sites,51,59 both facilitating
mCASTbrown-N2 soot–water interaction. In addition, 400 nm
mCASTbrown-air particles require an onset Sw condition
between those of mCASTbrown and mCASTbrown-N2 to form
water droplets at 238 K, but the droplet activation ability is
considerably supressed at 243 K as shown by an onset Sw value
higher than 1.1. The T dependent water activation depression
for mCASTbrown-air particles may coincide with the glass
transition T (Tg) change60,61 for the OM over mCASTbrown-air
surfaces. Zhang et al.62 suggested that the Tg of organic aero-
sol increases with decreased volatility. As such, the Tg of
mCASTbrown-air organic material may be increased to above
238 K compared to fresh mCASTbrown particles with a Tg <
HNT, because of declined organic volatility caused by thermal
denuding in air.63 Moreover, it is reported that the water vapour
uptake by glassy state organics is signicantly reduced,
hampering the water droplet activation ability.64–66 Therefore,
glassy mCASTbrown-air particles (for 238 < Tg < 243 K) require
much higher Sw conditions to form water droplets at 243 K.
Whereas mCASTbrown-N2 soot does not show glassy transition
because its organic content is different from mCASTbrown-air
whose organic content may be oxidised with the presence of
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2049
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O2 during air thermal denuding. Also, because light-molecular-
weight organics in air denuding may form heavy-molecular-
weight organics51 of low volatility by oxidation, mCASTbrown-
air may become more hydrophobic and show supressed water
droplet activation compared to mCASTbrown. Besides, original
organic-rich mCASTbrown can be thermally decomposed/
oxidised at 573 K52 in the presence of O2, which makes its
graphitization level more like organic-lean mCASTblack-air. For
example, Bhandari et al.51 suggested that organic oxidation is
already possible for air thermal denuding at T < 300 �C. Hence,
the mCASTbrown-air with a higher carbonization degree is
similar to mCASTblack-air, both of which require Sw condition
higher than 1.05 at T > HNT to form water droplets (Fig. 2a and
b). Generally, thermal denuding regulates the water droplet
activation of 200 nmmCASTbrown particles similarly to 400 nm
large particles. N2 thermal denuding facilitates 200 nm
mCASTbrown particles to form water droplets by decreasing the
onset Sw values for T > HNT whereas air thermal denuding
increases the onset Sw value for 200 nm mCASTbrown particles
to activate as droplets especially at 243 K (Fig. 3b).

For T < HNT, fresh 400 nm mCASTbrown particles freeze
homogeneously at Si above the Si,hom whereas both denuded
soot particles (mCASTbrown-N2 and mCASTbrown-air) freeze at
lower Si values than mCASTbrown. The poor IN ability of
mCASTbrown may result from a paucity in PCF relevant meso-
pores and low water uptake abilities because its rich OM
content may be hydrophobic and occupy pore structures, both
of which impact PCF ability. This aligns with the earlier dis-
cussed studies of Möhler et al.,26 Friedman et al.29 and Zhang
et al.28 who reported that the IN ability of soot particles is
signicantly suppressed with increasing OM content or organic
coatings. Instead, thermal denuding promotes mCASTbrown-
N2 particle IN due to OM removal. In addition to OM removal,
air thermal denuding resulted OM oxidation may increase the
OM Tg for mCASTbrown-air particles with decreased OM vola-
tility,62,63 by which the IN ability of mCASTbrown-air particles
may be further promoted. Murray et al.67 and Berkemeier et al.61

suggested that an increase in Tg for soot organics potentially
promotes the particle to nucleate ice heterogeneously, which is
opposite to its effect for the same sample on water droplet
activation. All 200 nm thermal denuded mCASTbrown particles
in Fig. 3b present similar IN ability changes following the
pattern as those of 400 nm particles presented in Fig. 2b.

3.1.1.3 FW200. The onset Si values of fresh 400 nm FW200
particles are close to water saturation for T > HNT (Fig. 2c). At
243 K, both denuded FW200 particles require slightly higher Sw
conditions than fresh particles to form water droplets, which
may result from a decreased soot–water interaction because of
the porosity decrease caused by thermophoresis forces.51

Notably, a small fraction of 400 nm FW200-air soot particles are
able to form ice crystals at 238 K as shown by the onset Si prior
to water saturation (see Fig. 2c, 11 and S10b†). Comparing
Fig. S9b† (400 nm FW200-N2) to Fig. S8b† (400 nm FW200), the
former may also nucleate ice at 238 K but less than that of
FW200-air (Fig. S10b†). Likely, thermal denuding with the
presence of O2 may generate new active sites by oxidation,
resulting in more IN active FW200-air particles at 238 K. In
2050 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
Fig. 3c, all 200 nm FW200 particles only form water droplets at T
> HNT and both thermal denuding processes do not change the
onset Sw values for these particles to activate as droplets (also
see AF curves in Fig. 15 and S20–S22†) because of their smaller
sizes. Compared to 400 nm particles, 200 nm particles contain
a smaller amount of volatiles and have a comparatively lower
porosity level31 as shown a larger reff (see Appendix C). As such,
thermal denuding plays a lesser role in regulating the porosity
and surface wettability of 200 nm FW200 particles and thus
their water droplet activation.

At T < HNT, fresh 400 nm FW200 particles nucleate ice far
below Si,hom via PCF, which is consistent with the results re-
ported by Mahrt et al.11 who attributed such an active IN ability
of FW200 to its strong surface wettability and abundant meso-
pore structures. Denuded 400 nm FW200 particles nucleate ice
more effectively than the fresh counterpart at 233 K as shown by
a decrease in onset Si by 0.07 and 0.16 for FW200-N2 and
FW200-air, respectively (see Fig. 2c and 11). At 233 K, the J
coefficient (see eqn. (4)) has a small value as it is highly T
dependent,68,69 thus the u value, a product of J and liquid
volume (see eqn. (3)), can be limited by the small J value close to
the HNT.54 However, if the supercooled liquid volume is large
enough, the u at a T close to the HNT can be compensated.45,70

By volatile material removal similar to C3H8 ame soot, thermal
denuding potentially enlarges the FW200 pore volume. Hence,
the enlarged pore volume of denuded FW200 particles can
promote the PCF processes by increasing u near the HNT,
compared to fresh FW200. Moreover, oxidation may introduce
new active sites for FW200-air further promoting its IN by
heterogeneous IN.18 The enhanced IN ability of denuded FW200
particles at 233 K can also be validated by calculations following
parameterization reported in the literature. As long as the pore
lling occurs at Sw < 1, negative pressure induced J promotion
can progressively contribute to the homogeneous freezing of
supercooled pore-water.70,71 At 233 K, the parameterization for
pressure dependent homogeneous freezing based on the clas-
sical nucleation theory (CNT) framework54 formulated by Mar-
colli71 predicts a J value of 1.5� 1016 m�3 s�1 at water saturation
(P ¼ 0.1 MPa), which increases to 4.8 � 1017 m�3 s�1 at the
onset Sw (0.88 in Fig. 11, P ¼ �13.2 MPa) for 400 nm FW200-N2

pore lling and to 5.9 � 1018 m�3 s�1 at the onset Sw (0.81 in,
Fig. 11 P ¼ �23.2 MPa) for 400 nm FW200-air pore lling,
respectively explaining the observed IN enhancement.
Furthermore, the pore size required for capillary condensation
at a xed humidity condition can be calculated according to the
Kelvin equation with a soot–water contact angle assumption of
60� for fresh FW200.19 Considering denuding effect, FW200-N2

may have a similar contact angle (60�) to fresh FW200 and
oxidation may decrease the contact angle for FW200-air
(assuming 45�).46 Then, a cylindrical mesopore with a rp ¼ 3.2
(2.8) nm in 400 nm FW200-N2 (FW200-air) particles is relevant
for pore lling at the onset Sw ¼ 0.88 (0.81) and big enough to
host an ice germ with a radius 1.14 nm (1.12 nm).19,20,70 The two
rp values are also within the PSD range of both soot samples (see
Section 3.2.4). Following the approach suggested by Koop
et al.,45 the freezing time required for the particle in this case to
reach the AF ¼ 0.1% is 13.3 (14.9) s for FW200-N2 (FW200-air),
This journal is © The Royal Society of Chemistry 2022
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which is close to the HINC particle residence time range (10.1–
12.3 s) in this study. Therefore, the above can explain the IN
activity of 400 nm FW200-N2 and FW200-air at 233 K. However,
the calculated freezing time for denuded 400 nm FW200 parti-
cles at 238 K is larger than the particle residence time in HINC
by several orders of magnitude, suggesting supercooled pore-
water cannot freeze at 238 K with such a short particle transit
time in this study. As such, we must consider that active sites
located within the water lled mesopores may nucleate ice
through immersion mode freezing.18 Inside the soot-aggregate
pore, surface impurities can serve as potential active sites72,73

which could have become exposed aer air thermal denuding
leading to IN via immersion mode freezing at 238 K for FW200-
air and which are otherwise not present for fresh FW200.
Potentially, 400 nm FW200-N2 particles may also have some
active sites exposed by volatile removal and thus nucleate
a small fraction of ice crystals at 238 K (see AF curves in OPC
channels $ 4.0 mm in Fig. S9b†).

For T ¼ 228 K, the IN enhancement effect brought about by
pore enlargement of denuded 400 nm FW200 particles
decreases as the T dependent J value increases with decreasing
T.68,69 For T# 223 K, fresh and denuded 400 nm FW200 particles
show comparable IN ability as onset Si values are within error
bars. At a sufficiently low T, the u is large enough to support the
homogeneous freezing of supercooled pore-water regardless of
increased porosity due to thermal denuding. As such, 400 nm
fresh FW200 particles with abundant PCF relevant mesopores
can nucleate ice actively via the PCF mechanism and the
denuding effect induced active site increase plays a less
important role than the case at warmer T (228 to 238 K).

On the contrary, thermal denuding inhibits the IN of 200 nm
FW200 particles by increasing the onset Si values for T < HNT
(see Fig. 3c and 15). Different from 400 nm particles, thermal
denuding may induce decreased pore volume availability for
smaller 200 nm FW200 particles mainly by rearranging the
primary particle network and increasing the reff (see Appendix
C) and thus leading to a slightly suppressed IN ability.

3.1.1.4 PR90. As presented in Fig. 2d, the onset Sw for fresh
400 nm PR90 particles is about 1.05 at T > HNT and thermal
denuding decreases the onset Sw value slightly for PR90-N2 and
PR90-air but the value is still above water saturation. Denuding
effects on PR90, including surface modication and
morphology restructuring,51,74 may generate more wettable soot
particles which contain more active sites and are more active
CCNs. Thermal denuding leads to promoting effects on the
water droplet activation of 200 nm PR90 particles (Fig. 3d),
similar to the case for 400 nm particles.

Fresh 400 nm PR90 particles freeze homogeneously at 233 K
but nucleate ice far below Si,hom conditions via the PCF mech-
anism for T # 228 K as containing suitable mesopores to PCF
processes.16 For denuded 400 nm PR90 particles, the onset Si
decreases by more than 0.12 at 233 K, compared to the fresh
sample. However, the IN enhancement becomes smaller and
the onset Si values of PR90 soot are within error bars at lower T
(#228 K). Gao et al.16 suggested that the IN of fresh 400 nm PR90
particle via PCF is actually ice growth limited at 233 K because
its pore volume is too small to support the ice crystal growing
This journal is © The Royal Society of Chemistry 2022
out of the pore at such a T close to the HNT19 at which the J
coefficient is also small (following eqn. (4)).54,68,69 However, if
volatile material removal and surface modication decrease the
contact angle51,74 as denuded PR90 already shows enhanced
water droplet formation for T > HNT, then the same size mes-
opores can be lled at lower Sw conditions (<1) or larger mes-
opores can be lled at the same Sw condition according to the
Kelvin equation. Support for the former comes from the fact
that the IN of denuded particles is signicantly promoted only
at 233 K at which a lower Sw for pore lling leads to promoted
soot IN via PCF by negative pressure induced IN promotion for
pore-water.70 For T < 233 K, the J coefficient which is strongly
dependent on T, increases with decreasing T (see eqn. (4)),54

thus the u at such a low T is sufficient (see eqn. (3)) for the
homogeneous freezing of pore-water. As such, the IN promotion
brought about by the lower contact angle will not affect
denuded 400 nm PR90 at low T (<233 K). On the other hand,
larger pore volume lling for denuded PR90 may play a limited
role in promoting IN. This is supported by the fact that PR90
only shows a negligible mass loss at the denuding T (573 K, see
Section 3.2.1) and presents insignicant changes for mesopore
availability (see Section 3.2.4). In addition, the presence of O2

does not affect the thermal denuding effects on PR90 particle
IN, since the onset Si values of 400 nm PR90-N2 and PR90-air
particles are within error bars at all T tested. This suggests N2

and air thermal denuding lead to comparable effects on PR90
IN promotion by OM removal or surface oxidation induced
soot–water contact angle decrease respectively (see Section
3.2.2). From Fig. 3d and 16, the decrease in onset Si of 200 nm
PR90 particles due to thermal denuding is less pronounced
than the case for 400 nm particles at the same T. This is because
small size PR90 particles should have less pore volume and less
active sites scaling to the surface area.16

3.1.2 Ice nucleation comparison between soot samples
3.1.2.1 mCASTblack and mCASTbrown. Thermal denuding

shows systematically opposite effects on the IN ability of
mCASTblack and mCASTbrown, though the changes are within
reported uncertainties (Fig. 2a, b, 3a and b). Thermal denuding
supresses the IN ability of mCASTblack particles for T # 233 K
because of decreased pore availability resulting from intra-
aggregate change by thermophoresis forces. On the other
hand, thermally denuded organic-rich mCASTbrown particles
show slightly enhanced IN for T # 233 K which could be facil-
itated by increased pore availability induced by more signicant
OM removal than that of denuded organic-lean mCASTblack. In
addition to suggesting that the role of organic content in soot IN
is dependent on the combustion conditions, this nding also
implies that the organic content itself plays a direct role in
regulating soot IN by modifying the intrinsic soot properties
such as porosity and surface wettability as will be discussed in
section 3.2.

3.1.2.2 FW200 and PR90. There is a signicant IN promo-
tion for both denuded 400 nm FW200 and PR90 particles at 228
and 233 K. This nding suggests that soot IN via PCF under a T
condition close to the HNT is more dependent on the soot
particle PSD and surface wettability, compared to lower T
conditions. Moreover, the effect of thermal denuding for two
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2051
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types of carbon black samples depends on the particle size but
FW200 and PR90 show systematically opposite effects. Thermal
denuding suppresses IN for 200 nm FW200 particles, however,
it promotes the IN of 200 nm PR90 particles (Fig. 3c and d). This
is because thermophoresis forces induced porosity decrease is
the overall thermal denuding effect for denuded 200 nm FW200
particles whereas thermal denuding induced surface active site
increase and/or soot–water contact angle decrease play the
dominant role for denuded 200 nm PR90 particles.
Fig. 4 TGA curves for fresh and oven-air-heated (N2 + O2 atmo-
sphere) bulk soot samples. Solid and dotted lines indicate two indi-
vidual TGA runs. The T was held for 30 minutes at 300 �C. Red dashed
line shows the bulk sample mass fraction benchmark, i.e., 100%. Note
the different y-axis scales for the samples.
3.2 Volatile content related soot particle property changes

We present soot sample characterisation including bulk soot
volatile matter analysis with thermogravimetric analysis (TGA)
technique, denuding induced functional group change with
Fourier transform infrared spectroscopy (FTIR), the reff of size-
selected fresh and denuded soot particles derived from single
particle size and mass distribution measurements with SMPS-
CPMA (Fig. S26–S33),† as well as soot–water interaction
activity with dynamic vapour sorption (DVS) measurement.
These results illustrate changes in volatile content and associ-
ated changes in soot particle porosity and surface wettability,
thus supporting our understanding of soot particle IN abilities.
A summary of the characteristic results of soot samples used in
this study is provided in Table 1. Exemplary transmission
electron microscopy (TEM) images for 400 nm mBlack and
mBrown particles with/without thermal denuding are presented
in Fig. S34† and used in this section to understand thermal
denuding effects on soot particle property and morphology
changes. Detailed discussion on TEM images is provided in
ESI S3†.

3.2.1 Bulk sample temperature dependent mass loss. In
addition to graphitized carbon, soot particles can contain
adsorbed water vapour, light-molecular-weight organics and
heavy polycyclic aromatic hydrocarbons (PAHs),22,75,76 which are
of different volatilities and thermal lability. In Fig. 4, we plot the
thermogravimetric curves of fresh and oven-air-heated bulk
soot samples as a function of T. Performed in a N2 atmosphere,
the TGA results for fresh soot samples can be used to deduce the
volatile content change of N2 denuded aerosol samples. Oven-
air-heated soot samples at 300 �C prior to TGA measurements
were used to represent air denuded aerosol samples.

3.2.1.1 mCASTblack. Fresh mCASTblack exhibits less than
1% mass loss up to T of 100 �C (Fig. 4a), indicating absence of
highly volatile OM or large amounts of water vapour.47,77,78 The
sample mass loss up to 300 �C is smaller than 2% (Fig. 4a and
Table 1). Heating the sample at T ¼ 300 �C for 30 minutes does
not lead to a distinct mass decrease (Fig. 4a). According to Ess
et al.,52 fuel-lean C3H8 ame soot starts to show organic
decomposition at T ¼ 280 �C. Thus, the results from T < 300 �C
suggest mCASTblack contains a small proportion of volatile
content (<2%). When T increases to 1000 �C, the remaining
sample weight fraction is 93%, consistent with the study by
Moore et al.79 who reported comparable total organic/volatile
content for fuel-lean C3H8 ame soot. The mass loss for T >
300 �C is interpreted as loss of heavy-molecular-weight
compounds, such as heavy alkanes and PAHs.52 For
2052 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
mCASTblack-air, a number of points are noteworthy. First, its
desorbed mass around 100 �C does not change compared to
fresh soot. Second, the mass fraction reduction becomes
slightly smaller at T # 300 �C (Fig. 4a and Table 1), potentially
indicative of a decreased volatile OM content aer heating with
the presence of O2. In other words, it suggests mCASTblack-air
particles for IN experiments may contain less volatile OM than
mCASTblack and mCASTblack-N2 particles. Finally, the total
mass loss of mCASTblack-air at 1000 �C is larger than fresh
mCASTblack by 3%, suggesting the formation of heavy-
molecular-weight organics during air thermal denuding52,74

and some of those newly formed OM may be decomposed at
high T (300 < T < 1000 �C).75 Additionally, such a small mass loss
of mCASTblack (Fig. 4a and Table 1) samples at 300 �C cannot
be visualised by the corresponding TEM images of 400 nm
particles (Fig. S34b and c†) which do not show pronounced
morphology changes compared to fresh mCASTblack sample
(Fig. S34a†). In general, the low content of hydrophilic volatiles
for mCASTblack partly explains its inactive water droplet
formation ability and a decrease in volatile content by thermal
denuding may lead to droplet activation depression for
mCASTblack-N2 and mCASTblack-air (see Fig. 2a). Moreover, if
non-volatile OM can be fused at 300 �C during air thermal
denuding they may block pores and supress the IN via PCF for
mCASTblack-air even further than for mCASTblack-N2 showing
a smaller total OM content, which coincides with the results in
Fig. 2a and 3a.

3.2.1.2 mCASTbrown. Both fresh and oven-air-heated
mCASTbrown samples show extremely hydrophobic surfaces as
the mass loss is negligible (<1%) for T < 100 �C, suggesting an
absence of adsorbed water and highly volatile OM. Further
evidence can be observed from Fig. 17 which shows a at mass
change derivative line close to zero in the same T regime. This
This journal is © The Royal Society of Chemistry 2022
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explains the poor CCN activation ability of mCASTbrown
particles (Fig. 2b and 3b). Upon heating to T ¼ 300 �C, fresh
mCASTbrown most likely loses light-molecular-weight OM80

which can be volatilised below 300 �C.52,81 The signicant mass
fraction reduction (>10%) until 300 �C for fresh mCASTbrown
(Fig. 4b and Table 1) suggests mCASTbrown-N2 particles for IN
experiments should have less organic coverage thus exposing
some pore structures or active sites. However, mCASTbrown-air
sample only shows a mass loss less than 1% up to T ¼ 300 �C
(Fig. 4b and Table 1), suggesting a substantial volatile OM loss
during air thermal denuding at 300 �C (in the oven). The
substantial mass losses of mCASTbrown-N2 and mCASTbrown-
air during thermal denuding (at 300 �C) are consistent with the
TEM images of these 400 nm particles (Fig. S34e and f†) which
show much lacier soot-aggregates caused by OM removal
compared to fresh mCASTbrown (Fig. S34d†). It is reported that
light-molecular-weight OM reactive to O2 at high T could be
a signicant part of the OM content in organic-rich C3H8 ame
soot particles.82,83 This part of light-molecular-weight OM in
fresh mCASTbrown soot is likely to be oxidised and forms
heavy-molecular-weight OM51 during air thermal denuding at
300 �C (in the oven), supported by an increased mass loss rate
for mCASTbrown-air sample for T between 400 and 700 �C
(Fig. 4b) due to charring (pyrolysis) during the TGA measure-
ment in a N2 atmosphere.51,84,85 Hence, the oxidation of organics
may consume some hydrocarbons increasing mCASTbrown-air
particle pore availability and reduce the OM volatility inu-
encing the OM phase under low T. As discussed in Section 3.1.1,
the decreased OM volatility leads to increased Tg for OM in
mCASTbrown-air particles, which promotes particle IN for T <
HNT (<Tg)61,67 whereas inhibits water droplet activation for T >
HNT (>Tg),64–66 compared to mCASTbrown andmCASTbrown-N2

(Fig. 2b and 3b). Additionally, large total mass losses (24%) for
the denuded soot samples at T ¼ 1000 �C suggest that both
mCASTbrown and mCASTbrown-air have a lower graphitization
degree than mCASTblack. Thus, the non-graphitized OM may
decrease the availability of pore structures and active sites for
soot particle IN, which explains the less active IN ability of
mCASTbrown compared to mCASTblack (see Section 3.1).

3.2.1.3 FW200. Signicant mass loss (3%) at T < 100 �C for
fresh FW200 soot indicates a large number of hydrophilic active
sites on soot surfaces or abundant pore structures for water
adsorption. The derivative mass loss curve in Fig. 17 also shows
that the mass loss in this T regime mainly occurs at T < 50 �C.
This strong water adsorption ability, due to hydrophilic surface
sites and/or porous structures,47,86 also contributes to its active
IN ability (see Section 3.1). FW200-air sample shows less than
3% water vapour desorption at T < 50 �C and a at mass loss
curve between 50 and 300 �C (Fig. 4c), suggesting light-
molecular-weight OM resistant to 300 �C are completely
removed during air thermal denuding. A 7% mass loss for
FW200 at 300 �C (Fig. 4c and Table 1) also implies that the N2

thermal denuding leads to a considerable light-molecular-
weight OM removal effect for FW200-N2. Considering that
soluble or hydrophilic material usually has a light-molecular-
weight and contributes to water droplet formation, hence,
denuded FW200 samples show slightly suppressed CCN
This journal is © The Royal Society of Chemistry 2022
activation ability (see Fig. 2c and 3c). In addition, the removal of
light-molecular-weight OM may result in active site exposure
and pore volume increase, both of which enhance denuded
FW200 IN (see Fig. 2c). With increasing T, the mass fraction
curves of both FW200 soot samples are almost parallel and
decrease similarly to approximately 76%. This may indicate that
air thermal denuding does not alter the total OM content of
FW200-air and may explain the similar onset Si results of
FW200-air and FW200 for T < 223 K and T > HNT.

3.2.1.4 PR90. PR90 sample is of the highest thermal resis-
tance and shows the smallest mass loss of all samples, sug-
gesting that it is highly carbonized. Both PR90-air and PR90
samples contain a small amount of water vapour (<0.5%), as
shown in Fig. 4d for T < 100 �C. Nonetheless, PR90-air desorbs
a slightly larger amount of vapour than PR90 when T < 100 �C
(Fig. 4d). The water vapour may be adsorbed during sample
storage aer oven-air-heating. This suggests that PR90-air
contains more active sites to adsorb vapour, which also
contributes to its more active water droplet formation ability for
T > HNT (Fig. 2d and 3d). At T ¼ 300 �C, fresh PR90 shows a 1%
mass reduction (Fig. 4d and Table 1), suggesting an OM removal
effect of N2 thermal denuding on PR90-N2 particles, which may
promote the soot–water interaction and IN by exposing active
sites, e.g., surface defects and functional groups (see Fig. 2d and
3d). However, PR90-air shows a smaller mass loss when T <
300 �C but shows a larger mass loss than fresh PR90 when T >
600 �C. This suggests that some oxidation reactions may occur
during air thermal denuding (in the oven), during which the
oxidation at 300 �C consumes some light-molecular-weight OM
to generate some heavy-molecular-weight OM that can be
decomposed when T > 600 �C (during TGA measurements).
Potentially, the oxidation modies PR90-air particles by intro-
ducing new active sites which promote PR90-air water interac-
tion and IN via PCF (Fig. 2d and 3d).

In general, TGA measurements demonstrate that soot
samples have different proportions of volatile substances (e.g.,
water vapour and light-molecular-weight OM) by showing
varying mass losses for T < 100 �C. The low water affinity of C3H8

ame soot (mCASTblack and mCASTbrown) corroborates their
poor CCN and IN abilities whereas the wettable surface of
FW200 contributes to its active CCN and IN ability. Although
PR90 and mCASTblack contain similar amount of volatile
content, PR90's higher IN ability (see Section 3.1) may be
attributed to its more abundant mesopores (see Section 3.2.4).
In addition, comparing soot mass fraction curves for both fresh
and air-heated mCASTblack or PR90 samples at T ¼ 1000 �C
demonstrates that air thermal denuding may lead to soot
sample oxidation and a total increase in OM content of a low
volatility.

3.2.2 Functional group change deduced from FTIR spec-
troscopy. Functional groups may distribute over soot surfaces,
like hydroxyls, carbonyls and carboxyls. We use FTIR spectros-
copy to identify which functional groups are present in our soot
samples.87,88 The interpretation of FTIR spectra can be chal-
lenging because the C–H set of vibration in the hydrocarbon
spectra is ubiquitous in organic compounds, appearing at
different frequency bands.89 In addition, particular spectrum
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2053
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bands at a certain wavenumber can appear shied if affected by
other chemicals and matrix factors.90,91 Given that soot samples
contain a complex mixture of compounds, the FTIR spectra are
superimposed with spectra from different single chemical
bonds. As such, the spectra must be interpreted as a whole
system.89 Though spectra libraries are available, simply inter-
preting the spectra by looking up soot samples may lead to
erroneous interpretation because these libraries are limited in
scope to industrial chemicals already investigated systemati-
cally but an exclusive soot dataset has not been established yet.
Nonetheless, we interpret spectra of thermal denuded soot
samples to identify the functional group changes, by using
previous soot FTIR spectra available in the literature. In this
study, the identication of absorption bands was carried out
based on reported results of carbonaceous compound stan-
dards92–94 and practical analysis approach recommended by
Coates.89 Vector normalized absorption spectra are presented in
Fig. 5 in which functional groups assigned according to results
in the literature are marked. The blue line in Fig. 5 corresponds
to the wavenumber 1330 cm�1 above which is the characteristic
region and below which is the ngerprint region. The spectra
will be analysed rst by looking up the chemical bond charac-
teristic frequency in the characteristic region. We also use the
information in the ngerprint region to identify possible func-
tional groups.

3.2.2.1 mCASTblack. The spectra of mCASTblack generally
show no distinct peaks and are close to those of graphite re-
ported in the literature,95,96 suggesting that these soot samples
are highly graphitized (see Fig. 5a). The weak telescopic vibra-
tion between 3000 and 2800 cm�1 indicates the presence of C–H
for saturated hydrocarbons97,98 in both fresh and denuded
mCASTblack samples. The difference in the spectra between
Fig. 5 Vector normalized ATR-AB (Attenuated Total Reflection-Absorpti
-N2-heated soot. Likely chemical bond assignments are indicated in t
1330 cm�1 which separates the characteristic (left) and the fingerprint re

2054 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
2100 and 1600 cm�1 implies that thermal denuding changes
mCASTblack sample C : O ratio. This is because the small peak
appearing at 1725 cm�1 is ascribed to sp2 C]O bonds,99,100

suggesting that thermal denuding may decrease the sample
O : C ratio by removing volatile OM containing C]O bonds.
The small peak at 1575 cm�1 is assigned to C]C bonds,93,101,102

implying the presence of a small amount of unsaturated
hydrocarbons, such as PAHs. In addition, the bending vibration
between 1300 and 900 cm�1 in the ngerprint region may
suggest C–H belonging to hydrocarbons or C–O belonging to
oxidised hydrocarbons.101,102 If it is ascribed to C–H, it suggests
that air thermal denuding increases the saturation level of
mCASTblack sample. If it is ascribed to C–O, it implies that air
thermal denuding increases C–O bonds (1250 cm�1), which
coincides with decreased C]O bonds (1725 cm�1) for
mCASTblack-air (Fig. 5a).101,102 This suggests that air thermal
denuding leads to the break of double bonds and the formation
of more saturated PAHs because of oxidation.52,74 These func-
tional group changes are consistent with TGA results in Fig. 4a
where mCASTblack-air shows smaller mass losses for T < 550 �C
but a larger mass losses for T > 550 �C because some unsatu-
rated hydrocarbon material is oxidised and becomes more heat-
resistant.74 Most importantly, the newly formed saturated
hydrocarbons may not only be hydrophobic but also block
mCASTblack pore structures, inhibiting the CCN activation and
IN of mCASTblack-air particles.

3.2.2.2 mCASTbrown. The fresh mCASTbrown spectra show
distinct peaks in Fig. 5b, indicating the presence of various
functional groups. There may exist C–H bonds97,98 as a weak
stretch between 3100 and 3000 cm�1 represents unsaturated
hydrocarbons and the telescopic vibration between 3000 and
2800 cm�1 represents saturated hydrocarbons. The crossover at
on) spectra from FTIR measurements for fresh, oven-air (N2 + O2)- and
he individual spectra. The blue line corresponds to the wavenumber
gion (right).

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 The effective density (reff) of fresh and denuded 400 nm soot
particles. The error bar indicates one standard deviation. Please note
the y-axis origin.
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this band range for mCASTbrown sample group potentially
suggests the C : H ratio was changed during thermal denuding.
The presence of O2 during thermal denuding magnies the
C : H ratio change trend as mCASTbrown-air specta show the
largest slope across the band range. The next spectral feature
around 1725 cm�1 represents the C]O bond.99,100 Different
from mCASTblack, both thermal denuding conditions increase
the C]O bond signal in denuded mCASTbrown. If the C]O
bond comes from hydrophilic materials, such as carboxylic
acids,103 then this feature coincides with the opposite IN effects
of thermal denuding on mCASTblack (inhibition) and mCAST-
brown (enhancement) (see Section 3.1.2). In addition to the
C]C bond, the band around 1575 cm�1 could be ascribed to
amide groups,104,105 given that the intensity increases aer
heating in N2 atmosphere and it increases even further with
addition of O2 during air thermal denuding. Moreover, the
noticeable feature in the ngerprint region is that denuded
samples show a larger signal in the band range between 1300
and 900 cm�1 but present a smaller signal for wavenumber
<900 cm�1 (see Fig. 5b). Possible bonds in this range can be
deduced by linking with the spectral features in the character-
istic region, such as C–O–C (1250 cm�1) from epoxy and oxirane
rings.92,106,107 In particular, the single and strong absorption
band around 830 and 750 cm�1 in Fig. 5b can be ascribed to
para- and ortho-aromatic compounds respectively.89,93,108 Thus,
such a band change for wavenumber <1300 cm�1 suggests the
removal of aromatics52 (double bonds) and the formation of
more saturated hydrocarbons (single bonds) during thermal
denuding, especially for mCASTbrown-air. If such an OM
content change decreases the OM volatility over mCASTbrown-
air particles, it coincides with the Tg shi resulted CCN
suppression and IN promotion for mCASTbrown-air particles
(see Section 3.1.1.).

3.2.2.3 FW200. In Fig. 5c, fresh FW200 shows modied
graphite surface with a telescopic vibration between 3000 and
2800 cm�1, and two small absorption bands at 1725 and
1575 cm�1, as well as a broad band between 850 and 1250 cm�1.
These bands can be assigned to C–H bonds from saturated
hydrocarbons,97,98 C]O bonds (carbonyl or carboxyl groups)107

from heavy PAHs, C]C bonds from aromatic rings104 or from
the carbon skeleton in heavy-molecular-weight organics,109 and
C–H or C–O bonds101,102,110 from unsaturated hydrocarbons,
respectively. The distinct C]O bond generally is linked to the
carboxyl group from carboxylic acids103 which may substantially
contribute to the active water interaction and IN ability of
FW200 particles (see Section 3.1). Notably, this is different from
the case for mCASTblack samples showing a similar spectrum
pattern because the much less distinct peaks of mCASTblack
samples represent hydrophobic unsaturated hydrocarbons. In
addition, the spectra show no signicant differences between
fresh and denuded FW200 samples. According to the manu-
facturer, fresh FW200 is highly oxidised carbon black generated
by pyrolysis, explaining its resistance to changes in the FTIR
spectrum due to thermal denuding. This nding is in line with
the TGA results which show parallel mass loss curves for FW200
and FW200-air samples when T > 300 �C suggesting similar
content of OM for these two samples (Fig. 4c). The similar
This journal is © The Royal Society of Chemistry 2022
functionalization level for fresh and denuded FW200 supports
their similar CCN activation at 243 K. Since 400 nm denuded
samples are more active INPs at T $ 228 and exhibit minor
changes in the spectra, it demonstrates that the surface wetta-
bility (or soot–water contact angle) plays a secondary role
following the porosity change resulted from denuding in the IN
of FW200 particles.

3.2.2.4 PR90. In Fig. 5d, fresh PR90 presents a high graph-
itized surface without distinct bands for functional groups.95,96

Nonetheless, a weak telescopic vibration between 3000 and
2800 cm�1 and a small peak around 1725 cm�1 are indicative of
the presence of saturated hydrocarbons97,98 and C]O
bonds.93,101,102 The paucity of functional groups on PR90
samples is supported by the TGA results (Fig. 4d) showing
a small amount of total mass losses (3%) at 1000 �C and
negligible mass loss at T < 300 �C (1%). Thus, such a small OM
change by thermal denuding does not lead to detectable func-
tional group changes by the FTIR test. This nding suggests that
the enhanced CCN activation and IN for denuded PR90 particles
may result from the exposure of particle surface defects but not
functional groups as new active sites. The similar FTIR spectra
for PR90-N2 and PR90-air also explains their comparable IN and
CCN activation abilities at all T tested (see Section 3.1.1).

In brief, mCASTbrown containing plenty of organic groups
exhibits detectable changes induced by thermal denuding in
the FTIR spectra. For more graphitized FW200, mCASTblack
and PR90, functional group changes from thermal denuding (if
any) are not as discernible as in mCASTbrown samples.

3.2.3 Effective density of size-selected soot particle. The
SMPS-CPMA measurements were conducted with IN experi-
ments synchronously. Corresponding results of the mobility
diameter and mass distribution of soot particles, as well as the
evaluation of particle size selection quality are provided in ESI
S2.† The single particle mobility diameter and mass results
(Table 1) derived from distribution curves are used to calculate
the particle reff (see eqn. (C1)) as presented in Fig. 6 (400 nm)
and 18 (200 nm). The N2 thermal denuding may lead to a mass
decrease111 and possibly decrease the mobility diameter by
rearranging the primary particle network of the aggregate.
Thus, the reff change can be used as a sign to indicate which
effect plays the dominant role. The scenario for air thermal
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2055
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denuding at 573 K is more complex because oxidation can
either reduce the particle mass by burning out combustible
material or increase the mass by oxygenation of organics,51,52

which may change the reff nonmonotonically. Nonetheless, the
reff change for size-selected soot particles can be informative
about the dominant thermal denuding effect, together with TGA
and FTIR results.

3.2.3.1 mCASTblack. Compared to fresh 400 nm mCAST-
black, N2 thermal denuding causes a 3% reduction in reff for
mCASTblack-N2 (Fig. 6), showing that the mass loss plays
a more pronounced role than the size decrease (see Fig. S26 and
S27† for size and mass changes respectively). This may result in
increased porosity,112 i.e., more pore volume or structures, for
mCASTblack-N2. However, the increased pores are in the
micropore17 range which promote water interaction but are too
small for IN via PCF for T < HNT (Fig. 2a). A 2.5% reff increase
for 400 nm mCASTblack-air particles with respect to fresh
mCASTblack results from a small size reduction (smaller than
that of mCASTblack-N2) and an unchanged mass (see Fig. S26
and S27† respectively). It implies that the effect of air thermal
denuding on the size and mas of 400 nm mCASTblack-air
particles shows a combined effect of OM removal and organic
oxidation, by which air thermal denuding decreases the particle
mass by OM removal similar to that of mCASTblack-N2 mean-
while it leads to mass increment and size growth by oxidation,
considering the similar denuding (N2 and air) effect of ther-
mophoresis forces on particle sizes. As such, the oxidation
introduced mass increment and size growth compensate more
than the mass decrease and size decrease caused by OM
removal. Furthermore, new materials produced by oxidation
may block pore structures and thus counteract the OM removal
effect. This nding coincides with the FTIR results suggesting
the formation of more saturated oxygenated hydrocarbons and
explains further the IN suppression for mCASTblack-air
(Fig. 2a).

3.2.3.2 mCASTbrown. Notably, the reff of 400 nm mCAST-
brown-N2 is doubled compared to mCASTbrown because of
a remarkable size decrease (22.3% in Fig. S28b†) but
a comparatively small mass decrease (12.9% in Fig. S29a†). In
general, this substantial mass reduction removes volatile coat-
ings over soot surfaces and the signicant size shrinkage results
in more compacted soot–aggregates, both of which increase the
pore availability of mCASTbrown-N2 and thus enhance the
particle water droplet formation and IN abilities (Fig. 2b).
Compared to mCASTbrown-N2, the reff of mCASTbrown-air (400
nm) increases only by �50% with respect to that of mCAST-
brown because of a smaller size decrease (20.3% in Fig. S28c†)
but a larger mass decrease (27% in Fig. S29a†), still suggesting
that thermal denuding leads to signicant soot–aggregate
compaction and thus promoting soot IN via PCF. Such a large
mass decrease results from both volatile removal and signi-
cant oxidation which oxidises some light-molecular-weight to
heavy-molecular-weight OM (see Section 3.2.1 and 3.2.2). These
newly formed materials of low volatilities stick to the soot-
aggregate, which is supported by the TEM image of 400 nm
mCASTbrown-air particle in Fig. S34f† showing OM partially
distributed over the soot-aggregate whereas a 400 nm
2056 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
mCASTbrown-N2 aggregate (Fig. S34e†) shows the more bare
primary particles with less OM coverage. Thus, these newly
formed OM may support the soot-aggregate structure and
prevent size decrease from thermophoresis forces. In addition,
these low volatile materials may lead to a higher Tg, thus
inhibiting mCASTbrown-air CCN activation for T > Tg > HNT but
promoting IN for T < HNT < Tg (see Section 3.1.1). Moreover, the
smaller reff of 400 nm mCASTbrown-air also suggests these
particles are less densied and have a larger pore volume
compared to mCASTbrown-N2, coinciding with the higher IN
ability of 400 nm mCASTbrown-air particles.

3.2.3.3 FW200. The FW200-N2 only exhibits a slight decrease
in reff (<1%) whereas FW200-air shows a larger decrease but still
smaller than 3% (Fig. 6). The overall reff decrease mainly results
from volatile OM removal which overwhelms the reff increase
effect caused by particle mobility diameter decrease (see Fig. S30
and S31† for size and mass changes respectively). The light-
molecular-weight OM removal may enlarge soot-aggregate pore
structures or uncover some active sites over soot surfaces, such as
the exposure of surface defects or functional groups.73 As a result,
both denuded FW200 particles may have increased pore avail-
ability and active site density, thus showing promoted IN via PCF
near the HNT (see Fig. 2c). In addition, the larger reff decrease for
FW200-air than FW200-N2 may be due to a larger mass loss
caused by oxidation during air thermal denuding (see
Fig. S31a†). The oxidation may consume some volatiles and lead
to more signicant pore availability increase and/or active site
increase, both of which facilitate 400 nm FW200-air particles to
nucleate ice more effectively than fresh FW200 particles near the
HNT (see Section 3.1.1).

3.2.3.4 PR90. Although containing less total amount of non-
graphitizedmaterials, denuded PR90 shows a similar trend in reff

change to that of denuded FW200 (Fig. 6). However, the error bars
are larger than those of denuded FW200. Nevertheless, the
decreased reff for denuded PR90 suggests that the volatile
removal represents the major role of thermal denuding for PR90-
N2 and PR90-air particles (see Fig. S32 and S33† for size andmass
changes respectively), by which functional groups and surface
defects can be exposed and serve as active sites. Consequently,
denuded 400 nm PR90 particles show promoted IN and CCN
activation (see Fig. 2d). The presence of O2 during air thermal
denuding leads to a larger decrease in reff than N2 thermal
denuding. It suggests the occurrence of oxidation during air
thermal denuding. Despite with oxidation, 400 nm PR90-air
particles present similar promotion in CCN activation and IN to
400 nm PR90-N2 particles (see Fig. 2d). Perhaps, this is because
original PR90 sample is of high graphitization level and such
a weak oxidation (e.g., a small reff change) plays a limited role in
modifying the active site density of the particle (Section 3.1.1).

3.2.4 Soot–water interaction activity. For each sample,
soot–water interaction abilities are illustrated as DVS isotherms
which show the mass percent of water vapour adsorbed
(adsorption branch) or desorbed (desorption branch) by per
gram of sample with respect to the original sample mass (Dm)
as a function of RHw (in Fig. 7). In addition to surface adsorp-
tion, micropores (at RHw < 40%) and mesopores (at RHw > 40%)
also accommodate water molecules.47,86 Thus, we present the
This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Dynamic water vapour sorption (DVS) isotherms for fresh and
synthetic air (N2 + O2) oven-heated (300 �C) soot. The solid lines with
closed symbols and dashed lines with open symbols indicate
adsorption and desorption isotherms, respectively. Each isotherm loop
represents for an individual measurement. Note different y-axis scales.

Fig. 8 The pore size distribution (PSD) as a function of pore radius (rp)
for fresh and synthetic air (N2 + O2) oven-heated soot with different
contact angle assumptions, derived from DVS isotherms shown in
Fig. 7. (a) mCASTblack, (b) mCASTbrown, (c) FW200, (d) PR90. In each
panel, solid line, dotted line and dashed line indicate the PSD results of
the same soot sample with different soot–water contact angle
assumption values.
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volume-based PSD (in Fig. 8) following the methodology intro-
duced in Section 2.4. Considering the heterogeneity of soot
surface wettability and thermal denuding introduced alteration,
we use three possible contact angle estimates for each sample to
calculate the PSD. These estimates are made based on its
isotherm characteristics (Fig. 7) and reference values from soot
samples of similar isotherms in the literature.46,113,114 For
reference, a perfectly wettable surface has a 0� contact
angle.19,115,116

3.2.4.1 mCASTblack. Overall, fresh mCASTblack presents
a weak water interaction ability and its adsorbed water vapour
mass is only 4% at RHw ¼ 90% (Fig. 7a). Fresh mCASTblack
This journal is © The Royal Society of Chemistry 2022
shows a small isotherm slope at low RHw levels (<40%), sug-
gesting that it may contain a few active sites such as suitable
surface defects or hydrophilic functional groups.59,86 Compared
to mCASTblack, mCASTblack-air shows a larger isotherm slope
at low RHw levels (<40%), indicating more abundant active sites
for water uptake and a lower contact angle. Notably, enhanced
surface wettability of mCASTblack-air does not contribute to its
water droplet formation ability for T$ 238 K (see Fig. 2a and 3a)
because the removal of water vapour during thermal denuding
(see Section 3.2.1) may lead to a water activation delay for
mCASTblack-N2 and -air. Perhaps, non-porous mCASTblack-air
particles only activate into water droplets once bulk water
condenses onto the hydrophobic surface at Sw > 1 whereas fresh
mCASTblack particles contain a few pores can accommodate
water at Sw < 1 and then grow into bulk droplets when Sw > 1.18

Considering a hydrophobic surface for mCASTblack, large
soot-water contact values of 60�, 75� and 85�, are used to
calculate the PSD. As shown in Fig. 8a, mCASTblack contains
some micropores (rp < 1 nm) and a few mesopores (1 < rp < 25
nm). These pores are also reected by its isotherms in Fig. 7a.
The small offset between its adsorption and desorption
branches over the whole RHw range suggests mCASTblack
contains some mesopores leading to isotherm hysteresis.
However, a small amount of water can still be preserved in the
sample despite substantially decreasing the RHw condition even
down to 5% (see Fig. 7a), suggesting some pore structures are
too small to release condensed water, i.e., micropores.18,86 The
small amount of mesopores (Fig. 8a) for mCASTblack coincides
with its weak IN ability via PCF for T < HNT (see Fig. 2a and 3a).
From Fig. 8a, mCASTblack-air contains a few but less meso-
pores than mCASTblack. The absence of hysteresis between the
adsorption and desorption isotherms (Fig. 7a) suggests that
mesopores are absent in the sample or it may contain conical or
cylindrical mesopores that are closed at the tapered end,17

which explains its suppressed IN ability compared to fresh
mCASTblack for T < HNT (see Fig. 2a and 3a). Note, the
approach for PSD analysis only relies on the desorption branch
and has a presupposition that there exist pore structures of
different sizes (see Section 2.4). Given this approach, we note
that the PSD curve of mCASTblack-air in Fig. 8amay be invalid if
no pores exist in the sample. Nonetheless, the DVS results
qualitatively imply air thermal denuding decreases
mCASTblack-air porosity, supporting the discussion about its
CCN activation and IN results in Section 3.1.1.

3.2.4.2 mCASTbrown. The mCASTbrown sample is
extremely hydrophobic showing an almost linear adsorption
isotherm and has the smallest water uptake ability at low RHw

levels (<40%) among all samples (see Fig. 7b). The isotherm
slope of mCASTbrown-air is larger than mCASTbrown but its
water vapour adsorption only presents a mass increase by 3% at
RHw ¼ 40%. Such a hydrophobic surface explains high Sw
conditions (>1.05) are required for the CCN activation of both
samples (see Fig. 2b and 3b). Also, the same soot–water contact
angle values as estimated for mCASTblack are used for
mCASTbrown PSD calculations. Fig. 8b merely shows a meso-
pore paucity for mCASTbrown, which coincides with the small
hysteresis loop of its DVS isotherms (Fig. 7b) and suggests
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2057
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minor pore availability. The mCASTbrown-air has more pores
than mCASTbrown as the PSD curve of mCASTbrown-air
generally stays above mCASTbrown (Fig. 8b), which results
from the removal of volatile content and the exposure of pores
by air thermal denuding. The increased pore availability for
mCASTbrown-air supports its enhanced IN ability compared to
fresh mCASTbrown (see Fig. 2b and 3b) at T < HNT. However,
limited PSD enrichment for mCASTbrown-air is not enough to
signicantly contribute to effective IN via PCF because of the
initial paucity in pore structures. In addition, the increased pore
volume for mCASTbrown-air is mainly attributed to micropores
(see Fig. 8b) not relevant for PCF. The enrichment inmicropores
leads to a stronger water interaction ability for mCASTbrown-air
at 298 K by showing a higher isotherm slope (see Fig. 7b) but
does not contribute to its CCN activity at 243 K (see Fig. 2b and
3b). This may be because mCASTbrown-air contains some low
volatile organics (see Section 3.2.1 and 3.2.2) whose Tg is above
the HNT and whose phase transition hampers the CCN activa-
tion at 243 K (see Section3.1.1).

3.2.4.3 FW200. According to Thommes et al.,17 the
isotherms for FW200 can be classied into Type IVa with a H4
hysteresis loop. This type of isotherm shows a concave curve at
low RHw levels (<40%) and a hysteresis loop at high RHw

conditions (see Fig. 7c), suggesting that FW200 has a hydro-
philic surface with plenty of active sites, i.e., a low contact angle,
and possesses abundant mesopores. Both its water affinity
surface and rich mesopores may contribute to the active IN
ability of FW200 particles via PCF. In the low RHw range, water
soluble material on the soot surface (see Section 3.2.1) may
contribute to its water uptake.117 Hence, FW200 with a hydro-
philic surface can activate as water droplets most readily among
all samples (see Fig. 2 and 3). FW200-air shows a similar
isotherm slope to fresh FW200 at RHw < 40% and a larger total
water vapour adsorption capacity (Fig. 7c), suggesting that its
contact angle is comparable to FW200 and its pore volume is
larger than FW200. In addition, the pore volume enlargement in
FW200-air may also expose more active sites inside the pore and
both effects contribute to the IN promotion of FW200-air at 238
and 233 K (see Section 3.1.1).

Hydrophilic soot with a strong water uptake ability should
have a low contact angle between 20–45�.114 For example, Mar-
colli et al.19 suggested FW200 soot-water contact angle with
a maximum of 60�. Hence, small values (#60�) are used for
FW200 PSD analysis. The PSD results in Fig. 8c demonstrate
that there are mesopores of a rp between 1 and 10 nm domi-
nating the water uptake ability of fresh FW200 at high RHw

levels. Comparing the PSD of both soot samples with the same
contact angle assumption (see Fig. 8c), FW200-air PSD curve
always stays above FW200, which means it contains more
mesopores than FW200. This nding suggests that the
enhanced IN for FW200-air is related to the increased mesopore
availability (see Section 3.1.1). Moreover, the FW200-air PSD
peak is larger and broader than FW200 with all contact angle
assumptions (see Fig. 8c), showing that thermal denuding
enlarges mesopore volume for FW200-air. The increase in the
volume of the same size mesopore also facilitates FW200-air to
2058 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
be more IN active via PCF by contributing to the u of pore-water
(see Section 3.1.1).

3.2.4.4 PR90. Fresh PR90 shows an isotherm of Type V with
a H3 hysteresis loop,17,118 showing an isotherm with a convex
shape at RHw < 40% and a broad sorption hysteresis (see
Fig. 7d). This suggests it has a relatively low active site density,
i.e., a contact angle higher than FW200. Thus, this explains its
lower CCN activity compared to FW200 (see Fig. 2 and 3). In
addition, because PR90 shows a stronger water uptake ability
than C3H8 ame soot (Fig. 7d), it is estimated to have a contact
angle in the range of 45–75� (<60–85�). Presenting a larger
isotherm slope at RHw < 40%, air thermal denuding lowers
PR90-air contact angle and enhances its water affinity. The
decreased contact angle also leads to a lower RHw starting point
for PR90-air hysteresis loop, i.e., capillary condensation occur-
ring in smaller mesopores according to the Kelvin equation.
The lower the pore lling RHw is, the stronger the negative
pressure induced J promotion of pore-water will be,70 which
supports the IN enhancement of PR90-air particles for T < HNT,
especially at 233 K (see Section 3.1.1). Furthermore, assuming
a contact angle for PR90-air smaller by 15� than PR90, the PSD
results in Fig. 8d suggest that PR90-air contains more micro-
pores (rp < 1 nm) and small mesopores (1 < rp < 2 nm) whereas
there is no pronouncedmesopore change for PR90-air when rp >
3 nm. Hence, it may be the thermal denuding induced soot–
water contact angle decrease and micropore increase that
contribute to PR90-air water interaction and CCN activation at T
> HNT, and both the decrease in contact angle and the increase
in small mesopores that facilitate PR90-air IN via PCF at T <
HNT (see Fig. 2d and 3d). The contact angle decrease resulted
pore lling at low RH conditions may play the rst important
role in PCF enhancement whereas the mesopore availability
change may play a limited role (see Section 3.1.1).

4 Atmospheric implications

This study demonstrates that the IN activity of soot particles
depend on their volatile content. Thermal denuding induced
property modications, including intra-aggregate pore volume,
chemical functional group and surface oxidation changes, can
occur. We note that the results of mCASTblack and mCAST-
brown samples containing different OM content can be
comparable to aviation soot particles of similar sizes (200 and
400 nm), as these are known to be aviation soot proxies. The
mCASTblack and mCASTbrown show similar morphological
properties to aviation soot22,79,119 which may also have varying
OM content because of emissions from different engine tech-
nologies, thrust levels, and oxidation and/or organic coating
during atmospheric transportation. Our ndings show that
denuding of volatile content by a small mass fraction (#3% of
original particle mass) can lead to enhanced IN via PCF for
porous soot particles (the case for FW200). We attribute this to
an increase in pore volume availability relevant for PCF. On the
other hand, it can be deduced that OM oxidation or addition on
soot particles may decrease pore availability upon new organics
formation and pore network change, thus preventing soot IN via
PCF (the case for mCASTblack and mCASTbrown). Hence,
This journal is © The Royal Society of Chemistry 2022
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aircra soot analogous to mCASTblack and mCASTbrown
soot22,79 may also present suppressed IN ability if OM oxidation
or OM coating induced pore availability decrease occurs.
Moreover, atmospherically coated soot particles with a small
pore availability will not serve as cirrus cloud INPs. Bhandari
et al.25 reported that approximately 90% of ambient soot parti-
cles sampled from foggy weather conditions are coated, which
implies a decreased pore availability and suppressed IN ability
with respect to the ndings in this study. Freshly emitted and
near source soot particles without coatings are thus more rele-
vant to cirrus cloud formation via PCF. In addition, our study
implies that thermal denuding caused decrease in soot-water
contact angle or increase in soot surface active site density
may enhance the IN ability of porous soot particles, especially
for T close to the HNT (the case for FW200 and PR90). In the
atmosphere, porous soot particles can be aged with O3

producing a more wettable surface,120–122 aer which aged soot
particles can contribute to cirrus cloud formation more signif-
icantly. Particularly, if porous soot particles are as active as our
FW200 sample, then aged porous soot particles with plenty of
active sites can even form ice crystals at T ¼ 238 K, which is
relevant to clouds at lower altitudes. Furthermore, this study
has atmospheric implications on the role of physicochemical
properties in soot particle water droplet activation at super-
cooled conditions. Both surface oxidation level and pore avail-
ability determine soot-water interaction and droplet activation
ability whereas the increased surface oxidation alone may not
be the decisive factor. For example, albeit with increased
oxidation level, mCASTblack-air shows depressed droplet
formation ability as it has decreased pore availability whereas
mCASTbrown-N2 with increased pore availability shows
promoted CCN activation for T > HNT. Moreover, the organic
phase state for organic-rich soot particles may be important
when evaluating the droplet activation and IN ability (the case
for mCASTbrown-air). Lastly, it has been shown that mCAST-
black can be as active INPs as FW200 merely by compacting the
particles through cloud processing, as such ageing by cloud
processing aer being freshly emitted could lead to a substan-
tial contribution in cirrus cloud INPs.15

5 Summary

In this study, different thermal denuding environments (pure N2

or air) were used to modify four soot samples of various volatile
content and porosities, including two C3H8 ame soot particles
with poor or rich organics (mCASTblack and mCASTbrown), and
two porous carbon black particles with high or low surface
wettability (FW200 and PR90). Size-selected 200 and 400 nm soot
particles with and without thermal denuding were tested for
their ice nucleation (IN) ability at xed temperature (T) between
218 and 243 K, as a function of relative humidity (RH). The
particle reff was derived from mobility diameter and mass
distribution of size-selected soot samples by conducting SMPS
and CPMA scans synchronously with the IN experiments. Bulk
soot sample T dependent mass losses, chemical functional
group changes and water interaction activities were also
measured by TGA, FTIR and DVS techniques, respectively. It is
This journal is © The Royal Society of Chemistry 2022
demonstrated that thermal denuding modies both soot-
aggregate porosity and surface water interaction ability
depending on the original soot porosity and volatile content,
affecting the IN activity of soot particles differently. In general,
N2 thermal denuding may increase soot particle porosity by
removing volatile content and meanwhile it may decrease the
particle porosity by regulating its primary particle network
through thermophoresis forces. Thus, the combined porosity
change may be an increase or a decrease which exerts a promo-
tion or impairment effect on the particle pore condensation and
freezing (PCF) respectively. Furthermore, volatile matter removal
by thermal denuding can expose active sites on soot surfaces for
water interaction, contributing to enhanced IN and water droplet
activation if sufficient pores are available for the particle. The air
thermal denuding regulates soot properties in a more complex
manner. In the presence of O2, surface oxidation may increase
the active site density or the product of oxidation may decrease
pore openness, which modies soot particle IN via PCF differ-
ently. Especially, the air thermal denuding enhances porous soot
particle IN near the HNT if the oxidation increases the active site
density. Our results imply that the mesopore availability change
induced by thermal denuding likely plays a dominant role in
regulating soot IN.

Relying on a single predictor to evaluate soot IN activity
change may lead to diverse conclusions. Previous studies re-
ported that organic-rich C3H8 ame soot particles are poor INPs
compared to organic-lean soot produced by the same technique,
which potentially suggests that organics inhibit soot IN ability.
The thermal denuding results formCASTbrown soot in this study
are consistent with the literature, showing that organics removal
promotes soot IN. However, this is opposite to the case for
denuded organic-lean mCASTblack soot, which shows supressed
IN. Comprehensively, the IN results of denudedmCASTblack and
mCASTbrown soot imply that porosity change is the dominant
cause for soot particle IN modication but not the organic
content change. It is the mesopore availability change associated
with removal of organic content that is responsible for regulating
soot IN via PCF. Other than the organic content, the organic
properties, e.g., hydrophilicity, also should be considered in
evaluating soot IN abilities. For instance, FW200 soot contains
comparable amount of volatile (or organic) content to mCAST-
brown soot but it is more CCN and IN active. Therefore, the
volatile or organic content alone cannot be used to evaluate soot
IN ability. In addition, there is no consensus on the role of
oxidation on soot particle IN and contrasting cases are reported
in the literature (see Introduction). In the scope of soot PCF, our
study suggests that increased soot surface oxidation level (see
FTIR in Fig. 5a) associated active site density increase contributes
to enhanced soot IN only if the mesopores for PCF are available
(see DVS Fig. 8a). Otherwise, oxidised soot surface plays a limited
role even if more active sites are exposed. Therefore, we propose
that porosity and morphology are primary predictors for soot IN
via PCF, compared to particle chemistry. To evaluate the single
effect of oxidation degree in soot IN, it is promising to only
modify the particle surface chemistry and retain its PSD. Finally,
soot CCN/IN results at a measured T should be used carefully to
infer the results at other T, given that thermal denuding effects
Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2059
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on soot CCN/IN showed a T dependence (mCASTbrown, FW200
and PR90).
6 Appendix A
6.1 Ice nucleation activity of fresh and denuded 200 nm soot
particles

Fig. 9–12 and 13–16 present the AF plots derived from the IN
data in 1.0 mm OPC channel for 400 and 200 nm size-selected
soot samples as a function of RHi and RHw, respectively.
7 Appendix B
7.1 The mass fraction change derivation rates for TGA
measurements

Fig. 17 shows the derivative weight fraction change rates for
TGA measurements to support the interpretation of the mass
loss presented in Fig. 4 in Section 3.2.1. At the beginning of the
measurement (<100 �C), rapid mass loss indicates the desorp-
tion of water vapour. At 300 �C, the signicant mass loss rate is
because the T was held constant for 30 minutes.
8 Appendix C
8.1 Size-selected soot particle effective density results

The single particle mobility diameter and mass values derived
from log–normal tting to the distribution can be used to
Fig. 9 AF curves as a function of RH (relative humidity) with respect to wa
particles corresponding to 1.0 mm OPC channel. Black solid line represe
dashed lines indicate expected RH values for homogeneous freezing at
uncertainty calculated for water saturation and homogeneous freezing c

2060 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
calculate the particle effective density (reff) following the
expression below:

reff ¼
�
6M*

p

�.�
p$Dm

3
�

(C1)

The M*
p is the single particle mass and Dm is the single

particle mobility diameter. The reff of 400 and 200 nm fresh and
denuded particles is presented in Fig. 6 and 18, respectively.

In general, thermal denuding does not result in signicant
(based on overlapping error bars) reff change for 200 nm
mCASTblack, FW200 and PR90 size-selected particles,
compared to the fresh particles. It is reported that smaller soot
particles have more rigid structure.123 Hence, thermophoresis
forces induced mobility diameter reduction in 200 nm particles
is smaller than the case of 400 nm particles, which limits the reff
increase. The originally larger reff of 200 nm particles also
suggests they have a higher level of compactness and structural
stability. This means 200 nm particles present a smaller size
change when undergoing the same thermal denuding as larger
particles (400 nm). In Fig. 18, the reff change caused by thermal
denuding in 200 nm mCASTblack particles shows a similar
trend to those of 400 nm mCASTblack particles. The same
thermal denuding results in a much smaller reff increase for
200 nm mCASTbrown-N2 (23%) and mCASTbrown-air (22%)
particles (Fig. 18), compared to 400 nm particles (86% and 43%
in Fig. 6, respectively). Both thermal denuding conditions lead
to an increase in the reff of 200 nm FW200-N2 and FW200-air
ter (RHw) and ice (RHi) for fresh and denuded 400 nmmCASTblack soot
nts water saturation conditions according to Murphy and Koop,44 and
T < HNT,45 respectively. The grey shading areas show the possible RH
onditions.

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 The same as Fig. 9 but for fresh and denuded 400 nm mCASTbrown soot particles.

Fig. 11 The same as Fig. 9 but for fresh and denuded 400 nm FW200 soot particles.
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Fig. 12 The same as Fig. 9 but for fresh and denuded 400 nm PR90 soot particles.

Fig. 13 The same as Fig. 9 but for fresh and denuded 200 nm mCASTblack soot particles.

2062 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 This journal is © The Royal Society of Chemistry 2022
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Fig. 14 The same as Fig. 9 but for fresh and denuded 200 nm mCASTbrown soot particles.

Fig. 15 The same as Fig. 9 but for fresh and denuded 200 nm FW200 soot particles.

This journal is © The Royal Society of Chemistry 2022 Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069 | 2063
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Fig. 16 The same as Fig. 9 but for fresh and denuded 200 nm PR90 soot particles.

Fig. 17 TGA derivative mass loss rates as a function of temperature (T)
for fresh and synthetic air (N2 + O2) atmosphere oven heated (300 �C)
bulk soot samples solid and dotted lines indicate two individual TGA
runs on the same sample type.

Fig. 18 The effective density (reff) of fresh and denuded 200 nm soot
particles. The error bar indicates one standard deviation. Please note
the y-axis origin.
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particles, which suggests 200 nm FW200-N2 and FW200-air
particles become more densied and have decreased pore
volume. This may explain the suppressed IN of both denuded
200 nm FW200 particles for T between 223 and 233 K (see
Fig. 3c). Both denuded 200 nm PR90 particles also show a slight
2064 | Environ. Sci.: Processes Impacts, 2022, 24, 2043–2069
reff increase, suggesting thermal denuding induced mobility
diameter reduction exceeds mass loss (see ESI S2†) because of
the low volatile content of original PR90.
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53 G. Vali, P. J. DeMott, O. Möhler and T. F. Whale, Technical
note: A proposal for ice nucleation terminology, Atmos.
Chem. Phys., 2015, 15, 10263–10270.

54 L. Ickes, A. Welti, C. Hoose and U. Lohmann, Classical
nucleation theory of homogeneous freezing of water:
thermodynamic and kinetic parameters, Phys. Chem.
Chem. Phys., 2015, 17, 5514–5537.

55 N. H. Fletcher, The physics of rainclouds, Cambridge,
University Press, 1962.

56 K. C. Young, Microphysical processes in clouds, Oxford
University Press, 1993.

57 P. G. Debenedetti, Metastable liquids: concepts and
principles, Princeton University Press, 1996.

58 A. Kiselev, F. Bachmann, P. Pedevilla, S. J. Cox,
A. Michaelides, D. Gerthsen and T. Leisner, Active sites in
heterogeneous ice nucleation-the example of K-rich
feldspars, Science, 2017, 355, 367–371.

59 O. Popovicheva, N. M. Persiantseva, N. K. Shonija,
P. DeMott, K. Koehler, M. Petters, S. Kreidenweis,
V. Tishkova, B. Demirdjian and J. Suzanne, Water
interaction with hydrophobic and hydrophilic soot
particles, Phys. Chem. Chem. Phys., 2008, 10, 2332–2344.

60 B. Zobrist, C. Marcolli, D. A. Pedernera and T. Koop, Do
atmospheric aerosols form glasses?, Atmos. Chem. Phys.,
2008, 8, 5221–5244.

61 T. Berkemeier, M. Shiraiwa, U. Pöschl and T. Koop,
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