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ARTICLE

Liquid-liquid phase separation reduces radiative
absorption by aged black carbon aerosols
Jian Zhang1,2,12, Yuanyuan Wang1,12, Xiaomi Teng1, Lei Liu 1, Yisheng Xu3, Lihong Ren3, Zongbo Shi 4,

Yue Zhang5, Jingkun Jiang6, Dantong Liu1, Min Hu7, Longyi Shao 8, Jianmin Chen9, Scot T. Martin 10,

Xiaoye Zhang11 & Weijun Li 1✉

Black carbon aerosols absorb radiation and their absorptive strength is influenced by particle

mixing structures and coating compositions. Liquid-liquid phase separation can move black

carbon to organic particle coatings which affects absorptive capacity, but it is unclear which

conditions favour this redistribution. Here we combine field observations, laboratory

experiments, and transmission electron microscopy to demonstrate that liquid-liquid phase

separation redistributes black carbon from inorganic particle cores to organic coatings under

a wide range of relative humidity. We find that the ratio of organic coating thickness to black

carbon size influences the redistribution. When the ratio is lower than 0.12, over 90% of

black carbon is inside inorganic salt cores. However, when the ratio exceeds 0.24, most black

carbon is redistributed to organic coatings, due to a change in its affinity for inorganic and

organic phases. Using an optical calculation model, we estimate that black carbon redis-

tribution reduces the absorption enhancement effect by 28–34%. We suggest that climate

models assuming a core-shell particle structure probably overestimate radiative absorption of

black carbon aerosols by approximately 18%.
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B lack carbon (BC), also often referred to soot (i.e., carbo-
naceous fractal-like aggregates), is an important type of
light-absorbing aerosol particles1,2. BC particles not only

aggravate air pollution and pose significant health risks to the
general public, but also they change atmospheric radiative forcing
and influence global climate3–8. Previous studies showed that the
mixing structure of BC particles strongly influences their optical
properties and their climate effects9–15. For instance, when BC
particles are coated by secondary aerosol components (e.g.,
nitrates, sulfates, and secondary organics), their light absorption
enhances due to the “lensing effect”3,16. However, the magnitude
of the lensing effect remains highly uncertain due to the varia-
tions of coating materials and to the variable mixing structures
between the BC and coatings15,17–19.

To date, most aerosol instruments and climate models assume
that internally mixed BC particles have core-shell
structures3,10,20,21, while such assumption alone could not ade-
quately explain field-measured optical properties of BC
particles22–24. For instance, the difference between the absorption
enhancement (Eabs) of observed BC in the atmosphere and
modeled BC with the core-shell structure can reach ~14-
150%4,16,25. The deviation from the core-shell approximation can
be largely attributed to the mixing state of BC and its distribution
in individual particles17,26,27, although the morphology of indi-
vidual BC particle has an effect as well28–30. Interestingly, a recent
laboratory study suggested that the distribution of BC inside
individual particles can change from the entire particle to the
organic coating under the liquid-liquid phase separation (LLPS)
of organic and inorganic species when the relative humidity (RH)
was lower than 90%31. The movement of the position of BC in
individual particles due to the LLPS has been called “BC
redistribution”31. However, there is a lack of field data to
support such statement. While some BC particles have so far
been observed to distribute in organic coatings of individual
particles in ambient environment using common electron
microscopes32,33, conditions favoring the distribution of BC
particles within organic coatings are unclear and not elucidated.

The data from multiple field campaigns at two typical back-
ground sites and at an upwind urban site as well as laboratory
experiments in this study support the finding showing the
redistribution of BC from inorganic cores into organic coatings
due to the LLPS. To our knowledge, this study is the first to
provide the evidence of the redistribution of airborne BC particles
from inorganic cores into organic coatings during the LLPS under
a wide range of RH conditions using transmission electron
microscopy (TEM) and cryogenic TEM (cryo-TEM) integrating
with a humidity chamber. Moreover, a novel optical calculation
model was further used to quantify the variation of BC optical
absorption due to the BC redistribution induced by the LLPS.

Results and discussion
Mixing state and distribution of black carbon. Numerous aged
BC particles with a wide size range of 40 nm to 1.5 μm were
observed in both the rural and mountain background air in
summer (Fig. 1 and Supplementary Figs. 1 and 2). Supplementary
Figs. 3 and 4a show that the number fraction of BC-containing
particles reached 44–47%, and the mass concentration of BC was
1.23 ± 0.53 μg m-3 at the mountain site during the sampling
period. Backward trajectory analysis indicates that these BC
particles were mainly transported from upwind urban polluted
areas (Supplementary Fig. 5).

BC-containing particles were classified into externally mixed
and internally mixed particles (Fig. 1a). Supplementary Figs. 3
and 6a show that over 90% of BC particles were internally mixed
with secondary aerosols in both the background and urban air.

These internally mixed BC-containing particles were normally
formed through various aging processes including coagulation,
condensation, and heterogeneous reactions among particle
population or between particles and gases28,32,33. To better
obtain the mixing state of individual particles at one certain RH,
the cryo-TEM integrating with a humidity chamber was applied
to observe the ambient collected particles under the selected RH
level (Supplementary Fig. 7). We found that individual secondary
particles retained their phase separation (i.e., the core-shell
structure) between organic matter and inorganic salts at ≤ 88%
RH (Figs. 1b and 2a and Supplementary Fig. 8a), which has been
determined as LLPS34,35. This RH probing result suggests that
most of BC-containing secondary particles collected in the
background air should be phase-separated because RH was often
less than 88% during the field sampling periods (Supplementary
Fig. 4a, b and Supplementary Table 1). We further obtained
elemental profiles of C, S, and O across a typical secondary
particle mixed with BC using the high-angle annular dark-field
scanning TEM (HAADF-STEM). Figure 2a displays higher C,
lower O, and extremely lower S in the organic coating compared
to the inorganic salt core, further confirming the LLPS between
the inorganic core and the organic coating. The finding is
consistent with the conclusion from the recent studies that the
phase-separated particles including the inorganic core and
organic coating commonly occur in ambient air34,36.

The distribution of BC inside the internally mixed particles was
examined. TEM observations revealed two dominant types: BC in
inorganic core (BC-in-Icore, BC occurring in S-rich particle) and
BC in organic coating (BC-in-Ocoating, BC occurring in organic
coating) (Fig. 1a). The cryo-TEM was further used to determine
whether the distribution of BC was influenced by particle phase
under < 88% RH. The cryo-TEM analysis showed that the
distribution of BC inside individual BC-in-Ocoating particles did
not change at 75 and 86% RH when these particles changed from
the solid phase to the liquid phase (Fig. 1b). However, we noticed
that BC particles tended to move from the edge of individual
secondary particles towards the center following the disappear-
ance of the LLPS at > 88% RH (Fig. 1b). These observations
suggest that the phase change of secondary aerosols do not affect
the distribution of BC inside the particles when these BC-
containing particles remain LLPS. As a result, the dry state of the
phase-separated BC-containing particles observed by the TEM
can represent the distribution of BC inside individual particles
with the LLPS in the ambient air.

The number fractions of BC-in-Icore and BC-in-Ocoating
particles were counted in 2080 BC-containing particles. Figure 2b
shows that BC-in-Ocoating particles were dominant, accounting
for 54-64% with an average of 59% (25 samples in total) in the
background air. However, BC-in-Icore particles were dominant,
accounting for 88% by number in all the BC-containing particles
at the upwind urban site (Supplementary Fig. 6a). Moreover, we
found that 75% of BC particles were embedded in secondary
particles with LLPS in the background air but only 32% in the
urban air (Fig. 2b and Supplementary Fig. 6a). These results
indicate that BC particles tend to redistribute from inorganic salt
cores into organic coatings with the increase of organic matter
because individual secondary particles often contain more
organics following particle transport from urban to background
air36. Although aerosol condensation and coagulation might
directly cause some BC particles to mix into organic coatings in
the air33, the significant change in the distribution of BC inside
individual particles from urban to background air reflected that
the BC redistribution was the major process to form abundant
BC-in-Ocoating particles. In the following sections, we further
quantified how the LLPS affects the distribution of BC inside
individual particles.
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Fig. 1 Typical transmission electron microscopy (TEM) and cryogenic TEM (cryo-TEM) images of black carbon (BC)-containing particles with different
mixing structures. a TEM images of externally mixed BC particle, BC in S-rich (BC-in-Icore) particle, and BC in organic coating (BC-in-Ocoating) particle.
The mixing models of BC-containing particles are shown in the upper right corners of the TEM images. The black circle aggregates, cyan circles, and orange
rings represent BC, S-rich, and organic coatings, respectively. b Cryo-TEM images of BC-in-Ocoating particles. These particles were exposed to
atmospheric conditions with different relative humidity (RH)= 75 ± 2%, 86 ± 2%, and 95 ± 2% for 10min before being frozen, respectively. The BC-in-
Ocoating particles at RH of 75 ± 2% and 86 ± 2% remained liquid-liquid phase separation (LLPS) between organic matter and inorganic salts. The LLPS of
the BC-in-Ocoating particle disappeared when it was at 95 ± 2% RH.

Fig. 2 Distribution of BC inside individual particles and number fractions of BC particles in the background air. a A typical TEM image of BC-in-Ocoating
particles in the background air at low magnification. The red, green, and blue arrows indicate BC, S-rich particles, and organic coatings. Line scanning of a
typical secondary particle with organic coating by the high-angle annular dark-field scanning TEM (HAADF-STEM) shows elemental profiles of C, S, and O
across the particle. b Number fractions of BC-containing particles with different distributions of BC at two background sites. The purple diamonds indicate
individual BC-containing particles with the LLPS.
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Organic coating thicknesses and size distribution of BC-
containing particles. Further analysis established that the dis-
tribution of BC inside individual particles is related to two
parameters: the organic coating thickness (TOC) and the BC
diameter (DBC). Figure 3a shows that the number fraction of BC-
in-Ocoating particles is strongly correlated with TOC with
R2= 0.69 in the background air. When TOC is thinner than
80 nm measured by TEM and atomic force microscopy (AFM),
BC-in-Icore particles are dominant, accounting for 63% of all BC-
containing particles (Fig. 3a). When TOC is thicker than 80 nm,
BC-in-Ocoating particles become the dominant type, reaching an
average of 64% by number (Fig. 3a). This variation suggests that
the distribution of BC inside individual particles changes from
being in inorganic salt cores to organic coatings when organic
coatings become thicker. In some cases, two or more BC inclu-
sions occur in organic coatings of individual particles. For
example, Fig. 3b shows four tiny BC particles in the organic
coating. The percentage of BC-in-Ocoating particles containing
multiple BC (N > 1) in all the BC-in-Ocoating particles increases
from 25 ± 7% to 52 ± 15% following an increase in TOC from
62 ± 13 nm to 98 ± 10 nm (Fig. 3a). Figure 3c further shows that
the average TOC of BC-in-Ocoating particles is 87 nm in the
background air, which is significantly greater than 47 nm for the
BC-in-Icore particles. In the urban air, the average TOC of BC-in-

Icore particles is only 30 nm (Supplementary Fig. 6b). These
results suggest that TOC may have a major impact on the dis-
tribution of BC inside individual particles.

Figure 3d displays the number fractions of BC-in-Icore and
BC-in-Ocoating particles collected in the background air among
different BC diameter (DBC) bins from 40 nm to 1500 nm. We
found that the number fractions of BC-in-Icore and BC-in-
Ocoating particles vary inversely with the change of DBC (Fig. 3d).
The number fraction of BC-in-Icore particles increases from 23 to
63% with an increase in DBC from 40–240 nm to 240–1500 nm,
but the number fraction of the BC-in-Ocoating particles decreases
from 67 to 31% (Fig. 3d). The result suggests that finer BC
particles favor distribution into organic coatings compared to
coarser ones. Therefore, DBC also affects the distribution of BC
inside individual particles. Moreover, all BC particles with
DBC > 1000 nm distribute into inorganic salt cores in internally
mixed particles (Fig. 3d), suggesting that the DBC range should be
constrained to less than 1000 nm when considering the variation
of the distribution of BC inside individual particles.

The above data show that TOC and DBC have crucial influences
on the distribution of BC inside the phase-separated particles. It is
well known that the size of BC is less prone to change during its
aging, unless becoming more compact28. However, TOC can
continuously increase following particle aging during their long-

Fig. 3 Organic coating thickness (TOC) and size distribution of BC within individual particles in the background air. a Correlation between TOC and
number fraction of BC-in-Ocoating particles in internally mixed BC-containing particles. The color bar represents the percentage of BC-in-Ocoating
particles containing multiple BC in all the BC-in-Ocoating particles. b A typical TEM image of BC-in-Ocoating particle containing four tiny BC particles.
c TOC of BC-in-Icore and BC-in-Ocoating particles. The blue and orange shadows represent the distribution of the TOC data. d Number fractions of BC-in-
Ocoating, BC-in-Icore, and externally mixed BC particles in different BC diameter (DBC) bins from 40 nm to 1500 nm.
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range transport36. Therefore, it is necessary to consider the
relationship between TOC and DBC during the redistribution of
BC inside individual particles.

Here we propose a new parameter (i.e., the ratio of TOC/DBC)
to investigate the redistribution of BC particles inside individual
particles. Figure 4a shows that the distribution of BC inside
individual particles is strongly correlated with the TOC/DBC ratio.
When the TOC/DBC ratio is lower than 0.12, over 90% of BC
particles distribute in inorganic salt cores (Fig. 4a). However,
nearly all the BC particles are redistributed into organic coatings
whenever the TOC/DBC ratio exceeds 0.24 (Fig. 4a). In addition to
the TOC/DBC ratio, the cryo-TEM observations show that the
distribution of BC particles is also dependent on RH, as the
position of BC tends to approach the center of individual
secondary particles following the disappearance of the LLPS at >
88% RH (i.e., TOC/DBC ratio = 0) (Fig. 1b and Supplementary
Fig. 8b). Li et al.37 showed that the organic coating only
contributes less than 10% of the growth factor of individual
secondary particles at ≤ 88% RH. This suggests that the change of
TOC is limited with the variation of the particle phase at ≤ 88%
RH. Therefore, the lower RH at ≤ 88% has a little effect on TOC,
but the higher RH at > 88% that leads to the disappearance of
LLPS of particles can influence the distribution of BC inside
individual particles.

Laboratory evidence and possible mechanisms for BC redis-
tribution. To further confirm the redistribution of BC from
inorganic cores into organic coatings and its dependence on the
TOC/DBC ratio, we performed a laboratory experiment to observe
the distribution of BC inside individual particles. These individual
BC-containing particles were generated from two organic/inor-
ganic/BC mixed suspensions with organic-to-inorganic dry mass
ratios (OIRs) of 1:4 and 7:1 (Supplementary Fig. 9). The
laboratory results show that the BC-containing particles domi-
nated by BC-in-Ocoating particles have higher TOC (93 nm) than
those dominated by BC-in-Icore particles (17 nm) (Fig. 4b and
Supplementary Fig. 10). Moreover, the dominant type of the
laboratory-generated BC-containing particles changes from BC-
in-Icore particles to BC-in-Ocoating particles when the TOC/DBC

ratio increases from 0.04 to 0.34 (Fig. 4b), supporting the

observations for the ambient particles shown in Fig. 4a. By
combining the data from both laboratory and field measure-
ments, we conclude that the LLPS of secondary organic/inorganic
mixed particles can facilitate BC redistribution into the organic
coating from the inorganic salt core with the TOC/DBC ratio
exceeding 0.24.

Based on TEM-EDS analysis, we estimated O/C ratios of
organic coatings at 0.43 ± 0.06 in the background air (Supple-
mentary Fig. 11), suggesting that organic matter in the coating
had relatively low polarity38. Previous studies showed that BC
particles contained saturated and unsaturated hydrocarbons,
polycyclic aromatic hydrocarbons (PAHs), and partially oxidized
organics through the organic condensation39–42. Buseck et al.43

demonstrated that BC particles have organic coatings of several
nanometers thickness by using the high-resolution TEM. There-
fore, the aggregated carbonaceous spheres more or less contain
organic matter (Fig. 1a, externally mixed BC), which can form an
organic surface with a certain polarity on BC through aging44,45.
These organic species on BC particles have a higher affinity
toward secondary organic aerosol coatings than to inorganic salts
due to the intermolecular forces and interactions between similar
chemical bonds31, which induces BC movement and redistribu-
tion within individual particles. We found larger TOC values in
BC-in-Ocoating particles than in BC-in-Icore particles (Fig. 3c),
implying that thicker organic coatings on BC-in-Ocoating
particles have larger volumes to cover BC and contribute to its
movement following the LLPS compared to BC-in-Icore particles.
This may be the reason to why fine BC particles (< 1000 nm) tend
to move into organic coatings from inorganic salts following the
increase in TOC (Fig. 3a and Supplementary Figs. 8b and 10).

Reduced radiative absorption by BC redistribution. The var-
iation of the distribution of BC in individual particles effectively
changes its optical properties such as Eabs11,18,26,31,46. Here, a
novel Electron-Microscope-to-BC-Simulation (EMBS) tool
developed by Wang et al.24 was further utilized to combine with
the Discrete Dipole Approximation (DDA) for the optical cal-
culations of aged BC particles. Based on the distribution of BC
inside individual secondary particles, we determined three types
of internally mixed BC particles (BC-in-Icore without organic

Fig. 4 Distribution of BC inside individual particles depending on the ratio of TOC/DBC. a Variation in the number fractions of field-observed BC-in-Icore
and BC-in-Ocoating particles from the TOC/DBC ratio bins of 0–1.8. b Comparisons on the BC distribution and the TOC/DBC ratio of organic/inorganic/BC
mixed particles generated from the suspensions with organic-to-inorganic dry mass ratio (OIR)= 1:4 and OIR= 7:1 in the laboratory. The green shadow
indicates the standard deviation of the TOC/DBC ratio.
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coating (basic core-shell model), BC-in-Icore with organic coat-
ing (phase-separated core-shell model), and BC-in-Ocoating
(redistributed model)) to calculate their Eabs relative to the BC
core at 550 nm (Fig. 5a, b). The basic core-shell model and phase-
separated core-shell model were further classified into two types,
respectively. Figure 5a, b displays their mixing structures: BC in
the center and in the eccentric area of individual particles for the
basic core-shell model and BC in the center and touching the
interface between the organic and inorganic species for the phase-
separated core-shell model. The models containing one and two
BC particles were considered in the optical calculation due to
their dominance in BC-containing particles (Supplementary
Fig. 12). In this study, organic coatings were assumed to be non-
absorbing with the refractive index of 1.65+ 0i47.

The Eabs of the basic core-shell model is 2.35–2.44 at 550 nm,
which is slightly lower than 2.57–2.64 of the phase-separated
core-shell model with TOC at 80–81 nm (Fig. 5b and Supple-
mentary Fig. 13). This suggests that non-absorbing organic
coatings have a little effect on the light absorption of the basic
core-shell model. When we change the distribution of BC
particles from the inorganic core to the organic coating, the Eabs
significantly decreases from 2.57–2.64 for the phase-separated

core-shell model to 1.75–1.86 for the redistributed model (Fig. 5b).
This implies that the optical absorption of the redistributed model
reduces by 28–34% compared to the phase-separated core-shell
model, which is higher than the reported 20–30% decrease
following BC movement from the center to the edge of water
droplets or organic aerosols26,46. On the contrary, Brunamonti
et al.31 calculated increased Eabs from redistributed BC particles
compared to core-shell BC particles. This reverse result should be
ascribed to the inappropriate model of redistributed BC particles
used in that study which assumed BC particles to be the shell and
inorganic salts to be the core. The adopted redistributed BC
model is totally different from aged BC particles in the ambient
air as shown in Figs. 1 and 2a. Based on the above comparisons,
we confirm that our calculated Eabs of BC-containing particles is
credible because EMBS combined with DDA can consider various
complicated mixing structures of BC particles and calculate their
optical parameters (see methods). It should be noted that the Eabs
for BC in the eccentric area is 1.89–2.22 in the basic core-shell
model and for BC touching the interface between the organic and
inorganic species is 2.38–2.61 in the phase-separated core-shell
model (Supplementary Table 2). These two Eabs results are lower
than 2.66–2.81 and 2.67–2.76 for BC in the center in the above

Fig. 5 Light absorption enhancement of BC-in-Icore and BC-in-Ocoating particles. a Three types of internally mixed BC particles (BC-in-Icore without
organic coating (basic core-shell model), BC-in-Icore with organic coating (phase-separated core-shell model), and BC-in-Ocoating (redistributed model))
containing one or two BC particles with their models in the upper right corners. The basic core-shell model includes two types: BC in the center and in the
eccentric area of individual particles. The phase-separated core-shell model also includes two types: BC in the center and touching the interface between
the organic and inorganic phases of individual particles. b Absorption enhancement (Eabs) of the basic core-shell model, phase-separated core-shell model,
and redistributed model containing one and two BC particles. The organic coating is assumed to be the non-absorbing organic aerosol. The red and blue
shadows indicate the standard deviation of the Eabs.
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two models but still higher than 1.75–1.86 for the redistributed
model (Supplementary Table 2). Therefore, we can conclude that
the radiative absorption of BC particles largely depends on the
position of BC in individual particles.

Supplementary Fig. 12 shows that the redistributed BC
particles account for 59% by number in BC-containing particles
in the background air. If we consider the real mixing structure of
BC-containing particles instead of only the core-shell structure,
the deviation of radiative absorption of BC between the real
mixing structure and the core-shell structure can be estimated in
the background air. Based on the Eabs (Fig. 5b) and the fraction of
BC-containing particles with different mixing models (Supple-
mentary Fig. 12), we finally obtained that the radiative absorption
of BC in the background air is overestimated by ~18% in previous
optical models (Fig. 6) which assume all internally mixed BC
particles to be the core-shell model3,10,48. The above findings
highlight the new insight into BC redistribution due to the LLPS
of secondary organic and inorganic species and suggest the
reduction of BC radiative absorption caused by the BC
redistribution. In view of the prevalence of LLPS in urban and
background air, atmospheric aerosols and climate models should
account for the BC redistribution phenomenon to improve the
current BC-mixing models and climate predictions.

Methods
Observation sites and sample collection. Three field campaigns were conducted:
at an urban site (Beijing city (39.98° N, 116.33° E)) from 2 to 15 June 2013, at a
rural site (Yucheng Integrated Agricultural Experimental Station (36.95° N, 116.60°
E)) from 1 to 17 June 2013, and at a mountain site (Wudang Mountain Station
(32.40° N, 111.04° E, 862 m above sea level)) from 13 to 23 June 2018, respectively
(Supplementary Fig. 1). The rural and mountain sites are typical background air
quality monitoring stations in northern and central China. The urban site is in one
of the upwind areas of the rural background site (Supplementary Fig. 5a).

Individual aerosol particles at three sampling sites were collected on
transmission electron microscopy (TEM) grids and silicon wafers using individual
particle samplers equipped with the single-stage cascade impactor of 0.5 mm jet

nozzle (Genstar Inc., China). These particles were collected at local time of
02:00–03:00, 08:00–10:00, 13:00–15:00, and 17:00–20:00 and the volume flow was
1 L min-1. To prevent particles overlapping on the substrates of TEM grids and
silicon wafers, the sampling durations were controlled between 10 s and 30 s at the
urban and rural sites and 10 min to 30 min at the mountain site according to
ambient PM2.5 mass concentrations. Supplementary Table 1 shows the collected
information of individual particle samples. After collecting individual particles, we
stored samples in dry (relative humidity (RH): ~20%), clean, and airtight
containers for next laboratory analyses.

Mass concentrations of black carbon (BC) at the mountain site were obtained
using an Aethalometer AE-31 instrument (Magee Scientific, USA, 5 L min-1).
Details can be found in Xu et al.49. PM2.5 concentrations and RH at the mountain
site were obtained from the Wudang Mountain Station. RH at the rural and urban
sites was measured from automated weather meters (GRWS100, USA).

Microscopic analyses. A total of 400 individual particles in eight samples at the
urban site, 1165 individual particles in 13 samples at the rural site, and 3095 indi-
vidual particles in 12 samples at the mountain site were analyzed using TEM (JEM-
2100, JEOL, Japan) with energy-dispersive X-ray spectrometry (EDS, Oxford
Instruments, U.K.). TEM can present physical characteristics (e.g., morphology and
mixing state) of individual particles, and EDS provides chemical information (e.g.,
elemental composition and weight ratio of elements). Cu element is not considered in
this study as TEM grids are made of Cu. Because the distribution of collected indi-
vidual particles in TEM grids presented coarser particles in the sampling center and
finer particles on the periphery, five areas from the sampling center to periphery were
selected to observe individual particles. The high-angle annular dark-field scanning
TEM (HAADF-STEM) was further employed to obtain the elemental profiles of
particles, which can indicate the core-shell structure. Moreover, the equivalent circle
diameters (ECDs), areas, and perimeters of particles were measured using a TEM
image analysis software (Radius, EMSIS GmbH, Germany). The classification of
individual particles is described in detail in Supplementary Text 1.

Because individual particle samples were dried during storage under ~20% RH,
the common TEM can only obtain morphology of dry particles and cannot well
observe semi-volatile aerosol components. The integration of cryogenic TEM
(cryo-TEM) (Talos F200C, FEI, The Netherlands) and a vitrobot mark IV humidity
chamber (FEI, The Netherlands) was employed to simulate the real mixing
structure of individual particles under different RH (Supplementary Fig. 7). It is
well known that cryo-TEM analysis with the low temperature at ~104 K can
exclude the possible effect of water evaporation and the sublimation of some
secondary inorganic salts and organics under vacuum on the mixing state of
individual particles, including the distribution of BC36. To restore phase states of
individual particles in the ambient atmosphere, each sample was put into the

Fig. 6 A schematic diagram of BC redistribution and change in the optical absorption of BC following particle aging and transport. The TOC/DBC ratio
determines whether BC particles can be redistributed into organic coatings from inorganic salt cores. When the organic coating is non-absorbing, the light
absorption of internally mixed particles containing one and two BC reduces by 28-34% following the BC redistribution. Further, the radiative absorption of
BC in the background air is overestimated by ~18% in most models that assume internally mixed BC aerosols to be the core-shell model.

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-022-00462-1 ARTICLE

COMMUNICATIONS EARTH & ENVIRONMENT |           (2022) 3:128 | https://doi.org/10.1038/s43247-022-00462-1 | www.nature.com/commsenv 7

www.nature.com/commsenv
www.nature.com/commsenv


vitrobot mark IV humidity chamber under the settled RH (e.g., 75 ± 2%, 86 ± 2%,
and 95 ± 2%) at 296 K for 10 min (Supplementary Fig. 7). After that, the samples
were quickly transferred from the vitrobot mark IV humidity chamber into a
container with liquid ethane and liquid nitrogen instantaneously cooling to ~104 K
(Supplementary Fig. 7). Aerosols in the samples were immediately frozen in the
cold container so that we can move the frozen sample to the cryo-TEM holder.
Further, we observed the real morphology, sizes, and mixing structures of
individual particles at different RH (Supplementary Fig. 7).

To correct particle size and organic coating thickness (TOC), individual particles
collected on silicon wafers were analyzed using atomic force microscopy (AFM,
Dimension Icon, USA). On the basis of TEM observations, we selected four typical
samples collected at two background sites for AFM analysis. A total of 113 particles
at the rural site and 32 particles at the mountain site were analyzed. In this study,
an image analysis software (NanoScope Analysis, Bruker, Germany) was used to
automatically analyze the bearing areas and bearing volumes of particles in AFM
images. The ECDs and equivalent sphere diameters (ESDs) of individual particles
in AFM images were further calculated according to the following two equations:

d ¼
ffiffiffiffiffiffi

3A
π

r

� ð1Þ

D ¼
ffiffiffiffiffiffi

6V
π

3

r

� ð2Þ

where d is ECD; D is ESD; A is bearing area; V is bearing volume.
There is a good linear relationship between the ECD and ESD of particles

(Supplementary Fig. 14). Based on the linear correlation, we further calculated
ESDs of particles at the sampling sites. TOC was also obtained according to the
following equation:

TOC ¼ ðESDP � ESDCÞ=2� ð3Þ
where ESDP is ESD of the individual particle; ESDC is ESD of the inorganic
salt core.

Laboratory experiments of BC redistribution. Dicarboxylic acid and ammonium
sulfate are among the most abundant organic and inorganic species in the atmo-
sphere. Laboratory results have suggested that liquid-liquid phase separation (LLPS)
can occur in the mixtures of 3,3-dimethylglutaric acid (a dicarboxylic acid) and
ammonium sulfate38. Two ternary solutions of 3,3-dimethylglutaric acid/ammonium
sulfate/deionized water (organic-to-inorganic dry mass ratio (OIR)= 1:4 and OIR
= 7:1) mixed with commercial BC ( > 99.9% purity from Alfa Aesar, CAS number:
1333-86-4, mass fraction in the solution of ~0.1%) were prepared in the laboratory.
The concentrations of 3,3-dimethylglutaric acid and ammonium sulfate were
0.08 mol L-1 and 0.38mol L-1 in the solution with OIR= 1:4 and 0.31mol L-1 and
0.05mol L-1 in the solution with OIR= 7:1. The pH values of solutions with
OIR= 1:4 and 7:1 were 2.83 and 2.29. The suspensions containing BC were then
subjected to ultrasonic oscillation for 30min to ensure that the BC was diffusely
suspended in the solutions (Supplementary Fig. 9). We then generated individual
organic/inorganic/BC mixed aerosols through an aerosol atomizer (Badger, USA)
that can generate particles of 200–20000 nm. The aerosol atomizer has been suc-
cessfully applied to generate different types of individual particles (e.g., (NH4)2SO4

and NaCl)36,37. The generated organic/inorganic/BC mixed aerosols were deposited
on TEM grids to observe the mixing structure and distribution of BC through TEM
analysis. We found that the morphology and mixing state of the laboratory-generated
BC-containing particles were same as BC-containing particles in the atmosphere
(Supplementary Figs. 8 and 10a, b). Therefore, the particles generated from the
suspensions can represent typical BC-containing particles in the ambient air.

Optical calculations of BC-containing particles. We used the DDSCAT 7.3
program for the discrete dipole approximation (DDA) calculation at an incident
light wavelength (λ) of 550 nm50. A novel Electron-Microscope-to-BC-Simulation
(EMBS) tool was applied to construct the shape models of BC-containing
particles24. The EMBS facilitates to flexibly construct various shape models of BC-
containing particles with complex mixing structures and morphology, which can be
applied in DDSCAT 7.3 to calculate optical properties of BC-containing particles.
In this study, the absorption enhancement (Eabs) of BC-in-Icore (BC occurring in
inorganic salt core) particles and BC-in-Ocoating (BC occurring in organic coat-
ing) particles relative to the BC core in the background air was calculated using
EMBS and DDSCAT 7.3. Because BC particles are mainly aged in the background
air, the fractal dimension of BC was assumed as 2.1651. In the optical calculation,
the total volumes of BC-in-Icore and BC-in-Ocoating particles remain unchanged.
For the BC-in-Icore particles with organic coatings (phase-separated core-shell
model), the sulfate core diameters are 432 nm (rural background air) and 538 nm
(mountain background air), and the organic coating thicknesses are 81 nm and
80 nm (Supplementary Fig. 13). For the BC-in-Icore particles without organic
coatings (basic core-shell model), the sulfate diameters are 594 nm (rural) and
698 nm (mountain), which are equal to the diameters of the phase-separated core-
shell model. For BC-in-Ocoating particles (redistributed model), the diameters of
the whole particle are also 594 nm and 698 nm. Meanwhile, the total volume of BC
particles is constant (single BC diameter: 116 nm for rural air and 126 nm for

mountain air) (Supplementary Fig. 13). The basic core-shell model was classified
into two types: BC in the center and in the eccentric area of individual particles.
The phase-separated core-shell model was also classified into two types: BC in the
center and touching the interface between the organic and inorganic species of
individual particles. Here three types of models containing one and two BC were
considered and the organic coating was assumed to be non-absorbing in the optical
calculation (Fig. 5). Supplementary Table 3 shows the exact coordinate of BC
within different individual BC-containing particle models. DDA is completely
flexible for the geometry of the object particle, but the inter dipole separation d
must abide by the relationship |m|kd < 0.5, where m is the refractive index of the
particle and k= 2π/λ. The dipole size in this study is much smaller than the
monomer size to minimize the uncertainty in DDA. We used 1000 incident light
angles for each particle, assuming that the particles are randomly oriented in the
atmosphere. The refractive indices for BC, sulfate, and non-absorbing organic
coating are 1.85+ 0.71i52, 1.53+ 0i53, and 1.65+ 0i47, respectively. More details
on the DDA calculation can be found in Wang et al.24.

Data availability
The observation, laboratory experiment, and simulation data that support the main
findings of this study are available at figshare data publisher (https://doi.org/10.6084/m9.
figshare.14564388.v3). The original TEM and cryo-TEM images used in this study can
not be uploaded due to large data storage and can be available upon request from the
corresponding author.

Code availability
The source code of the DDSCAT 7.3 can be available at http://ddscat.wikidot.com/. The
code of the EMBS is available at https://doi.org/10.6084/m9.figshare.13606304.
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