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ABSTRACT: Soot aggregates have a significant warming effect on
climate, and their structural and optical properties may evolve in the
presence of coatings. Here, the relative humidity (RH) dependence
of soot aggregate restructuring induced by secondary organic aerosol
(SOA) coatings was investigated in a series of photo-oxidation
experiments. Burner-generated soot aggregates were classified by
mobility diameter and injected into a smog chamber, where they
were exposed to oxidation products of p-xylene; coated aggregates
were subsequently conditioned at one of the following RHs: <12%,
20%, 40%, 60%, or 85%. Changes in diameter and mass were
monitored using differential mobility and centrifugal particle mass
analyzers, respectively. At RH < 12%, the SOA coating was too viscous to induce restructuring, so the particle diameter increased
uniformly with coating mass. At RH ≥ 20%, the SOA coating induced restructuring, and the degree of restructuring increased
with RH, indicating that the decreased viscosity and increased surface tension of SOA have significant implications on SOA-
induced restructuring of soot aggregates. At RH ≥ 60%, appreciable water uptake occurred, and the hygroscopicity parameter of
the SOA coating was derived. Our results provide crucial insights into the complex interactions between soot, SOA, and water in
the atmosphere.

■ INTRODUCTION

Soot aggregates are composed of primary particles of elemental
carbon, and they are generated, for example, from the
combustion of hydrocarbon fuels1,2 and biomass.3,4 Since
elemental carbon strongly absorbs all visible wavelengths of
light, soot aggregates have a significant warming effect on global
climate.5,6 During combustion, incipient primary particles
undergo random Brownian motion and collide with other
primary particles to form branched, fractal-like aggregates.7 The
aggregates can become more compact through restructuring
caused by internally mixed liquids, such as water8−10 and
sulfuric acid.9,11 Soot aggregate restructuring due to liquid
coatings has been shown to depend on the coating mass (or
volume)12 and surface tension, σ.13 The morphological
evolution of soot aggregates affects their optical properties,
which have been investigated both experimentally14−16 and
theoretically.17,18

In the atmosphere, soot aggregates may be coated by
mixtures of many species. Secondary organic aerosol (SOA)
generated from the photo-oxidation of biogenic and/or
anthropogenic volatile organic compounds (VOCs)is a
representative mixture, consisting of many semivolatile oxy-
genated organic species.19,20 In the laboratory, soot aggregate
restructuring has been induced by coatings of SOA derived
from both biogenic (isoprene21 and α-pinene22,23) and

anthropogenic (benzene,24 toluene,24,25 ethylbenzene,24 and
m- and p-xylene24,26,27) VOCs. Recently, the viscosity of SOA
derived from isoprene and toluene has been shown to vary
significantly with relative humidity (RH);28,29 for example,
when poked with a needle, toluene-derived SOA, collected in a
large droplet on a slide, shatters at 16.5% RH but returns to its
original shape at 39.5% RH, with a characteristic flow time.28 If
an SOA coating is a solid at a certain temperature and RH, it
would not be expected to restructure soot aggregates under
these conditions. In previous studies, SOA-coated soot has
been investigated at only low (≤20%) and high (90%)
RH.21,24−27 Studies at intermediate RHs are necessary to fully
understand the effects of water on SOA coating mass, viscosity,
and surface tension, and their bearing on SOA-induced soot
aggregate restructuring.
Here, we report smog chamber experiments in which

monodisperse soot aggregates, generated by ethylene combus-
tion in a McKenna premixed burner, were coated with p-xylene
derived SOA and then exposed to a controlled RH. Particle
diameter and mass were monitored using a differential mobility
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analyzer (DMA; TSI, 3081) and a centrifugal particle mass
analyzer (CPMA; Cambustion), respectively. Trends in
humidified mobility diameter with dry particle mass are
evaluated to determine how RH affects SOA viscosity and
surface tension and, in turn, SOA-induced soot aggregate
restructuring.

■ EXPERIMENTAL SECTION

Soot aggregates were generated by a McKenna premixed
burner, in which ethylene was used as fuel. The experimental
setup for treatment and injection of soot is depicted in Figure
S1a, and it is similar to that used earlier.13 Briefly, the
equivalence ratio of the burner was set to two, using ethylene
and air flow rates of 1.1 and 8.0 L min−1, respectively. Soot was
sampled 27 cm above the flame and fed into an ejector dilutor
(Air-Vac, AVR038H), which was set to a dilution ratio of three,
using 210 kPa of nitrogen. To remove particulate water and
semivolatile organic compounds, we then passed the aggregates
through a diffusion drier and a thermo-denuder set to 573 K.
After treatment, the soot aggregates were neutralized using

an X-ray source (TSI, 3087) and directed into a DMA, which
was set to classify predominantly singly charged particles 250
nm in mobility diameter, at sample and sheath flow rates of 1.0
and 10.0 L min−1, respectively. The classified aggregates were
then injected into a 1.8 m3 perfluoroalkoxy film (Ingeniven)
smog chamber, which was described earlier.24,30 A deuterium
lamp (Ocean Optics, D-2000-S) and a spectrometer (Ocean
Optics, HR 2000+) were used to measure p-xylene
concentrations by differential optical absorption spectrosco-
py.30

Once the soot aggregate injection was completed (typically,
at a particle concentration >1000 cm−3), aggregates were
sampled from the chamber into parallel DMA-condensation
particle counter (CPC; TSI, 3776) and CPMA-CPC (TSI,
3771) systems. Aggregates were monitored for approximately 1
h after injection to confirm there was no background change in
mobility diameter or mass before p-xylene (Fisher, 99.9%) was
injected into the chamber to a concentration of ∼2 ppm.
Hydrogen peroxide (Sigma, 30% w/w in water) was then
injected into the chamber, and UV radiation was applied to
produce hydroxyl radicals. Though water was introduced along
with hydrogen peroxide, the chamber RH was <12%
throughout each experiment. In all experiments, the CPMA
was operated at the chamber RH; in contrast, the DMA was
operated at different controlled RHs: <12%, 20%, 40%, 60%,
and 85%. For each experiment at RH ≥ 20%, the DMA sample
was conditioned by a Nafion membrane humidifier (Perma
Pure, PD-625−24SS). The RH in the conditioning train and
DMA was monitored using a series of RH and temperature
probes (Sensirion, SHT75), placed as shown in Figure S1b.

■ RESULTS AND DISCUSSION

To facilitate comparisons between experiments, the measured
mobility diameters and masses were divided by their initial
values to give normalized mobility diameter and mass growth
factors, Gfd and Gfm, respectively. Trends in Gfd with
increasing Gfm are plotted in Figure 1. The values of Gfd
shown in Figure 1 were derived from diameters measured
downstream of the RH-controlled conditioning train, so they
include contributions from soot, SOA, and any condensed
water. In contrast, the values of Gfm were derived from masses
measured upstream of the conditioning train, so they include

contributions from only soot and SOA. By design, this
arrangement prevented partial evaporation of any condensed
water in the CPMA, where temperature fluctuates periodically
with rotational speed. At each RH, two different sample flow
rates, 0.3 and 1.5 L min−1, of the DMA were used to vary the
residence time of the aggregates in the RH-controlled
conditioning train. Despite small discrepancies, reflected in
the scatter in Figure 1, no systematic dependence of the
aggregate evolution on the residence time was observed.
Therefore, trends in Gfd measured at both flow settings,
distinguished only by RH, are shown in Figure 1. At RH < 12%,
Gfd increases uniformly with Gfm, suggesting that there is little
or no soot aggregate restructuring to compensate for the
coating thickness.
At RH ≥ 20%, the evolution of aggregate morphology occurs

in three stages. In the first, SOA thinly coats the soot aggregates
while they retain their initial structures, and Gfd increases
slightly with Gfm. During the second stage, the aggregates
begin to restructure under the influence of the SOA coating,
more than compensating for the coating thickness, and Gfd
decreases as Gfm increases. At RHs of 20% and 40%, the
decrease in Gfd begins at a Gfm between two and three, leading
to a local minimum in Gfd of about unity; at RHs of 60% and
85%, the decrease in Gfd begins at a smaller Gfm, ∼1.5, leading
to a local minimum in Gfd of ∼0.95. In the third stage,
aggregate restructuring is no longer significant enough to
outweigh the contribution of the coating to the mobility
diameter, and Gfd again increases with Gfm. The Gfm at which
this stage begins also depends on RH. At RHs of 20% and 40%,
the third stage begins at a Gfm of about four, and at RHs of
60% and 85%, it begins at a Gfm between two to three.
There is evidence that soot restructuring can occur by two

mechanisms: coating condensation or evaporation. For
example, decreases in Gfd were observed for aggregates thinly
coated with pure liquids, including sulfuric acid and oleic
acid;9,12 in contrast, light scattering by aggregates injected into
bulk water implied that the aggregates restructure only upon
coating evaporation.31 One criterion for SOA-induced soot
restructuring to be broadly atmospherically relevant is that it
must occur while the coating is present since the coatings are
not expected to evaporate significantly. It is therefore
interesting to note that, in the present experiments,

Figure 1. RH-dependent trends in diameter growth factor with
increasing mass growth factor, which reflect the morphological
evolution of the soot aggregates during photo-oxidation.
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restructuring occurs while the coating is still present, leading to
the local minima in Figure 1.
The above differences reveal a significant dependence of

aggregate evolution on RH. In the past, SOA-induced
restructuring of soot aggregates was investigated at RHs of
≤20% and 90%,24−26 and water was shown to be important
only to the extent that it increased the coating mass (or
volume).25 Here, by investigating intermediate RHs, we
demonstrate that water is important also for its effects on the
viscosity and surface tension of the coatings. These effects are
discussed in the context of Figure 2, which shows the evolution

in shape factor, χ, with increasing Gfm. The shape factor, χ, is
calculated as

χ =
d C d
d C d
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where msoot is the mass of the aggregates after injection and
before photo-oxidation, mp is the combined mass of the
aggregates and coatings during photo-oxidation, and ρsoot and
ρSOA are the material densities of soot and p-xylene SOA, 1.8
and 1.46 g cm−3,32,33 respectively. Initially, the aggregates have
a shape factor of ∼2.4, which begins to decrease as Gfm
increases.
First, we consider the experiment at RH < 12%. Since

toluene SOA, collected in a large droplet on a slide, was
observed to shatter when poked at 16.5% RH and not flow at
all after 6.5 h of observation,28 the p-xylene SOA is likely a solid
at RH < 12%. Consequently, it is too viscous to induce
restructuring, consistent with the uniformly increasing Gfd
noted above. Thus, the decrease in shape factor shown in
Figure 2 results solely from accumulation of the SOA coating
that would lead eventually, at a Gfm of about eight,24 to a
spherical particle encapsulating the unchanged soot aggregate.
In earlier experiments performed at low RH, Gfd also increased
uniformly with SOA coating mass (or thickness);24,25 none-
theless, restructuring was inferred from a decrease in mobility

diameter upon thermo-denuding the coated aggregates.24,25

Our results indicate that the restructuring observed for coated-
denuded particles likely occurred in the thermo-denuder, where
the elevated temperature caused the solid SOA to melt,
restructure the soot cores, and then evaporate. These results
also relate to a recent estimation of SOA surface tension, based
on the extent of soot aggregate restructuring because an
increase in temperature corresponds to a decrease in surface
tension.13

At RH ≥ 20%, soot aggregate restructuring without denuding
is unambiguous, but the effects of coating viscosity, surface
tension, and mass (or volume) must be distinguished to better
understand the dependence of restructuring on RH. If the
extent of restructuring were limited by water diffusivity or
particle viscosity, a longer residence time in the RH-controlled
conditioning train would be expected to allow more
restructuring to occur. That there is no dependence on
residence time in the conditioning train suggests that water
partitions into the particle phase, and the soot-coating interface
relaxes, to a similar extent at both flow rates. At the low and
high flow rates (0.3 and 1.5 L min−1, respectively), the
residence times in the conditioning train are about 75 and 15 s,
respectively. The latter is comparable to the experimental flow
time of toluene SOA measured by Song et al. at 40% RH (τ =
13.75 s).27 On the other hand, the residence time is
significantly less than the flow time measured by Song et al.
at their lowest RH (30%), which was on the order of 103 s.27 At
RHs of 20% and 40%, the extent of soot aggregate restructuring
is similar, indicated by their overlapping trends in shape factor
with Gfm in Figure 2. The Gfm required for the shape factor to
converge to unity decreases from eight to about five because
the encapsulated soot core itself is more compact. At 60% RH,
the role of restructuring increases, such that shape factor
decreases toward unity even more sharply. At both RHs of 40%
and 60%, the soot-coating interfaces have enough time to
approach equilibrium, so the difference in extent of
restructuring must be due to a difference in the surface
tensions of the coatings. Since coatings of higher surface
tension result in a greater extent of restructuring,13 the SOA
coating likely has a greater surface tension at 60% RH than at
40% RH.
This difference in extent of restructuring suggests appreciable

water uptake at RH ≥ 60%. Another indication of water uptake
is that the values of Gfd at all RHs do not converge at high Gfm
because the CPMA measurements of particle mass do not
include the contribution of water, as described above. For
spherical particles, the differences in Gfd can be used to
quantify the volume of particle-bound water. Measurements at
a Gfm > 6 were used to fit logarithmic curves, as shown in
Figure S2, from which the respective values of Gfd at a Gfm of
exactly 8.5 were calculated. These values of Gfm were selected
because the particles were spherical, as indicated by their shape
factors (Figure 2). Gfd20% is assumed to be that of only soot
and SOA. For higher RHs, the hygroscopic diameter growth
factor, hGfd, is calculated as GfdRH/Gfd20%; in turn, the
hygroscopic volume growth factor, hGfv, is calculated as
(hGfd)3. The values of hGfv at RHs 20−85% are shown in
Figure S3. At all RHs, coated aggregates were 325 nm or
greater in mobility diameter at a Gfm of 8.5, so the Kelvin effect
was negligible.
κ−Köhler theory relates hGfv to the fractional RH, f RH,

34,35

as follows:

Figure 2. RH-dependent trends in shape factor with increasing mass
growth factor.
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where vsoot, vSOA, and vW are the volumes of soot, SOA, and
particle-bound water, respectively, and κ is the hygroscopicity
parameter. Using hGfv from the 85% RH experiment results in
a κ value of 0.062 for the SOA-coated aggregates. Since soot is
hydrophobic, κsoot = 0, and division of κ by the volume fraction
of SOA (0.91) at a Gfm of 8.5 gives vSOA of 0.068. Accounting
for the uncertainty in hGfv and the accuracy of the RH probes
(1.8%), vSOA is 0.07 ± 0.02. This value is comparable to that of
phthalic acid, 0.059,35,36 which is similar to the ring-retaining
products of p-xylene photo-oxidation.37 Furthermore, our value
falls in the range recently reported for SOA particles derived
from biogenic and anthropogenic precursors and their
mixtures: ∼0.04−0.10.37 As described in the Supporting
Information, our value of κSOA was used to calculate the total
mass of the particles (soot, SOA, and water) for the duration of
the 85% RH experiment (Figure S4). We note that the value of
Gfd at the local minimum is not affected by the correction for
the mass of water; in other words, water uptake certainly affects
the surface tension of the coating, as discussed above.
In summary, we have investigated the RH-dependence of

soot aggregate restructuring induced by SOA coatings, and we
have demonstrated that water has significant effects on the
coating viscosity and surface tension, in addition to mass (or
volume). At RH < 12%, SOA is too viscous to induce soot
aggregate restructuring, and the coated aggregates become
spherical only as the coating fills the voids of the unchanged
aggregates. At RH ≥ 20%, water uptake decreases the viscosity
of SOA sufficiently to induce soot aggregate restructuring, and
the coated aggregates become spherical through a combination
of collapse of the aggregates and accumulation of the coating.
Since ambient RH is typically greater than 20%,27 SOA-induced
restructuring is an important mechanism in the morphological
and optical evolution of soot aggregates. Furthermore, at RHs
of 60% and 85%, water uptake significantly increases the surface
tension of the SOA coating, leading to incrementally greater
soot aggregate restructuring, which may occur in very humid
regions with soot sourcesfor example, coastal cities with
active commercial harbors.38−40 Future studies should inves-
tigate the effects of water on SOA coatings derived from other
precursors. For example, at a given RH, SOA from isoprene is
less viscous than that from toluene,27,28 so it may cause
restructuring at all ambient RHs. If so, water would affect
restructuring only by increasing the coating mass21 and surface
tension. Also, the increase in surface tension could be lessened
by the presence of surface active species, which would enhance
the ability of the particles to act as cloud condensation nuclei.41

Our results provide crucial insights into the interactions
between soot, SOA, and water that partly govern the complex
climate effects of soot aggregates.
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