
AMTD

Interactive
comment

Printer-friendly version

Discussion paper

Atmos. Meas. Tech. Discuss.,
doi:10.5194/amt-2016-270-AC1, 2017
© Author(s) 2017. CC-BY 3.0 License.

Interactive comment on “Effect of
thermodenuding on the structure of nascent flame
soot aggregates” by Janarjan Bhandari et al.

Janarjan Bhandari et al.

jbhandar@mtu.edu

Received and published: 7 April 2017

We appreciate the insightful reviewers’ comments. Below we address each comment
separately and discuss changes in the new draft. Also changes made in the revised
manuscript ( attached as a pdf file in supplement section below) are evidenced by using
blue colored fonts. 1. A strong motivation, why pure (not covered in any substances)
soot particles should get restructured after thermodenuding, is needed. It is not clear
which processes should restructure soot agglomerates when it is heated with no other
treatment. Moreover, soot vaporization temperature is approximately 4000K. Meaning
that soot particles should remain stable at temperatures provided in this study. Thermal
restructuring of soot at the thermodenuder temperature, is a hypothesis. If true, that
would potentially bias the measured optical properties of soot when a thermodenuder
is used on ambient particles. The main objective of this study is to test this hypothesis
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to assure that the themodenuding process alone does not introduce this bias. Next we
discuss some evidences of potential processes (not necessarily exclusive or indepen-
dent) that could favor the compaction of lacy aggregates when thermodenuded. These
evidences motivated us to study potential effects on the specific case of nascent soot:
a) When heated, fractal-like aggregates of metal nanoparticles such, as silver, cop-
per and metallic oxides (e.g., titania), have been found to restructure to more compact
morphologies at temperatures well below the bulk material melting points. For exam-
ple, thermal restructuring has been found in silver aggregates, even at temperatures
as low as 100 oC, with full compaction at just 350 oC (much below the vaporization
temperature of silver), while the primary particle size remained unchanged (Weber et
al., 1996; Weber and Friedlander, 1997). Another study found that aggregates of ti-
tania started to collapse when temperatures reached 700 oC (Jang and Friedlander,
1998). These authors speculated that the heating causes the weakest branches in an
aggregate to rotate around their contact points, resulting in the aggregate restructuring.
Alternatively, Schmidt-Ott (1988) hypothesized that the monomers in silver nanoparti-
cles aggregates might slide on each other when heated, causing compaction. Both
processes would restructure the aggregates without complete breakage of the bonds
between the monomers, which adhere to each other via Van der Waals forces.

b) Even in very controlled combustions, and depending upon the flaming conditions
and fuel types, it is common for combustion generated soot aggregates to have differ-
ent kinds of polycyclic aromatic hydrocarbons thinly coating them (Cross et al., 2010).
In this case, coating acquired at the source, not added later through atmospheric pro-
cessing. For this reason, soot freshly emitted is often referred to as “nascent” instead
of “pure” soot. This coating on the nascent soot could play a role in determining the
soot structure if the coating properties (i.e., viscosity and surface tension) change at
the higher temperature of the thermodenuder. Chen et al. (2016) found that some
polycyclic aromatic hydrocarbons like phenanthrene and flouranthene, when present
as a submicron layer on soot, behaved as subcooled liquid that weakened the bonds
between the monomers, allowing them to slide and roll over each other and resulting
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in soot restructuring. Some evidence that thermodenuding might make a difference in
the strength of the adhesive bonds between monomers is also provided by Rothen-
bacher et al. (Rothenbacher et al., 2008). For aged soot, they found that a higher
degree of fragmentation was seen for thermodenuded particles (75% at 280 oC) than
for untreated particles (60%) when impacted at ∼ 200 m/s. The degree of fragmen-
tation was defined as the fraction of broken bonds in an aggregate. Although, the
process involves both the effect of coating and impaction, the higher degree of frag-
mentation for thermodenuded particles suggests that the thermal energy has a role
on the increased degree of fragmentation. We clarify these points in the introduction
of the revised manuscript in ‘page 4: line 6 through line 28’. 2. Authors state: "In
other words, if thermodenuding is used to remove the coating material of atmospheric
soot-containing particles, and if the denuding process artificially restructures the soot,
then the measured effect would be a combination of the “natural” compaction due to
the coating (either during condensation or evaporation) plus the “artificial” restructuring
induced by the thermodenuder". I believe that the first part of this statement refers to
previous studies on soot restructuring due to coating. The unclear part here is "...plus
the “artificial” restructuring induced by the thermodenuder". In coating and denuding
scenario, it is not clear why so called "artificial" restructuring should occur when the re-
structuring already occurred due to surface tension effects? Nascent soot particles can
restructure during condensation or evaporation of coating material depending on the
surface tension of the coating material (Ebert et al., 2002; Ma et al., 2013; Schnitzler et
al., 2017; Tritscher et al., 2011). However, as we will discuss later on, the compaction
might not be complete (e.g., not completely collapsed structure) and the thermal pro-
cess, hypothetically (as from answer to comment 1.), could facilitate further restructur-
ing. In fact, in the atmosphere there are several degrees of soot compaction. Some
coating material indeed results in substantial, or even maximum compaction, but other
coating materials actually result in negligible compaction. A clear example is shown
in a laboratory study where particles coated with sulfuric acid did undergo severe re-
structuring, while soot particles coated by dioctyl sebacate showed only minimal or no
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compaction (Cross et al., 2010). Evidences that soot compaction in the atmosphere
comes in a continuum of values from low to high, are provided by several papers in the
literature (e.g., China et al., 2015a; China et al., 2014; Radney et al., 2014; Zangmeis-
ter et al., 2014). Therefore, there could indeed be two sources of compaction, one due
to coating naturally condensing on, or evaporating from, soot particles (which might not
be full), as well as the hypothesized compaction due to the thermal energy provided
during the thermodenuding process. As discussed in our response to comment 1, the
main objective of this work was to find out whether or not, the thermal energy alone
may facilitate the sliding/rolling of monomers at their point of contact, and restructure
the soot aggregates, similarly to the cases of silver aggregates and titania aggregates
discussed earlier on. Again, we felt that investigating this potential bias was important
to assure the validity of a technique widely used. Fortunately, our result was negative,
suggesting that the bias is negligible. We revise our manuscript expanding the dis-
cussion on soot restructuring. Firstly we report the compaction of soot by coating via
condensation or evaporation of coating materials from previous studies on page 3 line
30 through line 34. Then, we put forward our hypothesis as “However, we hypothesize
a third potential pathway for soot restructuring, in which restructuring might take place
solely due to the thermodenuding process, through the added thermal energy. There
are a few evidences that the thermodenuding process can favor the compaction of
lacy aggregates, even in absence of coating material that condensed onto the primary
emitted aggregates. If a similar process happens for ambient soot that would poten-
tially bias the measured properties (e.g., absorption or scattering enhancements) of
soot when a thermodenuder is used”. Also we state the main objective our study as
“The main objective of our study is to test this hypothesis to assure that the themod-
enuding process alone does not introduce this bias” and discuss a couple of potential
restructuring processes based on previous results on other types of aggregates as in
‘page 4: line 6 through line 28’.

3. Authors state: "However, we feel it is a key information for the correct interpre-
tation of ambient measurements". Can authors provide instances (references) when
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ambient measurements showed existence of pure, non-coated soot particles in the at-
mosphere? And when thermodenuding might have caused errors in estimating particle
optical properties.

This point was partially addressed in response to comment 2. There are several stud-
ies that show that compaction of atmospheric soot particles comes in different degrees,
likely linked to various atmospheric processes. We already provided some discussion
on this topic in the original manuscript, but expanded the discussion here. As we men-
tioned in the response to comment 1, we do not think that realistic sources of soot,
relevant to the atmosphere, would produce “pure” soot. So in our study we refer to
“minimally coated soot”, “nascent soot” or “freshly emitted soot”. Several groups have
shown that the degree of coating in atmospheric particles is very diverse (Adachi et al.,
2010; China et al., 2013; China et al., 2014; China et al., 2015b; Healy et al., 2015;
Liu et al., 2015; Zhang et al., 2008). These studies have been performed typically
using electron microscopy, but also by other means, such as using mass and mobility
measurements of atmospheric soot particles. Specifically, for the case of thinly coated
soot, different studies show the presence of these particles in the atmosphere (China
et al., 2015b; Wu et al., 2016). For example, in the study by China et al. (2014),
a large fraction of freshly emitted soot particles collected on freeway on ramps were
thinly coated (72%). In another field study, carried out at Pico Mountain Observatory
in the Azores, China et al. (China et al., 2015b) found that 37% of the soot particles, in
one sample, were thinly coated, even after days of atmospheric processing during the
long-range transport in the free troposphere from the source. These two studies were
carried out at very different locations (very near the source in the first study, and very
far from the source in the second study) showing that thinly coated soot particles can
exist in the atmosphere in very different environments. Based on the study of labora-
tory generated and ambient soot particles from two field campaigns: the 2010 CalNex
study and Carbonaceous Aerosols and Radiative Effects Study (CARES), Cappa et
al. (2012) observed only small increment in absorption enhancement (Eabs) for the
ambient samples compared to the model values. Khalizov et al. (2013) suggested that
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the discrepancy in measured value of (Eabs) from model may be due to the biased
introduced by the use of themodenuder, when coating material is completely removed.
They proposed that the thermodenuded soot particles can be more absorptive than
the freshly emitted soot, which is always coated (at least thinly coated) and hence can
introduce bias in getting the reference absorption for nascent soot.

We already provided some detail on this topic in the original manuscript based on
existing literature, but we expanded this discussion in ‘page 2: line 34 through 37’ of
the introduction of the revised manuscript.

4. Studies on soot restructuring after particles were coated with other materials are
plentiful. What are expected errors in light extinction due to restructuring? We are
aware of several papers (for example, Radney et al. (2014), China et al. (2015b), He
et al. (2015), Wu et al. (2016)) that directly address the issue of changes in the optical
properties due to soot compaction. A laboratory study was performed on soot com-
pacted upon humidification; the study measured modest changes in the absorption
cross section (5% to 14%) but the extinction cross section was much more sensitive to
compaction, with changes in the order of more than 30% (Radney et al., 2014). Ad-
ditionally, two previous studies from our group found similar results. These analyses
were based on numerical simulations using the discrete dipole approximation on syn-
thetic particles, closely emulating soot morphologies found in the atmosphere. Upon
compaction, the simulation predicted a change in the absorption of a few percent, but
a much more substantial change in the total scattering cross section (up to ∼300%)
(China et al., 2015a; China et al., 2015b). Bond et al. (2009) and Mishchenko et al.
(2004) recommend reducing the error in the aerosol single scattering albedo (the ratio
of total scattering to the total extinction) to less than 3% (Bond et al., 2009; Mishchenko
et al., 2004) for reducing our uncertainties on the direct effect of aerosols on climate.
Therefore, we should attempt to minimize, or at least quantify, any potential source of
bias. In addition to affecting the optical properties, changes in the soot compaction
can also affect the results of laser induced incandescence measurements (Bambha et
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al., 2013a; Bambha et al., 2013b). Condensation of secondary organic matter prefer-
entially takes place in empty pores on soot particles and therefore, it is possible that
compaction might affect secondary organic condensation on soot (Popovicheva et al.,
2003). We further discuss the effect of soot compaction on scattering and absorption
in ‘page 3: line 21 through 30’ of the introduction in the revised manuscript.
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Please also note the supplement to this comment:
http://www.atmos-meas-tech-discuss.net/amt-2016-270/amt-2016-270-AC1-
supplement.pdf

Interactive comment on Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016-270, 2016.
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