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Abstract

In the last two to three decades many efforts have been made to evaluate the radiative properties
of soot in flames. Due to the strong impact of soot on global warming and the aging process of
soot particles in the atmosphere, it is necessary to gain a better understanding on how the
radiative properties of soot are affected by coating with non-absorbing organic aerosol
compounds. In the present study, the aging process is experimentally mimicked in laboratory by
coating oleic acid onto freshly generated soot particles. The morphological restructuring of soot
particles is determined by non-optical techniques for mobility diameter and effective density and
by angular light scattering for gyration radius and fractal dimension. Both approaches give
results in good agreement. Moreover, spectrally resolved scattering measurements between 500

and 700 nm have been carried out. The experimental data are in satisfactory agreement with
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previously published numerical results and enable the validation of a Rayleigh-Debye-Gans
theory for Coated Fractal Aggregates (RDG-CFA) that could be integrated in climate models or

for the interpretation of scattering based measurements.

Keywords: Soot, coating, restructuring, effective density, RDG-FA

*Corresponding author: Jérdme Yon (yon@coria.fr).
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1. Introduction

Due to their black carbon (BC) content, soot particles emitted from various combustion
processes (biomass burning [1], transportation [2] etc.) play a major role in the radiative forcing
of the Earth. Those particles are known to strongly absorb solar radiation and to influence the
process of cloud formation [3]. Soot is considered the second largest anthropogenic contributor
to the global warming, just after carbon dioxide [4]. Nevertheless, the quantitative contribution
of those particles is subject to many uncertainties caused by the high variability of their radiative

properties and uncertainty in BC content. That difficulty is in part related to their complex
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morphology. When soot particles are emitted into the atmosphere, semi-volatile organic
compounds formed from the photo-oxidation of Volatil Organic Compounds may condense onto
freshly emited soot particles. During this aging process, freshly emitted soot particles can be
internally mixed with non-absorbing and weakly absorbing atmospheric components to acquire a
certain level of coating. This interaction can also cause morphological restructuring modifying
the relatively open structure to a more compact one. This effect has been generally observed
based on mobility diameter size distribution modification with coating addition [5-11], by
determining their mass mobility exponent through effective density measurements [5, 7, 8] or by
the determination of the dynamic shape factor y [9].

The fractal dimension Dy of the particles is a more direct and quantitative way to caracterize the
particle morphology and thus restructuring. It can be determined by Transmission Electron
Microscopy (TEM) image analysis or alternatively by angular light scattering. Only a few studies
have been reported on TEM image analyses of coated soot particles [5, 6, 12]. To our
knowledge, angular light scattering has not been applied to coated soot particles. Only Ma, et al.
[13] performed multi-angle light scattering measurements of soot aggregates suspended in water,
as a proxy of water-coated particles in the aerosol phase.

In general, the organic coating materials of atmospheric relevance are considered non- or
weakly-absorbing in the visible and near infrared spectral range. Despite this, the coating plays
an important role on the radiative properties of aged particles. Indeed, available studies have

«

confirmed that the absorption and scattering properties are significantly amplified through the

lens effect. Particles coated with organic compounds can double their absorption cross-section
compared to that of initially uncoated ones [14-21]. The enhancement appears to be much

stronger for scattering with a large range of reported factors from 3.8 [21] to 10 [11]. Soewono
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[10] added a coating of oleyl alcohol on carbon nanoparticles produced from a PALAS generator
and observed an amplification of scattering by a factor of 2 to 15 for a mass increase due to
coating by a factor 1.8 to 5.5, respectively. In consequence, it seems evident that the scattering
enhancement is not linearly related to the mass of coating material added to the soot particles and
can be significantly stronger than the absorption enhancement.

Although numerous experimental studies have been devoted to quantify the enhancement of
absorption and scattering properties of coated soot particles in recent years, unfortunately, the
mechanisms of the enhancement are not yet clearly understood. Moreover, there are currently no
analytical expressions that could be conveniently used in climate models to provide accurate
radiative properties of coated soot particles. Instead, the uniform equivalent sphere model (Mie
theory) or the coated equivalent sphere model (Core-Shell-Mie) are still commonly used in
climate modeling, in spite of the poor accuracy of such highly simplified models as demonstrated
in many recent studies employing exact numerical approaches (T-Matrix [22-25] or Discrete
Dipole Approximation [12, 26, 27]). Finally, we can also note that, except the recent work
conducted by Lefevre et al. [19] with a focus on the extinction enhancement of soot particles by
coating, there have been no experimental studies that performed a direct comparison between
measurements and numerical simulations.

In this study, we proposed a generalized Rayleigh-Debye-Gans theory for Fractal Aggregates
(RDG-FA) to coated fractal aggregate particles (RDG-CFA) to represent the radiative properties
of coated fractal aggregates by simple analytical expressions that could be easily implemented in
climate models. RDG-CFA is experimentally evaluated through angular and spectral scattering

measurements of soot produced by a miniCAST soot generator and coated with oleic acid. In
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addition, the experimental results are compared to the numerical simulation perfomed by Liu et

al. [26] for the same coated soot particles.

2. Experimental setup
2.1. Soot generation and coating device

Carbonaceous particles were produced with a commercial soot particle generator (miniCAST
5201C Jing Ltd), which has been extensively used in the literature [19, 28, 29]. In the current
study, the considered operation conditions (60 mln/min propane, 0 mln/min mixing nitrogen, 1.5
In/min of oxidation air, 20 In/min of dilution air and 7 In/min of nitrogen quench gas)
corresponds to one of the set-points investigated in [19, 28]. The produced soot particles have a
very low content of organic compounds (4.1% OC/TC), a mass equivalent primary particle
diameter of 29.6 nm, a geometric mean primary particle diameter of D, geo = 26.6 nm, with a
geometric standard deviation o 4., = 1.31 , and a bulk density of 1543 kg/m* [30].
Once generated, the soot containing aerosol exhaust is further diluted by filtered clean air with a
constant flowrate (0.8 In/min). The diluted exhaust flow is then sent into a coating chamber. This
coating device is based on the same design as that of Moteki and Kondo [31] and consists of a
bottle (500 mL) partially filled with oleic acid (p¢= 895 kg.m~3) and maintained at an
adjustable temperature (100-140°C) with an oil bath. It has been shown that the temperature
range of the coating device can produce a coating thickness in the range of e = 0 — 31 nm (see
[19] or Section 3.1). The corresponding mass growth factor (Gfm) is in the range 1.05 — 4.9.
Finally, the aerosol flow containing coated soot particles is sent to different measurement

devices.
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2.2. Granulometry and effective density
The mobility size distributions were measured by using a Scanning Mobility Particle Sizer
(SMPS). All the mobility size distributions were fitted by a lognormal law. The detailed results
of mobility size distributions are reported in SI 1.
By coupling a Centrifugal Particle Mass Analyzer (CPMA, Cambustion) with a SMPS, it is
possible to determine the power-law relationship between the mobility diameter D,, and the
particle mass m. This allows the determination of the mass-mobility exponent Dy and its

prefactor a defined in Eq 1. Equivalently, one can define the particle effective density given in

Eq 2.
_ Dem
m= aDmf Eq 1
6m
=— Eqg2
Peff ﬂD;Q’n q

However, because multiply charged particles can be transmitted through the CPMA and SMPS, a
deconvolution process described in detail in SI 2 has been applied.

The detailed results of effective density are reported in SI 3.

2.3. Angularly and spectrally resolved static light scattering
The angular light scattering measurement at 532 nm is identical to the one previously
performed by Caumont-Prim, et al. [32]. It consists of a motorized bench, a solid-state green
continuous laser source electronically chopped, a photomultiplier connected to a lock-in
amplifier and some optics. The motorized bench allows the collection of scattered light over the
scattering angle range of 8 = [7° — 161°].
This optical bench has also been adapted for the measurement of spectrally resolved scattered

light in the wavelength range of 500-700 nm and is schematically depicted in
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Figure 1. A spectrally extended continuous laser source (350-1000 nm) (EQ-99-FC LDLS),
which is coupled with a beam collimator (Optoprim, RCOL-2-VIS/IR-SMA) and set on a
movable angular arm, is used to illuminate the particle stream. The light scattered by the
particles is collected by an optical system consisting of two lenses L1 and L2 of focal lengths 20
and 10 cm, respectively, and focused onto a spectrometer (SP-21501 Ropper Princeton
Instrument) with a CCD camera (PIMAX4-1024-EM Princeton Instrument). In this experiment,
the detection system (spectrometer + camera) is fixed but the light source can be rotated around
the axis of the particle stream. The spectrally resolved scattering measurements have been
processed at three scattering angles (6 = 7, 20 and 90°). The incident beam diameter at the
location of the particle stream is larger than the particle stream diameter in order to avoid any
variation of the measurement volume while changing the scattering angle. Because the light

source and the detection system are unpolarized, the collected signal corresponds to vertical-

1+ cos? 0
2

vertical polarized cross section (Eq 5) multiplied by

ACS Paragon Plus Environment



137
138

139

140

141

142

143

144

145

146

147

148

149

150

151

Environmental Science & Technology

Exhaust
Spectrally ® Valve
extended
fiber *7\

2.11pm i
laser source p Coating |

miniCAST

~. 0 Dilution air

/ ——— (08pm)

Jl
,l
Fd l device A
'l
I
]
I & 3
1
1
1
Y
\
Ay
A

x/ L2 =20cm

L1=10cm
Spectrometer
+

CCD Caméra

Figure 1 A schematic of the experimental setup - Spectrally resolved scattered light

measurement.

The measured signals are calibrated in intensity and interpreted in terms of absolute cross
sections. To do this, a protocol based on the 532 nm static light scattering measurements
calibrated with size and mass selected polystyrene latex (PSL) spheres (coupling DMA/CPMA)

was adopted (more details are given in SI 4).

3. Results and Discussion
3.1. Objective and methodology
As explained in introduction, one of the objectives of this work is to extend the ability of
RDG-FA to predict the scattering cross sections of coated soot particles (RDG-CFA). The
generalized RDG-FA theory for coated soot particles is presented below, as well as the

methodology used for its validation.
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The fractal dimension Dy and the prefactor kf are key parameters in the fractal law (Eq 3) to link
the aggregate size expressed in gyration radius R, normalized by the primary particle diameter
D,, to the number of primary spheres in an aggregate N, (related to the particle mass).

2R \"
Np = kf(D—p) Eq 3

This represents one of the basic assumptions of the RDG theory for Fractal Aggregate (RDG-FA,

see [33]) that is expressed in volume in Eq 4 for the determination of the differential scattering

dC‘V‘U . . . . . .
cross section - of a fractal particle in the vertical-vertical polarization state :

dCyy
dfn

9%F(m)
=AX (Vt)sz (qRg, Dy) Eq 4

In Eq 4, d represents the differential solid angle, V* represents the total particle volume, A is the

wavelength, f(qRg, Dy) represents the structure factor, enabling the description of how light is

angularly scattered, and F(m) = |(m2 —1)/m? + 2|2 represents the scattering function, with m
0

being the refractive index of the bulk material of the primary sphere. g = 47nsin (5) is the norm of

the scattering wave vector. In the present study, we used the structure factor proposed in [34]:
- (ng)Z 3
exp(T) if (qRy)* < EDf

— Df

3 Df \2 3
) 7>

Eq5

To generalize the RDG-FA theory to coated fractal aggregates, we first consider the total particle
volume V* to be the sum of the soot core volume V* and the coating volume V¢. V* is the product

of N, and the volume of a primary sphere and V depends on N, the primary sphere diameter D,,

, and the coating thickness e. The coating thickness is defined as e = pD,, [26], p denotes the

ACS Paragon Plus Environment



167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

Environmental Science & Technology

percentage of coating thickness relative to D,,. Practically, these quantities can be derived from
mass measurements using CPMA-DMA) or TEOM as described in [19] and detailed in SI 5. It is
also necessary to obtained an effective F(m) that corresponds to the Rayleigh scattering function
for a coated primary sphere. This is because the primary spheres are considered uniformly
covered with a coating thickness e. Thus, we suggest to determine F(m) in Eq 4, by interpreting
the core-shell Mie scattering cross section of a coated primary sphere by the Rayleigh equivalent
scattering function. This will be discussed later.
Finally, parameter A in Eq 4 is a correction factor that has been previously introduced to
improve the agreement between the RDG-FA approximation and numerically accurate results,
especially to take into account the multiple scattering effects [35, 36] into the RDG-FA
formulation. This parameter will be extracted from experimental and numerical results to
compare them and to propose an extended RDG-FA theory for accurate modelling of the
radiative properties of Coated Fractal Aggregates (RDG-CFA).
3.2. Particle size and morphological restructuring determined by angular light
scattering

The angular light scattering pattern is governed by the structure factor (Eq 4), which is
dependent on the gyration radius and fractal dimension, two parameters determined by the
particle morphology only. For this reason, the angular scattering measurements of coated soot
are reported in this section and compared with the results from the SMPS derived experiments.

To our knowledge, the present study is the first one to report such measurements for coated

dCyy . .
particles. The measured differential angular scattering cross sections (-, in Eq 4) for 3 different

coating thicknesses at 532 nm are reported in symbols in Fig. 2. We observe an increase of the
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189  differential scattering cross section with increasing the coating thickness. This illustrates the

190  scattering enhancement often attributed to a “lens effect”.

. 10—15_
S
':'g 10-16-
5 —— Fresh soot (p = 0 %)
10-17] T Coated soot (p = 41 %)
—— Coated soot (p = 118 %)
107
191 a(m™)
192

193  Figure 2 Examples of differential scattering cross sections at different scattering angles at 532

: 1 . 4 4
194 nm (C,,) fitted by the Dobbins and Megaridis structure factor as a function of q = %sin(g) for

195  different coating thicknesses.

196 We now propose to adjust the theoretical expressions given in Eq 4 and Eq 5 based on the
197  angular light scattering experimental results. By this method, an optically derived fractal
198  dimension (Dy) and an equivalent monodisperse gyration radius (R,) can be determined. Figure 3
199  shows the fractal dimensions and the gyration diameter obtained optically as a function of the
200  coating thicknesses and their comparison with the results derived from DMA and DMA-CPMA

201  measurements, which are described in SI 1, 2 and 3.

ACS Paragon Plus Environment

11



202

203

204

205

206

207

208

209

210

211

Environmental Science & Technology

3.00 A B
C 2.751 /,Hv"i‘" - = 550
2501 ¢ _s~ [500
- —_ ' ok
-_% 2.001 -?-" g ,a r400 g
2 el L < 160 K 13503,
G * Dy Q Q
£1.50, i Dy o 300
1.251 i D L 8 250
MO0 40 60 80 100 120 140 7 e
0 20 40 60 80 100 120

pi(%] b (%)

Figure 3 Particle size and morphology determined optically based on angular light scattering
measurements for different coating thicknesses. Parameter p represents the percentage of
coating thickness relative to the diameter of uncoated soot primary sphere. A: Optically
determined fractal dimension Dy, D fp, is derived from SMPS/CPMA, Dy, is derived for shape factor.
B: Geometric mean mobility diameter Dy, geo (SMPS) and optically determined equivalent monodisperse

gyration diameter D .

Figure 3-A reports the variation of the optically determined fractal dimension (Df) with the
coating thickness. For comparison, it also reports the scaling exponent based on CPMA-DMA
measurements (D rp,, whose determination is described in SI 2 and 3, Fig. S5-B) and the fractal
dimension of core soot Df, determined by interpreting the shape factor (non-optical
measurements, whose determination is described in SI 5 and 6).

The proposed quantification of the core soot restructuring shows, through the fractal dimension
Dy, a continuous increase from conventional values without coating (1.6 - 1.7) up to 2.2 for the
largest considered coating thickness. This is in good agreement with the TEM image analysis
reported by Bambha et al. [5], who observed for ethylene/air diffusion flame soot an increase of

the fractal dimension from 1.88 (uncoated) to 2.34 (heavily coated). It is remarkable to observe a
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very different behavior of Dy compared to Dy, (Fig. 3-A). The core soot compaction does not
seem to permit the formation of a very compact spherical cluster (D F< 3), whereas the coating

layer makes the resultant coated particle look like a sphere (D fn,—3).

Apart from large discrepancies at p = 22% and 70%, a relatively good agreement is found
between Dy, and Dy ensuring the pertinence of the application of the proposed model detailed in
SI 6 for the interpretation of the effective density. This also confirms that the compaction process
has not reached a final state for the considered coating thicknesses even if the mass-mobility
exponent tends to conclude differently. Also, it appears clear that the mass-mobility exponent is
systematically larger than the fractal dimension (after interpretation or optically derived). This is
due to the variation of the ratio 2R /D, with the particle size as explained in [30, 37].
In figure 3-B, it appears clear that the minimum gyration diameter is observed for larger coating
thicknesses (p = 55%) than for mobility mean geometric diameter (p = 20%). Also, the relative
decrease of the representative size parameter is much more significant for gyration radius than
for mobility diameter. This illustrates that the mobility diameter is not strongly dependent on
morphology and the gyration radius is much more sensitive to the particle restructuring.
3.3. Spectrally resolved light scattering

We report here the experimentally determined spectral scattering properties of coated particles.
These results will be used in the next section to validate and compare the results of RDG-CFA
theory to numerically accurate DDA results.
Figure 4 reports the measured vertical-vertical differential scattering cross sections in the
particular case of uncoated particles (freshly generated core soot) for 3 scattering angles (7, 20
and 90°) over the spectral range of 500-700 nm. In Fig. 4, for comparison, the black dots

correspond to the result at 532 nm described in the previous section. As predicted by the
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Rayleigh theory, which stipulates that scattering is inversely proportional to the wavelength
raised to power 4, a linear increase of the scattering cross section with decreasing wavelength in
the log-log plot is observed. However, the slope is not exactly 4 (as indicated in dash lines) due
to the angular modulation of the cross section by the structure factor f'expressed in Eq 5.

6 (°) for A=532nm
7 19 35 53 83 108 161

10—15

o

o

o
Wavelength

10716, I
i#
sl il ¢ { 550
Trend in 1/A%  °
E Cyv (532 nm)
107174 - 500
10 107

q(m™1)

G
Figure 4 Example of spectrally resolved static light scattering as a function of g = %sin (5) for p
=0 % (no coating).

Similar to the model adjustment proposed in the previous section for angular light scattering,
we now propose to adjust the model to predict the spectral behavior shown in figure 4. Because
both the fractal dimension and gyration radius (previously determined) are independent of
wavelength, the only unknown and fitting parameter as a function of wavelength is the forward

scattering cross section Cy, o(4) :

ACS Paragon Plus Environment
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Previously
dev(/D determined
— 0 = Cun,s()f(a Ry, D7 ) Eq6
research
parameter

It must be noticed that during the current fitting process, the extracted C,,, o is not sensitive to
R, and Dy. Figure 5-A presents the fitted forward scattering cross section (VV) as a function of
wavelength for different coating thicknesses. It is evident that the forward scattering is amplified
with the increase of coating thickness (except at p = 16%) over the entire spectral range
considered. It is also clear that the forward scattering increases with decreasing wavelength,
regardless of the coating thickness, which is typical of soot nanoparticles (Rayleigh scattering
scales with 1/A%). Thus, this phenomenon is preserved even with the addition of coating;
however, the spectral dependence seems to deviate from that of uncoated soot particles

(decreasing slope with increasing the coating thickness).

A 102 . B
-14]
10 p=118% o n v
P=91% 1% , 650 _
g p|= 70 % % " v =
= o5 gs 10 ' 600 2
% p=53% O  c v
O p=41% Il (] H =
p=31% w = =
R=22% 550
~0 =18 % l
10716, R=0% 10%{ g "
8 =16 % )
500 525 550 575 600 625 650 675 700 : : : : - : 500
Wavelength (nm) 20 40 60 80 100 120

p (%)
Figure 5 Spectrally resolved forward scattering for different coating thicknesses. A : Forward

scattering differential cross section in VV. B: Scattering enhancement (SEF)

Based on equations 4 and 6, the extracted forward scattering cross section is supposed to respect

the following theoretical expression:

LIm2F (m,A)

Cov,0(D) = A(Vt) 24

Eq7
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Thus, the scattering enhancement can be explained not only by the increase of the particle
volume (V%) with coating addition but also by a variation of the Rayleigh based equivalent
scattering function F(m,4) and by the correction factor A. However, because the particle volume
is independent of wavelength, the spectral dependence of the Scattering Enhancement Factor

(SEF), defined here as the ratio of the forward scattering cross section of a coated particle to that

coated
vw

of the uncoated one (SEF = plotted in figure 5-B) can only be attributed to the spectral

Cunmated:
vv

variation of the product A X F(m,A) with the coating thickness. It is first observed that the
enhancement factor can exceed 10 for coating thicknesses larger than p > 60 % as numerically
evaluated on the same particles and coating material [26]. We also notice that, the larger the

coating thickness is, the stronger the enhancement is at longer wavelengths.

4. Evaluation of the Rayleigh-Debye-Gans theory for Coated Fractal Aggregate: RDG-
CFA

A generalized formulation of the RDG-FA theory for coated particles has been proposed in
Section 3.1. We aim to evaluate the product A X F(m) and its dependence on wavelength and
coating thickness. To this end, we use the previous results to fix the other parameters in Eq 4
and Eq 5.
For a given coating thickness, the total volume of a coated aggregate can be deduced from its
mass (related to a and Dgy,, reported in Fig. S5) divided by the corresponding density pt
(determined and compared with experimental measurements in SI 5). Concerning the gyration
radius, we rely on the results of angular light scattering at 532 nm (Fig. 3-B). Concerning the

fractal dimension, we consider the one derived from DMA-CPMA measurements (Dy, in Fig. 3-

A), since it is in good agreement with that from the optical measurements and seems more robust
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(less experimental uncertainties). Finally, because the aerosol particles are polydisperse, the
theoretical cross section given in equations 4 and 5 has to be integrated over the size distribution
function determined by the SMPS measurements. This is done by considering a lognormal
distribution characterized by the geometric mean mobility diameter and geometric standard
deviation reported in SI 1 (Fig. S1). In what follows, the interpolated results (red dash lines in
figures S1, 3-A, S5, S9) are considered, the corresponding equations are provided in SI 7.

Due to the previous observations highlighting the spectral dependence of A X F(m), we propose
a two-parameter (AF,.r,B) dependence through the following equation based on the observed
spectral range of 500 nm - 700 nm :

2 B
A X F(mA) = Arep) X FEY (Ayep) (—) Eq 8
- ez Aref
AFref

We arbitrarily fix A..; = 532 nm. Thus, AF,.s represents the scattering function F**" at 532 nm
modulated by the corresponding multiple scattering correction factor A(4,¢¢). If B is positive,
A X FSM increases with 1; Otherwise, it decreases with increasing A.

Finally, both unknown parameters AF,.r and 8 (in Eq 8) are determined by the least square
method to fit the model to the experimentally determined spectrally resolved scattering cross
sections measured at the three scattering angles 7, 20, and 90° for each considered wavelength
(as illustrated as dotted lines in figure 4). This procedure is repeated for different coating
thicknesses.

The results of the least-square fitting are reported in Figs. 6 and 7 in filled circles. In order to
evaluate the sensitivity of the fitting to the uncertainties related to different input parameters, a

Monte-Carlo error propagation calculation has been conducted. The different input uncertainties
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considered are reported in SI 8. The resultant 95% interval confidences are illustrated by the
vertical bars.

In the special case of a coated isolated primary sphere (N, = 1), the multiple scattering between
primary spheres is absent (A = 1). In this case, F(m) in the proposed RDG-CFA theory should
correspond to the Rayleigh equivalent core-shell Mie evaluation (F®M(m)) of the coated
primary sphere. The principle is to compute the scattering cross section of a coated primary
sphere with the core-shell Mie theory (at 0°) and divide the result by 7T4Dg(1 + 2p)%/42*
(Rayleigh theory). For the numerical evaluation, the spectral dependence of the core soot
refractive index is taken from Bescond et al. [28] and the refractive index of oleic acid is
considered constant (mg, = 1.4582). Also, for isolated coated spheres, Eq 8 naturally simplifies

to:

ﬁCSM

FSMm,2) = FEM (1) (ref) Eq9

where FCSM(/lref) is reported in Fig. 6-A as the continuous solid curve and B*M will be
discussed later. We observe that the curve decreases rapidly with the coating thickness,
especially at relatively low coating thickness up to about 20%, from the F(m) value of the core
soot (p = 0%) toward the F(m) value of pure oleic acid (horizontal dotted line) for the largest
coating thicknesses considered. These results indicate that, for coating thicknesses large enough,
the presence of the primary sphere at the center of a large droplet of oleic acid becomes

F®M seems counter intuitive, since it reveals that the

negligible. The decrease of the effective
coated primary sphere scattering function (F(m)) is reduced with increasing the coating

thickness, whereas a global scattering enhancement (even for isolated coated sphere) is observed
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321 and is generally considered as a “lens effect”. This highlights the fact that the scattering

322 enhancement is mostly caused by the addition of coating material (increase of V).

B
0.5 A 2.5

—_— FCM(m) (A=1) A Liuetal (2016) by RDG-CFA theory
E04 A g;iitaacli.d(zole) by RDG-CFA theory 20| == FitA(532nm,p)=1.21 x exp(—gley)
" _ A(532nm) : Present stud
M 0.3 § AXFSM{m): Present study E1s. $ A(532nm) : Present study
© ~
o=y m
S N 1.0 4 s
g < A
e e Y R I R i A - 05 \A\s

. b "!.-
= A EA A [ ] ""--}___- i
0.0- ‘ s TEre-
0 20 40 60 80 100 120 140 "0 50 40 60 80 100 120
p (%) p (%)

Figure 6 Variation of the effective scattering function at 532 nm modulated by the multiple
scattering correction factor with the coating thickness. A : Dependence of scattering function at

532 nm (AF ) on the coating thickness. B: Evolution of multiple scattering correction factor at

532 nm with the coating thickness.

323 This behavior is true for isolated primary spheres; however, the interactions among primary
324 spheres in an aggregate make the aggregate total scattering smaller AF,.r < F CSMwhich can be
325 explained by the destructive interferences of scattered light from different coated primary
326 spheres (N, > 1). This is illustrated by the filled circles shown in Fig. 6-A corresponding to the
327  experimental results of this study. Indeed, the product A x F¢SM(m) at 532 nm is shown to
328  decrease toward very small values compared to those from the core-shell Mie approach
329  discussed above. The very small values of the experimental results are reinforced by numerical
330 evaluation. When the numerically determined scattering cross sections for coated aggregates
331  (results given in [26], noting the A parameter in [26] does not correspond to the current 4) are

332 interpreted by RDG-CFA, the resultant A x F¢SM(m) at 532 nm (filled triangles in Fig. 6) shows
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the same trend as the experimental data and displays a remarkably good accordance. The results
shown in Fig. 6-A highlight the good agreement between numerical evaluations based on
realistic morphology of coated aggregates and the corresponding experimental results, even
though the potential morphological restructuring was not considered in numerical simulations.
Finally, the correction factor 4 can be evaluated by dividing the product A x F*™(m) at 532 nm
by the core-shell Mie equivalent function F®M(m)at 532 nm. The experimentally and
numerically derived values of 4 are shown in Fig. 6-B as filled circles and filled triangles,
respectively. The rapid decrease of A(532 nm) with increasing the coating thickness highlights
the strong influence of coating on the multiple scattering effects. For uncoated soot (p = 0 %),
one can see that the multiple scattering correction factor at 532 nm can be higher than 1 (about
1.25) in accordance with the literature [35, 38]. It is worth pointing out that this is the first time
that the multiple scattering correction factor to RDG-FA is experimentally determined.

The dashed line in Fig. 6-B is an empirically determined exponential fit of A to the current
experimental results at 532 nm. The corresponding expression is reported in Eq 10 with p

expressed in %.
A(P,Aer =532nm) = 1.21 X exp __P Eq 10
Airef 50.43 1

Figure 7 presents the result of the spectral dependence of the product A x F®M(m) on the
coating thickness (characterized by the departure of £ and ™ from unity in Eq 8 and Eq 9).
Without considering the multiple scattering corrections (A = 1, N, = 1), the core-shell Mie
approach predicts a moderate increase of the spectral dependence of F¢M(m) for a thin layer of
coating (the plain solid curve that peaks at about p = 15%) followed by a monotonic decay up to
an asymptotic value approaching 8 = 0 (solid black line). This trend is expected because for

sufficiently large coating thicknesses, the scattering function F(m) tends towards that of the
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coating material (considered independent of the wavelength). A more significant and monotonic

increase is observed for f derived from numerical investigation of [26] by considering A # 1

(filled triangles). The experimental results (filled circles) seem to indicate a much more

pronounced spectral dependence than that from the numerical simulation. The error bars are

derived from Monte-Carlo error propagation calculations with a 95% interval confidence (see SI

8). The difference between the numerically and experimentally derived f may be explained by

the fact that the spectral variation considered for F(m) of the core soot in the numerical study of

Liu et al. [26] might underestimate the real one (confirmed by their difference for p = 0). With

increasing the coating thickness, the strong increase of [ reveals an increasingly pronounced

spectral dependence of the scattered signal. This is an effective way to quantify the observed

trend in Fig 5-B.

2.0

1.0
slp A1
oL

A
|

4 $

0.0

0 20 40 60 80 100 120

p (%)

— BCSM

Liu et al. (2016) by RDG-CFA theory
3 _BCSM

-— B-BM=0.39+0.014xp

B : Present study

Figure 7 Variation of the spectral dependence of g =A X F ¢SM(m) with the coating thickness

based on experiments, theory, and numerical simulation.
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For practical use of the RDG-CFA theory (Eq 4), an empirical expression of the correction factor
A was proposed based on the present results reported in Figs 6 and 7. The ratio between
equations 8 and 9 leads to:

21 \F'®
) Eq 11

A = A, Arey) (rf

where A(p, Aref) is given in Eq 10 and B*(p) corresponds to the difference B(p) — BSM(p), i.e,
difference in the fitted power of the experimental data and that of spectral dependence of the
core-shell Mie Model. We found f4(p) = 0.39 + 0.014 x p with p expressed in % and Aref

=532 nm.

Nevertheless, this empirical evaluation of A(p,A) is valid for CAST1 soot with oleic acid coating.
Additional numerical investigations need to be conducted to further evaluate the robustness of

this empirical expression for other configurations.

5. Atmospheric implications

The limitations of Core-Shell Mie for the evaluation of radiative properties of coated soot
aggregates have been already shown in previous investigations [12, 26]. In this section, we
further illustrate these limitations by comparing the predictions of the Core-Shell Mie approach
with the RDG-CFA theory.
Since the total light scattering is an important parameter, in particular for the evaluation of the

single scattering albedo, the comparison will be made for the total scattering cross section.
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For this comparison, we extrapolate the current results over the wavelength range of 500-1100
nm. The differential scattering cross section is integrated over the entire solid angle to obtain the

total scattering cross section.

For the evaluation using Core-Shell Mie, we consider a core sphere having the same volume as
the core soot Vi and a shell having the same volume as the coating material volume V.. The
results are reported in Figure 8 that compares the total scattering enhancement factors obtained

by Core-Shell Mie and RDG-CFA.

- RDG-CFA
= = CoreShell Mie

’-.-" >p:70 0/0
101_ /
——————————— p=41%

SEF
\
\
1
|
|
1

~=pP=22%

g S ——— I e p=16%
109+ . . . : : . p= 0 %
500 600 700 800 900 1000 1100
A (nm)

Figure 8 Comparison of the total scattering enhancement factors predicted by the RDG-CFA and
Core-Shell Mie theories for CAST1 soot coated with different amount of oleic acid.

As clearly observed in Fig. 8, the Core-Shell Mie model significantly overestimates the total
scattering by a factor larger than 2 when the coating thickness is larger than p = 70%
(corresponding to a coating layer around the primary spheres about 20 nm). Also, the Core-Shell

Mie theory predicts a non-monotonic variation of the enhancement factor with the wavelength
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with the peak shifting toward a longer wavelength with increasing the coating thickness.

However, this behavior is not observed in the results of the RDG-CFA model.

Extension of the RDG-CFA theory for the absorption cross section of coated aggregates will be

investigated as a future study.
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