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Morphological and radiative 
characteristics of soot aggregates: 
experimental and numerical 
research
ezgi Sutcu1, nimeti Doner2*, fengshan Liu3, Umran ercetin1, fatih Sen  4*, Jérôme Yon5, 
Jose Morán5,6 & Andrés fuentes6

the study is aimed at investigating the radiative properties of soot aggregates at determined 
morphological features using both experimental and numerical methods. Soot aggregates collected 
from air monitoring stations in different locations were examined. The locations were divided into 
three groups. The first group (Case 1) included the coastal and industrial zone; the second group (Case 
2) consisted of small and large cities; and the third group (Case 3) included areas in the neighbourhood 
of thermal power plants. The absorbance measurements of the soot aggregates were conducted in 
the visible and near-infrared spectra, and in the wavelength range of 2 μm-20 μm. The samples were 
characterised by scanning electron microscopy (SEM), and their radiative properties were assessed 
using the discrete dipole approximation (DDA) for numerically generated fractal aggregates with 
two popular refractive indices of m = 1.60 + 0.60i and m = 1.90 + 0.75i. Calculations were conducted 
for primary particles in point-contact, with 20% overlapping and with a coating (50% and 80%) in 
the wavelength range of 0.4–1.064 μm. The largest measured absorbance values in both the winter 
and summer seasons were found in the cities in Case 1, and the x-ray diffraction (XRD) phases of the 
samples were also presented. The radiative properties of the aggregates, i.e., Df = 1.78 and kf = 2.0 
representing Case 3, were close to those of aggregates with Df = 2.1 and kf = 2.35 representing Case 
1 in the investigated wavelength range. The calculated radiative properties and the experimental 
absorbance measurements for point-contact and overlapping situations showed the same trend in the 
examined wavelengths. The absorbance properties of the samples of coastal and industrial zones were 
distinctively higher than others in the wavelength range of 2 μm-20 μm which could be attributed to the 
PAH effects.

The effects of the components and morphology of soot aggregates on health and climate are known1–6, and the 
effect of combustion conditions on the photochemical properties of soot has also been investigated. Aerosols, 
such as organic and black carbons, sulphates, nitrates, ammonium, desert dust, and sea salt, which are found in 
the troposphere, are classified as absorbing (weakly or strongly) and non-absorbing7,8. To examine the effects of 
soot, regional observation centres9,10 or satellite lidar such as CALIPSO11,12 have been used. Additionally, several 
programs such as OPAC13, AERONET14–16, GISS17,18, and MOPSMAP19 have been completed, and the sources of 
aerosols have been investigated20–23. As a result of the fact that rapidly developing countries such as China and 
India are in Asia, many studies have been performed on the effects of the radiative properties of soot aggregates 
on climate change in Asia24–31. In one of these studies, Ramanathan et al. analysed the effects of changes in air 
temperature over the Himalayas by examining samples collected via eighteen flights of unmanned aircraft in 
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Asia27. They showed the effects of black carbon particles on climate change are almost the same as those of green-
house gases.

Soot aggregates produced by the incomplete combustion of fossil fuels consist of carbonaceous particles and 
volatile species, depending on the fuel and/or combustion process32. When soot aggregates are transported in the 
atmosphere, they undergo morphological transformations as a result of the aging process. In the aging process, 
soot particles interact with other aerosols, such as sulphate, nitrate, and organic matter in the atmosphere, and 
thereby acquire a coating. Additionally, their morphology is affected by temperature changes and humidity in 
the atmosphere33,34. The formation and growth of soot aggregates during incomplete combustion are attributed 
to polycyclic aromatic hydrocarbons (PAHs) and small hydrocarbon molecules, which appear in soot particles 
because of surface interactions35. Soot aggregate coating with organic materials during aging leads to enhanced 
absorption and scattering properties36. Detailed explanations of the morphological properties and compositions 
of soot aggregates can be found in the literature37,38.

The present work was aimed at investigating the optical properties of the soot aggregates for the determined 
morphological features according to their location and industrial conditions (i.e. intensive industrial zones, ther-
mal power plant neighbouring and city center), as well as chemical contents such as carbon, silicon, potassium, 
and sulphate. To this end, the study was designed as follows. The collected samples and the locations and average 
periodic PM10 measurement results are explained in Section 2.1. The absorbance measurements and their results 
are given in Section 2.2 and the explanation of morphological properties such as overlap, necking, and coating are 
provided in Section 2.3. The details of the discrete dipole approximation (DDA) method are presented in Section 
2.4. The radiative properties of soot aggregates were evaluated experimentally by performing absorbance meas-
urements and numerically using the DDA. The absorbance measurements of the samples in the wavelength range 
of 2 μm to 20 μm were studied to demonstrate the presence of PAH and peroxyacetyl nitrate (PAN). According 
to the authors, such an examination on soot aggregates was made for the first time. Additionally, the samples 
were morphologically examined by assessing more than 250 SEM images. The soot morphological parameters 
inferred from SEM image analysis were used to generate numerical aggregates for DDA calculations in the UV to 
the infrared spectral range. The location effects and emission/fuel properties of the investigated cases were also 
presented in Section 3 by the compositions (EDX), XRD phase analyses.

Sampling and Analysis
Sample collection. Over 1000 approximately one or two hour aged samples, were obtained from air mon-
itoring stations in the city centers of the divided three groups according to location and industrial features in 
Turkey. The samples were taken many times in both the winter and summer in 2017. The geographical locations 
of the cities where the samples were obtained and the images of some samples are shown in Figs. 1 and 2, respec-
tively. Here, as well as in the representative SEM images and EDX results, the city names are coded for simplic-
ity (A1: Tekirdag, A2: Kocaeli, B1: Kutahya, B2: Ankara, C1: Mugla, C2: Kahramanmaras). Case 1 (Tekirdag 
27°52ʹ N, 40°98ʹ E, Kocaeli 29°88ʹ N, 40°85ʹ E) represents coastal and industrial areas with approximately equal 
populations. Many industrial factories, such as machine manufacturing, automotive, refinery, paper, chemical, 
and petrochemistry, are located in Kocaeli. Case 2 (Kutahya, Ankara) represents cities with a continental cli-
mate but different populations. Ankara (32°52ʹ N, 39°56ʹ E) in Case 2 is the capital of Turkey; with a population 
of 5.25 million, it is the most crowded city among all the considered cities. Case 3 (Mugla 28°36ʹ N, 37°22ʹ E, 
Kahramanmaras 36°94ʹ N, 37°59ʹ E) represents cities around thermal power plants; their populations and cli-
mates are approximately the same. In the air monitoring stations in the cities, measurements of sulphur dioxide, 
carbon monoxide, particulate matter (PM2.5 and PM10), and meteorological conditions (humidity, pressure, tem-
perature, wind speed and direction) were made. Based on the records of the air monitoring stations where they 
measured PM10 captured by the attenuation of beta rays, the PM10 content of the investigated Kocaeli winter sam-
ple was obtained at an average value of 152.67 μg/m3, and the summer sample was at an average value of 52.25 μg/
m3. For Tekirdag in Case 1, while the PM10 content of the winter sample was at an average value of 124 μg/m3, 
the summer sample was at an average value of 45 μg/m3. In Case 3, the PM10 content in the Mugla winter sample 
was obtained at an average value of 128 μg/m3, and the summer sample was at an average value of 72 μg/m3. The 
standard value of PM10 is 50 μg/m3.

Absorbance measurements. The attenuation of monochromatic, collimated light passing through the 
medium of the collection of particles is modeled by the Beer-Lambert law: = σ−I I ex

x
0

( ), where Ix is collimated 
light intensity at point x, I0 is initial intensity at x = 0, and σ (m−1) is the particle extinction coefficient of the 

Figure 1. The locations of the cities where the soot samples were collected.
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medium. Here, σx is referred as the optical depth of the collection of particles and the transmission of light (Ix/I0) 
is a function of both the distance travelled by the light and the extinction coefficient of the particle-laden 
aerosol39.

In our study, the absorbance measurements were performed with two spectrophotometers using 250 samples. 
Firstly, for the 50 samples, the PerkinElmer Lambda 750 spectrophotometer was used for absorbance measure-
ments in the wavelength range of UV to near IR at room temperature. Solutions (20 mL, containing ethanol) of 
the samples were prepared using an ultrasonic tip sonicator (Wisd) for 30 minutes. The solutions were then passed 
through a membrane to obtain a homogeneous particle size distribution. Then, the reference measurements for 
ethanol were performed in the device, and the prepared samples were measured. These measurements were per-
formed at least three times with good repeatability. Secondly, for around 200 samples, the PerkinElmer Spectrum 
Two spectrophotometer was used for absorbance measurements in the wavelength range of 2 μm to 20 μm at 
room temperature. For these measurements, the measuring tip of the device made measurements of the absorb-
ance by touching the sample at a point. The clean filter paper was first measured, and subsequently, the absorb-
ance measurements of the air-absorbed filter papers coated with soot were performed. In these measurements, the 
various surfaces (sides and centre) of the soot-coated filter papers were first investigated. Afterwards, as almost 
the same values were obtained, the measurements were made in the middle of the filter paper coated with soot. 
The measurements were conducted at least three times independently with good repeatability. Figure 3(a,b) pres-
ent the absorbance measurements of the samples obtained for Cases 1–3 in the UV to near IR spectrum and the 
wavelength range of 2 μm to 20 μm, respectively.

When the absorbance measurements of all cases were evaluated at the wavelength range of 0.4–1.1 µm for both 
the winter and summer seasons, it was found that the absorbance results of Case 1 and Ankara-Winter in Case 2 
were high at short wavelengths. The highest absorbance values in the visible spectral range were found at 0.08 for 
the Kocaeli-Winter sample in Case 1 and the Ankara-Winter sample in Case 2. Figure 3 shows that the Tekirdag 
samples had slightly lower absorption values than the Kocaeli samples. As shown in Fig. 3(a), the absorb-
ance values of Kahramanmaras-Winter in Case 3 were as high as the absorbance value of Tekirdag-Summer 
in the industrial zone, and the absorbance values of Mugla-Winter in Case 3 was the lowest compared to all 
the other measurements in Case 3. However, the absorbance values of Mugla-Summer were higher than the 
Kahramanmaras-Summer values. This is thought to be because of vehicular emissions and a seasonal effect as 
Mugla is in a popular tourist region in the summer.

As mentioned in earlier studies40–43, the double-bond structures are revealed in the wavelength range of ~5.5–
6.3 μm (double bond region) while the one-bond structures are observed in the wavelength range of ~7.1–16 μm 
(fingerprint region) with oxygen, nitrogen and carbon. Although aromatic hydrocarbons and PAN are usually 
together, the absorbance spectrum of PAH is in the fingerprint region43 and the absorbance spectrum of PAN40 
is in the double bond region. As a result of strong structural bonds in PAH and PAN, their absorbance properties 
can be detected at long wavelengths. Figure 3(b) shows these the wavelength ranges and the absorbance meas-
urement results of the samples. In other words, soot generally consists of structures containing several functional 
groups, such as C=O and C-O in graphene layers. When soot is dispersed into the atmosphere, the particles 
are subject to the aging process, in which carbonyl C=O and ether C-O groups on the surface of soot increase 
significantly. SO2 was oxidized to sulphate species, evidenced by the rapid increase in IR spectral density in the 
7.54 μm-10.1 μm region. Moreover, sulphate production on soot particles in an oxygen-rich environment was 
significantly higher than the results in the oxygen-free medium. As a result, the soot had a significant catalytic 
effect for SO2 oxidation and sulphate formation with the aid of O2. In Kocaeli in Case 1, three peaks were observed 
at the wavelength range of the fingerprint region. These peaks are thought to result from PAH molecules. In 
Kahramanmaras-winter and Mugla-summer samples in Case 3, the three peaks are believed to be from PAH 
molecules and one peak from PAN molecules at the investigated wavelengths.

overlapping, necking and coating in the aging period. Overlapping between neighboring primary 
particles, which is quantified by Cov, a morphological parameter44, can occur during the aggregate growth process. 

Figure 2. The images of the collected samples.

https://doi.org/10.1038/s41598-019-57045-y


4Scientific RepoRtS |          (2020) 10:411  | https://doi.org/10.1038/s41598-019-57045-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

The degree of overlapping is used to describe the penetration of primary particles into each other and is formu-
lated by Cov = [(r1 + r2) − d12]/(r1 + r2), where r1 and r2 are radii of two primary particles and d12 is the Euclidean 
distance between the centers of both primary particles45–47. Primary particle overlapping affects kf and Rg in such 
a way that kf0 = kf exp[2.2 Cov] and R1g = Rg0(1−Cov), as previously described in ref. 48. Here, Rg0 and R1g are the 
radius of gyration without and with primary particle overlapping, respectively, and kf0 and kf are the pre-factors 
of the aggregate without and with primary particle overlapping, respectively. Necking represents the physical 
connection phenomenon between primary particles49 and is used in the simulation of another aspect of aggregate 
morphology50. When soot particles undergo the aging process under atmospheric conditions, the particles inter-
act and mix with non-refractory materials, including sulphate, nitrate, and organic carbon. Mixing can be both 
internal and external. These interactions form a coating on the soot particle surface to a certain thickness. The 
effect of the coating is evaluated using different refractive indices and dipoles of the coating. Therefore, in order to 
consider this interaction through realistic soot morphology, the algorithm of adding dipoles to represent the coat-
ing on soot aggregates developed by Yon et al.47 was used in this study. Using the desired overlapping and necking 
values in the program, the numerically generated soot aggregates can be coated at specified percentage values.

Discrete dipole approximation (DDA). DDA is a powerful numerical method for calculating the scatter-
ing and absorption of arbitrary geometry, which can be solved using Maxwell’s equations. In the DDA method, 
the DDSCAT code developed by Draine and Flatau51 is used. The method discretizes particles or clusters of any 
shape and composition in the form of a lattice structure and polarizable points (dipoles). In order to accurately 
model the radiative properties of the particles under consideration, it is desirable that the lattice length between 

Figure 3. (a) Absorbance measurement results for Cases 1, 2, and 3 in the visible to near IR spectrum. (b) 
Absorbance measurement results for Cases 1, 2, and 3 at a wavelength range of 2 μm to 20 μm.
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the dipoles must be small enough to be comparable to the wavelength of light used52,53. This condition is limited 
by using the expression |m|kd < 1, where d is defined as the lattice length, m is the refractive index, and k is the 
wavenumber (2π/λ). The number of dipoles required to calculate the radiative properties increases as the size of 
the cluster increases; moreover, the computing time of the solution of the matrix equations increases with O (N2). 
Here N represents the total number of dipoles used in the calculation. When the material being examined is 
strongly absorbing, or a much more accurate solution is required, the desired condition is taken as |m|kd < 0.5. 
The effective radius of the aggregates aeff = [3 V/4π]1/3, V is the total volume of the aggregate at the examined sit-
uation, wavelength, the Euler angles (β, Ω, Φ), and the refractive indices are used in the calculations as input data. 
As the second important parameter for the considered accuracy, the orientation average should be performed 
over the entire range of Euler angles. In our study, since DDA provides numerically-exact results54,55, the method 
was selected and different numbers of orientations in the calculations were considered, such as 5 × 5 × 5, 
10 × 10 × 10, and 15 × 15 × 15, and the results were compared. It was found that the results obtained using 
15 × 15 × 15 could be considered independent of orientation averaging; hence, all the results presented in this 
paper were obtained using 15 × 15 × 15 orientations. In DDSCAT calculations, N_SPHERES and FROM FILE 
routines are used to examine the radiative properties of aggregates of spherical particles56. While the bare aggre-
gates and overlapping situations are calculated by the N_SPHERES routine, the coating aggregates are performed 
by the FROM FILE routine. In coating calculations, the shape files, which are prepared by the special algorithm, 
containing dipoles of overlap and necking, were separately prepared. The extinction cross-sectional area is the 
sum of the absorption and scattering cross-sectional areas (Cext = Cabs + Csca). The terms Qext, Qabs, and Qsca are the 
efficiency factors of extinction, absorption, and scattering, respectively. The cross-sectional area is Ci = Qi πaeff

2 , 
with subscript i representing extinction, absorption, or scattering.

The morphological parameters of soot aggregates such as fractal dimension (Df) and pre-factor (kf) should 
be defined in order to numerically generate of aggregates. Df is the most important morphological parameter of 
aggregates and is independent of kf which defines open structure (fluffy value) of the fractal aggregates. These 
parameters are determined by the scaling law using geometric values such as number of particles, average particle 
diameter, and aggregate size obtained from transmission electron microscopy (TEM) or SEM images39. Besides, 
the parameter Df is classified according to combustion conditions, the aging process, and different atmospheric 
conditions. In a recent study by Wang et al.57, the different mixing structures and morphologies of soot aggregates 
collected from different locations and combustion sources were investigated using TEM. They reported the Df val-
ues of fresh soot particles of urban and soot aggregates from vehicle emissions are in the range of 1.52–1.94 while 
the Df values of embedded soot particles are in the range of 1.90–2.16. The emission sources of soot aggregates are 
another important parameter related to the soot morphology, and this parameter is investigated using particulate 
matter (PM2.5 and PM10) in soot aggregates. Islam et al.58 studied the content, XRD phases, and absorbance meas-
urements of the PM10 particle matter that comes from diesel train emissions and found that the concentrations of 
PAH in the PM10 matter are highly dependent on particulate matter.

Results and Discussion
The morphological properties of the soot aggregates were examined by scanning electron microscopy (SEM; FEI 
Nova Nano SEM 650). Over 250 SEM images of the samples were examined for the representation of the morpho-
logical properties in the aging process. Some of the SEM images in both the winter and summer seasons of the 
collected soot samples are presented in Fig. 4. In Fig. 4, with a scale bar of 500 nm in all images, it can be seen that 
all samples have a certain thickness of coating in the winter. The particle size distributions were analysed using 
the ImageJ program on SEM images. According to the SEM images and ImageJ, the soot aggregates consisted of 
polydisperse primary particles with an average particle radius of a = 30 nm and different morphologies. In the 
calculations, all cases were assumed to have the same polydisperse particle size distribution and the same particle 
number (N = 200); however, they have different fractal dimensions and pre-factors as mentioned above. As the 
SEM images of the samples taken from the intensive industrial and coastal zone are in compact morphology, 
the Df coefficient of Case 1 was appointed as 2.1. As the SEM images of the samples of the other locations are in 
chain (or lacy) morphology, the Df coefficients of cases 2 and 3 are the same; however, their pre-factor coefficients 
were defined differently. Finally, the morphological properties were characterised by Df = 2.1, kf  = 2.35 for Case 
1, Df  = 1.78, kf  = 1.3 for Case 2, and Df  = 1.78, kf  = 2.0 for Case 3. Here, the morphological characterization of 
cases 1, 2, and 3 was defined according to Zhang et al.21, Wang et al.57, Liu and Mishchenko59, and Wang et al.60’s 
findings, respectively. The soot aggregates were generated using the tunable FracVAL algorithm, which is an 
improved cluster-cluster aggregation for generating fractal structures formed by polydisperse primary particles61.

The refractive index (m = n + ki) of soot aggregates varies with fuel and/or combustion conditions62,63. 
Therefore, we used two typical refractive indices of m = 1.60 + 0.60i and m = 1.90 + 0.75i in the analysis of 
radiative properties of freshly emitted soot aggregates in the considered wavelength range. The former was 
obtained from Dalzell and Sarofim64’s experimental studies, and the latter is the recommended value by Bond 
and Bergstrom65. In evaluating the morphological properties of soot aggregates, China S. et al.66 and Liu S. et al.67 
classified soot aggregates into three morphologies according to field and laboratory studies such as bare aggre-
gates with point-contact particles, as well as partly and heavily coated aggregates. In this study, all the cases were 
evaluated in the following three situations: primary particles in point-contact, those with 20% overlapping, and 
those with a coating to mimic realistic soot aggregates. Here, the first two situations represent bare aggregates, 
while the coating morphologies (the third situation) represent partially coated and embedded soot, based on 
refs. 66,67 and a recent study by Chakrabarty and Heinson68. For the coating situations, based on the results of our 
previous study36, there is some deviation in the results of coatings under 50% in coating thickness for the same 
overlapping and necking values, and the results of the coating thickness of 80% or more provide almost the same 
results. Therefore, the coating thickness was taken as 50% and 80%.

https://doi.org/10.1038/s41598-019-57045-y
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To clarify the differences in the collected soot aggregates, it was necessary to investigate their contents. The 
chemical compounds of the samples were provided by energy-dispersive x-ray spectroscopy (EDX) analysis. The 
results of the EDX analysis of the samples are shown in Fig. 5. Carbon and oxygen were the primary elements of 
the samples. According to the EDX results, it can be seen that while the degree of highest carbon emission was in 
Kutahya in Case 2 in the summer, the lowest carbon emission was in Kahramanmaras in Case 3 and Tekirdag in 
Case 1. The emitted soot in the cities in Case 1 and Ankara in Case 2 was high carbon soot in the winter. Although 
the silicon contents of samples from Tekirdag and Kahramanmaras in the summer season were around 30%, they 
were around 20% in these cities and Kutahya in the winter. It is known that potassium in fine particles is caused 
by biomass burning, and potassium in large particles originates from dust69. In all cities, the potassium content 
of the samples was found to be less than 5% and originated from biomass burning. Another evaluation feature 
according to the content is the absorption Ångström exponent (AAE)59. The spectral characteristic of particle 

Figure 4. SEM images of the samples.

Figure 5. The results of EDX analysis of the samples.
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absorption is formulated by the absorption Ångström exponent (AAE). The AAE calculation can be used to 
determine whether the source of combustion or elementary carbon is black carbon, according to content analysis 
and particulate absorption. The AAE values of all the samples were found to be small than unity for both refrac-
tive indices assumed in the prediction at a wavelength range of 0.4–1.064 μm. Based on the literature59, it can be 
assumed the samples are black carbon.

Figure 6 shows the XRD phases (Rigaku, Model: Miniflex) of soot aggregates in Case 1 for both the summer 
and winter seasons. The XRD phase analysis shows the mineral phases of soot aggregates. The detailed XRD anal-
ysis was also performed by Islam et al.58 and Dailli et al.70. As in the absorbance measurement results, although 
they had the same XRD phases, the XRD phases of the Kocaeli samples were slightly bigger than the patterns of 
the Tekirdag samples.

Sulphates and nitrates are formed in the atmosphere as a result of the oxidation of SOx and NOx released 
from combustion devices in industrially-active regions71,72. In recent studies, it was determined the production of 
sulphates and ammonium increases in the daytime and enhances the absorption of black carbon73 as a result of a 
thick coating with abundant sulphate products74. Similarly, the PM10 values of Kocaeli in both seasons were high 
in the daytime, and the measured absorption values were also the highest. Additionally, according to NASA75, 
2017 was the second warmest year in the last 140 years. Therefore, because of the warm weather and based on the 
abovementioned results of both the EDX and the XRD analysis, we can consider that these results can be attrib-
uted to intense traffic emissions and industrial combustion, not from heating emissions.

The values of volume equivalent radius and the number of dipoles in the DDSCAT calculations for all cases 
are presented in Table 1. The radiative efficiency factors of cases 1, 2, and 3 in the spectrum of 0.4–1.064 μm are 
displayed in Figs. 7–9, respectively. The radiative properties of the cases with primary particles in point-contact, 
with 20% overlapping, and with 50% and 80% coating thickness are shown in these figures. In the cases of coated 

Figure 6. The XRD phases of samples from Case 1.

aeff [μm] Number of dipoles

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

Point-contact 0.18364 0.15349 0.17406 353814 81454 216727

20% overlapping 0.22037 0.18371 0.20887 561955 131592 342393

50% coating 0.31884 0.28585 0.33343 316549 389278 418351

80% coating 0.35745 0.33132 0.38943 446120 606320 667014

Table 1. The equivalent volume radius (aeff) for all studied cases.
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aggregates, the overlapping and necking were taken as 20% and 0.5, respectively, based on a previous study36. The 
refractive index of the non-absorbing coating material was assumed to be m = 1.46.

According to the modelling results shown in Figs. 7–9, an important change in the absorbance values in the 
wavelength range of 0.4–1.1 μm was observed. Particularly, these changes in absorbance were observed in the 
short wavelength range. The results obtained with both refractive indices of m = 1.60 + 0.60i and m = 1.90 + 0.75i 
were similar for all the investigated soot morphologies, and it was observed that all the radiative efficiencies 
decreased with increasing wavelength.

When the results shown in Figs. 7–9 were evaluated according to the two refractive indices, the results 
obtained with m = 1.90 + 0.75i for some investigated cases were higher than those with m = 1.60 + 0.60i at wave-
lengths above about 632 nm. This observation has been made in previous studies62,63. In addition, Morán et al.48 
concluded the multiple internal scattering and the magnitude of this effect are strongly affected by the refractive 
index. When comparing the results of freshly emitted and overlapping situations, while the extinction, absorp-
tion, and scattering efficiencies of Case 1 increase by approximately 13%, 3%, and 36% at a wavelength of 0.532 
μm, the radiative properties of Case 3 increase by approximately 24%, 13%, and 64% at the same wavelength, 
respectively. When the same comparison was made for Case 2, the extinction, absorption, and scattering efficien-
cies of Case 2 increased by 26%, 15%, and 70%. The relative change was calculated as [(Qover - Qbare)/Qbare × 100]. 
Several studies indicate that an increase in morphological compactness results in an increase in radiative proper-
ties22,23,34,50. However, it was determined the radiative properties of soot aggregates do not vary according to the 

Figure 9. The radiative efficiency factors of Case 3 samples.

Figure 7. The radiative efficiency factors of Case 1 sample.

Figure 8. The radiative efficiency factors of Case 2 samples.
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compactness but to the volumetric equivalent radius, as mentioned by Luo et al.76 and Scarnato et al.77. Although 
the morphology of Case 1 was more compact than that of Case 3, the absorbance values of Case 1 were lower than 
those of Case 3 in both the bare and coated situations. The effect of increasing fractal compactness is to decrease 
absorption cross-sections. However, in the overlapping case, the results of Case 1 were greater than Case 3. This 
is caused by the multiple scattering effects of primary particles, which can enhance or suppress aggregate absorp-
tion. Luo et al.76 stated the fluffier morphology, which results in a weaker multiple scattering among primary 
particles, provides more absorbing materials exposed to light.

When we evaluate the calculated results together with the absorbance measurements in the wavelength range 
of 0.4–1.1 μm, we need to consider some details. In our absorbance measurements, the particle concentrations 
of the prepared solutions for the cases were low, and the radiative properties of the soot aggregates inside these 
solutions were measured. It means, the number of particles or the aeff values of the measured samples in the exper-
imental studies were small. The samples examined in the DDSCAT calculations have a different aeff. Therefore, 
the experimental and numerical results should not be compared quantitatively; only the trends in the changes in 
both cases can be assessed. Similarly, the coating morphologies of the soot aggregates should also not be com-
pared. Figure 10 displays the trends of both results of the measurements and the calculated morphologies are 
in point-contact and 20% overlapping. In our study, the extinction and absorption efficiency factors showed an 
approximately 20% decrease in both the experimental and numerical results at short wavelengths. According to 
the recent study performed by Liu and Mishchenko59, the radiative properties of soot aggregates are sensitive to 
morphology, particle size, sulphate amount, and heterogeneity. The results of our study are consistent with these 
findings59.

conclusions
Soot samples collected from different locations in Turkey were analysed by experimental absorbance measure-
ments (FT-IR), content (EDX), and XRD phases. The soot aggregates were numerically generated based on the 
morphological parameters from SEM images for modelling their radiative properties by DDA. The soot aggre-
gates were modelled about their morphological features such as point-touch, overlapping 20%, and coating thick-
ness 50% and 80% with necking of 0.5 for both refractive indices (m = 1.60 + 0.60i and m = 1.90 + 0.75i). PAH 
and PAN molecule presence was observed by the absorbance measurements in the wavelength range of 2 μm − 20 
μm. The samples from Case 1, i.e., a coastal and intensive industrial zone, had the highest measured absorbance 
values in the wavelength range of 0.4–1.1 μm and had compact morphological features. The lowest absorbance 
measurement values in the UV-visible spectrum range were seen in the samples from Case 3. As a result, the 
absorbance values at long wavelengths were smaller than the values in the short wavelength range, except for 
some seasonal values. According to the DDA results, the radiative properties of Case 3, representing cities close 
to thermal power plants, which had no compact morphology, were close to the results of Case 1. The radiative 
properties of the modelled base and overlapping cases showed similar trends to the absorbance measurements.

Figure 10. The change trends of calculated and measured absorption results.

https://doi.org/10.1038/s41598-019-57045-y


1 0Scientific RepoRtS |          (2020) 10:411  | https://doi.org/10.1038/s41598-019-57045-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Received: 31 July 2019; Accepted: 20 December 2019;
Published: xx xx xxxx

References
 1. Perry, R. et al. A review of atmospheric polycyclic aromatic hydrocarbons: sources, fate, and behavior water, air and soil pollution. 

Water, Air, and Soil Pollution 60, 279–300 (1991).
 2. Andrea, O. M., Crutzen Andreae, O. M. & Crutzen, J. P. Atmospheric aerosols: biogeochemical sources and role in atmospheric 

chemistry. Science 276, 1052–1056 (1997).
 3. Janssen, N. A. H. et al. Black carbon as an additional indicator of the adverse health effects of airborne particles compared with 

PM10 and PM2.5. Environmental Health. Perspective 119, 1691–1699 (2011).
 4. Wierzbicka, A. et al. Detailed diesel exhaust characteristics including particle surface area and lung deposited dose for better 

understanding of health effects in human chamber exposure studies. Atmospheric Environment 86, 212–219 (2014).
 5. Ristovski, Z. D. et al. Respiratory health effects of diesel particulate matter. Respirology 17(2), 201–212 (2012).
 6. Myhre, G., Stordal, F., Restad, K. & Isaksen, I. S. A. Estimation of the direct radiative forcing due to sulfate and soot aerosols. Tellus 

50B, 50(5), 463–477 (1998).
 7. Buseck, P. R. & Posfai, M. Airborne minerals and related aerosol particles: Effects on climate and the environment. Proceeding of 

National Academy Science “Geology Mineralogy and Human Welfare” USA 96, 3372–3379 (1999).
 8. Liu, L. & Mishchenko, M. Scattering and radiative properties of complex soot and soot-containing aggregate particles. J. Quant. 

Spectrosc. Radiat. Transfer 106, 262–273 (2007).
 9. Dickerson, R. R. et al. The Impact of Aerosols on Solar Ultraviolet Radiation and Photochemical Smog. Science 287, 827–830 (1997).
 10. Haywood, J. M. & Ramaswamy, V. Global sensitivity studies of the direct radiative forcing due to anthropogenic sulfate and black 

carbon aerosols. J. Geophys. Res. 103(D6), 6043–6058 (1998).
 11. Kaufman, Y. J., Tanré, D. & Boucher, O. A satellite view of aerosols in the climate system. Nature 419, 215–223 (2002).
 12. Winker, D. M. et al. The CALIPSO Mission A Global 3D View of Aerosols and Clouds. American Meteorological Society 117, 

(1211–1230 (2010).
 13. Hesse, M., Koepke, P. & Schult, I. Optical Properties of Aerosols and Clouds: The Software Package OPAC. Bulletin of the American 

Meteorological Society 79(5), 831–844 (1998).
 14. Dubovik, O. et al. Variability of Absorption and Optical Properties of Key Aerosol Types Observed in Worldwide Locations. Journal 

of the Atmospheric Sciences 59, 590–608 (2002).
 15. Takemura, T. & Nakajima, T. Single-Scattering Albedo and Radiative Forcing of Various Aerosol Species with a Global Three-

Dimensional Model. Journal of Climate 15(4), 333–352 (2002).
 16. Sato, M. et al. Global atmospheric black carbon inferred from AERONET. Proc. Natl. Acad. Sci. 100, 6319–6324 (2003).
 17. Rind, D., Lean, J. & Healy, R. Simulated time-dependent response to solar radiative forcing since 1600. J. Geophys. Res. 104, 

1973–1990 (1999).
 18. Waple, A. M., Mann, M. E. & Bradley, R. S. Long-term patterns of solar irradiance forcing in model experiments and proxy based 

surface temperature reconstructions. Climate Dynamics 18, 563–578 (2002).
 19. Gasteiger, J. & Wiegner, M. MOPSMAP v0.9: A versatile tool for modeling of aerosol optical properties. Geoscientific Model 

Development 11, 2739–2762 (2018).
 20. Bergstrom, R. W. et al. Spectral absorption properties of atmospheric aerosols. Atmos. Chem. Phys. 7, 5937–5943 (2007).
 21. Zhang, R. et al. Variability in morphology, hygroscopicity, and optical properties of soot aerosols during atmospheric processing. 

Proceeding of the National Academy of Sciences of the United States of America 105(30), 10291–10296 (2008).
 22. Khalizov, A. F., Xue, H., Wang, L., Zheng, J. & Zhang, R. Enhanced Light Absorption and Scattering by Carbon Soot Aerosol 

Internally Mixed with Sulfuric Acid. Journal of Physical Chemistry 113, 1066–1074 (2009).
 23. Adachi, K., Chung, S. H. & Buseck, P. R. Shapes of soot aerosol particles and implications for their effects on climate. J. Geophys. Res. 

115, D15206 (2010).
 24. Lee, S. C., Ho, K. F., Chan, L. Y., Zielinska, B. & Chow, J. C. Polycyclic aromatic hydrocarbons (PAHs) and carbonyl compounds in 

urban atmosphere of Hong Kong. Atmospheric Environment 35, 5949–5960 (2001).
 25. Menon, S., Hansen, J., Nazarenko, L. & Luo, Y. Climate Effects of Black Carbon Aerosols in China and India. Science 297, 2250 

(2002).
 26. Zhang, J. L. G., Li, X. D., Qi, S. H., Liu, G. Q. & Peng, X. Z. Source seasonality of polycyclic aromatic hydrocarbons (PAHs) in 

subtropical city, Guangzhou, South China. Science of the Total Environment. 355, 145–155 (2006).
 27. Ramanathan, V. et al. Warming trends in Asia amplified by brown cloud solar absorption. Nature 448, 575–579 (2007).
 28. Klimont, Z. et al. Projections of SO2, NOx, and carbonaceous aerosols emissions in Asia. Tellus B 61, 602–617 (2009).
 29. Han, Y. M., Cao, J. J., Lee, S. C., Ho, K. F. & An, Z. S. Different characteristics of char and soot in the atmosphere and their ratio as an 

indicator for source identification in Xi’an China. Atmos. Chem. Phys. 10, 595–607 (2010).
 30. Wang, X. Y. et al. Characteristics and sources of atmospheric polycyclic aromatic hydrocarbons (PAHs) in Shanghai, China. 

Environmental Monitoring and Assessment 165, 295–305 (2010).
 31. Granier, C. et al. Evolution of Anthropogenic and biomass Burning Emissions of air Pollutants at global and regional scales during 

the 1980-2010 period. Climate Change 109, 163–190 (2011).
 32. Liu, L. & Mishchenko, M. Effects of aggregation on scattering and radiative properties of soot aerosols. J. Geophys. Res. 110, D11211 

(2005).
 33. Mikhailov, E. F., Vlasenko, S. S., Podgorny, I. A., Ramanathan, V. & Corrigan, C. E. Optical properties of soot–water drop 

agglomerates: An experimental study. J. Geophys. Res. 111, D07209 (2006).
 34. Zhang, R. et al. Variability in morphology, hygroscopicity, and optical properties of soot aerosols during atmospheric processing. 

Proceeding of the National Academy of Sciences of the United states of America 105(30), 10291–10296 (2008).
 35. Sanchez, N. E., Callajas, A., Millera, A., Bilbao, R. & Alzueta, M. U. Determination of Polycyclic Aromatic Hydrocarbons (PAH) 

Adsorbed on Soot Formed in Pyrolysis of Acetylene at Different Tempratures. Chemical Engineering Transactions 22, 22–131 (2010).
 36. Doner, N., Liu, F. & Yon, J. Impact of necking and overlapping on radiative properties of coated soot aggregates. Aerosol Sci. Technol. 

51(4), 532–542 (2017).
 37. Ni, M. et al. A review on black carbon emissions, worldwide and in China. Chemosphere 107, 83–93 (2014).
 38. Liu, C. Optical properties of Black Carbon Aggregates. Springer Series in Light Scattering 3, 167–218 (2018).
 39. Tian, K. et al. Determination of the morphology of soot aggregates using the relative optical density method for the analysis of TEM 

images. Combustion and Flame 144, 782–791 (2006).
 40. Skoog, D.A., Holler, F. J. & Nieman, T. A. Principles of Instrumental Analysis, Harcourt Brace & Co., Fifth Edition 32887-6777 

(Florida, 1998).
 41. Dabestani, R. & Ivanov, I. N. A complication of physical, spectroscopic and photophysical properties of polycyclic aromatic 

hydrocarbons. Photochemistry and Photobiology 70, 10–34 (1999).
 42. Garban, B., Blanchoud, H., Motelay-Massei, A., Chevreuil, M. & Ollivon, D. Atmospheric bulk deposition of PAH’s onto France: 

Trends from urban to remote sites. Atmospheric Environment 36, 5395–5403 (2002).

https://doi.org/10.1038/s41598-019-57045-y


1 1Scientific RepoRtS |          (2020) 10:411  | https://doi.org/10.1038/s41598-019-57045-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 43. Tommasini, M., Lucotti, A., Alfè, M., Ciajolo, A. & Zerbi, G. Fingerprints of Polycyclic Aromatic Hydrocarbons (PAHs) in Infrared 
Absorption. Spectroscopy. Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 152, 134–148 (2016).

 44. Oh, C. & Sorensen, C. M. the effect of overlap between monomers on the determination of fractal cluster morphology. J. Colloid 
Interface Sci. 193, 17–25 (1997).

 45. Yon, J., Liu, F., Morán, J. & Fuentes, A. Impact of the primary particle polydispersity on the radiative properties of soot aggregates. 
Proceedings of the Combustion Institute 37, 1151–1159 (2019).

 46. Bescond, A. et al. Automated determination of aggregate primary particle size distribution by TEM image analysis: application to 
soot. Aerosol Sci. Technol. 48(8), 831–841 (2014).

 47. Yon, J., Bescond, F. & Liu, F. On the radiative properties of soot aggregates part 1: necking and overlapping. J. Quant. Spectrosc. 
Radiat. Transfer 162, 197–206 (2015).

 48. Morán, J., Cuevas, J., Liu, F., Yon, J. & Fuentes, A. Influence of primary particle polydispersity and overlapping on soot morphological 
parameters derived from numerical TEM images. Powder Technology 330, 67–79 (2018).

 49. Skorupski, K. & Mroczka, J. Effect of the necking phenomenon on the optical properties of soot particles. J. Quant. Spectrosc. Radiat. 
Transfer 141, 40–48 (2014).

 50. Al Zaitone, B., Schmid, H. J. & Peukert, W. Simulation of structure and mobility of aggregates formed by simultaneous coagulation. 
sintering and surface growth. Aerosol Science 40, 950–964 (2009).

 51. Draine, B. T. & Flatau, P. J. Discrete dipole approximation for scattering calculations. J. Opt. Soc. Am. 11, 1491–1499 (1994).
 52. Draine, B. T. & Goodman, J. Beyond Clausius-Mossotti-wave propagation on a polarizable point lattice and the discrete dipole 

approximation. Astrophys. J. 405, 685–697 (1993).
 53. Ayranci, I., Vaillon, R. & Selçuk, N. Performance of discrete dipole approximation for prediction of amplitude and phase of 

electromagnetic scattering by particles. J. Quant. Spectrosc. Radiat. Transfer 103, 83–101 (2007).
 54. Doner, N. & Liu, F. Impact of morphology on the radiative properties of fractal soot aggregates. J. Quant. Spectrosc. Radiat. Transfer 

187, 10–19 (2017).
 55. Soewono, A. & Rogak, S. N. Morphology and Optical Properties of Numerically Simulated Soot Aggregates. Aerosol Sci. Technol. 

47(3), 267–274 (2013).
 56. Draine, B.T. & Flatau, P.J. User guide for the discrete dipole approximation code DDSCAT 7.3. The code is available at, http://code.

google.com/p/ddscat (2013).
 57. Wang, Y. et al. Fractal Dimensions and Mixing Structures of Soot Particles during Atmospheric Processing. Environ. Sci. Technol. 

Lett. 4(11), 478–493 (2017).
 58. Islam, N., Rabha, S., Silva, L. F. O. & Saikia, B. K. Air quality and PM10-associated poly-aromatic hydrocarbons around the railway 

traffic area: statistical and air mass trajectory approaches. Environ Geochem Health 41(5), 2039–2053 (2019).
 59. Liu, L. & Mishchenko, M. I. Scattering and Radiative Properties of Morphologically Complex Carbonaceous Aerosols: A Systematic 

Modeling Study. Remote Sensing 10, 1634 (2018).
 60. Wang, Y. F., Huang, Q. X., Wang, F., Chi, Y. & Yan, J. H. A feasible and accurate method for calculating the radiative properties of soot 

particle ensembles in flames. J. Quant. Spectrosc. Radiat. Transfer 224, 222–232 (2019).
 61. Morán, J., Fuentes, A., Liu, F. & Yon, J. FracVAL: An improved tunable algorithm of cluster-cluster aggregation for generation of 

fractal structures formed by polydisperse primary particles. Computer Physics Communications 239, 225–237 (2019).
 62. Liu, L., Mishchenko, M. I. & Arnott, W. P. A study of radiative properties of fractal soot aggregates using the superposition T-Matrix 

method. J. Quant. Spectrosc. Radiat. Transfer 109, 2656–2663 (2008).
 63. Kahnert, M. On the Discrepancy between modeled and measured mass absorption cross sections of light absorbing carbon aerosols. 

Aerosol Sci. Technol. 44(6), 453–460 (2010).
 64. Dalzell, W. H. & Sarofim, A. F. Optical constants of soot and their application to heat-flux calculations. J. Heat Transf. 91, 100–104 

(1969).
 65. Bond, T. C. & Bergstrom, R. W. Light Absorption by Carbonaceous Particles: An Investigative Review. Aerosol Sci. Technol. 40(1), 

27–67 (2006).
 66. China, S., Mazzoleni, C., Gorkowski, K., Aiken, A. C. & Dubey, M. K. Morphology and mixing state of individual freshly emitted 

wildfire carbonaceous particles. Nat. Commun. 4, 2122 (2013).
 67. Liu, S. et al. Enhanced light absorption by mixed source black and brown carbon particles in UK winter. Nat. Commun. 6, 8435 

(2015).
 68. Chakrabarty, R. K. & Heinson, W. R. Scaling Laws for Light Absorption Enhancement Due to Nonrefractory Coating of Atmospheric 

Black Carbon Aerosol. Physical Review Letters 121, 218701 (2018).
 69. Li, J. et al. Airbone particulate organics at the summit (2060 m, a.s.l) of Mt. Hua in central China during winter: Implications for 

biofuel and coal combustion. Atmospheric Research 106, 108–119 (2012).
 70. Dailli, E., Haykiri-Acma, H. & Yaman, S. Characterization of the Fuel Properties of Chimney Soots from Different Sources, Waste 

Biomass Valor. (2018).
 71. Chen, Q. X., Shen, W. X., Yuan, Y. & Tan, H. P. Verification of aerosol classification methods through satellite and ground-based 

measurements over Harbin. North China. Atmospheric Research 216, 167–175 (2019).
 72. Kurokawa, J. et al. Emissions of air pollutants and greenhouse gases over Asian regions during 2000–2008: Regional Emission 

inventory in ASia (REAS) version 2. Atmos. Chem. Phys. 13, 11019–11058 (2013).
 73. Cui, X. et al. Radiative absorption enhancement from coatings on black carbon aerosols. Science of the Total Environment 551–552, 

51–56 (2016).
 74. Yao, L. et al. Sources apportionment of PM2.5 in a background site in the North China Plain. Sci. Total Environ. 541, 590–598 

(2016).
 75. NASA Earth Observatory, https://earthobservatory.nasa.gov/images/91604/2017-was-the-second-hottest-year-on-record (2017).
 76. Luo, J. et al. Sensitivity analysis of morphology on radiative properties of soot aerosols. Optics Express 26(10), 420–432 (2016).
 77. Scarnato, B. V., Vahidinia, S., Richard, D. T. & Kirchstetter, T. W. Effects of internal mixing and aggregate morphology on optical 

properties of black carbon using a discrete dipole approximation model. Atmos. Chem. Phys. 13, 5089–5101 (2013).

Acknowledgements
This work was financially supported by Kutahya Dumlupinar University of Turkey under the Scientific Research 
Program.

Author contributions
N.D. and F.S. organized all experiments and wrote the manuscript. E.S., F.L., U.E., J.Y., J.M. and A.F. performed all 
experiments and characterizations. They have also drawn the figures.

competing interests
The authors declare no competing interests.

https://doi.org/10.1038/s41598-019-57045-y
http://code.google.com/p/ddscat
http://code.google.com/p/ddscat
https://earthobservatory.nasa.gov/images/91604/2017-was-the-second-hottest-year-on-record


1 2Scientific RepoRtS |          (2020) 10:411  | https://doi.org/10.1038/s41598-019-57045-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to N.D. or F.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2020

https://doi.org/10.1038/s41598-019-57045-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Morphological and radiative characteristics of soot aggregates: Experimental and numerical research
	Sampling and Analysis
	Sample collection. 
	Absorbance measurements. 
	Overlapping, necking and coating in the aging period. 
	Discrete dipole approximation (DDA). 

	Results and Discussion
	Conclusions
	Acknowledgements
	Figure 1 The locations of the cities where the soot samples were collected.
	Figure 2 The images of the collected samples.
	Figure 3 (a) Absorbance measurement results for Cases 1, 2, and 3 in the visible to near IR spectrum.
	Figure 4 SEM images of the samples.
	Figure 5 The results of EDX analysis of the samples.
	Figure 6 The XRD phases of samples from Case 1.
	Figure 7 The radiative efficiency factors of Case 1 sample.
	Figure 8 The radiative efficiency factors of Case 2 samples.
	Figure 9 The radiative efficiency factors of Case 3 samples.
	Figure 10 The change trends of calculated and measured absorption results.
	Table 1 The equivalent volume radius (aeff) for all studied cases.




