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ABSTRACT 

COMBUSTION SOOT NANOPARTICLES:  
MECHANISM OF RESTRUCTURING AND MECHANICAL PROPERTIES  

by 
Ali Hasani 

Soot, a product of incomplete combustion of fossil fuels, is a global warming agent. The 

effect of soot particles on climate depends on their morphology. Freshly released soot 

particles are fractal lacey aggregates, but they often appear collapsed in atmospheric 

samples collected away from emission sources. A body of work has concluded that the 

collapse is caused by liquid shells when they form by vapor condensation around soot 

aggregates. However, some recent studies argue that soot remains fractal even when 

engulfed by the shells, collapsing only when the shells evaporate. To reconcile this 

disagreement, the effects of the condensation and evaporation on restructuring are 

separated in this study, by anchoring coated and coated-denuded soot, after condensation 

and condensation-evaporation, respectively. The morphology of the particles collected in 

both ways is characterized by using scanning electron microscopy images. It is shown that 

wetting and non-wetting liquids act differently in soot restructuring. Liquids capable of 

wetting the surface of soot aggregates can induce a significant restructuring by 

condensation. With non-wetting liquids, such as water, it is the evaporation that drives most 

of restructuring and there is almost no restructuring during condensation.  

Fractal soot particles released by combustion are typically hydrophobic, but can 

become hydrophilic after acquiring a coating layer made of hygroscopic atmospheric 

chemicals. To determine if absorption of water vapor by a thin hygroscopic coating can 

result in soot particle compaction at moderate relative humidities, the morphological 



response of soot thinly coated with hygroscopic chemicals is investigated upon 

humidification. Mass-mobility analysis, scanning electron microscopy, and condensation 

models confirm that even under subsaturated conditions capillary condensation of 

hygroscopic chemicals can occur into the junctions between carbon spherules, driven by 

the saturation pressure depression caused by the concave menisci. Furthermore, the 

concave menisci promote absorption of a significant amount of water vapor by the 

condensate at moderate relative humidities, exceeding the amounts achievable for flat and 

convex surfaces. Results imply that exposure of fractal soot particles to subsaturated vapors 

of hygroscopic chemicals in the atmosphere may be an important route towards soot 

compaction even at moderate relative humidities. 

The mechanistic details of soot aggregate restructuring remain poorly understood. 

In this study, atomic force microscopy is used for force-displacement measurements on 

bare, coated, and coated-denuded soot aggregates to determine their mechanical properties. 

The force curve is determined by measuring the deflection of the cantilever as it approaches 

and retracts from the sample. Peaks observed in the distributions of forces for bare soot 

may be related to the processes that occur during aggregate stretching, such as detachments 

between the monomers, unfolding, and breaking of the connection between monomers. 

These forces are significantly affected in the presence of a condensate. These results are 

expected to contribute to the development of physical models for soot restructuring. 

Overall, the findings of this dissertation advance understanding of the processes 

governing the transformations and environmental impacts of soot that will benefit the 

experimental and modeling atmospheric research communities. 
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1 

CHAPTER 1 

INTRODUCTION 

 

1.1  Motivation 

Most of the energy produced for industry and transportation is derived from combustion of 

various carbon-containing fuels. Combustion inefficiencies result in the production of 

pollutants such as soot, which is a potent climate-warming agent, since it contains 

elemental carbon, a highly light absorbing substance (He, 2019). Soot particles are 

morphologically complex, existing as branched-chain aggregates of graphitic monomers, 

which can be arranged in an open (Figure 1.1a) or compact configuration (Figure 1.1b). 

The configuration of soot aggregate has a significant effect on its properties and 

atmospheric lifetime (Slowik et al., 2007). 

 

Figure 1.1  Soot aggregate: (a) open, and (b) compact configuration. 

 

Once emitted to the atmosphere, soot is subjected to several aging processes, 

including oxidation, coagulation, and condensation of gaseous species. Typically, when a 

coating layer forms on the aggregate, the monomers become forced into a closer 

configuration. After acquiring a sufficient coating layer, the aggregate collapses to a 

compact globule (Schnitzler et al., 2017). Restructuring depends on the amount and the 
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properties of the coating material, including the surface tension, viscosity, and 

hygroscopicity (Schnitzler et al., 2017). For instance, hygroscopic coatings uptake water 

vapor and promote restructuring (Khalizov et al., 2009). Also, the distribution of the 

coating material over the aggregate is one of the key factors that control morphological 

changes (Chen et al., 2018). Considering the rate of restructuring, possible scenarios can 

be the instantaneous aggregate restructuring or kinetically slow restructuring when 

compared with the timescale of coating formation by vapor condensation. 

As a major environmental pollutant, negative impacts of soot on air quality, human 

health, and climate warming, both in magnitude and temporal duration, depends strongly 

on the structure of soot nanoparticles (Zhang et al., 2008). Despite the growing body of 

research, the dynamics of restructuring and the factors controlling soot restructuring are 

not well explored and understood. Improved understanding of the mechanism and rate of 

restructuring of combustion soot nanoparticles is crucial to devising effective mitigation 

strategies to reduce uncertainties in climate predictions. 

1.2  Atmospheric Aerosols: Sources and Impacts 
 

Soot is an example of aerosol, which is defined as small liquid or solid particles suspended 

in air. Aerosols can be generated naturally or because of human activities as shown in 

Figure 1.2. Generally, aerosols are divided into two types: primary and secondary. Primary 

aerosols are atmospheric particles that are emitted directly into the atmosphere (Zelenyuk 

& Imre, 2005). For instance, in the form of ash particles or soot, they can be emitted as a 

product of combustion. Sea salt particles produced by breaking waves or dust carried by 

the wind are other examples of primary aerosols. Secondary aerosols are formed in the 

atmosphere by chemical reactions on the primary aerosols, such as the creation of sulfuric 
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acid droplets and sulfate particles from an initial injection of sulfur dioxide gas from 

volcanic eruptions (Lopez-Hilfiker et al., 2014). Aging and transformation of aerosols 

occur as they are transmitted through the atmosphere (Bzdek & Johnston, 2010). Particles 

with larger size are expected to deposit quickly. On the other hand, the atmospheric lifetime 

of the particles smaller than 1 micrometer reaches weeks and so they can be transported 

over oceans and continents (Kolb & Worsnop, 2012). 

 

Figure 1.2  Examples of aerosol generation, aging, transformation, and transport in the 
atmosphere. 
Source:  (Bzdek & Johnston, 2010). 

 

Aerosols have impacts on air quality, human health, and climate. Fine aerosol 

particles (<2.5 μm) act as a considerable air pollutant. Increasing the concentration of 

these particles not only decreases regional visibility, but also is a threat to human health. 

Inhalation of aerosols can exacerbate the impact of gaseous pollutants, such as ozone. In 

comparison with the larger particles, smallest ones are more probable to penetrate in the 
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pulmonary region and diffuse into the bloodstream (Burnett et al., 2014). Also, the gas 

composition of the atmosphere may change by the chemical reactions that occur in the bulk 

of aerosol particles or on their surface. For instance, the conversion of inactive chlorine 

reservoir species to photochemically active species through heterogeneous reactions on 

particle surfaces is the cause for the decrease in the concentration of the stratospheric 

ozone, which serves as a UV shield (Moore et al., 1990). 

 The effect of aerosols on climate includes direct and indirect effects. Their direct 

effect is due to sunlight absorption and scattering. The nature of aerosol, whether it is 

mostly light absorbing or scattering, is quantified using a parameter called single scattering 

albedo (SSA), which is the ratio of the light scattering to the extinction (sum of scattering 

and absorption). A purely scattering particle has an SSA of unity, whereas a strongly 

absorbing particle has an SSA close to zero. Aerosol emitted from most sources, such as 

sea-salt spray, biogenic emissions, and some anthropogenic emissions (e.g., nitrates and 

sulfates), dominantly scatter light and cause cooling. Carbonaceous aerosols like soot 

dominantly absorb light and contribute to the warming of the atmosphere (Liu et al., 2017).   

Considering indirect effect, aerosol particles can act as cloud condensation nuclei 

(CCN) for cloud droplets formation and therefore, indirectly affect climate. The 

introduction of a larger number of aerosols leads to generation of cloud droplets that are 

smaller in size but greater in number. These clouds reflect more light (cloud-albedo effect), 

leading to a cooling of the atmosphere. The ability of aerosol particles to serve as CCN 

depends on various factors such as the particle size, hygroscopicity, chemical composition, 

and the relative humidity (Twohy & Anderson, 2008). 
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Many different types of condensation nuclei are present in the atmosphere. Some 

become wetted at relative humidities (RH) less than 100% and account for the haze that 

impedes visibility. The large condensation nuclei are those that may grow to cloud droplet 

size. As moist air is cooled, the relative humidity approaches 100%. The more hygroscopic 

members of the nucleus population then begin to serve as centers of condensation. By 

continued cooling, supersaturation is produced and is depleted by the condensation on 

nuclei. Supersaturation means the excess of relative humidity over the equilibrium value 

of 100%. Thus, air with a relative humidity of 101.5% has a supersaturation of 1.5%. 

(Supersaturation = RH-100%). In clouds, there are usually enough nuclei present to keep 

the supersaturation from rising above about 1%. It is an important characteristic of the 

atmosphere that there are always condensation nuclei present to provide for cloud 

formation when the relative humidity barely exceeds 100% (Seinfeld & Pandis, 1998). 

A certain minimum supersaturation is needed for a particle to grow by water vapor 

condensation into a cloud droplet. This particle’s critical supersaturation, Sc, depends on 

its dry diameter and its chemical composition. This relationship has been described by 

Köhler theory (Köhler, 1936) based on the thermodynamic equilibrium between the 

aqueous solution droplet and the ambient water vapor, since atmospheric droplets contain 

dissolved compounds. The saturation ratio over an aqueous drop of a given solute 

concentration is defined by the Köhler equation (Equation 1.1) (Seinfeld & Pandis, 1998), 

as a ratio of the water vapor pressure over the droplet, pw(Dp), to the pure water vapor 

pressure over a flat surface, po, at the same temperature: 

ln	(RH) = 	ln 3
𝑝#5𝐷$7
𝑝% 8 = 	

4𝑀#𝜎#
𝑅𝑇𝜌#𝐷$

−	
6𝑖𝑛&𝑀#

𝜋	𝜌#𝐷$'
 (1.1) 
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where Mw is the molecular weight of water, σw is the surface tension of water, R is the 

universal gas constant, T is temperature in Kelvin, ρw is the density of water, Dp is the 

droplet diameter, and ns is the moles of solute. Also, there is an approximation of the Köhler 

equation to describe the dependence of saturation ratio on the size of a solution droplet 

(Equation 1.2).  

$!()"*
$#

= 1 +	+
,
−	 -

,$
               𝑎 = ./!

0!12
																									𝑏 = 	 '34!5

670!4%
 (1.2) 

In this approximate form, a/r is the "curvature term" which expresses the increase in 

saturation ratio over a spherical droplet as compared to a plane surface. The term b/r3 is 

the "solution term" that shows the reduction in vapor pressure due to the presence of a 

dissolved substance. In b, i is the degree of ionic dissociation, and m is the mass of the 

solute, Mw and Ms are molecular weight of the water and solute respectively (Seinfeld & 

Pandis, 1998). In Köhler theory curvature term is counteracted by solution term. So, water 

vapor condensation can occur at a lower saturation ratio into a concave surface (negative 

curvature) with more solute. In the other words, decreasing the "curvature term" and 

increasing "solution term" would result in water vapor condensation at a lower saturation 

ratio.      

1.3  Soot Formation and Morphology 

The knowledge of soot formation helps to understand its morphology and chemical 

structure. Figure 1.3 illustrates a schematic of the transition of gas-phase molecules to soot 

nanoparticles through the chain reactions of resonance-stabilized radicals (RSR) 

(Johansson et al., 2015). These chain reactions of radicals begin with the primary molecules 

like benzene and acetylene, produced from the pyrolysis of the carbon-based fuels. Then, 
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these primary blocks are transformed into polycyclic aromatic hydrocarbons (PAHs) such 

as naphthalene and anthracene. After that, the chain of aromatic rings grows through a fast 

polymerization process by the replacement of hydrogen atoms with hydrocarbons such as 

C2H2 groups. An increase in the number of aromatic rings leads to the formation of the 

monomer spheres, a nucleus of a soot particle with the size of a few nanometers. Through 

additional condensation and coagulation, the monomer grows to reach the size of 10-50 

nm (Johansson et al., 2018). Freshly generated soot monomers have almost spherical shape 

and they coagulate to form fractal chainlike structures (Bento et al., 2006). This coagulation 

leads to formation of an aggregate in which monomers are point-touch connected to each 

other (Figure 1.4a). On the other hand, continued surface growth of the monomers after 

coagulation leads to formation of the soot aggregates in which monomer spheres are 

connected to each other with necks (Figure 1.4b).   
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Figure 1.3  Transition of gas-phase molecules to soot nanoparticles through the chain 
reactions of resonance-stabilized radical (RSR). 
Source:  (Johansson et al., 2015). 

 

  
Figure 1.4  Monomer spheres connected; (a) without neck, (b) with neck. 

 

The morphology (configuration of the monomers within an aggregate) of fresh soot 

aggregates  is quantified using morphological parameters such as fractal dimension (Df) 

and structural coefficient (ka), roundness, convexity, radius of gyration (Rg), volume (V), 

and surface area (As) (China et al., 2015). The fractal dimension shows the morphology of 

aggregate based on mass-length relations, where each particle is represented as an 
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aggregate of same-sized primary spheres (monomers) and follows the fractal scaling law 

(Equation 1.3), in which N is the number of monomers, ka is the prefactor (also called the 

structural coefficient), Rg is the radius of gyration, a is the monomer radius, and Df is the 

fractal dimension. The fractal dimension increases during the restructuring of soot from 

fractal to a collapsed morphology. The fractal dimension of fresh soot aggregates is about 

1.8, but increases to nearly 3 when the aggregate collapses to take a completely compact 

morphology (Sorensen, 2011). The radius of gyration Rg is the root-mean-square distance 

of monomer centers from the aggregate center of mass with position vector 𝒓𝒄 =

	𝟏
𝑵
	∑ (𝒓𝒊)𝑵

𝒊<𝟏  and can be calculated by Equation (1.4), where ri is the position of the center 

of the ith monomer. 

𝑁 = 𝑘+ J
𝑅=
𝑎 K

)&
																																																																							(1.3) 

𝑅=. =
1
𝑁N(𝑟3 − 𝑟>).

?

3<"

																																																														(1.4) 

Convexity (Figure 1.5b) is the ratio of the projected area of the soot aggregate to that of an 

inscribing convex polygon. Roundness (Figure 1.5c) is the ratio of the projected area of a 

soot aggregate to that of the circle with the diameter of the maximum length of the 

aggregate. Fractal soot aggregate has a lower value of roundness and convexity in 

comparison with a compact aggregate (China et al., 2015). 
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Figure 1.5  (a) SEM image of a soot aggregate, (b) Convexity =0.69, (c) Roundness =0.49. 
Source:  (Bhandari et al., 2019). 

 

The surface area As of a population of soot particles can be determined by 

measuring its reactivity with gases. For individual particles, V and As also can be evaluated 

from the diameter and number of monomers. However, the calculation for individual 

particles includes uncertainties such as contact area between monomers, accuracy of 

diameter and number of monomers (DeCarlo et al., 2004). An empirical formula relating 

the number of monomers (Nm) and the projected number of monomers (Nproj) has been 

proposed, where Nm can be corrected for an overlapping factor by Equation (1.5) 

(Chakrabarty et al., 2011; Scarnato et al., 2013). 

𝑁5/𝑁@,%A = 0.46	𝑒B.DE)& 																																																										(1.5) 

In situ characterization of the airborne soot particles has been done using light 

scattering analysis to provide information on the morphology of the aggregates (Sorensen 

et al., 2018; Yon et al., 2018). Alternatively, water-engulfed soot particles can be directly 

injected into water medium for offline light scattering measurements (Ma et al., 2013). 

Light scattered intensity (I) versus wave vector (q) is the most fundamental measurement 

a) b) c)
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for sizing. The magnitude of the wave vector q is an experimental parameter which is 

controlled by the scattering angle (θ) via Equation (1.6), in which 𝜆 is the wavelength of 

light. From the I versus q plot (Figure 1.6), one can in principle determine the aggregate 

radius of gyration (Rg), fractal dimension (Df), and the monomer size (a) (Sorensen, 2001).  

𝑞 = 4𝜋𝜆!" sin(𝜃/2	)	 																																																										(1.6) 

 

 
Figure 1.6  In scattered light intensity I (q) versus 𝑞 = 4𝜋𝜆!" sin(𝜃/2	)	, θ is the scattering 
angle, Rg is the radius of gyration, a is the monomer size, and Df is the fractal dimension 
of the soot aggregate. 
 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM), are other ways to investigate the morphology of soot aggregates (Figure 1.7). 

Electron microscopy methods apply high magnification and high resolution to examine the 

collected particles, determine important details of their morphology and internal structure, 

and measure the real sizes of the agglomerates and monomers (Liati et al., 2014). As for a 

recent study on the impact of sampling medium on particle morphology, by collecting soot 

aggregates on silicon chips, it was possible to fix their morphology, even after coating 

evaporation (Chen et al., 2017). Knowing this fact, coated soot aggregates can be collected 

on silicon chips, and after coating evaporation, morphology of the coated soot aggregates 

can be characterized through electron microscopy. 
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Figure 1.7  SEM images of 240 nm soot: (a) fractal, and (b) compact, after exposing to 
diethyl adipate. SEM imaging has been done at York center, New Jersey Institute of 
Technology. 
 
 

Mass-mobility measurements: The differential mobility analyzer (DMA) 

continuously separates soot particles according to their migration velocities in an electric 

field with high resolution. The mobility can be related to particle size. Combined with a 

continuous-flow condensation particle counter (CPC), the DMA enables differential size 

distribution measurements (DeCarlo et al., 2004). The aerosol particle mass analyzer 

(APM) is an instrument to measure single aerosol particle mass based on the balance of 

centrifugal force and electrostatic force (Ehara et al., 1996). The APM is commonly 

operated with a DMA for the size-specific particle mass measurement with nearly real time 

resolution (McMurry et al., 2002). 

Effective density from mass-mobility measurements: A common definition of 

effective density is the ratio of the measured particle mass to the particle volume calculated 

assuming a spherical particle with a diameter equal to the measured. The required 

parameters, mass, and diameter are obtained from a mass-mobility measurement. For 

instance, the DMA–APM setup can be used to perform this measurement. A DMA selects 

particles of a certain electrical mobility followed by downstream scanning of mass with an 

APM (McMurry et al., 2002).  
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Mass-mobility scaling exponent: by measuring the particle mobility diameter dp, 

and mass m, over a range of mobility sizes, a power law relationship can be used to extract 

the mass-mobility scaling exponent Dm, which contains shape information of the aerosol 

population (Equation 1.7) (McMurry et al., 2002; Park et al., 2003).  

𝑚 ∝ 𝑑$
)' (1.7) 

1.4  Atmospheric Aging of Soot 

As emitted into the atmosphere, soot particles are typically hydrophobic aggregates. During 

transport, soot undergoes various aging processes such as oxidation, coagulation with other 

aerosols, and condensation of gaseous species, resulting in changes in its morphology 

(particle size and shape) and properties (hydrophilicity, light absorption and scattering) 

(Koehler et al., 2009; Swarup et al., 2015). The hydrophilicity of soot particles can be 

enhanced with aging processes such as condensation of gaseous oxidized organics and 

H2SO4, or oxidation by OH, O3, and HNO3 (Zuberi et al., 2005). Hydrophilic soot particles 

can act as CCN at atmospherically relevant supersaturation conditions (Koehler et al., 

2009). 

The irregular geometry and complex microstructure of soot aggregates may provide 

active sites for deposition and condensation of water and other chemical species. These 

chemicals come from photochemical oxidation of volatile compounds, which leads to 

formation of low-volatility products. For example, pinonic acids have been suggested as 

important products from α-pinene reaction with ozone (Zhang & Zhang, 2005). Then these 

products absorb and deposit on the soot aggregate to form coating (Khalizov et al., 2009; 

Ma et al., 2013). The coating distribution over aggregate is mostly controlled by vapor 
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supersaturation of the condensing chemical that can be a uniform coating (for low volatile 

chemicals or high supersaturation) or between junctions of the spheres (for intermediate 

volatility chemicals or low supersaturation) (Figure 1.8) (Chen et al., 2018). 

 

Figure 1.8  The coating distribution over aggregate can be (a) uniform coating or  
(b) between junctions of the spheres. 

 

Usually, freshly generated soot is externally mixed with other aerosol particles. The 

term ‘external mixture’ indicates that soot aggregates individually and separately exist in 

a group of different airborne particles (Figure 1.9a). On the other hand, during aging, soot 

aggregates go thorough interaction with other inorganic and organic materials, in which 

through condensation or coagulation processes, internally mixed particles are formed. 

‘Internal mixture’ is the mixing of two or more different kinds of aerosol materials in the 

same particle (Figure 1.9b). Considering the internally mixed, soot particles can be fully or 

partially coated with condensing materials. Also, they may be attached to the surface of 

other particles that coagulated with, or part of the soot particles penetrate inside the host 

material (Cheng et al., 2014). 

 

a) b)
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Figure 1.9  (a) external mixture, (b) internal mixture of soot (fractal black particles) with 
other aerosol materials. 
Source:  (Bhandari et al., 2019). 

 

The optical properties of compact soot differ from the fractal soot. Based on 

laboratory experiments, when fractal soot collapses to a compact morphology it has ~5% 

higher absorption and ~100% higher scattering (Radney et al., 2014). Also, soot absorbs 

more light in association with other nonabsorbing aerosol compounds (e.g., sulfate). Figure 

1.10b illustrates how internally mixed soot particles look in atmospheric samples. 

However, in climate models, such particles are considered in a simplified way, as a volume 

or mass equivalent core-shell configuration (Figure 1.10a). In the core-shell models, the 

soot core is placed at the center and the outer coating material acts as a “lens” refracting 

the light inward (Scarnato et al., 2013). Studies have shown that the “lensing” effect, 

caused by coating, enhances light absorption by the soot core, even with a completely non-

absorbing coating material. Consequently, the warming effect by aged soot almost balances 

the net cooling effect of other anthropogenic aerosols. The absorption of solar radiation by 

internally mixed soot aerosols leads to warming in the middle atmosphere and reduces 

clouds over the tropics (Kahnert et al., 2014; Zhao & Ma, 2009). 
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Figure 1.10  Schematic representation of (a) Core-shell model for a thickly coated soot 
and (b) surface-attached soot. 
Source:  (Kahnert et al., 2014). 

1.5  The Mechanism of Soot Restructuring 

The environmental impacts of soot considerably depend on its morphology and mixing 

state (mutual arrangement between the aggregate and its coating layer). For instance, the 

atmospheric lifetime is longer for open aggregates, because they experience a larger drag 

than compact particles. Also, compact aggregates scatter solar radiation more than open 

aggregates, resulting in reducing the effect of global warming. This significant effect of 

morphology on soot properties and atmospheric transformation has led to a growing body 

of research to figure out the changes in morphology of soot nanoparticles throughout 

atmospheric transformations (Liu et al., 2017). 

The irregular geometry of the soot particles can be active sites for deposition of 

water and other chemical species. Fractal soot aggregates (Figure 1.7a) may collapse under 

the impact of the coating (deposited compounds) and restructure to a less fractal, more 

compact morphology (Figure 1.7b). Soot particles restructure due to surface tension of the 

condensate either during condensation (Schnitzler et al., 2017; Tritscher et al., 2011) or 

evaporation (Ebert et al., 2002; Ma et al., 2013). There exist strong claims that it is 

evaporation and not condensation that induces restructuring (Ebert et al., 2002; Ma et al., 
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2013). Restructuring depends on several factors, including the amount and also the 

properties of the coating material, such as hygroscopicity. For instance, it has been reported 

that absorption of water vapor by hygroscopic coatings promotes restructuring (Khalizov 

et al., 2009). Also, the distribution of the coating material over the aggregate is considered 

as a key factor controlling morphological changes (Chen et al., 2018; Chen et al., 2016). 

Soot restructuring can result from the capillary condensation, uniform 

condensation, or encapsulation of the soot aggregate. Capillary condensation, filling of 

cavities in the contact region of the primary spherules with condensate, occurs below 

saturation vapor pressure due to the Kelvin effect in which the vapor pressure above the 

concave surface is less than saturated vapor pressure. The contact angle ‘𝜑’, (Figure 1.11a) 

depends on the liquid coating chemical and the surface of the soot. Usually, a liquid with 

smaller surface tension is expected to have a smaller contact angle. The liquid phase 

facilitates the sliding of the primary spherules in the contact region. Considering a wetting 

liquid, the molecules creep along the surface, so the contact between spherules surfaces is 

replaced by liquid-liquid contact (Figure 1.11b). The capillary force in the cavities will 

exert torque on the primary spherules and cause them to rotate with respect to each other. 

This rotation will lead to compaction of a soot aggregate (Ma et al., 2013). Through this 

process, restructuring of the aggregates occurs. Going beyond capillary condensation, 

when the menisci grow very large to uniformly coat the aggregate, overlapping takes place 

at certain orientations of the primary spherules. Then an additional force, resulting from 

the surface tension of the liquid bridges, brings the primary spherules into a closer 

configuration so as to minimize the surface of the liquid phase (Kütz & Schmidt-Ott, 1992).  
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If supersaturation is high enough, liquid condensate forms a droplet encapsulating 

the soot aggregate. When the soot aggregate is immersed in liquid, sliding of the primary 

spherules is further promoted. When the vapor pressure of the coating liquid is decreased, 

evaporation occurs, the droplet shrinks, leading to soot restructuring (Figure 1.11c). This 

effect is expected to be related to the surface tension of the liquid (Kütz & Schmidt-Ott, 

1992). 

 

Figure 1.11 Different mixing state of soot aggregate and coating material. 
Source:  (Kütz & Schmidt-Ott, 1992). 

 

As mentioned before, in some soot aggregates monomer spheres are connected to 

each other with carbon necks (Figure 1.12) (Doner et al., 2017). However, the effect of 

these necks on restructuring of soot aggregates is unexplored. These necks can hinder 

restructuring of the aggregate in two ways. First, the presence of these necks can limit 

capillary condensation, because cavities in the contact region of the primary spherules is 

occupied with necks. Second, even in the case of soot encapsulation, the parts of the 

𝜑
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aggregate with necks do not restructure, since spherules are connected with necks, which 

are stronger than point-touch connections.  

 

 

Figure 1.12 TEM image of a soot aggregate. An example of neck between monomers is 
marked. 
Source:  (Doner et al., 2017). 
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GOAL / OBJECTIVES 

The major goal of this project is to elucidate and quantify the factors that control 

restructuring of combustion soot nanoparticles. Accordingly, several scientific questions 

will be answered by this dissertation: 

• Is it condensation or evaporation of the coating material that triggers soot 
restructuring? 
 

• How does subsaturated and supersaturated water vapor affect restructuring of the 
coated soot aggregates? 
 

• How do interaction forces between the monomers in soot aggregate change when it 
is thinly/thickly coated or compact?  

 

Major objectives of this project are:  

1- Investigate soot aggregate restructuring upon exposure to intermediate volatility 
chemicals, to determine the extent of restructuring caused by capillary 
condensation in subsaturated vapor and relative roles of vapor condensation and 
coating evaporation on restructuring.  
 

2- Investigate interaction of thinly coated soot particles with water vapor and 
determine the role of the subsaturated and supersaturated water vapor on 
restructuring of coated soot aggregates. 
 

3- Measure force-displacement curves for soot aggregates subjected to different 
processing: bare fractal, thinly coated fractal, thickly coated, and bare compact to 
quantify the interaction forces between the monomers in bare, coated, and coated-
denuded soot aggregates. 
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CHAPTER 2 

METHODOLOGY 

 

2.1  Aerosol Generation and Processing 

Figure 2.1 shows a schematic of the system for aerosol generation, processing, and 

analysis. Soot particles were generated in an inverted diffusion burner by combustion of 

natural gas. Generated soot particles were sampled from the burner using an ejector dilutor, 

with particle-free air preheated to 150 °C to avoid water condensation. Also, in some 

experiments, an atomizer was used to generate spherical particles of polystyrene latex or 

ammonium sulfate. Diluted sample flow was dried in a diffusion dryer filled with silica gel 

followed by a Nafion dryer (Perma Pure, PD-07018T-24MSS), which were connected in 

series, lead to a relative humidity (RH) below 5%, as measured by a Vaisala HMM100 

sensor. Before processing, soot particles are brought to an equilibrium charge distribution 

in a bipolar diffusion charger (Po-210, 400 μCi, NRD Staticmaster) and size classified in 

a differential mobility analyzer (DMA, TSI 3081). DMA is used to select particles of a 

specific size from a broad distribution (10-700 nm). It is operated at a 0.3 lpm sample flow 

and a sheath-to-sample flow ratio of 10. The size-classified soot particles are sent through 

a Pyrex saturator chamber, partly filled with liquid coating material (∼20 mL) and 

maintained at a constant temperature by a proportional–integral–derivative (PID) 

controller.  

After the chamber, temperature decreases and the sample flow cools down as traveling 

along the stainless-steel tubing, leading to condensation of supersaturated vapor, not only 

on the particles, but also on the tubing wall. If needed, the coating can be removed from 
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the particles by sending the sample flow through a thermal denuder (TD) maintained at 300 

°C. Additionally, particles are collected electrostatically on silicon chips and lacy grids for 

SEM and TEM imaging, respectively.  

 

 
Figure 2.1  Schematic of the system for aerosol generation, processing and analysis. 

 

2.2  Mass-Mobility Analysis 

The electrical mobility diameter (dm) is the diameter of a sphere with the same migration 

velocity in a constant electric field as the particle of interest (DeCarlo et al., 2004). 

Instruments such as the DMA measure dm. This measurement is obtained via a force 

balance between the electrical force of a constant electric field on the net charges on the 

particle and the drag force experienced by the particle (Barone et al., 2003). Accordingly, 

the electrical mobility (Zp) of a particle is defined as the ratio of the constant limiting 

velocity (𝑣) a charged particle will reach in a uniform electric field to the magnitude of this 

field (E), 𝑣 = 	𝑍$𝐸. The electrical mobility depends mainly on the particle size (mobility 

diameter) and electrical charge. The smaller the particle and/or the higher the electrical 

charge the higher is the electrical mobility. The electrical mobility is in general given in 

dependence of the particle mobility diameter dm by Equation (2.1), in which n is the number 

of charges on the particle, e is the elementary unit of charge, Cc is the Cunningham slip 
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correction, which is size dependent, a correction to the friction for particles between the 

continuum and free molecular regime, and 𝜂 is the gas viscosity.  

𝑍$	 =	
𝑛𝑒𝐶>(𝑑5)
3𝜋𝜂𝑑5

																																																																		(2.1) 

 

Mobility diameter and absolute mass of the particles are measured using a system 

comprising a DMA, an aerosol particle mass analyzer (APM, Kanomax 3601), and a 

condensation particle counter (CPC, TSI 3772). The voltage of the first DMA is maintained 

constant to select particles of a certain mobility diameter. Then, the size-classified particles 

are processed (coated or coated/denuded), as mentioned above. After that, the second DMA 

is used to scan the mobility diameter of processed particles. In order to measure bare or 

processed particle mass, sample flow is sent to the APM. In APM mass of the particle is 

obtained based on the balance between centrifugal force and electrostatic force by Equation 

(2.2), in which m is the particle mass, r is particle location relative to axis of rotation, 𝜔 is 

the APM angular speed, q is the particles charge, V is the applied voltage, and r1,r2 are radii 

of inner and outer electrodes.  

𝑚𝑟𝜔. = 	𝑞
𝑉

𝑟𝑙𝑛(𝑟.𝑟"
)
																																																														(2.2) 

To get mobility and mass distribution, voltage is scanned in the second DMA and 

APM, respectively, and the particle concentration at the exit of either is measured using 

CPC. Gfd and Gfm are used to describe relative changes in particle size and mass. Gfd = 

dprocessed/dinitial and Gfm = mprocessed/minitial, in which d is the particle mobility diameter and 

m is the particle mass. The subscripts “initial” and “processed” refer to the particles before 

and after processing (coated or coated/denuded). 
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2.3  Electron Microscopy Analysis 

In the experiments, airborne particles (240 nm mobility diameter) were collected on silicon 

chips or lacy grids, using a custom-built electrostatic sampler (Chen et al., 2017; Dixkens 

& Fissan, 1999). Prior to particle collection, the surface of the silicon chips was washed 

and dried using methanol in an ultrasound bath and nitrogen gas, respectively. Then, 

cleaned silicon chips were placed in the electrostatic sampler, in which by applying high 

voltage 3-4 kV, airborne particles were collected on the surface of the silicon. The 

morphology of the collected particles was then characterized using scanning electron 

microscopy (SEM) (JSM-7900F) or transmission electron microscopy (TEM) images 

(JEM-F200), at York center, New Jersey Institute of Technology. 

2.4  Atomic Force Microscopy Analysis 

Atomic force microscopy (AFM) is a high-resolution type of scanning probe microscopy 

(SPM), offering the possibility to explore different kinds of surface properties (Miyahara 

et al., 1999). The AFM consists of a cantilever with a sharp tip (probe) that is used to scan 

the surface of the sample of study. During this process, the cantilever senses the interaction 

forces existing between the probe and the sample, that depending on the situation can be 

mechanical contact forces, van der Waals, electrostatic forces, etc., leading to a deflection 

of the cantilever. During this “contact” of the cantilever with the sample, the cantilever 

bends upwards while a certain force is applied to the sample. Typically, this deflection is 

measured using a laser spot reflected from the top surface of the cantilever into an array of 

photodiodes, and it is transformed into an electric signal, which is processed and delivered 

as topographic information of the sample point where the tip is placed. Since the system 
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has the ability to scan the surface, a topographic image of all the scanned area is obtained. 

A simplified AFM schematic is depicted in Figure 2.2. 

 
Figure 2.2  Schematics of an AFM. The sample is mounted on a piezo stage that allows 
movement on the X, Y and Z coordinates. 

 

AFM not only is used to image sample topographies, but also is often employed to 

measure nanomechanical properties of surfaces as well. Force-displacement measurements 

is a straightforward and reliable technique to quantitatively study nanomechanical 

properties such as Young’s modulus and adhesion force on a variety of samples (Ramirez-

Aguilar et al., 1999; Rong et al., 2004). Figure 2.3 is a typical force-displacement curve 

recorded as the AFM tip approaches (gray line) and retracts (black line) from an aggregate-

coated silicon substrate (Rong et al., 2004). The light gray curve represents the force acting 

on the tip as it moves toward the substrate surface (step 1), at the contact point (step 2), 

and while it is indented into the sample (step 3). The black line is the force acting on the 

tip as it moves away from the surface (step 4).  
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Figure 2.3  A typical force vs displacement curve recorded as the AFM tip approaches 
(gray line) and retracts (black line) from an aggregate-coated silicon substrate. The light 
gray curve represents the force acting on the tip as it moves toward the substrate surface 
(step 1), at the contact point (step 2), and while it is indented into the sample (step 3). The 
black line is the force acting on the tip as it moves away from the surface (step 4). 
  
 

In this study, Bruker’s Dimension Icon AFM at York center, New Jersey Institute 

of Technology, was used for ultrasensitive force detection to quantify the mechanical 

properties of the soot aggregates. Soot (240 nm mobility diameter) was collected on silicon 

substrate using electrostatic deposition. Then, AFM was used to do force-distance 

measurements.  
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CHAPTER 3 

RESTRUCTURING OF SOOT UPON EXPOSURE TO INTERMEDIATE 
VOLATILITY CHEMICALS 

 

3.1  Restructuring Caused by Capillary Condensation in Subsaturated Vapor 

Major motivation of this study comes from the previous project of our research group 

(Chen et al., 2018), where soot particles of known size were exposed to vapors of different 

chemicals. Based on the size and mass measurements, all the coatings fall into two distinct 

groups based on their restructuring ability (Figure 3.1). For the chemicals in the red group, 

soot aggregates shrink gradually with an increase in coating mass. On the other hand, 

chemicals in blue group, induced a complete restructuring with a mass fraction as low as 

∼5%. In fact, these two groups have different volatilities. Chemicals in the blue group have 

intermediate volatility, such as triethylene glycol with vapor pressure of 0.18 Pa at 298 K, 

and chemicals in the red group are low volatile such as sulfuric acid with vapor pressure of 

3.87×10-7 Pa. Two condensation mechanisms have been proposed; uniform condensation 

of the low volatile coatings, resulting in gradual restructuring, and condensation of the 

intermediate volatile coatings in small angle cavities of the soot aggregate (capillary 

condensation), that is more effective in restructuring for comparable coating mass. A 

complete restructuring with a mass fraction as low as ∼5% raised the question of whether 

it is possible that coating is lost before mass/size measurements for the case of blue group 

which are more volatile, leading to mass of the coating underestimated. To answer this 

question, a study was performed using chemicals of blue group as condensable vapor on 

the soot aggregates. 
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Figure 3.1  Morphological changes occurring in soot aggregates that were exposed to 
condensable vapors of different chemicals and then denuded. 
Source:  (Chen et al., 2018). 

 

As described in Chapter 2, soot particles size selected by DMA1 were exposed to 

various levels of vapor supersaturation, which can be changed by the temperature of the 

chamber. After leaving the chamber, flow temperature decreases, and condensation occurs 

on particles. Then changes in size and mass of the particles were measured. Considering 

the position of our sizing instrument, DMA2, which was far from the coating chamber, and 

because of the sheath flow in DMA, particles might lose coatings by evaporation. So, to 

measure the size of the particles before reaching our typical sizing instrument (DMA2), we 

built a small electrostatic classifier (EC) (Figure 3.2) that was easy to move, can be placed 

at certain distances from the coating chamber to measure the size of the particles (Figure 

3.3). The EC works based on the principle similar to DMA, but unlike DMA, there was no 

sheath flow in EC to cause evaporation of the coatings. The EC is connected to high 

voltage, and based on the electrical mobility of the particles, they passed through or become 
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collected on the rod, with the applied voltage proportional to the diameter of classified 

particles. 

 

 
Figure 3.2  Schematic of the EC (left), real EC (right).   

 

 

 
Figure 3.3  Schematic of the system for aerosol generation, processing and analysis + 
Electrostatic classifier. 

 

To use the EC, the relationship between applied voltage and mobility diameter of 

particles must be known. Accordingly, we used particles of known size to determine the 

voltage corresponding to a certain transmission efficiency. We used 50% collection 

efficiency (Figure 3.4a). The derived plot was used to determine the diameter of the 

particles which have 50% collection at a specific voltage (Figure 3.4b). 
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Figure 3.4  (a) collection efficiency vs voltage for particles of known size, and  
(b) calibration plot to determine the diameter of the particles which have 50% collection at 
a specific voltage. 

 

Soot particles were sent to the coating chamber, including triethylene glycol (TEG), 

one of the chemicals of the blue group which has intermediate volatility. By increasing the 

temperature of the coating chamber, the amount of condensate increased, resulted in 

particle growth. This growth was measured by our sizing tools, EC which was placed after 

the coating chamber and DMA2 which was far away. The growth factor by diameter versus 

temperature of the coating chamber is plotted in Figure 3.5 for both EC and DMA2 

measurements. As shown in this plot it is obvious that the amount of the condensate was 

underestimated by our research group for the intermediate volatility chemicals (Chen et al., 

2018). The EC, which was after the coating chamber, showed size increase owing to growth 

and encapsulation, while DMA2 showed compact aggregate because of evaporation of the 

condensate before reaching DMA2. 
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Figure 3.5  The growth factor by diameter versus temperature of the coating chamber 
including TEG. 

 

As shown in Figure 3.6, using fractal soot (240 nm) and its volume equivalent 

spherical particles (150 nm PSL, has the same volume as a 240 nm fractal particle) near 

room temperature, there is not any growth for spherical particles. Because of the Kelvin 

effect, the vapor pressure of the convex surface of droplet is greater than saturated vapor 

pressure of TEG. So, there is no condensation and growth. On the other hand, for fractal 

particles there is capillary condensation between the junctions of the monomers because 

the vapor pressure above the concave surface is less than saturated vapor pressure. This 

capillary condensation leads to partial restructuring, which can be seen better by zooming 

in to relative growth in diameter near room temperature (see inset). At room temperature 

the size of the spherical particle does not change, but there is soot shrinkage that increases 

by increasing the temperature. Both EC and DMA2 measurements show similar shrinkage 

for soot aggregate, implying that there is not any growth and encapsulation near room 

𝐺𝑓𝑑 = 	
𝑑
𝑑𝑜

𝐶ℎ𝑎𝑚𝑏𝑒𝑟	𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝐶𝑜 	
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temperature. So, restructuring occurs as a result of the capillary condensation. Increasing 

the temperature leads to higher supersaturation, and condensation can encapsulate the 

entire aggregate and grow the droplet to large sizes. When soot aggregate gets fully 

encapsulated, it behaves as its volume equivalent spherical particle, and points for fractal 

and spherical particles merge. 

 

 
Figure 3.6  Soot restructuring caused by capillary condensation in subsaturated vapor of 
TEG and particles encapsulation in higher supersaturations. 

 

3.2  Separating Restructuring Caused by Condensation and Evaporation 

Studies have shown that fractal aggregates restructure and become compact due to the 

presence of liquid coatings acquired via condensation (Pagels et al., 2009; Schnitzler et al., 

2014). On the other hand, the results of the study by Ma et al. (2013) showed that 

restructuring occurred only during droplet evaporation for water-coated aggregates. A 
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recent study by Bhandari et al. (2019) on cloud-processed soot aerosol also implied the 

occurrence of aggregate restructuring only after water evaporation, not during 

condensation. Based on the current literature, the relative roles of condensation and 

evaporation on aggregate restructuring are still not well established. So far, the conclusions 

made are due to the use of different types of soot, condensing vapors, saturation conditions, 

and processing methods. Because soot particles in the atmosphere can undergo both vapor 

condensation and evaporation, it is important to understand how each of these two 

processes affects the evolution of soot structure for better quantification of its 

environmental impacts. 

We present the experimental measurements, elucidating the effect of condensation 

and evaporation on aggregate restructuring for a single type of soot exposed to water, a 

nonwetting liquid, and wetting liquids. To separate the role of the condensation and 

evaporation on soot restructuring, one must compare the structure of soot aggregates within 

droplet and after droplet evaporation. This can be achieved by measuring angular scattering 

of airborne aggregates or aggregates transferred into bulk liquid (Ma et al., 2013). We used 

a different approach, which is based on anchoring soot aggregates on a flat surface. In a 

recent study on the impact of sampling medium on particle morphology, by collecting soot 

aggregates on a flat surface like silicon chips, it was possible to anchor them (Chen et al., 

2017) (Figure 3.7). Accordingly, in some of our experiments the coated soot particles were 

anchored by collecting them on silicon chips, before the particles could lose any coating 

material (1-2-5). In other experiments soot particles were allowed to lose all of the coating 

while airborne and only then they were collected on chips (1-2-3-6). The morphology of 

the particles collected in both ways was characterized based on convexity determined from 
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SEM images (Bhandari et al., 2019; China et al., 2013). Figure 3.7 includes scanning 

electron microscopy images of untreated fractal aggregates (7) and aggregates that were 

encapsulated and then lost their condensate while airborne (9) or after anchoring on silicon 

wafers (8). Morphology is characterized using convexity calculate from images. 

 

 

Figure 3.7  Separating the effect of the condensation and evaporation on soot restructuring 
by anchoring the aggregates on silicon wafers while encapsulated. Scanning electron 
microscopy images of untreated fractal aggregates, anchored aggregates while 
encapsulated and aggregates that lost their condensate while airborne. 

 

Like in the previous section, to obtain coated particles, size-classified soot aerosol 

was passed through a saturator partially filled with a wetting liquid, triethylene glycol 

(TEG) and a non-wetting liquid, water. The temperature of the saturator was varied from 

ambient (~24 °C) to 60 °C to control psat. Upon exiting the saturator, vapor condensed on 

the soot particles and the change in particle mobility diameter was measured by EC after 
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droplet formation by condensation and then after droplet evaporation. The results of our 

particle size measurements immediately after encapsulation of soot aggregates and after 

coating evaporation are expressed in terms of diameter growth factor (Figure 3.8). The 

convexity of the aggregates was calculated using SEM images of the particles collected 

after condensation and then after evaporation (Figure 3.9).  

With non-wetting water, particle size measurements (Figure 3.8a) show neither 

growth nor shrinkage of the soot aggregates by increasing the temperature of the saturator 

from ambient to 50 °C, because soot is hydrophobic and cannot be activated in low 

supersaturation (Ma et al., 2013; Zuberi et al., 2005). At 60 °C, measurement after 

condensation shows soot activation up to growth factor of 3.96. Growth factor after coating 

evaporation decreases to 0.8 due to restructuring of the soot aggregate. Since for an 

uncoated aggregate, particle mobility is unchanged (growth factor =1), a decrease in the 

particle mobility diameter is due to restructuring of the soot and an increase is due to 

addition of condensed coating (Enekwizu et al., 2021).  

Figure 3.9a compares convexities of the soot particles that lost coating while 

anchored vs airborne. With non-wetting water, convexity of the airborne particles does not 

change (0.53) until 60 °C. A sharp increase in convexity of the airborne particles to 0.87 at 

60 °C reveals that soot restructures by evaporation of the water (Ma et al., 2013), during 

shrinking of the evaporating droplet. However, convexity of the anchored soot does not 

change even after encapsulation at 60 °C, showing that soot remains fractal after water 

vapor condensation (0.53 is the convexity of the fractal aggregate). This happens because 

even when a droplet forms, water does not penetrate between the monomers in the soot 

aggregate and those gaps remain empty (Figure 3.10a). Since soot is hydrophobic and 
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fractal, it can be considered as a superhydrophobic surface for water with a large contact 

angle (>150°) (Onda et al., 1996). Molecular dynamics simulations show that holding 

water inside a 1.5 nm slit graphite pore requires 3500 atm pressure (Pršlja et al., 2019), 

which is much higher than the 1.4 atm Laplace pressure for a ~ 1 µm water droplet in our 

experiments.  

For TEG, both EC and DMA measurements yield similar growth factor for soot at 

low saturator temperatures (T ≤ 30 °C) but diverge for temperatures above 30 °C (Figure 

3.8b). With the condensation curve, the saturator temperature increase above 30 °C causes 

a rapid growth to 4.1 at 60 °C, indicating the addition of a significant amount of condensate 

on the soot aggregates. With the condensation-evaporation curve, growth factor starts at 

0.98 at ambient temperature, passes through a minimum (0.86) at 40 °C.  

 

Figure 3.8  Bare soot aggregates subjected to a condensation-evaporation cycle with  
(a) water and (b) triethylene glycol: Particle growth factor measured immediately after 
encapsulation of airborne soot aggregates (yellow) and after coating shell evaporation 
(red). 

 

Figure 3.9b shows that by increasing the supersaturation, convexity of the anchored 

soot increases from 0.53 to 0.73 at 30 °C, showing partial restructuring of the aggregates. 
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This happens because TEG is a wetting liquid, and its condensation occurs in junctions 

between the monomers and causes some restructuring (Enekwizu et al., 2021). At higher 

supersaturations (T ≥ 30 °C), the amount of condensate increases, and soot becomes 

encapsulated, causing more restructuring and convexity increases to 0.74. Considering soot 

particles that lost condensate while airborne, up to 30 °C, coating evaporation slightly 

increases convexity to 0.75. However, at higher supersaturations, evaporation of the 

coating causes full restructuring of soot, increasing the convexity to 0.88 (Figure 3.10b).  

 

 

Figure 3.9  Bare soot aggregates subjected to a condensation-evaporation cycle with  
(a) water vapor and (b) triethylene glycol (TEG). Convexity corresponds to encapsulated 
soot aggregates that lost their condensate either while airborne or after anchoring on silicon 
wafers.  

 

 

Figure 3.10  Soot aggregates restructuring by non-wetting and wetting liquids.  
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To conclude this chapter, wetting and non-wetting liquids act differently in soot 

restructuring. For the liquids capable of wetting the surface of soot aggregates, minor 

restructuring begins already during capillary condensation and significant restructuring 

occurs as the coating volume increases. With non-wetting liquids, such as water, it is the 

evaporation that drives most of restructuring and there is almost no restructuring during 

condensation. 
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CHAPTER 4 

INTERACTION OF THINLY COATED SOOT PARTICLES WITH WATER 
VAPOR 

 

4.1  Subsaturated Water Vapor 

In this project, the role of the subsaturated water vapor in restructuring of lightly coated 

(<10% by mass) soot particles was investigated. Because soot particles are hydrophobic 

and require high water supersaturations to be activated, they typically exhibit little 

structural or morphological difference between dry and saturated relative humidity (RH) 

conditions. However, hydrophilic soot particles produced by condensation of water-soluble 

compounds, takeup water at elevated relative humidity (10-85%) and their total volume 

increases sufficiently (e.g., by a factor of 2-4) to promote restructuring and collapse into 

globules (Zhang et al., 2008). Previously the effect of relative humidity on restructuring of 

soot coated with different chemicals such as sulfuric acid, dicarboxylic acids, and 

ammonium nitrate has been shown (Khalizov et al., 2009; Xue et al., 2009; Yuan et al., 

2020). In a recent field study it has been found that the morphological restructuring of the 

soot aggregates is associated with coating and relative humidity (Xu et al., 2020). Most 

recent study has suggested that high relative humidity contributes to a thicker coating of 

nitrate on black carbon particles, resulting in restructuring and optical properties 

enhancement (Zhou et al., 2022). So far, studies on the effect of humidity on the 

restructuring behavior of coated soot have been done with thickly coated soot (Khalizov et 

al., 2009; Xue et al., 2009; Yuan et al., 2020).  

In the atmosphere, soot is subject to aging through the condensation of different 

chemicals (China et al., 2015). Condensate (coating) can be distributed uniformly over the 
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monomer spheres comprising the aggregate or instead reside in junctions between the 

monomers, depending on the vapor supersaturation (Equation 4.1) of the condensing 

chemicals. At high supersaturations, vapor condenses uniformly over aggregates, including 

convex monomers and concave junctions in between monomers, but with low 

supersaturations, junctions become preferred. (Chen et al., 2018; Ivanova et al., 2020).  

					𝜁 = J
𝑃
𝑃&+G

K − 1																																																																				(4.1) 

Our motivation was to investigate the restructuring of soot aggregates primed with 

a small amount of water-soluble material delivered by capillary condensation at 𝜁 < 0 and 

then exposed to an increased relative humidity. We were motivated by field and cloud 

chamber observations of compact but uncoated soot particles (Bhandari et al., 2019). In the 

field studies (China et al., 2015), soot compaction has been attributed to cloud activation 

of soot aggregates followed by droplet evaporation (Ma et al., 2013). However, our 

hypothesis is that even without cloud activation, soot lightly coated with hygroscopic 

chemicals may become compact upon moderate humidification (10-85% RH). In the 

experiments, we first applied light coats of hygroscopic chemicals on soot, using capillary 

condensation. The amount of condensate was less than 2-3% by mass. Then we quantified 

the change in morphology of the coated soot aggregates after exposure to elevated relative 

humidity (10-85%). 

Aerosol Coating and Humidification Experiments 

Size classified particles (240 nm mobility diameter) were passed through a reservoir partly 

filled with a coating material (Figure 3.3). The reservoir was maintained at room 

temperature (24°C) to have thinly coated soot aggregates. The coating materials used in 
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our experiments and their properties are listed in Table 4.1. After passing soot particles 

through a Nafion humidifier, by using hygroscopicity tandem differential mobility analyzer 

(H-TDMA), we determined the mobility diameter of the coated soot aggregates before and 

after exposure to elevated relative humidity (10-85%). Changes in particle size are reported 

in terms of diameter growth factor. The relative error in the H-TDMA measurements was 

less than 1%.  

Table 4.1  Properties of the Coatings 

Coating material Acronym CAS # Mwa, g mol-1 ρb, g cm-3 

Triethylene glycol TEG 112-27-6 150.17 1.12 

Triethylene glycol 
monobutyl ether TEGMBE 143-22-6 206.28 0.99 

Ammonium nitrate AN 6484-52-2 80.04 1.72 

Glutaric acid GA 110-94-1 132.12 1.3 

Sulfuric acid 
(H2SO4, 78 wt %) SA 7664-93-9 98.08 1.60 

   

Table 4.1 Properties of the Coatings 

Coating material Psatc at 25 °C, Pa 𝜸 d, mN m-1 Ke, nm Gfvf 

Triethylene glycol 0.18 46.5 5.0 1.6 

Triethylene glycol 
monobutyl ether 0.33 31.4 5.3 1.6 

Ammonium nitrate 1.33 × 10-3 72 2.7 4.0 

Glutaric acid 6.7 × 10-4 50 4.5 2.0 

Sulfuric acid 
(H2SO4, 78 wt %) 3.16 × 10-6 73 3.6 4.1 

References to (a) molecular weight, (b) density, (c) saturated vapor pressure, (d) surface tension and  
(e) Kelvin length data sources: TEG (Yaws, 1998), TEGMBE (Boatman & Knaak, 2001), AN (Dionne et al., 
1986; Yuan et al., 2020), GA (Bilde et al., 2003; Xue et al., 2009), SA (Daubert, 1989; Young & Grinstead, 
1949). Hygroscopic growth factor by volume at 85%RH (f) calculated using data from : SA (Green & Perry, 
2008; Tang, 1996), AN (Wu et al., 2019), TEG and TEGMBE (Guide), GA (Wise et al., 2003). 
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Modeling of the Vapor Supersaturation in the Saturator 

An undergraduate researcher, Egor Demidov, performed the modeling of the vapor 

supersaturation in the saturator. The flow was saturated with coating material vapors by 

passing it through a chamber partially filled with liquid coating material at room 

temperature. As the flow progressed through the saturator, vapor diffused from the liquid 

surface into the flow. Vapor concentration at each point in the flow at steady state can be 

found by solving Equation (4.2), where �⃗� is flow velocity vector, 𝑐 is vapor concentration, 

and 𝐷3 is diffusivity of the coating material in air. Geometry of the saturator was not 

cylindrical, as it was partially filled with the coating material. Hence, the Navier-Stokes 

equation was solved using COMSOL to obtain the laminar flow profile within the saturator. 

With the flow profile, Equation (4.2) could be solved with the finite element method.  

					𝑣 ⋅ ∇𝑐 = 𝐷3∇.𝑐																																																								(4.2) 

Two cases with different boundary conditions were considered to get a range of 

possible solutions. In all cases, vapor concentration at the inlet was assumed to be zero 

𝑐(𝑥, 𝑦, 0) = 0. Concentration near the vapor-liquid interface was assumed to be saturated 

vapor at room temperature 𝑐(𝑥, 0, 𝑧) = 𝑐&+G. Saturated vapor pressure at room temperature 

was calculated with the Antoine Equation and related to vapor concentration through the 

ideal gas law (Equation 4.3). 

𝑐&+G =
𝑝&+G
𝑅𝑇 																																																																(4.3) 

The boundary condition on the saturator wall was varied between trials. In case A, the wall 

was set as a no-flux boundary. Physically, this means that the rate of vaporization from the 

wall is equal to the rate of condensation onto the wall and the total amount of matter in the 
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vapor phase remains unaffected by the wall. This solution gave us the upper bound estimate 

of saturation ratio, as all vaporized material had to stay in the vapor phase. In case B, the 

concentration at the wall was set to zero. This means that that the wall was assumed to be 

completely dry. This way the wall acted as a sink for vapor and the solution provided the 

lower bound estimate for saturation ratio. After the solutions to Equation (4.2) were 

obtained at each point within the finite element mesh, mean concentration at different axial 

positions 𝑧 needed to be found. The average value can be found by integrating the data 

numerically at a cross-sectional slice over the surface and dividing the result by cross-

sectional area (Equation 4.4). 

𝑐5H+I =
∬ 𝑐(𝑥, 𝑦, 𝑧)𝑑𝑆J

∬ 𝑑𝑆J
																																																										(4.4) 

Then saturation ratio is merely the ratio of mean concentration to saturated vapor 

concentration at room temperature (Equation 4.5). 

𝑆𝑅 = 𝜁 + 1 =
𝐶5H+I
𝐶&+G

																																																												(4.5) 

 

Calculation of the Condensation Rate 

The vapor condensation rate on a sphere has been well established under free-molecular, 

continuum, and transition regimes by Seinfeld and Pandis (1998). A graduate researcher, 

Ella Ivanova modified the condensation rate equation for free-molecular regime (Equation 

4.6), considering two cases of condensation: formation of a uniform film on the surface of 

the spheres and capillary condensation, filling the gap between the spheres (Figure 4.1) 

(Ivanova et al., 2020).  
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Figure 4.1  Two cases of condensation, (a) formation of a uniform film on the surface of 
the spheres, and (b) capillary condensation, filling the gap between the spheres. 

 

The modified Equation (4.6) shows the change in the volume of the condensate with time, 

using dimensionless variables (Equations 4.7 – 4.10), where 𝑅& is the monomer sphere 

radius, ℓK is the characteristic Kelvin length, 𝑉o , 𝐴q, and �̃� are the dimensionless volume, 

area, and curvature of a spherical shell or the gap in the junctions between monomers, 

respectively. With the �̃�, dimensionless time, 𝛼 is the molecular accommodation 

coefficient, 𝑣T is the mean thermal velocity of the molecules, 𝑛B is the unperturbed vapor 

number density far from the droplet, and 𝑛L is the number density of the liquid phase. In 

characteristic Kelvin length (Equation 4.11), 𝛾 is the vapor-liquid surface tension, 𝑉5 is the 

molar volume, 𝑅= is the gas constant and 𝑇 is the temperature.  

					
dVx
dt̃ = Ax J1 −

1
ζ + 1 exp �

ℓKκ�
2𝑅M

�K																																										(4.6) 

 

Dimensionless variables: 

					𝑉 = 𝑉o ⋅ 𝑅M'																																																													(4.7)	

					𝐴 = 𝐴q ⋅ 𝑅M.																																																												(4.8) 

a) b)
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					𝜅 = �̃� ⋅ 𝑅M!"																																																																		(4.9) 

					𝑡 = �̃� ⋅
4	𝑛L𝑅M
𝛼𝑣T𝑛B

																																																													(4.10) 

					ℓK =
2𝛾𝑉m
𝑅P	𝑇

																																																																	(4.11) 

The condensate volume can be considered a function of filling angle for gap (Figure 4.2a). 

We assumed a 10 degrees carbon neck angle when modeling the condensation. 

					
d𝑉o
d�̃� =

d𝑉o
d𝜃

d𝜃
d�̃� 																																																																(4.12) 

For the condensation on the sphere, the volume can be considered as a function of the 

change in the condensate layer on the surface of the sphere (𝑅o) (Figure 4.2b).  

					
d𝑉o
d𝑅o

=
d𝑉o
d𝑅o

d𝑅o
d�̃� 																																																																		(4.13) 

 

 

Figure 4.2  Filling angle 𝜃 of the condensate in the gap between the spheres.  

 

The sulfuric acid (SA) in this study is 78% wt. solution, with H2SO4 saturation 

vapor pressure of 3.16E-06 Pa. However, the composition of SA on the surface of the 

particles is 70.6% in equilibrium with 5% RH of the sample flow, corresponding to SA 

	
ⅆV
ⅆt
= A 1 −

1
ζ + 1

exp
ℓKκ
2𝑅s

	

𝑅
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saturation vapor pressure (𝑝&+G = 2.38E-07 Pa) (Taleb et al., 1996). Therefore, SA 

saturation ratio is greater than unity (13.3), condensation occurs both in the gap and on the 

surface of monomers (Chen et al., 2018; Ivanova et al., 2020). Glutaric acid (GA) and 

ammonium nitrate (AN) in coating reservoir are solid, but on the surface of the particles 

they condense as liquids (Ma et al., 2017; Xue et al., 2009). Saturation vapor pressure of 

the solid GA is (2.5E-04 Pa), less than its liquid phase (9.2E-04 Pa) (Bilde et al., 2003). 

So, GA saturation ratio is less than unity (0.27), condensation occurs only in the gap 

between the monomers. Saturation vapor pressure of the solid AN is (1.2E-03 Pa), less than 

its liquid phase (2.9E-03 Pa) (Tang, 1996). So, saturation ratio of AN is less than unity 

(0.42), condensation occurs only in the gap between the monomers. Triethylene glycol 

(TEG) and triethylene glycol monobutyl ether (TEGMBE) are liquid in coating reservoir 

and on the surface of the particles condense as a liquid too. At room temperature, saturation 

ratio of TEG and TEGMBE is less than unity, 0.65, condensation occurs only in the gap 

between the monomers.      

Restructuring Experiments 

In the experiments, soot particles were made lightly coated by sending them through a 

coating reservoir with the selected material at room temperature. Then we quantified the 

change in morphology of the coated soot aggregates before and after exposure to elevated 

relative humidity. According to the APM measurements, the mass of the soot aggregates 

did not change after exposure to condensable vapors because the coating mass was below 

the detection limit of the APM (2-3%). Changes in the growth factor of the soot aggregates 

upon exposure to subsaturated water vapor are illustrated in Figure 4.3a. Uncoated soot did 

not show changes in the entire RH range. There is no observable change in the structure of 
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thinly coated soot with ammonium nitrate, sulfuric acid and glutaric acid at 5% RH. With 

TEG and TEGMBE, intermediate volatile chemicals, aggregates undergo a minor 

restructuring, with a growth factor of 0.983 at 5% RH. However, these thinly coated soot 

aggregates restructured significantly with an increase in RH. We found that studied 

chemicals fall into two groups based on their response to humidification. With an increase 

in relative humidity, soot aggregates coated with TEG and TEGMBE restructured more 

significantly compared to soot coated with sulfuric acid, ammonium nitrate and glutaric 

acid. For glutaric acid, soot restructuring happens only after reaching the glutaric acid 

deliquescence point (83-89% RH). No change is observed when glutaric acid-coated 

aggregates are exposed to elevated relative humidity below the point of deliquescence of 

glutaric acid, similar to the study by (Xue et al., 2009).  

 

Figure 4.3  Particle growth factor measured as a function of relative humidity for lightly 
coated soot aggregates with sulfuric acid, TEG, TEGMBE, glutaric acid, and ammonium 
nitrate. 
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A significant restructuring also can be seen in scanning electron microscopy images 

in Figure 4.3b, in which fractal thinly coated soot aggregates became fully compact at 85% 

RH, with an increase in convexity from 0.53 (fractal) to 0.89 (compact). Since bare soot 

showed no change upon humidification, we can conclude that a small amount of 

condensate/adsorbate was formed on the particles, otherwise they would not have 

restructured. Because the coating mass was below the detection limit of the APM, we 

estimate that the amount of coating was less than 2-3% by mass, corresponding to a coating 

thickness of ~ 0.3 nm or a filling angle of < 35 degrees, for uniform and capillary 

condensation, respectively.  

Soot aggregates lightly coated with TEG and TEGMBE restructured more in 

comparison to soot coated with GA and AN. This significant difference in the restructuring 

behavior may be related to the higher rate of condensation and higher supersaturation for 

TEG and TEGMBE compared to GA and AN over a fixed contact time, leading to a faster 

increase in the filling angle. SA, AN, and GA produce a lower filling angle because of the 

lower growth rate. SA has the least condensational growth rate among the coatings in this 

study. As a result, the amount of the SA condensed on soot aggregates is less than the other 

coatings. However, SA has the one highest hygroscopic growth factor by volume, leading 

to have a comparable restructuring behavior to soot coated with AN and GA.  

Estimation of the condensate mass on soot particles 

The two solutions for modeling of the TEG vapor supersaturation in the saturator were 

plotted as a function of axial position 𝑧 (Figure 4.4). Case A showed that saturation ratio 

of 0.90 could be attained. Case B converged at 0.35. Overall, the range of possible values 

can lie anywhere between 0.35 and 0.90 based on the condition of the wall. So, with the 
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TEG, TEGMBE, GA, and AN that the saturation ratio is between 0.35 and 0.9 (Figure 4.4), 

capillary condensation occurs into the junctions between primary spheres in aggregates 

(Chen et al., 2018; Enekwizu et al., 2021; Ivanova et al., 2020). Within the range of 

saturation ratio (0.35 - 0.9), we considered 0.65 and calculated filling angle versus time in 

the coating reservoir (Figure 4.5). For SA as discussed before, saturation ratio is greater 

than unity (13.3), condensation occurs in the gap and on the surface of monomers. 

 

Figure 4.4  Average saturation ratio of TEG as a function of axial position. (a) zero flux at 
reactor wall, (b) zero vapor concentration at the wall. 

 
Figure 4.5  Filling angle of junctions between monomers for TEG, TEGMBE, AN, GA 
(saturation ratio = 0.65) and SA coatings (saturation ratio = 13.3). The dashed line shows 
the residence time of the soot aggregates in the coating reservoir. 
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From the curves of Figure 4.5 we obtained the maximum filling angle at the exit of the 

coating reservoir for different chemicals. Using these filling angles, the model solves 

Equations (4.6), (4.12), and (4.13) to calculate the volume of the coating in the gap between 

monomers. To calculate the humidified volume of the coating, as a zero-order 

approximation, the coating volume of condensate at the exit of the coating reservoir can be 

multiplied by the volume growth factors at different RH. This approach gives small change 

in humidified volume because it is missing an important factor, curvature. We ended up 

using a more advanced approach, assuming that the droplet between two monomers has 

the form of a globoid with a curvature (Figure 4.6). (Ivanova et al., 2020). Thus, we 

consider that the Kelvin effect helps the condensation process while the filling angle is less 

than 56 degrees. Because for the filling angles greater than 56 degrees, curvature becomes 

positive (Figure 4.7), and globoid and catenoid condensation occurs only in saturation 

ratios greater than unity.    

 

Figure 4.6  Two-dimensional projection of the droplet geometry considered in this work 
for condensation in the gap, with the nearly zero contact angle at the solid–liquid interface 
as a globoid.  

Rin



51 

 

Figure 4.7  Condensate surface curvature �̃� as a function of the filing angle.  

 

Condensation of water is modeled using an iterative procedure. We add a small 

amount of water to the coating meniscus, which leads to an increase in the filling angle, 

𝛿𝜃. Further, we calculate the new aqueous meniscus composition and compare the vapor 

pressure of the water above the mixture and in humidifier. When water vapor pressure 

reaches water vapor pressure in humidifier, system is equilibrated, and the filling angle 

after the humidifier is obtained, 𝜃. (Figure 4.8). The relative humidity versus 𝜃. is plotted 

in Figure 4.9, showing increase in filling angle by increasing the relative humidity for all 

chemicals. SA, AN, and GA have less amount of condensate than TEG and TEGMBE at 

5% RH. However, SA, AN, and GA have higher hygroscopicity (Table 4.1), leading to 

more water condensation and increase in filling angle only slightly below of that for TEG 

and TEGMBE at 85% RH.        
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Figure 4.8  Schematic of the model that used to calculate the condensation of coating 
material (stage I) and water (stage II). (MBE: material balance equation).   

 

Figure 4.9  Relative humidity versus aqueous coating filling angle ( 𝜃.)  for TEG, 
TEGMBE, GA, AN, and SA.  

 

Figure 4.10 is the experimental particle growth factor, showing shrinkage as a 

function of the calculated aqueous coating filling angle. Dioctyl sebacate (DOS) curve is 

experimental growth factor as a function of the pure coating filling angle from previous 
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study (Chen et al., 2018).  Chemicals of the Group 1 have higher hygroscopicity in 

comparison with the chemicals of the Group 2, leading to more water condensation by 

increasing the RH%. However, the amount of the neat condensate for Group 1 was less 

than for the chemicals of the Group 2, leading to a larger humified filling angle and more 

restructuring by the chemicals of the Group 2. With the DOS, the neat coating filling angle 

should reach 60 degrees to have a comparable restructuring to the chemicals of the Group 

1 with humidified filling angle < 40 degrees. This may be related to the higher surface 

tension of aqueous coating, resulting in more restructuring (Kütz & Schmidt-Ott, 1992).       

 

Figure 4.10  Particle growth factor as a function of the filling angle of the humidified 
coating.     

  

Group1

Group2
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4.2  Supersaturated Water Vapor and Cloud Processing of Soot Aggregates 

In this section, the effect of the supersaturated water vapor on restructuring of the soot 

aggregates will be investigated. Soot particles in the atmosphere go through aging 

processes, in which they may get coated with water-soluble or water-insoluble chemicals. 

Then, these coated soot particles begin to serve as centers for water vapor condensation, 

leading to cloud droplet formation. By continuous cooling of the moist air, supersaturation 

increases (𝜁 > 0), but then becomes depleted by the condensation on nuclei due to droplets 

growth. Exposing soot to supersaturated water vapor can lead to water uptake and 

restructuring (Zuberi et al., 2005). This restructuring of aged and processed soot after water 

condensation and evaporation has been observed by others (Mikhailov et al., 2001; 

Weingartner et al., 1995; Zuberi et al., 2005). However, a significant ambiguity is whether 

the restructuring occurs during the water uptake or during removal of water. Ebert et al. 

studied water uptake of ambient soot using E-SEM, but they could not see the aggregate 

before water evaporation and found soot to be more compacted after water evaporation 

(Ebert et al., 2002). In another study by Ma et al., restructuring of soot has been attributed 

to water evaporation (Ma et al., 2013). Köllensperger et al. using in-situ atomic force 

microscope investigated soot aerosols exposed to different humidities <100%, and found a 

decrease in particle size occuring during both water condensation and evaporation 

(Köllensperger et al., 1999), however, this observed effect was minor and inconclusive. 

To determine the relative roles of the water vapor condensation and evaporation on 

restructuring of hydrophilic soot particles coated, size-classified soot aerosol was passed 

through the first saturator partially filled with hydrophilic material at ambient temperature, 

and then, through the second saturator filled with water. The temperature of the second 
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saturator was varied from ambient to 60 °C. Airborne soot particles were encapsulated by 

exposing them to supersaturated water vapor and then the coating was allowed to 

evaporate, while monitoring the particle size via electrical mobility measurements. Some 

of the coated airborne soot particles were anchored by collecting them on silicon chips, 

before the particles could lose any coating material. Other soot particles were allowed to 

lose all of the coating while airborne and only then they were collected on chips. The 

morphology of the particles collected in both ways was characterized based on convexity 

determined from SEM images. The reported convexity for each experimental point in this 

study is the average of the convexity of 100 soot particles. 

We used two hydrophilic coating materials, SA and TEG. SA condenses uniformly 

on soot and makes the surface of the soot less hydrophobic (Chen et al., 2018). Convexity 

measurements, illustrated in Figure 4.11b (orange line), show that sulfuric acid alone 

causes no restructuring. However, it makes the surface of the soot less hydrophobic 

(Khalizov et al., 2009; Zuberi et al., 2005), resulting in restructuring by water condensation. 

From ambient temperature to 40 °C convexity increases from 0.64 to 0.8. By increasing 

the temperature above 40 °C soot becomes encapsulated and within such encapsulated 

aggregates capillary forces are absent, causing no further restructuring of the anchored soot 

(Enekwizu et al., 2021). With the airborne soot particles (collected after coating 

evaporation), their convexity is comparable to the anchored soot for the saturator 

temperature below 40 °C. On the other hand, at saturator temperatures ≥ 40 °C, convexity 

of airborne soot reaches 0.89, because under these conditions the aggregate becomes fully 

encapsulated in a water droplet, whose evaporation causes full restructuring. 
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Figure 4.11  Triethylene glycol (TEG) and sulfuric acid primed soot aggregates subjected 
to a condensation-evaporation cycle with water vapor. Convexity of encapsulated soot 
aggregates that lost their condensate while airborne or after anchoring on silicon wafers. 

 

Unlike SA, TEG condenses in the junctions between the monomers instead of 

condensing uniformly. TEG primed soot aerosol was sent to the second saturator filled 

with water. The temperature of the second saturator was varied from ambient to 60 °C. 

Based on convexity of the anchored particles, illustrated in Figure 4.11a, soot partially 

restructures already due to capillary condensation of TEG (Enekwizu et al., 2021) 

(convexity = 0.66, orange line). Then, TEG in the junctions between the monomers absorbs 

water at ambient temperature, swells in volume, leading to an increase in the filling angle 

of the aqueous menisci located in junctions, that becomes high enough to induce almost 

full restructuring (convexity = 0.86). A slight increase in convexity can be seen when soot 

particles were allowed to lose all of the coating while airborne (convexity = 0.89). By 

increasing the temperature of the water saturator, we see that anchored soot shows 

maximum compactness already at 30 °C upon water vapor condensation (convexity = 

0.89).  
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We also quantified changes in soot morphology by measuring particle mobility 

diameter. According to the size measurements illustrated in Figure 4.12b, there is no 

restructuring caused by sulfuric acid (growth factor =1), because the amount of condensate 

was insufficient to induce any restructuring under dry conditions. However, soot particles 

primed with sulfuric acid uptake water at ambient temperature, restructure, and growth 

factor decreases to 0.96. Increasing the saturator temperature up to 30 °C leads to more 

water vapor condensation and restructuring, corresponding to the growth factor to 0.93. 

Both measurements, after condensation and after evaporation, yield similar growth factors 

for soot at low saturator temperatures (T ≤ 30 °C), but diverge for temperatures above 30 

°C. With the condensation curve, increasing the temperature to 60 °C leads to particle 

growth of 3.93 due to an addition of condensed water, leading to soot particles encapsulated 

in water droplets. If water is allowed to evaporate off encapsulated soot particles while they 

are airborne (condensation-evaporation curve), increasing the amount of the condensed 

coating produces an additional collapse of the aggregate. As the droplet continues to shrink, 

growth factor decreases to 0.8. For TEG (Figure 4.12a), there is some restructuring caused 

at ambient temperature due to capillary condensation (Enekwizu et al., 2021) (growth 

factor = 0.974). Both measurements, after water condensation and evaporation, yield 

similar growth factor for soot at low saturator temperatures (T ≤ 30 °C), but diverge for 

temperatures above 30 °C. Like sulfuric acid, soot primed with TEG uptakes water at 

ambient temperature and leads to aggregate shrinkage (growth factor = 0.798). Because of 

being in the junctions, more restructuring occurs in comparison with the uniformly coated 

soot (Chen et al., 2016). By increasing the temperature of the second saturator to 30 °C, 

more shrinkage can be seen, because of more water vapor condensation, leading to a 
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decrease in the growth factor to 0.778. For temperatures above 30 °C, the condensation-

evaporation curve reaches a minimum (0.777) at 40 °C, after which it remains flat. 

However, the condensation curve, shows particle growth to 4.06 due to addition of 

condensed water at 60 °C (Enekwizu et al., 2021).  

 

Figure 4.12  Primed soot aggregates with (a) TEG and (b) sulfuric acid, subjected to a 
condensation-evaporation cycle with water: Particle growth factor measured immediately 
after encapsulation of airborne soot aggregates (yellow) and after coating shell evaporation 
(red). 

 

To conclude this chapter, soot can become fully encapsulated and restructured upon 

exposure to supersaturated water vapor (>100% RH), if the particles are primed with a 

monolayer of a hydrophilic chemical (TEG and SA). However, those primed soot particles 

restructure significantly even during exposure to subsaturated water vapor (<100% RH). 

Under subsaturated conditions, capillary condensation of hygroscopic chemicals can occur 

into the junctions between carbon spherules, driven by the saturation pressure depression 

caused by the concave menisci. Furthermore, the concave menisci promote absorption of 

a significant amount of water vapor by the condensate at moderate relative humidities, 

exceeding the amounts achievable for flat and convex surfaces. Exposure of fractal soot 
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particles to subsaturated vapors of hygroscopic chemicals in the atmosphere may be an 

important route towards soot compaction even at moderate relative humidities. 
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CHAPTER 5 

MECHANICAL PROPERTIES OF SOOT AGGREGATES 

 

The effect of soot on climate depends on its morphology, which can be changed from 

fractal to compact through the interaction with atmospheric chemicals. However, the 

mechanistic details of this restructuring remain poorly understood. In this study, AFM was 

used to quantify the mechanical properties of the bare fractal, thinly/thickly coated, and 

bare compact soot aggregates. Previously mechanical properties were studied only for bare 

nanoparticle chain aggregates (Rong et al., 2004). The experimental approach involved 

force-displacement measurements made with an AFM tip and an aggregate-coated 

substrate. Distinctive sawtooth patterns were observed which were interpreted as aggregate 

stretching and breaking events. Based on the measurements, estimates of the aggregate 

nanomechanical properties were made. Salameh et al. (2012) studied adhesion mechanisms 

of the contact interface of TiO2 nanoparticles in films made of aggregates, demonstrating 

that information about the characteristic adhesion forces between individual monomers can 

be obtained experimentally, by means of AFM force measurements performed on freshly 

deposited particle films directly after flame spray pyrolysis synthesis. The employed 

strategy, repeated approaching/retracting loops of an AFM tip into the film, is capable of 

sensing primary particle/particle contact forces without specific functionalization of the 

tips with individual particles, which would be exceedingly difficult for particle sizes of few 

nanometers (Salameh et al., 2012). 

In this study we used AFM to perform force-distance measurements. First, the 

sample is mapped to determine the locations of deposited soot aggregates (Figure 5.1a). 
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Also, 3-D image of a single soot aggregate can be obtained (Figure 5.1b). Next, the AFM 

tip is brought into contact with an aggregate on the surface of the substrate. Aggregate 

binds to the AFM tip (Figure 5.2). When the tip is raised, the attached spherules are pulled 

up and away from the aggregate deposited on the substrate. The force curve was determined 

by measuring the deflection of the cantilever as it approached and was retracted from the 

sample. During the retraction of the tip, the aggregate unfolds and ruptures leading to 

multiple peaks in each measured force−distance curve.  

 

 

Figure 5.1  AFM images of bare fractal soot aggregate, collected on silicon chip. (a) Broad 
range scan to determine the locations of deposited soot aggregates, (b) 3-D image of a 
single soot aggregate.    
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Figure 5.2  Schematics of the AFM experiment. The AFM tip is brought into contact with 
the aggregate on the surface of the silicon substrate (a). During the approach, aggregate 
becomes attached to the tip (d), and it is stretched and ruptured during the tip retraction (b) 
and (c). 

5.1  Fractal Soot Aggregates 

Figure 5.3a is an example of the force-displacement measurement on bare fractal soot 

aggregates, showing a typical sawtooth profile observed during retraction of the AFM tip 

from aggregate. Multiple events forming a sawtooth pattern were always observed during 

the retraction portion of the measurement. We hypothesize that the sawtooth profile 

corresponds to the stretch and sequential sliding, unfolding, and eventual breaking of a 

single aggregate pulled by the tip. The distribution of these peaks, the differences between 

each maximum and the following minimum in the force-displacement curve of 

measurements for 100 different aggregates, is plotted as a histogram (Figure 5.3b). For 

d)

sliding Unfolding Breaking

a) b) c)
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bare soot, the peaks in the distribution of forces are at 0.18, 0.41, and 0.84 nN, 

corresponding to sliding, unfolding, and breaking in a single aggregate (Rong et al., 2004).  

 

 

Figure 5.3  Typical force vs displacement curve recorded as the AFM tip approaches and 
retracts from bare and thinly coated soot aggregate. Multiple rupture events forming a 
sawtooth pattern were always observed during the retraction portion of the measurement. 
(a) A typical force curve on bare soot aggregate. (b) A histogram of the forces observed in 
force curves measured on bare soot aggregates in 100 experiments. The peaks in the 
distribution of forces are at 0.18, 0.41, and 0.84 nN. (c) Typical force curve on the thinly 
coated soot aggregate (Gfm = 1.09). (d) A histogram of the forces observed in force curves 
measured on the on the thinly coated soot aggregates in 100 experiments. Three 
populations of forces are seen here at 0.48, 0.71, and 1.17 nN. 

 

Figure 5.3c is an example of the force-displacement measurement on soot 

aggregates thinly coated with dioctyl sebacate (DOS) (Gfm = 1.09 with the coating 

thickness of 0.7 nm), showing a typical sawtooth profile observed during retraction of the 
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AFM tip from aggregate. Like for bare aggregate, multiple events forming a sawtooth 

pattern were always observed during the retraction portion of the measurement. The 

distribution of these peaks is plotted as a histogram (Figure 5.3d). Three populations of 

forces are seen here at 0.48, 0.71, and 1.17 nN, corresponding to sliding, unfolding, and 

breaking in a single aggregate. In addition to forces, the distributions of displacements from 

the same experiments are also plotted as a histogram for bare and thinly coated aggregates 

(Figure 5.5). Observed peaks in the histogram of the displacements for bare soot aggregates 

are at 0.04, 0.09, and 0.19 μm. The peaks in the distribution of displacements for thinly 

coated soot aggregates are at 0.16, 0.29, and 0.40 μm. These peaks can be attributed to 

sliding, unfolding, and breaking in a single aggregate (Rong et al., 2004). We compared 

the observed peaks in histogram of the displacements and histogram of the forces in the 

bare and thinly coated soot aggregates (Figure 5.6). A similar increase of the displacements 

and forces in bare vs thinly coated aggregate (water on TiO2) has been reported by other 

groups (Laube et al., 2017; Salameh et al., 2012). In detail, a meniscus is formed between 

two particles based on the physisorbed coating. As we separate the monomers, solid-solid 

connections are replaced by solid-liquid-solid connections, and a liquid bridge remains 

between the monomers that produces resistance force to separating the spheres. Indeed, a 

new peak at 0.39 μm appears in displacements distribution for thinly coated soot aggregates 

that was not present in bare soot (Figure 5.5b), probably due the presence of a liquid bridge 

between monomers that results in increasing the displacements during stretching a single 

aggregate. So, liquid bridge between monomers not only increases displacements, but also 

shift forces for sliding, unfolding, and breaking between monomers to the larger values 

(Figure 5.4).  
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Figure 5.4  Solid-solid connections between the monomers in soot aggregate are replaced 
by solid-liquid-solid connections. Solid connections may be broken by stretching the 
aggregate, but liquid (capillary bridge) exists between the monomers, shifts the 
displacements and forces to larger values.   
 
 

 

 

Figure 5.5  Histogram of the displacements observed in force-displacement curves 
measured on (a) bare soot aggregates in 100 experiments and (b) thinly coated soot 
aggregates in 100 experiments The peaks in the distribution of displacements for bare soot 
aggregates are at 0.04, 0.09, and 0.19 μm. The peaks in the distribution of displacements 
for thinly coated soot aggregates are at 0.16, 0.29, and 0.39 μm. 
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Figure 5.6  Comparison of the observed peaks in (a) histogram of the displacements and 
(b) histogram of the forces that may correspond to several processes during the 
stretching/breaking, such as detachments between aggregates, unfolding and breaking the 
aggregates. 

 

5.2  Bare Compact Soot Aggregates 

In this study we also performed force-displacement measurement on bare compact soot 

aggregates and flat surface of a silicon chip and a graphite plate. Bare compact soot was 

prepared by encapsulating fresh soot in DOS and removing the coating in thermal denuder, 

as described in Chapter 4. Next, bare compact soot was collected on flat surface to perform 

force-displacement measurement (Figure 5.7e). Only single event was observed and it was 

reproducible in over 100 measurements for different particles. On average we measured a 

rupture force of 39.9 nN, comparable to the forces observed for the graphitic and silicon 

surface measurements shown in Figure 5.7c and 5.7a, with the peak in the distribution of 

forces at 30.6 and 40.5 nN, respectively. This event is due to attraction between the 

cantilever tip and the compact soot aggregate, graphitic surface, or silicon substrate. 

Similar observation has been reported by other groups (Alazemi et al., 2020; Rong et al., 

2004).  
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Figure 5.7  Typical force vs displacement curve recorded as the AFM tip approaches and 
retracts from bare silicon substrate, coated-denuded (compact) soot and thickly coated soot. 
(a) A typical force curve on bare silicon substrate. (b) Histogram of the forces observed in 
force curves in 100 measurements on bare silicon substrate. The peak in the distribution of 
forces is at 30.6 nN. (c) A typical force curve on bare graphite. (d) Histogram of the forces 
observed in force curves in 100 measurements on bare graphite. The peak in the distribution 
of forces is at 40.5 nN. (e) A typical force curve on compact soot. (f) Histogram of the 
forces observed in force curves in 100 measurements on compact soot. The peak in the 
distribution of forces is at 39.9 nN. (g) Typical force curve on the thickly coated soot 
aggregate. (h) Histogram of the forces observed in force curves in 100 measurements on 
thickly coated soot aggregates. The peak in the distribution of forces is at 44.8 nN. 
Histogram of the displacements in 100 measurements on (i) bare silicon substrate, with the 
peak in the distribution at 0.16 μm, (j) bare graphite substrate, with the peak in the 
distribution at 0.18 μm, (k) bare compact soot, with the peak in the distribution at 0.177 
μm, and (l) thickly coated soot, with the peak in the distribution at 0.183 μm. 
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The mechanical properties of material, such as Young’s modulus, can be quantified 

based on the well-established Hertzian model (Ding et al., 2017; Zeng et al., 2018). In this 

technique, it is assumed that no other interaction than elastic deformation can be observed 

between tip and sample (Figure 5.8). The calculation is based on the Equation (5.1), 

assuming F, peak force values from Figure (5.7), and two different tip radii to indent to a 

displacement of d (Figure 5.7) (Ding et al., 2017). Two different tip radii assumptions are 

the spherical tip with radius of ~ 100 nm based on Figure (5.2d) and the tip radius specified 

by the manufacturer ~ 10 nm. With the tip radius of 100 nm, silicon and graphite Young’s 

modulus is 1.1 and 1.3 GPa, respectively. Bare compact and thickly coated soot have 

Young’s modulus of 1.3 and 1.4 GPa, respectively. Considering a sharp tip radius of 10 

nm, silicon and graphite Young’s modulus increase to 3.6 and 4.0 GPa, respectively. In the 

literature, Young’s modulus of the silicon can be found within the range of 62 to 180 GPa 

(Hopcroft et al., 2010). Silicon is an anisotropic crystalline material whose material 

properties depend on orientation relative to the crystal lattice. This fact means that the 

correct value of Young’s modulus for analyzing two different designs in silicon may differ 

by up to 45%. 

Also, considering a sharp tip radius of 10 nm, bare compact and thickly coated soot 

Young’s modulus increases to 4.0 and 4.3 GPa, respectively, which are comparable to the 

bulk value for graphite (2.1 to 18.6 GPa) (Lynch, 1989). Like silicon, material properties 

of graphite depend on orientation relative to the crystal lattice, leading to different values 

of Young’s modulus. Also, tip radius was found to have a major impact on the accuracy of 

measured modulus. The blunt tip with 100 nm radius measured modulus with deviation 
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from the sharp tip with 10 nm radius up to 300% in different materials as previously 

reported in another study (Zeng et al., 2018).  

 

Figure 5.8  Illustration of spherical tip and sample interaction showing the displacement 
created in the sample surface as force is applied. 
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5.3  Thickly Coated Soot Aggregates 

Figure (5.7g) is an example of the force-displacement measurement on thickly coated soot 

aggregates DOS (Gfm = 3.38 with the coating thickness of 10.9 nm). Like for silicon 

substrate, graphitic surface, and compact soot only single rupture event was observed and 

was reproducible in over 100 measurements. On average we measured a rupture force of 

44.8 nN. Compared to compact soot, contact forces between cantilever tip and the thickly 

coated soot increased because of the coating on the aggregate, which can be described by 

capillary forces (Salameh et al., 2017). Recently, molecular dynamics simulation has been 

used to study the pull-off force in the nanocontact of two substrates with a small amount 

of water adsorbed between them (Valenzuela, 2020). It was demonstrated that the pull-off 

force between two hydrophilic surfaces is entirely dominated by water adsorbed on one of 

the surfaces. Indeed, water molecules wet the border, with a strong effect on the pull-off 

force due to the creation of monolayers during the pull-off. These results improve the 

R
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interpretation of experimental results of pull-off at low relative humidity for hydrophilic 

surfaces (Valenzuela, 2020). 

Estimation of Young’s Modulus for fractal aggregates  

In this study we also estimated the Young’s modulus of the aggregates based on a method 

used by Rong et al. (2004). With the difference that they did measurements on a film of 

chain aggregates, while our case is single aggregate, and all forces correspond to internal 

motions in a single aggregate. As shown in Figure (5.9), the slope of the curve during 

stretching, which may be related to the overall elastic constant of the aggregates under 

tension, decreases gradually from region A to D. The last slope, slope D, in the sawtooth 

region may show breaking of the connection between monomers and make it possible to 

estimate the Young’s modulus of a single aggregate (Figure 5.9). The distance between the 

starting point of slope D and the surface of the substrate can be viewed as the original 

length (L0) of the aggregate. The length change (δ) can be estimated from the displacement 

of the AFM tip during the aggregate stretch. The Young’s modulus, E, of aggregates can 

be estimated by dividing the stress, σ, by the strain, 𝜀. Stress is defined by dividing the 

applied load, F, to the monomers cross-sectional area, A, and d is the half diameter of the 

graphitic monomers in the soot aggregates (Rong et al., 2004). Figure (5.10a) shows the 

distribution of Young’s modulus in this study for 100 different aggregates. The peak of this 

distribution increases from 21.7 to 26.3 MPa for bare fractal to thinly coated soot, assuming 

half diameter in contact area between monomers (d = 14 nm). This method has been used 

previously in another study to calculate the Young’s modulus of single-fixed and double-

fixed double-stranded deoxyribonucleic acid (dsDNA) (Nguyen et al., 2010). The 

corresponding Young’s modulus of the DNA molecules calculated from the pull-off 
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lengths, stretch lengths and stretch forces. As a result, the Young’s modulus of the double-

fixed dsDNA (60 MPa) was greater than that of the single-fixed (45 MPa) (Nguyen et al., 

2010). 

 

Figure 5.9  Estimation of the Young’s modulus of aggregates using the force vs 
displacement curve. A, B, C, and D indicate the slopes in the curve. The original length 
(L0) and length change (δ) of the chain are labeled on curves and schematics.  

 

Using the same approach described by Rong et al. (2004), but in opposite way, we 

calculated the diameter in contact area between the monomers by assuming solid graphite 

Young's modulus 4 GPa, within the range of the reported values for graphite (Lynch, 1989). 

Figure (5.10b) shows the distributions of 100 measurements of the diameter in contact area 

between monomers in bare fractal and thinly coated soot, with maxima at 1.03 to 1.19 nm. 

We used solid graphitic modulus to get the diameter in contact, so it is not surprising that 

d increased a little bit. With the thinly coated soot, solid-solid connections are replaced by 

solid-liquid-solid connections. As we separate the monomers a liquid bridge remains 

between the monomers that produces resistance force to separating the spheres (Figure 

5.4). 
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Figure 5.10  a) Young's modulus of bare fractal and thinly coated soot, increases from 21.7 
to 26.3 MPa, assuming half diameter in contact area between monomers. b) diameter of 
the contact area between monomers in bare fractal and thinly coated soot, increases from 
1.03 to 1.19 nm, assuming graphite Young's modulus 4 Gpa. 
 
 

 

To conclude this chapter, observed peaks in the distributions of forces for bare soot 

may be related to the processes that occur during aggregate stretching, such as detachments 

between the monomers, unfolding, and breaking of the connections between monomers. 

These forces were significantly affected in the presence of a condensate. In thickly coated 

and bare compact soot, retraction forces resemble separation of the AFM tip from a solid 

surface, because when the connections between monomers are broken and soot becomes 

compact, it behaves as a solid surface.  

 

  

a) b)

0

10

20

30

40

0.8 0.9 1 1.1 1.2 1.3 1.4

Fr
eq

ue
nc

y

Diameter (nm)

Thinly coated fractal soot
Bare fractal soot

0

10

20

30

40

10 15 20 25 30 35 40

Fr
eq

ue
nc

y

E (MPa)

Thinly coated fractal soot
Bare fractal soot



73 

CONCLUSIONS 

 

In this dissertation, we elucidated and quantified the factors that control restructuring of 

combustion soot nanoparticles. Relative roles of vapor condensation and coating 

evaporation on soot restructuring have been investigated. We showed that wetting and non-

wetting liquids act differently in soot restructuring. For the liquids capable of wetting the 

surface of soot aggregates, minor restructuring begins already during capillary 

condensation and significant restructuring occurs as the coating volume increases. With 

non-wetting liquids, such as water, it is the evaporation that drives most of restructuring 

and there is almost no restructuring during condensation. 

We investigated interaction of thinly coated soot particles with water vapor and 

determined the role of the subsaturated and supersaturated water vapor on restructuring of 

coated soot aggregates. Soot can get fully encapsulated and restructured upon exposure to 

supersaturated water vapor, if the particles are primed with a monolayer of a hydrophilic 

chemical. However, those primed soot particles restructured significantly even in exposure 

to subsaturated water vapor. Under subsaturated conditions capillary condensation of 

hygroscopic chemicals can occur into the junctions between carbon spherules, driven by 

the saturation pressure depression caused by the concave meniscus. Furthermore, the 

concave meniscus promotes absorption of a significant amount of water vapor by the 

condensate at moderate relative humidities, exceeding the amounts achievable for flat and 

convex surfaces. Exposure of fractal soot particles to subsaturated vapors of hygroscopic 

chemicals in the atmosphere may be an important route towards soot compaction even at 

moderate relative humidities. 
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We used AFM to study the mechanical properties of soot aggregates by measuring 

force-displacement curves of soot aggregates subjected to different processing: bare fractal, 

thinly coated fractal, thickly coated, and bare compact. We investigated the interaction 

forces between the monomers in the soot aggregates. Observed peaks in the distributions 

of forces for bare soot, may be related to the processes that occur during aggregate 

stretching, such as detachments between the monomers, unfolding, and breaking of the 

connections between monomers. These forces were significantly affected in the presence 

of a condensate. In thickly coated and bare compact soot, retraction forces resemble 

separation of the AFM tip from a solid surface, because when the connections between 

monomers are broken and soot becomes compact, it behaves as a solid surface. These 

results are expected to contribute to the development of mathematical models for soot 

restructuring.  
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