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Abstract 

 

Synthetic nanoparticles are finding widespread adoption in a growing number of commercial and 

research applications. Their size dependent properties offer researchers a variety of ranging including 

targeted drug delivery, catalysis, and environmental remediation. As these materials are being adopted 

into these applications, there is a pressing need for a diagnostic which allows the accurate real time 

measurement of the particle size since the functionality of the nanoparticles are size dependent. Time-

resolved laser-induced incandescence (TiRe-LII) is an in situ technique which allows the non-destructive 

inference of the nanoparticle size in real time. This technique was developed as a particle size diagnostic 

for soot primary particles and has been modified to characterize synthetic nanoparticles. The aerosolized 

nanoparticles are heated with a laser pulse to its incandescence temperature and the incandescence is 

measured as the nanoparticles are allowed to thermally equilibrate with the surrounding gas. As 

nanoparticles of different sizes will cool at different rates, the nanoparticle size can be inferred by 

modeling the incandescence using a spectroscopic and heat transfer model. 

 

The present work summarizes experiments conducted on aerosolized iron, silver, and 

molybdenum nanoparticles using TiRe-LII analysis. This includes the spectroscopic and heat transfer 

models, TiRe-LII instrument calibration and operating conditions, the nanoparticle preparation, 

comparisons of the TiRe-LII derived particle sizes to existing ex situ techniques, and the associated error 

analysis. The models required to interpret the TiRe-LII data, the spectroscopic and heat transfer models, 

are presented with the optical and physical parameters to solve them, as well as simulate the expected 

heat transfer modes of each of the nanoparticles. The calibration of the apparatus used as well as the 

nanoparticle preparation, and TiRe-LII experimental measurement methods are discussed, as well as the 

error bounds on the results. 

 

A fluence study was conducted by looking at the peak temperatures measured as a function of 

the fluence of the TiRe-LII instrument laser to determine the accuracy of the optical properties and to 

compare the results to the trends to previous studies. The nanoparticle size and thermal accommodation 

coefficient (TAC) of each of the aerosolized nanoparticle mixtures were attempted to be recovered based 

on the heat transfer modes present in the TiRe-LII measurements. The aerosolized iron nanoparticles had 

sufficient evaporation and conduction heat transfer modes which allowed the recovery of both the 

nanoparticle size and thermal accommodations coefficient, while the aerosolized silver nanoparticles only 
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had heat transfer due to evaporation which only allowed the recovery of the nanoparticle size, and the 

aerosolized molybdenum nanoparticles only had heat transfer due to conduction which only allowed the 

recovery of the nanoparticle size to TAC ratio. The molybdenum TAC was recovered by introducing the ex 

situ calculated molybdenum nanoparticle size and nanoparticle size distribution, using electron 

microscopy, into the models. Finally, the error bounds for the TiRe-LII measurements are presented, and 

a perturbation analysis was performed due to the lack of provided error bounds on the optical and 

physical properties used. It was shown that the optical properties had a significant impact on the 

recovered nanoparticle size and TAC for all of the materials, while there was a lesser but non-trivial impact 

on the recovered values from the nanomaterials’ physical properties.  
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Chapter 1 Introduction 

 

1.1 Motivation 

Synthetic metallic nanoparticles have found widespread adoption in a variety of disciplines due 

to their unique size-dependent chemical and electromagnetic properties, many of which deviate from 

their bulk counterparts. These properties have been integrated into applications that range from 

environmental remediation, catalysis, optical devices, antimicrobial coatings, and chemical sensors [1]. 

For example, iron nanoparticles have been a potential material candidate in research for drug delivery, 

environmental remediation, and catalytic processes [2], based on its size dependant magnetic properties. 

The magnetic properties for iron oxide nanoparticles are demonstrated in the magnetic response curves 

for particle sizes of 4-15 nm, shown in Fig. 1 [3], and this result has been incorporated into research 

including medical contrast imaging materials [4] and catalysis [5]. Silver nanoparticles have been well 

studied for their antimicrobial properties and have been considered as a promising candidate to combat 

the evolution of antibiotic resistant bacteria [6].  

 

It is critical that there are real time diagnostics available to provide information on whether the 

nanoparticles are synthesized at the appropriate size for the desired material property or if there is an 

underlying experimental issue. Gas phase synthesis is a preferred route for large scale production of 

nanoparticles due to its ease with scaling up and mass production processes but a potential drawback of 

these synthesis techniques is that there are limited real time diagnostics available to provide in situ 

nanoparticle size and size distribution measurements to ensure the appropriate particle size or size range 

are being synthesized for the intended application.  While online ex situ methods, including scanning 

mobility particle size characterization could provide this information, they are sometimes limited in the 

aerosol applications they can be applied to due to probing restrictions. Offline ex situ methods, including 

electron microscopy and surface characterization techniques such as and gas adsorption/desorption 

characterization, are commonly utilized to determine the nanoparticle size and distribution 

characteristics, and whether isolated nanoparticles or fractal aggregates of the primary particles are 

present with the key drawbacks being this information is determined after the nanoparticle synthesis is 

over, and can be time consuming. 
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Additionally, there is a demand for a diagnostic which can aid with assessing the potential impact 

of synthetic nanoparticles on the environment and human health [1]. The health and safety concerns of 

many nanomaterials are still not fully known as research into their impact on the environment and 

organisms are limited, although there have been efforts to improve upon this knowledgebase as 

nanomaterial usage increases. The literature available for iron nanoparticle toxicology has weakly 

suggested that they have an adverse effects on animal cells, plant cells, and human cells [7]. Specifically, 

human bronchial epithelium cells, a component of the respiratory system, were observed to die in the 

presence of saline solutions with iron nanoparticles dissolved in them although there are only limited 

studies on this topic [8, 9]. Research on the toxicology of silver nanoparticles have also suggested that for 

oral exposure, such as in the case for aerosolized nanoparticles, the intestinal tract and liver are generally 

the primary targets, although inflammation and accumulation of other organs has been observed [10]. 

The lack of information for silver nanoparticles is particularly concerning due to its widespread use in 
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Fig. 1 Magnetic response curves for iron oxide nanoparticles at different particle sizes [3] 
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biological research and applications [1, 6, 11]. While there have been review papers identifying the health 

concerns of iron and silver nanoparticle safety, or lack of research so far, there have been very limited 

research on molybdenum nanoparticles as it has not seen as widespread adoption yet. While there is very 

limited toxicology literature for molybdenum nanoparticles, they have been shown to reduce cellular 

mitochondrial function and inducing cell plasma membrane leakage, causing irreversible cellular damage 

[12]. 

 

Time-resolved laser-induced incandescence (TiRe-LII), a real time combustion diagnostic mainly 

used for sizing soot primary particles [13, 14, 15], has been extended to measure synthetic zero-valent 

metal nanoparticles including silver [16], iron [17, 18], molybdenum [19, 20] and silicon [21]. In a TiRe-LII 

experiment, a laser pulse heats nanoparticles in a sample volume of an aerosol, and the spectral 

incandescence is measured, usually at multiple wavelengths, as the aerosolized nanoparticles thermally 

equilibrate with the carrier gas, shown schematically in Fig. 2 [22]. An instantaneous effective 

temperature can be calculated from the measured incandescence data if the radiative properties of the 

nanoparticles are known. Since smaller nanoparticles cool at a faster rate than larger ones, the 

nanoparticle size distribution can be inferred by regressing the experimental effective temperature to 

data generated with a heat transfer model. This model is influenced by parameters which include the 

nanomaterial’s density, specific heat, radiative properties, and thermal accommodation coefficient (TAC, 
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Fig. 2 Schematic of a TiRe-LII experimental measurement [22] 
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), which quantifies the average energy transferred when a gas molecule scatters from the energized 

nanoparticle. Using these parameters, the cooling curves for a simulated iron nanoparticle can be 

determined and is shown in Fig. 3. In conduction-dominated cooling, it is possible to infer the nanoparticle 

size to TAC ratio from the effective temperature decay [23], and the TAC can be calculated if the 

nanoparticle size is known through independent means such as electron microscopy characterization. 

Kock et al. [18] showed that if sufficient amounts of both conduction and evaporation are present, then 

the average nanoparticle size and TAC can be inferred simultaneously using nanoparticles of a known 

distribution type and width. 

 

 

Fig. 3 Cooling curves for a simulated iron nanoparticle at different sizes 

 

1.2 Background 

1.2.1 TiRe-LII studies on synthetic metal nanoparticles size characterization 

TiRe-LII was originally a soot diagnostic, which provided real time in situ particle size 

measurements. One of the key advantages was that only an aerosolized particle stream was required to 

be analysed, and thus the constraints of physical probing of a system were greatly reduced. This allowed 
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TiRe-LII measurements to be performed in applications ranging from diesel internal combustion engine 

[24]  to larger aero-engines [25]. The sampling and size measurements of the aerosol during a TiRe-LII 

experiment is within an enclosed environment since the laser module and the sample chamber are both 

sealed, which is a significant advantage due to the potential health concerns of using nanoparticles.  

 

While the heating of materials using laser pulses was not a novel concept, one the earliest 

attempts to perform TiRe-LII size measurements on synthetic nanoparticles were by Vander Wal et al. in 

1999 [26]. The study included TiRe-LII measurements on iron, molybdenum, titanium, and tungsten, 

although the particle sizes were not recovered. This study did provide that in principle, the nanoparticle 

size could be recovered if the nanoparticle cooling could be modelled accurately, which was still being 

developed at the time.  

 

An early attempt to recover the nanoparticle size was by Fillippov et al. [16], who studied ultrafine 

silver, graphite, and titanium nitride nanoparticles. The nanoparticle size calculations from the TiRe-LII 

measurements were erroneous as the conduction model used did not incorporate the temperature 

dependent properties of the system, as well the study made the assumption that the thermal 

accommodation coefficient was unity, which further research has suggested this value is not likely [27]. 

Furthermore, this study also reframed the determination of the nanoparticle size characteristics as solving 

a Fredholm integral equation of the first kind, which is an inherently ill-posed problem but has many well 

developed methods for solving and quantifying the error.  

 

Murakami et al. [19] performed TiRe-LII measurements on molybdenum nanoparticles formed by 

laser induced photolysis of Mo(CO)6 in different carrier gases. While the study was able to determine the 

different aerosolized Mo nanoparticle sizes, there were several underlying issues with this study including: 

the nanoparticles were assumed to be monodisperse while they are likely to be polydisperse; the study 

utilised the heat transfer model from Filippov et al. [16] which made the assumption that the TAC was 

unity; and material and gas properties used for the models were not temperature dependant. A reanalysis 

of this study was conducted by Sipkens et al. [20] to address these deficiencies by implementing an 

experimentally supported lognormal nanoparticle size distribution of g = 1.5 [18], implemented 

temperature dependent properties, and attempted to recover the nanoparticle size and TAC instead of 

assuming TAC = 1 and recovering only the nanoparticle size. This study showed that unlike materials such 

as iron which have sufficient evaporation and conduction heat transfer modes which allow the 
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simultaneous determination of the nanoparticle size and TAC [18], the heat transfer of refractory 

materials occur in the conduction only regime and the heat transfer model has the nanoparticle size and 

TAC as a fixed ratio. To determine either the nanoparticle size or the TAC would require further ex situ 

information, such as using electron microscopy to determine the nanoparticle size and then using that in 

the model to determine the TAC. 

 

1.2.2 TiRe-LII studies on TAC 

To take into account of the TAC and how it influences TiRe-LII measurements, researchers started 

determining the nanoparticle sizes from an alternative ex situ method, the preferred being transmission 

electron microscopy (TEM), to determine the nanoparticle size and size distribution, and then using this 

information to determine the material’s TAC. Kock et al. [18] utilised this method and attempted to 

simultaneously recover the TAC and particle size from TiRe-LII measurements, based off of the lognormal 

size distribution observed in TEM data of iron nanoparticles synthesized by the decomposition of Fe(CO)5 

to iron nanoparticles using a hot wall reactor. It was found that the TAC was approximately 0.13 for iron 

nanoparticles in both argon and nitrogen and the TiRe-LII particle sizes were consistent with the TEM 

calculated sizes. The study also showed that from the TEM results, the iron nanoparticles synthesized in 

argon were larger than the particles synthesized in nitrogen, which implied that the carrier gas may have 

been influencing the synthesis. Similarly to Kock et al. [18], Eremin et al. [28] used both TiRe-LII and TEM 

analysis to study iron nanoparticles formed by the photolysis of in argon, carbon monoxide, and helium 

to study the effects of the carrier gas on the synthesis of the nanoparticles and how this affects the TiRe-

LII results. The study showed that the TAC for the iron nanoparticles changed depending on the carrier 

gas used, specifically, 0.01 for helium, 0.1 for argon, and 0.2 for carbon monoxide, which supports the 

claim that the direct comparison of TiRe-LII measurements from different studies is difficult since each 

study is usually done using different experimental conditions. 

 

An alternative method to calculate the TAC was proposed by Daun in 2009 [29] in which the TAC 

was calculated using molecular dynamics simulations for interactions between soot and different gases, 

including nitrogen, carbon monoxide, dinitrogen oxide, carbon dioxide, methane and ethane. The study 

also showed that the molecular dynamics derived TAC values were consistent with the experimentally 

derived TAC values. This work was extended to determine the nickel nanoparticle TAC values from both 

molecular dynamics [30] and experimental data [31] but to date, accurate results have yet to be 

determined. 
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While this study will focus on synthetic zero-valent metal nanoparticles, there have been further 

TiRe-LII studies on metal oxides including MgO [32], TiO2 [33, 34], Fe2O3 [35], and SiO2 [36].  

 

1.3 Motivation of Present Work and Thesis Outline 

Recently, Sipkens et al. [37] successfully carried out TiRe-LII measurements on iron nanoparticles, 

synthesized as a colloid and aerosolized using a pneumatic atomizer and is used as the starting point for 

this study.  By synthesizing the iron nanoparticles in solution and then aerosolizing with the carrier gas of 

interest, the influence of the carrier gas on the synthesis of the nanoparticles is removed and allows the 

TiRe-LII measurements of different aerosol mixtures to be compared directly. Some of the key limitations 

of this study included: the observation of agglomeration and oxidation that occurred in solution, and 

subsequent uncertainty regarding how these effects influenced TiRe-LII incandescence signals, the 

experiments were limited to only iron nanoparticles and the effects of changing the laser fluence on the 

temperatures observed was not investigated. Also, the iron nanoparticles only showed that this method 

worked well when a sufficient amount of conduction and evaporation heat transfer is present in the 

system, so the versatility materials which could also use this method is currently unexplored. This is one 

of the key topics of investigation in this study by using silver which is expected to have heat transfer almost 

entirely in the evaporation regime, and molybdenum which is expected to have heat transfer 

predominately in the conduction regime. 

 

The primary objectives of thesis is: to conduct TiRe-LII experiments using iron, silver, and 

molybdenum nanoparticles, attempt to recover the nanoparticle size and TAC for different aerosolized 

nanoparticle mixtures, determine the effects of changing the material properties used to interpret the 

TiRe-LII signals, and to conduct a nanoparticle temperature study based on the laser fluence. Specifically, 

this will be accomplished by building upon the experimental work of Sipkens et al. [37], starting with the 

reanalysis and extension of the iron nanoparticle work including a temperature and fluence study, as well 

as conducting the same experiments and analysis using silver and molybdenum nanoparticles. 

Experimental TiRe-LII measurements are performed on aerosolized iron, silver, and molybdenum 

nanoparticles using different carrier gases. In contrast to iron nanoparticles, silver colloids are known to 

be stable in solution [1] and this also expected to be the same result for molybdenum.  Colloidal solutions 

of the respective nanoparticles are synthesized, aerosolized with a pneumatic atomizer using Ar, N2, and 

CO2 as the carrier gases, and dried by flowing the mixture through a column of silica gel desiccant prior to 
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TiRe-LII measurement following the same procedure carried out by Sipkens et al. [37] on iron 

nanoparticles. The spectral incandescence is measured at two wavelengths, and used to calculate an 

effective temperature. The effects of changing laser fluence and candidate radiative properties for the 

nanoparticles on the peak observed effective temperature are explored and how these changes affect the 

absorption cross-section of the nanoparticles. Then heat transfer model is used to simultaneously infer 

both the nanoparticle size and the TAC similarly to Sipkens et al. [37] by regressing data generated with a 

heat transfer model to experimental data.  

 

Chapter 2 provides an overview of the spectroscopic and heat transfer models, and the optical 

and physical properties of the nanomaterials required to utilise these models. Specifically, the equations 

used to model the incandescence, calculate the effective temperature, as well as the heat transfer mode 

equations for evaporation, conduction, and radiation are presented. 

 

Chapter 3 provides an overview of the TiRe-LII experimental apparatus required for nanoparticle 

size measurements, and then further details each of the specific subsystems: the TiRe-LII subsystem and 

the atomizer subsystem. A brief overview on the theory and principle of the ex situ analysis performed on 

the nanoparticles in this study is also provided. 

 

Chapter 4 discusses the synthesis methods used to prepare the nanoparticle colloids for iron, 

silver, and molybdenum. The ex situ nanoparticle size and nanoparticle size distribution characterization 

results from electron microscopy and dynamic light scattering are discussed. Also, the TiRe-LII 

measurement procedure is also provided, including detailed steps on how the instruments are used and 

the results are recorded. 

  

Chapter 5 presents the results of the TiRe-LII measurements, as well as the fluence and peak 

temperature analysis, and a comparison of the modelled spectroscopic properties to the experimentally 

approximated counterparts. For iron, both the TAC and nanoparticle size could be recovered due to their 

being sufficient evaporation and conduction, while the nanoparticle size could only be recovered for silver 

due there only being evaporation, and only the nanoparticle size to TAC ratio could be recovered.  
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Chapter 6 summarizes the conclusions of the study and then provides recommendations for 

future experiments. Specifically, further experiments which utilize credible optical and physical material 

properties should be conducted.  
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Chapter 2 TiRe-LII Theory and Methods 

 

To infer the nanoparticle size and TAC, the measured incandescence signals from a TiRe-LII 

experiment are used to derive an instantaneous effective temperature, which can then be regressed with 

simulated data from a heat transfer model. From this regression, an optimal nanoparticle size and TAC 

pair is recovered that best reproduces the experimental data. In this chapter, the equations that are used 

for the interpretation of a TiRe-LII analysis are discussed. Specifically, the spectroscopic and nanoparticle 

cooling models, are introduced along with their governing equations. The statistical framework for 

recovering the nanoparticle size and TAC values is presented and lastly, the TiRe-LII instrument setup and 

calibration procedures are outlined. 

 

2.1 Spectroscopic Model 

The incandescence signals recorded during the TiRe-LII measurement is due to the emission from 

all nanoparticle size classes that are present in the aerosol. At any instant, the spectral incandescence of 

the laser-energized nanoparticles can be modeled by 

 

 
0
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where C is an instrument constant which accounts for the nanoparticle volume fraction, as well as the 

collection optics geometry and photoelectric efficiency of the detectors, dp is the nanoparticle diameter, 

P(dp) is the nanoparticle size distribution, Ac(dp) = dp
2/4 is the cross-sectional area of the nanoparticle, 

Qabs(dp,) is the spectral absorption efficiency at the detection wavelength, Ib,[(Tp(t,dp)] is the blackbody 

intensity, and Tp is the nanoparticle temperature. Nanoparticles are expected to have diameters 

sufficiently smaller than the detection wavelengths, the laser wavelength, and the mean free path of the 

carrier gas. Consequently they emit and absorb radiation in the Rayleigh regime [38], so the absorption 

efficiency is 
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where m = n + ik is the complex index of refraction, E(m) is the absorption function, and x = dp/ is 

the size parameter. 

 

Eq. (1) can be rewritten as a Fredholm integral equation of the first kind following the work by 

Fillipov et al. [16] 
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where all of the terms are grouped in the kernel, K(dp,t), excluding P(dp). The simulated incandescence values 

depend on the size-dependent nanoparticle cooling curves, which in turn are calculated using a nanoparticle 

cooling model discussed in Section 2.2. While dp could be inferred by solving Eq. (1) using incandescence 

measured at a single wavelength, this procedure requires knowledge of C, which is generally not known. 

Two-color (or auto-correlated) LII removes the dependence of C [39]; this procedure utilizes the spectral 

incandescence measured at two wavelengths to derive an effective pyrometric temperature 
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where h is Planck’s constant, c0 is the speed of light in a vacuum, kB is the Boltzmann constant, 1 and 2 are 

the two detection wavelengths, Kopt = C1/C2 which the LII needs to be calibrated to account for, and 

E(m2)/E(m1) is the ratio of the emission efficiencies at the detector wavelengths, also symbolized as E(m)r. 

An example of TiRe-LII data is shown in Fig. 4 where the incandescence of cooling aerosolized iron 

nanoparticles are measured at two wavelengths and then converted to the effective temperature. 
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From Eq. (4), calculating the effective temperature requires the ratio of the emission efficiencies at 

the detector wavelengths, which by using Kirchhoff’s law, is equivalent to the spectral absorption efficiency, 

defined in Eq. (2). For soot, E(m) is influenced by the fuel used and the combustion environment [38, 40], 

while in nanoparticles of pure substances, the complex index of refraction should be a reasonable value to 

use for the spectral absorption efficiency. This is may not work for all materials since the optical properties of 

nanomaterials deviate from their bulk material properties due to the scattering of electrons [41]. Since there 

are limited experimental sources which attempt to quantify this for solid high temperature and molten 

nanoparticles, a dispersion model could be used instead to approximate E(m), and is discussed in Chapter 4. 

 

2.2 Nanoparticle Cooling Model 

Modeling the incandescence during nanoparticle cooling requires knowledge of Tp(dp,t), which can 

be found by performing an energy balance on the energized nanoparticle as it thermally equilibrates with the 
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carrier gas. This energy balance sets the sensible energy equal to the nanoparticle heat transfer due to 

conduction, evaporation and radiation, given by 
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where (Tp) and cp(Tp) are the temperature-dependent density and specific heat of the aerosolized 

nanoparticle. Although radiation is the basis for the detection method, it has been shown to have a negligible 

effect on the nanoparticle cooling model, when compared to the conduction and evaporation modes, and 

will be omitted from the analysis [18].  

 

The nanoparticle sizes are expected to be equal to or smaller than their mean-free path within the 

carrier gas, so heat transfer occur in the free molecular regime. For example, Sipkens et al. [37] calculated the 

mean-free path molecular path of CO2 to be approximately 40 nm, which is similar to the expected size range 

of the nanoparticle used in the experiments. Free molecular heat conduction is given by 
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where Ng is the incident gas number flux, ng = Pg/(kBTg) is the molecular number density of the carrier gas, 

cg,t=[8kBTg/(mg)]1/2 is the mean thermal speed of the carrier gas, Pg, Tg, and mg are the carrier gas pressure, 

temperature, and molecular mass, respectively, and EoEi is the average energy transfer per collision. The 

latter term can be rewritten using the TAC, , which is defined as the ratio between the average energy 

transfer and maximum energy transfer allowed by the Second Law of Thermodynamics 
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where rot is the number of rotational degrees of freedom of the carrier gas. The monatomic gases have no 

rotational modes available, so rot = 0, while the linear polyatomic gases requires rot = 2. The final form of the 

heat transfer due to conduction is given by 
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with the appropriate value of rot used for the specific aerosolized nanoparticle mixture. The free molecular 

evaporation is given by 
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where Hv is the heat of vaporization of the metal atoms, Nv is the vapor number flux, nv is the vapor number 

density, cv is the mean thermal speed of the vapor and  is the sticking coefficient. Following Sipkens et al.  

[37], Hv is calculated using Watson’s equation [42] 
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where K is a material constant which can be found by using the nanoparticle boiling temperature and enthalpy 

of vaporization, and Tc is the critical temperature of the nanoparticle. Assuming that the molten nanoparticle 

surface and its vapor above the surface are in quasi-equilibrium, the Clausius-Clapeyron equation can be used 

to relate the heat of vaporization and the vapor pressure 
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where R is the universal gas constant, and C is a material constant. Since this pressure value corresponds to a 

flat interface between the two phases, this value can be further modified to account for the increased surface 

energy due to nanoparticle curvature using the Kelvin equation [37] 
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where Rs is the specific gas constant, and s(Tp) is the surface tension of the nanoparticle. The heat transfer 

due to radiation is given by 
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where Qabs(dp,) is the spectral absorption efficiency at the detection wavelength, and Ib,[(Tp(t,dp),] is 

the blackbody intensity. The spectral absorption efficiency corresponds to the incandescence calculated 

for a single nanoparticle size and then integrated over all wavelengths to account for the total spectral 

emission. 

 

2.3 Material Properties 

The material properties used for this analysis are presented for the spectroscopic and 

nanoparticle cooling models. For the spectroscopic model, the results of the Drude model of the optical 

properties are compared to the experimentally observed values reported in the literature, when possible. 

The nanoparticle cooling model is then used to determine the influence of the fluence on the peak 

temperatures for different aerosol mixtures, as well as to determine which heat transfer modes are 

dominant. 

 

2.3.1 Spectroscopic Properties 

It is expected that for most materials considered in this study, the energized nanoparticles will exceed 

their respective melting points [37], so the complex index of refraction for the molten nanoparticles should 

be used when calculating E(m). There are only limited studies dedicated to quantifying the complex index 

of refraction or their equivalent complex dielectric function  = 1 + i2 of molten metals, and this work 

utilizes the work previously published by Miller [43], Hodgson [44] and Krishnan et al. [45]. For some 

metals, it may be possible to model the complex dielectric function using Drude theory [46, 47], in which 

the kinetic motion of electrons are modeled as they collide with the metal’s heavier and immobile positive 

ions. To model this, the complex dielectric components are given as 
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and 
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where  = 2c0/ is the angular frequency of the E-M field,  is the relaxation time (average time between 

electron-ion and electron-neutral collisions), and p is the plasma frequency. The plasma frequency is 

given by 
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where N* is the number of free electrons per unit volume, m and e are the mass and charge of an electron, 

respectively, and 0 is the vacuum permittivity.  Miller found that the effective carrier density N* is larger 

than the density N of valence electrons, since the electron band structure above the Fermi level 

disappears upon melting [43]. The relaxation time is found from the DC conductivity, 
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While there is interest in developing a Drude model for iron nanoparticles, a review of a previous study 

by Sipkens et al. [37] revealed that the Drude parameters derived by Kobatake et al. [48] was shown to 

be nonphysical and is not considered for this study. Instead, the experimentally derived spectroscopy 

properties from Krishnan et al. [45], which are consistent with the values published by Miller [43], is used 

in this study. The real and imaginary components of the refractive index of molten iron are shown in Fig. 

5.  
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Fig. 5 Real and imaginary components of the refractive index for molten iron 

 

The corresponding E(m) values are shown in Fig. 6, where vertical lines denote the E(m) values 

at the laser wavelength used (1064 nm) and the two detection wavelengths, at 442 nm and 716 nm, 

respectively.  The experimental values from Krishnan et al. contained the required values for the detector 

wavelengths of the TiRe-LII system, E(mnm) = 0.191 and E(mnm) = 0.103 respectively, but does not 

include the laser wavelength, so a fourth order polynomial was fit (r2 = 0.9797) to the E(m) values from 

Krishnan et al. [45] and extrapolated to find E(mnm) = 0.065, which is also shown in Fig. 6.  
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Fig. 6 E(m) values molten iron 

 

For molten silver, the DC conductivity of 58.14103 (cm)1 and N*/N = 1.05 was used, following 

Miller [43] and Krishnan et al. [45], resulting in p = 1.31751015 rad/s and  = 3.782310-15 s.  The real 

and imaginary refractive indices obtained from Drude theory are plotted in Fig. 7. 
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Fig. 7 Real and imaginary components of the refractive index for molten silver 

 

The trends show good agreement with ellipsometry measurements on molten silver, which one would 
expect since the inter-band absorption structures present for solid metals do not exist in liquid state [43, 

45, 49]. The corresponding E(m) values are plotted in Fig. 8 

Fig. 8 E(m) values molten silver 

 . For this study the Drude derived E(m) values were selected to interpret the molten silver TiRe-LII data, 

specifically, E(mnm) = 0.041 and E(mnm) = 0.015 and E(mnm) = 0.009. 
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Fig. 8 E(m) values molten silver 

  
From preliminary trials it was observed that the TiRe-LII experiments on molybdenum 

nanoparticles do not exceed its melting temperature (2896 K [50]), so high temperature solid state values 

for the index of refraction were investigated. This is because the n, k and E(m) values depend on the 

DC conductivity of the material which is directly influenced by the temperature through Drude/Hagen-

Rubens theory [38]. Experimental refractive index values were taken from Barnes on solid molybdenum 

at 2000 K [51], Juenker et al. at 2200 K [52], and Palik et al. at 300 K [53] and are plotted in Fig. 9 with the 

corresponding E(m) values plotted in Fig. 10. For this study the experimental E(m) values from Barnes 

[51] were selected to interpret the molybdenum TiRe-LII data, specifically, E(mnm) = 0.151 and E(mnm) 

= 0.097 and E(mnm) = 0.065. 
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Fig. 9 Real and imaginary components of the refractive index for molybdenum 
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Fig. 10 E(m) values for molybdenum at different temperatures 
 

2.3.2 Nanoparticle Cooling Properties 

To solve the nanoparticle cooling model outlined in section 2.2, the literature was surveyed for the 

molten temperature dependent properties for iron and silver, and high temperature solid state values for 

molybdenum. From preliminary tests, the peak TiRe-LII derived temperature of molybdenum nanoparticles 

approaches but never exceeds its melting point, 2896 K [50], so it follows that high temperature solid state 

values . Temperature dependent values could not be found for all the material properties, such as the surface 

tension for molybdenum, and the next reasonable value found in the literature were used. All of the values 

selected are summarized in 
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Table 1 Nanoparticle Cooling Properties 

a a(Tp) = (1582+0.0589·(Tp-Tm))·( 3.0+1.03·(10-3)·(Tp-Tm)) 

 

Using the physical properties listed in Table 1, Eq. (5) can be used to simulate nanoparticle cooling 

data can be calculated and then used to approximate what kind of heat transfer modes should be 

dominant as well as how we could modify our heat transfer model when using it to regress experimental 

data to reduce our computational effort. Hypothetical 50 nm and 0.1 TAC iron, silver and molybdenum 

nanoparticles were used to calculate the contribution of the conduction, evaporation and radiation heat 

transfer modes between the expected TiRe-LII experiment temperature range of 1500 K to 3000 K,  shown 

in Fig. 11, Fig. 12, and Fig. 13 for iron, silver and molybdenum respectively. 

  

Property Fe Ag Mo 

mg [kg/mol] 0.05585 0.1080 0.9594 

 [kg/m3] 8171-0.64985·Tp [54] 
9346-0.9067·(Tp-1234) 

[55] 

9100-0.6·(Tp-Tm),   Tp>=Tm 

9100-0.5·(Tp-Tm),   Tp<Tm [50] 

cp [J/(kg·K)] 835 [56] 531 [57] 
56.5+0.01177·(Tp-Tm),   Tp>=Tm 

a(Tp)a,   Tp<Tm [50] 

Tm [K] 1811 [56] 1234 [55] 2896 [50] 

Tb [K] 3134 [58] 2466 [59] 4913 [60] 

Tcr [K] 9340 [61] 6410 [55] 14,588 [61] 

Hv [J/mol] 340·(103) [58] 254·(103) [59] 582·(103) [62] 

s [N/m] 
1.865-(Tp-1823)·(0.35)·(10-3) 

[63] 
1.0994-0.0002·Tp [64] 2.11 [65] 
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Fig. 11 Heat transfer modes for a simulated iron nanoparticle 

 

From Fig. 11, it can be seen that there are primarily two regions of heat transfer for iron 

nanoparticles, the evaporation regime which occurs over 2400 K, and the conduction regime which occurs 

below 2400 K. it can also be seen that in both regimes, radiation is orders of magnitude below the 

dominant heat transfer mode which supports the simplifying assumption of removing it during the 

calculations, although radiation is more significant than evaporation below 1800 K. Also taking into 

account the previous work done by Sipkens et al. [37] iron nanoparticles have a temperature range of 

approximately 3000 K to 2200 K, signifying that there should be sufficient amounts of both evaporation 

and conduction over the duration of a TiRe-LII experiment so both the particle size and TAC can be 

recovered simultaneously.  

 

The simulated silver heat transfer modes in Fig. 12 shows that there are two regimes dominated 

by evaporation and conduction where the transition temperature is approximately 1900 K. From 

preliminary tests as well as from Fillipov et al. [16], a typical TiRe-LII experiment on silver nanoparticles 
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has a very short period of incandescence, approximately less than 100 ns which results in an approximate 

temperature range from 2800 K to 2200 K. From these two observations, the assumption that TiRe-LII 

experiments for silver predominantly occur in the evaporation only regime is supported so only the 

nanoparticle size can be recovered since the evaporation model is not dependent on the TAC, which is 

only required in the conduction model. 

  

 

Fig. 12 Heat transfer modes for a simulated silver nanoparticle 

 

Lastly, the simulated molybdenum data in Fig. 13 clearly shows that the dominant heat transfer 

mode for the entire TiRe-LII experiment range is conduction. This is consistent with previous studies work 

done by Murakami et al. [19] and Sipkens et al. [20] where only the nanoparticle size and TAC ratio could 

be determined due to  molybdenum since Eq. (9) can be rewritten as, 

 

        
3

,2 2,
4 26

p p g g t rot
p p p cond p p p g

g

dT c
q t d T

d

d P
T c T d T

Tt

 
 

 
 

 
      (18) 

1.00E-12

1.00E-11

1.00E-10

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1400 1600 1800 2000 2200 2400 2600 2800 3000

H
ea

t 
Fl

o
w

 [
W

]

Temperature [K]

Qcond [W] Qevap [W] Qrad [W]



26 
 

 

which can be rearranged to 
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where the solution of Eq. (19) will always have depend on the nanoparticle size to TAC ratio. By assuming 

a weak temperature dependence for the density and specific heat capacity, integrating Eq. (19) and 

plotting ln(Tp-Tg) against time, allows the nanoparticle size and TAC ratio could be approximated as a fixed 

ratio from the slope. A more accurate method to recover the TAC, the nanoparticle size is determined 

through an ex situ method and then fed into the model to find the optimal TAC value during regression. 

In this work, the molybdenum particle size and size distribution was determined through TEM image 

analysis which can then be used to determine the TAC value through the model regression. 

 

Fig. 13 Heat transfer modes for a simulated molybdenum nanoparticle 
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2.3 Nanoparticle Size and TAC Inference, and Uncertainty Quantification 

The nanoparticle size and TAC values are inferred by regressing experimental effective 

temperatures with simulated data generated with the heat transfer model described in previous section. If 

the aerosolized nanoparticles are monodisperse (i.e. uniformly-sized), the parameters of interest, dp and the 

TAC, can be inferred using Bayesian analysis following Sipkens et al. [66]. The posterior probability density, 

P(x|b), is found from Bayes’ equation 
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where x = [dp, ]T, b contains the effective temperatures, P(b|x) is the likelihood of b occurring for 

candidate values of x, Ppr(x) is the prior probability, and P(b) is the evidence, which scales the posterior 

probability so that it satisfies the Law of Total Probability. This study uses an uninformed prior, Ppr(x) = 1, 

and assumes that the effective temperatures are contaminated with normally-distributed measurement 

noise which results in the determination of the maximum likelihood estimator (MLE). While not explicitly 

defined as a prior, two physical restraints are placed on the results from this framework: the first being 

that the nanoparticle size must be greater than 0 nm since the nanoparticles exist; and the TAC is bound 

by a range of 0 to 1 since it corresponds to an energy transfer efficiency. Additionally, the minimization is 

conducted using MATLAB’s built-in fminsearch function which utilizes a Nelder-Mead minimization 

algorithm unlike Sipkens et al. [37]  who utilize MATLAB’s built-in nonlinear least squares regression 

function, using the Levenberg-Marquardt algorithm. Under these conditions the likelihood function is 

proportional to 
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where j
2 is the variance of the jth temperature measurement; the incandescence signals are collected 

from 500 laser pulses, and observed noise is reduced by multishot averaging and also gives the variance 

of the measurements. An advantage to using a Bayesian statistical framework is it also allows the 

quantification of the error bounds for dp and , by marginalizing the posterior probability density following 
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Sipkens et al. [66], and an example of this is shown in Fig. 14, where the respective 95% error bounds are 

shown as the filled in grey areas. 

 

In addition to the quantification of the error bounds, there is an additional uncertainty assigned 

to each of the nanoparticles’ physical properties as well as the operating conditions of the TiRe-LII 

instrument which cannot easily be quantified. For this study, a perturbation analysis is performed for 

some of the key physical parameters to determine the change, if any, from the recovered MLE solution.   

Fig. 14 Marginalization plot for a Fe-Ar aerosol 
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Chapter 3 Experimental Apparatus 

 

The TiRe-LII experimental apparatus is divided into two main subsystems: the TSI atomizer, which 

is responsible for aerosolizing and drying the nanoparticles; and TiRe-LII instrument itself to laser heat the 

nanoparticles and measure the incandescence. In this chapter, the operational parameters used in this 

study are introduced for both subsystems. Furthermore, ex situ characterization techniques which were 

used in conjunction with these subsystems, as they provide particle size measurements which can then 

be compared to the TiRe-LII measurements, are also introduced and the discussed. 

 

3.1 TiRe-LII Experimental Overview 

This work uses an identical TiRe-LII experimental setup to Sipkens et al. [37] and a general 

schematic is shown in entire process is depicted in Fig. 15, where the grey clusters represent the 

nanoparticles, the blue clusters represent water molecules, the solid blue dots represent the carrier gas, 

and the grey lines represent any residual materials from the synthesis procedure, including dispersants 

and trace contaminants. In the case of the iron nanoparticles, a polymer layer is applied to the surface to 

prevent the nanoparticles from oxidation and agglomeration which is assumed to be ablated during the laser 

heating process, depicted as the grey lines being removed in the schematic in Fig. 15. The silver nanoparticles 

use an aqueous dispersant to prevent nanoparticle agglomeration, which is removed during the aerosol 

drying, while the molybdenum nanoparticles are not prepared with any dispersant. 

Fig. 15 Schematic of the TiRe-LII experimental apparatus [37].  
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The TiRe-LII instrument is set up to allow an aerosolized mixture flow through the sample chamber 

and then ventilated in a fume hood. When in operation, the system is completely closed which minimizes 

the likelihood of the experimental area being exposed to nanoparticles. After the nanoparticles of interest 

are made into a colloid, different aerosol mixtures are generated using a TSI Model 3076 pneumatic 

atomizer operating in recirculation mode using the carrier gas of interest, at an inlet pressure of 

approximately 200 kPa. This produces a stream of water droplets approximately 350 nm in diameter which 

contains the nanoparticle of interest, any residual byproducts from the nanoparticle synthesis, and a 

dispersing agent to prevent the nanoparticles from aggregating depending on the nanomaterial being 

tested.  

 

After aerosolization, the wet aerosol pass through a diffusion drier charged with a silica gel 

desiccant, which removes any moisture from the aerosol. Since the residual byproducts and the dispersing 

agents remain in liquid, they are also removed by the silica gel. The dried aerosol then reaches the TiRe-

LII sample chamber where the laser pulse heating occurs, and the incandescence is recorded as the 

nanoparticles are allowed to thermally equilibrate with the carrier gas. The aerosolized nanoparticles 

enter the sample chamber where the aerosol pressure is measured at 101.3 kPa ± 3.5 kPa using an Omega 

PX409-USBH pressure transducer for the duration of a TiRe-LII experiment shown in Fig. 16, and is at room 

temperature. From the schematic, the setup allows for an easy change of the motive gas which allows a 

variety of different aerosol mixtures to be tested. While Sipkens et al. [37] previously utilized He, Ar, Ne, 

CO, N2, CO2, and N2O for their TiRe-LII study on iron nanoparticles, this study limits the carrier gases to be 

Ar, N2 and CO2. 
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Fig. 16 Relative pressure changes during a TiRe-LII Experiment  

 

3.2 TiRe-LII Subsystem 

The TiRe-LII experiment is carried out using an Artium 200 M system and was calibrated before this 

study, under the supervision of Mr. Robert Sawchuk at the National Research Council of Canada. The 

nanoparticles are energized using a 1064 nm Nd:YAG laser operating at 10 Hz. The nominal laser fluence is 

0.2630 J/cm2 and could be adjusted by altering the flashlamp Q-switch delay with the nominal Q-switch value 

being 137 µs. After the laser pulse, the energized particles thermally equilibrate with the carrier gas and the 

spectral incandescence emitted during this cooling stage is measured using two photomultipliers (PMTs) 

equipped with bandpass filters centered at 442 nm and 716 nm (full width at half maximum of 50 nm), 

sampled every 2 ns, and for 500 laser pulses for each test. 
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To calibrate the TiRe-LII, first the laser was aligned such that it was following the appropriate path 

through the sample chamber. This was accomplished by replacing the sample chamber with flashpaper at the 

appropriate location of the target nanoparticles in the sample chamber, and then pulsing and readjusting the 

position of the laser source until the beam path was correct. After the laser was aligned, the laser beam was 

profiled using a Coherent USB LaserCam HR Head, to ensure that appropriate top-hat beam distribution was 

observed when the ceramic aperture and relay lens are used [39]. The beam profiler was placed at the same 

location of the flashpaper during the laser beam alignment and the laser was repeatedly pulsed until the laser 

distribution was successfully profiled. The results of the beam profiling before and after the addition of the 

ceramic aperture and relay lens are shown in Fig. 17. The first profiling was done on the direct laser beam, 

Fig. 17a, which was circular with the highest intensity at the centre of the beam as expected, then the ceramic 

aperture and relay lens was introduced into the beam path and profiling showed the expected top hat 

distribution with a more consistent intensity profile, Fig. 17b.  

 

Fig. 17 Beam profile results of a) the direct laser beam, and b) the laser beam passing through the ceramic 
aperture and relay lens.  

  

a) b) 
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The laser energy per pulse the aerosolized nanoparticles are exposed to in the sample chamber was 

measured using a pyroelectric sensor (Coherent J-25MB-IR). The sample chamber contains three 

sapphire glass windows (ESCO Optics, G110040 Sapphire Circular Windows), where two of them are 

responsible for decreasing the energy of the laser pulse prior to termination. The most significant 

decrease occurs as the laser pulse passes through the first window which is placed between the ceramic 

aperture and relay lens system and the probe area within the sample chamber. The second window is 

placed between the sample chamber and a laser beam trap which terminates the incident laser pulse, and 

the third window is placed between the sample chamber and the PMTs, neither contributing to any energy 

loss prior to the laser beam interacting with the aerosolize nanoparticles. To accurately reproduce the 

same conditions effect that the glass window has on the interaction between the laser beam and the 

aerosolized nanoparticles, one window is inserted between the ceramic aperture and relay lens system 

and the pyroelectric sensor, shown in Fig. 18.  

 

The flashlamp input energy was set to 3.3 J and the laser output energy was controlled by 

changing the flashlamp’s Q-switch delay value between 137 µs and 190 µs. For specific Q-switch values, 

the laser was pulsed 100 times, allowing the calculation of the average output laser energy and the 

respective standard deviation. The results of these measurements are summarized in Table 2. By 

measuring the laser pulse interaction area with the flashpaper used during the calibration the probe area 

Fig. 18 TiRe-LII Apparatus showing a) aperture and lens system, b) window 1, c) pyroelectric sensor 

  

a) b) c) 
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in the sample chamber determined to be 2.5 mm  2.5 mm, which allows the calculation of the laser 

fluence, reported in J/cm2 and this value is also included in Table 2.  

 

Table 2 Laser Energy Measurements 

 

The detection apparatus is shown in Fig. 19, highlighting the aperture wheel, density filter wheel 

and the beam splitters and PMT. The factor calibration settings were used for the detectors and no 

Q-Switch Delay [s] <Laser Energy> [mJ] Standard Deviation [mJ] Fluence [J/cm2] 

137 16.57 0.13 0.2630 

150 16.54 0.09 0.2625 

160 16.04 0.08 0.2546 

170 15.20 0.09 0.2413 

175 14.69 0.10 0.2332 

180 14.16 0.06 0.2248 

185 13.59 0.09 0.2157 

190 12.95 0.07 0.2056 

Fig. 19 TiRe-LII Apparatus showing a) collection aperture wheel, b) density filter wheel, c) beam splitter 
and the wavelength specific PMTs 

  

a) b) c) 
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attempts were made to perform any in-house calibration; these calibrations involved using a calibrated 

light source which was used to calibrate the response observed at the PMTs. In this setup, a collection 

aperture of 5 mm with no neutral density filter was used. Previous experimental work with this setup had 

shown that there was an adequate signal being measured for iron nanoparticles. 

 

3.3 TSI Atomizer Subsystem 

 

For this study, a TSI 3076 pneumatic atomizer operating in recirculation mode was selected for 

generating the aerosolized nanoparticle stream from a colloid. The nanoparticle colloid is contained in a 

bottle with a modified cap fitting which is attached to the atomizer assembly block via two tubes, one 

tube which the colloid is drawn into the assembly block and aerosolized and the other is to allow any 

excess liquid in the assembly block to return to the stock colloid. A picture of the system aerosolizing an 

iron nanocolloid, is shown in Fig. 20. 

 

A pressurized carrier gas of interest source (200 kPa, controlled using the motive gas cylinder 

regulator) is connected to the inlet of the atomizer assembly block where it forms a high velocity jet which 

draws up the colloid due the Venturi effect. The liquid is atomized by the jet where the smaller 

nanoparticle droplets are exhausted through the top of the atomizer and larger droplets which strike the 

back wall of the atomizer and is drained back into the stock colloid bottle. According the manufacturer’s 

Fig. 20 TSI atomizer subsystem, aerosolizing an iron nanocolloid 
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specifications, the number mean droplet diameter of the exhaust aerosolized nanoparticle stream is 350 

nm for water based colloids. From this, the approximate nanoparticle per droplet concentration can be 

determined, if the effects of dilution on the nanoparticle colloids is investigated in the future work. 

 

After the aerosolized nanoparticles leave the atomizer assembly block, the nanoparticles are still 

contained within water which may be contaminated with leftover reactants, dispersants or other trace 

materials. Since the TiRe-LII cannot differentiate between the different sources responsible for the 

incandescence being detected, these contaminants need to be removed. The aerosolized nanoparticles 

are forced through a diffusion drier charged with an indicator based silica gel beads desiccant, which 

changes colour from orange to white as the beads absorb moisture. This provides a visual indicator that 

the aerosol is being dried, which is expected to draw out most of the water based contaminants. After 

drying, the aerosolized nanoparticles enter the TiRe-LII sample chamber for measurements. 

 

3.4 Ex Situ Characterization 

Dynamic light scattering is a colloidal characterization technique which allows the hydrodynamic 

particle size of a material to be inferred while in solution. It is a non-destructive light scattering technique 

which operates on the basis that the particles undergo Brownian (or thermal) motion which can be used 

to infer the diffusion coefficient of the particles and then calculate the particle size. Under dilute 

conditions, particles are free to diffuse throughout the solution based on the thermal energy of the system 

with the energy losses caused by the viscosity of the solvent. Smaller particles are expected to have a 

larger diffusion coefficient while larger particles are expected to have a smaller diffusion coefficient due 

to differences in the viscous losses as the particles move through the solvent. During DLS characterization, 

a stationary laser at a fixed angle with respect to the probe area and the detector is fired into the colloid 

and the scattering intensity is recorded. Qualitatively, since larger particles would have a smaller diffusion 

coefficient, the scattering profile is relatively consistent throughout the experimental duration while 

smaller particles move quicker, the scattering profile is expected to change rapidly. The dynamic laser 

intensity measurements can then be used to determine the autocorrelation function which quantifies the 

change of the laser intensity over time. While the calculation and derivation of the autocorrelation 

function is outside the scope of this work, it can then be used to calculate the translational diffusion 

coefficient and since the colloid is undergoing Brownian motion, the particle size can now be determined 

by rearranging the Stokes-Einstein equation  
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where  is the temperature of the colloid, and D is the auto correlated calculated diffusion coefficient. 

The particle size is inferred from the diffusion coefficient which sets an empirical concentration limit for 

colloid characterization since the particles are required to be free from the influence of the other particles 

in the solution to determine the appropriate diffusion coefficient. Under moderate to high concentrations, 

since the particles now in a closer proximity to each other and effectively hindering the overall mobility 

of the particles, this is expected to decrease the overall laser intensity fluctuations and result in smaller 

values for the diffusion coefficient which results in a larger particle size. A 1:1000 colloid to solution 

(colloid + solvent) volume ratio was selected as a sufficient concentration for this study, while ideally for 

a robust DLS analysis, serial dilutions of the colloid and the extrapolation to an infinitely diluted colloid 

provides a more accurate analysis of the system and could be done in future experiments. It is important 

to highlight that DLS treats surface modified samples, such as the iron nanoparticles used in this study, as 

a single particle and cannot differentiate between the nanoparticle core and the surface coating. This 

artificially increases the DLS measured sizes for iron and provides more of an upper bound on what we 

could expect the nanoparticle size to be. A more compressive discussion of dynamic light scattering, 

including the mathematical models and colloidal chemistry can be found in Hiemenz and Rajagopalan 

[67]. 

 

Scanning electron microscopy and transmission electron microscopy are non-destructive imaging 

techniques which operate by probing a sample of interest with an electron beam. While they both probe 

the sample with an electron beam, their detection principles differ in that SEM looks at the intensity of 

electrons produced from the sample’s surface while TEM looks at the scattering profile as electrons pass 

through the sample. In SEM, the sample ejects electrons (secondary electrons) as it is bombarded by the 

high energy electron beam (primary electrons) and the image is formed based on the relative amount of 

secondary electrons being emitted from the different surface features of the sample. Alternatively, TEM 

imaging operates on the principle of generating an image based on the electron scattering pattern as a 

high energy electron beam passes through it. The key requirement for TEM characterization is that the 

sample is sufficiently thin enough to allow a high energy electron to pass through it. An advantage to using 

these microscopy techniques is that they also allow for compositional analysis known as energy-dispersive 

X-ray spectroscopy (EDX), due to the emission of x-rays generated when core electrons are ejected from 
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the material and a higher valance electron fills their void, releasing the difference in energy in the form of 

an x-ray. These electron transitions are well known for the elements and can provide information about 

the presence of contaminants in the sample and their relative portions.  A more compressive discussion 

of electron microscopy characterization can be found in Leng [68]. Since there was no quantitative 

information on the expected size range of the iron and molybdenum nanoparticles, so TEM analysis was 

selected over SEM as it provided a much higher resolution, if it was required for small nanoparticle sizes. 

Since there was some prior knowledge of the expected size ranges of the silver nanoparticles and high 

resolution SEM had worked previously, SEM was used for this study. A main drawback to using TEM 

analysis is during the sample grid preparation; when a sample of the nanocolloid is placed onto the sample 

grid, there still may be some settling and agglomeration occurring while the sample dries as shown in Fig. 

21, as the grids are being dried under a laboratory lamp. Also, there is usually a long period of time 

between the sample preparation and the imaging which may result in a larger nanoparticle size being 

measured due to oxidation of the nanoparticles as well. 

 

For this work, a Malvern Instruments Zetasizer Nano-ZS90 instrument was used to conduct DLS 

measurements on the iron nanoparticles while a Vasco DL 135 instrument equipped with a 657 nm 

Nd:YAG laser, using a Padé-Laplace method was used to interpret the DLS data for the silver and 

molybdenum nanoparticles (the associated error for this instrument is ±5% of the measured value). For 

electron microscopy, a LEO 1550 instrument was used for the SEM analysis using the standard double 

sided carbon tape as the sample adhesive, and a JEOL 2010F instrument was used for the TEM analysis 

using 200-mesh copper TEM grids as the sample holders. The imageJ software package to quantify the 

nanoparticle size distribution statistics for both the SEM and TEM images.  

Fig. 21 Preparation of the TEM grids 
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Chapter 4 Experimental Procedure 

 

Previous TiRe-LII experiments have relied on synthesizing nanoparticles in situ prior to laser 

heating, and included using a plasma reactor [66] and photolysis [19, 20] methods. These methods have 

the drawback of the carrier gas of interest interacting with the synthesis process and may result in 

different nanoparticle sizes for different aerosol mixtures [20]. In this work, the nanoparticle of interest is 

prepared as a colloid and then aerosolized using a pneumatic atomizer, so that the synthesis of the 

nanoparticles used in TiRe-LII experiments are independent of the aerosol gas used. This method also has 

the advantage of using traditional colloidal characterization techniques which allow the determination of 

the nanoparticle sizes which can later be compared to the TiRe-LII derived nanoparticle size. In this 

chapter, the preparation steps for all of the nanoparticle colloids used in this study are outlined, including 

their synthesis procedures, and associated ex situ characterization.  

 

4.1 Nanoparticle Preparation  

Immediately before a TiRe-LII experiment is conducted, the metallic zero valent nanoparticles 

were prepared in solution to minimize the effects of agglomeration and oxidation. In these types of 

synthesis experiments, the metal precursor is dissolved in a solvent, usually deionized water, and mixed 

with a reducing agent, the most common being sodium borohydride. A key advantage of preparing the 

nanoparticles as a colloid is that it allows the convenient production of aerosol mixtures with different 

carrier gases, and greater control of the concentration of the nanoparticles in the colloid. Another 

advantage of using a reductive synthesis is the use of ex situ characterization techniques to compare to 

the TiRe-LII derived nanoparticle sizes, including dynamic light scattering (DLS), scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM), similar to the work by Sipkens et al. [37].  
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4.1.2 Iron Nanoparticle Preparation 

The iron nanoparticles were synthesized in solution synthesized by reducing ferrous iron ions (Fe2+) 

in a solution of sodium borohydride (NaBH4) as the reducing agent and carboxymethylcellulose (CMC) to 

prevent agglomeration all in deionized water (DI-H2O), following Liu et al. [69] and He and Zhao [70]. To 

prepare the iron colloid, 8.29 g of iron (II) sulfate heptahydrate (FeSO4·7H2O) was dissolved in 25 mL DI-

H2O and then added to 60 mL of CMC solution (14 g/L, ca. 250 kDa) under vigorous mixing for 

approximately 10 minutes to ensure the formation of the CMC-Fe2+ complex. Separately, 1.13 g of NaBH4 

was dissolved in 15 mL of DI-H2O and then slowly added to the CMC-Fe2+ solution, resulting in a black 

colloid, signifying the reduction of CMC-Fe2+ to CMC-Fe0. 

 

For the DLS analysis of the iron colloid, a refractive index of n = 2.87 was used since it corresponds to 

an iron nanoparticle which is surface modified with CMC polymer coating [71]. The average iron nanoparticle 

size was 41.9 nm with a standard deviation of 3.3 nm, measured at approximately 20 minutes after 

completion of the colloid synthesis. The colloid was retested at approximately 40 minutes from the 

completion of the synthesis and showed an average nanoparticle size of 151.9 nm and a standard deviation 

of 14.9 nm. While there was no apparent changes in the colour of the solution which would be an indicator 

Fig. 22 Nanocolloids of: a) iron; b) silver; c) molybdenum 

a) b) c) 
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of oxidation, the increase of size was then attributed to the settling and agglomeration of the iron 

nanoparticles to form larger clusters.  

 

TEM analysis was attempted on the iron colloid but the concentration of the nanoparticles was too 

high to gain quantitative images to allow for a statistical analysis to determine the average nanoparticle size. 

Qualitatively, iron nanoparticle sizes ranged from 50-500 nm, as shown in Fig. 23. 

 

4.1.3 Silver Nanoparticle Preparation 

The silver nanoparticles and associated SEM data were provided by Mr. Robert Liang from the 

University of Waterloo. The nanoparticles were synthesized in solution using the procedure outlined by Lee 

and Meisel [72]. A reflux condenser was attached to a three-necked round bottom flask, filled with 100 mL of 

deionized water and kept under a nitrogen gas atmosphere. Using a glass pipette, 1.7 mL of a 1% silver nitrate 

aqueous solution was added to the round bottom flask and the mixture was brought to a boil using a heating 

mantle for 15 minutes. Next, 2 mL of 1% citrate solution was then added to the reaction solution with a glass 

pipette, and the solution was left to reflux under vigorous mechanical stirring for one hour. The heating 

mantle was turned off and the solution was allowed to cool to room temperature before being stored in an 

amber glass bottle until usage.  

Fig. 23 Sample TEM images of the iron nanoparticles, a) a larger nanoparticle showing the CMC coating, 
b) a smaller nanoparticle. Scale bars corresponds to 50 nm in both images. 

  

b) a) 
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For the DLS analysis of the silver colloid, a refractive index of n = 0.16 was calculated for a laser 

wavelength of 657 nm using the data from Rakić et al. [73]. The measurements showed two separate particle 

sizes were initially recovered, centred at approximately 87 nm and 310 nm, likely due to the isolated silver 

nanoparticles and larger silver nanoparticle clusters, respectively. The sample was left undisturbed for 

approximately 15 minutes before retesting and two separate particle sizes were recovered again, increasing 

to approximately 118 nm and 337 nm, respectively. This indicates that agglomeration of both size classes of 

nanoparticles was present and may be observed in TiRe-LII experiments spanning over long periods of time. 

 

SEM measurements was conducted on the silver nanoparticles shortly after synthesis using the 

lessons learned from having too high a concentration from the iron TEM analysis. From the image analysis, 

164 individual silver nanoparticles were identified and showed a particle size range spanning from 34 nm to 

95 nm, with the average particle size being 65 nm and a standard deviation of 12 nm, which is smaller than 

the DLS result. A sample image of the silver nanoparticles is shown in Fig. 24, which provides a good 

Fig. 24 Sample SEM image of the silver nanoparticles 
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representation of the size classes observed in the colloid. From the overall distribution is shown as a histogram 

in Fig. 25, using a 10 nm bin size, it can be seen that the silver nanoparticles studied showed a slightly right 

skewed normal distribution.  

 

 

Fig. 25 Silver Nanoparticle SEM Histogram 
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4.1.4 Molybdenum Nanoparticle Preparation 

A survey of the literature revealed no convenient reductive methods to synthesize molybdenum 

nanoparticles for this work with the current resources available at the time of this study. Instead, 

molybdenum nanoparticles were purchased from Sigma-Aldrich Canada (product number 577987, batch 

number MKBR4618V, nanopowder, <100 nm particle size (TEM), 99.8% purity) and was used without 

further purification. To prepare a molybdenum colloid, 0.5 g of the nanopowder was weighed using an 

analytical balance and then transferred into a vial containing 200 mL of deionized water. Unlike the other 

nanoparticles used in this study, the molybdenum nanoparticles had no dispersant to prevent 

agglomeration to larger particle clusters. To avoid the effects of nanoparticle agglomeration, the mixture 

was ultrasonicated for approximately 15 minutes to break up larger particle clusters to smaller 

nanoparticles, immediately before TiRe-LII experiments.  

 

For the DLS analysis of the molybdenum colloid, a refractive index of n = 3.74 was selected for a laser 

wavelength of 653 nm, which was the closest value available to the DLS laser value of 657 nm, using the data 

from Ordal et al. [74]. Before the sample was ultrasonicated, a preliminary DLS measurement showed an 

aggregated particle size of approximately 76 nm. The sample was ultrasonicated for 15 minutes before 

Fig. 26 Sample TEM image of a molybdenum nanoparticle cluster 
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retesting and the particle size had decreased to 51 nm. This indicates that agglomeration of both size classes 

of nanoparticles was present and may be observed in TiRe-LII experiments spanning over long periods of time. 

 

TEM analysis of the molybdenum colloid showed that over time, there were larger clusters made 

up of smaller individual nanoparticles. The approximate size of the clusters ranged from 300-500 nm while 

the image analysis of 116 individual molybdenum nanoparticles showed a size range of 17-93 nm, with an 

average value of approximately 49 nm and a standard deviation of 18 nm which is in excellent agreement 

with the DLS results. A sample image of the molybdenum nanoparticles is shown in Fig. 26. Unlike the silver 

SEM results, the molybdenum distribution is more skewed left towards a smaller nanoparticle size and 

follows a more lognormal trend, as shown in Fig. 27, which could be attributed to the differences in the 

synthesis techniques utilized in the different laboratories. 

 

 

Fig. 27 Molybdenum Nanoparticle TEM Histogram 
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4.2 TiRe-LII Measurement Procedure 

 

The following paragraphs describe the specific steps taken for each TiRe-LII measurement. 

 

4.2.1 Preparation and Inspection 

Before starting a TiRe-LII experiment, all of the gas tubing, and atomizer need to be inspected and 

cleaned of any form of contamination since trace contaminants could result in false results. The TiRe-LII 

setup is not designed to differentiate different incandescence sources so for example, residual soot or 

previous metallic nanoparticles trapped within the apparatus may give erroneous results while testing 

aerosols. All of the gas joints should be also be inspected to ensure that there are no leaks which may 

result in gases and nanoparticles escaping into the breathing environment, causing potential health 

concerns. To prevent this from happening, the exhaust stream from the TiRe-LII sample chamber is vented 

into a nearby laboratory fumehood. The sample chamber should also be inspected for contamination 

since the glass windows which are attached to it have previously been coated with the residue of the 

nanoparticles that were previously tested. When the experiment is over, pressurized shop air should be 

used to remove any residual nanoparticles that may have attached to the walls of any of the TiRe-LII 

apparatus and associated tubing. 

 

4.2.2 Nanocolloid Synthesis and Setup 

Upon the verification of the TiRe-LII and TSI atomizer system, the nanoparticles of interest are 

prepared as a colloid, and the carrier gas of interest is then used with the pneumatic atomizer to produce the 

dry aerosol. First, the colloid is loaded into a 1 L bottle with a specialized cap which allows Swagelok 

connections to the atomizer block. The carrier gas of interest is also connected to the atomizer block, and the 

gas inlet pressure is maintained at 200 kPa using a gas cylinder regulator.  

 

4.2.3 Activate TiRe-LII Apparatus 

The TiRe-LII is then turned on, starting with the laser power source and then the PMT detector 

module. After the instrument starts up the flashlamp Q-switch delay is checked using a remote keypad 

attached to the laser module, and then the associated computer software is started, Artium integrated 

management software (AIMS), and the appropriate experimental conditions are set, including the amount of 

laser pulses per experiment and the measurement recording time. Prior to taking recording the measured 

incandescence, trial runs are performed to ensure that the measured signals are not oversaturating the PMTs, 
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or to determine if the signal strength is too low, both of which are remedied by adjusting the PMT 

amplification gain. When the trial measurements are within the operational limits, the signals are recorded 

and then exported into Excel CSV files which contain the time-resolved incandesce signals at both detector 

wavelengths. These measurements are repeated for the different aerosol mixtures as well as the fluence 

study.  Finally, throughout the TiRe-LII experiments, repeat measurements of the argon based aerosols are 

made and then used to determine if the TiRe-LII derived nanoparticle size or TAC changes over time to infer 

whether there is any type of measurement drift being caused by the nanoparticle chemistry changing, 

including agglomeration and oxidation. 

 

4.2.3 Shut Down and Cleanup 

Upon completion of the TiRe-LII experiment, the instrument is shut down by first cutting off the 

supply of the carrier gas of interest to the atomizer block, then the PMT detector module and laser power 

source are turned off. Pressurized shop air is connected to the atomizer, and then the sample chamber to 

remove any residual nanoparticles which may be trapped within the system. The remaining nanocolloid is 

collected and disposed of in accordance to the laboratory disposal guidelines. 

 

4.3 Laboratory Safety 

 

All laboratory work in this study was conducted according to the policies outlined by the 

University of Waterloo, in compliance with the workplace hazardous materials information system 

regulations (WHMIS). This includes, reviewing the MSDS prior to working with any chemicals, using the 

appropriate personal protective equipment (PPE) including lab coats and nitrile gloves, and the collection 

and disposal of any hazardous waste. The TiRe-LII instrument utilizes a contained class 4 laser which may 

cause permanent damage to the eyes, and burn skin if the appropriate precautions are not taken. 

Exposure to the laser can occur only during the instrument’s calibration and maintenance since the laser 

beam is kept within a sealed enclosure at all other times. To avoid potential injury when the laser 

enclosure is removed, the appropriate laser glasses must be used as well as keeping the laser beam path 

unobstructed when the laser is in operation. 
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Chapter 5 Results 

 

Upon completion of a TiRe-LII experiment, the incandescence for both the nanoparticle heating 

and cooling stages are recorded and then processed separately to determine the validity and application 

of both the spectroscopic and heat transfer model proposed. The incandescence values are converted to 

effective temperatures using two-colour pyrometry and the peak temperatures to serve as a first check 

on whether the selected experimental or Drude theory derived E(m) values result in the temperatures 

being physically realistic and how do these temperatures change when compared to the previous 

assumption that E(m) only weakly changes as function of wavelength and can be treated as unity. The 

nanoparticle cooling temperatures are used in the statistical model to recover the nanoparticle size and 

TAC, when applicable. Finally the results of the nanoparticle size and TAC recovery using heat transfer 

model with the selected physical parameters for the different iron, silver and molybdenum aerosol 

mixtures are presented.   

 

5.1 Fluence and Spectroscopic Results 

The first component of TiRe-LII analysis is determining if there is any change in the observed peak 

temperature when the laser fluence changes. In previous TiRe-LII studies conducted on soot [75], it was 

expected that the observed peak TiRe-LII signal or its equivalent effective temperature to increase with 

an increase of fluence until a plateau value is reached. This roughly corresponds to the sublimation 

temperature, and indicates the point where additional laser energy is offset by increased heat losses 

through phase change. By doing this analysis first, information could be gained to determine which heat 

transfer modes will be dominant for the material being used. 

 

The spectroscopic properties could also be validated by performing an energy balance during the 

heat up stage of the TiRe-LII experiment. Following Eremin et al. [76] the complex index of refraction of 

the nanoparticles at the excitation laser frequency can be inferred from the peak pyrometrically-defined 

temperature found using E(m)r by performing an energy balance between the start of the laser pulse, 

when the nanoparticles are at Tg, and the pyrometrically-defined peak nanoparticle temperature, Tp,max, 
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where H(Tg) and H(Tp,max) is the enthalpy of the material at Tg and Tp,max. Although Tp,max is due to a 

balance between qabs, qevap, qcond, and the change in enthalpy of the nanoparticles, Eq. (20) can be 

simplified by neglecting evaporation and conduction heat transfer before the peak nanoparticle 

temperature is reached, in which case,  
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where F0 is the laser fluence in units of J/cm2. Substituting Eq. (21) into Eq. (20) gives an expression for 

E(mlaser),  
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where Eq. (22) could be used to approximate a lower bound estimate for E(mlaser). The following sections, 

5.1.1-5.1.3, discuss the specific results for the iron, silver, and molybdenum experiments. 

 

The peak temperatures of the iron nanoparticles were calculated using E(m)r = 0.539 taken from 

Krishnan et al. [45]. The peak temperature was plotted against the laser fluence and is shown in Fig. 28 

for the Ar, N2, and N2O aerosol mixtures, where the error bars correspond to one standard deviation from 

the average peak temperature. At the time of testing CO2 gas was not available and was replaced with 

another linear triatomic gas, N2O; from the remainder of the fluence analysis in this work and consistent 

with Sipkens et al. [37], the peak temperatures calculated for each nanomaterial are independent of the 

aerosol mixture being tested and which is in contrast to Eremin et al. [77] who observed that the peak 

temperatures depended on the pressure and gas used in the aerosol mixture. A general trend observed 

is that at the lower fluences, the measured incandescence have a very poor signal to noise ratio and the 

standard deviation of the peak temperatures is significantly larger than the higher fluence measurements. 

With the exception of the lowest fluence data point, all three aerosol mixtures showing an increasing peak 

temperature as the fluence increases, from approximately 2750 K to 2850 K, well below the boiling point 

of iron, 3134 K [58] and indicates that cooling occurs in a mixed conduction and evaporation dominant 

regime. This result suggests that the energized nanoparticles is approaching the sublimation temperature 

but due to the limitations with the selected TiRe-LII’s maximum fluence, further studies will be required 

at higher fluences.  
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To get a lower bound estimate on E(mlaser), Eq. (22) was solved by setting the maximum 

temperature equal to the boiling point, resulting in    BP gH HT T 
 

 = 2026 kJ/kg taken from Desai 

[56],  and using F0 = 0.188 J/cm2 results in E(mlaser) = 0.479 which is significantly larger than the 0.065 

value extrapolated from Krishnan et al. [45]. Sipkens et al. [37] reinterpreted from the data from Kock et 

al. [18], and calculated E(mlaser) = 0.39 which is consistent with the value calculated in this study. To 

provide a comparison of these results to the literature, the MLE recovered iron nanoparticle size, shown 

in the next section, was used to calculate the size parameter and the E(mlaser) is plotted against the results 

from Kock et al. [18], Eremin et al. [76], and the expected results from Mie theory, shown in Fig. 29. It can 

be seen that all of the experimentally determined E(mlaser) values are larger than the Mie theory 

calculated values, a result that requires further experiments to determine the root cause of this deviation. 

 

 

 

Fig. 28 Peak temperature vs fluence for iron nanoparticles 
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Fig. 29 Comparison of the E(mlaser) from this study to the literature and Mie theory for iron 

 

The peak temperatures of the silver nanoparticles were calculated using E(m)r = 0.366 derived 

from Drude theory using the data from Krishnan et al. [45] and Miller [43]. The peak temperature was 

plotted against the laser fluence and is shown in Fig. 30 for the Ar, N2, and CO2 aerosol mixtures, where 

the error bars correspond to one standard deviation from the average peak temperature. All three aerosol 

mixtures exhibit a maximum peak temperature of approximately 2800 K, well above silver’s boiling point 

of 2466 K [59] and indicates that cooling occurs in an evaporation dominant regime. This result suggests 

that they’re may be some superheating mechanism which is not being considered in the proposed models 

but further investigation is required. Also, the peak temperatures are generally consistent regardless of 

the fluence, unlike iron and molybdenum which show a general increase of peak temperature as the 

fluence increases, but this could be attributed to the temperatures already exceeding the boiling point of 

the silver nanoparticles. 
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To get a lower bound estimate on E(mlaser), Eq. (22) was solved by setting the maximum 

temperature equal to the boiling point, resulting in    BP gH HT T 
 

 = 643 kJ/kg extrapolated from 

Cagran et al. [57], and using F0 = 0.206 J/cm2 leads to E(mlaser) = 0.185 which is significantly larger than 

the 0.017 and 0.014 values reported by Krishnan et al. [45], and Miller [43], respectively. 

 

 

Fig. 30 Peak temperature vs fluence for silver nanoparticles 
 

The peak temperatures of the molybdenum nanoparticles were calculated using E(m)r = 0.642 

derived from the experimental data from Barnes at 2000 K [51]. The peak temperature was plotted against 
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nanoparticles, the aerosol mixtures exhibit an increase of the calculated peak temperature as the laser 

fluence increases, starting from approximately 2830 K at 0.206 J/cm2 and increasing to 2930 at 0.263 
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the system is approaching a steady state peak temperature as expected in soot from this experiment [75]. 

Another study from Eremin and Gurenstov [78] showed a possible steady-state peak temperature of 

approximately 3900 K at fluences higher than 0.3 J/cm2 which is still significantly lower than the boiling 

temperature of bulk molybdenum, 4913 K [60], and may require further investigation, possibly with 

different particle sizes. To get a lower bound estimate on E(mlaser), Eq. (22) was solved by setting the 

maximum temperature equal to the boiling point, resulting in    BP gH HT T 
 

 = 10280 kJ/kg taken 

from Desai [62]  and using F0 = 0.206 J/cm2 in E(mlaser) = 0.038 which is consistent with the value 

interpolated from Barnes [51] which is 0.065. 

 

 

Fig. 31 Peak temperature vs fluence for molybdenum nanoparticles 
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molybdenum showed an increase of the calculated peak temperatures as the laser fluence increased, 

which was approaching their boiling and melting temperatures respectively, while silver showed a 

consistent peak temperature well above its boiling point. From this, it is difficult to draw conclusions from 

this analysis since the temperatures calculated are very sensitive to changes in the E(m) values used to 

interpret the data. For example, the peak temperatures for silver is plotted again in Fig. 32 but calculated 

for both E(m)r = 0.366 and E(m)r = 1, with the error bars omitted for clarity. It can be seen that the peak 

temperatures calculated with E(m)r = 1 are approximately 3600-3800 K which is significantly higher than 

the values calculated with E(m)r = 0.366, which is approximately 2700-2900 K. This result is consistent for 

the other aerosol mixtures in this study and provides evidence for using accurate experimentally 

determined E(m) values for molten metals. Since there is currently a lot of uncertainty in the optical 

properties for these materials, there needs to be further research into obtaining more reliable 

experimental values to minimize the error associated with using a specific E(m)r value.  

 

 

Fig. 32 Peak temperature vs fluence for silver nanoparticles for E(m)r = 0.366 and E(m)r = 1 
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5.2 TiRe-LII Nanoparticle Size and TAC Analysis 

The nanoparticle size and the TAC for each of the aerosol mixtures were attempted to be 

recovered using the statistical framework previously outlined in Section 2.3. Using the peak temperature 

values from section 5.1, the iron data was interpreted using a combined evaporation and conduction 

model (x = [dp, TAC]T), silver with an evaporation only model (x = [dp]T), and conduction only model for 

molybdenum. As previously stated, for molybdenum, the nanoparticle size to TAC ratio can only be 

determined through the statistical framework, and will usually get trapped within a local minimum, so to 

get useful information out of this process, the molybdenum nanoparticle size was set to the TEM 

determined value of 49 nm and the TAC was recovered x = []. All three materials were expected to follow 

a lognormal nanoparticle size distribution and the value of σg was selected to be 1.5 as per previous 

studies [37]. 

 

5.2.1 Nanoparticle size and TAC recovery 

The results for the iron nanoparticle TiRe-LII analysis are summarized in Table 3 using E(m)r = 

0.539 taken from Krishnan et al. [45], and the uncertainties correspond to one standard deviation from 

the measurement. From the previous sections and from previous studies [18, 37], it is expected that the 

iron nanoparticle cooling occurs in the same temperature range which has sufficient heat transfer from 

both conduction and evaporation, which allows for the simultaneous and as expected the model was able 

to recover an optimal pair of the nanoparticle size and TAC which best fits the model to the data. The 

recovered nanoparticle sizes are significantly smaller than the DLS calculated value of 41.9 nm, which 

signifies that even though the model gives an excellent fit to the experimental values, there may be an 

underlying deficiency in some of the material properties which is leading to this discrepancy, most of likely 

being the E(m)r value. To attempt to improve upon the model fit, the E(m)r was adjusted until it was found 

that E(m)r = 0.909 provided an improved fit of the modelled temperature to the experimental 

temperatures, but is well above the experimental E(m)r value. The modeled and experimental 

temperatures are shown in Fig. 33 for the E(m)r = 0.909 fit, and the contour plot used to determine the 

uncertainty intervals is shown in Fig. 34 along with the MLE. As expected the signal to noise ratio decreases 

as the measurement time increases, resulting in a poorer model fit to the data, notably at times exceeding 

500 ns as shown in Fig. 33.  
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Table 3 Iron nanoparticle TiRe-LII size and TAC analysis 

Gas x 
E(m)r = 0.539 E(m)r = 0.909 

MLE Uncertainty MLE Uncertainty 

Ar 
dp [nm] 11.0 0.07 32.7 1.9 

TAC 0.091 0.002 0.24 0.03 

N2 
dp [nm] 10.3 0.1 29.9 1.0 

TAC 0.028 0.0006 0.06 0.01 

CO2 
dp [nm] 10.4 0.06 29.0 1.4 

TAC 0.051 0.0006 0.11 0.01 

TEM dp [nm] 50-500 - 

- 
DLS 

dp [nm], 20 min 41.9 3.3 

dp [nm], 40 min 151.9 14.9 

 

 

Fig. 33 Plot of the experimental and modeled temperatures for the Fe-Ar aerosol 
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Fig. 34 Contour plot of the likelihood for the Fe-Ar aerosol 

 

Throughout the experiment, there were visible changes in the colour of the iron nanocolloid, 

which is attributed to the oxidation of the iron nanoparticles to iron oxide. This colour change is shown in 

Fig. 35, at the synthesis completion where the mixture is homogenously black, at one hour where orange 

a) b) c) 

Fig. 35 Iron nanoparticle colloid colour at: a) synthesis completion; b) one hour; c) six hours 
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residue can be seen, and at approximately six hours where there is a significant amount of orange residue. 

This was only observed for the iron nanoparticles as there was no apparent visual indicators for the silver 

and molybdenum colloids; this should be further investigated in future experiments to determine if this 

is truly the case. TiRe-LII measurements on the Fe-Ar mixture was repeated at 4 intervals over the duration 

of the TiRe-LII experiment to determine if there were any changes in the TAC over time, and the results 

are shown in Fig. 36. As shown, there is a gradual increase of the TAC over time, and for the second set of 

measurements, there is a very large spread of TAC values calculated, with no experimental deviation from 

the other sets of measurements. 

 

 

Fig. 36 Time evolution of the TAC for a Fe-Ar mixture during a TiRe-LII experiment 

 

The silver nanoparticle TiRe-LII measurements were interpreted using E(m)r = 0.366 derived from 

Drude theory using the data from Krishnan et al. [45] and Miller [43], summarized in Table 4 along with 

the one standard deviation error margins. From the previous sections, it is expected that the heat transfer 

mode occurs in the evaporation only regime, and attempts to incorporate the conduction model in the 
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interpretation of the data lead to unphysical values of the TAC being calculated. This included the TAC 

being on the order of 103 in an attempt to increase the conduction model values to a comparable level to 

the evaporation model. Since this is a nonphysical value as the TAC is an efficiency value bound between 

0 and 1, the conduction model was disabled during this analysis. The TiRe-LII values for Ar and N2 with 

each other but CO2 was noticeably smaller than the other aerosol mixtures. Also, the Ar and N2 values are 

consistent with the DLS results, 87 nm, but are larger than the SEM results, 65 nm, which is consistent 

with the CO2 values.  

 

One of the key issues with silver nanoparticles and the TiRe-LII experiments, which was also 

reported in the literature by Fillipov et al. [16], was that silver has poor optical properties in the visible 

and infrared spectrum, and the measured incandescence values were consistent with this by exhibiting 

poor signal strength. The TiRe-LII PMTs were set at their maximum operating gains which inherently 

increases the magnitude of the electrical noise observed in the incandescence signals and overall, 

resulting in a poor signal to noise ratio, even when the amount of measurements was increased to 500 

runs per silver aerosol mixture. Another significant cause of this discrepancy is due to the fact that the 

TiRe-LII measurements from this study and from the literature on silver occur on a much shorter time 

scale than iron and molybdenum, at approximately < 80 ns [16] compared to over 500 ns [37, 19, 20], 

respectively. Due to the poor signal to noise ratio, the incandescence signals are rarely usable after 80 ns 

resulting in much less data being used to regress with the heat transfer model, and is a significant 

contribution of the model’s uncertainty. This is shown in Fig. 37 where the modeled temperatures 

generally capture the experimental temperatures cooling trend but fail to replicate the specific features 

of the experimental data, with the associated contour plot shown in Fig. 38. The conduction model and 

the TAC was used to calculate the likelihood with the evaporation model, but was still shown to have a 

minimal impact on the likelihood demonstrated by the near one dimensional dependence on the 

candidate nanoparticle size.  
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Table 4 Silver nanoparticle TiRe-LII size analysis 

Gas x MLE Uncertainty 

Ar dp [nm] 82 7 

N2 dp [nm] 89 10 

CO2 dp [nm] 75 8 

SEM dp [nm] 65 12 

DLS 
dp [nm], 0 min 87 4.4 

dp [nm], 15 min 118 5.9 

 

 

Fig. 37 Plot of the experimental and modeled temperatures for the Ag-Ar aerosol 
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Fig. 38 Contour plot of the likelihood for the Ag-Ar aerosol 

 

For the molybdenum nanoparticles, the TiRe-LII measurements were interpreted using E(m)r = 

0.642 derived from the experimental data from Barnes at 2000 K [51], with the uncertainty corresponding 

to one standard deviation from the measured value. From the previous sections, and from the literature 

[19, 20], it is expected that the molybdenum nanoparticle cooling temperatures occur around its melting 

point and below, which corresponds to a conduction only heat transfer regime. Also from the same 

studies, this means that the nanoparticle size and TAC values cannot be independently recovered as they 

are solved as a fixed ratio, unless extra information about either the nanoparticle size or the TAC is 

incorporated into the model. From the DLS and TEM ex situ analysis, the molybdenum nanoparticle size 

was determined to be 51 and 49 nm respectively, so for this study the TEM molybdenum size was 

incorporated into the model and the TAC for the aerosol mixtures were recovered, summarized in Table 

5.  
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Table 5 Molybdenum nanoparticle TiRe-LII TAC analysis using the TEM nanoparticle size 

Gas x MLE Uncertainty 

Ar TAC 0.24 0.002 

N2 TAC 0.16 0.001 

CO2 TAC 0.21 0.002 

TEM dp [nm] 49 18 

DLS 
dp [nm], no sonication 76 3.8 

dp [nm], 15 min 
sonication 

51 2.6 

 

The modelled and experimental temperatures for the Mo-Ar mixture is shown in Fig. 39, where 

the model only fit to the experimental temperatures outside of the anomalous cooling regime, which 

occurs up to approximately 300 ns. A plot of the likelihood, calculated using the conduction model is 

shown in Fig. 40, with the MLE nanoparticle size and TAC ratio labelled as the dashed line. As expected 

the fixed ratio between the nanoparticle size and TAC can be seen from the almost linear arrangement of 

the contour lines. This further supports that for conduction dominant TiRe-LII analysis, an ex situ method 

of determining either the nanoparticle size or TAC is required to recover the other, or if there is prior 

knowledge or approximate value of the expected TAC of the material being tested, the nanoparticle size 

can be recovered, as the former was the case in this study. 
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Fig. 39 Plot of the experimental and modeled temperatures for the Mo-Ar aerosol 

 

 

Fig. 40 Contour plot of the likelihood for the Mo-Ar aerosol 
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5.2.2 Perturbation Analysis 

The recovered MLE values are contaminated with both the experimental noise as well as the 

associated uncertainties of the material properties used in both the spectroscopic and heat transfer 

models. Unfortunately, many of the error bounds for these parameters are not reported alongside their 

associated literature values, so some of the key parameters which impact the models are identified and 

perturbed to determine their impact on the recovered MLE values. These parameters and the 

perturbation factor used, as a percent, are listed in Table 6. 

 

Table 6 Sensitivity analysis overview of parameters and perturbation factors 

Parameter Perturbation Factor [%] 

Tg 0.5 

 5 

cp 5 

Hv 5a 

Peak Temperature, Tp0 0.2 

E(m)r 5 

a Molybdenum does not use a conduction model so the effects of perturbing Hv are omitted 

 

The perturbation factor is used to recalculate the MLE values for both the positive and negative 

scaling of parameter of interest, and taking the average of these two values results in the parameter 

induced error (PIE). The results of this analysis are shown in Fig. 41, Fig. 42, and Fig. 43 for the iron 

nanoparticle size and TAC, silver nanoparticle size, and molybdenum TAC respectively. For the iron 

nanoparticles this analysis was split between the nanoparticle size and TAC MLE values to see how the 

parameters influence the recovered components individually. For the iron nanoparticle size, perturbing 

E(m)r gave the largest deviation of approximately 46-48% , the carrier gas temperature showed almost 

no influence on the nanoparticle size at <2%, and the remainder of the parameters showed a moderate 

deviation from the nanoparticle size of approximately 10-20%.  
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For the silver nanoparticles, perturbing E(m)r and Hv gave the largest deviation of approximately 

35-38% from the recovered nanoparticle size, the carrier gas had no observable effect with <1%, while 

the peak initial temperature and the specific heat capacity showed a moderate contribution of 

approximately 20%. Finally for the molybdenum nanoparticles, perturbing and cp gave the largest 

deviation of approximately 21% from the recovered TAC value, while the remaining parameters deviated 

approximately 10-15%. Overall, it can be seen that perturbing E(m)r results in the most significant 

deviation from the recovered MLE values, although the contributions from the other parameters cannot 

be neglected. It is reasonable to approximate the carrier gas temperature as the room temperature, but 

the other parameters cannot be measured in real time, and accurate values with their error bounds need 

  

Fig. 41 Perturbation analysis results for the nanoparticle size (left) and TAC (right) for iron 
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to be determined before interpreting the TiRe-LII data. Although it is not within the scope of this and 

ongoing TiRe-LII studies, future work must include the accurate determination of the molten or high 

temperature optical properties and temperature dependent physical properties of the materials of 

interest. 

 

 

 

  

    

Fig. 42 (Left) Perturbation analysis results for the nanoparticle size for silver 
Fig. 43 (Right) Perturbation analysis results for the TAC for molybdenum 
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Chapter 6 Conclusions and Future Work 

This study was motivated by the need of developing a diagnostic which could provide real time 

aerosolized nanoparticle size measurements in a safe environment. TiRe-LII is a soot diagnostic which has 

been developed to conduct these nanoparticle size measurements. Previous TiRe-LII studies on synthetic 

zero-valent metal nanoparticles had disadvantages including: using deficient heat transfer models, not 

using the appropriate temperature dependent properties, or not being able to implement controls on the 

synthesis of the nanoparticles which make comparing results between studies difficult. In this work, each 

of the previous issues were addressed and the nanoparticle size and thermal accommodation coefficient 

were recovered for iron, silver, and molybdenum nanoparticles, when applicable.  

 

The heat transfer model and spectroscopic models, including the temperature dependent 

material and optical properties required to interpret TiRe-LII measurements were presented and used to 

simulate the heat transfer regimes for iron, silver, and molybdenum nanoparticles. It was shown that iron 

has a mixture of both evaporation and conduction heat transfer modes, silver is dominated by 

evaporation, and molybdenum is dominated by conduction. Next, the TiRe-LII instrument calibration and 

setup was presented, including the laser alignment and energy measurements, as well as a brief discussion 

on the atomizer setup and the ex situ characterization that was used to compare to the TiRe-LII 

measurements. The nanoparticles were prepared as colloids instead of using previous gas based methods, 

such as hot wall reactors or excimer lasers, which provided removed the previous effect that the carrier 

gas had on the nanoparticle synthesis. The preparation steps for these colloids as well as their ex situ 

characterization results were then presented, along with the TiRe-LII measurement procedure. 

 

From the fluence and spectroscopic analysis, none of the calculated E(m) values for the TiRe-LII 

instrument’s laser were consistent with the values approximated from the literature. Both iron and 

molybdenum peak temperatures showed the expected trend of an increasing peak temperature as the 

laser fluence increases while the silver nanoparticles peak temperatures were consistent for all fluences 

tested, as well as, the peak temperature was significantly higher than the boiling point of silver, suggesting 

a potential superheating effect that is not being accurately represented by the current models. 

 

From the work done in this study, it was shown that the currently proposed heat transfer model 

is suitable for the recovery of the nanoparticle size and TAC for iron nanoparticles, the nanoparticle size 

for silver, and the nanoparticle size to TAC ratio for molybdenum. The TAC can be recovered for the 
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molybdenum nanoparticles if an ex situ derived nanoparticle size is previously determined and then used 

as a known model parameter. With the associated error bounds provided, it was shown that the TiRe-LII 

measured nanoparticle sizes were consistent with the ex situ nanoparticle sizes determined through 

electron microscopy and dynamic light scattering. This strengthens the case that TiRe-LII could be adapted 

to characterize synthetic aerosolized metal nanoparticles, provided that the spectroscopic and heat 

transfer models are well developed, as well as credible optical and physical properties of the tested 

nanomaterials are used. 

 

From these results, the future studies should focus on the improvement of the error associated 

with the optical and physical properties of the nanoparticles used. From the perturbation analysis, almost 

all of the properties used in the model contributed a significant deviation from the TiRe-LII determined 

when a small perturbation factor was applied. Ongoing experiments are attempting to address these 

issues by using additional nanomaterials which may have better error bounds on their optical and physical 

properties, including silicon, copper, and nickel. Also, further time evolution studies and reanalysis of the 

previous work should be conducted to determine if there is any change in the nanoparticle morphology 

during an experiment which have been shown to present in the TiRe-LII size measurements for iron 

nanoparticles. 
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