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The dissertation focuses on fundamental processes involved in the formation of carbon

and manganese oxide nanoparticles by gas-to-particle conversion. A systematic approach

through complementary experimental and modeling studies is implemented to study the

evolution of flame formed particles and their dependence on flame conditions and growth

environment.

Stretch stabilized stagnation flames are utilized to assess flame temperature and

equivalence ratio effects for soot formed in higher-temperature regimes. This unique con-

dition (Tf > 2100 K) results in a new combination of “young”, nucleation sized particles
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with a “mature” carbon structure. A significant transformation in carbon structure observed

from the evolution in Raman spectra promises development of functional high-surface area

sp2 carbon materials.

Particle nucleation and growth of manganese oxide nanoparticles is examined in a

complementary experimental and modeling study of high temperature premixed stagna-

tion flames. Manganese oxide nanoparticles having varying oxidation states are observed

depending on the flame conditions. Analysis of the formation of MnO indicates that a

thermodynamic barrier limits nucleation.

Fundamental insights gained from simple laboratory flames inform particle formation

in turbulent spray flames. The dissertation provides insight into flame spray synthesis (FSS),

facilitating scaled, cost-effective, and versatile nanoparticle synthesis. FSS of carbon black is

studied using coal tar distillate diluted in toluene as a carbon particle feedstock. Although

the precursor is the same, this synthesis differs from conventional furnace black processes.

Particles are formed directly in the flame rather than through downstream pyrolysis. Re-

sulting carbon black particles are small but could potentially be tailored based on growth

conditions.

A new diagnostic for determining chemical species information is introduced in col-

laboration with Argonne National Laboratory. Multi-probe optical emission spectroscopy

is performed to analyze the axial evolution of manganese during FSS. “Optical Emission

Spectroscopy Tool (OSAT)” is developed to enable data analysis, systematic feature recog-

nition and axial species evolution. The axial evolution of Mn(I) through the flame provides

fundamental insight such as the location of oxide formation.

This dissertation focusses on fundamental gas-to-particle conversion processes. Un-

derstanding the fundamental dependence of nanoparticles on the flame growth conditions is

key towards engineering the size, structure, and morphology.
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Chapter 1

Introduction

The idea of nanotechnology appeared for the first time in the famous talk “There is

plenty of room at the bottom” given by world renowned physicist Prof. Richard Feynman

at the American Physical Society meeting on December 29, 1959. Prof. Feynman described

the ability to manipulate individual atoms and molecules down to the needed scale using a

top-down approach. Over time, nanotechnology has become a prominent field with bearings

in medicine, electronics, energy storage and catalysis to name a few. Nanoparticles are the

building blocks of nanotechnology, with properties and functionalities inherently different

from their bulk counterparts. The performance and properties of nanomaterials depend

on atomic structure, particle size, composition, defects etc. which are controlled by the

thermodynamics and kinetics of the synthesis process [1].

Advances in nanomaterial synthesis for functional material emphasize a bottom-up

approach of assembling from an atomic scale to a macroscopic scale. Chemical synthesis

supports this approach through techniques in solid, liquid and gaseous phase. Solid phase

synthesis involves grinding and mixing of solid precursors followed by high temperature heat

treatment to facilitate diffusion controlled chemical reactions to form the final nanoscale

product. This method, along with being labor intensive, can result in large grain sizes

if not controlled. Nanomaterial synthesis in liquid or gas phase provides the flexibility of

multi-component and multi-phase precursors with production at lower temperatures when
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compared to solid phase synthesis. Gas phase synthesis of nanomaterials produce better

homogeneity and require relatively shorter production time with easy scalability when com-

pared to liquid phase production. Compared to the wet chemistry approach, gas phase

synthesis or aerosol synthesis has proven beneficial due to its high throughput with a con-

tinuous one step process, faster processing time, and simpler manufacturing and processing

designs. Aerosol synthesis of nanomaterials is also considered to be environmentally cleaner

when compared to wet chemistry [2].

1.1 Flame Synthesis

Flame aerosol synthesis is the most widely used gas phase technique. The technique

dates back to ancient times as a pigment in cave paintings, Chinese ink in artwork and flame

soot as a black pigment for India ink. Recent advances in flame synthesis for nanoparticle

production have allowed its adaptability in the field of catalysis, dye-synthesized solar cells

and biomedical devices. Further, titania as the white pigment in paints, silica in fiber

optics applications, palladium and palladium oxide nanoparticles fuel ignition enhancer at

lower temperatures, manganese oxide in energy storage materials and carbon nanoparticles

in cathode catalysis are products of flame aerosol synthesis. Flame aerosol synthesis is

a synergy of combustion science, aerosol technology and nanomaterial science [3, 4]. In

this technique, liquid droplets and/or solid nanoparticles are dispersed in the flame. This

synthesis technique can have two pathways depending on the nature of the precursor feeding

conditions - vapor-fed and liquid-fed aerosol flame synthesis [5].

1.1.1 Vapor-Fed Aerosol Flame Synthesis

Vapor-fed aerosol flame synthesis is a classic gas-to-particle conversion process where

particles are formed through the chemical reaction of gaseous precursors transforming the

precursor vapor to product nanoparticles. The particle formation occurs via nucleation of
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low-vapor pressure species. This is followed by growth through competing mechanism of

collision and coalescence among the nascent nanoparticles. This process produces nanopar-

ticles with controlled crystallinity, ultra-fine diameter and narrow size distribution. While

industrial flame aerosol reactors are employed for scalable and economical material synthe-

sis, laboratory flame configurations are designed to study the fundamental thermodynamics

and kinetics involved in the gas-to-particle conversion and particle growth mechanisms (Fig.

1.1) [6]. Premixed stagnation flames have been shown to be an effective flame configuration

for fundamental process analysis [7, 8]. Detailed description of the flame configuration is

provided in Chapter 2.

1.1.2 Liquid-Fed Aerosol Flame Synthesis

Liquid-fed aerosol synthesis utilizes economical and low-volatile precursors for easy

handling, solubility of precursors in solvents and capability of using a mixture of precursors.

In liquid-fed aerosol processes, the particle formation is a combination of gas to particle

conversion and intra-particle reactions due to the spray processes as depicted in Fig. 1.1 [5].

If the liquid precursor solution drives the combustion process by dominating the energy

contribution, then this liquid-fed aerosol flame synthesis is termed as flame spray pyrolysis

(FSP). If the energy contribution of the liquid-fed precursor is not the primary source, then

it is categorized as flame spray synthesis. Industrial nanoparticle synthesis of carbon black

and metal oxides like Al2O3, TiO2 and ZrO2 adopts flame spray pyrolysis techniques [3].

The detailed description of the FSP configuration is provided in Chapter 2.

A systematic understanding of the underlying processes involved is key towards en-

gineering functional nanomaterials. The interdependence of thermodynamics and kinetics

of the flame and aerosols provide insight into the process controls. This study focuses on

the flame synthesis of carbon and manganese oxide nanoparticles in the high temperature

regime including the fundamental processes and the impact of its growth environment on

the nanoparticle size, structure, composition and material properties. High temperature pre-
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Figure 1.1: Particle formation processes during vapor-fed or liquid-fed flame synthesis
through mechanisms [5]

mixed laminar stagnation flames are employed, and the underlying flame thermodynamics

and kinetics are studied to provide a comprehensive understanding of the synthesis process

to establish control parameters for engineering the nanoparticle size, structure, composition

and properties. Carbon and manganese oxide nanoparticles are the focus due to their di-

verse uses. Carbon as a by-product of combustion, has a wide range of structures from

disordered soot structures to ordered graphitic structures [4]. The work presented here con-

centrates on determining the dependance of the governing growth environment on the flame

formed carbon. Manganese oxide’s wide range of oxidation states and structural variety

makes it key to establish the principal growth conditions and control factors. This study

enables systematic observations evaluating nucleation, growth and equilibrium behavior in

the flame formed manganese oxides formed. A complementary modeling and experimental

approach adopted here enables determination of control parameters providing insight into

nanomaterial engineering.

Flame spray synthesis is a scalable, cost-effective and versatile nanoparticle synthesis

process. FSS’s self-sustaining flame, usage of liquid fuels, requirement of less volatile precur-
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sors and proven scalability makes it heavily explored. Due to its high temperature flames and

large temperature gradient capabilities FSS has been employed to synthesize a wide range of

nanomaterials including oxides, salts and pure metals. Notable applications are in the area

of catalysis, optics and photonics, health care, sensors, magnetic materials, fuel cells and

composite materials. FSS is a convenient tool for synthesizing nanomaterials at large scales

while tailoring materials properties. Carbon black and manganese oxide are synthesized us-

ing flame spray synthesis. A preliminary analysis of scalable flame spray techniques is also

performed for carbon black and manganese oxide nanoparticle formation. Insights gained

from fundamental studies using high temperature premixed stagnation flames are adopted

towards determining growth environment control factors to engineer nanoparticles.

1.2 Flame-formed carbon nanoparticles (CNPs)

Soot formation is ubiquitous to hydrocarbon combustion, affecting engine perfor-

mance, public health and the environment. The climate impacts of soot in the atmosphere

is multifold. Soot contributes to air pollution via reactions with nitrogen dioxide, sulfur

dioxide, and ozone .Soot particles cause warming of the Earth’s atmosphere through absorp-

tion of radiation heating up the local atmosphere, changing the humidity and altering cloud

formation processes [9]. Soot particles deposited on snow and ice absorbs radiation, hasten-

ing glacial melt. The health ramifications of soot particles can be as severe as cardiovascular

and respiratory diseases including cancer [10]. Interestingly, flame-formed carbon also has a

long history as a useful material. Soot was used in prehistoric cave paintings, soot provided

the black pigment for India ink, and today, carbon black is used in automobile tires, as a

pigment in laser printers, a cathode catalyst to name a few applications [11–13].

Over the last few decades, research has been focused towards establishing soot for-

mation and flame-formed carbon analysis. Fig. 1.2 summarizes the soot formation and its

evolution. Chemical initiation and fuel decomposition to form radicals like OH, O, H, CH

and CH2 act as starting points. In hydrocarbon-rich regions, these small radicals facilitate
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reactions that generate larger hydrocarbon radicals and polycyclic aromatic hydrocarbons

(PAH). These PAH acts as precursors for soot formation through particle formation pro-

cesses. The PAH precursors nucleate and grow to form incipient soot particles of diameters

1 - 6 nm. The incipient particles grow further through coalescence and surface addition

to become larger particles with diameters of 10 - 50 nm. These primary particles undergo

dehydrogenation, coagulation and surface growth to form graphitic aggregates [4, 14].

The great versatility of carbon makes it a highly researched material [11]. Most

research in flame-formed carbon is focused towards the reduction of soot emissions, im-

provement of combustion efficiency, meeting regulations and reducing negative health effects

[8, 15]. The study of flame-formed carbon as a functional nanomaterial is becoming more

prominent [2, 5, 16]. Understanding of carbonization in flames is key towards engineering

the structure of flame formed carbon. Soot is made of spherically shaped primary particles

which aggregate together to form chain-like structures. The structure of the soot or flame

formed carbon is dependent on its formation condition with impacts on its physical proper-

ties and chemical reactivity [17]. The growth environment factors like fuel structure, growth

time/ particle age, temperature and gas-phase composition play vital roles in determining

the nanostructure of the flame formed carbon. The soot formation is shown to be highly sen-

sitive to competing processes, like nucleation, coagulation and gas-surface reactions, which

are in turn functions of flame temperature and equivalence ratio [14]. Soot yield has been

shown to decrease with increasing flame temperature. Particle size distribution studies show

a continuous shift towards smaller particle size and less pronounced nucleation tail. The

higher flame temperatures limits thermal decomposition of the chemical precursors, lead-

ing to limiting particle size growth. Soot formed in pyrolysis conditions showed amorphous

structure at lower flame temperatures but with increasing temperature, a core-shell structure

appeared [18, 19]. With fuel rich flames, soot yield has been shown to increase due to the

increase in precursor concentration and the formation of PAHs with five membered rings.

Soot structure and composition are dependent on the fuel structure. This is confirmed in
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[20] where onion-like soot structures are observed in young soot formed in benzene flames,

whereas soot in ethylene flames were seen to be more amorphous and disordered structure.

Differences in growth mechanisms led to the formation of the onion-like structures in the

benzene flame. This structure is found to be the result of two smaller particles combining

into a single spherical particle after coalescing together and experiencing surface growth.

Figure 1.2: Schematic representation of soot formation and evolution in a flame [14]

Through decades of research, Raman spectroscopy has emerged as a remarkable and

powerful tool for gaining chemical, structural and electronic information of CNPs [16, 21].

Analysis of flame formed carbon through Raman spectra has greatly contributed to the

refinement of soot parameters such as the absorption cross-section [22], optical band gap

[19, 23–25], graphitic crystallite size and structural defects [21, 26] . Investigations of

soot formed in engines exist but more systematic observations in terms of fundamental

formation and growth factors have been carried out in laboratory flames. The Raman spectra
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of flame-formed carbon has been analyzed in laminar premixed flames, co-flow diffusion

flames, inverted diffusion flames and inverse flames. The carbon bonds are studied through

Raman spectroscopy to elucidate the fine structural details. sp2 bonded carbons have various

degrees of graphitic ordering, ranging from microcrystalline graphite to glassy carbon. An

amorphous carbon can have any mixture of sp3 and sp2. Raman spectroscopy for disordered

carbon, like flame-formed CNPs, depends on the ordering of sp2 sites and indirectly on

the fraction of sp3 cites [22, 27]. Commodo et al. [28] demonstrated in richer flames,

the particles become more graphitic as the size of the graphitic planes increase. Miller et

al. [29] used Raman spectroscopy to evaluate soot particulate structure and correlated the

observed Raman spectra to particulate with modest-sized π conjugation lengths which are

expected for clusters of PAH with individual masses between 500 and 1000 Da. Studying

soot formation through Raman spectra at different wavelengths for diverse fuels in fuel rich

laminar premixed flames showed the impact of hydrogenation on the extent of disorder and

sp2 aromatic character in the deposited soot [30, 31]. Details regarding Raman spectroscopy

as a tool to study CNPs will be discussed in Chapter 3.

While there is extensive research directed towards understanding flame formed CNPs,

a deficit observed is a systematic study aimed towards demonstrating the impact of the

flame growth environment on the deposited CNPs specifically at high temperatures (T f,max >

1900K). A methodical approach establishing and understanding an evolution in flame formed

carbon and manganese oxide nanoparticles in high temperature premixed stagnation flames

is adopted here. Specifically, the flame conditions studied for CNPs correspond to the forma-

tion of incipient soot at the earliest growth stages. High-surface area carbon nanoparticles

corresponding to freshly nucleated soot is expected, but the relatively high flame tempera-

ture may also induce carbonization only observed in so-called “mature” soot. The unique

combination of “young”, nucleation sized particles having relatively low defect density may

be useful for applications of functional carbon black and hard carbon. Characterization of

particle formation processes and material properties for flame-formed carbon shed light on
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the higher temperature regime and inform potential applications of the material produced.

The study here involves a systematic isolation of the effects of equivalence ratio and flame

temperature on flame formed carbon structure in the high temperature regime.

1.3 Manganese Oxide Nanoparticles

Manganese oxide nanomaterials and its derivatives have been of great interest in the

field of energy storage, bioimaging, drug delivery, catalysis and waste water treatment for the

last two decades due to its tunable structure, morphology, physical and chemical properties

and cost effectiveness [1, 5, 32, 33]. Nanoscale MnO and MnO2 have attracted attention due

to their high energy capacities, environmentally benign and low-cost properties specifically

as electrode materials in Lithium-ion batteries [34, 35]. Several novel and effective routes

like hydrothermal synthesis, sol-gel synthesis and wet chemical route have been researched

to prepare manganese oxide nanomaterials with various shapes and properties [34, 35].

Flame synthesis is a continuous, inexpensive process with high throughput making it a

viable solution for manganese oxide nanoparticle production. Flame made manganese oxide

nanoparticles have mostly been prepared through flame spray pyrolysis. As in any flame

synthesis process, the growth environment plays a vital role in determining the oxidation

state of the flame formed particles resulting in Mn3O4, Mn2O3, MnO2 or MnO [5]. The

particle size, structure and composition also depend on the gas-phase environment in which

they were formed.

Synthesis of metal oxides have been previously studied using premixed flames to

provide insight into competing processes and applied to design more complex, yet scaled up,

processes such as flame spray synthesis. Formation of manganese oxide nanoparticles through

flame synthesis is less explored than titanium oxide and iron oxide. A flame stabilized on a

rotating surface was previously used to produce manganese oxide nanoparticles and selective

oxidation was observed with oxidation states of Mn3O4, Mn2O3, MnO2 or MnO based on

precursor concentration and flame growth conditions [36]. This is contrary to flame formed
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titanium oxide and iron oxide studies where a range of crystal phases have been reported

with full oxidation state of TiO2 and Fe2O3 unlike that for manganese oxide [37–39]. This

range of phases has been explained on the basis of shifts to bulk phase equilibrium driven by

the surface energy of nanoparticles. Kraft et al. [40] showed an exception where TiO2 - II in

flame stabilized on a rotating surface studies at fuel rich conditions. This result of manganese

oxide having multiple oxidation states when compared to other flame formed metal oxides

gives rise to the need for systematic study of competing processes to understand and leverage

the wide range of possible manganese oxide products.

Premixed stagnation flames are employed to provide a one-dimensional system for

synthesis and growth processes for a range of well-characterized time-temperature-oxygen

conditions. The size-dependent phase diagram is the basis to assess the degree to which

phase equilibrium is established among the nano-crystalline manganese oxides formed. In

addition, the wide range of physical properties of the manganese oxides calls into question

the validity of the coagulation limited nucleation mechanism adopted for flame synthesis of

TiO2 nanoparticles. These considerations are also examined by systematic observation of

manganese oxide formed in a flame with a well-characterized temperature - oxygen- time

history. Manganese oxide’s wide range of oxidation states and structural variety makes it

key to establish the principal growth conditions and control factors. This study enables

systematic observations evaluating nucleation, growth and equilibrium behavior in the flame

formed manganese oxides. A complementary modeling and experimental approach adopted

here enables determination of control parameters providing insight into nanomaterial engi-

neering.

1.4 Dissertation Organization

The work presented here is aimed at studying the fundamentals involved in the flame

synthesis of carbon and manganese oxide nanoparticles. The systematic study is aimed

towards understanding the fundamentals involved in the flame synthesis process to engineer
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Figure 1.3: Flowchart regarding the overall objective and approach of the dissertation

nanoparticles with defined size, structure and morphology. Fig. 1.3 is a flowchart depicting

the overall objective and approach of this dissertation. The approach involves detailed

experimental and computational methodologies to analyze the flame structure, flame formed

particle, size, structure and composition.

The dissertation is divided into three sections - Part I, Part II and Part III. Part I

consists of the Background of this dissertation including Chapter 1 and 2. The experimental

designs, computational techniques and characterization methods are introduced in Chapter

2.

Part II, consisting of Chapters 3, 4 and 5, discusses the synthesis of carbon and man-

ganese oxide nanoparticles using stretch stabilized stagnation flames. Chapter 3 discusses the

studies involving flame formed CNPs. The evolution in size and structural order for incipient

soot formed at flame temperatures greater than 2100 K is discussed. Chapter 4 delves into

the systematic observation of manganese oxide formed in stretch stabilized stagnation flames

with a well-characterized temperature - oxygen - time history. A complementary experimen-

12



tal and modeling study is investigated for the nucleation of manganese oxide nanoparticles

in premixed stagnation flames is carried out in Chapter 5.

Part III, consisting of Chapters 6 and 7, examines the synthesis of carbon and man-

ganese oxide nanoparticles using flame spray synthesis. Chapter 6 studies the production of

carbon black in spray flames of coal tar distillates. Chapter 7 conducts an optical emission

spectroscopy analysis of manganese oxide nanoparticles in spray flames.

Parts of Chapter 1 have been published in Fuel (Dasappa, S., Camacho, J., Evolution

in size and structural order for incipient soot formed at flame temperatures greater than 2100

Kelvin : Materials and methods, 291, 120196), Fuel (Dasappa, S., Camacho, J., Fuel molecu-

lar structure effect on soot mobility size in premixed C6 hydrocarbon flames : Experimental

methods, 300, 15, 120973), Energy and Fuels (Dasappa, S., Camacho, J., “Thermodynamic

barrier to nucleation for manganese oxide nanoparticles synthesized by high-temperature

gas-to-particle conversion: Computational methods and Experimental methods, 35, 2, 1874-

1884) and CrystEngComm (Dasappa, S., Camacho, J., Formation of nanocrystalline man-

ganese oxide in flames: oxide phase governed by classical nucleation and size dependent

equilibria: Computational and Experimental , 22, 5509-5521). The dissertation author is

the primary investigator for the publications.
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Chapter 2

Experimental and Computational

Methods

The fundamental processes involved in the gas-to-particle conversion for nanoparticle

synthesis are investigated in this dissertation. This chapter discusses the experimental and

computational methods implemented. Several experimental techniques are designed during

this work. In addition, commercially available instruments are utilized for characterization

of nanoparticle size, structure and composition. Novel computational methods are developed

to establish the flame structure, perform thermodynamic analysis and connect experimental

observations to fundamental chemical kinetic processes.

2.1 Stretch Stabilized Stagnation Flames

Typical laboratory flames are designed to ease the analysis of elementary process like

chemical kinetics, fluid mechanics and particle formation in the flames. Stationary premixed

planar flames in stagnation flow (alternatively known as premixed stretch stabilized stagna-

tion flames) are commonly used as an effective flame configuration for investigating funda-

mental particle formation processes. A photographic representation of the stretch stabilized

stagnation flame is illustrated in Fig. 2.1. It has a simple, pseudo one-dimensional axisym-
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metric flow field. This along with its stabilization mechanism makes it a well-established

flame structure [41]. Premixed flames in a stagnation flow are stabilized by flow stretch

rather than by heat loss unlike the burner-stabilized flames. For this reason, the maximum

flame temperatures in these flames approach the adiabatic flame temperatures. In many

cases, they also exceed the adiabatic flame temperature due to the Lewis number effects

[8]. These flames are stabilized in a laminar stagnation flow with a steady position given by

the balance between the decelerating convective velocity and the opposing flame speed. The

pseudo one-dimensional nature and the large temperature gradient between the flat flame

and cold stagnation surface produces a thermophoretic force on the growing particles in the

flame forcing them to be deposited on the cold stagnation surface [7]. The residence time of

the particles from nucleation and growth to surface deposition is off the order of milliseconds

and hence prevents it from reaching large sizes and resulting in particles have a narrow size

distribution [7, 42, 43]. This well-established flame structure allows for systematic study

through computations and experiments.

Figure 2.1: Photographic representation of the stretch stabilized stagnation flame.

2.1.1 Experimental Setup

The experimental setup, illustrated in Fig. 2.2, includes an aerodynamically shaped

nozzle and a stagnation/deposition surface.The aerodynamic shape of the burner nozzle is

designed to achieve plug flow at the burner exit. The gas flow rates of the fuel, oxygen,

argon and nitrogen are controlled by critical orifices. The critical orifices are calibrated by
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measuring the flow rate of gas flowing into the orifice by bubble-flow meter (mini-Buck M-1).

The flow stagnation is induced by a solid aluminum plate. The stagnation surface also acts

as a deposition surface for flame formed particles. Aluminum is used as the stagnation/

deposition surface because of its high thermal conductivity property. The deposition effi-

ciency is seen to approach zero as the hottest flames heat the deposition surface excessively

causing loss in thermophoresis and particle attraction. This is resolved using an ice bath in a

thin-walled stainless steel vessel placed over the deposition surface. This ensures deposition

of the flame formed particles and a steady boundary condition at the stagnation surface

for modeling purposes. The temperature of the deposition surface is monitored by a thin

wire (0.125 micron) type K thermocouple placed on the non-deposition side of the aluminum

plate and under the ice bath.The deposition surface temperature (Tstagnation) is maintained

at 430± 20K for all flame conditions. The temperature of the burner nozzle is measured us-

ing a K type thermocouple and is maintained at Tnozzle = 330± 20K. The distance between

the burner nozzle and the stagnation plate (L) is varied based on the experimental require-

ments of the study. The standing distance between the flame and the stagnation plate, Ls,

may be varied by changing the unburned gas flow rate to manipulate the balance between

the flow velocity and laminar speed. A concentric shroud of nitrogen shrouds the flame to

reduce perturbations from the surrounding environment. The burner setup employed for

flame formed carbon nanoparticle study (Fig. 2.2). The nozzle diameter, Dnozzle = 1.43 cm,

and the nozzle to stagnation distance is L = 2.54 cm for all flames studied but each flame

has a different standoff distance designed for comparable particle time across all flames.

Flame synthesis of manganese oxide nanoparticles is carried out in premixed stagna-

tion flames with subsequent deposition onto a stationary surface similar to the Fig. 2.2 with

specific changes to the burner setup to include a precursor feed system. A diagram of the

modified burner setup is shown in Fig. 2.3. Manganese oxide nanoparticles are formed in the

flame and deposited onto a stationary deposition surface. The precursor, methylcyclopen-

tadienyl manganese tricarbonyl (MMT, Sigma- Aldrich), in its liquid state, into the heated
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Figure 2.2: Experimental setup including the aerodynamic burner nozzle (a) a stagnation
surface/sampling probe assembly (b) an SMPS in the “compact”configuration defined by
the vendor (c), and the setup for collecting flame formed carbon deposits for off-line
analysis (d)

fuel line by gas-assisted nebulizer (Precision 500-75P, 10 micron droplet rating) driven by 1

lpm argon flow. This is mixed with the unburned gas mixture and vaporized before leaving

the fuel line. The liquid flow is precisely regulated by syringe pump, but the uncertainty

of the doping concentration is ±10% based on measurable liquid volume draining from the

spray chamber walls after experiments. The spray and the unburned gases are kept at 390 K

to accelerate vaporization and prevent condensation at cold spots. The 2s residence time in

the fuel line provides ample time for mixing and vaporization. The aluminum nozzle has a

nozzle diameter Dnozzle = 1cm and the wall thickness is 0.2 cm at the nozzle exit. Manganese

oxide products are deposited from the flame onto a stationary aluminum substrate with the

nozzle-to-stagnation separation kept at L = 2.54 cm for all experiments. In the flame, the

precursor (gas-phase MMT) decomposes, burns and the oxide product nucleates to form an

aerosol.
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Figure 2.3: Experimental setup for manganese oxide flame-assisted deposition process

2.1.2 Computational methods

Flame structure computations are carried out using both a pseudo one-dimensional

formulation and solution to the two dimensional axisymmetric flow field. The pseudo one

dimensional flame structure computations are carried out using Fortran based OPPDIF [44]

modified to include CO2 and H2O radiation. OPPDIF adopts a similarity transformation to

reduce the two dimensional axisymmetric flow field to a one dimensional field developed by

von Karman [41]. The radial component of the velocity is assumed to be linear in terms of

r allowing for the dependent terms to be functions of the axial direction only and is defined

as (Eq. 2.1):

G (x) = −ρv
r

and F (x) =
ρu

2

continuity equation: G (x) =
dF (x)

dx

(2.1)

where ρ is the mass density and u and v are the axial and radial convective velocities.

OPPDIF computations aid in the design of flame series experiments and are used

to gain insight into the particle growth conditions in the flame by solving for the flame

temperature, species mole fractions and axial and radial velocity components. A uniform
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plug flow (zero radial velocity) with a mass flux of ṁo is assumed at the burner nozzle,

x = 0, given by the cold flow velocity, reactant composition and burner nozzle temperature,

Tnozzle. Diffusion of species is allowed into the nozzle boundary. The OPPDIF code is

modified to accommodate the stretch stabilized stagnation flame by introducing a stagnation

surface at x = L in the form of a no slip boundary condition [37, 42]. The surface has a

measured temperature T = Tstagnation. The axial, radial and diffusive velocities are zero at

the stagnation surface and the zero diffusive velocity for each gas-phase species is the result

of counteracting Fickian and thermal diffusion processes. The boundary conditions at the

burner nozzle and the stagnation surface are expressed as (Eq. 2.2)

Burner nozzle (x = 0): F = ρouo/2 = ṁo/2 G = −ρv/r = 0

T = Tnozzle ρYk (u+ Vk) = ṁ0Yk,0

Stagnation surface (x = L): u = v = Vk = 0

F = G = 0 T = Tstagnation

(2.2)

Vk is the axial diffusion velocity of species k.

The numerical simulations used windward differencing, the multicomponent transport

formulation and thermal diffusion. Thermodynamic and transport properties are considered

within the Sandia CHEMKIN [45] framework for the reacting flow problems. USC Mech II

is used primary reaction chemistry model, consisting of 111 species and 784 reactions, to de-

termine the flame structure in the absence of soot [46]. Separate reaction chemistry models

are adopted for soot precursor assessment studied. Computations for sooting flames using

the KAUST PAH Mechanism 2 (KM2) [47], Appel, Frenklach, Bockhorn (ABF) [48] and

Blanquart, Pepiot, Pitsch (BPP) [15] mechanisms are performed to provide a comparison of

PAH predictions among the three models for the flames of interest. The KM2 mechanism is

a gasoline surrogate mechanism built from USC Mech II foundational chemistry. ABF is a

classic mechanism for PAH chemistry based on GRI-Mech 3.0 foundational chemistry. The

BPP mechanism is developed for engine relevant fuels with GRI-Mech 3.0 foundational chem-
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istry incorporating several updates beyond the original GRI-Mech 3.0. The computed PAH

profiles are intended to provide insight into agreement among models that are extrapolated

to higher temperature.

The OPPDIF computed flame structure profile is used to provide insight into the

particle residence/ growth time, tp. The particle growth time is defined as the time for a

Lagrangian particle to travel from the location of the flame zone (T = Tf,max) to the stag-

nation surface location. This is determined by establishing the thermophoretic velocity of

the particle. The particles are assumed to flow at the gas convective velocity until the ther-

mophoretic force induces additional drift towards the stagnation surface. Thermophoresis

is the result of the significant temperature gradient between the flame and the stagnation

surface. In this work, the thermophoretic velocity is assumed to be in the free molecular

regime [49] and is given by Eq. 2.3

VT =
λ ∂T/∂x

5
(
1 + πϕ

8

)
NkT

(2.3)

λ is the thermal conductivity of the gas-phase. Momentum accommodation factor, ϕ = 0.9

based on Millikan’s oil droplet experiments, N is the number density of the gas phase

molecules, k, the Boltzmann constant and T , the local flame temperature. The ther-

mophoretic velocity is calculated numerically and added to the total velocity. This is used

to determine the particle residence time.

The two-dimensional axisymmetric computations are carried out to establish the ac-

curacy of the pseudo 1D assumption and analyze the effect of the particle sampling probe

on the flame flow field. These comutations are carried out in ANSYS Workbench (v.19.2)

incorporating Fluent and CHEMKIN. USC Mech II chemistry model is imported for kinetics,

thermal and transport mechanism. The governing equations for continuity, momentum, en-

ergy and species conservation are solved in the axial and radial directions using CHEMKIN -

CFD invoked through Fluent. The 2D axisymmetric domain is defined along the axis of the

burner nozzle and the width and height of the domain are 7.0 and 2.54 cm, respectively, for
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Figure 2.4: 2D ANSYS mesh setup (a) - without sampling probe (b) - with sampling probe

all flames. The domain is a simple projection of flame configuration without consideration of

confinement or entrainment effects. The nozzle inlet, a boundary of the domain, is modeled

as a slit normal to the centerline (Fig.2.4 (a)). The N2 sheath flow channel is an opening

adjacent to the nozzle opening. The computational mesh is 40800 cells mostly concentrated

within 4 cm of the axis (99 %).The side faces of the domain are pressure outlets; the stagna-

tion surface face is specified as a wall boundary. The nozzle and sheath openings are set as

velocity inlets. The Fluent viscosity model is set to laminar and the CHEMKIN USC Mech

II mechanism is uploaded into the species transport module. Radiation is not considered.

Thermal diffusion and multicomponent transport are accounted for in the computations.

An initial guess is provided to initiate the numerical modeling based on the 1D OPPDIF

solution for temperature and flame position. During initialization, the temperature, O, H

and OH concentrations are applied to a thin region on the mesh where OPPDIF predicts

the flame position to be.

Aerosol probe sampling is carried out to analyze the in-situ particle size distribu-

tion of flame formed particles by mobility sizing. Experimental and modeling investigation

of perturbations to the flame synthesis process due to probe sampling have indicated that

precise characterization of process parameters and material properties requires considera-

tion of probe effects. The premixed stagnation flames studied are probed by embedding a
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sampling orifice flush with the flat stagnation surface (Fig. 2.5). This design enables probe

sampling with more clearly defined effects on the flame structure caused by flow stagnation

and suction. For sampling perturbation studies, the two-dimensional computations include

the sampling probe as an orifice at the centerline of an otherwise flat stagnation surface.

This is modeled as a slit at the stagnation plate boundary centered on the axis of the two

dimensional axisymmetric domain (Fig. 2.4). The flow velocity measured during dilution

ratio calibration is set as a boundary condition at this face to assess the perturbation of

aerosol sampling to the flame structure and growth time. For manganese oxide studies,

computations of the flame structure are carried out without precursor chemistry or oxide

particle formation processes.

2.2 Flame Spray Synthesis

Vapor fed flame reactors are limited due to the insufficient availability and complex

handling of suitable gaseous precursors. FSS is convenient due to its simple precursor prepa-

ration technique. Combustible liquid precursor - solvent mixtures are available in a wide

variety of elements with varying compositions making it convenient. This solution is deliv-

ered through a two fluid nozzle with oxygen, nitrogen or sometimes air is employed as the

dispersion gas. The precursor solution is atomized and dispersed into fine droplets with mass

median diameters of several micrometers. The sprayed droplets of a precursor/fuel mixture

are ignited by surrounding flamelets, which serve as pilot flames for stabilizing combustion.

The pilot flame enables spray ignition, droplet evaporation and precursor conversion. A

sheath gas is used to cool the burner and quench particle growth. A photographic represen-

tation of the flame spray synthesis process is illustrated in Fig. 2.5.

The flame parameters like temperature, growth time, the liquid and gaseous thermo-

physicochemical properties determine the particle formation and growth mechanism. The

precursor/solvent droplets in FSS can display disruptive combustion behavior unlike pure

solvent drops which burn uniformly and quasi-steady. The mechanism of disruptive droplet
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Figure 2.5: Photographic representation of the flame spray flame.

burning is similar to that of slurry droplets, consisting of three main steps: diffusion-

controlled burning of the high-volatile solvent, viscous-shell formation due to decomposition

of the low-volatile precursor, and subsequent disruption due to heterogeneous nucleation [5].

It is shown that the concentration and decomposition characteristics of the precursor are

of significance in determining the time sequence of these three steps. Two possible particle

formation mechanisms are “gas-to-particle” conversion where the particle nucleation and

growth occur after precursor evaporation and “droplet-to particle” conversion which occurs

inside the liquid droplet. These complexities make vapor-fed flames more suitable for experi-

mental and theoretical studies than the FSS process because FSS includes droplet formation

and precursor release constitute additional challenges in understanding the fundamental

mechanisms for engineering the nanoparticle characteristics [50].

Flame spray synthesis is used to synthesize carbon black and manganese oxide. Two
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slightly different designs are used for this. The standardized SpraySyn burner is used to

synthesize carbon black. Manganese oxide is made using a flame spray pyrolysis setup at the

Materials Engineering Research Facility at Argonne National Laboratory. The FSP setup is

similar to that of Mädler et al [50, 51]. Details regarding both the setups and the study are

provided in 6 and 7 respectively.

2.3 Particle Characterization

Analysis of flame formed nanoparticles is key towards providing insights into the

synthesis process, growth mechanism and nanoparticle properties. Scanning mobility parti-

cle sizing is employed to determine particle size. Raman spectroscopy, X-ray diffraction and

transmission electron microscopy are adopted to study the composition and properties of the

flame formed nanoparticles. Color-ratio pyrometry is a technique to measure the flame tem-

perature and soot dispersion index. Further details regarding each of these characterization

techniques are provided in this section.

2.3.1 Scanning Mobility Particle Sizing

Mobility particle sizing for the soot particle size distribution (PSDF) measurement is

carried out by aerosol sampling at the stagnation surface. An effective technique established

for sampling soot from flames under well-characterized boundary conditions is applied here

to investigate nucleation of flame formed nanoparticles nanoparticles [7, 42, 43, 52]. Exten-

sive studies on the evolution of nascent soot PSDF exist in terms of flame temperature [53–

55], fuel structure[42, 43, 56–60], sooting level or equivalence ratio [55, 61] and age [28, 60]

but systematic measurements of PSDFs from relatively high-temperature (Tf,max > 2100K)

flames have been recently been achieved with the introduction of probed premixed flat flames

[7]. Embedding a probe at the stagnation surface enables probe sampling and sample de-

position with boundary conditions more precisely defined than other probe and deposition
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geometries [52]. The schematic of the burner system along with the sizing system is shown

in Fig. 2.2 (b). An 8 cm diameter by 1.3 cm thick aluminum disk acts as the flow stag-

nation surface with a 0.635 cm stainless steel tubular sampling probe embedded into the

disk. The tube wall is embedded flush with the stagnation surface and parallel to the flat

flame. The flame sample was drawn into the probe through a laser-drilled micro-orifice. The

orifice is positioned on the center axis of the burner facing the incoming flame gas. The

aerosol sampling system for manganese oxide burner system has a laser-drilled micro-orifice,

Dorifice = 800µm and for the micro-orifice diameter carbon nanoparticle burner system is

Dorifice = 130µm. Particle deposits accumulate in the orifice over time and should be reg-

ularly cleaned for reproducible results. Established aerosol sampling techniques are applied

here to minimize loss of the smallest particles due to diffusion and artificial probe-induced

coagulation [52, 55].

A TSI 1 nm Scanning Mobility Particle Sizer (SMPS) (TSI 3838E77) is used for

particle sizing by differential mobility analysis. This system is composed of a dual voltage

classifier (TSI 308,202), a Kr-85 bi-polar diffusion charger (Neutralizer TSI 3077A), 1 nm

differential mobility analyzer (DMA) (TSI 3086), a diethylene glycol-based (DEG) conden-

sation particle counter (CPC) (so-called Nanoenhancer, TSI 3777) and a butanol- based

CPC (TSI 3772). TSI Aerosol Instrument Manager Software (version 10.2) is used to collect

and export the PSDFs. As the aerosol sample is sucked into the sampling probe and into

the SMPS, the neutralizer creates a well-characterized charge distribution on the particles.

The DMA analyzes the charged particles for particle size. The trajectory of the particles is

controlled within the known DMA geometry by applying an electric field. A monodisperse

aerosol flow is created through a well designed DMA geometry such that the particle trajec-

tory leads to a particle collection flow. Mobility sizing of particles in the DMA can classify

particles approaching 1 nm but counting particles in this size range has required faraday cup

electrometers or DEG-based CPCs [60, 62, 63].The DEG-based CPC facilitates counting of

particles with mobility diameters as small as 1.4 nm.
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The SMPS is in the “compact” configuration as suggested by TSI to minimize diffusion

losses before the CPCs. The flame gas flow into the neutralizer is 5 SLPM of which 2.5 SLPM

flows into the DMA, the balance of which bypasses to exhaust. The nitrogen sheath flow

through the DMA (25 SLPM) is controlled in the electrostatic classifier housing and this

gives a 10:1 sheath to aerosol flow concentration. The DMA polarity is set to positive. An

insert supplied by the vendor is mounted onto the inlet of the neutralizer to minimize flow

recirculation for more predictable attainment of the equilibrium charge distribution. A new

diffusion correction is applied to the measured PSDF based on TSI’s measurement of the

penetration factor of ultra-fine particles through the system flow path. To ensure that the

particle loss is negligible in the sampling line, a dilution procedure is employed. A wide range

of dilution probe techniques were previously reported to investigate flame synthesis processes

and material properties starting from the straight-tube design of Ulrich [12]. Kasper applied

aerosol sampling using a quartz probe to investigate TiO2 flame synthesis processes and other

designs such as water-cooled and multistage dilution quartz sampling probes have since been

employed for a variety of flame studies [39, 64–68]. For low sample dilution, the relatively

high number density undergoes rapid coagulation across the sampling orifice causing artificial

drop in the number density and increase in median diameter. Similarly, for high dilution,

the relatively long residence time across the orifice allows significant diffusion loss of small

particles to the wall. At an optimum range of dilution ratio, the dilution corrected number

density and median diameter are insensitive to the applied dilution minimizing the sampling

artifacts. Calibration of the aerosol sampling probe dilution is carried out by measuring

the flow rate of air flowing into the probe orifice by bubble-flow meter (mini-Buck M-1).

The dilution ratio is determined empirically by calibrating the flow through the orifice as a

function of pressure drop (∆P ) across the orifice given by Eq. 2.4 [42]

log DR = a+
b

log (c ∆P )
(2.4)

where a = 1.61, b = 0.1 and c = 0.04 (mmH2O)−1 for manganese oxide nanoparticle system.
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a = 1.89, b = 0.28 and c = 0.0233 (mm H2O)−1 are the probe parameters for the carbon

nanoparticle burner system [52]. The pressure drop in Eq. 2.4 is the average pressure drop

determined by monometers placed at the inlet and outlet of sampling probe tube. The details

of the dilution ratio study is presented in the subsequent chapters. The measured mobility

diameters are the average of 8 −10 separate scans (30 s scan of DMA voltages for 1 −20 nm

mobility diameter) with error bars representing typical deviation across runs.

For soot, the SMPS mobility diameter is corrected to yield the real diameter on

the basis of nanoparticle transport theory. The correlation between the SMPS measured

mobility diameter Dp,SMPS and true diameter Dp of a particle is given by Eq. 2.5. The data

as obtained by the SMPS along with a log-normal curve and the curve fitting parameters

are studied to provide insight into the competing soot formation processes in terms of global

properties of the size distribution [52].

Dp

Dp,SMPS

= tanh (1.4334 + 0.01248Dp,SMPS)

(
1.0676− 0.4463

Dp,SMPS

)
(2.5)

2.3.2 Raman Spectroscopy

Raman spectra of soot and related carbon materials can be used to elucidate fine

structural details [16]. Raman spectroscopy is carried out off-line for flame formed particles

collected from each flame. A stagnation surface, shown in Fig. 2.2 (d), is designed to serve as

a stage for deposition substrates over the flame. The stage is a 2 mm thick aluminum, water-

cooled stagnation surface that is designed with a 3 cm diameter window to mount 1 mm thick

aluminum plates over the area of the flat flame. The window is tapered such that deposition

plates are effectively flush giving a nozzle-to-stagnation separation distance identical to the

corresponding probe sampling experiments . A Thermo DXR2 Raman Microscope with a

532 nm excitation source is used to measure Raman spectra with Raman shifts spanning

100 – 3500 cm-1. The detailed structural analysis of carbon nanoparticles includes a 785

nm excitation source in addition to the 532 nm source. The laser is focused under a 50x
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objective at 1 mW power and care is taken to prevent modifications to the flame formed

structure by laser excitation.

For flame formed carbon nanoparticles, the measured spectra are analyzed for first

order spectra (Raman shift: 1000 – 1800 cm-1) and second order spectra (Raman shift: 1800

– 3500 cm-1). A temporary fluorescence background was observed (which is evidence that

adsorbed gas - phase PAH is not present in the samples) but spectra are only analyzed

after the background intensity reached a steady level. Spectral intensities are normalized

to the highest intensity value measured in the spectrum and a linear correction is used in

MATLAB to correct the luminescent background. A five peak deconvolution is performed

on the measured first order Raman spectra to examine the structure of flame formed carbon.

The curve fitting included 4 Lorentzian curves (G, D, D’, D4) and a Gaussian curve (D3). A

four peak (2D1 , 2D2 , D + G and 2D’) deconvolution is performed on the second order Raman

spectra using Lorentzian curve fitting. The peak positions of the curves were moderately

constrained while the other parameters were allowed to vary to match the measured spectra

[16, 69].

2.3.3 X-Ray Diffraction

X-ray diffraction is carried out to characterize manganese oxide nanoparticles. Man-

ganese oxide nanoparticles condense in the flame and deposit onto the stagnation surface.

The analyzed sample is a mesoporous film which grows on a deposition plate mounted flush

with the water-cooled stagnation surface. The temperature of the film depends on the heat

transfer to the water-cooling and the heat flux from the synthesis flame. Aluminum sample

plates are used to enhance cooling heat transfer, and the deposition time is minimized (1

min) to reduce artificial sintering of the delicate film by prolonged exposure to the flame.The

deposited samples are transferred from the aluminum deposition substrate to glass for XRD

analysis to avoid diffraction from aluminum. XRD measurements are carried out on a PAN-

alytical X’pert Pro diffractometer equipped with a Cu X-ray tube operating at 45 kV and
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40 mA. Counts are made for 1.5s for each 0.02s increment for 20 < 2θ < 60.

Figure 2.6: Ethylene - oxygen - argon flame image captured with 3 different bandpass
filters (450nm, 650nm and 900nm)

2.3.4 Transmission Electron Microscopy

The structure of the flame formed nanoparticles are closely analyzed using transmis-

sion electron microscopy (TEM). A FEC Tecnai 12 Transmission Electron Microscope is

employed with a Teitz 214 high resolution bottom mounted digital camera. TEM samples

are prepared by scraping the as deposited flame formed film from the deposition plate, sus-

pending the loose particles in tetrahydrofuran, and drop casting the suspension onto holey

carbon - copper TEM grids.
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2.3.5 X-Ray Photoelectron Spectroscopy

Structural measurements of carbon nanoparticles are carried out using a XPS (PHI

5600). The chamber is pumped to a pressure of 5 x 10-9 torr and the whole measurement was

carried out at room temperature. Al Kα is used as the light source. The sample is sputtered

with Ar+ for 3 mins at 2 kV and 1µ A. The XPS samples are prepared by scraping the

as deposited flame formed film from the deposition plate, suspending the loose particles in

tetrahydrofuran, and drop casting the suspension onto a thin nickel foil for analysis.

The curve fitting is done using CasaXPS software v 2.3.24 [70]. A Shirley background

correction is used to correct the spectrum for background. The XPS curve is fitted using

two curve fitting methods [71]. The curves are fit using a Lorentzian asymmetric lineshape

which is a numerical convolution of a Lorentzian with a Gaussian to produce a lineshape

which is a superset of the Voigt functions in the sense that asymmetric Voigt like lineshapes

are possible as well as the traditional Voigt profiles [72]. The sp3 is fitted allowing both

the FWHM and binding energy to vary. The sp2 peak has a variable FWHM but the peak

position is constrained to be Esp − 0.5 eV [73].

2.3.6 Color Ratio Pyrometry

Color-ratio pyrometry is a valuable, non-intrusive measurement technique based on

the in- candescence nature of soot. Color-ratio pyrometry is carried out to analyze radiative

emissions of the flame-formed carbon in-situ. A commercial DSLR camera (NIKON D3400)

with the ultraviolet filter removed was employed for capturing radiative emissions emanating

from flame-formed carbon. Three separate images were recorded with different bandpass

filters (Andover FS420, 450 nm, 650 nm and 900 nm) placed in front of the camera lens.

The images as captured from through the filters are shown Fig. 2.6.

Analysis is performed on an average of 10 frames. The camera captures the flame in

a RAW format which is converted into TIF format using Nikon ViewNX-I. The images are

further processed in MATLAB. The workflow used to compute the soot structure from the
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captured flame images is shown in Fig. 2.7. The images are cropped to the user defined flame

height above burner such that the axis of symmetry is in the center. The 3 point inverse Abel

transform algorithm is used to translate the image into an axisymmetric radial profile. The

color ratio of the greyscale translated images are used for soot temperature calculations.

The measurement technique proposed by Sunderland and co-workers [74] is adopted here

with an additional modification to account for the evolution of optical properties as the

soot structure evolves through the flame. The dispersion constant, α, accounts for the local

properties of soot such as the H/C ratio which varies as the soot matures from a high H/C

structure to a more carbonaceous structure. The wavelength dependent soot emissivity ε (λ)

is proportional to λα where λ is the filter wavelength and α is the light absorption dispersion

exponent. The evolution in dispersion exponent was described by Gomez and co-workers

[63, 75] using this assumption. With the inclusion of α, color ratio could be interpreted in

terms of Planck’s Law as follows:

GSλ1
GSλ1

=
b1τ1∆λ1λ

5+α
2 exp

(
hc

λ2kT

)
b2τ2∆λ2λ

5+α
1 exp

(
hc

λ1kT

) (2.6)

h is the Planck’s constant, k is the Boltzmann’s constant, T is the temperature of the particle

(assumed to be equal to the surrounding gas) and λi is the rated wavelength of the bandpass

filter. GSi (r) is the post Abel transform radial greyscale output from the camera sensor

through the respective filter and bi is the wavelength specific fitting constant relating the

camera response to spectral intensity through the Planck’s law, τi is the transmissivity of the

filter and ∆λi is the FWHM of the filter. bi is calibrated using a blackbody furnace (Newport

Oriel 67,032) with temperatures ranging from 1173 K to 1473 K while confirming the linear

response of the camera. The temperature contours reported correspond to α = 1 which is

typical of mature soot [76, 77]. α is further evaluated as a function of local radiative proper-

ties of flame formed tuned to agree with the well-established computed temperature profile.

Interpretation of radiative emissions from the flames is subject to experimental uncertainties
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associated with the camera sensor. This includes error in the blackbody furnace intensity

during calibration, positional errors and errors in the filter properties. For assessment of

dispersion coefficient, this also includes uncertainties in the computed flame temperature. A

conservative estimated of the error on the measured dispersion coefficient is ±5% based on

convolution of these errors.

Figure 2.7: Typical workflow for color-ratio measurements and interpretation of radiative
emissions

The description of the experimental and computational methods is provided in de-

tail in this chapter along with particle characterization techniques. Details regarding the

flame configuration of stretch stabilized stagnation flames and flame spray synthesis are

further discussed. The fundamental processes involved in the gas-to-particle conversion for

nanoparticle synthesis are investigated in the following chapters.

The flame-formed carbon nanoparticle system description in Chapter 2, in part, has

been published in Fuel (Dasappa, S., Camacho, J., Evolution in size and structural order

for incipient soot formed at flame temperatures greater than 2100 Kelvin : Materials and

32



methods, 291, 120196), Fuel (Dasappa, S., Camacho, J., Fuel molecular structure effect on

soot mobility size in premixed C6 hydrocarbon flames : Experimental methods, 300, 15,

120973) and Data in Brief (Dasappa, S., Camacho, J., Raman spectroscopy, mobility size

and radiative emissions data for soot formed at increasing temperature and equivalence ratio

in flames hotter than conventional combustion applications : Experimental Design, Materials

and Methods, 36, 107064). Parts of Chapter 2 regarding flame-formed manganese oxide syn-

thesis has been published in Energy and Fuels (Dasappa, S., Camacho, J., “Thermodynamic

barrier to nucleation for manganese oxide nanoparticles synthesized by high-temperature

gas-to-particle conversion: Computational methods and Experimental methods, 35, 2, 1874-

1884) and CrystEngComm (Dasappa, S., Camacho, J., Formation of nanocrystalline man-

ganese oxide in flames: oxide phase governed by classical nucleation and size dependent

equilibria: Computational and Experimental , 22, 5509-5521). The dissertation author is

the primary investigator for the publications.
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Part II

Stretch Stabilized Stagnation Flames
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Chapter 3

Evolution in size and structural order

of flame formed carbon

Soot formation remains an unavoidable combustion problem affecting performance

[78], public health [79] and the environment [80]. Interestingly, flame-formed carbon also

has a long history as a useful material [11, 12]. The work focuses on the production of

flame formed carbon nanoparticles in flames hotter than typical combustion applications.

Processes designed for flame temperatures much greater than typical engines include rocket

propulsion [81], oxy-fuel combustion [82] and enriched / preheated air applications [83]. A

complementary experimental and modeling approach focusing on this temperature range is

taken to shed light on distinctive higher-temperature (T > 2100K) soot formation processes.

Soot yield is known to decrease at elevated flame temperatures [53, 55, 84, 85] but systematic

studies of particle size distribution, carbon structure and other detailed properties rarely

venture beyond 2100 K. Investigation of soot formed in this regime is relevant to higher-

temperature combustion applications and characterization of the carbon structure may reveal

unique and potentially useful properties.

Evolution in soot particle size distribution and carbon bonds is examined in lam-

inar stretch-stabilized flames having maximum flame temperatures hotter than previously

reported. Premixed stretch stabilized flames have been shown [7, 86] to be an effective flame
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configuration for investigating fundamental soot formation processes close to the adiabatic

flame temperature. The pseudo one-dimensional configuration enables systematic study of

detailed processes in a flow field amenable to computational reacting flow modeling [7, 87].

A series of flame experiments is established for isolation of the equivalence ratio and flame

temperature effects on soot formation in the higher-temperature regime. Computation of

the flame structure is also carried out for insight into the growth conditions in terms of the

temperature–time history and polycyclic aromatic hydrocarbon (PAH) precursors. Elevated

temperature is known to cause a decrease in soot precursor production [4, 84] a decrease in

particle collision efficiency [88, 89] and an increase in particle carbonization rate [90–92].

Raman spectra of carbon deposited from flames at increasing flame temperature and

equivalence ratio are analyzed to observe increase carbon structural ordering under a range

of fuel-rich conditions. Raman spectroscopy is a valuable tool for probing carbon structure

and elucidating soot properties such as absorption cross-section [93], optical band gap [94]

and crystallite size [29]. A wealth of knowledge has been obtained from analysis of Raman

spectra for soot formed in premixed flames [28, 95–100] diffusion flames [29, 95, 101–103]

and engines [16, 69]. Although the range of flame conditions is large, the characteristics of

the Raman spectra fall within a narrow range. That is to say, the nature of sp2 bonding,

sp3 bonding and crystallite size do not change drastically under the conventional range of

sooting flame conditions. In contrast, the authors have previously reported a transformation

in the Raman signature for flame-formed carbon in the higher-temperature regime [86].

Rather than subtle changes to the characteristic D and G peaks of the Raman spectra, a

dramatic shift in the relative heights and widths occurs as the flame temperature increases

beyond 2100 K. If the correlation of Ferrari for highly defective graphite is applied [21,

24] the evolution in Raman spectra indicates that the distance between crystalline defects

becomes significantly larger with increasing temperature. This analysis is expanded upon to

assess flame formed carbon at increasing equivalence ratio in terms of defect density for the

higher-temperature regime.
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The flame conditions correspond to formation of incipient soot at the earliest growth

stages. High-surface area carbon nanoparticles corresponding to freshly formed soot is ex-

pected, but, the relatively high flame temperature may also induce carbonization only ob-

served in so-called “mature” soot. In fact, the unique combination of “young”, nucleation

sized particles having relatively low defect density may be useful for applications of func-

tional carbon black and hard carbon. Characterization of particle formation processes and

material properties for flame-formed carbon will shed light on the higher temperature regime

and inform potential applications of the material produced.

3.1 Computational Analysis

A series of stretch-stabilized ethylene-oxygen-argon flames is designed to track the ef-

fect of increasing flame temperature and equivalence ratio on flame-formed carbon size and

structure. These flames are stabilized in a laminar stagnation flow with a steady position

given by the balance between the decelerating convective velocity and opposing local flame

speed [8]. A summary of the flames studied is shown in Table 3.1. For a given equivalence

ratio, φ, the flame temperature and flame position are tuned by the flame diluent argon

concentration, XAr and total flow rate. The use of argon instead of nitrogen enables higher

flame temperatures to be established due to the heat capacity effect. Flame structure com-

putations, carried out by OPPDIF are used to guide the design of the flame series and to gain

insight into the growth conditions of the flame-formed carbon. The pseudo one-dimensional

formulation taken in OPPDIF [44] is most accurate for domains in which the nozzle di-

ameter is much greater than the nozzle-to-stagnation surface distance [104–106]. In some

cases, however, OPPDIF was recently shown to perform as a fast and reasonably accurate

approach for flame structure calculation even for more narrow aspect ratio domains [107].

OPPDIF is used to determine the maximum flame temperature, Tf,max, and particle

growth time, tp, for a given inlet composition and flow rate. The particle growth time is

given by the time for a Lagrangian particle to travel from the location of the flame zone to
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the stagnation surface location. Carbon particles are assumed to follow the gas convective

velocity until the thermophoretic force induces additional drift towards the colder stagnation

surface. The details of the OPPDIF computations are provided in Section 2.1.2. Flame series

for φ = 2.4, 2.5 and 2.6 with increasing flame temperature (1950K < Tf,max < 2250K) and

comparable growth time are established. Soot formation processes are not considered in

the flame modeling study carried. Rather, detailed combustion chemistry models are used

to determine the flame structure in the absence of soot. USC Mech II [46] is used as a

baseline model (foundational chemistry up to benzene) to calculate the flame structure as

previous work showed relatively accurate prediction of measured flame structure compared to

other models applied to sooting stretch-stabilized flames [7]. Separate flame computations

are also carried out with combustion chemistry models incorporating PAH to assess soot

precursor predictions. Computations for each flame using the KAUST PAH Mechanism 2

(KM2) [47], Appel, Frenklach, Bockhorn (ABF) [48] and Blanquart, Pepiot, Pitsch (BPP)

[15] mechanisms are performed to provide a comparison of PAH predictions among the three

models for the flames of interest. The KM2 mechanism is a gasoline surrogate mechanism

built from USC Mech II foundational chemistry [47, 108]. ABF is a classic mechanism for

PAH chemistry based on GRI-Mech 3.0 foundational chemistry. The BPP mechanism was

developed for engine relevant fuels with GRI-Mech 3.0 foundational chemistry incorporating

several updates [15] beyond the original GRI-Mech 3.0. Experimental PAH measurements

do not exist in the higher-temperature regime. As such, the computed PAH profiles provide

insight into agreement among models that are extrapolated to higher temperature.

3.2 Experimental Conditions

Evolution in carbon structure and size distribution is observed experimentally to

examine unique soot formation behavior at flame temperatures greater than conventional

combustion applications. The experimental flame configuration centers upon laminar, pre-

mixed stretch-stabilized flames in a setup as described in Section 2.1.1. The flame formed
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Table 3.1: Summary of flame synthesis conditions

φ XC2H4 XO2 XAr Tf,max Tad tp(L) vo a

(K) (K) (ms) (cm s−1) (s−1)

2.40 0.138 0.173 0.689 2035 1945 18 91 36

2.40 0.146 0.183 0.671 2085 2010 15 101 40

2.40 0.150 0.188 0.662 2110 2025 15 98 39

2.40 0.152 0.191 0.658 2140 2040 15 97 38

2.40 0.166 0.207 0.627 2190 2120 14 90 35

2.40 0.173 0.217 0.610 2240 2160 14 86 34

2.50 0.145 0.174 0.681 1980 1905 14 104 41

2.50 0.151 0.180 0.670 2015 1950 18 87 34

2.50 0.160 0.192 0.648 2080 2005 16 90 35

2.50 0.175 0.210 0.615 2150 2075 13 101 40

2.50 0.183 0.220 0.597 2195 2110 13 97 38

2.50 0.196 0.236 0.569 2260 2180 12 88 35

2.60 0.153 0.176 0.670 1950 1840 18 91 36

2.60 0.162 0.188 0.650 2050 1920 16 95 37

2.60 0.177 0.204 0.618 2080 1980 16 86 34

2.60 0.184 0.212 0.605 2110 2005 16 83 33

2.60 0.189 0.218 0.592 2135 2030 16 80 31

2.60 0.209 0.240 0.551 2205 2105 14 79 31

2.60 0.223 0.258 0.518 2270 2220 11 92 36

2.77 0.260 0.282 0.458 2240 2170 11 81 32

Tf,max computed using OPPDIF with measured boundary conditions
(L = 2.54cm, Tnozzle = 330K and Tstagnation = 400K) , vo - cold gas velocity

at 273 K and 1 atm, a - strain rate
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carbon is analyzed for structure, particle size and radiative emissions through Raman spec-

troscopy, X-ray photelectron spectroscopy, mobility particle sizing and color ratio pyrometry.

The details of the experimental techniques are provided in Section 2.3.2, 2.3.1 and 2.3.6.

3.3 Results and Discussion

3.3.1 Computational PAH analysis

Figure 3.1: Flame image (top), computed centerline axial profiles for velocity and particle
time (middle) and flame temperature and major species (bottom) for the φ = 2.6,
Tf,max = 2205K flame case.

Complementary flame structure calculations provide insight into particle temperature-
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time history and gas-phase soot precursors. Computational flame structure results obtained

by OPPDIF are shown in Fig. 3.1 for the centerline of the φ = 2.6, Tf,max = 2205K case.

An image of this flame is also shown as representation of the sooting premixed stretch-

stabilized flames studied. The position of the flame front is distinguished in flame images

by the onset of luminosity. In the computations, the flame position is associated with sharp

features of the computed flame structure such as a temperature rise, a velocity increase and

a narrow peak of combustion intermediates. Particle inception occurs immediately after

the flame zone as evidenced by the observed yellow luminosity next to the blue flame disc.

The flame-formed particles then grow in the post flame region and eventually deposit onto

the stagnation surface. The flame conditions are designed to isolate flame temperature and

equivalence ratio effects for comparable particle times. Accompanying color-ratio pyrometry

experiments are used to assess the consistency of the flame structure calculations.

Flame computations are also carried out with combustion chemistry models incor-

porating PAH to assess soot precursor predictions. Computations for each flame using the

KM2, ABF and BPP mechanisms are performed to provide a comparison of PAH predic-

tions among the three models for the flames of interest. The temperature profile is fixed

to match the flame structure solution from USC Mech II for all comparisons between PAH

mechanisms. The flame temperature predicted for stretch-stabilized flames is not primarily

sensitive to a given fuel mechanism employed, but the flame position does strongly depend

on the fuel kinetics. This effect is demonstrated in Fig. 3.2 in terms of computed flame

temperature profiles obtained by independently solving the energy equation for each com-

bustion mechanism flame calculation. Substantial differences in computed flame position are

observed among the PAH mechanisms due to deviations in ethylene combustion chemistry

leading to differences in predicted fuel burning velocity. The USC Mech II based solution

has been shown to predict the measured flame position in previous studies of sooting stretch-

stabilized flames [7]. As such, the flame structure solutions for the three PAH mechanisms

are constrained to adopt the flame temperature profile from USC Mech II rather than inde-
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Figure 3.2: Computed temperature profiles for the φ = 2.5, Tf,max = 2150K flame case
using the four combustion chemistry models studied. The computed temperature is based
on solution of the energy equation rather than constraining the temperature profile. The
full profile is shown (top) along with a profile emphasizing the peak flame temperatures
(bottom).

pendently solving the energy equation. Assessment of this assumption is carried out below

by comparing flame position predicted by USC Mech II to the measured flame. The KM2

mechanism is a PAH flame chemistry model based on foundational chemistry taken from

USC Mech II. As such, the agreement in measured flame temperature and position between

USC and KM2 mechanisms is expected.

The flame position and particle time is fixed across all models by imposing the USC

Mech II based temperature profile in the OPPDIF computations running the KM2, ABF and

BPP mechanisms. An example set of the computed species profiles for soot precursors shown

in Fig. 3.3 as a function of space and particle time. The profiles shown in Fig. 3.3 are the

same flame conditions shown in Fig. 3.1 using KM2 chemistry and the constrained temper-

ature profile. Non-monotonic profiles are predicted for the computed PAH concentrations.
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Figure 3.3: Computed gas-phase soot precursor profiles in terms of axial position (top) and
particle time (bottom) based on the KM2 combustion chemistry model for the φ = 2.6,
Tf,max = 2205K flame case.

A sharp rise occurs in the flame zone where the fuel is converted to PAH due to fuel-rich

kinetic processes. The subsequent drop and rise seen in post-flame region is primarily gov-

erned by equilibrium effects. Equilibrium PAH concentrations typically peak at moderate

flame temperatures and decrease for relatively hot flames [109]. The flame temperature

profile computed evolves from high to low temperature as the burned gases approach the

water-cooled stagnation surface. This causes a corresponding shift in equilibrium PAH con-

centrations. The temperature gradient in the vicinity of the water-cooled stagnation surface

also induces thermal diffusivity of large and small gas phase species, which is a secondary

cause for minor, additional shifts in the concentration.

Flame structure calculations are carried out for each flame using ABF, BPP and KM2
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Figure 3.4: Maximum concentration in computed centerline axial profiles as a function of
maximum flame temperature. The line follows computations for six flame temperature
conditions for each equivalence ratio (see Table 3.1). Results for each chemistry model
(ABF, BPP, KM2) is shown for acetylene and propargyl radical (top) and benzene
(bottom).

mechanisms to evaluate the gas-phase environment under which the flame formed carbon

develops. A summary of computed profiles is carried out by determining the maximum

mole fraction computed for a species in a certain flame and designating each flame by the

maximum flame temperature. This summary is shown in Fig. 3.4 for acetylene, propargyl

and benzene to establish predictions based on foundational C0 - C6 chemistry. As Fig. 3.4

shows, disagreement in computed concentration is observed among the three PAH chemistry
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models despite having the same temperature profile constrained by the USC Mech II solution.

The computed acetylene concentration increases with equivalence ratio as expected and

the predicted trend with flame temperature is relatively similar among the models. In

contrast, disagreement among the three models is observed for the predicted concentration

of propargyl radical and benzene. The BPP model predicts a significantly higher propargyl

radical concentration for the whole range of flame temperature conditions. The predicted

species concentration for benzene has a much stronger dependence on the PAH mechanism

employed rather than the equivalence ratio. The ABF model predicts benzene concentrations

almost an order of magnitude higher than the other models.

Figure 3.5: Summary of predicted naphthalene concentrations for the series of flame
computations using the three PAH mechanisms. The maximum mole fraction in the
computed profile is plotted for each flame taking the maximum at the flame zone (top) and
the maximum in the post-flame region (bottom).

The observed divergence in computed foundational chemistry is expected to propagate

into predictions for larger species. Computed naphthalene, phenanthrene and pyrene profiles

for all flames and PAH mechanisms. As shown in Fig. 3.2, the PAH profiles are non-
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monotonic as the maximum concentration could occur in the kinetically-driven flame zone

or in equilibrium-driven post flame region. The series of PAH profiles demonstrate the

sensitivity of soot precursors to flame temperature and the kinetic mechanism. The profiles

of these aromatic soot precursors show peak locations at the flame zone and the post-flame

region with relative magnitudes depending on the mechanism employed. The maximum mole

fraction computed for naphthalene is shown in Fig. 3.5 with peak concentration values taken

from both the flame zone and the post-flame region. Predicted naphthalene concentrations

are more sensitive the kinetic model employed than the equivalence ratio. The BPP and

ABF models predict comparable concentrations in the flame zone and post-flame zone for

the series of flame temperatures. On the other hand, the KM2 mechanism predicts different

behavior in that a relatively low concentration of naphthalene in the flame occurs while

more naphthalene is predicted in the post-flame zone. This comparison demonstrates the

competing kinetic and thermodynamic processes with regards to PAH chemistry.

A summary of PAH predictions is shown in Fig. 3.6 for phenanthrene formation.

The KM2 and BPP predictions for phenanthrene are comparable in the flame zone while

the concentration predicted by ABF is an order of magnitude higher. In the post-flame

zone, the phenanthrene concentrations span six decades among the three PAH mechanisms.

The summary for pyrene concentrations shown in Fig. 3.7 is similar to phenanthrene in

that the ABF model predicts an order of magnitude higher concentration in the flame zone.

In the post-flame zone, the pyrene concentration predicted by the BPP mechanism is an

order of magnitude lower than the other mechanisms. The computed PAH profiles would

change with the addition of a soot formation model due to a split between gas-phase and

soot-bound carbon depending on particle inception models and kinetic growth rates. PAH

chemistry is a notorious bottleneck in quantitative understanding of soot formation and the

analysis demonstrates this challenge for the higher-temperature regime.

The range of PAH profiles predicted among the three PAH mechanisms are due to

different pathways and rate parameters adopted. The dominant reactions producing naph-
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Figure 3.6: Summary of predicted phenanthrene concentrations for the series of flame
computations using the three PAH mechanisms. The maximum mole fraction in the
computed profile is plotted for each flame taking the maximum at the flame zone (top) and
the maximum in the post-flame region (bottom).

thalene are plotted as a function of distance in Fig. 3.8 for φ = 2.6, Tf,max = 1950K flame

case. This example demonstrates overlaps and divergence in pathways and reaction rates

among the three PAH mechanisms. The combination of phenyl and butadienyl to form

naphthalene is considered in all three mechanisms but significant discrepancies in rates of

production are predicted along the flame profile. Naphthalene production from the naph-

thalene radical occurs at a comparable rate for the ABF and KM2 models but this is not a

dominant pathway for BPP mechanism. Routes to naphthalene from ethylene substituted

benzene and methylated naphthalene are dominant only in the KM2 and BPP mechanisms.

The lack of experimental observations of PAH formation in this regime makes assessing

chemical reversibility effects and competing mechanism pathways a difficult task. More-

over, application of these PAH mechanisms to soot formation modeling should first consider

limitations in PAH chemistry.
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Figure 3.7: Summary of predicted pyrene concentrations for the series of flame
computations using the three PAH mechanisms. The maximum mole fraction in the
computed profile is plotted for each flame taking the maximum at the flame zone (top) and
the maximum in the post-flame region (bottom).

3.3.2 Carbon Structure as Inferred by Soot Pyrometry

Color-ratio pyrometry measurements provide insight into the consistency of OPPDIF

and USC Mech II for computing flame structure in the higher-temperature regime. Mea-

sured temperature fields are shown in Fig. 3.9 for the two hottest flame conditions of each

equivalence ratio. The temperature reported in Fig. 3.9 is based on the assumption that

the particle emissivity is proportional to λ−1 which is a typical dispersion exponent applied

to mature soot [76]. Under this assumption, the measured maximum temperature is much

greater than the maximum computed by OPPDIF. The observed discrepancy and the axial

variation in measured flame temperature may be due to evolution in soot particle properties

rather than an actual property of the measured flame structure. Gomez and co-workers

recently [63, 75] showed that evolution in soot particle properties should be considered

when interpreting radiative emissions from incipient soot. Soot is expected to form close
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Figure 3.8: Rate of production of naphthalene predicted from reactions considered in the
three PAH mechanisms studied including a phenyl based pathway (top), a naphthalene
radical based pathway (middle), ethylene substituted benzene pathway (bottom) and
methylated naphthalene pathway (bottom).

to the flame-front and grow over time as the C/H ratio and carbon structure also evolve

for premixed stagnation flames. This evolution is also expected to depend on the particle

temperature-time history and gas-phase environment (temperature and equivalence ratio

effects).

An independent temperature diagnostic would shed light on the interpretation of

measured particle radiative emissions for extracting flame temperature. Thermocouple mea-

surements are simple and readily accessible, but this method is not reliable for stretch sta-

bilized flames as the aerodynamic balance would be heavily disturbed by flame anchoring
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Figure 3.9: Axisymmetric flame temperature field, Tf (x, r) extracted from measured
color-ratio field for α = 1.

onto thermocouple wires. In the absence of an independent diagnostic, the computed flame

temperature profile is used to gain insight into the measured radiative intensity and flame

temperature. A summary of comparisons between the measured and computed axial, cen-

terline temperature profiles is shown in Fig. 3.10. Soot radiative emissions are detected in

the post-flame region of the domain. The position where emissions are first detected above

the nozzle coincide fairly closely with the flame position predicted by USC Mech II. The

sharp rise in computed flame temperature overlaps the start of the emission profile or falls

within 1 mm.

Flame temperature in the post-flame region of stretch-stabilized flames is expected to

approach the adiabatic flame temperature with minor deviations based on strain, radiation

and Lewis number effects [8]. The computed flame structure predicts this behavior with a
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Figure 3.10: Measured and computed axial temperature profiles at the centerline. The
measured profiles are shown for α = 1 and for α(x) fitted to match the computed
temperature profile. The inset shows the measured temperature field for the φ = 2.4,
Tf,max = 2205K case determined using the fitted α(x) profile.
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plateau in flame temperature for most of the post-flame region. The measured flame temper-

ature profile assuming the particle dispersion exponent is constant at α = 1 shows a decrease

in flame temperature with increasing distance from the nozzle. The measured decrease in

temperature may be an artifact of the constant dispersion exponent assumption. The evo-

lution of soot structure with time is expected to drive evolution in dispersion exponent and

this should be considered when extracting the particle temperature.

Using the computed flame temperature as a constraint, a dispersion exponent profile

is extracted for the measured grey scale intensity ratios based on Eq. 2.6 and the resulting

exponent profiles are shown in Fig. 3.11. The measured temperature profile based on this

fitted dispersion exponent profile is also included in Fig. 3.10 to demonstrate convergence

after applying the computed temperature profile as a constraint. If the computed flame

temperature is a reasonable reference point, the fitted profile should fall within physically

relevant values. This is indeed the case as the trend and magnitude of the fitted dispersion

exponents shown in Fig. 3.11 could be explained in terms expected soot formation behavior.

Namely, the range of values observed (0.5 < α < 3) falls with dispersion exponents reported

for low C/H organic materials, soot and carbon [63, 76, 77, 110]. Interpretation of radiative

emissions from the flames is subject to experimental uncertainties associated with the camera

sensor. This includes error in the Blackbody furnace intensity during calibration, positional

errors and errors in the filter properties. For assessment of dispersion coefficient, this also

includes uncertainties in the computed flame temperature. A conservative estimated of the

error on the measured dispersion coefficient is ±5% based on convolution of these errors.

The higher values obtained at the flame-zone correspond to incipient soot which is

known to have low C/H structure. The fitted profiles indicate that the dispersion exponent

may progress over time towards values on the order of unity corresponding to mature soot.

The inset of Fig. 3.10 shows an example measured temperature field using the fitted axial

dispersion exponent profile. A relative trend showing decreasing dispersion exponent for

increasing flame temperature and equivalence ratio is also observed across the flames. Color
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Figure 3.11: Dispersion exponent profiles based on fitting measured centerline radiative
emission profiles to the computed axial flame temperature profile.

ratio measurements show reasonable agreement to the computed flame position. In addition,

constraining the measured particle radiative emissions to match the computed flame tem-

perature results in optical properties consistent with known physical values. The agreement

between the measured and computed flame position is assessed by comparing the position of

the luminous region with the computed temperature profile. The largest discrepancy occurs

for the φ = 2.4, Tf,max = 2190K case as the measured onset of radiative emissions is approx-

imately 1 mm upstream of the computed pre-heat zone. This upstream shift in position may

explain the off-trend dip observed in the dispersion exponent for this case. The expected

trend is for the hotter temperature case to have a lower dispersion exponent. This off-trend

behavior may be due to artifacts of fitting the temperature profile that does not overlap in

space as close as the other cases.

Color-ratio pyrometry provides insight into the optical dispersion exponent (α) of the

carbon nanoparticles being formed in the flame. Color-ratio pyrometry is also performed

for 2 flame conditions, Φ = 2.60, T f,max = 2270K and Φ = 2.77, T f,max = 2240K. The

temperature field as measured with α = 1 is shown in Fig. 3.12(a). The discrepancy

between the measured and the OPPDIF computed temperature profiles is due to a constant
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Figure 3.12: (a) - Temperature field as measured with α = 1, (b) - Dispersion exponent
profiles based on fitting measured centerline radiative emission profiles to the computed
axial flame temperature profile

α, since the value of the dispersion exponent depends on local properties of soot such as the

H/C ratio. The properties of flame formed carbon changes as it ages from PAH formed near

the burner nozzle to carbonaceous particles near the stagnation plate. Due to this evolution

in properties, color ratio pyrometry has been implemented by using α as a free parameter

tuned to impose agreement with the well-established OPPDIF temperature profile.

The trend of the optical dispersion exponent along the axial distance above the burner

is shown in Fig. 3.12(b). α shows a decreasing trend from values close to 3.2 typical of

hydrocarbons with a unity H/C ratio close to the burner nozzle. The initial increase in soot

volume fraction at high temperatures in proximity of the flame front, is accompanied by a

sharp decrease in dispersion exponent. This behavior suggests a high temperature inception

of visible transparent particles with a relatively large hydrogen content [63, 110, 111]. This

high temperature inception stage is followed by carbonization and further growth highlighted

by a decreasing α. As soot matures, the H/C ratio becomes increasingly smaller through

dehydrogenation and surface growth (e.g., via the HACA mechanism), with α approaching
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the 0.5 value typical of graphite. Values even larger than 3.2 can be reached for nascent

soot, since nanosized particles of organic carbon are essentially transparent in the visible

and absorb in the UV, which would yield a value of α diverging in the visible spectrum.

Color-ratio pyrometry analysis for the carbon nanoparticles formed in flame conditions being

studied show optical dispersion exponent values close to that of typical graphite indicating

graphitization of carbon nanoparticles in the flame.

3.3.3 Carbon Structure as Inferred by Raman Spectroscopy

Figure 3.13: Phonon dispersion profile (left) and electron dispersion profile of graphite
(right) [112]

With the gas-phase environment established, properties of flame formed carbon parti-

cles are now assessed. Raman spectroscopy is an effective tool for detecting precise structural

information of carbon structure in soot and other graphitic materials. Raman scattering is

a small fraction of the scattering that occurs when a photon is introduced to the material of

interest but analysis of this process provides a wealth of information. Most photons simply
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scatter with only a change in direction (Rayleigh) but Raman scattering is also accompanied

by a shift in photon energy due to interaction with phonon (vibrational) modes. The most

likely Raman process (Stokes) results in a detection of a red-shifted photon that forms after

an incident photon of known energy interacts with the material to induce an electron-hole

pair and a new phonon (vibrational mode) [113]. The detected photon is characterized by

a Raman shift caused by a loss in energy in accordance with the energy of the new phonon.

Raman-active vibrational modes of carbon materials are related to the phonon dispersion

profile of graphene. A map of graphene vibrational modes in reciprocal space is shown

in Fig. 3.13 along with prominent Raman-active features. Electron dispersion is centered

around the K symmetry points with energy bands bounded by the Dirac cones also shown

in Fig. 3.13. The vibrational modes of graphene are in-plane longitudinal optical (iLO),

in-plane transverse optical (iTO), out-of-plane transverse optical (oTA), in-plane longitudi-

nal acoustic (iLA), in-plane transverse acoustic (iTA) and out-of-plane transverse acoustic

(oTA).

Figure 3.14: Degenerate E2g vibrational mode giving rise to the Raman G-band (left) and
a diagram summarizing the role of electron dispersion cones in this Raman scattering
process (right) [114]

The most prominent bands in Raman spectra of carbon materials are the so-called G

and D bands. The origin of the G-band is the translational vibration of the sp2 lattice shown

in Fig. 3.14. In-plane optical phonons in the transverse and longitudinal coordinates give
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rise to the degenerate mode known as the E2g mode [24, 115]. Another vibrational mode

in the sp2 lattice is the A1g breathing mode that is only allowed in the presence of defects

in the graphene lattice. After much debate, the Raman process giving rise to the D band is

explained by the double - resonant process in involving two adjacent electron regions shown

in Fig. 3.15.

Figure 3.15: Breathing A1g vibrational mode giving rise to the Raman D - band (left) and
a diagram summarizing the role of electron dispersion cones in this double-resonance
Raman scattering process (right) [114]

The Raman signature for soot formed in the higher-temperature regime was previously

shown to drastically transform from spectra traditionally reported [86]. This was explained

in terms of the known response of carbon structures exposed to increasing temperature. This

was explained in terms of the known response of carbon structures exposed to increasing

temperature. TEM images, shown in Fig. 3.16, and mobility sizing measurements of carbon

nanoparticles formed at higher - flame temperatures (discussed below) show the particles

are also on the smallest nanoparticle size scale. This unique combination of ultra - fine

particle size with an ordered carbon structure has only been reported by this laboratory

and further investigation is carried out as part of this dissertation work. Previous Raman

spectroscopy concepts borrowed from the graphite and graphene materials communities are
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used to interpret the measured spectra of the current materials. Soot formed at traditional

flame temperature does not share Raman features with these materials but this unique flame

formed carbon does.

Figure 3.16: TEM images of flame formed carbon produced at flame temperatures higher
than conventional flame temperatures.

Soot particles take on a variety of structures depending on the growth condition and

age. At traditional flame temperatures, soot structure shows a slight resemblance to graphite

properties only when the particle has matured long enough in the flame. Previous Raman

measurements indicated that soot formed at higher than conventional flame temperatures

exhibits graphite and graphene Raman features after a much shorter residence time in the

flame [86]. Raman spectroscopy is further employed here to characterize the new carbon

particles in terms of solid state chemistry of graphite and graphene materials. This approach

begins with the unit cell of graphene shown in Fig. 3.17. Many of the physical properties

are explained based in the reciprocal space representation for graphite and graphite also

shown in Fig. 3.17. Evolution from typical soot spectra to Raman features resembling

graphitic materials was previously observed for increasing flame temperature [86]. The

current work expands on this to also show the evolution for increasing temperature and

equivalence ratio. Further carbon structure information is obtained by observing dispersion

effects due to different excitation wavelengths introduced to the sample. The evolution of

carbon structure with increasing flame temperature could be understood from the so - called
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amorphization trajectory introduced by Ferrari and Robertson for a range of amorphous

and graphitic carbons [21, 26]. The Raman response of the sample to different excitation

wavelengths manifests in terms of the D band Raman shift position shift [116] and the

increase G band intensity expected for higher excitation energy [117].

Figure 3.17: Graphene unit cell in real space (a), graphene unit cell in reciprocal space (1st

Brillouin Zone, b) and 3D graphite unit cell in reciprocal space (1st Brillouin Zone, c) [115]

This approach is expanded to also examine the effect of increasing equivalence ratio.

This analysis provides valuable insights into unique higher-temperature soot formation pro-

cesses and material properties. Raman spectra for primary peaks of deposited films excited

with a 532 nm source are shown in Fig. 3.18 for each flame series. The 5-band deconvolution

approach established by Sadezky and co-workers [16] for flame-formed carbon is used to

examine known Raman-active modes. Nomenclature of Sadezky is used only for the Raman

bands unique to soot (D3 and D4) with the remaining peaks taking labels more commonly

reported in the broader carbon literature. As discussed below, D and D’ are commonly ob-

served primary bands with corresponding 2D and 2D’ secondary bands. Another secondary

band is D + G commonly reported at 2945 cm-1 for 514.5 nm excitation wavelength. This

nomenclature is adopted to compare the observations to other Raman studies of disordered

carbon, which unlike soot, show well-defined secondary bands. Baseline correction and de-

convolution procedures are described in Section 2.3.2. The highest peak intensity is identified

in each measured spectrum and this is used to normalize the intensities. The highest peak
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intensity either appears in the G or D band for the conditions being studied.

Figure 3.18: Baseline-corrected Raman spectra of primary peaks for all flame conditions
(532 nm excitation source). The measured spectra are fitted according to the five-band
deconvolution.

For each equivalence ratio series, a striking evolution in the spectra occurs with in-

creasing flame temperature. The series begin with a signature typically reported for soot

followed by a drastic shift in relative intensity and peak width. Signatures commonly re-

ported for soot are partially composed of D3 and D4 bands which have been attributed to
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amorphous components and sp3 bonds, respectively [16]. Disappearance of the “soot” bands

(D3 and D4) with increasing flame temperature may be an indication that material prop-

erties of carbon particles formed in the higher-temperature regime differ from soot. Peaks

corresponding to the so-called D, G and D’ bands also evolve indicating a progression in

sp2 carbon bonding. The G band is attributed to stretching modes of all sp2 bond pairs.

Although highly order graphite only shows a G band, this mode does not require an aromatic

ring [21, 22, 118, 119]. In contrast, the breathing motion of sp2 bonded carbon in 6-member

rings gives rise to the D band and is only observed in lattices deviating from perfect graphite

[21, 22]. The D’ band has been associated with surface sp2 bonds also in the context of

defects to a pristine graphite lattice [16, 120].

Figure 3.19: Evolution in I(D)/I(G) (top) and peak FWHM (bottom) based on Raman
spectra of deposited carbon films for all flame conditions studied. Lines are drawn to guide
the eye.

The width and relative intensity of characteristic Raman bands have been correlated

to carbon structural order and crystallinity [21, 24, 26, 118, 121]. The ratio of peak intensi-
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ties for the D and G band (I(D)/I(G)) and the peak widths have been used for quantitative

characterization based on phenomenological analysis. The observed evolution in the D and

G ratio and peak widths (FWHM) is shown in Fig. 3.1. At lower flame temperatures, the

FWHM of the D peak is much wider than the G peak but significant narrowing of the D peak

is observed for the higher temperature conditions. The disappearance of the “soot” bands and

significant narrowing of the peaks may indicate that soot formed in the higher-temperature

regime approaches the structure reported for other sp2 carbon materials. Semi-empirical

relations developed by Tuinstra and Koenig [121], Ferrari and Robertson [21], Pimenta and

coworkers [122], Jorio and co-workers [123], and, more recently, Ferrari have related the

relative intensity of the D and G bands to the characteristic size of an uninterrupted sp2

lattice which, among other labels, has been referred to as the in-plane crystallite size, La.

Now famous experiments by Jorio and co-workers [123] illustrated the response of Raman

scattering to systematic addition of graphene defects by ion bombardment. This work intro-

duced a wide-ranging phenomenological expression for predicting behavior in high and low

defect regimes. The so-called defect distance, Ld, was introduced for the ion bombardment

experiment to acknowledge that the defect surface density was being measured by Scanning

Tunneling Microscopy and this could be related to the length scale of the undisturbed lattice

[123].

The phenomenological expression introduced by Jorio and co-workers is applied for

illustrative purposes [123]:

I(D)

I(G)
= CA

(r2A − r2S)

(r2A − 2r2S)

(
exp

(−πr2S
L2
D

)
−exp

(−π(r2A − r2S)

L2
D

))
+CS

(
1 −exp

(−πr2S
L2
D

))
(3.1)

where I(D) / I(G) is the relative intensity of the D and G peaks in the Raman spectrum

and the rest of the parameters are established based on the ion bombardment experiment on

graphene. The defect induced by bombardment of Ar+ creates a “structurally disordered”

area with radius rS. A larger area also surrounds the defect with radius rA having a mixture

states due to proximity to the defect. The coefficient CA has been characterized as a measure
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of the maximum I(D)/I(G) ratio with a theoretical limit tied to electron-phonon coupling

[123]. The CS coefficient is related to the I(D)/I(G) ratio in the highly disorder limit.

Parameter values from the ion bombardment experiments are adopted (rA = 3.0nm, rS =

1.0nm, CA = 4.6, CS = 0.87) to extract the defect distance, LD, of the flame-formed carbon.

Although the parameters may not precisely correspond to the flame formed carbon being

investigated, the above expression may shed light on the evolution in carbon structure with

increasing flame temperature. In fact, the narrow bands, prominent D’ band and evolution

of the Raman spectra are features shared with reported spectra for studies on evolution of

disorder for multi-layer graphene [123–125].

The classical formulation relating La to I(D)/I(G) postulated by Tuinstra and Koenig

[121] has been predicted to be limited for applications to graphitic materials with La > 3nm

[21, 24, 123, 124]. Using this limit to separate high and low disordered regimes, Ferrari

introduced semi-empirical relations to correlate the defect distance to intensity ratio and the

excitation energy with separate equations for the high and low defects [24]. Raman spectra

of the flame-formed carbon may correspond to the high-defect density regime reported in

several systematic studies where the I(D) / I(G) ratio was shown to increase with the defect

distance [21, 22, 24, 26, 119]. The expression given in the context of high defect graphene

by Ferrari and Basko [24] is used as a second method to correlate to the defect distance for

the flame-formed carbon. The following is applied for the regime in which La < 3nm:

L2
D = 5.4× 10−2 E4

L

I(D)

I(G)
(3.2)

where EL is the excitation energy in electron volts. The excitation energy is EL = 2.33eV

corresponding to the 532 nm excitation source used in this work. The dependence on ex-

citation energy in Eq. 3.2 is also based on ion bombardment experiments [125] and the

empirical expression CA = (160± 48 eV 4)E−4
L is embedded to account for dispersion effects

observed in the bombardment experiments.

The evolution in defect distance computed from the above expressions is shown in
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Figure 3.20: Evolution in defect distance based on Raman spectra of deposited carbon films
for all flame conditions studied. The φ = 2.4 (left), φ = 2.5 (middle) and φ = 2.6 (right)
predictions are shown for three different correlations. The lines are drawn to guide the eye.

Fig. 3.20. A defect distance on the order of unity observed for the lower flame temperatures

is in agreement with reports for typical flame soot. Miller and co-workers have interpreted

this size to correspond to a building block of soot on the order of 4-5 aromatic rings [29]. For

all equivalence ratio conditions, the observed defect distance increases with increasing flame

temperature. This trend is in line with known carbon annealing behavior [119, 126] and

entropy-driven carbonization processes [127, 128]. In addition, a systematic trend is observed

showing, for a given flame temperature, the defect distance increases with equivalence ratio.

That is, a larger region of crystalline carbon structure is observed with higher equivalence

ratio.This observation may be explained on the basis of carbon lattice defects. Namely, the

greater abundance of gas-phase PAH surrounding the carbon may facilitate development or

“healing” of an ordered lattice during formation and growth.

The I(D)/I(G) ratio measured for the current flame-formed carbon is higher than the

peak ratio of ∼ 3.5 reported by Jorio and co-workers and this may be due to the slightly

different excitation energy [123] applied or carbon structural differences. As such, the

Jorio expression does not converge for the φ = 2.5 and 2.6 cases above 2150 K due to the

relatively high I(D)/I(G). A third expression is applied here which combines the original

64



Jorio expression with the excitation energy dependence. The 2.33 eV excitation applied

in the current measurements corresponds to CA = 5.4 according to the CA(EL) correlation

embedded in Eq. 3.2 [125]. The predictions based on the Jorio expression incorporating

this modified parameter is also included here. As Fig. 3.20 shows, there is up to a 30 %

discrepancy observed between the three defect distance predictions. These correlations were

developed for graphene materials and specifically calibrated for separate ion bombardment

experiments. As such, application to the current flame-formed carbon is an extrapolation

of these correlations and disagreement among the predictions is expected. Nonetheless,

the qualitative trends of increasing order with increasing temperature and equivalence ratio

still hold despite limitations of the current assumptions. Although, the parameters and

correlations are borrowed from bombardment studies on graphene materials, the trends

predicted for the current flame-formed carbon are informative. Typical Raman spectra

reported for soot show mild changes for studies done at typical flame temperatures. In

contrast, the response of the Raman spectra of flame-formed carbon to higher temperature

conditions is dramatic and this can be interpreted to indicate that the carbon structure is

more ordered than typical soot.

Secondary bands are not typically analyzed for soot formed at conventional flame

temperature because soot is relatively disordered. In contrast, Raman spectra from the

current high-temperature carbon products show distinct secondary bands. The evolution in

secondary peaks is shown in Fig. 3.21 for all flame conditions studied. Secondary peaks

corresponding to overtones of the D, G and D’ bands are discernible for carbon formed at

flame temperature hotter than 2050 K. In literature for disordered sp2 carbon materials, these

are bands are denoted as 2D and 2D’ with an additional secondary band denoted as D + G.

The secondary peaks become narrower and more resolved as flame temperature is increased.

Interestingly, the 2D band is commonly considered to be the most prominent peak in the

secondary spectra of disordered carbon [119, 129]but the D + G band is only dominant for

the middle range of flame temperatures currently studied. The observed evolution in Raman
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Figure 3.21: Evolution in baseline-corrected secondary Raman peaks for all flame
conditions studied.

signature may indicate the current flame-formed carbon transitions from conventional soot

to structure observed in high-defect sp2 carbon.

The higher equivalence ratio series shows the most resolved secondary peaks in accord

with the relative evolution of the primary peaks. Deconvolution of the 2D band into 2D1

and 2D2 bands is carried out as established in literature for disordered graphite an graphene

materials [22, 129]. Deconvolution for the highest temperature conditions of the φ = 2.6

case is shown in Fig. 3.22. A transition occurs whereby the 2D1 is greatest at the 2110 K

flame condition and becomes usurped by the 2D2 peak at higher flame temperature. These

relative intensities has been reported as a transition from powdered graphite to a carbon

structure approaching highly ordered pyrolytic graphite [129]. Analysis on flame-formed

carbon nano-discs reported by D’Anna and co-workers [25] provides an additional example

of a unique structure having features of both stacked graphitic carbons and three-dimensional

turbostratic structures. The secondary peaks observed in the intermediate temperature range

of the current work may correspond to the aforementioned features of the nano-disc Raman
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Figure 3.22: Baseline-corrected deconvoluted Raman peaks (2D band) for the φ = 2.6 case
with increasing flame temperature.

spectra followed by evolution to more ordered structure with increasing temperature. The

Raman active modes of carbon enable the subtle variation in carbon structure to be examined

for the series of flame conditions currently studied. The Raman spectra provide evidence

that carbon structure approaching sp2 carbon materials could be obtained. This is especially

promising if the precise carbon structure could be functionalized for tuned material behavior.

A detailed structural analysis of flame formed carbon is performed for two flame con-

ditions (Table. 3.1) and industry grade hard carbon (MSE Supplies, Particle size : 8 - 12

µm). Multi-wavelength Raman spectroscopy is employed to characterize the nanoparticles

and their properties. Soot primarily consists of agglomerated primary particles with diame-

ters on the order of 10 - 30 nm comprising of crystalline and amorphous components. The

graphite-like crystalline structure consists of a few turbostratically stacked graphene layers

[16].

An ideal graphite lattice has layers arranged in an alternating sequence corresponding
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to a hexagonal crystal structure with unit cells of four C atoms at two types of lattice sites

with different coordination numbers. Amorphous soot is composed of polycyclic aromatic

hydrocarbons with irregular onion-like structure [16]. The structure of flame formed carbon

is dependent on its growth conditions as seen in the previous section. The fuel structure and

composition, equivalence ratio, flame temperature and residence times play a vital role in

determining the carbon structure. The structure of carbon nanoparticles as formed in high

temperature flames are investigated. The structures are compared to that of industry grade

hard carbon.

Figure 3.23: Baseline-corrected Raman spectra of primary peaks (532 nm (top panel) and
785 nm (bottom panel) excitation source). The measured spectra are fitted according to
the five-band deconvolution.

For disordered materials like soot and flame formed carbon, Raman spectroscopy

is sensitive to the crystal structures and the molecular structures. The Raman signals of

graphite structures are due to lattice vibrations and is sensitive to the degree of disorder

in the structure. Rosen and Novakov used Raman spectroscopy to show the presence of

graphite like carbon in soot formed in diesel engines [130, 131]. Further, soot structure

investigations through Raman spectroscopy found different soot structures with varying de-

grees of graphitization [16, 132]. The graphitization of soot and flame formed carbon have

been measured through spectral parameters from different correlations (eg. Eq. 3.1 and Eq.

3.2). Multi-wavelength Raman spectroscopy is performed to investigate the flame formed
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Table 3.2: Detailed Raman spectroscopy results

Material Position FWHM ID/IG Ld Ld

(G) (D) (G) (D) (Eq. 3.1) (Eq. 3.2)

(cm-1) (cm-1) (cm-1) (cm-1) (nm) (nm)

Wavelength: 532 nm, Excitation Energy: 2.33 eV

Hard Carbon 1575 1336 81 143 1.68 1.28 1.63

FFC 2.60 1580 1344 41 41 3.12 1.96 2.25

FFC 2.77 1574 1338 32 45 3.22 1.98 2.26

Wavelength: 785 nm, Excitation Energy: 1.58 eV

Hard Carbon 1577 1305 50 155 3.32 1.14 1.06

FFC 2.60 1586 1305 31 49 4.76 1.26 1.27

FFC 2.77 1580 1301 50 61 5.00 1.28 1.30

Position () - Peak position, FWHM () - Full width half maximum of peak,
Ld - Defect distance as calculated with respective equations.

carbon structure and the extents of graphitization. Two excitation wavelengths (532 nm

and 785 nm) are employed for this analysis. The Raman spectra is analyzed using 5 peak

deconvolution consisting of G, D, D’, D3 and D4 bands. The spectral parameters of the

Raman spectra are provided in Table 3.2.

Fig. 3.23 shows the primary peaks Raman spectra (Raman shift: 1000 cm-1 - 1800

cm-1) for hard carbon and flame formed carbon. Hard carbon shows a disordered carbon or

soot like Raman spectra with broad D and G peaks similar to signatures observed in the

literature. G band is assigned to the E2g phonon at the Brillouin zone center. The mechanism

giving rise to the G band starts with an incident photon that resonantly excites a virtual

electron - hold pair in the carbon structure. The electron - hole pair then radiatively re -

combine and emits a photon that is red-shifted by the amount of energy that is transmitted

to the phonon. This band exists for all sp2 carbon structures [114]. The G band positions

for hard carbon is 1575 cm-1 for an excitation wavelength of 532 nm and 1577 cm-1 for 785
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Figure 3.24: Analysis of Raman spectral parameters (a) Peak positions and (b) Full width
half maximum of G and D peaks (c) I(D)/I(G) for different materials and excitation
wavelengths.

nm. The D peak in hard carbon is a wide band with peaks at 1336 cm-1 and 1305 cm-1

based on the excitation wavelength of 532 nm and 785 nm respectively. The D band is due

to the breathing modes of six atom rings and indicates the presence of defects [125]. The

D peak is insensitive to the type of defects but only to the amount of disorder. D’ peaks,

observed at the shoulder of the G peak of the hard carbon sample, is about the same height

and width as that of the G peak. The D’ peak is due to the presence of defects in the carbon

sample and is sensitive of the type of defect in the lattice. The D’ peak arises due to the

double resonance intravalley scattering [24, 133]. The D3 and D4 bands show significant

contribution to the Raman spectra further indicating an amorphous disordered structure.

The Raman structure for flame formed carbon at Φ = 2.60 and Φ = 2.77 for excitation

wavelengths of 532 nm and 785 nm are also shown in Fig. 3.23. Both samples show signs

of significant graphitization and resemble Raman signatures similar to that of defective

graphene [125, 134]. From Table. 3.2 and Fig. 3.24, the mean position of the G band is

noted to be 1580 cm-1 with a standard deviation (s.d.) up to 5 cm-1. This is in line with

the spectra observed for hard carbon indicating that the position of the G band does not

significantly depend on the excitation wavelength or the significant differences between soot
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Figure 3.25: Baseline-corrected Raman spectra of secondary peaks (532 nm (top panel)
and 785 nm (bottom panel) excitation source). The measured spectra are fitted according
to the three-band deconvolution.

and graphite [16, 125]. D band on the other hand, has a mean position of 1341 cm-1 (s.d.

≤ 4) for 532 nm excitation wavelength and 1303 cm-1 (s.d. ≤ 3 cm-1) for 785 nm excitation

wavelength. The D band position exhibits pronounced dependancies on the laser excitation

wavelength without significant differences between hard carbon and flame formed carbon.

The dependance of D band position on the excitation wavelength is attributed to resonance

effects [24]. The FWHM of G and D band is shown in Fig. 3.24(b) are significantly low

for flame formed carbon when compared to hard carbon for both excitation wavelengths. In

contrast to the band position, FWHM does not show any significant dependence on excitation

wavelength. For carbon samples formed at Φ = 2.60 and Φ = 2.77 flame conditions, G and

D’ become narrow and split into obtain a doublet structure indicating graphitization of

nanocrystalline carbon [22, 24, 26].

The quantification of defects in carbon through Raman spectroscopy, the D and G

intensity ratios (ID/IG) are used. The Fig. 3.24(c) show the intensity ratio for different sam-

ples and excitation wavelengths. The ID/IG increases with increasing excitation wavelength.

The ratio also increased significantly between hard carbon and flame formed carbon. The

ID/IG ratio increases slightly on increasing equivalence ratio from Φ = 2.60 to Φ = 2.77.

The increase in ID/IG ratio is indicative of graphitization of the carbon nanoparticles and
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evolution of carbon from sp2 amorphous carbon to nanocrystalline structure.

The secondary peaks (Raman shift: 2000 cm-1 - 3200 cm-1) of Raman spectra is shown

in Fig. 3.25. The secondary peaks are attributed the overtones and combinations of graphitic

vibration modes. Hard carbon samples exhibits broad signals when compared to the flame

formed carbon being analyzed. This behavior is observed for both excitation wavelengths.

The flame formed carbon samples at Φ = 2.60 and Φ = 2.77 have narrower 2D1, 2D2 and

D+G and lower FWHM when compared to hard carbon. This indicates graphitization of

flame formed carbon. The secondary peak of flame formed carbon is less pronounced for an

excitation wavelength of 785 nm than that of 532 nm. The 2D1 band is less intense than the

2D2 and the D+G for flame formed carbon than hard carbon. This is related to the larger

number of layers present in hard carbon when compared to flame formed carbon [133]. The

increase in the number of layers leads to an increase in the intensity of the higher frequency,

2D2 band when compared to the 2D1 [135]. The results observed, specifically for the flame

formed carbon samples, show Raman spectra similar to that of nanocrystalline graphite and

signs of defective graphene structure.

3.3.4 Carbon Structure as Inferred by X-Ray Photoelectron Mi-

croscopy

Figure 3.26: C1s XPS spectra for hard carbon, Φ = 2.60, T f,max = 2270K and
Φ = 2.77, T f,max = 2240K
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X-ray photoelectron spectroscopy (XPS) is a convenient technique to determine the

sp3/sp2 bonding ratio. The ideal graphite exhibits sp2 at a binding energy of 284.5 eV [136].

Typical XPS spectra of carbon structures with sp3 and sp2 hybridization are positioned

between 284.25 and 285.0 eV with the sp2 bond between -1.1 and - 0.5 eV. The values of C

sp2/sp3 binding energy separation obtained by Fujimoto et al. for carbon-hydrogen-oxygen

structures showed that the assignment of the C sp2 and C sp3 peak and C sp2/sp3 separation

value depend on hydrogen content, whereas experimental results for diamond in graphite are

influenced by charging effect of diamond C sp3 domains [137, 138].

Figure 3.27: Percentage of sp3 hybridization in hard carbon, and flame formed carbon
samples at Φ = 2.60, T f,max = 2270K and Φ = 2.77, T f,max = 2240K

The C1s XPS spectra of hard carbon and flame formed carbon samples are provided

in Fig. 3.26. The two curve fitting method is employed as described in Section 2.3.5. The

peaks are observed at ∼284.9 eV due photoelectrons excited from C1s. The C1s is assumed

to consist of 2 peaks, sp3 and sp2 peaks and deconvoluted accordingly [73]. The average

binding energy separation between the sp3 and sp2 peaks ∼-0.50 eV which agrees with the

available literature. The sp3 % is shown in Fig. 3.27. The areas under the sp3 and sp2 curves

are used for this calculation. The hard carbon sample exhibits the highest sp3 % at ∼50%

implying a higher amorphous content. The flame formed carbon samples show significantly

lower sp3 hybridization indicating more graphite like nature [73, 136, 138]. This result is in

accordance with the results observed from Raman spectroscopy.
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3.3.5 Carbon Structure as Inferred by Scanning Mobility Particle

Sizing

Figure 3.28: Measured PSDF for selected flame conditions. Symbols are measurements and
lines are curve fits to a lognormal distribution for each size mode.

Direct observations of unique higher-temperature soot formation processes are also

reported here in terms of detailed PSDF measured by mobility particle sizing. An established

aerosol sampling method [7, 42] is applied to quantitatively follow evolution in the size
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distribution for increasing flame temperature and equivalence ratio. Measured PSDF for

each flame series is shown in Fig. 3.28 along with lognormal curve fits of the observed

bimodal distribution. The observed decrease in number and size range with increasing flame

temperature for each equivalence ratio series is expected based on reversibility in precursor

formation and reduced collision efficiency. A bimodal distribution consisting of nucleation-

sized particles and a slightly larger mode of growth particles is observed in all cases. For

the highest temperature cases, a visible split between the size modes becomes apparent as

the width of the growth mode significantly narrows. PSDF in premixed sooting flames at

conventional flame temperature (see e.g [53, 55]) have reported a bimodal distribution with

a dominant nucleation mode relative to the growth mode. The magnitude of the nucleation

mode is lower in the PSDF currently observed which may indicate that nucleation processes

are not as persistent in the higher-temperature soot formation regime.

Parameters of the log-normal curve fitting provide further insight into competing

soot formation processes in terms of global properties of the size distribution. The global

parameters are plotted for each maximum flame temperature condition in Fig. 3.29. The

median diameter of the growth mode varies by nearly a factor of two between the lowest and

highest equivalence ratio cases. In contrast, the nucleation-size mode has a median of 3 nm

across all conditions. The observed size range corresponds to isolated primary particles and

small particle clusters rather than larger aggregates. Evolution in the geometric standard

deviation occurs in opposing directions for the two size modes which may indicate size-

dependent particle growth processes are occurring. The number density is nearly an order of

magnitude greater for the growth mode particles and reduction in soot yield with increasing

flame temperature is observed in terms of number density and volume fraction.

The particle size distribution is also measured for Φ = 2.60, T f,max = 2270K and

Φ = 2.77, T f,max = 2240K as shown in 3.30. Particles with a median diameter of ∼ 9 nm and

13 nm are observed in both cases respectively. The volume fraction observed in Φ = 2.60

case is an order of magnitude lower than that of Φ = 2.77 for a 30K peak temperature
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Figure 3.29: Global properties determined from log-normal curve fits of the bimodal PSDF
including median diameter (top), geometric standard deviation (middle), number density
and PSDF volume fraction (bottom).

difference highlighting the effect of equivalence ratios on the flame formed carbon. These

measurements further reiterate that ultra-fine carbon nanoparticles with relatively narrow

size distribution is produced for the flame conditions studied. The observed evolution in size

distribution and carbon structure provides insight for soot formation modeling in the higher-
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Figure 3.30: Measured PSDF for Φ = 2.60, T f,max = 2270K and Φ = 2.77, T f,max = 2240K.
Symbols are measurements and lines are curve fits to a lognormal distribution for each size
mode.

temperature regime. Moreover, the observed transition from soot to structure corresponding

to disordered sp2 carbon may be promising for functional high-surface area carbon mate-

rials. Relatively high flame temperatures explored here enable soot produced with unique

characteristics. The ultrafine particle size characteristic to incipient soot is combined with

a carbon structure more ordered than that of mature soot. Functional material properties

arising from this unique structure to be explored in the future include electrical conductivity

and electrochemical behavior.

3.4 Summary

A complementary experimental and modeling study is reported to shed light on for-

mation processes and material properties for soot formed in the higher-temperature regime

(Tf > 2100K). The effects of flame temperature and equivalence ratio are isolated in a
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series of premixed stretch-stabilized flames. Flame structure computations show reasonable

agreement to measured color-ratio intensity profiles in terms of the flame position and inter-

pretation of the particle optical dispersion exponent. Computations using KM2, ABF and

BPP combustion chemistry models show that predictions of PAH concentration profiles for

the current higher-temperature flames are more sensitive to the choice in mechanism rather

than specific flame conditions.

As for material properties, the particles produced in the current study are a new type

of flame formed carbon. TEM and particle sizing indicates that these are nanoparticles of

the order of 10 nm and Raman spectra show features resembling graphite and graphene ma-

terials. The Raman signatures transition from a typical soot spectrum to features observed

in disordered sp2 carbon materials with increasing flame temperatures. This is inferred from

the disappearance of D3 and D4 bands and significant narrowing of all Raman peaks. Shift

in the relative intensity of D and G bands and increased definition of the corresponding over-

tones are another indication that the structure is more ordered than typical soot. A shift

in relative intensity of the 2D1 and 2D2 secondary bands is observed which tends towards

increasing carbon structural order. The defect distance extracted from the Raman spectra

begins on the order of unity for flame temperatures close to conventional flame studies and

nearly doubles as the flame temperature exceeds 2200 K. Higher concentrations of gas-phase

precursors may facilitate development of an ordered carbon structure as indicated by the

relatively high defect distance observed for the highest equivalence ratio series.

Measured particle size distributions provide further insight into unique soot formation

processes in the higher-temperature regime. As expected, the size and yield of soot decreases

with increasing flame temperature due to expected reduction in precursor formation and

collision efficiency. The observed ultra-fine size range is also expected, even for the larger

growth mode of the bimodal distribution. Unlike PSDF reported for conventional flame

temperature conditions, the mode of nucleation-sized particles does not dominate in the

higher temperature regime. In addition, the median diameter for the nucleation mode is
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close to 4 nm for all flame conditions while the growth mode for the higher equivalence ratio

cases have significantly larger median diameters.

The detailed material characterization of flame formed carbon has shown carbon

nanoparticles formed in high equivalence ratio and high temperature flames show graphiti-

zation and Raman spectra similar to that of defective graphene. Multi-wavelength Raman

spectroscopy shows similar trends as observed in the literature. High ID/IG ratios are seen

for flame formed carbon when compared to hard carbon. The flame formed carbon structures

analyzed show higher sp3 content when compared to that of hard carbon as inferred from

XPS. Systematic observation of size distribution and carbon structure provides a sound basis

for developing soot formation models in the higher-temperature regime. This is especially

promising if the significant transformation in carbon structure inferred from the evolution

in Raman spectra enables development of functional high surface area sp2 carbon materials.

The flame-formed carbon nanoparticle studies in Chapter 3, in part, has been pub-

lished in Fuel (Dasappa, S., Camacho, J., Evolution in size and structural order for incipient

soot formed at flame temperatures greater than 2100 Kelvin : Materials and methods, 291,

120196) and Data in Brief (Dasappa, S., Camacho, J., Raman spectroscopy, mobility size

and radiative emissions data for soot formed at increasing temperature and equivalence ratio

in flames hotter than conventional combustion applications : Experimental Design, Materi-

als and Methods, 36, 107064). The dissertation author is the primary investigator for the

publications.
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Chapter 4

Formation of Nanocrystalline

Manganese Oxide in Flames

Flame-based processes enable precise and scalable production of functional nanomate-

rials. Advantages of flame synthesis routes over wet-chemistry include fewer synthesis steps,

much faster conversion, and continuous production. Several flame configurations have proven

useful for tailoring material properties of nanoscale products including carbon (graphene,

nanotubes), metals, and metal oxides. Manganese oxide nano-materials have been incorpo-

rated into many promising technologies including energy storage materials [139, 140], MRI

contrast agents [141, 142] and in catalysis [143, 144]. Flame formed manganese oxide nano-

materials, mostly produced by flame spray pyrolysis [5, 34, 35, 145], have been reported

for a variety of applications. Manganese oxide nanoparticles produced by flame stabilized

on a rotating surface (FSRS) was reported previously [36] and it was observed that either

Mn2O3, Mn3O4 or MnO2 are formed depending on growth conditions in the premixed flame.

This is unlike many titanium oxide and iron oxide premixed flames studies where full oxida-

tion to TiO2 and Fe2O3 are reported. There are notable exceptions such as a recent report

of TiO2-II formation in fuel rich FSRS conditions [146]. This work is a complementary

experimental and modeling study examining formation of nanocrystalline manganese oxides

in flames with analysis of thermodynamic barriers to particle nucleation and oxidation.
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Formation of manganese oxide nanoparticles through flame synthesis is less explored

than titanium oxide and iron oxide. Flame synthesis of titania has been carried out on

the industrial scale for a century and academic studies exist going back decades. There is

evidence that formation mechanisms for manganese oxides in flames may differ from those

observed for titania like varying in oxidation states as discussed above. A range of crystal

phases has been reported for titanium oxide nanoparticles formed in flames [37, 146, 147]

but the oxidation state observed was mostly Titanium(IV) oxide. This range of phases has

been explained on the basis of shifts to bulk phase equilibrium driven by the surface energy

of nanoparticles [37, 148]. Birkner and Navrotsky assessed phase-stability for nano-scale

manganese oxide under oxygen by drop-solution calorimetry for MnO2 , Mn2O3 and Mn3O4

and surface energies were reported as MnO2 surface energy: 2.05 J m-2, Mn2O3: 1.77 J m-2

and Mn3O4: 1.62 J m-2 [149]. A phase stability diagram incorporating the surface energy

effect is shown in Fig. 4.1 with an extension to the MnO (surface energy: 1.13 J m-2) phase

[150] based on established phase-stability for nano-scale manganese oxide under oxygen. The

size-dependent phase diagram is the basis to assess the degree to which phase equilibrium

is established among the nano-crystalline manganese oxides formed. In addition, the wide

range of physical properties of the manganese oxides calls into question the validity of the

coagulation limited nucleation mechanism adopted for flame synthesis of TiO2 nanoparticles.

These considerations are examined by systematic observation of manganese oxide formed in

a flame with a well-characterized temperature- oxygen- time history.

Synthesis of manganese oxide nanoparticles is carried out in a flame-assisted chemi-

cal vapor deposition process. The process is similar to previous FSRS reports [37, 38, 146]

except that a stationary deposition surface is used rather than deposition onto a rotating

substrate. The stationary deposition surface enables rigorous modeling of the CVD domain

and examination of competing processes leading to the final oxide product. Manganese oxide

nanoparticles are synthesized by gas-to-particle conversion driven by premixed stagnation

flames with well-characterized flame structure and boundary conditions. Competing oxi-

81



dation and growth mechanisms for manganese oxide are examined in terms of systematic

variation of the flame environment.

Figure 4.1: Phase stability diagram based on particle size for nano-scale manganese oxide
under air.

4.1 Computational Analysis

Premixed stagnation flames on a stationary surface are modeled using a pseudo one-

dimensional model and a full two-dimensional axisymmetric computation. The flame com-

putations do not include particle precursor, nor do they consider nanoparticle synthesis

processes in the flame. Rather, the flame structure resulting from the base ethylene-oxygen-

argon mixture is calculated. An experimental comparison between flame positions with

and without precursor doping is carried out to assess the range, if any, for neglecting role

of the Mn oxide precursor on the flame structure. Thermodynamic analysis of manganese

oxide nucleation and phase stability is carried out after the structure of the base flame is

computed. An objective of the study is to determine the accuracy of using the pseudo one-

dimensional computation for material synthesis processes having geometry at the limits of

the self-similar range. The premixed stagnation flame is a flat reaction zone with axisymmet-

ric two-dimensional geometry similar to conventional CVD domains. As first outlined by Kee

[87], this type of flame structure could be solved using a similarity formulation in which the

radial component is expressed in terms of the axial component. This pseudo one-dimensional
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approach enables efficient yet a powerful process design for material synthesis by simplifying

the flow field and enabling detailed chemistry and physics to be incorporated. The similarity

scaling of a linear dependence on r for radial velocity is most accurate for domains with a

wide inlet boundary to stagnation boundary aspect ratio [105, 151]. The aspect ratio of

the burner to stagnation studied is relatively narrow as it is closer to some CVD geometries

[147]. Solutions obtained using the pseudo one-dimensional (self-similar) formulation for the

current aspect ratio are compared to a separate computation of the two-dimensional axis-

symmetric flame structure. The comparison between the one and two-dimensional flame

computations provides insight into efficient flame structure calculation for the narrow aspect

ratio domain and relatively large flame standoff distance studied here. Further details of

the pseudo one-dimensional flame structure solution obtained using OPPDIF [44] and two-

dimensional ANSYS computations are described in detail in Section 2.1.2.

Manganese oxide nanoparticles are formed in the flame and deposited onto a sta-

tionary deposition surface. The precursor, methylcyclopentadienyl manganese tricarbonyl

(MMT, Sigma- Aldrich), is sprayed into the fuel line in its initial liquid state, mixed with

the unburned gas mixture and vaporized before leaving the fuel line. The gas-to-particle

conversion is assumed to occur after the flame front which, in this case, is a flat plane at

a steady distance from the deposition surface. The calculations of the flame structure de-

scribed enable rigorous definition of the particle trajectory as the precursor breaks down at

the flame front and forms manganese oxide in the post-flame region. All the oxide formation

and growth processes are assumed to occur after passing the flame front.

The reaction time, t, is considered to be the time for a Langrangian particle to traverse

the location of the flame front (position where the temperature inflects sharply upwards) to

the location of the stagnation surface. The particles are transported to the deposition surface

by following the streamlines and by an additional thermophoretic force in the vicinity of the

deposition surface. The details of this computation is provided in Section 2.1.2. The reaction

time is considered to approximate the time for MMT precursor breakdown, Mn oxidation
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and particle nucleation/growth to occur before deposition. Examination of the relationship

between the oxide product properties and the synthesis flame structure is expected to shed

light on the competing oxidation, nucleation and growth time scales.

The mechanism for thermal decomposition of MMT precursor and subsequent forma-

tion of oxides is unknown and beyond the scope of this study. However, an analogous flame

synthesis system, iron oxide from iron pentacarbonyl, guides initial assumptions. Extensive

modeling [152, 153] and experimental studies of conversion of iron pentacarbonyl indicated

the metal oxidation process begins from metallic iron. It is assumed the MMT precursor used

here also produces metallic Mn. If this assumption is valid, then it follows that MnO is the

first oxide to form. Nucleation from the gas-phase is hypothesized to occur by condensation

of MnO after oxidation of gas-phase manganese:

Mn (g) +
1

2
O2 −−⇀↽−− MnO (s), Kp,o (4.1)

Equilibrium partial pressures over MnO(s) measured at high temperature by Knudsen

effusion mass spectrometry have been reported [153] and the partial pressure of Mn gas was

orders of magnitude higher than that of MnO. This is evidence that metallic manganese,

Mn, is not the first to nucleate due to the higher volatility. In addition, MnO is the first

oxidation state so the higher oxides are assumed to evolve from MnO particles in the flame.

Equilibria among manganese oxides under molecular oxygen are known to behave as follows:

6 MnO (s) + O2 −−⇀↽−− 2 Mn2O4 (s), Kp,1 (4.2)

4 Mn3O4 (s) + O2 −−⇀↽−− 6 Mn2O3 (s), Kp,2 (4.3)

2 Mn2O3 (s) + O2 −−⇀↽−− 4 MnO2 (s), Kp,3 (4.4)

The thermodynamic barrier to nucleation from the gas phase is quantified by the

saturation ratio, S, which compares the concentration of relevant species to the equilibrium
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concentrations. For nucleation of MnO, this is given by:

So =
PMnP

1/2
O2

PMn,eqP
1/2
O2,eq

(4.5)

where PMn and PO2 are the local partial pressure of the relevant components in the flame

derived from the flame structure computation. Calculated equilibrium partial pressures,

PMn,eq and PO2,eq are determined by high-temperature equilibria reported for 4.1.

Equilibria between the manganese oxides depends on local temperature and oxygen

partial pressure. Further, an additional surface energy effect has been seen to significantly

shift oxidation-reduction equilibria between nano-scale transition metal oxides [148, 154] as

follows:

∆GR,nano = ∆GR,bulk +
6

d

(bMb

ρb
γb −

aMa

ρa
γa

)
(4.6)

where ∆GR is the free energy of reaction for nano-scale and bulk processes, d is the particle

diameter, b is the product stoichiometric coefficient, a is the reactant stoichiometric coeffi-

cient, M is the molecular weight, ρ is the mass density of the bulk oxide and γ is the surface

energy of the oxide. Eq.4.6 is applied to the manganese oxide equilibrium reactions listed

above with surface energy values listed above.

For a given temperature, the equilibrium oxygen partial pressure between two oxides

of the same size are determined from an equilibrium constant based on Eq.4.6. Further,

a saturation ratio is defined to describe the local oxygen partial pressure relative to the

equilibrium oxygen partial pressure. Among the nano-scale manganese oxides the saturation

ratio is defined as follows:

Si =
PO2,flames

PO2,eq,i

i = 1, 2, 3 (4.7)

where the i subscript denotes equilibria for the second, third and fourth manganese oxidation

steps listed in Eqs. 4.2, 4.3 and 4.4. The equilibrium values calculated by Eqs. 4.5, 4.6 and

4.7 is based on local temperatures along the computed flame spatial and time domains. The

well-defined trajectory of the particle during formation in the flame allows for equilibrium
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conditions to be defined as the manganese oxide traverses the reaction zone.

4.2 Experimental Conditions

The objective of the experiments is to examine the competition between MMT con-

centration, temperature, oxygen and time effects in terms of fundamental processes. The

well-characterized boundary conditions and flame structure enable systematic observations

that could be explained based on thermodynamic or kinetics considerations. The thermody-

namic framework outlined above is the basis to evaluate nucleation, growth and equilibrium

behavior for the manganese oxides formed. This complementary modeling and experiment

approach enables determination of parameters that could be generalized for any synthesis

process.

The flame synthesis of manganese oxide nanoparticles are carried out in a premixed

stagnation flame setup. The details regarding the experimental setup are described in Section

2.1.1. A summary of the flame conditions studied is provided in Table 4.1. Experimental sets

(A, B, C and D) are defined by flame temperature, reaction time, oxygen environment and

precursor concentration. Design of the experimental flame synthesis conditions are based on

OPPDIF computations of the flame structure. The gas-phase oxygen levels during synthesis

are characterized by the equivalence ratio, φ, of the unburned mixture. This is the ratio

of inlet fuel to O2 over the stoichiometric fuel to O2 such that φ < 1 corresponds to an

oxygen-rich post-flame zone. For φ > 1 , a small amount of oxygen remains after the flame

and this approaches zero as φ� 1.

The first set of experiments, labelled as the A series of flames, examines manganese

oxide nanoparticle formation in the same oxygen-rich flame but at increasing levels of MMT

precursor loading (Flames A1-A3). The inlet flow rate for flame A corresponds to a cold

gas velocity of vo = 335 cm/s and the mixture has φ = 0.40 with argon mole fraction of

XAr = 0.46. For L = 2.54 cm with this inlet flow, OPPDIF predicts the maximum flame

temperature as Tf,max = 2600 K and t = 4 ms. As reported previously [36], the competition
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Table 4.1: Summary of flame synthesis conditions

Flame φ XC2H4 XO2 XAr T 1
f,max T 1

ad tp(L)1 v2o a3 MMT

(K) (K) (ms) (cms−1) (s−1) (ppm)

A1 0.4 0.063 0.477 0.460 2600 2586 4 335 132 200

A2 0.4 0.063 0.477 0.460 2600 2586 4 335 132 300

A3 0.4 0.063 0.477 0.460 2600 2586 4 335 132 500

B1 0.4 0.056 0.423 0.520 2510 2509 4 301 119 100

B2 0.4 0.063 0.477 0.460 2600 2586 4 335 132 100

B3 0.4 0.056 0.423 0.520 2510 2509 4 301 119 200

B4 0.4 0.063 0.477 0.460 2600 2586 4 335 132 200

B5 0.4 0.045 0.335 0.620 2340 2333 7 252 99 500

B6 0.4 0.051 0.384 0.560 2450 2439 6 290 114 500

B7 0.4 0.056 0.423 0.520 2510 2509 4 301 119 500

B8 0.4 0.063 0.477 0.460 2600 2586 4 335 132 500

C1 0.4 0.063 0.477 0.460 2600 2586 4 335 132 100

C2 0.5 0.056 0.336 0.610 2560 2549 5 299 118 100

C3 0.6 0.055 0.277 0.670 2590 2560 5 305 120 100

C4 0.8 0.060 0.225 0.720 2620 2631 5 316 124 100

D1 1.2 0.054 0.135 0.810 2390 2425 7 267 105 200

D2 1.3 0.064 0.149 0.790 2480 2491 6 279 110 200

D3 1.4 0.067 0.144 0.790 2400 2410 7 269 106 200

D4 1.5 0.074 0.149 0.780 2390 2395 6 279 110 200

1Computed using OPPDIF and USC Mech II with Tburner = 400K and Tprobe = 473K,
2Unburned gas velocity at 400 K and 1 atm,3Strain rate
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between manganese oxidation and particle growth is expected to be affected by precursor

concentration for a given flame condition. The nanoparticle products are expected to form

under the same temperature oxygen- time history while undergoing different rates of particle

growth. For series A flames, the precursor loading effect on synthesis products is isolated

from temperature, oxygen and time effects. The oxygen-rich condition (φ = 0.40) is used

again in the B series of flames to observe manganese oxide formation for a series of increasing

flame temperature conditions ( 2340K < Tf,max < 2600K ) all at comparable reaction time,

t (Flames B1- B8). Precursor loadings of 100, 200 and 500 ppm are used in the B series to

investigate competing growth and temperature effects. Comparable temperature and particle

time is used in the C series to examine the role of gas-phase oxygen (0.4 < φ < 0.8). Low

MMT loading (100 ppm) is used to emphasize the role of gas-phase oxygen and the extent

to which this limits oxidation. The D series further explores oxygen concentration effects

by focusing on oxygen-lean growth conditions. This series of flames having 1.2 < φ < 1.5 is

expected to produce lower oxidation states of manganese oxide.

The flame formed manganese oxide particles are characterized off-line using Raman

Spectroscopy, X-ray diffraction and transmission electron microscopy. The details regarding

the characterization are depicted in Section 2.3.2, 2.3.3 and 2.3.4. The flame position is

measured by analyzing the flame projection captured by DSLR camera.

4.3 Results and Discussion

Modeling tools are used to design flame conditions with desired temperature-oxygen-

time histories in the post flame region. Computed flame structures, neglecting precursor

doping, are the basis for determining the particle growth environment. Premixed stagnation

flames are steady with a disc-like flame front having a stand-off distance where opposing

convective and burning velocities are balanced. The comparison between experimental and

computed flame structure is shown in Fig. 4.2 in terms of recorded flame images and com-

puted 2D contours. The flame structure is characterized by a pre-flame zone where the
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velocity and temperature are very close to the inlet boundary conditions. The flame-front is

a narrow region characterized by a sharp jump in temperature, velocity and sharp consump-

tion of fuel and oxygen. The stagnation flame drives a chemical vapor deposition process

where precursor decomposes at the flame zone and undergoes conversion to manganese oxide

in the post-flame region. The flame image shows the MMT doped flame having a post-flame

region illuminated by excited Mn oxide species. The illuminated region shifts from light

blue next the flame zone to a light green shade which may be an indication of evolving

manganese oxide species. The base flame is stabilized in approximately the same position

as the precursor doped flame. The position of the 100 ppm of MMT flame is slightly closer

to the nozzle boundary which may indicate that this mixture is more reactive than the base

flame. This effect may be caused by catalytic behavior of manganese or by a mixture that is

slightly more reactive due to being closer to the stoichiometric ratio. Recorded flame images

for other flames with and without precursor doping (2340K < T f,max < 2600K, B5 - B8) are

presented in Fig. 4.3. Inspection of the B series images indicates that the flame position is

not affected significantly by precursor doping.

The two-dimensional computation of the flame structure shows reasonable agreement

to the images in terms of the computed temperature contour. There are instabilities and

influences from the environment which result in broadening of the flame position observed in

the flame images. A small degree of chemiluminescence appears in a broad region surrounding

the MMT doped flame which is caused by radial diffusion, minor flickering and oscillation

instabilities. A comparison in terms of the flame structure at the centerline is also shown in

Fig. 4.2. Measured pixel intensity at the centerline is compared to calculated temperature

and CH* profiles. The doped flame pixel intensity maps out the region of high-temperature

emission from manganese oxide species. Without precursor doping, the excited combustion

intermediates (i.e CH*) are the only source of illumination. A comparison between the

measured pixel intensity without precursor doping and computed CH* profiles is shown at

the inset. Assuming the measured pixel intensity is due to CH*, the discrepancy in measured
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Figure 4.2: Comparison between measured and computed flame position in terms of flame
images and 2D temperature contour computed using ANSYS (left). Also shown is
comparison between centerline temperature profiles (right) and CH* concentration profiles
(right-inset).

and computed flame position is 0.25 cm for the ANSYS solution. Comparison between the

measured pixel intensity and the steep temperature gradient computed by OPPDIF shows

good, fortuitous or not, agreement. The flame temperature gradient predicted by the ANSYS

2D solution lies within 0.15 cm of the doped flame pixel intensity. Both OPPDIF and ANSYS

2D compile USC Mech II in the Chemkin framework with the accompanying thermodynamic

and transport models. One difference in the computation is that radiation effects are ignored

in the ANSYS workbench and this could explain the higher temperature predicted in the

ANSYS computation.

Many two-dimensional flame modeling studies have been carried out to evaluate the

optimal counterflow conditions to achieve self-similar conditions [146]. A common focus is
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Figure 4.3: Comparison of measured flame position between MMT doped flames and base
flames without doping for B5-B8 (φ = 0.40)

the inlet boundary in which plug-flow is important for accurately extrapolating the laminar

flame speed from low-strain premixed flames [155]. More careful treatment of the boundary

flow profile could extend the range of the self-similar computation for flame extinction [156]

and for flames outside of the mixing layer [157]. A typical velocity and reaction time pro-

file is shown in Fig.4.4 for both the self-similar (OPPDIF) and two dimensional (ANSYS)

computation. The reaction time applies to Mn oxide synthesis thus the thermophoretic ve-

locity is only added to the convective velocity after the flame front. Higher predicted flame

temperatures for the two-dimensional calculation has been reported [157, 158] and radial

momentum and energy equation considerations were shown to become significant for large

aspect ratio stagnation configurations [157, 159]. Overall, the flame position is predicted

reasonably well for OPPDIF and ANSYS two-dimensional methods. This comparison indi-

cates that the self-similar assumption of OPPDIF provides a fast and accurate computation

of the flame structure for a robust range of premixed stagnation flame conditions. Definition

of the flame structure enables rigorous determination of the particle trajectory in terms of

reaction time. This is especially promising if a quicker method (OPPDIF) could be used
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to provide insight into the temperature-oxygen-time history during synthesis of manganese

oxide and other systems.

Figure 4.4: Comparison between typical velocity and reaction time profiles obtained from
OPPDIF and ANSYS 2D computations.

The A series of flame synthesis experiments is designed to systematically examine

the precursor loading effect isolated from temperature, time and oxygen effects. Flame

A (φ = 0.40, Tf,max = 2600 K and t = 4ms) is examined with 200, 300 and 500 ppm

levels of MMT loading. The gas-phase oxygen and temperature profiles computed using the

pseudo one-dimensional method (OPPDIF) is shown in Fig. 4.5 in spatial dimensions. The

series A flame has a structure characterized by a flame zone positioned ∼1.3 cm from the

burner nozzle with a maximum flame temperature of Tf,max = 2600K. The oxygen flows

into the domain at a given partial pressure and gets consumed at the flame front with an

excess amount remaining in the post flame region. The reaction time is calculated from the

computed velocity-distance profile. It is assumed that the precursor breaks down to form

metallic Mn and the oxidation process begins at the flame front. The top-axis of Fig. 4.5

shows the translation to reaction time based on these assumptions. As Fig. 4.5 shows, the

manganese oxide spends ∼ 4 ms in the post flame zone of flame A before depositing onto

the stagnation surface. A coagulation-limited nucleation mechanism applies if there is no

thermodynamic barrier to manganese oxide condensation. The Kelvin equation has been

applied to TiO2 in previous reports [12, 160] of gas-phase synthesis to determine whether
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Figure 4.5: Computed gas phase oxygen and flame temperature profiles obtained with
OPPDIF for the A series flame. Also shown is the reaction time computed for manganese
oxide formation and growth (top-axis).

particle nucleation is limited by coagulation. The criterion is that nucleation does not have a

thermodynamic barrier if the critical cluster size predicted by the Kelvin equation is smaller

than the size of a single oxide molecule [12, 161]. In the current study, a similar analysis

will be carried out by calculating the saturation ratio for formation of solid MnO from the

gas phase (Eq. 4.5) along the computed temperature-oxygen-time history.

The computed saturation ratio-reaction time profile, shown in Fig. 4.6, indicates

that condensation of MnO is not thermodynamically favored for a significant portion of the

flame. Where the Kelvin equation applies (So > 1, γMnO = 1.13 J m−2), the predicted

critical diameter for stable nuclei is smaller than the MnO monomer size for Tf < 1800K.

This condition occurs at the sharp temperature rise in the flame zone and about 2 ms later

as the flame temperature decreases upon approaching the water-cooled stagnation surface. If

the thermodynamic barrier exists, particles would nucleate in the flame zone before reaching

the maximum flame temperature, then vaporize (or stop growing) at the hottest portion of

the flame followed by re-condensing as the flame temperature cools. Similar behavior has

been reported by Schulz and co-workers in a previous experimental work on synthesis of iron

oxide nanoparticles in premixed burner-stabilized flames [162]. Particles were detected by

molecular beam mass spectrometry in the flame-front before becoming undetectable at the
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Figure 4.6: Analysis of nucleation and growth for particles formed in the A Series flame
experiments. Saturation ratio profile in terms of reaction time in the flame (top), particle
size profile assuming either coagulation controlled or classical nucleation (middle) and
TEM images of synthesized nanoparticles (bottom).

maximum flame temperature only to reappear in the post-flame region. This observation

was rationalized by classical nucleation behavior. Analysis of the saturation ratio for MnO

condensation in the current flame indicates that nucleation could also be governed by a

classical mechanism.

For classical nucleation, the size of the final manganese oxide nanoparticles would be

smaller than predicted by a coagulation-limited process because the thermodynamic barrier

prevents growth for a portion of the reaction time. The particle size is estimated here based

on the simplified solution to the coagulation equation (Eq. 4.8):

d(ti) = di−1(1 +KiiNi−1ti−1)
1/3

Kii = 4α
(6 kTdi−1

ρp

)1/2 (4.8)
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where ti−1 is interval between the previous grid point, di−1 is the particle diameter of the

previous grid point, Ni−1 is the number density of the previous grid point, Kii the coagulation

coefficient, α is the collision efficiency, k is the Boltzmann constant, T is temperature and

ρp is the bulk density of the oxide. The coagulation coefficient used here is for collisions of

like-sized particles in the free molecular regime [163]. Collision efficiency varies widely in

this size range depending on particle size, temperature and material properties but the value

was kept at α = 0.50 as a compromise between the range of 0.10 < α < 0.90 commonly

observed [163]. The coagulation equation was solved in discrete steps based on computed

temperature-time history profile grid.

Two potential scenarios for growth by coagulation are summarized in Fig. 4.6. Nu-

cleation and growth only limited by coagulation would result in particles with d ∼ 6nm

assuming a mono-modal size distribution starting at the flame front from 200 ppm of MnO

monomer (d = 0.34nm). The final particles would be ∼ 2nm smaller if growth did not begin

until the saturation ratio reached unity in the post-flame region. The characterization of

the particles is only carried out for materials deposited at the stagnation surface. Particle

sizing by analysis of the TEM images in ImageJ, also shown in Fig. 4.6, indicates that the

size of particles ranges from 5 -7 nm for the conditions studied. The measured particle sizes

are significantly smaller than that predicted by the coagulation limited assumptions taken in

Fig. 4.6. The above analysis is to provide preliminary justification for a classical nucleation

mechanism. There are many details required to rigorously quantify the nucleation process.

For example, the dependence of the saturation ratio on conversion of Mn(g) to MnO(s) (Fig.

4.7) would shift the unity crossover to later reaction time.

Characterization of the final manganese oxide products formed in Flame A is shown

in Fig. 4.8 in terms of XRD and Raman spectroscopy. As expected, X-ray diffraction is not

strong for these relatively disordered and ultrafine particles. The most prominent faces were

observed on the 500 ppm case as (222) and (440) attributed to Mn2O3. Faint evidence of

MnO2 peaks appear as (101) and (110) in the lower ppm loading cases. Lattice fringes were
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Figure 4.7: Saturation ratio-reaction time profiles for So–S3 in the A series flame with
saturation ratios calculated with a temperature-time history ± 100 K the base calculation.

detectable by TEM as shown in Fig. 4.6 for the 500 ppm case. Examination of short range

order by Raman spectroscopy shows a more clear evolution at increasing particle loading.

The A1g breathing mode of Mn oxide octahedra is observed at 650 cm-1 for materials formed

under higher precursor loading (300 and 500 ppm) and this is a characteristic of Mn3O4.

Several studies attribute this to known thermal decomposition behavior of Mn2O3 under

laser power [164, 165]. The flame synthesis origin of the manganese oxide may have caused

this high-temperature feature to persist in the product structure rather than artifacts from

the laser (1 mW). The Mn-O stretch mode is observed at 680 cm-1 for the 300 and 500 ppm

cases which corresponds to Mn2O3 [164]. The Raman spectra of the 200 ppm loading case

shows a clear departure in that the dominant mode A1g is no longer present. Instead, broad

Ag modes are observed above 600 cm-1 and these have been attributed to disordered MnO2

structures [165].

For increasing precursor loading in the same oxygen-rich flame, the particle size in-

creases and the manganese oxidation state decreases. This observation may be explained

by equilibria between the oxides governed by size, temperature and oxygen partial pressure.

The equilibrium conditions are mapped onto reaction time space in Fig. 4.9 in terms of the

saturation ratios of the four manganese oxidation steps (Eqs. 4.1 - 4.4). Local tempera-
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Figure 4.8: Characterization of nanocrystalline manganese oxide synthesized in A Series
flame experiments. XRD patterns (top) and Raman spectra (bottom) for films deposited
with 200 ppm, 300 ppm and 500 ppm MMT precursor loading

ture and oxygen partial pressure are known as the manganese oxide progresses through the

synthesis domain and comparison to the equilibrium condition gives insight into the thermo-

dynamically favored processes throughout. This is analysis is carried out for d = 2nm and 5

nm to present conditions that overlap all three of the precursor conditions carried out in the

A series of experiments. The surface energy effect causes a significant shift in the boundaries

shown in Fig. 4.9 such that Mn2O3 and MnO2 do not cross the unity saturation threshold

for small particle size. If the boundaries shown are accurate, the higher oxidation states are

only stable for larger particle sizes in this flame.

The computed saturation ratio profile ignores the minor discrepancy between the

measured and computed flame position. The presence of precursor, particles and three

dimensional flow effects are suspected of causing this discrepancy. The stretch effect does not

cause a significant deviation from the adiabatic flame temperature for the global strain rates

studied here. Computations as shown in Table 4.1 and in Fig 4.10, in the absence of particles,

the calculated maximum flame temperature is effectively the adiabatic flame temperature and

the stretch affect causes a 3% reduction in temperature in the flame zone for nearly twice the

global strain rate. This is performed in conjunction with the assumption that the computed

temperature is not affected by the presence of particles. Flame temperature profiles were
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Figure 4.9: Analysis of local phase equilibria between manganese oxides with d = 2nm
(top) and d = 5nm (bottom) in the A series flame in terms of saturation ratio – reaction
time profiles.

measured by a thermocouple in previous reports on TiO2 nanoparticle synthesis in stagnation

flames [38, 166]. The particle concentration was in a similar range as studied here and

the high-temperature emissivity is of the order of 0.50 for both Mn3O4 and TiO2 [167].

Therefore, any effect of particle radiation is expected to be similar for the manganese oxide

flames studied here. Measured temperatures were 40 K to 100 K lower than the adiabatic

flame temperature in the TiO2 synthesis flames depending on particle loading. Pratsinis and

co-workers measured the flame temperature for TiO2 synthesis in premixed flames as well

but temperature was only 200 K higher than the un-doped flame even with two orders of

magnitude greater precursor loading [168]. To account for the current uncertainty in the

temperature due to particles, the saturation profile was calculated for a range of temperature

100 K from the original OPPDIF computation (Fig. 4.7). The range of saturation ratios
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changes moderately with temperature and the ±13% shift in boundaries does not alter the

conclusions drawn.

Figure 4.10: Computed axial temperature profile (OPPDIF) with increasing global strain
rate for Flame A.

The saturation ratio leading to Mn2O3 and MnO2 phases are predicted to reach S > 1

when d > 5nm. The thermodynamically predicted phase for the collected material is MnO2

because the particles collected are > 5nm and the final synthesis temperature is on the low

range of the phase diagram. Characterization of the oxide products discussed above indicates

that signatures of Mn3O4, Mn2O3 and MnO2 are present depending on the level of precursor

loading. This may indicate that phase equilibrium is only achieved when the particles are

small enough to equilibrate on the millisecond timescale. The Mn2O3 and Mn3O4 features

observed may be metastable characteristics which formed at higher temperature and were

quenched as the particles deposited.

Temperature and precursor loading effects are explored further in the B series of

flame experiments. The series is a set of flames with φ = 0.40 having comparable reaction

times at increasing flame temperatures (2315K < Tf,max < 2600K). The computed flame

temperature-reaction time profiles based on the pseudo one-dimensional formulation is shown

in Fig. 4.11. Images of these flames with and without precursor loading are shown in Fig.

4.3. The flame images show that the position of the flame does not change significantly due

to the presence of MMT precursor. In addition, the position of the flame varies in order to

keep the reaction time comparable for the given range of flame temperatures. By expressing

the synthesis region in terms of reaction time, the systematic comparison of flame structure
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Figure 4.11: Temperature – reaction time profiles (top) and Raman spectra for
nanocrystalline manganese oxide formed (bottom) in the B Series flame experiments.

shown in Fig. 4.11 is carried out. The computed flame structures show that the series also

provides insight into the cooling rate effect as the hottest flame approaches the stagnation

surface with twice the cooling rate as the coldest flame in the series. The cooling rate is

expected to provide another means to control the properties of the material formed.

A summary of products formed in the B series is also shown in Fig. 4.11 in terms

of Raman spectra. The spectra show the oxide formed does not depend on the temperature

and cooling rate for the 500 ppm precursor loading condition. Features of Mn2O3 products

are observed for 500 ppm MMT loading at all temperature conditions. If the equilibrium

considerations discussed above hold, MnO2 should be the thermodynamically favored phase

due to the final size and synthesis temperature. Similar to the A series, the observed Mn2O3

products may be a metastable phase that is too massive to equilibrate even at a reduced

cooling rate. The spectra corresponding to Mn2O3 is observed for the largest particles across

a temperature range of 300 K and cooling rates spanning 400 K / ms. This is contrasted to
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the spectra for the lower ppm conditions of the same flames. Manganese oxides forming in

the 100 and 200 ppm loading cases have Raman features corresponding to MnO2 structures.

The spectra attributed to products formed at the 100 ppm condition show signatures of

the MnO6 octahedra stretch modes corresponding to pyrolusite MnO2 [165]. Pyrolusite

is considered a relatively ordered MnO2 structure and other MnO2 structures have been

characterized by degrees of pyrolusite inter-growth. The spectra observed for the 200 ppm

cases may be described as MnO2 with varying pyrolusite components [165] which, under the

given cooling rate, did not fully become an ordered structure. Examination of competing

particle growth and oxidation effects carried out in the A and B series of flame experiments

shows both metastable and thermodynamically favored phases could be obtained depending

on the details of the temperature-oxygen-time history during synthesis.

Figure 4.12: Raman spectra for nanocrystalline manganese oxide formed in the C Series
flame experiments

The role of gas-phase oxygen is further examined for low precursor loading (100 ppm)

in the C series of flame experiments (0.40 < φ < 0.80). The flames are designed to have

comparable temperature-time history while decreasing the partial pressure of oxygen during

synthesis. Characterization of the final products is shown in Fig. 4.12 in terms of Raman

spectra. The φ = 0.40 spectrum is characteristic to pyrolusite MnO2 [165]. As the series

progresses to lower oxygen growth conditions, features of the Raman spectra appear to evolve

from MnO2 to Mn2O3. The variety of peaks observed from 500-700 cm-1 have been attributed

to pyrolusite MnO2 with various degrees of pyrolusite (order) [165]. At φ = 0.80, features of
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2O3 appear in terms of new low wavenumber features and a prominent A1g breathing mode.

Series C flame experiments demonstrate the role of gas-phase oxygen in tuning the properties

of the deposited manganese oxide for a given size range and temperature-time history.

Figure 4.13: Characterization of nanocrystalline manganese oxide synthesized in the D
Series flame experiments. XRD patterns (left) and Raman spectra (right) for materials
deposited from the flame.

Oxygen-lean growth conditions were also examined to observe the formation of lower

manganese oxidation states in series D flame experiments. Flames having 1.2 < φ < 1.5

were studied with comparable temperature-time history. Characterization of the products

formed in these flames is shown in Fig. 4.13 in terms of XRD and Raman spectra. The

formation of MnO is observed, for the first time by flame synthesis, in the most oxygen lean

flame (φ = 1.5). The XRD and Raman features show a systematic evolution from Mn3O4

products to MnO products as the equivalence ratio is increased (gas-phase O2 decreases). A

range of titanium oxide structures was reported for increasing equivalence ratio [40] but a

range of metal oxide valence this extensive has never been reported.

Manipulation of O2 during particle growth was systematically carried out in the C

and D series of flame experiments to observe the role of gas-phase oxygen on resulting par-

ticle oxidation state / structure. Complementary experimental and modeling studies in the

premixed stagnation flame configuration enables systematic study of competing thermody-

namic and kinetic processes. Computed oxygen partial pressure - reaction time profiles are

shown in Fig. 4.14 for the D series of flames. As the computed oxygen profiles show, man-
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ganese oxide forms under similar flame structure with oxygen being the only variation across

the flames. The oxygen present in the post-flame region is much lower than the oxygen-rich

flames studied above and this enables products having lower oxidation states to be favored.

The given range of φ examined in the D series results in oxygen partial pressures spanning

an order of magnitude relative to each other.

Figure 4.14: Computed oxygen partial pressure-reaction time profiles for the D series (top)
and saturation ratio (S1)-reaction time profiles (bottom) for selected conditions and
particle size.

The saturation ratio for MnO-Mn3O4 equilibrium (S1) is also mapped to the reaction

time in Fig. 4.14 for the φ = 1.2 and 1.5 cases. For early growth stages (i.e. d = 2 nm)

the window for Mn3O4 stability is narrow. As the particle grows, the surface energy effect

widens the Mn3O4 stability zone for both flames. The saturation ratio analysis carried out

here does not account for the oxygen consumed by the manganese during oxidation to MnO

and Mn3O4. At these trace oxygen levels, the saturation ratios may actually cross the unity

threshold later due to oxygen partial pressure lower than computed for the flame structure.

This effect may be more pronounced in the most fuel lean case (φ = 1.5) where the saturation

ratio is an order of magnitude lower at the highest flame temperature. Nonetheless, the
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analysis shows that the lower oxides (MnO and Mn3O4) are thermodynamically favored in

oxygen-lean flame synthesis conditions.

4.4 Summary

Formation of nanocrystalline manganese oxide nanoparticles in premixed stagnation

flames was systematically examined. Comparisons among flame structure computations and

experimentally determined flame position indicates that a pseudo one-dimensional model

performs reasonably well for characterizing the structure of the synthesis domain. With the

temperature-oxygen-time history defined, thermodynamic analysis was carried out by com-

paring local conditions to equilibrium values. Analysis of the saturation ratio for formation

of condensed MnO in the flame indicates that nucleation may be limited by a thermody-

namic barrier. This nucleation mechanism is supported by measured particle sizes smaller

than what would be expected from a coagulation limited growth process.

Manganese oxide nanoparticles having II, II-III, III or IV oxidation states were ob-

served depending on the flame conditions. Size-dependent equilibrium for oxygen partial

pressure was compared to the computed local concentration to assess thermodynamically

favored conditions. An oxygen-rich flame was examined with increasing particle loading (A

series) and the thermodynamically favored product, MnO2, was obtained only for the small-

est particle size. Further examination of oxygen-rich conditions with a range of temperatures

and cooling rates (B series) showed that phase equilibrium may be not be achieved for larger

particle sizes due to longer times required for thermal equilibration. Nanocrystalline MnO,

reported here for the first time by flame synthesis, was obtained in oxygen lean flames. Ob-

servations of manganese oxide formation under a range of oxygen conditions (C and D series)

showed that the oxide phase produced could be tuned to some extent. Overall, definition

of the temperature-oxygen-time history and size-dependent equilibria enable production of

nanocrystalline manganese oxide with a range of properties.
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The flame-formed manganese oxide nanoparticle formation studies described in Chap-

ter 4 has been published in CrystEngComm (Dasappa, S., Camacho, J., Formation of

nanocrystalline manganese oxide in flames: oxide phase governed by classical nucleation

and size dependent equilibria: Computational and Experimental , 22, 5509-5521). The dis-

sertation author is the primary investigator for the publication.
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Chapter 5

Thermodynamic Barrier to

Nucleation for Flame Formed

Manganese Oxide Nanoparticles

In Chapter 4, it was shown that the temperature and oxygen growth conditions could

be manipulated to produce manganese oxide nanoparticles in flames with some selectivity

in the oxidation state and nanostructure. Phase equilibria among MnO, Mn3O4, Mn2O3,

and MnO2 largely governs the final product formed, while cooling and coagulation rates

also contribute to the final product properties. The range of valences observed in stable

products of manganese oxide is wider than has been reported for flame synthesized TiO2 and

Fe2O3. This gives rise to the need for systematic study of competing processes to understand

and leverage the wide range of possible manganese oxide products. In the current work,

nucleation of manganese oxide nanoparticles by gas-to-particle conversion is systematically

examined. As in the previous chapter, premixed stagnation flames are employed to provide

a one-dimensional growth process for isolation of the manganese oxide nucleation process

under a well-characterized temperature-time history. Relatively high flame temperatures

are achieved in premixed stagnation flames. Prior work on metal oxide phase stability in

flames were performed for TiO2 and manganese oxides at temperatures greater than 2200K.
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The specific flame synthesis method adopted is amenable to fundamental studies of gas-

to-particle conversion as well as application to film deposition processes for fabrication of

functional films.

Condensation of nanoparticles from the gas phase is potentially limited by a ther-

modynamic barrier at high flame temperature and low precursor concentration. The Kelvin

effect is used to quantify the thermodynamic barrier for conversion of gas-phase clusters to

the condensed phase by accounting for the supersaturation of condensable species and the

surface tension of the resulting particle or droplet. Particle nucleation and growth occur

immediately after the product is formed (coagulation-limited) if the size of the monomer

molecule is greater than the critical cluster size, r∗, given by the Kelvin equation [161, 163]:

r∗ =
2σsν1

kBT ln(S)
(5.1)

where σs is the surface energy or tension of the cluster, ν1 is the molecular volume, kB

is Boltzmann’s constant, T is the local temperature, and S is the saturation ratio. This

criterion has been applied to SiO2 [12] and TiO2 [42] particle formation to show that

coagulation governs particle nucleation and, hence, the final particle size for flame synthesis

conditions with high supersaturation of precursors. Chapter 4 on manganese oxide synthesis

in premixed stagnation flames provids evidence that the higher flame temperatures and

parts per million (ppm) level of precursor doping may give rise to a thermodynamic barrier

for particle nucleation. The range of oxidation states observed made application of simple

coagulation models less accurate due to the additional contribution of oxidation to particle

size. The lowest oxidation state product, MnO, is the focus of the current work to enable

isolated study of nucleation and growth in the absence of further oxidation steps.

The work described in this chapter is a complementary experimental and modeling

study of manganese oxide synthesis in premixed stagnation flames. The temperature-oxygen-

time history of the particle is well-characterized during synthesis in premixed stagnation

flames due to reliable numerical models of the flame structure. Thermodynamic analysis of
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the manganese-oxygen-manganese oxide system is applied for insight into equilibrium condi-

tions based on the computed underlying flame structure. Measurements of the flame position

and final particle size are used to evaluate assumptions of the flame structure computation

and coagulation growth model. Aerosol probe sampling is carried out here to analyze the

particle size distribution of flame-formed particles in real-time by mobility sizing. An effec-

tive technique established for sampling soot from flames under well-characterized boundary

conditions is applied here to investigate nucleation of manganese oxide nanoparticles.

5.1 Computational Analysis

Computations of the flame structure are carried out here without precursor chemistry

or oxide particle formation processes. A well-known antiknock agent, manganese methylcy-

clopentadienyl tricarbonyl (MMT), is fed into the premixed stagnation flames as a gas phase

precursor. Inhibition chemistry for MMT has been established by Linteris for methane flames

[169, 170], but the inhibition efficiency has been shown to be half as effective as iron pen-

tacarbonyl with additional loss in inhibition for concentrations in which particles are formed.

In addition, perturbation to the flame structure is not observed for premixed propane flames

doped with MMT [171]. Chapter 4 shows comparable flame positions between base ethylene-

oxygen-argon flames and flames doped with MMT. These reported observations for propane

and ethylene flames may indicate that inhibition is weaker for larger hydrocarbon flame

chemistry. The premixed stagnation flame (ethylene-oxygen-argon) is modeled here using

both a pseudo-one-dimensional formulation and a solution to the two-dimensional axisym-

metric flow field. The details regarding the modeling setup is discussed in detail in Section

2.1.2.

Mn (g) +
1

2
O2 −−→ MnO (s) (5.2)

For the manganese-oxygen-manganese oxide system, the process given by reaction 5.2,
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is hypothesized for nucleation of manganese oxide in flames. Insights into the gas-to-particle

conversion of manganese oxide could be gained from high-temperature studies of the solid-

to-gas process. Gas-phase Mn and MnO are reported upon vaporization of solid MnO in

high-temperature mass spectroscopy studies [172] which indicates dissociation occurs upon

entering the gas phase. Other studies have confirmed that the partial pressure of metallic

Mn is orders of magnitude higher than that of MnO at elevated temperature [169, 173].

Based on the reported stability of the high temperature Mn-MnO-O2 system, it follows that

condensation of MnO occurs more readily than condensation of metallic Mn. The enthalpy

of reaction for sublimation of solid MnO to the gas phase has been reported at 532 kJ mol-1,

while the dissociative sublimation (reverse of 5.2) has been reported at 644 kJ mol-1 [173].

The combination of Mn and O2 to condense MnO can be considered more thermodynamically

favored than condensation of gas-phase MnO based on the reported enthalpies of reaction.

The breakdown and flame chemistry associated with the MMT precursor is complex. Linteris

introduced gas-phase chemistry of Mn oxidation based on studies of MMT doped flames [169,

170], but particle formation processes were not considered. Gas-to-particle conversion to

manganese oxide is likely to stem from a variety of species to produce a range of initial particle

types. A simple global model is applied here based on existing equilibrium parameters of

the high-temperature Mn-MnO-O2 system and nanoscale manganese oxides. The oxygen-

deficient flame condition chosen is designed to minimize contributions from higher oxidation

states of manganese such that nucleation and growth of MnO could be isolated. Errors

associated by modeling nucleation and growth based on reaction 5.2 are counterbalanced

with a well-characterized reaction environment and by narrowing the range of potential

manganese oxide species.

High-temperature equilibrium partial pressures have been reported for this system

from Knudsen effusion mass spectroscopy measurements [173] as follows:

ln
(PMn,eq

Pa

)
=
−64412

T
+ 35.688 (5.3)
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ln
(PO2,eq

Pa

)
=
−27064

T
+ 11.461 (5.4)

where PMn,eq and PO2,eq are the equilibrium partial pressures of Mn and O2 in Pascal. Local

equilibrium partial pressures for Mn and O2 are computed along the computed temperature

profile for insight into supersaturation leading to manganese oxide condensation. In addition,

the computed profiles are transformed from the space domain to a Lagrangian time profile

using the computed axial convective and thermophoretic velocity [42, 86, 107]. Decompo-

sition of MMT is expected to occur in the vicinity of the flame zone such that oxidation,

nucleation, and growth of manganese oxide nanoparticles are a one-dimensional progression

in time from the flame zone to the stagnation surface. If particle nucleation occurs upon

formation of MnO and no further oxidation occurs, particle growth will be determined by

coagulation of MnO particles over time. The computed particle size is based on coagulation

of like-sized particles starting from a monodisperse distribution of MnO monomers [163] as

follows:

d(ti) = di−1

(
1 +

KiiNi−1ti−1

2

)1/3

Kii = 4α
(6 kTdi−1

ρp

)1/2

(5.5)

where d is the particle size computed discretely from the OPPDIF computed temperature-

time profile. A one-to-one proportion of MMT molecules to Mn atoms to MnO monomers

is assumed, and this gives the initial number density of monomers (MMT has a single Mn

ligand). After each grid point denoted by time ti, growth occurs from the size at the previous

grid point, di−1. Ni−1 is the number density of the previous grid point, Kii the coagulation

coefficient of like-sized particles in the free molecular regime, α is the collision efficiency, k is

the Boltzmann constant, T is temperature and ρp is the bulk density of MnO. Nucleation-

sized particles have collision efficiency as low as 10 % [174], but precise values for the current

system are unknown. As such, Eq. 5.5 is computed for a range of collision efficiency to report
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feasible particle sizes for the given growth time.

5.2 Experimental Conditions

The experimental configuration centers on synthesis of manganese oxide nanoparticles

in premixed stagnation flames. The base flame is 8.8% ethylene, 17.5% oxygen, and 73.7%

argon by mole which is a fuel-rich mixture (φ = 1.50) expected to produce MnO based

on Chapter 4. The nozzle flow has a cold gas velocity of 315 cm s-1, and the temperature

is 400 ± 20 K at the nozzle exit as indicated by a fine-wire Type K thermocouple. The

detailed experimental setup along with the burner schematic is depicted in Section 2.1.1.

Analysis of the flame-formed aerosol is carried out in real-time by mobility particle sizing.

X-ray diffraction (XRD) and TEM analysis are carried out to analyze particle structure.

The flame position is measured by analysis of images of flame projections obtained from a

Nikon D5300 DSLR camera.The analysis techniques are described in detail in Section 2.3.1,

2.3.3 and 2.3.4.

5.3 Results and Discussion

Known equilibrium concentrations for the nucleation reaction (Eq. 5.1) enable de-

termination of the saturation ratio and Kelvin effect as a function of temperature. The

saturation ratio for this process is given as:

S =
PMnP

1/2
O2

PMn,eqP
1/2
O2,eq

= KP (T )PMnP
1/2
O2,eq

(5.6)

where PMn and PO2 are the local concentrations. The initial partial pressure of Mn is

given by the known MMT feed concentration assuming oxidation of manganese begins from

Mn atoms produced by decomposition of MMT at a one-to-one ratio. Evaluation of the

equilibrium constant and critical radius for the nucleation reaction is shown in Fig. 5.1 as
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a function of temperature. Relatively low precursor concentrations of MMT precursor and

O2 are evaluated to assess the Kelvin effect in flames with low precursor loading. Under

these conditions, production of MnO(s) is not thermodynamically favored above 1800 K.

Application of the critical radius criterion for the MnO molecular radius (rMnO = 0.17nm)

indicates that condensation of MnO monomers is unstable above 2000 K even for fuel-lean

flames (PO2 = 10−1atm).

Figure 5.1: Critical Kelvin radius and equilibrium constant for the nucleation reaction as a
function of temperature.

The effect of MMT precursor doping on the flame structure is assessed here in terms

of the measured flame position. Images of flame projections for doped flames is compared

to the base flame in Fig. 5.2. The flame standoff distances, Ls, reported in Fig. 5.2 are

determined by analyzing the edges of the gray scale intensity profiles for 30 flame images.

Inspection of the images and reported standoff distances show no significant effect of MMT

precursor loading on the flame position. The position of the flame zone is determined by the

kinematic balance between the local flow velocity and the local burning velocity toward the

unburned mixture [170]. As such, the flame structure is intimately coupled to the underlying
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flame chemistry for premixed stagnation flames. Any inhibition due to MMT is expected to

cause a decrease in flame speed and/or a reduction in flame temperature. In turn, the flame

is expected to respond by a shift in position due to a perturbation in the flame speed or

temperature. Lack of this response may indicate that MMT inhibition chemistry is quenched

by the formation of particles or the radical recombination processes established by Linteris

[170] are less impactful for fuels larger than methane.

Figure 5.2: Flame images and measure flame standoff distances for the base flame and
flames with increasing MMT loading.

Computations of the flame structure are carried out using the pseudo-one-dimensional

formulation (OPPDIF) and solution to the two-dimensional axisymmetric flow field (AN-

SYS). Computed profiles at the centerline of the flame are compared to the experimental

flame in terms of the measured gray scale intensity recorded by the camera. For the base

flame, the luminosity detected by the camera is assumed to be comparable to the excited

radical CH* position, and this comparison is shown in Fig. 5.3. The thin region of lumi-

nosity in premixed flat flames is due to chemiluminescence of excited radicals such as CH*,

C2*, and OH* [175]. A previous report on fuel-rich premixed flames [176] showed that

emission of CH* and C2* occurs in the same thin region in the flame zone. The comparison

between computed CH* and measured intensity does not make a conclusion of CH* produc-

tion. Rather, the computed CH* is a marker in space for the computed narrow flame region

of where excited flame radicals exist. The computed temperature profile is compared to the

measured intensity for MMT doped flames in the bottom frame of Fig. 5.3. No inference is

made here to measure the CH* or temperature values based on camera intensity. Rather,

the comparison shown in Fig. 5.3 is only to quantify any differences in measured flame
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position. The relatively good agreement between the flame position inferred from OPPDIF,

ANSYS, and camera intensity is a basis for using the computed flame structure for analysis

of nucleation and growth of MnO.

Figure 5.3: Computed centerline CH* profile compared to measured gray scale camera
intensity from the base flame (top) and computed centerline temperature compared to
measured gray scale camera intensity for increasing MMT precursor loading (bottom).

The particle size distribution of flame synthesized manganese oxide nanoparticles is

measured here by mobility particle sizing and analysis of TEM images. Mobility sizing is a

real-time measurement based on an aerosol sample pulled from the flame. The perturbation

to the flame due to probe sampling is evaluated here by modeling the two-dimensional flame

structure with a sampling flow applied to the stagnation surface boundary. The computed

axial convective velocity and temperature contours are shown in Fig. 5.4 along with an

image of a typical MMT doped flame. Without sampling suction, the convective velocity at

the stagnation surface is zero due to the nonslip boundary condition, and the temperature

is assigned the measured value of the water-cooled surface (Tstag = 473K). The flow rate

into the orifice was measured, as discussed below, at various levels of suction. In Fig. 5.4,
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the flow velocity through the face of the sampling orifice is set to 200 cm s-1 to show the

perturbation at the higher end of the experimentally applied suction. The computed profiles

predict significant perturbations to the temperature and velocity field, but this effect is

localized to a narrow region close to the sampling orifice. As expected, the flow induced by

sampling suction increases the temperature of the flow entering the orifice.

Figure 5.4: Computed axial velocity (a) and temperature (c) contours for the base flame
with outflow through a sampling orifice (r = 0.4mm) at the centerline axis. The inset of
the computed contours shows the perturbations to the velocity and temperature field in a 1
mm by 1 mm domain at the sampling probe boundary. Also shown is an image for a
typical flame doped with MMT precursor without sample suction (b).

The probe perturbation is further illustrated in Fig 5.5 in terms of the computed

centerline profiles of the two dimensional solution. The solution for a 100 cm s-1 sample flow

rate is also included to represent the flow rate range adopted for optimal sampling conditions.

The axial convective flow velocity deviates from the stagnation flow solution approximately

1 mm upstream of the sampling orifice boundary. Manganese oxide nanoparticles present

in the flame are assumed to follow gas streamlines except in the vicinity of the stagnation

surface where an additional force on the particle induces a thermophoretic velocity toward

the colder surface. The computed thermophoretic velocity, shown in Fig. 5.5, decreases

significantly as probe induced flow makes the temperature gradient less severe compared to

the stagnation flow solution. The reaction time computation shown in Fig. 5.5 is based on

the sum of convective and thermophoretic velocities. The reaction time label is based on the

assumption that the time for conversion of manganese oxide precursors to the final product

begins at the flame zone and ends at the stagnation surface boundary. The flow induced by
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the probe sampling speeds up the particle more than reduction in thermophoretic velocity.

Thus, the reaction time is significantly lower than the stagnation flow solution when probe

perturbation is accounted for. For the 100 cm s-1 sample flow condition, the reaction time

is reduced by 20% relative to the time computed for the stagnation flow. This magnitude

of flow perturbation is on the same order as the perturbation reported for sampling probe

perturbation in premixed burner stabilized flames [177].

Figure 5.5: Computed centerline profiles of axial convective velocity (top), axial
thermophoretic velocity (middle), and reaction time (bottom). Solutions for the stagnation
flow is presented from OPPDIF and ANSYS along with the solution for sampling probe
induced flows of 100 and 200 cm s-1.

Analysis of the flame synthesized manganese oxide is carried out by XRD to charac-

terize the oxide phase and structure. Diffraction patterns for films deposited from the 400

and 800 ppm MMT loading cases are shown in Fig. 5.6. Sintering during deposition is min-
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imized by using aluminum substrates for efficient heat transfer from the water-cooled block.

No significant diffraction was observed from samples deposited on aluminum which indicates

that the film material is amorphous and/or any crystalline regions are very small. Faint

evidence of the (200) face of MnO is observed for the as-deposited 800 ppm case, but most

of the signal is an amorphous hump. A second deposition experiment was carried out using

quartz deposition surfaces to inhibit heat transfer to the water-cooled block. This artificially

induces sintering of the deposited film over the deposition period to provide an indication

of the oxidation state of the flame synthesized product. Prominent, yet broad diffraction

peaks corresponding to known MnO faces (JCPDS 07-0230) are observed after sintering is

induced during deposition. Comparison of the relative intensities indicates that slight dif-

ferences in stoichiometry may exist between the 400 and 800 ppm conditions. Nonetheless,

the XRD analysis indicates that ultrafine particles with oxidation state at or close to MnO

are produced. In the absence of significant oxidation beyond MnO, nucleation and growth

processes could be examined in isolation.

Figure 5.6: XRD patterns for as-deposited and sintered films deposited from the flame.

Thermodynamic analysis along the computed temperature and gas-phase oxygen pro-

files is carried out to assess the Kelvin effect on MnO nucleation in the flame. The computed

flame structure obtained by OPPDIF is shown in Fig. 5.7 in terms of the temperature and
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gas-phase oxygen as a function of reaction time. The reaction time is a Langrangian refer-

ence frame where the position of the flame zone is t = 0, and the final reaction time occurs

upon reaching the stagnation surface. For coagulation-limited growth, particles would form

at t = 0 and grow over the entire reaction time. Stretch-stabilized flames are relatively

hot, and this may introduce a condition in which condensation of MnO is not stable until

the flame temperature decreases in the vicinity of the water-cooled stagnation surface. The

OPPDIF stagnation flow solution is the basis of the thermodynamic analysis, but the conclu-

sions also apply to the probe perturbed conditions after shifts in time and temperature are

taken into account. The current flame is fuel-rich, but small amounts of gas-phase oxygen

are predicted to remain in the post flame region. The flame zone is a very narrow region

where the flame temperature quickly approaches the adiabatic flame temperature, and this

temperature persists through most of the post flame region. On approach to the stagnation

surface, the flame temperature approaches the temperature of the water-cooled surface. Any

nanoparticles formed in the flame are assumed to follow the flow streamlines with exception

to the cooling region where the thermophoretic force induces an additional particle velocity

toward the stagnation surface.

Figure 5.7: Temperature and oxygen as a function of reaction time determined by the
pseudo-1D stagnation flow computation (OPPDIF).

The basis of the thermodynamic analysis is that the local gas-phase Mn and O2

concentrations determine the saturation conditions according to Eqs. 5.1 and 5.6. The satu-

118



ration ratio profile for zero Mn converted is shown along with the profile for 99% conversion

of Mn in Fig. 5.8 to represent the limiting cases for the gas-to-particle conversion. Within

this range, supersaturation is only achieved as the flame temperature decreases significantly

from the peak temperature of 2600 K. The saturation ratio is not sensitive to the factor of 2

difference between precursor loading cases. This is evident in the overlapping curves in the

cooling region where S > 1. As Fig. 5.8 shows, the Kelvin equation is also insensitive to

the precursor loading conditions. Computation of the critical Kelvin diameter based on the

local saturation ratio indicates that condensation of MnO monomers become stable 3-4 ms

after the flame zone for both 400 and 800 ppm MMT precursor loading conditions. In other

words, a thermodynamic barrier may delay nucleation and growth of MnO nanoparticles

for the current flame temperature and precursor conditions. The barrier may play a role

in flame synthesis conditions at relatively high-temperature, low precursor loading, and/or

composite materials having a range of proportions. This analysis is a factor in interpreting

the particle size measured for particles collected at the stagnation surface.

Calibration of the aerosol sampling probe dilution is carried out by measuring the

flow rate of air flowing into the probe orifice by bubble-flow meter (mini-Buck M-1) in a

procedure described previously [52, 178]. The dilution ratio calibration is shown in Fig. 5.9

as a function of indicated pressure drop across the orifice. The indicated pressure drop is the

average pressure drop determined by monometers placed at the inlet and outlet of sampling

probe tube. Reversal of the flow from positive to negative flow is observed as the average

pressure drop approached 28 mm H2O. The measured flow rates correspond to sample flow

velocities spanning 50-400 cm s-1.

The size distribution of the aerosol sample is measured by mobility sizing for a range

of dilution ratio (probe suction) to assess artificial perturbations. For low sample dilution,

the relatively high number density undergoes rapid coagulation growth across the sampling

orifice causing an artificial drop in number density and increase in median diameter. For high

dilution, the relatively long residence time across the orifice allows for significant diffusion
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Figure 5.8: Thermodynamic analysis for MnO nucleation in terms of the saturation ratio
(top) and critical Kelvin diameter (bottom) based on the computed temperature and
oxygen profiles.

loss of small particles to the wall. Ideally, an optimum range of dilution ratio exists where

the dilution corrected number density and median diameter are insensitive to the applied

dilution [178]. Sampling artifacts to the measured PSDF are minimized in this optimal

region.

Each measured PSDF is fit to a log-normal distribution to obtain the number density,

median mobility diameter, and geometric standard deviation. Measured PSDF number

density and median diameter for the 400 ppm MMT loading condition, shown in Figure

5.10, indicates that the optimal sampling dilution range is narrow. Namely, a peak in the

dilution corrected number density occurs around 200 dilution ratio, and the median diameter

is close to 4 nm within this dilution ratio range. The measured values are the average of
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Figure 5.9: Measured dilution ratio calibration in terms of the indicatedpressure drop
across the sampling orifice.

8-10 separate scans (30 s scan of DMA voltages for 1-20 nm mobility diameter) with error

bars representing typical deviation across runs. The median mobility diameter and number

density are determined to be 4 ± 1 nm and (2 ± 1) x 1011 cm−3 for the 400 ppm loading

case based on conservative interpretation of the response of the PSDF to dilution ratio.

This measurement is also reported in Fig. 5.11 for the 800 ppm MMT loading con-

dition. The optimal region where the PSDF number density and median diameter is clearer

for the 800 ppm case. The median mobility diameter and number density are determined

to be 5.5 ± 1 nm and (6 ± 1) x 1011 cm−3 based on interpretation of the response of the

PSDF to dilution ratio. Dilution corrected PSDF are shown in Fig. 5.12 for the 400 and

800 ppm MMT loading conditions. Deviations in the PSDF are due to minor fluctuations in

the flame and sampling conditions across and during scanning periods. These fluctuations

include drift of the applied pressure drop and deposit accumulation at the sampling orifice.

The observed increase in median diameter and geometric standard deviation provide insight

into the underlying aerosol growth processes. Significant diffusional losses in the sampling

line exist at the inlet valve and tubing where the flow splits and slows down in the final 10

cm before entering the mobility analyzer.
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Figure 5.10: Measured PSDF number density and median diameter for the 400 ppm MMT
loading condition for a range of sample dilution ratios.

The particle size distribution is also measured by analyzing TEM images for the 400

and 800 ppm MMT loading cases. The sample particles correspond to the “as-deposited” case

shown in the XRD patterns which was obtained by depositing onto an aluminum substrate

to minimize sintering. Example TEM images and the distribution of measured projection

diameters are shown in Fig. 5.13. The histogram is a distribution for a total of 150 particles

for each ppm loading case. The median diameter determined by TEM is in reasonable

agreement with the mobility diameter-based distributions. The observed ultrafine size is

also in line with the lack of XRD signal observed for the as-deposited films. The particle
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Figure 5.11: Measured PSDF number density and median diameter for the 800 ppm MMT
loading condition for a range of sample dilution ratios.

size measured by mobility sizing and TEM corresponds to the end of the particle growth

process. Gas-to-particle conversion occurs at some point upstream of the stagnation surface

and measurement of the particle size at the stagnation boundary provides insight into the

underlying nucleation and growth mechanisms in the flame. The measured particle sizes

provide an experimental comparison to the particle size predicted from the gas-phase flame

temperature-time profile.

The temperature-oxygen-time history of the particle during growth in flame can be

inferred from the computed flame structure. Moreover, analysis of the thermodynamic bar-
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Figure 5.12: Measured PSDF at optimal sampling conditions for the 400 ppm (top) and
800 ppm MMT loading (bottom) cases. Different symbols are used to denote separate
experimental runs which correspond to the optimal range of dilution ratio specified in Fig.
5.10 and Fig 5.10

rier provides insight into the time at which nucleation becomes stable. If a thermodynamic

barrier for nucleation is present, the observed particle size would be smaller due to the de-

lay in particle condensation and growth. This hypothesis is tested in Fig. 5.14 in terms

of particle size profiles computed as a function of reaction time. Comparison of expected

particle size for coagulation-limited and nucleation-limited regimes is done by application of

the monodisperse coagulation rate expression starting from the position of the flame zone

(t = 0) and at a downstream position determined by the critical Kelvin diameter.

Nucleation from MnO monomers is predicted to occur over 3 ms after the flame zone

for both 400 and 800 ppm levels of precursor loading based on the critical diameter criterion.

Assuming a constant collision efficiency of α = 0.65, the final particle size computed for the
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Figure 5.13: TEM images and particle size counts for the 400 ppm (top) and 800 ppm
(bottom) MMT precursor loading conditions.

nucleation-limited regime is 4.8 and 5.9 nm for the 400 and 800 ppm cases, respectively.

Computations are also shown for α = 0.3 and 0.9 to represent the range of feasible particle

sizes resulting from coagulation growth. The computed particle size is nearly double for

coagulation-limited growth. The measured particle size is much closer to the size predicted

for the nucleation-limited regime for both the 400 and 800 ppm loading cases. The mobility

diameter is subject to uncertainty in the growth time induced by flow perturbation. However,

the size measured by TEM indicates that the particle size is not significantly higher under

full stagnation flow conditions. The applied sample suction amounts to 20 % faster reaction

time which roughly accounts for the discrepancy between the size measurement techniques.

Excessive suction was not applied, but Fig. 5.14 labels the reaction time computed for the

lowest dilution ratio case to demonstrate that the coagulation-limited growth regime does

not explain the relatively small particle size observed. The smaller than expected particle

size is evidence that the current temperature and precursor conditions do not induce high

levels of supersaturation, and the Kelvin effect may hinder nucleation.

This analysis is subject several assumptions and experimental uncertainties, but the
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Figure 5.14: Computed particle diameter profile for the 400 ppm (top) and 800 ppm
(bottom) MMT precursor loading conditions for coagulation-limited growth and growth
limited by a thermodynamic barrier. Also included are particle sizes measured by mobility
sizing and TEM projections.

results are conclusive in terms of observation of particle sizes significantly lower than pre-

dictions of coagulation-limited growth. Disappearance of nucleated particles at elevated

temperatures has been reported for iron oxide synthesis in premixed flat flames [162] and

TiO2 production in turbulent flow reactors [160], but this effect is more pronounced in pre-

mixed stagnation flames due to flame stabilization at relatively high temperature. Isolated

study of nucleation behavior carried out for the manganese oxide system is invaluable for

elucidating competing thermodynamic and kinetic processes leading to the wide-range of

manganese oxides obtainable by flame synthesis.
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5.4 Summary

A complementary experimental and modeling study is performed for nucleation of

manganese oxide nanoparticles in premixed stagnation flames. Flame synthesis occurs at

relatively high temperature and precursor loading. Thermodynamic analysis based on the

postulated nucleation process, Mn (g) + 1
2

O2 −−→ MnO (s), is carried out to quantify pre-

cursor supersaturation and potential barriers to nucleation. The computed temperature-

time-oxygen history is the basis used to analyze nucleation and growth. The effect of MMT

on the flame chemistry is assessed by comparing measured flame position for the base flame

to flames having precursor loading from 100 to 800 ppm. Measured flame standoff distances

are unchanged relative to the base flame when MMT is added. This may indicate that the

established inhibition flame chemistry is quenched by particle formation or less impactful

for the fuels larger than methane. The measured flame position is in agreement with flame

position predicted by pseudo one-dimensional and pseudo two-dimensional solutions of the

flame structure. Agreement between measured and computed flame position is justification

for basing the thermodynamic analysis on the computed flame structure.

Mobility particle sizing is carried out by aerosol sampling with probe perturbations

characterized by two-dimensional flame structure computations including probe suction.

Probe induced flow decreases the reaction time in the post flame region by 20 % compared to

full stagnation flow. The observed discrepancy between median sizes measured by mobility

sizing and TEM imaging may be due to differences in growth time. Thermodynamic analysis

indicates that a thermodynamic barrier, quantified by the Kelvin effect, delays condensation

of MnO for the flame synthesis conditions currently studied. The nucleation-limited growth

mechanism explains the observed particle size much closer than growth predicted from a

coagulation growth mechanism, even when probe perturbations are accounted for. Isolated

study of nucleation behavior carried out for the manganese oxide system is invaluable for

elucidating competing thermodynamic and kinetic processes leading to the wide-range of

manganese oxides obtainable by flame synthesis. In addition, supersaturation should be ex-

127



amined for gas-phase processes producing composite materials having a range in proportions.

The flame-formed manganese oxide nanoparticle formation studies described in Chap-

ter 5 has been published in Energy and Fuels (Dasappa, S., Camacho, J., “Thermodynamic

barrier to nucleation for manganese oxide nanoparticles synthesized by high-temperature

gas-to-particle conversion: Computational methods and Experimental methods, 35, 2, 1874-

1884). The dissertation author is the primary investigator for the publication.
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Part III

Flame Spray Synthesis
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Chapter 6

Production of Carbon Black in

Turbulent Spray Flames of Coal Tar

Distillates

Over the centuries, carbon particles have been produced in a variety of processes but

the furnace black process has been widely adopted as the most efficient and versatile method

for industrial scale production [6, 11, 179]. The furnace black process relies on flames to

achieve high reactor temperatures but the conversion of feedstock to carbon black particles

occurs in a downstream pyrolysis process separated from the high - temperature oxidizing

conditions. The carbon black industry has developed furnace processes for the production of

aggregates with tailored primary particle size, aggregate morphology and surface functional

groups. Selectivity in carbon black properties has been established for large-scale produc-

tion by optimizing temperature, residence time and feedstock-to-air ratio with addition of

coagulation suppressant in some cases [11]. Global models for conversion of a generic hy-

drocarbon precursor in furnace black reactors have been researched [11, 180, 181]. More

recently, detailed chemical kinetic models have been presented based on methane [146, 182],

acetylene [183], benzene [184], methylnaphthalene [185], and waste tire oil feedstocks [186].

Any experiments accompanying these modeling studies do not directly explain furnace black
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processes using petroleum or tar distillate precursors. The study uses a real heavy aromatic

feedstock but the synthesis does not occur in a pyrolysis reactor. Nonetheless, the relatively

simple turbulent spray flame configuration is a suitable approach to investigate physics-based

combustion kinetics and particle growth from an industrially relevant feedstock. The study

examines the high-temperature conversion of feedstock to carbon black particles in flames

rather than a pyrolysis reactor. Flames introduce high-temperature oxidizing conditions

which result in a loss of the particle precursor to the gas-phase. However, the unique flame

environment may result in useful carbon structure and surface properties without a pyrolysis

reactor stage and this may justify the lower particle yield.

The fossil fuel by-product known as carbon black feedstock is a mixture of heavy

aromatic components originating from either cracking of petroleum oil or distillation of

coal tars [6, 11, 179]. The feedstock employed is distilled from tar components produced

during high-temperature coking of bituminous coal. Coal-sourced feedstocks were engineered

to match the physical and chemical properties of the original petroleum-based feedstocks

to ensure uniformity and compatibility with established carbon black processes. In the

furnace black process, the heavy viscous feedstock is pre-heated to facilitate atomization

and mixing before entering the pyrolysis reactor stage. The initial energy to reach the

reaction temperature (typically 1500 - 2200 K) is furnished by the pre-combustion stage and

partial combustion of the oil feedstock. The yield of the feedstock to carbon black is up to

70% but high-surface area grades require higher reactor temperatures which lowers the yield

[6]. The study explores the formation of high-surface area carbon black without the use of

a pyrolysis reactor. Rather, atomized carbon black feedstock is used to establish a piloted,

turbulent spray flame at conditions conducive to carbon nanoparticle formation.

Similar to a flow reactor, flames have the potential provide tunable nanoparticle

synthesis conditions within a certain range. The SpraySyn burner was introduced as a

standardized spray flame configuration to systematically examine the conversion of non-

volatile liquid precursors to nanoparticles [187]. The conversion of coal tar distillates to
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high-surface area carbon black is examined for a range of flame temperature and precursor

feed rates. Spray flame synthesis has the potential for industrial scale production, and the

implementation of the SpraySyn system may facilitate scale-up production [188–190].

Figure 6.1: Schematic of the SpraySyn burner configuration (a) and an image of a typical
flame used to pilot the synthesis spray flame (b).

6.1 Experimental Conditions

An experimental investigation of carbon black production in turbulent spray flames is

performed. Conventional piloted, turbulent spray flame nozzles use co-axial jet or slot flames

to support combustion of the central spray [190]. The narrow size scale of the pilot nozzle

in conventional designs increases the required spatial resolution for flame modeling studies

[187]. To facilitate systematic studies, the pilot flame of the SpraySyn burner configuration is

designed as a burner-stabilized flame with a larger domain to facilitate flame modeling with

a coarse grid. The schematic of the SpraySyn burner, shown in Fig. 6.1, includes a porous

metal disc which distributes the flow of the laminar pilot premixed fuel-air mixture. A larger

area of this porous disc is also used to homogeneously issue a concentric inert nitrogen flow

to shield and stabilize the synthesis process. An image of a typical pilot flame stabilized on

the porous surface is shown in Fig. 6.1. Atomization of the liquid precursor feed is carried
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Table 6.1: Pilot and spray flame conditions.

Flame Pilot Pilot Pilot Pilot Feed Feed Coal

φ C2H4 O2 N2 Toluene Tar Distillate

(SLPM) (SLPM) (SLPM) (mL/min) (mL/min)

Series 1: 65% toluene - 35% coal tar distillate by volume

Increasing pilot φ; Atomizing N2 = 9.9 SLPM

p40t65d35 0.40 1.65 12.36 10.4 1.95 1.05

p43t65d35L 0.43 1.65 11.46 10.4 1.95 1.05

p45t65d35 0.45 1.65 11.01 10.4 1.95 1.05

p50t65d35 0.50 1.65 9.89 10.4 1.95 1.05

Series 2: Pilot φ = 0.43

Increasing coal tar distillate volume %; Atomizing N2 = 10.8 SLPM

p43t100d0 0.43 1.65 11.46 10.4 3.00 0

p43t65d35H 0.43 1.65 11.46 10.4 1.95 1.05

p43t40d60 0.43 1.65 11.46 10.4 1.20 1.80

p43t25d75 0.43 1.65 11.46 10.4 0.75 2.25

Feed total flow rate of 3 mL/min. Sheath N2 gas co-flow: 120 SLPM.
Flame names: “p”- pilot flame equivalence ratio, “t”- liquid feed toluene % volume, “d”-
liquid feed coal tar distillates % volume, “L” and “H”- flow atomizing N2 flow rate.

out by a two - fluid nozzle. Nitrogen gas is the atomizing fluid and the coal tar distillates

liquid precursor injection rate is controlled by a syringe pump (KDS 100). The gas flow rates

are controlled by calibrated critical orifices. More details of the SpraySyn burner design are

discussed by Schulz and co-workers in their original instrumentation publication. Carbon

black feedstock (Koppers Inc.) is an aromatic tar distillates obtained between 600 K and

700 K. Approximate composition is up to 24 % phenanthrene, up to 22 % fluoranthene, up

to 18 % pyrene, up to 7 % anthracene and up to 3 % naphthalene with many other aromatic

components [191].

The burner system is housed in a closed polycarbonate chamber with height, width

and depth of 1.2 m, 0.6 m and 0.8 m, respectively. Particles are captured from the flame
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0.5 m above the burner surface from a 300 nm quartz filter (Sterlitch QR-200) attached to a

vacuum pump. The product particles are examined under TEM using a FEC Tecnai 12 with

a Teitz 214 high resolution bottom mounted digital camera. The TEM samples are prepared

by collecting carbon black from the filter and suspending the particles in tetrahydrofuran.

Raman spectra are obtained from the particle laden filter using a Thermo DXR2 Raman

Microscope with a 532nm excitation source for spectra having Raman shifts spanning 300 to

3000 cm-1. Flame images are obtained from a Nikon D5300 DSLR camera and the images

are analyzed using a process designed by the developers of SpraySyn to define the spray

flame height and width [107, 187, 192]. A separate set of flame images for two-color pyrom-

etry studies to provide contour profiles of the soot particle temperature field. Thermocouple

measurements of the pilot and spray flames are taken to complement the pyrometry measure-

ments. A fine-wire type R thermocouple (125 micron wire, Omega P13R-005) is coated with

a Y2O3/BeO ceramic as outlined in previous studies [52, 59] to minimize catalytic surface

reactions on the platinum wire [193]. Thermocouple readings are corrected for energy losses

at the thermocouple bead based on known heat transfer behavior of fine-wire thermocouples

in flames [194, 195]. The details regarding the characterization techniques are provide in

2.1.1.

The two flame series currently studied are outlined in Table 6.1. The pilot fuel is

ethylene gas kept at the same flow rate for all flames. Pilot nitrogen is also kept at the same

flow rate across all flames in a flow kept independent of the pilot oxygen. The first series of

flames examines the effect of excess oxygen in the pilot flame by systematically increasing

the pilot oxygen flow rate to decrease the pilot flame equivalence ratio from 0.5 to 0.4. The

liquid particle feedstock is coal tar distillates diluted in toluene (65% toluene, 35% distillate

by volume in the first series) to decrease viscosity and to minimize the disruption due to

liquid coking at the atomization nozzle. The second flame series keeps the pilot flow rates

constant while steadily increasing the percent volume of coal tar distillate in the liquid feed

from pure toluene to 75% coal tar distillates by volume (at 3 mL/min liquid feed flow rate).
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Figure 6.2: Left - Flame images of Series 1 flames; t65d35 with p40 (a), p43 (b), p45 (c)
and p50 (d). Right - Flame images of Series 2 flames; p43 with t100d0 (a), t65d35 (b),
t35d65 (c) and t25d75 (d).

6.2 Results and Discussion

Images of the spray flames provide insights into the flame dynamics and interaction

with the pilot flame. Typical spray flame images for the Series 1 flames are shown in Fig.

6.2(left). In Series 1, the pilot flame is varied and the spray conditions are kept constant. The

lowest pilot equivalence ratio (p40) corresponds to the highest oxygen flow entrainment to

the spray because there is the most excess oxygen available. The p40 flame shows the tallest

area of flame luminescence because the higher oxygen entrainment may result in a higher

spray flame temperature. As the pilot oxygen flow rate is reduced, the equivalence ratio

increases such that less excess oxygen is available for the spray flame. In general, the flame

temperature of burner-stabilized flames decreases with decreasing flow rate and increases

with increasing equivalence ratio. These two competing factors affect the appearance of

Series 1 flames. Tall flame heights are maintained with increasing equivalence ratio perhaps

due to increasing pilot flame temperature (Fig. 6.3(left)). Decreasing flame luminosity due

to less available oxygen is also observed and the p50 pilot flame corresponding to the lowest

oxygen is relatively short and dim. All flame images are captured at 1/3200 s shutter speed
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to prevent saturation in the brightest flame images and for comparable images across all

flames. The observed range of flame conditions is expected to impact the production of

flame-formed carbon black particles.

In Series 2 flames, the pilot flame is kept constant and the spray composition is

modified to include a greater contribution of coal tar distillates. Typical flame spray images

for Series 2 flames are shown in Fig. 6.2. Under this condition, the pure toluene spray

flame shows lower visible emissions from the spray carbon flame particles. The addition of

more coal tar distillate to the spray feed significantly increases the flame luminosity and the

flame height (Fig. 6.3(right)). The greatest flame height observed for the 25% toluene /

75% distillates spray flame may be due to the more carbon dense feedstock that induces a

longer and stronger spray flame for the same oxygen entrainment. The presence of heavier

precursor components is evidenced by bright burning droplets extending into the pilot flame

for increasing coal tar distillate feed. The series of flame images imply that the carbon is

formed under a range of growth time, growth temperature and oxidation and these effects

are discussed in terms of observed particle properties below.

Thirty flame images are taken for each flame condition and processed to obtain and

averaged flame height and width. Before taking flame images, a calibration pattern placed

on the burner is imaged and processed in a procedure defined by Schulz and co-workers

for defining the camera pixel-to-millimeter ratio [187]. A peak flame height of 11.2 cm is

observed for the p45 flame in Series 1 flames but the lower equivalence ratio conditions also

have comparable flame height considering the standard deviation across the images (reported

as error bars). The measured flame width for the Series 1 flames lay within 10% of each

other. Stronger trends in flame dimensions are observed for the Series 2 flames. The toluene

flame is relatively small and this corresponds to a spray flame height of 9.1 cm and width

of 0.9 cm. Introduction of an increasing fraction of coal tar distillates to the spray feed

increases the spray flame height and width up to 11.3 and 1.7 cm, respectively.

Flame temperature measured by thermocouple and soot pyrometry add further in-
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Figure 6.3: Measured flame heights and widths based on flame images for Series 1 (left)
and Series 2 (right). Lines are drawn to guide the eye.

sights into the formation and growth environment of the carbon black particles. The tem-

perature profile measured by thermocouple at the centerline of the pilot flames is shown in

Fig. 5. As discussed above, the flame temperature of burner-stabilized flames depends on

the inlet flow rate and equivalence ratio of the fuel-air mixture. The measured tempera-

ture profile indicates that increasing the flow rate of oxygen causes a net increase in flame

temperature at all distances above the burner despite lower equivalence ratio. The pilot

flames of the SpraySyn burner are unique burner-stabilized flames, however, because a 0.6

cm island housing the spray nozzle assembly exists at the center of the burner surface (see

Fig. 6.1). Without the spray, a stagnant zone exists at the centerline and this impacts the

lowest flow rate pilot flame, p50, as exhibited by the peak flame temperature delayed 2 cm

downstream of the burner surface. The higher flow rate pilot flame temperature profiles

are less impacted by this island. The maximum flame temperature is comparable across all

equivalence ratio conditions but the lower flow rate of the p50 condition induces relatively

lower temperatures at the burner boundary and further downstream. As discussed above,

the temperature profile of the pilot flames is expected to directly impact the spray flame

structure and carbon black particle properties.

The spray flame temperature is also measured by thermocouple at the centerline.

The largest variation in spray flame temperature is expected to occur for Series 1 as the
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Figure 6.4: Measured temperatures at the centerline of the pilot flame without the spray
flame using a thermocouple (a), centerline measurements of Series 1 spray flames using a
thermocouple and soot pyrometry (b) and centerline measurements of Series 2 spray flames
using a thermocouple (c). Lines are drawn to guide the eye.

pilot flame temperature varies for constant spray inlet conditions. As such, temperature

measurements are also taken by thermocouple and soot pyrometry for Series 1 to gain insight

into the 2D axisymmetric flow field. The centerline thermocouple measurements, shown in

Fig. 6.4, indicate the low equivalence ratio pilot flame induces the highest flame temperature

profile. The spray flame temperatures follow the same trend as the pilot flame center line

temperature profiles with the highest flame spray temperature measured by thermocouple

in Series 1 being 1850 K (flame p40) and the lowest spray flame temperature is 1555 K. The

centerline thermocouple measurements for Series 2 flames are also shown in Fig 6.4. The

effect of increasing flame coal tar distillate on the temperature profile is less distinct than the

effect of pilot oxygen flow rate. The 75% distillates spray flame is approximately 100 K hotter

than the flame of pure toluene and the temperature difference extends to approximately

200 K 12cm downstream of the burner. Overall, the trends in flame luminosity and size

observed from the flame images carry over to the relative flame temperatures measured at

the centerline.

Contour plots of the axisymmetric soot temperature field are extracted from images

of the flame projection under 650 nm and 900 nm bandpass filters. Assuming a soot disper-

sion index of unity [76, 196], contour plots of the Series 1 flames are shown in Fig. 6.5. The

pyrometry camera is calibrated to detect soot radiative emissions from 1400 K to 2500 K

and this results in flame images with smaller dimensions than the full flame images shown

in Figs. 6.2. The temperature contours are an average of 20 flame images taken under each
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filter. Asymmetry in the temperature contour is detected to some extent with flame temper-

atures exceeding 2000 K detected in local pockets of the turbulent spray flame. In principle,

flame asymmetry could be minimized by more precise centering of the liquid feed nozzle.

Overall, the flame temperatures determined by soot pyrometry at the spray flame centerline

agree with the thermocouple measurements shown in Fig. 6.4. The constant dispersion

index assumption taken in the pyrometry measurements and differences in turbulent flow

field averaging may be the source of discrepancies between the temperature measurement

methods.

Figure 6.5: Soot pyrometry results for the Series 1 flames; t65d35 with p40 (a), p43 (b),
p45 (c) and p50 (d).

With the flame structure established, properties of the flame-formed carbon could be

examined more effectively. A summary of TEM images for carbon black formed in both flame

series is shown in Fig. 6.6. The aggregate morphology is similar across all flame conditions

but trends towards larger aggregates are noticeable for decreased equivalence ratio (Series 1)

and increasing coal tar distillate spray feed (Series 2). Decreased oxygen levels in the flame

are conducive to carbon particle formation but the impact of flame temperature on particle

formation is not monotonic [6, 11]. The optimum flame temperature is typically understood

to lie at approximately 1800 K for soot formation in flames [55, 183] and for yield in a carbon

black pyrolysis furnace. Kinetics for growth of precursors is favored at higher temperatures

but growth reactions eventually reverse at higher temperatures [4]. As such, the size of
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aggregates in Series 1 flames is a product of competing oxygen and temperature influences.

For Series 2, increasing the fraction of coal tar distillates in the spray feed is expected to

favor the formation and growth of carbon black due to the introduction of more aromatic

particle precursors.

Figure 6.6: Right - Selected TEM images of aggregates formed in the flames currently
studied. The top row contains an example aggregate particle from flame Series 1 and the
bottom row contains an example aggregate from flame Series 2. Left - Median primary
particle diameter based on analysis of TEM images of particles for flame Series 1 (top) and
the flame Series 2 (bottom). Lines are drawn to guide the eye.

Primary particle diameters based on TEM particle projections are shown in Fig. 6.6

for both flame Series. The median diameter of the histogram obtained from counting over 200

primary particles for each condition is reported. The median primary particle for the Series

1 flames increases by approximately 1 nm as the pilot flame equivalence ratio increases from

0.43 to 0.50. At lower equivalence ratio, the hotter spray flame temperature may favor carbon

black production but higher oxygen concentration in the spray increases particle oxidation

thus hindering growth. Particle formation and growth kinetics are slower at lower flame

temperature (p50) but lower oxygen concentrations may allow for larger primary particle

diameter.

For flame Series 2, the trend with increasing coal tar distillates is more significant

than the effect of oxygen concentration. The median primary particle diameter is 8.5 nm for

particle flames from pure toluene spray flames and increases to 16.5 nm for spray containing
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75% coal tar distillates by volume. Increasing atomizing nitrogen flow rate is expected to

decrease the spray droplet size and increase entrainment of pilot flame gases into the spray.

The p43t65d35 L and H conditions correspond to an increase in atomizing nitrogen flow

rate by approximately 10%. The lower atomizing flow rate is more conducive to particle

formation as the median primary particle diameter is over 1 nm larger. All flame synthesis

conditions reported here approach ASTM N110 carbon black which is designated by primary

particle sizes 15-19 nm [11]. The current flame conditions could readily be manipulated to

increase the primary particle diameter to obtain larger grades.

Figure 6.7: Raman spectra for carbon black formed in the Series 1 flames along with an
example 3-peak curve fitting (left) and the ratio of the fitted D-band to G-band intensity
extracted from the fitted spectra (right). Solid lines are measured, black dotted line is the
fitted spectrum, and the 3 fitted peaks are shown in grey dotted lines.

The carbon structure is examined by Raman spectroscopy for further insights into the

flame-formed carbon black properties. Raman spectra obtained directly from the particle

laden collection filter are shown in Fig. 6.7 for Series 1 flames. Carbon materials are known

be show prominent Raman scattering due to ordered graphitic sp2 structural components

(G peak) and disordered sp2 components (D peak) [118, 121]. The spectra are fitted for

the D and G peaks with Lorentzian functions and a third peak attributed to amorphous

components is fitted with a Gaussian as defined previously for carbon black materials [29,

197, 198]. The widths and relative intensity of the G and D peaks resemble Raman spectra

previously reported for various carbon black grades [16, 198]. The intensity ratio of the D

141



and G peaks is not sensitive to the synthesis condition for the Series 1 flames even though the

particles are formed under a range of oxygen and temperature conditions. Particle size and

carbon structure analysis indicate that flame-formed carbon black resembles high-surface

area carbon black grades. However, most furnace black production processes are designed

to quench the pyrolysis reaction before excessive surface graphitization and other unwanted

surface properties develop.

6.3 Summary

The carbon black synthesis method studied occurs under oxidizing conditions in con-

trast to the conventional pyrolysis process. Liquid coal tar distillate precursor is sprayed

directly into the pilot flame to form a new turbulent spray flame from entrained oxygen. A

significant portion of precursor and particles are lost to the gas-phase under high-temperature

oxidizing conditions. Particles collected downstream are survivors of this hostile environ-

ment. Nonetheless, the compact configuration of the flame and control of synthesis param-

eters may justify the lower yield of carbon black particles. This is especially promising for

high-surface area grades where the yield in pyrolysis processes is also known to decrease [6,

11, 179]. Carbon black produced has a high-surface area with primary particle diameters

approaching ASTM N110. An optimal condition is found such that enough oxygen is sup-

plied to the spray for full vaporization of the heavy precursor to form dry carbon particles

which survive the oxidation zone.

The coal tar flame spray synthesis work presented in Chapter 6 has been submitted to

Applied Sciences for publication (Rodriguez-Fernandez, H., Dasappa, S., Dones Sabado, K.,

Camacho, J., “Production of carbon black in turbulent spray flames of coal tar distillates”,

Applied Sciences, 11(21), 10001 (2021))
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Chapter 7

Optical Emission Spectroscopy

Analysis of Manganese Oxide

Nanoparticles in Spray Flames

Flame spray reactors are used in the industry to synthesize a variety of materials

including carbon black, SiO2, TiO2, Al2O3 and other oxides [50]. Combustion of sprays is

a favorable alternative to conventional vapor flame reactors due to the broad spectrum of

liquid precursors that can be utilized [5]. FSP is capable of producing metal oxide powders

in the range of 1-200 nm in size from low cost precursors with high production rates [1,

50]. While the final product and its material properties are key, understanding the evolu-

tion of the nanoparticles are important towards engineering and tailoring its morphology.

Manganese oxide nano-materials have been incorporated into many promising technologies

including energy storage materials [139, 140], MRI contrast agents [141, 142] and in catal-

ysis [143, 144]. Flame formed manganese oxide nano-materials, mostly produced by flame

spray pyrolysis [5, 34, 35, 145], have been reported for a variety of applications.

Multi-probe optical emission spectroscopy (OES) is adopted to study the formation

of manganese oxide nanoparticles through flame spray pyrolysis. Multi-probe OES data

presents measurement challenges like wavelength alignments and signal bleeding. An “OES
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Spectral Analysis Tool” (OSAT) - is developed to address measurement challenges. OSAT

is a data processing tool capable of multi-probe optical emission spectroscopy data analysis,

systematic feature recognition and cataloging axial species evolution. The objective of the

tool is to enable and enhance OES data analysis. Along with manganese oxide synthesis

through FSP, details regarding new capabilities and implementation of the tool are provided

in this chapter.

Figure 7.1: Optical microscope image of the flame spray pyrolysis burner (left). FSP
pyrolysis chamber with 8 optical emission spectroscopy probes (right) [199]

7.1 Experimental Setup and Conditions

The experiments are performed using a flame spray pyrolysis setup at the Mate-

rials Engineering Research Facility at Argonne National Laboratory. The FSP setup is

similar to that of Mädler et al [50, 51]. The optical microscope image of the FSP burner

and the combustion chamber with 8 optical emission spectrometer probes is shown in Fig.

7.1. Precursor recipes are obtained by dissolving 0.1 mg/ml of manganese(II) acetylaceto-

nate (Mn(acac)2) in varying concentrations of acetonitrile (standard enthalpy of combustion

(∆Ho
C) = 1256.33 kJ/mol) and xylene (∆Ho

C = 4552 kJ/mol). Varying concentrations

of the solution are fed through an oxygen atomizing nozzle (Schlick Nozzle Model 970 S8,

D4.1016/1 Version 1.0, Germany) as precursor solution. The details regarding the flame
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Table 7.1: Summary of flame synthesis conditions

Flame Flow rate Flow rate Driver Sheath

Acetonitrile Xylene O2 N2

(ml/min) (ml/min) (L/min) (L/min)

A 95 X 5 8.55 0.45 6 25

A 77 X 23 6.41 1.92 6 25

A 56 X 44 4.30 3.37 8 25

A 30 X 70 2.10 4.90 9 25

A - Acetonitrile, X - Xylene

conditions is provided in Table 7.1. Combustion of the spray is initiated and sustained by

pilot flames. Six identical CH4 and O2 pilot flames with flow rates of 2 L/min and 4 L/min

corresponding to an equivalence ratio of 1 are employed. Nitrogen gas is used as the sheath

gas to prevent overheating during combustion. The products are transported through a tube

furnace. The gas temperature of the tube furnace is measured to be approximately 973 K.

After the combustion, additional N2 gas (30 L/min) is added to the flow as the quench.

Process analytic tools are installed in situ to track the intermediate products through opti-

cal emission spectrometers (OES). Details regarding the calibration of the spectrograph and

OES data processing are provided in the next section along with the new capabilities of the

tool.

7.1.1 Data Processing of OES Data

Optical emission spectroscopy is a non invasive method for determining the elemental

composition. OES involves detection of chemically excited atoms and ions discharged in the

flame to create a unique emission spectrum for each element. A single element generates

numerous characteristic spectral lines. A typical OES spectra is shown in Fig. 7.2. Based on

the flame conditions and the excited species, the spectral signatures can differ significantly.

An ANDOR Kymera 328 spectrograph with 2400 l/mm grating and 1200 l/mm grating is

employed to capture intermediate species at 8 different locations along axial length of the FSP
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Figure 7.2: OES spectra for Flame A 77 X 23 for a single channel

burner. The OES Spectral Analysis Tool (OSAT) is an application developed in MATLAB

framework to investigate multi-probe OES spectral features. OSAT is designed to have 3

tabs to post-process multi-probe OES data including signal calibration, peak identificartion

and analyzing axial evolution. OSAT has been expanded in this work from the previous

version by implementing multi-probe calibration capabilities, intensity gain correction and

axial species profile evaluation. The main features of the new OSAT include:

1. OES spectral calibration:

OES spectral calibration is performed to calibrate the wavelength and intensity axis

of the multi-channel OES spectrograph. The peak position fidelity and repeatability

is assured using a Hg calibration source. The OES spectra is calibrated using an

Ocean Optics HG-2 spectrometer wavelength calibration source. The wavelength spans

from 200nm to 700nm. Channel and grate specific calibration is performed across

the captured sensor data. Peak fitting tools developed by O’Haver et al. [200] are

employed to determine the x and y axis corrections and gain factors. Fig. 7.3 shows

the calibration tab of the OSAT. This calibration exercise establishes alignment of

spectral data from different channels hence facilitating comparison of spectra across
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the axial length of the reactor.

Figure 7.3: OES Spectral Analysis Tool - Calibration Tab

The measured wavelength in the optical emission spectra experiences a drift across

channels. The measured wavelength needs to be calibrated to ensure accurate align-

ment. The optical emission spectral intensity as measured by the spectrometer shows

differences across channels due to the “bleeding” or crossover of the signal across chan-

nels. These peak “drift” and signal “bleeding” issues are depicted in Fig. 7.4 (bottom

left). Due to these discrepancies and concerns, a spectral data calibration is required to

ensure fidelity of the measurement. The wavelength and intensity calibration is shown

in Fig. 7.4 (top row). The wavelength calibration ensures alignment of the x-axis across

channels. The difference in the peak positions as measured by the spectrometer cap-

turing signatures Hg calibration source and the predetermined peak positions is used

to establish the x-axis calibration. A linear correlation is calculated at intermediary

wavelengths. This is corrected through a gain correction factor across channels. These

wavelength and intensity calibrations ensure accurate engineering data acquisition.

2. Spectral data analysis:
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Figure 7.4: Optical emission spectral calibration - wavelength calibration (top left) and
intensity gain correction (top right), spectra before calibration (bottom left) and spectra
after calibration (bottom right)

The “Fit Peaks” tab focuses on identifying peaks representing specific species across

channels, performing background correction and identifying trends through the reactor.

OSAT is designed to identify spectral signatures of a few standard species like OH,

NH, CH and C2 with capability for expansion. Fig. 7.5 shows Peak fit tab from the

OSAT tool. Peak fitting algorithms from [200] is adopted to identify and align peaks

across channels and provide axial comparisons. The peak fitting algorithm accurately

measures the peak parameters. The peak fitting function locates the positive peaks in

a noisy data set, performs a least-squares curve-fit of a Gaussian function to the top

part of the peak, and computes the position, height, and width (FWHM) of each peak

from the least-squares fit.
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Figure 7.5: OES Spectral Analysis Tool - Fit Peaks Tab

3. Axial profile analysis:

The “Axial Profile” tab plots the axial profile of various species. Fig. shows 7.6 Peak fit

tab from the OSAT tool.The axial profile of the average intensity, area under the peaks

or the width of the peaks can be analyzed. Either predetermined species comparison

or a custom region of intent areas can be chosen to analyze the axial profile. Multiple

profiles can be examined simultaneously with parameter normalization capabilities.

7.2 Results and Discussion

In-situ optical emission spectroscopy (OES) is a powerful tool to estimate trace ele-

ments and excited reactive species in flames. The main objective of studying flame spectra is

to identify intermediate chemical species and make quantitative measurements to determine

the concentrations of various species and estimate species in different energy levels provides

information about the formation processes. Multi-probe OES in flame spray pyrolysis facili-

tates evaluation of species evolution through the flame. This understanding helps to engineer

nanoparticle by applying fundamental atomic and molecular species information. Evolution
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Figure 7.6: OES Spectral Analysis Tool - Axial Profile Fit Tab

of manganese oxide in flames is studied through OES with specific focus on multi-probe

sampling and its fidelity.

Optical emission spectra is captured for 4 different flame conditions as mentioned in

Table 7.1. Both the solvent only and the solution spectra are analyzed for CH, OH and Mn

species. Fig. 7.7 shows the emission spectra of OH, CH and Mn across different channels

through the “A 95 X 5” flame. Different channels represent 8 axial points from 0 to 40

mm along the burner. One of the prominent features that appears between 305 and 325 nm

corresponds to the transition of the OH radicals from the electronically excited to the ground

state (A2Σ → X2Π). An open but intense rotational structure is observed [201]. The OH

band emissions may result form the dissociation of the burned gases.

CH bands are observed between 425 and 432 nm. The system shows an open ro-

tational structure, a characteristic of a diatomic hydride with double branches, indicat-

ing a molecule with odd number of electrons. The strongest band is at 431.5 nm due to

A2∆ → X2Π transition. CH+ transitions around 417.1 nm and 422.2 nm occur due to

A1Π → X1Σ [176, 201]. Mn (I) bands are observed around 403.4 nm with the prominent

transition being 4s 4p6 P 0
3/2 → 3d5 4s26 S5/2 indicating the dissociation of the precursor from
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Mn(acac)2. N2 peaks are observed around 390 nm [68, 202].

Figure 7.7: OH (top), CH (middle) and Mn (bottom) optical emission spectra for A95 X 5
solvent and solution ((left) - Solvent only, (right) - Solvent + Mn(acac)2)

The axial evolution of OH, CH and Mn is presented in Fig. 7.8. The OH emission

intensity reaches its peak at about 20 mm from the burner and linearly drops after that.

Increasing xylene concentration in the solution increases OH concentration in the flame,

probably from the increase of heat release due to the increase of fuel mass flow rate. CH

concentration shows a similar increasing trend with increasing xylene concentration in the

feedstock. CH emission intensity, however unlike OH, is the highest near the burner nozzle. A

preliminary investigation of the rotational temperature of CH at the burner is estimated to be

5000 K at the burner nozzle for Flame A 56 X 44 based on [203, 204]. The OH and CH profile
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trends do not change with addition of Mn(acac)2. Axial evolution of Mn (I) is indicative of

Figure 7.8: Axial profile of OH (top), CH (middle) and Mn (bottom) for varying
concentrations ((left) - Solvent only, (right) - Solvent + Mn(acac)2)

the flame location post which oxidation and particle formation of manganese oxide occurs.

The peak concentration is at about 20 mm from the burner. The axial concentration profile

is similar to that of OH. Addition of xylene, increases Mn (I) concentration and precursor

conversion significantly. The higher enthalpy of combustion and adiabatic flame temperature

of xylene in oxygen supports increased concentration on the Mn (I) and precursor conversion.
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7.3 Summary

Optical emission spectra is an in-situ, non intrusive diagnostic technique used to

identify intermediate species. The newly developed OSAT tool enables multi-probe spectral

analysis of manganese oxide in flames. OSAT is designed to calibrate, correct the background,

peak fit and analyze OES spectra. With new capabilities, analysis of up to 8 probes and

axial evolution of intermediate species can be studied. The adequacy and efficiency of the

tool is tested through the analysis of optical emissions spectra of manganese oxide formation

through flame spray pyrolysis. The axial profiles of OH, CH and Mn (I) are examined with

OSAT. The axial evolution of Mn (I) through the flame provides insight into the location

of oxide formation. The tool is a powerful and reliable method for insight into the the axial

spectra and insight into the fundamental processes.

The work presented in Chapter 7 was done at the Materials Engineering Research

Facility at Argonne National Laboratory with Dr. Joseph Libera. The dissertation author

is the primary contributor for this work.
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Chapter 8

Concluding Remarks and Future

Work

Fundamental processes involved in formation of nanoparticles by gas-to-particle con-

version are investigated with a focus on production of carbon and manganese oxide. The

dissertation examines pseudo one dimensional laminar flames and turbulent flame spray syn-

thesis processes to enable systematic academic studies and processes with greater potential

for industrial - scale production.

A unique and potentially new carbon material produced in sooting flames burning at

a much higher temperature than conventional combustion applications is reported. Flame -

formed carbon nanoparticles on the order of 10 nm with carbon structure resembling graphite

and graphene materials are observed. Typical soot particles are larger and more amorphous

than the carbon nanoparticles reported in the dissertation work. Synthesis conditions for

this material is systematically characterized by non - intrusive pyrometry measurements

and computation of the flame structure including temperature and PAH precursor profiles.

Material properties are assessed by aerosol mobility particle sizing, TEM analysis and Raman

spectroscopy. Experiments are designed to isolate flame temperature, growth time and fuel-

to-air ratio such that evolution into the unique carbon structure could be examined.

Soot formed in flames hotter than conventional combustion applications is expected to
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undergo unique formation processes and develop a carbon structure distinct from typical soot.

A complementary experimental and modeling approach using three separate combustion

chemistry models show that predictions of PAH concentration are more sensitive to the choice

in mechanism rather than specific flame conditions. The radiative emissions detected from

the flame particles correspond to increasing C/H ratio with increasing flame temperature.

Particle size distributions measured by mobility sizing show size and yield of soot decreases

with increasing flame temperature and the bimodal distribution falls within the ultra - fine

range for all flame conditions.

Several solid - state physics concepts are borrowed from the graphite and graphene

research community to interpret the Raman spectra for the new carbon materials. The

Raman signatures transition from a typical soot spectrum to features observed in disordered

sp2 carbon materials as the flame temperature increases. The defect distance extracted

from the Raman bands nearly doubles from values typically reported for soot as the flame

temperature exceeds 2200 K. Raman spectra at two different wavelengths highlight the

expected shift in D - band position and G - band intensity. The evolution in Raman spectra

from soot to a more ordered carbon structure could be explained by the “amorphization

trajectory” reported by Ferrari and Robertson for evolution of graphite into nano - crystalline

graphite. This is especially promising if the significant transformation in carbon structure

inferred from the evolution in Raman spectra enables development of functional high-surface

area sp2 carbon materials. Namely, the current observations indicate that the flame-formed

carbon structure evolves towards high - defect sp2 carbon with size and carbon structure

that can be tuned to some extent.

Carbon black nanoparticles were also synthesized in turbulent spray flames to extend

the academic flame work to a configuration more suitable for industrial-scale production.

Conventional carbon black production occurs by pyrolysis after heavy aromatic feedstock

is injected into the post - combustor region of furnace black reactors. The current work

examines the conversion of coal tar distillate in turbulent spray flames to demonstrate a more
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compact reactor configuration. Coal tar distillates diluted in toluene is atomized and burned

in a standardized flame spray synthesis configuration known as SpraySyn. Flame conditions

are characterized by thermocouple, soot pyrometry and image analysis and product particle

properties are examined by TEM and Raman spectroscopy. The measured flame temperature

corresponds to the range of temperatures used in the furnace black process, but the current

synthesis includes oxidizing conditions and faster residence times. The resulting carbon black

particles are aggregates having primary particle size on the small end of the carbon black

size spectrum according to analysis of TEM images. Carbon black formed under a range

of flame temperatures show Raman spectra with features resembling typical carbon black

materials. Conversion of coal tar distillate to carbon black by direct flame synthesis may

be a scalable method to produce high-surface area grades without a conventional pyrolysis

reactor stage.

Particle nucleation and growth of crystalline manganese oxide nanoparticles was ex-

amined in a complementary experimental and modeling study. Gas-to-particle conversion

occurred in a flame-assisted chemical vapor deposition process whereby a premixed stagna-

tion flame drove the high - temperature synthesis. The structure of the stagnation flame was

computed using pseudo one-dimensional and axisymmetric two - dimensional methods to as-

sess the accuracy of using a faster similarity-based calculation for flame - deposition design.

The pseudo one-dimensional computation performs reasonably well for the narrow aspect

ratio stagnation flow currently studied as evidenced by reasonable agreement between the

measured flame position and both computational methods. Manganese oxide nanoparticles

having II, II-III, III or IV oxidation states were observed depending on the flame conditions.

These observations may be explained by size-dependent equilibria between nano-scale man-

ganese oxide and surrounding gas-phase oxygen. Local equilibrium was assessed during the

particle temperature-oxygen-time history to gain insight into oxide formation in the flame.

Analysis of the saturation ratio for formation of condensed MnO in the flame indicates

that nucleation may be limited by a thermodynamic barrier. This nucleation mechanism
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is supported by measured particle sizes smaller than what would be expected from a coag-

ulation limited growth process. Nanocrystalline MnO, reported here for the first time by

flame synthesis, was obtained in oxygen lean flames. MnO2 is the phase predicted to be

thermally stable as the particles approach the deposition surface, yet other metastable oxide

phases were produced in many of the flames examined. In fact, MnO2 was only observed in

the smallest particle size conditions which may indicate that high cooling rates limit phase

equilibrium to less massive particles.

A complementary experimental and modeling study is investigated for nucleation of

manganese oxide nanoparticles in premixed stagnation flames. The synthesis occurs at rel-

atively high flame temperature and low precursor loading. Thermodynamic analysis based

on the postulated nucleation process, Mn(g) +O2(g)→MnO(s), is carried out to quantify

precursor supersaturation and potential impacts of the Kelvin effect on particle formation.

Nucleation and growth are analyzed based on the computed temperature-time-oxygen his-

tory in the post flame region. Agreement between measured and computed flame position

for the base flame and precursor doped flames indicates that the manganese methylcyclopen-

tadienyl tricarbonyl precursor does not inhibit flame chemistry for the conditions studied.

Particle size distributions measured by mobility particle sizing and TEM images show rea-

sonable agreement. Moreover, the measured particle size is predicted much more closely

by a nucleation - limited mechanism rather than the size predicted by coagulation-limited

growth.

Large - scale manganese oxide production in turbulent spray flames was also studied

with collaboration from Argonne National Laboratory. New experimental capabilities were

developed for this process as part of the current dissertation work. Optical emission spectral

analysis of manganese oxide in flames is studied using the Optical Spectral Analysis Tool.

The OSAT tool is designed to calibrate, correct the background, peak fit and analyze multi-

probe OES spectra. The new tool enables fundamental chemical evolution in the flame to be

determined. The adequacy and efficiency of the tool is tested through the analysis of optical
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emissions spectra of manganese oxide formation occurring during flame spray pyrolysis. The

axial profiles of OH, CH and Mn (I) are examined with spatial resolution enabled by the

new tool. The axial evolution of Mn (I) through the flame provides fundamental insight into

the oxide formation and facilitates design of new manganese oxide synthesis processes.

The research has provided an understanding into the formation of manganese oxide

and carbon nanoparticles using flame synthesis. This research can be further advanced.

Below are a few possible routes to be explored:

1. Mechanism and properties of carbon structure ordering in flames:

With an evaluation of carbon nanoparticle structure formed in high temperature pre-

mixed stagnation flames, new fundamental models of the gas-to-particle conversion of

PAH precursors to graphitic particles could be developed.

2. Flame spray pyrolysis for large scale production of carbon and manganese

oxide nanomaterial:

Flame spray pyrolysis facilitates large scale production of nanomaterials. An un-

derstanding of the formation and structural features of manganese oxide and carbon

nanoparticles in premixed stagnation flames and its dependance on temperature-time-

oxygen has been established. A detailed analysis of the production of carbon and

manganese oxide nanomaterials through flame spray pyrolysis will help evaluate the

applicability of results obtained from premixed stagnation flames in flame spray pyrol-

ysis.

3. Electrochemical properties and energy storage device fabrication:

Establishing the electrochemical properties of flame formed carbon and manganese

oxide will help integrating nanoparticles in electrodes and energy storage devices. De-

signing fabrication techniques like binary layered films of manganese oxide and carbon

nanoparticles for energy storage electrodes is crucial for large scale production processes

158



Bibliography

[1] A. Mews. Nanomaterials Handbook. Edited by Yury Gogotsi. Vol. 46. 13. 2007,
pp. 2143–2143.

[2] C. Koch. Nanostructured Materials: Processing, Properties, and Applications: Second
Edition. 2006, pp. 1–760.
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