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    The objective of this dissertation is to explore a more accurate and versatile 

approach to investigating the neutralization of spores suffered from ultrafast heating 

and biocide based stresses, and further to explore and understand novel methods to 

supply ultrafast heating and biocides through nanostructured energetic materials 

A surface heating method was developed to apply accurate (± 25 ˚C), high heating 

rate thermal energy (200 - 800 ˚C, ~103 - ~105 ˚C/s). Uniform attachment of bacterial 

spores was achieved electrophoretically onto fine wires in liquids, which could be 

quantitatively detached into suspension for spore enumeration. The spore inactivation 



 
 

increased with temperature and heating rate, and fit a sigmoid response. The 

neutralization mechanisms of peak temperature and heating rate were correlated to 

the DNA damage at ~104 ˚C/s, and to the coat rupture by ultrafast vapor 

pressurization inside spores at ~105 ˚C/s. Humidity was found to have a synergistic 

effect of rapid heating and chlorine gas to neutralization efficiency. The primary 

neutralization mechanism of Cl2 and rapid heat is proposed to be chlorine reacting 

with the spore surface. 

    The stress-kill correlation above provides guidance to explore new biocidal 

thermites, and to probe mechanisms. Results show that nano-Al/K2S2O8 released 

more gas at a lower temperature and generated a higher maximum pressure than the 

other nano-Al/oxysalts. Given that this thermite formulation generates the similar 

amount of SO2 as O2, it can be considered as a potential candidate for use in energetic 

biocidal applications. The reaction mechanisms of persulfate and other oxysalts 

containing thermites can be divided into two groups, with the reactive thermites (e.g. 

Al/K2S2O8) that generate ~10× higher of pressure and ~10× shorter of burn time 

ignited via a solid-gas Al/O2 reaction, while the less reactive thermites (e.g. Al/K2SO4) 

following a condensed phase Al/O reaction mechanism. These different ignition 

mechanisms were further re-evaluated by investigating the roles of free and bound 

oxygen. A constant critical reaction rate for ignition was found which is independent 

to ignition temperature, heating rate and free vs. bound oxygen.  
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Chapter 1: Introduction 

 

1.1. Why is the study of bacterial spore neutralization important? 

    Recent threats of bio-terrorism highlight the need for preemptive neutralization of 

biological agent munitions, stockpiles and production facilities. Unfortunately current 

capabilities in the U.S. military are limited to conventional warheads, which rely on a 

“thermal kill” mechanism. While effective on chemical agents, these warheads may 

not be sufficient to neutralize biological agents, in particular those strains that form 

hardy bacterial spores. In the civilian field, for example, in an industrial or a hospital 

environment, bacterial spores carried bio-aerosols are easily generated from waste 

management facilities, posing a high risk to the public health. Currently there is no 

effective way to devastate the airborne spores in a large scale. Facing the ever-

increasing danger from the epidemic bacterial spores (e.g. Bacillus anthracis leading 

to Anthrax), systematic understanding of the spore structure and its resistance 

mechanisms is required, followed by extensive exploration of effective spore 

neutralization approaches.  

 

1.2. Bacterial spores: multilayered structure 

    Bacterial spores belong to a cell type that are formed in a sporulation process and 

are liberated from their mother bacterial cells in response to the changes in the 

environment [1-3]. Typically, this occurs when the level of external nutrients is 

reduced. Once the nutrients become available, spores will germinate to bacteria. In 

order to sustain a very long period without nutrients (even millions of years [4]), 
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bacterial spores have evolved to be metabolically dormant. This is reflected by 

several characteristics including containing very little ATP, showing no detectable 

metabolism and enzyme activity, and low levels of water within the spore core [2]. 

The extreme resilience of spores can be attributed to its multilayered structure. From 

the outside and proceeding inward there are several constituent layers include the 

exosporium, coat, outer membrane, cortex, germ cell wall, inner membrane and core 

(Fig. 1.1) [2,3]. The exosporium is the outermost layer of some bacterial spores, such 

as Bacillus anthracis. Some other species such as Bacillus subtilis do not have this 

layer. The spore coat sits below the exosporium, and comprises a series of sub-layers. 

There have been many reviews introducing the structure and molecular compositions 

for this layer [5-8]. In brief, the coat is mainly made of more than 70 different 

proteins typically for Bacillus subtilis spores, which are cross-linked and serve as an 

initial hurdle to many oxidizing agents (e.g. hydrogen peroxide, ozone, chlorine 

dioxide and hypochlorite). Below the coat lies the outer spore membrane, which is 

needed for spore formation, but less important for the spore resistance to heat and 

chemicals [9]. Between the coat and the core exists the cortex which is composed of 

peptidoglycan in a low level of cross-linking, and has been identified to be probably 

responsible for maintaining the spore core dehydration. The next layer is the inner 

membrane which is believed to be correlated with the low spore permeability of some 

small molecules. The mechanism of resistance lies in the immobile liquid molecules 

inside this layer that confer its remarkable impermeability. The innermost 

compartment is the spore core which stores the genomes and most of the spore’s 

enzymes [2]. The core is commonly remained in a dehydrated state, which is thought 
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SASPs, and the DPA and Ca complex. However, the mechanism of spore killing was 

demonstrated to be not due to the DNA damage. Recent studies have revealed that the 

wet heat treatment seemed to kill spores by denaturing one or more key proteins 

[10,11], probably some metabolic enzymes [12]. Alternatively, α/β-type SASPs play 

the predominant role for the dry heat resistance (Table 1). The α/β-type SASPs can 

stabilize the DNA backbonds from breakdown by heat damage. Accordingly, the 

spore killing mechanism by dry wet is due to the loss of DNA protection by SASPs. 

Another important factor to the dry heat resistance is the DNA repair system that 

rectifies the gene mutations during the spore outgrowth.  

     
Table 1.1.  Mechanisms of spore resistance to and killing by heat and chemicals [2]. 

Treatment Factors in spore resistance Mechanism of spore killing 

Wet heat Low core water, SASPs, core 
mineralization, DPA 

Protein damage 

Dry heat SASPs, DNA repair DNA damage 

Chemicals Coats, inner membrane 
impermeability, SASPs, DNA repair 

DNA damage, inner membrane 
damage 

 

    The spore’s resistance to chemicals can be classified into two types. For some 

genotoxic chemicals such as formaldehyde and nitrous acid, spore neutralization is 

from DNA damage since the survival spores after the treatment of these chemicals 

were found to have accumulated mutations [13,14]. For other chemicals such as 

oxidizing agents, the spore neutralization is due to some type of damage to spores’ 

external layers, mainly the inner membrane. The experimental evidence is that when 

the treated spores germinated, the compromised membrane ruptures leading to the 

spore death [15]. In addition, the spore coat only plays a minor role in spore 
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resistance to oxidizing agents, and serves as a detoxifier for these chemicals before 

they enter the inner structures [16]. 

 

1.4. More efficient spore inactivation approaches  

    In the fight again food starvation, spores have evolved a variety of mechanisms to 

protect themselves from damage, which include modern disinfection/sterilization 

procedures. One of the major focuses in previous studies of defining spore 

neutralization is to use hydrothermal energy (<120 ˚C) in the absence of pressure or 

in the combination of heat and pressure with inactivation timescale in the order of 

minutes [2,17]. The time scales of these methods do not allow for rapid inactivation 

of large quantities of spores. To further improve the killing efficacy, heat schemes 

with a high peak temperature have started to raise interest as one of the next 

generation spore inactivation strategies. Aerosol based techniques are being 

developed to study rapid inactivation of airborne bacterial spores by rapid heating 

(>200 ˚C within a timescale of a second) [18-24]. Gate et al used an aerosol shock 

tube and subjected the airborne spores to 200 – 700 ˚C under 2 – 7 atm [18,19]. 

Results show that spores lost the ability to form colonies when heated to the peak 

temperature of 230 ˚C, while appreciable breakdown of the spore’s morphology was 

found at the temperatures above 480 ˚C (Fig. 1.2A). An analogous approach of spore 

inactivation by dry heat has been tested using a controlled axially heated air flow (Fig. 

1.2B). After exposure to air temperatures ranging from ~150 ˚C to > 1000 ˚C, the 

viability reduction was found to be 4 logs when the peak temperature reached 320 ˚C 

[20]. Further genome analysis concluded that the heat-induced damage was due to the 
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increased DNA mutational frequency [22]. Although these methods are capable of 

neutralize spores, an accurate and quantitative relationship of time-temperature-kill 

for spores is not available due to the variability in temperature distribution and the 

resident exposure time of these heating schemes. Nevertheless, a precise time-

temperature-kill relationship is needed for predicting and ensuring a successful 

outcome of large-scale neutralization events. In order to improve the accuracy of 

measurements of the temperature history on spores, an alternative approach has been 

developed by heating spores deposited on surfaces that allows the accurate 

measurement of the transient temperature. Hofmann et al employed a pulsed UV-laser 

light to rapidly heat Bacillus spores deposited on a laser aBsorbing matrix (Fig. 1.2C) 

[25]. Results show that laser fluences below 20 mJ/cm2 enabled to change the spore 

morphology and induce the release of endogenous DNA indicative of spore 

inactivation. Another group from Air Force Institute of Technology rapidly heated 

Bacillus anthracis spores by a thermal tip using atomic force microscopy (Fig. 1.2D) 

[26,27]. A typical 2 logs spore viability reduction was achieved when heating spores 

to ~430 ˚C within 0.1 s. These two surface-based heating approaches provide accurate 

temperature measurement for spores, though the heat zone is limited by the 

instrumentation and it required further improvement for scaling up. 

    As another important way to inactivate bacterial spores, biocidal chemicals can 

presumably synergize the above rapid heating approaches. A primary study by the 

same group for the work in Fig. 1.2B investigated the spore viability exposed to 

iodine vapor containing hot air flows [28]. Compared with hot air flows, the iodine 

containing flows increased the spore inactivation by 2 orders of magnitude.  
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upon combustion, thus are more relevant to my focus of finding an premier heat 

source.   

    Research emphasis on heterogeneous EMs in modern times starts from a type of 

energetic formulations named thermites, which are comprised of a reactive metal as 

the fuel, and a metal oxide as the oxidizer. The typical thermite reaction undergoes as 

follows: 

→ ∆                                                                                           (1.1)  

where A is a reactive metal, B is a less reactive metal, 	∆  is the heat of reaction. The 

characteristic of thermites is that they have much higher energy densities and greater 

stability than common organic explosives (Fig. 1.4A), thus offering the promise in the 

military, space exploit, and civilian use [32]. The most widely adopted metal is 

aluminum due to its abundance and competitive reactivity when compared with other 

metals (Fig. 1.4B) [31]. Al is also a relatively safer metal due to the formation of a 

thin oxide layer at the outer surface that prevents Al powder from spontaneous 

combustion. Because of these advantages, Al has long been used as a metallic doping 

particle in composite explosives and propellants for improving the reaction heat, as 

well as decreasing the sensitivity to external stresses. Compared with Al, boron shows 

a higher energy density both on a mass and volume bases (Fig. 1.4B). However, its 

high ignition temperature is a drawback to application [32]. Scheafer and Nicolich 

showed that the addition of boron decreased the impulse of a cast-cured explosive by 

half, as well as elongated the ignition delay [34]. These results indicate that due to the 

poor kinetic characteristics of boron, it could act as an inert diluent to the energetic 

materials, and its full potential cannot be harnessed.  
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Table 1.2. Thermo-physical properties of some thermite reactions [35]. 

 

Constituents 

Adiabatic reaction T (K) Gas 
production 
(mole/100g) 

Heat of reaction 

w/o phase 
change 

w/ phase 
change 

-kJ/g -kJ/cm3 

2Al+Bi2O3 3995 3253 0.4731 2.1 15.3 

8Al+3Co3O4 3938 3201 0.2196 4.3 20.0 

2Al+Cr2O3 2789 2327 0 2.6 10.9 

2Al+3CuO 

2Al+Fe2O3 

5718 

4382 

2843 

3135 

0.5400 

0.1404  

4.1 

4.0 

20.8 

16.5 

4Al+3MnO2 

2Al+MoO3 

4829 

5574 

2918 

3253 

0.8136 

0.2425 

4.8 

4.7 

19.5 

17.9 

2Al+3NiO 3968 3187 0.0108 3.5 18.0 

Al+PbO 3968 2327 0.4146 1.4 11.4 

4Al+3SnO2 5019 2876 0.2928 2.9 15.4 

4Al+3TiO2 1955 1752 0 1.5 5.5 

10Al+3V2O5 3953 3273 0.0699 4.6 14.2 

2Al+WO3 5544 3253 0.1434 2.9 15.9 

    
 

salts that can lead to decomposition and oxygen release at lower temperatures [43]. 

However, the widely used peroxy salt, KClO4, is hygroscopic and has environmental 

issues, due to the presence of chlorine. These issues have limited its application in 

many traditional pyrotechnic formulations. A recent study demonstrated that KIO4, 

alternatively, has lower toxicity and hygroscopicity making it ideal for applications in 

illumination and gas generation [44]. Compared with metal oxides, the thermo-

physical properties for oxysalts is still relatively unclear.  
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Table 1.3. List of bond energies of M-O in peroxy salts (M=Cl, Br, I, Mn, Cr, S) as well as 
oxygen contents in peroxy salts and relevant aluminum-based, stoichiometrically mixed 
thermite composites [43]. 

Thermitea BDE (kJ/mol)b Oxygen content in salt 
(%) 

Oxygen content in thermite 
(%) 

3CuO+2Al  287 (Cu-O)1 20 16 

Fe2O3+2Al 407 (Fe-O)1 30 22 

Bi2O3+2Al 337 (Bi-O)1 10 9 

3Ag2O+2Al 

3I2O5+10Al 

221 (Ag-O)1 

184 (I-O)2 

7 

24 

6 

19 

3KIO4+8Al 184 (I-O)2 28 21 

3KBrO4+8Al 235 (Br-O)2 35 25 

3KClO4+8Al 269 (Cl-O)2 46 30 

3KMnO4+8Al 406 (Mn-O)2 41 28 

3K2Cr2O7+14Al 423 (Cr-O)2 38 27 

3K2S2O8+16Al 142 (O-O)3 47 31 

3K2SO4+8Al 365 (S-O)3 37 26 
Note:  
a  Fuels and oxidizers mixed in a stoichiometric ratio that presumably all the oxygens in 
oxidizers were converted into alumina in the product. 
b Bond dissociation energy (BDE) data were based on measurement of the standard 
dissociation enthalpies of M-O diatomic species at 25 ˚C by either spectroscopic or 
thermochemical methods. BDE data of Cr-O was calculated at -273 ˚C.  
 

    When one evaluates the reactivity for a specific thermite formulation, the energy 

density is not the unique criterion. Another essential criterion is the reaction kinetics, 

such as the combustion rate, pressurization rate and propagation speed. While the 

energy density of thermites is more correlated to the chemical nature, the reaction 

kinetics can be influenced by many factors. Similar to the energy density, different 

thermite formulations have different reaction rates. For instance, although the reaction 

heat for Al/CuO and Al/Fe2O3 is similar (Table 1.2), Al/CuO is usually considered as 

a fast-reaction thermite while Al/Fe2O3 is relatively a slow-reaction thermite. A more 

significant and tunable factor for the reaction kinetics is the size of particles. Additive 
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micrometer-sized Al can significantly increase the energy release for the propellants 

and explosives; however, the burn rate was found not to accelerate much  because the 

oxidation process for microscale Al particles are much slower than organic CHNO 

explosives [31]. Recently, the rapid development of nanotechnology has made the 

synthesis of nanoscale Al possible, which has been suggested as a potential substitute 

for conventional microscale Al powders due to the significant improvement in 

oxidation kinetics and the decrease in ignition temperature (Fig. 1.5B and 1.5C) [30]. 

In a thermite system, decreasing the dimensions of both fuel and oxidizer particles to 

nanoscale (nanothermite) also correlates to the increment reactivity, including faster 

pressurization and temperature rise rate, while remaining the total heat of reaction as 

high as that for microscale thermite. In 1995, Aumann et al firstly reported the 

production of Al/MoO3 nanothermites by ultrasonic mixing [45]. Their results show 

that the nanothermites can burn 103 times faster than the corresponding macroscale 

thermites. The combustion propagation speed was also measured as ~1000 m/s when 

the nanoparticle size drops to ~40 nm. In comparison, the propagation speed for 

microscale thermite is only 10 mm/s [46]. Similarly, Bhattacharya et al evaluated the 

some other nanothermites and found that the propagation speeds for nanoscale 

Al/CuO and Al/Bi2O3 are ~450 m/s and 150 m/s respectively, both of which are much 

faster than the corresponding microscale thermites [47]. Unlike the heat of reaction, 

there is still no agreement for the standard combustion/propagation speed for different 

nanothermties. One reason for this lack of knowledge is the fact that particles of 

different nano-sizes or different geometrical shapes were used by different research 
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include producing various nanostructures for reactants, typically for oxidizers, in 

order to further increase the reaction interface. Due to the limitation of manufacturing 

techniques, decreasing the size of fuel/oxidizer nanoparticles becomes harder when 

going below 50 nm. Alternatively, evident progress has been seen to generate other 

nanostructures with high surface-to-volume ratios. Researchers at Lawrence 

Livermore National Lab introduced the sol-gel chemistry to synthesize porous 

nanoscale EMs [48,49]. Metal oxide xerogels were produced by solvent removal of 

the precursor colloid solution (sol), featuring a collapsed gel structure. Alternatively, 

aerogels were prepared by superciritical drying that remains the open pores inside the 

sol, leading to highly porous metal oxide structure. A following approach by Prakash 

et al produced a novel core-shell nanostructure based on a two-temperature aerosol 

spray pyrolysis procedure [50]. In detail, the inner KMnO4 particle from the 

desiccation of the first aerosol was coated with a thin layer of Fe2O3 from the second 

aerosol, leading to core-shell oxidizer nanoparticles with tunable oxidation capability 

and better environmental stability. A distinct route to the above hydrothermal 

chemistry is to deposit alternative multilayers of fuel and oxidizer in vacuum by 

chemical vapor deposition or reactive magnetrom sputtering [51,52]. The major 

advantage of this technique is that it can ideally manipulate the thickness of each 

layer with nanometer scale and conformal uniformity, thus enable to maximize the 

contact area. A modified strategy to the deposition route is to create a nanoarray of 

core-shell structure by a template sacrifice technique [53-55]. Fuel or oxidizer 

nanorods after embedded onto the substrate were deposited with the counterpart 
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Common preparation method of thermites by simply mixing the fuel and oxidizer 

powders in liquid can only lead to a packing density of ~10-20% for the final 

desiccated mixture, indicating that there is a large space gap between particles. In 

addition, it is difficult to obtain a homogeneous distribution of fuel and oxidizer 

nanoparticles by physical sonication. To overcome these limitations, various methods 

have been assessed. The first approach is to directly improve the physical powder 

mixing by high-energy ball milling [56]. This mechanical approach is able to not only 

homogenize the distribution of fuel and oxidizer, but also decrease the size of 

particles to the nanoscale. A more ideal route is to modify the particle surface either 

physically or chemically in order to improve the particle intimacy of fuel and oxidizer. 

Kim and Zachariah created a self-assembly structure of nano-Al/Fe2O3 composite, 

which is controlled by the electrostatic forces between charged aerosol particles [57]. 

Alternatively, the assembled composite can be prepared by surface modification of 

biological molecules. Rossi’s group has recently reported an assembling way by 

modifying the surfaces of Al and CuO nanoparticles with complementary DNA 

strands [58]. The hybridization of these DNA chains caused the self-assembly of 

nanoparticles. A similar method was reported by Slocik et al who investigated the 

protein cages as biological surface modifiers [59]. The results show that the effective 

ferritin components inside the nano oxidizers loaded protein cages enabled the 

assembling of n-Al. The methods above are based on surface modification, which are 

relatively complex and difficult to scale up. Alternatively, it is more convenient and 

scalable to assemble nanoparticles by incorporation into polymer matrix via a 

physical route. This method is especially valuable from a scale-up manufacturing 
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polymer binders inside a pressure driven tube, and injecting it in the form of thin 

microthread away from the charged meniscus of the tube exit (developed into a cone 

shape called Taylor cone) [62]. Prior to depositing on an oppositely charged substrate, 

the microthread remains (electrospin) or fragments into a spray of highly charged 

droplets (electrospray) depending on several variables such as the applied voltages, 

the distance between jet exit and substrate, as well as the concentration of 

nanoparticles. Yan et al [63] and Li et al [64] electrospun NC nanofibers of n-Al 

based thermite composites into textiles, which show enhanced burning rates. Wang et 

al electrosprayed NC gelled n-Al or mixed n-Al/CuO microspheres that offer the 

advantages of better mixing of nanoparticles and significantly improved combustion 

performance [65,66]. Alternatively, Huang et al [67] and Li et al [68] prepared 

nanothermites incorporated polymer films by electrospray deposition, which yield a 

high mass loading of nanothermites, and a strong mechanical flexibility. An 

additional advantage for the polymer matrix based strategy is its larger material 

incorporation capability, which is especially favorable for my concerns of involving 

biocidal functions to the nanothermites. We will discuss this point in the next section. 

 

1.6. Biocidal energetic materials 

    Using energetic materials in the biocidal applications is notnew. In fact, ancient 

alchemists discovered that the power of gunpowder is not limited to its destructive 

effect [33]. Gunpowder was taken as a valuable medicinal herb in ancient China. The 

great medical work “Compendium of Materia Medica” reported that the components 

in gunpowder (probably sulfur) had a therapeutic effect for bacterial contamination, 
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skin infection, and plague [69]. However, the main function of energetic materials as 

an intensive heat source has seldom been recognized for the thermal sterilization 

purposes, probably due to its believed overwhelming effect in the field of common 

medical care, especially towards the human body. The development of energetic 

materials studies aiming at utilizing these materials as biocidal agents remain stagnant 

until the recent emergence of ever-increasing bioterrorism concerns. As previously 

mentioned bacterial spores are resilient to external stresses [1-3]. Facing the need for 

extreme sterilization methods opens up the potential of energetic materials. Lee et al 

reported a 107 CFU/cm2 reduction in viable bacteria by combustion of a spray-coated 

mixture of nanoaluminum [70]. In order to improve the neutralization efficiency, 

other groups also fabricated dual-functional energetic formulations by incorporating 

biocidal elements such as iodine into the formulation. A proof-of-concept 

investigation was conducted by Mulamba et al by using hot iodine gas to interact with 

bacterial spores [71]. Their results concluded that the biocidal gas and heat (630 K) 

synergized the spore neutralization by 80% in tens of milliseconds, while thermal 

treatment alone required ~1300 K for the same inactivation.  The first iodine-

containing energetic formulation is M-I2 (M is active metal) composites studied by 

Zhang et al using mechanical alloying [72-74]. They found that through this technique 

they could achieve metastable mixtures on the atomic scale, and adding more than 10 

wt% iodine retained the high combustion enthalpy of Al. Upon ignition (eq 1.2), this 

M-I2 composites increased the spore inactivation by 2 orders of magnitude more than 

non-halogenated thermites. The possible limitation of this design lies in its uncertain 

thermal stability (iodine physically bound) and not maximized exothermicity (due to 
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micro size of Al through milling). Another strategy is to find a thermite system that 

contains halogen elements in the oxidizer formulation. Examples are iodine pentoxide 

(I2O5) [75-80] and silver oxide (Ag2O) [81,82] which once reacted with active metal 

fuels such as Al, can reach high temperature combustion meanwhile generating 

biocidal agents I2 and Ag respectively (eqs 1.3 and 1.4). Comparably, Al/I2O5 

possesses much higher heat of reaction (9.1 kJ/g) and flame temperature (8680 K w/o 

phase change) than Al/Ag2O (1.0 kJ/g and 4941 K) and all the other Al/metal oxide 

nanothermites (Table 1.2). I2O5 also features a lower decomposition temperature 

(~660 K) than most of the metal oxides [83], thus correlating to a higher thermite 

reactivity (flame speed = 2000 m/s) [75]. The major demerit of I2O5 is that it is 

sensitive to humidity and can readily react with water in the ambient air. To decrease 

the adverse water aBsorption, Feng at al used a two temperature aerosol approach to 

coat the aerosolized I2O5 particles with a shell of less hygroscopic oxidizer such as 

Fe2O3 [79]. The results show that by controlling the thickness of Fe2O3 shell, the 

combustion performance was largely enhanced. Recently, a more complex oxidizer 

AgIO3 was evaluated which contains both iodine and silver elements [84]. It was 

found that this compound outperformed normal metal oxides in gas release pressure 

due to its enhanced oxygen content. Unfortunately, the decomposed iodine tends to 

form compounds with Ag (eq. 1.5), thus decreasing the biocidal property of this 

oxidizer. Other similar formulations (Mg(ClO4)2, NaClO4, KIO4, etc) have also been 

tested, yet no major release of halogen gas was found though superior oxygen release 

and thermal output were reported [39-42,44]. In all, these chemically halogenated 

energetic materials are more stable than the M-I2 composites while maintaining or 
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even enhancing their combustion behavior. However, they can load less wt% of 

halogens than the M-I2 composites. The biocidal efficiency of these novel biocidal 

nanothermites has not been evaluated. 

2 2M I M I                                                                                                             (1.2)                             

2 5 2 3 210 3 5 3Al I O Al O I                                                                                         (1.3)                             

2 2 32 3 6Al Ag O Al O Ag                                                                                        (1.4)                             

3 2 32Al AgIO Al O AgI                                                                                         (1.5)                             

4 2 3 24 3 2 3 3Al CaSO Al O Ca SO                                                                          (1.6)                             

    Compared with halogens that are usually considered as biocides for spores, sulfur 

is widely used as a pesticide [85] and some sulfur-containing species such as sulfur 

dioxide (SO2) [86] and sulfuryl fluoride (SO2F2) [87] have effective bactericidal and 

fungicidal properties. Sulfur-containing nanoparticles were able to kill 5 log bacterial 

spores after 30 mins of contact without heating, demonstrating sulfur’s strong 

sporicidal capability [88]. Recent studies attempted to test the thermite performance 

of sulfate salts which have been employed as a pyrotechnic time delay composition 

[89]. Comet et al reported that metal sulfates (e.g. CaSO4) containing nanothermites 

have outstandingly high heat of reaction (4-6 kJ/g) comparable with conventional 

metal oxide based nanothermites (Table 1.2), as well as high propagation speed (200-

840 m/s) [90]. In addition, sulphur dioxide is liberated during the thermite reactions 

(eq. 1.6) [89], indicating that this type of thermite formulations poses the promise of 

the coupled thermal-biocidal gas synergistic sterilization effect. The sporicidal 

capability of sulfur has not been compared to traditional biocides such as Ag and I2 
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despite the large natural abundance of sulphur [91]. Therefore, incorporating sulfur 

into nanothermite formulations, demonstrates potential for an effective biocidal 

energetic material. 

 

1.7. Thermite reaction mechanism 

    We have indicated in the preceding sections that the reactivity of thermites can be 

tremendously enhanced by decreasing the length scales of both fuel and oxidizer 

constituents, as well as by improving their intimacy of contact. This is based on the 

idea that the reaction is controlled by the interfacial reaction between condensed 

phase fuel and oxygen ions, and decreasing the particle dimensions and shortening 

the distance between fuel and oxidizer yield the increased surface area and the 

decreased diffusion length, respectively. These changes will then lead to the increased 

reaction rate. The same tendency is effective for the initial stage of the thermite 

reaction process which is usually taken as ignition. It has been experimentally 

confirmed that as the particle size decreased, the ignition temperature and minimum 

ignition energy of thermites decreased [92-94]. Compared with the overall 

combustion, the initial ignition features a much slower reaction rate yet a faster 

transient nature, as well as a higher sensitivity to external stimuli, such as pressure, 

heat, friction, etc [94,95]. These features make it more difficult to study and 

manipulate than the overall combustion. In addition, ignition is further complicated 

for nanoscale aluminium by the thin (~2-5 nm) native oxide shell, alumina (Al2O3), 

that acts as a passivation layer at low temperatures [96,97].In order for ignition to 

occur, the predominant ignition mechanism indicates that a threshold must be 



24 
 

surpassed where the mutual transfer of Al and O across the Al2O3 shell is rapid 

enough to induce a sufficiently higher energy release rate relative to energy loss to the 

surroundings. It is expected that oxygen anions and aluminum cations migrate 

radially inward and outward respectively by the concentration gradients (Fig. 1.8A) 

[98]. In addition, the outward transport of Al cations is primarily driven by a built-in 

electrical field across the alumina shell, as described by the Cabrera-Mott theory 

[99,100], as well as by the pressure-driven outward convection due to the volumetric 

expansion of Al core during heating [101,102]. Given these two additional 

mechanisms, and that the Al cations are smaller than the oxygen anions [98], the Al 

flux outwards should exceed that of oxygen inwards. This diffusion bias is 

prevailingly evidenced by several reports showing that hollow structures are formed 

during the oxidation of n-Al particles [103-105]. Therefore, the reaction interface is 

expected to be at the outer surface of the aluminum enriched alumina shell [98,103].  

In light of the origination of oxygen that involves in the ignition event, the mass 

diffusion based ignition mechanism above (Fig. 1.8A) can be further divided into two 

categories: the interfacial condensed phase, and the heterogeneous gas-condensed 

phase. The condensed phase ignition mechanism has been evidenced for many 

Al/metal oxide formulations (e.g., Al/Bi2O3 [106]). In these thermites, O2 is released 

from oxidizers at a higher temperature than the corresponding ignition temperature, 

indicating that ignition is mainly triggered by the condensed phase reaction between 

Al and bound oxygen. In some other cases (e.g. Al/CuO [107]), oxygen release is 

prior too, or synchronized with ignition, suggesting that the predominant reactive 

oxygen that participates in the initiation reaction could be gaseous O2. Due to the 



 

r

f

f

m

 

d

[

r

d

i

(

T

d

n

m

F
m
 

reactive sin

formulation

fast-heating

mechanisms

   There exi

diffusion ac

[102,112,11

reactions un

detail, the m

increase by 

(1-2 GPa) in

The expose

droplets dis

not limited 

microscale p

Figure 1.8. 
melt dispersi

ntering of f

ns as observ

g electron m

s may be ac

ists another 

cross the alu

13] was pro

nder high f

melting of A

6% within 

n the Al cor

ed molten A

spersed in al

by mass di

particles and

Schematics f
ion ignition m

fuel and ox

ved from po

microscopy 

ctually coinc

important i

umina shell.

oposed and 

flame speed

Al commenc

the alumina

re that furthe

Al driven b

ll directions

iffusion, wh

d for nanosc

for the mass
mechanism (B

25 

xidizer at t

ost-reaction 

[108,110,1

cident in a s

ignition mec

. This so-cal

later experi

ds and high

ces before t

a shell due t

er causes dy

by the high 

s at high vel

hich is disti

cale particle

s diffusion ba
B) [112]. 

the initiatio

products an

111], the tw

ingle ignitio

chanism tha

lled melt di

imentally ju

h heating ra

the oxide sh

to melting i

ynamic spal

pressure g

locity. Ther

inct with th

es at slow he

ased ignition

on stage fo

nalysis [108

wo aforem

on event.  

at is indepen

ispersion me

ustified typi

ate (>106 K

hell fracture

induced heig

lation of the

gradient evo

refore, the i

he traditiona

eating rates 

n mechanism

or many th

8,109] and i

entioned ig

ndent on the

echanism (M

cally for na

K/s) conditio

e. The volum

ghtened pre

e shell (Fig.

olves to sm

gnition proc

al mechanis

(Fig. 1.8B)

m (A) [104] a

ermite 

in situ 

gnition 

e mass 

MDM) 

ano-Al 

ons. In 

metric 

essures 

 1.8B). 

mall Al 

cess is 

sm for 

).  

 

and the 



26 
 

1.8. Research plan 

    The emergence of biocidal energetic materials opens an unprecedented broad 

window for the research of spore neutralization, which offers the promise of bridging 

the latest knowledge on spore’s resistance mechanism, and the state-of-the-art 

techniques in materials synthesis and characterization.  

    In this dissertation, I attempted to probe the spore neutralization mechanisms in 

ultrafast heating processes and by tuning energetic biocides. Given that the surface-

based heating modality is more accurate in the temperature control, I first studied the 

optimal deposition approach for bacterial spores. I then utilized a pulsed heating 

apporach to define the time-temperature-kill relationship for bacterial spores, and 

compared the killing efficiency with the conventional thermal and chemical 

approaches. The synergistic rapid heat-biocidal gas effect on the spore neutralization 

was evaluated in order to further explore a more efficient sterilization approach. By 

using the accumulated time-temperature-kill knowledge from the above studies, I 

continued to explore new biocidal energetic nanocomposite formulations. Finally, the 

reaction mechanisms of different energetic formulations were systematically studied 

aiming to better manipulate these novel biocidal energetic formulations for spore 

inactivation in the future. 
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Chapter 2: Quantitative Attachment and Detachment of Bacterial 

Spores from Fine Wires through Continuous and Pulsed DC 

Electrophoretic Deposition* 

 

Overview 

    To achieve a platform for the later neutralization studies of bacterial spores, the 

surface heating method for immobilized spores was assessed instead of the aerosol 

borne spore heating method. I demonstrate the uniform attachment of bacterial spores 

electrophoretically onto fine wires in liquids and subsequently quantitatively detached 

back into suspension. It was found that the use of a pulsed voltage method resulted in 

a uniform coverage of spores and prevented visible bubble formation resulting from 

water electrolysis which tended to dislodge the spores from the wires. By monitoring 

the electrophoretically derived current, this method could also be used to 

quantitatively measure the surface charges on spores and the deposition rate. The 

method is generic and should be applicable to the deposition of any charged 

biological material (e.g. spores, bacteria, viruses) onto metal surfaces. 

 

2.1. Introduction 

    Concerns on bioterrorism [1,2] have prompted efforts to discover, quantify and 

compare neutralization methods such as heat [3,4], chemical [5] and other synergistic 

effects [6-8]. The extreme stress-resistance of bacterial spores [9] has provided the 

                                                 
* The results presented in this chapter have been published in the following journal article: W. Zhou, S. K. Watt, 
D-H. Tsai, V. T. Lee*, M. R. Zachariah*. Quantitative Attachment and Detachment of Bacterial Spores from 
Fine Wires through Continuous and Pulsed DC Electrophoretic Deposition. J. Phys. Chem. B, 2013, 
117, 1738-1745. 
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impetus to develop quantitative studies to more precisely define various neutralization 

mechanisms. Previous studies in defining spore neutralization have focused on 

heating under 100˚C in the absence of pressure or the combination of heat and 

pressure with inactivation timescale in the order of minutes [10,11]. In particular, a 

temperature-time relationship for spore inactivation for high temperatures (100 – 

1000˚C) and short times (10 ms – 10 s) is still not available. The first approach to 

address this problem is to initiate thermal reactions in sealed chambers in which the 

temperature between 200˚C and 700˚C is monitored and correlated with the number 

of recovered viable spores [4,12,13]. These experiments are limited by the ability to 

precisely manipulate the temperature and exposure time. Another approach recently 

employed has been to disperse spores in the aerosol phase and subject them to high 

temperatures between ~150˚C and >1000˚C and chemical environments [3,14]. 

However, there exists a temperature distribution in the aerosol flow in these studies, 

which causes decrease in the precision of the temperature-viability relationship. A 

third approach is to immobilize spores on a surface that can be thermally varied in a 

precise manner. This approach can cover a larger temperature range in short time 

scales and allows convenient enumeration of viable spores immediately after thermal 

exposure [15]. 

    The latter method is only useful if a well-defined spore population can be coated on 

the surface. Typically this might be accomplished in a liquid suspension either 

naturally [16-18] or by laboratory manipulation [19,20]. Bacteria naturally have 

various adhesins to promote attachment to plastic, glass and metal surfaces to form 

biofilms [16-18]. In the laboratory, poly-L-lysine can be coated to impart a net 
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positive charge on the surface to promote electrostatic interaction with the negatively 

charged exterior of most bacteria. However, neither mechanism can be utilized for the 

studies of spores as spores are biological inert and often fail to attach to poly-L-lysine 

coated surfaces [21]. We sought to develop an alternative approach to attach spores 

onto wires using physical forces.  

    Previously, dielectrophoresis has been utilized in the manipulation of bacterial 

spores [22]. In the presence of an electric field gradient, a net force is imparted on the 

spore due to polarization, the magnitude of which is highly dependent on the material 

properties of the spore (including size) [23], the characteristics of the fluid (including 

ionic strength and dielectric permittivity of the solvent and solute) [24] and the field 

gradient [25-28]. Dielectrophoresis is contrasted with electrophoresis which can take 

place if the cell has a net charge, and is directly proportional to the magnitude of the 

field [29,30]. Most reported studies however modeled spore transport in liquids as 

being net neutral in charge, and only considered the dielectrophoretic effect [31-33]. 

Actually, in aqueous dispersions the glycoproteins and polysaccharides that comprise 

the exosporium (i.e. outer layer) are negatively charged. These negative charges arise 

from deprotonation of aldehydes (-RCOH), phosphodiester (-(RO)2POOH) and 

carboxylic acids (-RCOOH), which have been detected by the infrared spectroscopy 

[34] and zeta potential analysis [35].   

    Electrophoretic deposition (EPD) has been used in the past for a wide variety of 

bio-particles including bacteria [36,37], protein inclusion bodies [38] and yeast cells 

[39]. While the generic process of EPD of bio-particles is similar, the exact rates of 

attachment to the wire may be complicated by side effects including bubble formation 
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[40,41], surface chemistry [42,43], electrode curvature effects [44] and excretion of 

adhesive extracellular media [45,46]. Bubble formation appears to be a significant 

problem for controlled and effective EPD. Two approaches have been reported to 

minimize this effect. AC-EPD has been found as a powerful method to mitigate the 

water electrolysis under some frequency conditions [47,48]. Pulsed DC-EPD has also 

been shown to obtain dense bubble-free deposits at suitable pulse widths and duty 

cycles [49,50]. From a practical standpoint, pulsed DC-EPD is a simpler approach 

that is easier to implement.   

    Besides the electrostatic interaction forces and the bubble formation effects on 

attachment, other forces may also contribute to the attachment of spores to surfaces. 

The Lifshitz-van der Waals force between the spore surface and the electrode surface 

can be described by the well known Derjaguin-Landau-Verwey-Overbeek (DLVO) 

theory [51]. The image force which arises due to induced dipole effect between the 

charged spore and the surface can also influence deposition and has been detected by 

the atomic force microscopy [52]. While the Lifshitz-van der Waals force, the image 

force and the electrostatic force all have an inverse square distance relationship, for 

the problem under consideration here it has been shown that the dominant effect can 

be attributed to the electrostatic force [53]. 

    In this study, I will investigate electrophoretic attachment of uniform layers of 

spores to fine wires, and demonstrate reversible detachment. We demonstrate that by 

applying a pulsed direct current (DC), I can quantify incremental spore attachment 

with time by measuring the electrical current to the wire electrode. The advantages of 

this charging mode will be shown over the continuous charging mode. By using the 
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measured current which can be directly related to the spore flux to the surface, I am 

further able to validate a transport model and use the model to directly determine the 

average spore surface charge and spore deposition efficiency. This methodology 

developed here is to my knowledge the first demonstration of direct quantitative 

attachment and detachment of spores from fine wires. 

 

2.2. Experimental approach to spore attachment and detachment 

2.2.1. Spore deposition cell 

    The spore deposition cell is shown schematically in Fig. 2.1. It is composed of four 

compartments: an outer PTFE tubular shell with sealed base, a stainless steel cylinder 

as the outer electrode, a central wire as the deposition surface and inner electrode, and 

two PTFE plates to center the wire. The stainless steel outer electrode has an inner 

diameter of 16 mm and a height of 20 mm. For the wire central deposition electrode I 

use 76.2 μm platinum (Pt) (Omega Engineering, Inc.), since it is very stable in 

aqueous systems and will not be oxidized. The spore strain adopted in these studies is 

Bacillus subtilis (Bs) spores ATCC#6051 (see the optical microscopic image in Fig. 

2.2), which were sporulated by growth in Difco Sporulation Medium (DSM) at 30˚C 

for 48 h.  A 250 ml DSM was prepared which included 2 g Bacto nutrient broth, 2.5 

ml 10% KCl, 0.375 ml 1M NaOH and 2.5 ml 1.2% MgSO4·7H2O. The initial spore 

number concentration was regulated to be 8×109 CFU/mL. 
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Scanning electronic microscopic (SEM) images were taken of spores on wires fixed 

with 2% glutaldehyde, dehydrated through a series of alcohol and sputter coated with 

gold/palladium alloy. Images were captured with a Hitachi S4700 FESEM in the 

Laboratory of Biological Ultrastructure at the University of Maryland. To validate my 

spore charging measurement approach I employed a zeta-potential analyses from 

Zetasizer Nano ZS (Malvern Instruments, UK) equipped with a 633 nm laser and a 

palladium dip cell module. 500 μL of sample suspension was mixed with 250 μL, 10 

mM ammonium acetate aqueous solution prior to the measurement. 

 

2.2.2. Spore attachment in continuous and pulsed DC charging modes 

    The fine wire was stabilized inside the spore deposition cell vertically, and the 

spore suspension was added into the cell to immerse the wire up to a depth of 1 cm. 

The central wire was connected with the positive pole of the power supply, and the 

outer stainless steel cylinder was connected to the negative pole. A variety of EPD 

measurements were performed with varying voltages and on-times, and real-time 

current data were stored. Comparably, fine wires with different compositions and 

diameters were tested to find an optimal one. In the pulsed DC charging mode, a 

series of pulsed on-times and off-times were controlled to differentiate from the 

continuous charging mode, and optimal pulsed charging condition for Bs spores 

ATCC#6051 was found.  
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2.2.3. Optical microscopic and SEM analyses 

    Wires coated with spores were observed under the optical microscopy over glass 

slides and also by naked eye. For the SEM analyses, samples were firstly fixed in 2% 

glutaraldehyde in buffer for 1 h at room temperature. Excess glutaraldehyde was 

removed in buffer by three washes of 10 min each. The samples were post fixed with 

1-2% osmium tetroxide in the above buffer for at least 30 min, and then with double 

distilled water. After a series of dehydration processes in ethanol, the samples were 

treated with critical point drying with liquid carbon dioxide. Finally, samples were 

mounted to stuBs and coated with gold/palladium alloy. 

 

2.2.4. Spore detachment 

    A very important aspect of this work was to develop the methodology to detach 

spores from the wire. To accomplish this, the wire loaded with spores was placed in a 

clean cell with distilled water and the wire oppositely biased to be the cathode. 

Simultaneously, the cell was immersed into an ultrasonic bath. The separate effects of 

opposite biasing and ultrasonication were compared. The detached spores were 

harvested for spore plate counting as will be shown later. The treated wire was 

inspected by optical microscopic and SEM analyses to find if all the attached spores 

were removed from the surface. 
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2.2.5. Spore plate counting assay 

    Spores detached from wires were counted by enumerating colony forming units 

(CFU) by plating serial dilutions on LB agar plates. Counting was repeated for four 

times and an averaged value was reported. 

 

2.3. Spore transport model 

    The use of the cylindrical deposition cell geometry enabled quantitative modeling 

since the electric field is well described as: 

2

1

ln

U
E

r
r

r





                                                                                                               (2.1)                             

where ΔU is the voltage difference between two electrodes, r is the radical distance 

from the center, r1 and r2 are the diameters of the inner (wire) and outer cylindrical 

electrodes. In my design, r1 = 0.0381 mm and r2 = 8 mm (Fig. 2.1). It is well known 

that spores when introduced into an aqueous media will acquire a net charge [34,35] 

and thus can be manipulated with an electric field. The electrophoretic force (FEP) on 

a spore with q charges in an applied electric field is: 

EPF qE                                                                                                                     (2.2)                             

The presence of the field will also induce polarization within the spore, which if the 

field is spatially invariant will impart no net force on the spore. However in the 

presence of an electric field gradient the spore will also experience a net 

dielectrophoretic force (FDEP) [22]: 
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3 22 Re( )DEP mF R f E               (2.3)                              

where εm is the permittivity of the surrounding water (7.1×10-10 F/m) at room 

temperature, R is the radius of the spore, Re(f) is the real part of the Clausius-Mossotti 

factor. In a DC field, this factor is directly related to the conductance of both the 

spore surface and the media [22]: 

Re( )
2

p m

p m

f
 
 





                                                                                                     (2.4)

                        
    

Herein, σp and σm stand for the conductivities of spores and media, respectively. At 

room temperature, σp is 10-7 S/m (as the cell membrane [54]) and σm is 5.5×10-6 S/m. 

Hence Re(f) is a negative value which implies that the direction of FDEP is opposite to 

the direction of FEP, as in Fig. 2.1C. Meanwhile, the retarding force (Fv) is caused by 

the viscous drag and can be evaluated with Stoke’s law: 

6vF Ru                                                                                                              (2.5)                             

where η is the viscosity of water (1.002×10-3 Pa·s) at room temperature and u is the 

velocity of spores. It should be noted that the Bs spores are not strictly spherical, thus 

R in both eqs 2.3 and 2.5 is an effective radius (a spherical spore with this effective 

radius is defined to have the same volume as a real spore). From previous reports of 

spore volumes [55], the effective R value for Bs spores is 0.336 μm. The spore motion 

can then be directly evaluated in a force balance: 

2

2s DEP EP v

d r
F m F F F

dt
                                                                                        (2.6)                             

Since the inertia term is relatively small (i.e. the spore response time to any voltage 

perturbation is fast relative to the transit time), I can assume steady state (ΔF = 0). 

The resulting governing equation becomes: 
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3

dr A B

dt r r
                                                                                                                 (2.7)                             

where A = ΔU·q/(0.101R), B = 8.26×10-9(ΔU)2R2. 

    The above eq. 2.7 describes the spore velocity at any radial location in the cell 

between two cylindrical electrodes and so that can be directly related to the 

experimental current data since it is the motion of spores that contributes to the 

current formation. The time for spores with an initial distance r + Δr away from the 

center to move a differential distance of Δr is from eq 2.7: 

2 2 2 2

2 2 2

( ) ( )
ln

2 2

r r r B A r r AB
t

A A A r AB

     
  


                                                          (2.8)                             

In this time interval, the total charge quantity passing through this differential 

distance Δr is:  

2 2' ' [( ) ]Q q C V q C l r r r                                                                              (2.9)                             

where C is the spore number concentration in the cell, l is the immersed depth of Pt 

wire inside the liquid (0.01m), and V is the differential volume element around the 

wire. It should be noted that the charge q’ is the effective overall charge after being 

shielded by counter ions in the vicinity of the spore surface (i.e. the diffuse double 

layer). The importance of this is that the mobility of a spore is influenced by the 

thickness of the double layer that is dragged along with the spore. The current can be 

expressed as: 

2

20

2 ' ( )
lim
t

Q q Cl Ar B
I

t r


 

 
 


                                                                                (2.10)                             

Then, substituting for A and B above, the initial current (Io) observed can be 

expressed as: 
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                                                               (2.11)                             

Eq 2.11 is a simplified illustration of the current corresponding to the spore 

deposition rate, but which does not include possible effects due to particle-particle 

and particle-electrode interactions. Near the electrode, the spore transport may be 

complicated by electrohydrodynamic flows as well as electroosmotic flows due to the 

electric forces on charges from the electrode polarization layer and the equilibrium 

diffuse double layer near the spore [56,57]. However, since eq 2.11 describes the 

initial current when t = 0, the influence of those flows can be neglected. In the 

remainder of this chapter, I analyze my experimental results in the context of the 

model resulting in eq 2.11.  

 

2.4. Results and discussion 

2.4.1. Spore attachment in the continuous DC mode 

To exemplify the spore attachment in the continuous DC mode, a biased voltage of 20 

V and a spore number concentration of 8×109 CFU/mL were adopted. The EPD 

condition employed were chosen on the basis of prior work that showed that bacterial 

spores can withstand DC electric fields as high as 1500 V/cm and still maintain 

viability [31]. Before I proceeded with direct measurement of the current in 

evaluating spore deposition, I evaluated the temporal variation of current for pure 

water and the spore suspension in Fig. 2.3. We found that steady state could be 

achieved on the order of 100 sec, and that the measured current due to charge 

migration in the spore containing suspension was about an order of magnitude larger  
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spore concentration in the suspension and the initial current. A series of initial current 

of the spore suspensions were collected under different applied potentials and spore 

concentrations, which were further subtracted from the initial current of a solution 

without spores and defined as the effective initial current of spores (Io) and tabulated 

in Table 2.1. The corresponding surface charge (q) per spore is evaluated from eq 

2.11.  

 
Table 2.1. Surface charges and numbers of charges for B. subtilis spores (ATCC#6051). 

Concentration (CFU/ml)      Voltage (V)      Current (mA)      Surface charge (C)   Number of charges  

    3.77×106                              5                    0.0002±0.0002      (5.36±5.36)×10-14      (3.35±3.35)×105 

    8.59×107                              5                    0.0031±0.0008      (6.20±0.81)×10-14       (3.88±0.51)×105 

    7.67×109                              5                    0.1635±0.0006      (4.81±0.01)×10-14       (3.00±0.01)×105 

                                                 10                  0.4459±0.0311      (5.61±0.20)×10-14      (3.51±0.12)×105 

                                                 20                  0.8509±0.1080      (5.47±0.35)×10-14       (3.42±0.22)×105 

                                                 30                  1.4584±0.2005      (5.85±0.40)×10-14       (3.65±0.25)×105 

                                                 40                  1.7991±0.2294      (5.63±0.36)×10-14       (3.52±0.23)×105 

  1.53×1010                               5                    0.1774±0.0008      (3.55±0.01)×10-14       (2.22±0.00)×105 

                                                 10                  0.5162±0.0179      (4.28±0.07)×10-14       (2.67±0.05)×105 

                                                 20                  1.1606±0.0450      (4.53±0.09)×10-14       (2.83±0.05)×105 

                                                 30                  1.4610±0.1474      (4.15±0.21)×10-14       (2.59±0.13)×105 

                                                 50                  3.1724±0.2643      (4.74±0.20)×10-14       (2.96±0.12)×105 

Note: the average value of surface charge is 5.01×10-14C, and the average number of charges 
on the spore surface is 3.13×105. 

 

    However, I still need a relationship between q and q’ to determine the fraction of 

the current associated with the diffuse double layer (Fig. 2.16). One approach is to 

find the electrical potential at the shear plane (i.e the outer radius of solution ions that 

are carried along with the spore). The Helmholtz-Smoluchowski equation describes 

the relationship between the shear plane potential (ζ) and the mobility of spores (μ) 

[63]: 
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m 


                                                                                                                   (2.12)                             

By equating the friction force (eq 2.5) to the electrophoretic force (eq 2.2) and also 

omitting the dielectrophoretic force (eq 2.3) (note: it has been found that the 

dielectrophoretic force is much smaller than the electrophoretic force), I can obtain: 

6 m

q

R



                                                                                                                (2.13)                             

In the spherical coordinates the potential as a function of radial distance from the 

shear plane can be evaluated, from the simplified Poisson-Boltzmann equation [63]: 

exp( )
4 m

q
R

R 


 


                                                                                             (2.14)
                            

where Rζ is the radius of the shear plane, and κ is the inverse Debye length 

(1.0384×10-6 m-1) in water at room temperature. By combining eq 13 and eq 14, I 

obtain Rζ = 0.35×10-6 m, and thus slightly larger than the radius of one Bs spore 

(0.336×10-6 m). The quantity of charges between R and Rζ can be calculated: 

2' 4
R

R

q q r dr


                                                                                                  (2.15)                             

where ρ* is the charge density in the diffuse layer which can be expressed from the 

Poisson equation [63]: 

2

( ) exp( )
4

q r
r

 


                                                                                              (2.16)   

Finally, the spore surface charge can be found: 

'

0.9964

q
q                                                                                                                (2.17)                             
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the instrumentation needed, and for my purposes the in-situ nature of the 

measurement.  

    With a known shielded charge q’, the net charge accumulation from my current 

measurement can be directly used to estimate the deposition rate. Accordingly, the 

deposited spore dose, Ncurrent on the wire could be determined as (Fig. 2.10): 

0 0

1
( )

'

t t

current currentN dN I t dt
q

                                                                                  (2.18)                            

In my pulsed DC-EPD model, the relationship between spore deposits based on the 

current measurement and pulses is shown in Fig. 2.13A. Ncurrent for just one pulse is in 

the range of 1011 spores, which implies the formation of multiple spore layers. 

However, one densely packed monolayer of Bs spores (6.1×106) actually required 4 

pulses. This leads to a somewhat surprising result that the deposition efficiency is 

only ~ 10-6 (Fig. 2.13B). Thus it appears that many spores apparently make it to the 

surface and become dislodged, possibly due to non-visible gas generation at the 

electrode [66]. In spite of this low efficiency, the measured deposited spore amount is 

proportional to the calculated deposits based on the current (Fig. 2.13B), consistent 

with the results of Hamaker [67,68]. Based on this model together with the 

verification from experiments, my result demonstrates that one is able to in 

reasonable short deposition time create a near conformal monolayer of spores and 

subsequently detach them.  

 

2.5. Conclusion 

    I show in this chapter the ability to controllably deposit spores electrophoretically 

to fine wires using a pulsed voltage method which prevents electrolysis. Attached 
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spores can be totally removed by a combination of reversing the electrical polarity 

and ultrasonicating the wire. I am also able to use this method to quantitatively 

measure the surface charge on spores and the deposition rate. The method is generic 

and should be applicable to the deposition of any biological material (e.g. spores, 

bacteria, viruses) onto metallic surfaces. 
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Chapter 3: Inactivation of Bacterial Spores Subjected to Sub-Second 

Thermal Stress* 

 

Overview 

    Rapid heat pulse is the primary method for neutralizing large quantities of spores. 

Characterizing heat inactivation on a millisecond time scale has been limited by the 

ability to apply ultrafast, uniform heating to spores. Using my system for 

immobilization of spores on metal surfaces (as I presented in Chapter 1), bacterial 

spores were subjected to high temperatures (200 ˚C to 800 ˚C) and heating rates (~103 

˚C/s to ~105 ˚C/s). Spore inactivation increased with temperature and fit a sigmoid 

response. I observed the critical peak temperature (Tc) which caused a 2-fold 

reduction in spore viability was 382 ˚C and 199 ˚C for heating rates of ~104 ˚C/s and 

~105 ˚C/s, respectively. Repetitive heating to the same peak temperature had little 

effect on viability. In contrast, stepwise heating to elevated peak temperatures 

inactivated spores in a manner similar to a single pulse heating to the same peak 

temperature. These results indicate that the maximum temperature rather than the 

overall heating time is primarily responsible for spore neutralization at ~104 ˚C/s 

heating rate. The mechanism of spore inactivation was further investigated at two 

heating rates (~104 ˚C/s and ~105 ˚C/s). Viability reduction was mainly due to DNA 

damage at the heating rate of ~104 ˚C/s as mutant strains defective for sspA sspB and 

recA were more sensitive to heat than the wide-type strains. At the higher heating rate 

(~105 ˚C/s), spore inactivation was correlated with physical damage from ultrafast 
                                                 
* The results presented in this chapter have been published in the following journal article: W. Zhou, M. W. Orr, 
G. Jian, S. K. Watt, V. T. Lee*, M.R. Zachariah*. Inactivation of Bacterial Spores Subjected to Sub-Second 
Thermal Stress. Chem. Eng. J., 2015, 279, 578-588. 
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vapor pressurization inside spores. This new approach of pulse heating generates a 

temperature, time, and kill relationship for Bacillus spores at sub-second timescales. 

 

3.1. Introduction 

    Bacterial spores are a dormant cell type that are highly resistant to heat, moisture, 

pressurization, radiation and biocidal stresses [1-3]. Concerns regarding bio-terrorism 

[4] and possibly other public health risks [5,6] require the urgent development of 

methods for large scale inactivation of bacterial spores. The use of thermal 

destruction is a straightforward and convenient approach that has been investigated 

for the inactivation of spores in the liquid phase [7-16]. Conventional thermal 

inactivation methods require time periods up to minutes or even hours and are limited 

by a maximum temperature of 150 ˚C [8-10,11,13]. Maintaining these temperatures 

for the required time periods is unfeasible for large quantities of spores. Thus, stand-

off neutralization methods which can sustain higher temperatures (>200 ˚C) for short 

periods of time (sub-seconds) are being considered, and these new temperature-time-

kill histories of spore inactivation require evaluation. Aerosol methods have recently 

been employed to evaluate thermal and chemical kills of spores at extreme heating 

conditions [17-25]. These approaches have the advantage of isotropic and rapid heat 

transfer to individual spores, as well as controllable shorter heating times 

(milliseconds to seconds) and higher heating temperatures (>200 ˚C) [17-25]. 

However, there existed a temperature distribution within a population of spores in 

these studies, which allows for calculating the average resident time and temperature 

of the entire spore population, but not for individual spores. These studies evaluated 



58 
 

the effect of peak temperature on spore viability. However, the effects of heating and 

cooling rates on spore inactivation were not discussed. 

    Precise measurements of heating rate and heating history can be achieved by an 

alternative method that heats spores immobilized on metal supports. Previous studies 

have shown that organic or inorganic nano/microparticles deposited on metal surfaces 

could be heated to a wide range of surface temperature (from ~100 ˚C to ~1800 ˚C) at 

a rate as high as ~106 ˚C/s [26-31]. In those studies, the heating time could be 

controlled with millisecond precision and the heating rate could be accurately tuned 

from ~103 ˚C/s to ~106 ˚C/s, allowing the application of uniform temperature to a 

deposited particle layer up to 5 μm thick [29] which exceeds the dimensions of a 

monolayer of bacterial spores. This approach allows accurate application of a uniform 

high temperature over millisecond time scales for individual spores, which will aid in 

determining the temperature-time-kill relationship of spores at high temperatures and 

sub-second timescales. 

The mechanism of spore inactivation has been primarily studied in conventional 

heating schemes. Major mechanisms of spore inactivation occurred through damage 

to DNA and proteins [3]. Evidence supporting killing by DNA damage includes 

several studies that found mutants depleted in the sspA sspB genes (coding for α/β-

type small, acid-soluble proteins (SASP)) and recA genes (coding for RecA) were 

sensitized to mutagenesis and inactivation under dry heating schemes [32-36]. In the 

dormant spores, SASP bind genomic DNA [32,33] to prevent depurination and strand 

breakage thereby confer resistance to dry heat and ultraviolet irradiation [34,35]. 

RecA participates in recombination repair to remove DNA lesions caused by dry heat 
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[36]. In contrast, denaturation of some key proteins such as metabolic enzymes was 

found as the mechanism of spore killing in wet heat [8,37]. However, the specific 

proteins to which denaturation induces spore inactivation have not been identified 

[38]. A second mechanism of inactivation is through permeabilization of the spore 

membrane, cortex and coat (encoded by genes like cotE), as supported by several 

lines of evidence [3,39-44]. Damage to spore compartments after heating has been 

shown with compartment-specific staining techniques [45,46]. While the spore coat 

was identified as the primary barrier to oxidizing agents (hydrogen peroxide, 

hypochlorite, ozone, etc.) [47-49], the spore cortex plays a major role in maintaining 

spore resistance to heat [3,39]. Failure of the cortex structure leads to spore 

inactivation by two mechanisms. The first is the release of dipicolinic acid (DPA) 

associated with DNA damage during dry heating [40,41] and protein denaturation 

during wet heating [38]. The second is through rehydration of the spore protoplast 

[39,42]. Rehydration of the core will induce a concomitant reduction in spore heat 

resistance by disrupting SASP-DNA interaction and permitting protein denaturation 

[43,44]. Through these studies, the temperature-time-kill relationships for spores from 

several species have been characterized under conventional heating schemes [8-

11,13]. However, the exact mechanism of spore inactivation during rapid heating, 

which is closer to conditions seen under combustion, is poorly understood. Recent 

studies of bacterial spores heated in hot air show that high-temperature gas induced 

severe damage to the spore core [50], and the extent of inactivation was attributed to 

the DNA damage [22]. 
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    In this work, I present the effect of fast heating pulses (~104 ˚C/s and ~105 ˚C/s) on 

surface-immobilized spores as a complimentary approach to the aerosol studies. The 

heating scheme possesses the advantages of precise measurement of heating time and 

rates, as well as uniform temporal temperature for individual spores. Using this 

heating scheme, I determined the effect of peak heating temperature and heat rate by 

assessing spore viability and morphology. The heating histories of spores were also 

investigated through repetitive exposures as a possible factor influencing spore 

inactivation. To investigate the mechanism of killing, spores carrying sspA sspB, recA 

or cotE mutations were tested to determine whether known mechanisms of spore 

inactivation contribute to spore viability in my heating scheme. Using these results, I 

propose a model for the thermal destruction of bacterial spores in the heating rates of 

~104 ˚C/s and ~105 ˚C/s. 

  

3.2. Material and methods 

3.2.1. Spore attachment on platinum wires 

    Bacillus subtilis (Bs) (ATCC#6051) were sporulated in Difco Sporulation Medium 

(DSM) at 30 ˚C for 48 h. The 250 ml of DSM included 2 g Bacto nutrient broth, 2.5 

ml 10% KCl, 0.375 ml 1 M NaOH and 2.5 ml 1.2% MgSO4·7H2O. The spore 

concentration was enumerated by plating to be 8×109 colony-forming units per 

milliliter (CFU/mL). The purity of spores was found more than 99%. For analysis of 

mechanism of killing, four isogenic Bs spore strains, namely, a wild-type strain 

(PS533) [36], a ∆cotE mutant strain lacking coat (PS3328) [48], a ∆sspA ∆sspB 

mutant strain lacking DNA protection mechanism (PS578) [32], and a ∆recA mutant 
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strain lacking DNA repair mechanism (PS2318b) [36] were generously provided by 

Dr. Peter Setlow (University of Connecticut). A platinum (Pt) wire with a diameter of 

76.8 μm (Omega Engineering, Inc.) was used to immobilize spores. An in-house 

spore deposition cell was manufactured for coating the wire with Bs spores 

electrophoretically (Fig. 2.1). By controlling the biased deposition voltage, pulse 

frequency, and charging time (from a 6340 sub-femtoamp remote sourcemeter, 

Keithley), a uniform monolayer of spores in the central region of the wire (~1 cm) 

could be obtained (Fig. 3.1A). The detailed information of the spore deposition cell 

and charging conditions can be found in Chapter 2 [51]. 

 

3.2.2. Wire heating test 

    To subject spores to a defined thermal history, the spore coated Pt wire was 

connected to an in-house built power source, working as a temperature jump probe 

(Fig. 3.2). A pulse signal was generated to trigger the power supply prior to the 

heating of wire in air. The applied voltage (supplied from a 6291A DC power supply, 

HP) and the measured current (by a current probe AM503, Tektronix) were 

simultaneously recorded via an oscilloscope (LT344, LeCroy). The transient 

temperature on the wire during the heating period was measured based on the 

standard dynamic electric resistance temperature relationship (Callendar-Van Dusen 

equation) [52], in which the resistance measured from the applied voltage and the 

current was in a quadratic relationship with the transient temperature (see Section 

3.2.3 below). The maximum temperature (~200 ˚C to ~800 ˚C) and the heating rate  
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(~103 ˚C/s to ~105 ˚C/s) can be precisely controlled by varying the applied voltage 

and the pulse time (2 ms to 50 ms). The corresponding profile of the wire in the 

cooled region was calculated according to an energy balance equation which was 

dominated by the heat conduction. The detailed content of the mathematical modeling 

can be found in Section 3.2.4 below. The spore-coated Pt wire was replaced after 

each heating test, and the heated wires were processed for SEM imaging and 

determination of CFUs.  

    For wire heating tests in different pressures, two home-built chambers were used. 

The first chamber was connected to a vacuum pump for spore heating experiments 

under pressures as low as ~10-5 Pa, while the second chamber was connected to a 

high-pressure air source for experiments under pressures up to 4×105 Pa.  

 

3.2.3. Temperature time model in the heating process 

    When pulsed with electricity at a certain voltage, the Pt wire is joule heated during 

the pulse-on time. The on-going wire temperature (T) can be measured as a function 

of transient wire resistance (R) using the Callendar-Van Dusen equation which is a 

standard way of measuring temperature based on material resistance temperature 

relationship, and has been already used to define International Temperature Scale of 

1990 (ITS-90) [52] : 

21
o

R
T T

R
                                                                                                         (3.1)                             

where α = 3.91×10-3, β = -5.78×10-7, and Ro is the wire resistance at 0 ˚C. From the 

temporal pulse voltage (U) and resulting current (I), the total resistance (Rtot) in the 
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electrical circuit can be calculated. By measuring the other resistance (R*) in the 

circuit except the Pt wire portion, the resistance of the Pt wire (R) can be obtained: 

* *tot

U
R R R R

I
   

                                                                                              (3.2)                             

By combining the above two equations, the transient temperature on the wire can be 

measured as: 

2 4 (1 ( / *) / )

2
oU I R R

T
  


   


                                                                    

 (3.3)                             

 

3.2.4. Temperature time model in the cooling process 

    Once the pulse is ceased, heat will dissipate from the Pt wire to the ambient air. 

Since the wire is placed in relatively still air, any heat convection by air flow is 

negligible in my system. Besides, the heat conduction flux is much larger than the 

heat radiation flux due to a high convection heat transfer coefficient (h) on Pt wire 

[53]. Thus the energy balance for the Pt wire can be expressed as: 

( )p surface air

dT
VC Ah T T

dt
   

                                                                                   (3.4)                             

where ρ is the density of Pt (2.15×104 kg/m3) [54], V is the volume of Pt wire, Cp is 

the mass based heat capacity of Pt (130 J/kg·˚C) [54], A is the outer surface area of Pt 

wire, and Tsurface and Tair are the wire surface temperature and surrounding air 

temperature (27 ˚C), respectively. For the heat conduction term in eq. 3.4, because of 

the much smaller cross-section areas of the Pt wire than the surface area, any lateral 

heat flux is also without consideration.  
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    To solve for Tsurface, the above equation should be adjusted because of the existence 

of two variables T and Tsurface. The right side of this equation can be changed to an 

expression of heat conduction inside the wire. The transient energy balance inside a 

cylindrical volume element (a region between radii r and r + Δr) is evaluated by 

equating the sum of conductive heat flows in and out of this volume. So that eq 3.4 

can be transformed to: 

1
( )

p

T k T
r

t C r r r
  


  

                                                                                               (3.5)                             

where k is the thermal conductivity of Pt wire (71.4 W/m·˚C) [53]. We assume that 

the initial temperature (To) is uniformly distributed across r, and there is no energy 

absorption or generation on the wire surface. Finally, an analytical solution is 

approximately achieved by the first term of an infinite series of Bessel functions and 

the Heisler charts [55]: 

0

2
exp( )surface air

air p w

T T ht

T T C r


 


                                                                                      (3.6)                             

where rw is the radius of wire (38.4 μm). Since Tair = 27 ˚C, the surface temperature 

can be further simplified as: 

2
027 ( 27)exp( 1.86 10 )surfaceT T ht    

                                                               
 (3.7)                             

    The next step is to find h. We estimate this value by the optical images of the 

heated Pt wire in my wire test. A bare Pt wire was heated up to ~1082 ˚C by a 3 ms 

pulse and then kept still in the air to dissipate heat energy. Snapshots of the wire were 

taken continuously by a high speed camera (Phantom V12.1). As shown in Fig. 3.3, 

the onset of brightness on the wire occurred after 1.6 ms during the heating process, 

which corresponds to a surface temperature of ~695 ˚C. After the peak temperature 
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3.2.6. Spore morphological characterization 

    The heated wires were first mounted to stubs and then sputtered with 

gold/palladium alloy prior to the SEM using Hitachi S-4700. The dimensions of the 

spores were assessed by two parameters measured from SEM images, namely the 

aspect ratio (length divided by width) and the projected area (surface area inside the 

contour line of the cell body) of spores on the Pt surface. Statistical analyses are 

based on a spore population of >50. 

 

3.2.7. Estimation of vapor pressurization inside spores  

    The vapor pressure and temperature relationship was calculated by a simple closed 

model assuming the spore allows for heat but not mass transfer. Empirical 

thermodynamics data of superheated vapor and steam were used to plot the standard 

curve of pressure rise with temperature.  

    In detail, the vaporization of water contained in spores, typically inside the spore 

core which is protected by the crosslinked cortex layer, should result in a pressure rise 

if the water vapor cannot escape fast enough. In the case of a heating rate of ~105 ˚C/s, 

to a peak temperature of 400 ˚C, I observe surface rounding of the spore cortex layer 

(see Section 3.3.3). If I make an assumption that the water vapor is contained within 

the spore core and cortex until rupture, and that all liquid water can be vaporized prior 

to reaching a liquid-vapor steady state due to a high heating event, I can estimate the 

dynamic pressure within the spore structure. The volume under the spore cortex layer 

was estimated from the SEM images (see Section 3.3.3), providing a rough estimate 

of the available volume (V) for the gas: 
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3.3. Results 

3.3.1. Temperature profiles of the Pt wire surface 

Precise definition of the temperature-time-kill relationship for Bs spores in sub-

second time scales requires accurate and fast measurement of the spore temperature. 

Joule heating triggered by a strong electrical pulse enables me to quickly and 

accurately measure the transient temperature in a sub-second heating process. My 

temperature-time measurement shows that the transient temperature on the wire 

surface during heating followed a closely linear ascending trace (Fig. 3.1C), while 

temperature-time calculation based on radial heat transfer estimates a slow 

exponential decaying trace when the pulse was turned off (Fig. 3.1D). The 

temperature of the ascending trace was measured from the time dependent variations 

of the applied voltage and current (see eq. 3.3). By tuning the pulse time (2 ms to 50 

ms) and applied voltage, different maximum temperatures (200 ˚C to 800 ˚C) and  

 

Table 3.1. Calculated cooling times required for spores with different initial peak 
temperatures to drop to 40 ˚C. 

              To (˚C)                        t (ms) 

                200                             306 

                300                             360 

                400                             397 

                500                             425 

                600                             448 

                700                             467 

                800                             483 
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similar sigmoidal response. However, the faster heating rate of ~105 ˚C/s potentiates 

spore inactivation and effectively reduces the peak temperature required for 6-log 

spore neutralization when compared to the heating rate of ~104 ˚C/s. 

     The viability data above were fitted with a standard sigmoid model used in 

traditional low rate heating experiments [57] as follows: 

1

1 exp( ( ))c

S
k T T


 

                                                                                             (3.12)                            

where S is the survival ratio of spores (CFUfinal / CFUinitial), T is the peak temperature 

in a heating event, Tc is the critical peak temperature at which the spore viability is 

reduced by half, and k is the heat resistance parameter (larger k means spore viability 

is more temperature sensitive). In this study, the initial number of spores on the wire 

was measured as ~1.5×106 CFU. The fitted values of Tc and k are listed in Table 3.2. I 

found that the k value of the curve representing the spore destruction at the higher 

heating rates (~105 ˚C/s) was larger than that of the lower heating rates (~104 ˚C/s) 

(Table 3.2). In addition, Tc at the heating rates of ~105 ˚C/s was lower than that at the 

heating rates of ~104 ˚C/s. Together, these results indicate that ultrafast heating rates 

(~105 ˚C/s) potentiate spore inactivation.  

 
Table 3.2. Fitting results for the variables in eq 3.12. 

Heating conditions k (˚C-1) Tc (˚C) 

2 ms heating pulse (~105 ˚C/s) 0.096 199 

50 ms heating pulse (~104 ˚C/s) 0.056 382 
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3.3.3. Spore morphology after heating to defined peak temperatures at two ramp 

rates 

    We assessed the morphological features of spores after heating. The unheated 

spores had characteristic longitudinal ridges along their surfaces (Fig. 3.1B). At the 

heating rates of ~104 ˚C/s, after fast heating to a peak temperature of up to 300 ˚C, the 

aspect ratio and the projected area remained constant (Fig. 3.8A and Table 3.3). Fast 

heating to 410 ˚C caused spores to shrink (projected area on surface decreased by 48% 

to 0.43 μm2) (Fig. 3.8B). When heated to 570 ˚C (Fig. 3.8C), the spores were rounded 

(aspect ratio decreased by 37% to 1.56) without additional reduction in spore size 

(projected area decreased by 46% to 0.44 μm2). The spore surface lost its integrity 

after fast heating to 780 ˚C (Fig. 3.8D). These results indicate that the severity of 

morphological change under the fast-heating and high temperature conditions 

correlates with spore viability at the heating rates of ~104 ˚C/s (Figs. 3.7 and 3.8). We 

also investigated the morphology of spores exposed to faster heating (2 ms pulses, 

~105 ˚C/s). When heated to temperatures below 300 ˚C, the aspect ratio and surface 

area remained unchanged even though there was a large reduction in spore viability 

(Figs. 3.7 and 3.9B). At peak temperatures of 300 ˚C and above, pin holes and 

fissures were observed (Figs. 3.9C and 3.10). When heated to 410 ˚C, the aspect ratio 

decreased by 21% to 1.98 and the projected area decreased by 38% to 0.52 μm2 (Fig. 

3.9D). At a peak temperature of 520 ˚C, the aspect ratio further decreased by 53% 

to1.16 and the projected area reduced by 56% to 0.36 μm2 (Fig. 3.9E). By comparing 

spores exposed to the same peak temperature at two different heating rates, spores 
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Table 3.3. Changes to spore physical dimensions after 2 ms and 50 ms pulse heating to 
different temperatures, with related viability loss. 

Heating conditions Length (μm)a Width (μm)a Aspect ratio 

Projected area 

(μm2)b Viability (CFU) 

Unheated 1.54 ± 0.17 0.62 ± 0.05 2.49 ± 0.37 0.82 ± 0.09 1.5×106 

2 ms pulse, heat to 200 ˚C 1.47 ± 0.17 0.62 ± 0.02 2.38 ± 0.28 0.82 ± 0.10 7.8×105 

2 ms pulse, heat to 240 ˚C 

2 ms pulse, heat to 300 ˚C 

2 ms pulse, heat to 410 ˚C 

2 ms pulse, heat to 520 ˚C 

1.40 ± 0.14 

1.49 ± 0.14 

1.11 ± 0.11 

0.69 ± 0.05 

0.61 ± 0.03 

0.60 ± 0.04 

0.56 ± 0.05 

0.60 ± 0.07 

2.32 ± 0.31 

2.43 ± 0.25 

1.98 ± 0.21 

1.16 ± 0.15 

0.82 ± 0.07 

0.84 ± 0.11 

0.52 ± 0.05 

0.36 ± 0.04 

1.7×104 

5.7×101 

2.0×101 

0 

50 ms pulse, heat to 170 ˚C 1.45 ± 0.13 0.59 ± 0.03 2.46 ± 0.29 0.79 ± 0.09 1.5×106 

50 ms pulse, heat to 410 ˚C 1.11 ± 0.09 0.44 ± 0.04 2.57 ± 0.30 0.43 ± 0.02 2.4×105 

50 ms pulse, heat to 570 ˚C 0.81 ± 0.10 0.54 ± 0.05 1.56 ± 0.21 0.44 ± 0.04 4.2×101 

Note: Data are derived from a random sample of 15 spores from totally more than 50 spores 
in SEM images. 
aThe length and width were measured as the longest distances along the longitudinal and 
transverse directions of the spore body.  
bThe projected area does not represent the spore volume, but acts as a comparable variable to 
evaluate changes in dimension under different heating conditions. 
 

3.3.4. Effect of repetitive fast heat pulses (~104 ˚C/s) on the spore morphology and 

viability 

    My observations that faster heating rates and higher peak temperatures caused 

greater spore damage led me to propose a hypothesis that these two parameters have 

distinct effects on spores. To test this hypothesis, I devised two experiments to 

distinguish the effects of heating rate versus those of peak temperature. In the first 

experiment, I asked if repeated application of the same fast heating scheme resulted in 

accumulated damage to the spore (Fig. 3.11). The viability results show that spores 

exposed to 20 rounds of 200 ˚C in 50 ms decreased the survival rate by less than one 

order of magnitude, demonstrating that the viability loss in the first pulse is not  
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hours [8-10,11,13]. These results demonstrate that maximum peak temperature, rather 

than repetitive heating, is the primary determinant for spore morphology and viability 

when exposed to fast heating rates (~104 ˚C/s). 

 
Table 3.4. Changes to spore physical dimensions: the role of repetitive pulse heating. Data 
are derived from a random sample 50 spores in SEM images. 

Heating conditions                               Length(μm)         Width(μm)          Projected area(μm2) 

50 ms pulse×1, heat to 400 ˚C            1.26 ± 0.13           0.63 ± 0.11               0.67 ± 0.07                  

50 ms pulse×10, heat to 400 ˚C             1.20 ± 0.14           0.52 ± 0.07               0.55 ± 0.07 

50 ms pulse×15, heat to 400 ˚C             1.08 ± 0.11           0.45 ± 0.05               0.50 ± 0.06 

50 ms pulse×2, heat to 400 ˚C,         

then to 600˚C                                         0.80 ± 0.12           0.53 ± 0.05               0.43 ± 0.02 

 

3.3.5. Mechanism of inactivation by fast pulse heating (~104 ˚C/s) through analysis of 

mutant spores 

    To understand the mechanism of spore inactivation under the fast heating scheme 

(~104 ˚C/s), I have utilized wild-type strain PS533 [58] and three mutant spore strains: 

1) Strain PS3328 lacks cotE gene [59] which encodes a protein required for outer coat 

assembly [60]; 2) Strain PS578 has deletions in sspA sspB genes [58] which encodes 

SASP that bind and protect DNA in spores [3, 61]; Strain PS2318b lacks recA gene 

[36] which encodes a protein required for DNA repair. Wide-type spore strain (PS553) 

and PS3328 retained similar viability at 300 ˚C (Fig. 3.14). In contrast, PS2318b and 

PS578 mutants had significant viability reductions by 1-3 logs at peak temperatures 

around 300 ˚C (Fig. 3.14), indicating that the DNA-repair proteins and SASP protect 

the Bs spore against fast heating pulse. At peak temperatures >400 ˚C, wild-type and 

all the three mutant spores had similar viability reductions of ~4 logs (Fig. 3.14). 
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3.4. Discussion 

3.4.1. Temperature profiles of Bs spores on the Pt wire surface 

    Do Bs spores reach the same temperature as the Pt wire? Previous studies have 

revealed rapid heat transfer from the environment to the spore. Kumar et al [62] 

showed that the spore took ~0.1 ms to reach the surrounding temperature of ~400 ˚C. 

Xing et al [63] showed that the temperature could reach steady state in less than 0.5 

ms. Since the spores are directly in contact with the wire (Fig. 3.1), the temperature 

increase of the spores will approximate the temperature increase of the wire in a 2 - 

50 ms pulse heating process. I also assessed the accuracy of the temperature 

measurements and the distribution of heat along the length of the wire by using 

blackbody calibration, which showed that the wire temperature measurement fit to 

theoretical values precisely, especially below 1000 ˚C. Unlike the reported 

temperature measurements using thermocouples in the gas-phase spore inactivation 

studies that show a certain spatial temperature distribution [17-25], my results show a 

narrow temperature distribution along the entire length of the wire (see the evenly 

distributed temporal light intensity on wire in Fig. 3.3). 

 

3.4.2. Spore viability heated to fixed peak temperatures under the same pulse time 

    There is intense interest in characterizing inactivation of Bacillus spores by sub-

second heating pulses. Here I compare and contrast the results from thermal 

inactivation of spores affixed to solid surfaces to other studies. In general, sub-second 

heat inactivation of spores has a sigmoid temperature-kill relationship. Gates et al [18] 

implemented pressure shocks to rapidly increase the air temperature around 
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aerosolized Bs spores to 200 ˚C to 700 ˚C within 2-45 ms. The loss of viability 

occurred at ~200 ˚C, followed by decrease by 5 logs from 200 ˚C to 500 ˚C. Further 

reduction in viability at higher temperatures was minimal. Grinshpun et al [19, 20] 

exposed aerosolized Bs spores to hot air flow (150 ˚C to 1000 ˚C) and controlled the 

entire exposure time to be around 0.2 s to 1 s. Due to rapid heat transfer into 

aerosolized spores [62], the exact time to reach peak temperature could be much 

shorter. Similarly, the viability of spores started to decrease at 200 ˚C to 250 ˚C. From 

250 ˚C to 370 ˚C, the viability dropped exponentially by 5 logs. Recently, Xing et al. 

[63] utilized a conductive heating system to rapidly heat B. anthracis spores placed 

on a gold foil in 0.1 s. They found that the viability decreased exponentially with 

temperature, with a reduction of 5 logs from 300 ˚C to ~700 ˚C. All these studies 

show clear correlations between temperature, heating time and spore inactivation 

efficiency. Although the temperature-kill curves from previous studies [18-20, 63] are 

similar to my results (Fig. 3.7), the spore inactivation mechanisms are different. 

Grinshpun et al [19, 20] heated aerosolized dry spores through a top-hat heating 

scheme and found the primary contribution to spore inactivation was the peak 

temperature and the heating time. Gates et al [18] killed spores in a gas dynamic 

heating scheme induced by mechanical shocks, in which the high pressure and top-hat 

temperature have synergistic effect on spore inactivation. However, the heating rate 

was not directly measured in these studies as an important factor. Our studies 

demonstrate that ~105 ˚C/s heating schemes can potentiate spore inactivation (Fig. 

3.7). 
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    The sigmoid nature of spore destruction kinetics is consistent with the kill curves 

within other time-kill models. Spores are resistant to applied heat during a short 

period of time, while suffered from rapid inactivation by 3-6 logs when the heating 

time is elongated [64]. Further increasing the heating time can induce complete 

inactivation of the few surviving spores [57]. Compared with these well-studied time-

kill models, studies of temperature-kill relationships have been limited due to the 

narrow temperature range of conventional heating methods. The temperature-kill 

results demonstrate a similar sigmoid feature for spore inactivation. There are also 

three stages relative to the Tc. At temperatures well below the Tc, spores are resistant 

to thermal damage. At temperatures near the Tc, the spores are readily inactivated and 

the survival ratio drops logarithmically. At temperature well above the Tc, the 

remaining spores are completely inactivated. 

 

3.4.3. Relationship of spore morphology heated to defined peak temperatures at two 

ramp rates 

    I observed two different morphological changes at the two different heating rates. 

When heated at ~104 ˚C/s rate that is similar to other heating scheme studies, I find 

that increasing severity of morphological change correlates with decrease in spore 

viability. Our results here demonstrate that when Bs spores heated to 400 ˚C at ~104 

˚C/s, a reduction of 38-42% in the projected area of spores was induced (Table 3.3). 

This reduction in projected area matches the ratio of areas of the spore cortex and the 

spore coat from previous observations made by TEM of spore thin sections [2, 65, 66]. 

From these TEMs, I calculated the projected areas of the intact spore with coat and 
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the spore that has shed the coat, and estimated the reduction in the projected area to 

be between 32-40% based on the removal of the coat (Table 3.5). In contrast when 

spores exposed to ~105 ˚C/s heating rate, the spore viability decreased rapidly at 

temperatures above 200 ˚C. However, the aspect ratio and projected area remain 

unchanged. The exact correlation between the mechanical changes of spores from 

morphological studies and the spore inactivation efficiency remains to be determined. 

These results suggest that spores exposed to these higher heating rates (~105 ˚C/s) are 

inactivated by a different mechanism than spores inactivated at ~104 ˚C/s.  

 
Table 3.5. Reference data on the dimensions of the coat layer, cortex layer and core of Bs 
spores. 

Reference               Coat thickness(μm) Cortex thickness(μm) Core radius(μm) Projected area ratio 

Driks, A. [65]                       0.10                        0.13                          0.35                        0.68 

  Nicholson,W et al. [2]           0.11                        0.12                          0.27                        0.60 

  Takamatsu,H et al. [66]        0.06                         0.12                          0.12                        0.65 
Noat: The projected area ratio= (Projected area of a decoated spore) / (Projected area of an intact 
spore). 

 

3.4.4. Spore inactivation at fast heating rates (~104 ˚C/s) through DNA damage 

    I determined the mechanism of heat inactivation of spores affixed on surfaces by 

utilizing mutant strains defective for DNA protection, DNA repair and coat assembly. 

I used the fast heating rate (~104 ˚C/s) that allows detection of increased sensitivity in 

mutant spores. The results show that DNA damage is a major contributor to 

inactivation of surface attached dry spores in the fast heat scheme, which is consistent 

with the mechanism for inactivation of aerosolized spores exposed to extreme dry 

heat [22, 50]. Spore coat is not required for heat resistance in this heating scheme 

which agrees with results by Setlow et al [3, 67] that demonstrated that decoated 
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spores had similar heat resistance to the wide-type spores. Instead, they found that the 

spore coat was mainly involved in resistance to some biocidal chemicals [47-49]. In 

agreement with the cotE mutant analysis, the morphological studies also show that 

when heated at ~104 ˚C/s spores with melted coats at 400 ˚C had minimal reduction in 

viability (Fig. 3.8B). Together, my results indicate that surface attached spores heated 

in my fast heating scheme (~104 ˚C/s) behave similar to dry spores heated in other 

aerosol heating schemes [17-25]. 

 

3.4.5. Spore inactivation at heating rates of ~105 ˚C through rapid pressurization 

inside spore 

    My results yield an interesting finding: when heated to the same peak temperature, 

higher heating rates of ~105 ˚C/s potentiate thermal inactivation of spores as 

compared to ~104 ˚C/s (see the temperature range from 250 ˚C to 450 ˚C in Fig. 3.7). 

What is the basis for enhanced spore inactivation by these higher heating rates? Since 

the peak temperature in these two heating schemes is the same, the observed 

enhanced killing of Bs spores must be due to the rate of heating (Fig. 3.7). We 

propose that this effect is due to vaporization of the internal contents of the spore, i.e. 

water, DPA and other volatiles. SEM images of spores heated at the ~104 ˚C/s 

revealed that the spores had minimal morphological change until >400 ˚C (Fig. 3.8 

and Table 3.3). In contrast, SEM images of spores heated at ~105 ˚C/s formed the 

cracks and fissures at temperatures as low as 300 ˚C (Figs. 3.9C and 3.10). Spore 

viability was reduced at a lower peak temperature of 240 ˚C (Fig. 3.7) without 

detectable morphological change (Fig. 3.9), suggesting that transient holes may form 
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in the spore coat that is not detectable by SEM (Fig. 3.9B). We tested whether 

pressurization events are occurring on the heated spore by testing the effect of 

external pressure on spore morphology. Spores on a wire were heated to the same 

peak temperature at ~105 ˚C/s in three different pressures: (1) vacuum, (2) 

atmospheric (1 atm), and (3) four atmosphere (4 atm) pressure. Under vacuum, the 

spores displayed an exaggerated morphology in which large holes were formed (Figs. 

3.16C and 3.16F). In contrast, SEMs of spores heated in excess external pressure 

showed ‘balloons’ on the surface of spores indicating that the external pressure 

contained the expansion of explosive volatiles (Figs. 3.16A and 3.16D). 

    Based on these observations, one possible mechanism for enhanced killing at 

ultrafast heating rates is the dynamic internal pressure generated by violent 

vaporization of volatiles, including water that imposes dynamic shock on spores. To 

estimate the dynamic internal pressure within spores during these heating events, I 

assumed that water is the primary volatile component in the cell since water 

comprises ~30% of the spore core mass [68]. Assuming minimal diffusive loss, and 

all liquid water is vigorously vaporized after 200 ˚C due to the rapid heating rates, 

dynamic pressure is a function of peak temperature [69]. Using the amount of water 

presented in the spore core and the volume of the spore core, the dynamic pressures at 

240 ˚C and 400 ˚C are estimated to be 308 MPa and 404 MPa, respectively (Fig. 3.5). 

Based on my killing curves (Fig. 3.7) and morphological changes (Figs. 3.8 and 3.9), 

the maximum dynamic internal pressures that spores can sustain (without significant 

reduction of viability and failure of spore coat) are 308 MPa at a heating rate of ~105 

˚C/s, and 404 MPa at a heating rate of ~104 ˚C/s. This huge difference in the yield 
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stresses indicates that the assumption of minimal diffusive loss of volatiles from the 

spore core must be incorrect. If I assume the diffusive rate of water through the spore 

coat keeps constant at v (MPa/ms) during the temperature range of 240 - 400 ˚C, the 

real yield stress of spore coat (σyield) at both heating rates can be express as: 

1 1 2 2yield P vT P vT                                                                                             (3.13)                             

P1 (308 MPa) and P2 (404 MPa) are the maximum dynamic internal pressures of 

spores at heating rates of ~105 ˚C/s and ~104 ˚C/s, respectively. T1 (2 ms) and T2 (50 

ms) are the pulse heating times at heating rates of ~105 ˚C/s and ~104 ˚C/s, 

respectively. The results are v = 2 MPa/ms and σyield = 304 MPa. Considering that the 

water diffusion rate (2 MPa/ms) is closer to the pressurization rate (8 MPa/ms) at 

~104 ˚C/s, but much smaller than the pressurization rate (154 MPa/ms) at ~105 ˚C/s, it 

is easy to understand the potentiation of thermal inactivation at higher heating rates 

by internal pressurization. A similar explanation for spore inactivation was reported 

by Xing et al [63]. They found that the spore surface was ruptured after rapid heating 

to 300 ˚C for 10 s, suggesting the vaporized content inside spores cannot promptly 

diffuse out and therefore the pressure-induced mechanical stresses exceed the yield 

stress of spores. The authors measured the temporal modulus of spores with 

temperature and found the modulus to be ~ 400 MPa at 275 ˚C [70]. We should also 

note that the maximum hydrostatic pressures (400 – 800 MPa) employed in the 

industrial high-pressure sterilization approaches [71-73] are larger than my 

aforementioned result (304 MPa). This suggests that the dynamic yield stress of 

spores could be smaller than that under static pressure.  
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    Given the approximations used in my estimates, and the fact that the tensile stress 

of the spore exterior layers is probably also temperature sensitive (decreases as the 

structure melts at high temperatures), my result indicates that spores in ultrafast-heat 

(~105 ˚C/s) and high-temperature processes are more susceptible to increased internal 

pressures and liable to lose both viability and morphological integrity. It should be 

noted that such critical heating rates may also be different for other spores, depending 

upon the degree of dehydration and the permeability of water in the spores.  

 

3.5. Conclusion 

    Surface immobilized bacterial spores subjected to sub-second and ultrahigh heating 

conditions were characterized for spore inactivation and morphological changes. 

There are two key determinants in spore inactivation. First, maximal peak 

temperature greater than 700 ˚C led to 6 logs reduction in spore viability. Second, 

ultrafast heating of the initial pulse exceeding ~105 ˚C/s potentiates spore inactivation. 

Repetitive heating had no discernible effect on spore morphology and survival rate, 

implying that damage is not cumulative in sub-second heat exposures. At fast heating 

rates (~104 ˚C/s), mutant spores that lack sspA sspB and recA genes were more 

susceptible to inactivation, indicating that DNA damage contributes to spore 

inactivation at ~104 ˚C/s. At higher heating rates of ~105 ˚C/s, rapid pressurization 

inside spores is the major contributor to inactivation. The exact correlation between 

the mechanical changes of spores from morphological studies, and the spore 

inactivation efficiency remains to be determined. The temperature-time-kill 

correlation described for spores undergoing a pulse heating process (~103 ˚C/s to ~105 
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˚C/s) can be utilized for generating novel strategies to inactivate biological warfare 

threats due to bacterial spores. 
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Chapter 4: Synergistic Effects of Ultrafast Heating and Gaseous 

Chlorine on the Neutralization of Bacterial Spores*  

 

Overview 

We have seen the neutralization effect of ultrafast heat in Chapter 3. In this chapter, 

I continued to investigate the synergism between rapid heating (~104 ˚C/s to ~105 ˚C/s) 

and chlorine gas in the neutralization of Bacillus thuringiensis (Bt) spores – a close 

relative of B. anthracis (Ba), which is a known biowarfare agent. Bt spores were 

heated in a gas chamber with defined concentrations of Cl2 gas and relative humidity 

(RH). The critical peak temperature (Tc) of spores, which corresponds to 50% 

reduction in viability, was decreased from 405 ˚C when heated at ~104 ˚C/s in air to 

250 ˚C when heated at the same rate in 100 ppm Cl2. SEM results show no obvious 

difference between the morphologies of spores heated in air or in Cl2 at ~104 ˚C/s. 

These results indicate that Cl2 gas acts in synergy with high temperatures (>300 ˚C) 

to neutralize Bt spores. Similarly, the Tc for Bt spores heated at the faster rate of ~105 

˚C/s was reduced from 230 ˚C when heated in air to 175˚C when heated in 100 ppm 

Cl2. At ~105 ˚C/s, the treatment of Cl2 did not alter spore morphology at temperatures 

below 300 ˚C. At temperatures above 450 ˚C with Cl2, the spore coat detached from 

the underlying core. The effect of Cl2 was further examined by changing the RH of 

Cl2 gas. The results show that highly humidified Cl2 (RH = 100%) reduced Tc by 170 

˚C and 70 ˚C at ~104 ˚C/s and ~105 ˚C/s, respectively, as compared to dry Cl2 (RH = 

0%). Energy dispersive spectrometric (EDS) results demonstrate that Cl on the spore 
                                                 
* The results presented in this chapter have been submitted to the following journal article: W. Zhou, M. W. Orr, 
V. T. Lee*, M. R. Zachariah*. Synergistic Effects of Ultrafast Heating and Chlorine Gas on the Inactivation of 
Bacterial Spores. Chem. Eng. Sci., 2015, Submitted. 
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increased with elevated peak temperature, with the majority of the Cl located in the 

shed spore coat. This study indicates that the major mechanism of spore 

neutralization by the synergism of Cl2 and rapid heat is chlorine reacting with the 

spore surface. 

 

4.1. Introduction 

    Bacterial spores are important since they pose a risk to public health and military 

biodefense [1-3]. Neutralization of spores is a significant challenge since they are 

much more resistant than their vegetative counterparts to a variety of external stresses 

such as UV irradiation, extreme pH values, chemicals, and temperature extremes [4-

6]. Studies have shown that spore longevity and resilience is correlated to physical 

features of spores, including a tight proteinaceous spore coat that inhibits chemicals 

penetration, low water content in the spore core to reduce metabolism, as well as the 

production of proteins for DNA stabilization (e.g. α/β-type small acid soluble proteins 

(SASPs)) [6]. One of the primary strategies for spore neutralization is to expose them 

to autoclaving heat (120-150 ˚C) for minutes to hours [7-9]; however, this approach is 

not appropriate for the large-scale neutralization of spores. To further improve the 

killing efficacy, aerosol based techniques are being developed to rapidly inactivate 

airborne bacterial spores by rapid heating (>200 ˚C within a timescale of a second) 

[10-16]. At this timescale, more than 3-logs reduction in spore population can be 

achieved when the peak temperature ranges from 200 to 400 ˚C. An analogous 

approach of spore inactivation by heat has been tested using heat generated from 

exothermic reactions of energetic materials such as aluminum-based thermites [17]. 
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This approach is able to produce even higher peak temperatures (> 2200 ˚C) over a 

shorter period (~0.1 s), and leads to a 7-log reduction of spore viability [17]. 

Although these methods are capable of neutralizing spores, an accurate and 

quantitative relationship of time-temperature-kill for spores is not available due to the 

variability in temperature distribution and the resident exposure time of these heating 

schemes. Nevertheless, a precise time-temperature-kill relationship is needed for 

predicting and ensuring a successful outcome of large-scale neutralization events. In 

order to improve the accuracy of measurements of the temperature history on spores, 

an alternative approach has been developed by heating spores deposited on 

conductive surfaces [18] that allows measurement of the transient temperature using 

the standard electric resistance-temperature relationships [18]. Since the transient 

temperature of immobilized spores can approximate that on the immobilizing surface 

[19], the time-temperature-kill relationship for spores can be accurately measured. 

Results showed that a 6-log reduction in spore counts could be achieved by rapidly 

heating spores to 600 ˚C within 50 ms at a heating rate of ~104 ˚C/s. The 

neutralization mechanism was likely due to DNA damage as mutants in sspA sspB are 

sensitized for killing [6]. Faster heating rates (~105 ˚C/s) also improved spore 

neutralization, which was associated with increased structural destruction of spore 

coat through increased pressure of vaporization [19].  

    In addition to heat, another commonly used disinfection procedure for spores 

utilizes biocidal chemicals [20]. Commonly used biocides (antibiotics, detergents, 

alcohol) have little effect on spore viability [21]. In contrast, strong oxidation agents, 

such as chlorine, iodine, sulfur, silver, and compounds containing these elements, 
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have demonstrated efficacy in spore inactivation [20]. Among these sporicides, Cl2 is 

one of the few agents that are gaseous at room temperature. The main advantage of 

Cl2 over other aqueous sporicides is that gas provides greater coverage, thus 

facilitating the neutralization of both airborne and surface-associated spores. Cl2 can 

directly chlorinate functional groups on macromolecules in cells to damage proteins, 

nucleic acids and lipids [22,23]. In addition, Cl2 can react with water to form 

hypochlorous acid (HOCl) and hydrogen chloride (HCl). Both compounds can also 

react with spores to inactivate them [24][25].  

    The performance of Cl2 depends on two characteristic factors: concentration (“C”) 

and inactivation time (“T”). The US Enivronmental Protection Agency and the water 

treatment industry has set the units of Cl2 concentration in parts per million (ppm) and 

the inactivation time in minutes [26]. In general, the “CT” product is a constant for 

spores of a specific Bacillus strain required to achieve a defined reduction of viability 

[27]. Table 4.1 presents some documented “CT” results for different Bacillus spores 

[24, 26-38]. The “CT” product for a 4-log reduction in spore viability is ~3×104 

ppm·min (~100 mg·min/l) for most of Bacillus spores when the Cl2 concentration is 

below 3×103 ppm [26-30]. At much higher Cl2 concentrations (e.g. 7×106 ppm), this 

“CT” value is significantly larger than ~3×104 ppm·min, and the minimum exposure 

time is 5 min [24, 31, 32]. In order to improve the neutralization efficiency at 

exposure times under a second, which according to the “CT” rule would require 

concentrations of Cl2 >108 ppm (close to that of pure Cl2 liquid). The use of these 

concentrations of Cl2 would be impractical as a method to safely neutralize spores 

[39]. To meet the guidelines set by the U.S. Food and Drug Administration (FDA) for 



97 
 

food and drinking water processing (Code of Federal Regulations Title 21 Part 

173/178) [40, 41], new approaches are in development to combine heat with 100 - 

2000 ppm Cl2. 

 
Table 4.1. Chlorine concentration-exposure time-kill relationships for Bacillus spores in 
solution. All measurements were done at the room temperature. 

Reference Bacillus spore 
Cl2 concentration 
(ppm) 

Exposure time 
(min) 

Viability 
reduction 

Brazis et al. [27] B. anthracis 63-110 420 4-log 

Brazis et al. [27] B. globigii 50-113 1080 4-log 

Rice et al. [28] B. anthracis 267 120 2-log 

Fair et al. [29] B. anthracis 333 60 3-log 

Rose et al. [26] 
B. anthracis, 
B. cereus, B. 
thuringiensis 

667 45-61 >4-log 

Hosni et al. [30] B. globigii 500-667 118-234 3-log 

Brazis et al. [27] B. anthracis 767-800 49 4-log 

Brazis et al. [27] B. globigii 833-867 82 4-log 

Fair et al. [29] B. anthracis 1000 30 3-log 

Szabo et al. [31] B. anthracis 3333 60 4-log 

Kreske et al. [32] B. cereus 6.7×104 5 >3.8-log 

DeQueiroz et al. [24] B. subtilis 8.3×106 5 4-log 
 

    One such potent, more environment-friendly and safer approach is to synergize the 

neutralization of spores by Cl2 with heat. Xu et al. [42] studied the inactivation of 

Bacillus spores by Cl2 (~1000 ppm) under high-temperature short-time pasteurization 

conditions (~80 ˚C, ~1min), and found a viability reduction of 6-logs. Further tests 

using a higher temperature of 120 ˚C resulted in inactivation of spores by 6-logs 

within 16s, whereas it took >30 mins to achieve viability reduction of 6-logs by 

employing either Cl2 gas (1000 ppm) (Table 4.1) or heat (120 ˚C) [7-9]. Based on 

these results, higher temperatures (>200 ˚C), and diluted Cl2 gas (< 2000 ppm) 

synergistically inactivated Bacillus spores. 
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    In this work, I investigated the synergistic effects of ultrafast heating and Cl2 gas 

on the inactivation of Bt spores. Bt spores, while closely related to Bacillus anthracis 

(Ba) spores that are considered as a serious bioterrorist weapon, is not pathogenic to 

humans. Both Bt and Ba spores were reported to have similar sensitivity to biocides 

[43], so I expect the results in this study can be utilized for the neutralization of Ba 

spores in the future. For these studies, Bt spores were electrophoretically deposited 

onto a fine Pt wire [19]. By tuning the heat pulse time (2 ms and 50 ms) and peak 

temperature (~1200 ˚C) for the Pt wire, the heating rate (~104 ˚C/s and ~105 ˚C/s) and 

time-resolved temperature for individual spores were measured [19]. Using this 

thermal approach, I evaluated the effect of 100 ppm (0.3 mg/l) Cl2, a concentration 

below the FDA safety guidelines, in combination with different peak temperatures 

and heating rates, on the neutralization of spores. Spore viability and morphology 

were assessed after these treatments by determining the viable number of colony 

forming units (CFU) and scanning electron microscopy (SEM). To investigate the 

neutralization mechanism of Cl2, spores were also heated in Cl2 gas with different 

relative humidities, to see the roles of the hydrolysis products of Cl2 (hydrogen 

chloride (HCl) and hypochlorous acid (HOCl)). Energy dispersive X-ray 

spectroscopy (EDS) was employed to determine the elemental changes of Cl and 

carbon (C) in spores. 
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4.2. Materials and methods 

4.2.1. Spore attachment on platinum wires 

Bt spores were sporulated in Difco Sporulation Medium (DSM) at 30 ˚C for 48 h. 

The 250 mL of DSM included 2 g Bacto nutrient broth, 2.5 mL 10% KCl, 0.375 mL 1 

M NaOH and 2.5 mL 1.2% MgSO4·7H2O. The spore concentration was enumerated 

by plating to be 8×109 colony-forming units per milliliter (CFU/mL). The purity of 

spores was found more than 99%. Bt spores were electrophoretically immobilized 

onto a sterilized platinum (Pt) wire with a diameter of 76.8 μm (Omega Engineering, 

Inc.). The electroplating experiments were conducted in an in-house spore deposition 

cell [44]. By controlling the biased deposition voltage, pulse frequency and overall 

charging time (from a 6340 sub-femtoamp remote sourcemeter, Keithley), I am able 

to prepare a uniform monolayer of Bt spores on the wire after 5 pulses [44]. More 

information of the spore deposition cell and spore coating scenarios in detail can be 

found in my previous studies (Chapter 2 and 3) [19, 44]. 

 

4.2.2. Wire heating test in Cl2 gas filled chamber 

The spore coated wire was connected to an in-house built power source, working as 

a temperature jump probe (Fig. 4.1). The wire was then inserted into a gas chamber 

that is connected to a vacuum pump and a Cl2 gas tank (Fig. 4.1). Prior to the pulse 

heating of the wire, the chamber was emptied by vacuum and replenish with the 

appropriate concentrations of Cl2 gas. For evaluating the effect of relative humidity 

(RH) of Cl2 gas, the chamber is also connected to a water bubbler that can supply 

water vapor into the chamber. RH was monitored using an attached humidity meter. 
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A defined thermal history for spores on wire during the heating period was measured 

through the dynamic electric resistance-temperature relationship for Pt (Callendar-

Van Dusen equation [18]). The peak temperature (~200 ˚C to ~700 ˚C) and the 

heating rate (~104 ˚C/s to ~105 ˚C/s) can be precisely controlled by tuning the applied 

voltage and the pulse time (2 ms to 50 ms). The temperature-time profile for spores in 

the cooled region was calculated according to an energy balance equation which was 

dominated by the heat conduction. It is estimated that the cooling time scale is 

between ~300 ms and ~500 ms [19]. The detailed description of the transient 

temperature measurement on spores can be found in Chapter 3 [19]. 

 

4.2.3. Determination of colony forming units 

The viable spores after various heat and Cl2 treatments were enumerated by 

determining CFUs. Spore-coated wires were completely submerged in 1 mL of 

Lysogeny Broth (LB) media (10 g tryptone, 5 g yeast extract and 5 g NaCl per liter) 

and placed on a shaker at the 37 ˚C for three hours to allow for the germination and 

detachment of viable spores from the wire surface. After incubation, samples were 

serially diluted and plated on LB agar plates to count viable CFUs.  

 

4.2.4. Characterization of morphology of spores  

    The surface morphology of spores with or without treatment of Cl2 and rapid heat 

was investigated by SEM (Hitachi S-4700) using an accelerating voltage of 5 kV. 

Prior to imaging, the spore-coated wire was attached to stubs and then sputtered with 

gold/palladium alloy. 
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analyze the distribution of elemental masses in both compartments. Statistical 

analyses are based on a spore population of ~10. 

 

4.3. Results and discussion 

4.3.1. Spore viability heated at two ramp rates in air and in Cl2 

    The neat effect of fast heating on the viability of Bt spores in air was determined 

and the relationship between peak temperature and spore viability was plotted in Fig. 

4.2. The viability data fit a sigmoidal model [45] as: 

1

1 exp( ( ))c

S
k T T


 

                                                                                               (4.1)                             

where S is the survival ratio of spores (CFUfinal / CFUinitial), T is the peak temperature, 

Tc is the critical peak temperature to induce viability reduction by half, and k is the 

heat resistance parameter. The fitted values of Tc and k are listed in Table 4.2. 

Compared to Tc  (405 ˚C) at the temperature rate of ~104 ˚C/s, Tc at ~105 ˚C/s 

decreases to 230 ˚C. In addition, a reduction of 6-logs was achieved at the peak 

temperatures of 400 ˚C and 600 ˚C at ~105 ˚C/s and ~104 ˚C/s, respectively. These 

neutralization data for Bt spores resemble those for Bs spores in my previous studies 

(Chapter 3) [19], indicating that the faster heating rate of ~105 ˚C/s is able to 

effectively decrease the peak temperature required for spore neutralization when 

compared to the heating rate of ~104 ˚C/s. In addition, the k value of the 

neutralization curve at the higher heating rate (~105 ˚C/s) was larger than that at the 

lower heating rate (~104 ˚C/s), indicating that Bt spores are more sensitive to higher 

heating rates. These results show a better neutralization effect for Bt spores by higher 

heating rates and higher peak temperatures. 
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    The effect of Cl2 gas and rapid heat was evaluated for their ability to synergistically 

neutralize Bt spores. The resistance of Bt spores to Cl2 gas at room temperature was 

first assessed. After 15 minutes of exposure, spore viability was not affected when 

exposed to 1 ppm (0.003 mg/L) to 100 ppm (0.3 mg/L) of Cl2 (Fig. 4.3), whereas 

spores were completely neutralized by 1000 ppm of Cl2. We used 100 ppm of Cl2 for 

the rest of this study since this concentration did not neutralize Bt spores in the 

absence of heat and is within the FDA guidelines (200 – 2000 ppm) [41, 42]. Heating 

to 250 ˚C at 104 ˚C/s, and 170 ˚C at 105 ˚C/s (Fig. 4.2) reduced spore viability. 

Compared to the viability results by heat treatment alone, the critical peak 

temperatures Tc decrease by 150 ˚C and 50 ˚C at heating rates of 104 ˚C/s and 105 ˚C/s, 

respectively (Table 4.1). In addition, a 6-log viability reduction was achieved at lower 

temperatures of 300 ˚C at 105 ˚C/s, and 450 ˚C at 104 ˚C/s. These results show a 

synergistic effect of rapid heat pulses and Cl2 gas in the neutralization of Bt spores in 

both heating schemes. It should be noted that the k values for the neutralization 

curves of spores treated with Cl2 and without Cl2 are similar at the same heating rate (> 

0.1 for 50 ms pulse and < 0.1 for 2 ms pulse), indicating that the temperature 

sensitivity of spore neutralization is primarily controlled by the heating rate instead of 

the addition of Cl2. 
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of 1.5 µm (longitudinal) times 1.0 µm (transversal) with wrinkly protrusions along 

their surfaces (Fig. 4.5A and Fig. 4.3B). In the absence of heat, treatment with Cl2 gas 

up to 1000 ppm, which was sufficient to completely inactivate Bt spores, did not alter 

spore morphology (Fig. 4.3C). The relationship between spore morphology and peak 

temperature was investigated first for Bt spores exposed to the higher heating rates 

(~105 ˚C/s). The spore coat remains unaffected when heated to a peak temperature of 

200 ˚C at ~105 ˚C/s (Fig. 4.5B). When heated to 300 ˚C at ~105 ˚C/s, the spore surface 

started to melt and the surface protrusions were reduced (Fig. 4.5C). Further increases 

in the peak temperature to ~400 ˚C at ~105 ˚C/s caused the surfaces of Bt spores to 

melt (Fig. 4.5D). At higher peak temperatures of >450 ˚C, the surface coat was 

completely melted and only the underlying core remained (Fig. 4.5E and 4.5F).  

    When 100 ppm Cl2 was used, Bt spores were morphological indistinguishable from 

the spores treated by heat alone when the peak temperature is below ~400 ˚C (Fig. 

4.5G-4.5I and Fig. 4.5A-4.5C). However, a distinct morphology emerged after ~400 

˚C when additional surface cracks were formed and the spore coat were detached 

from the underlying core (Fig. 4.5J-4.5K) in contrast to the spore coat melting in the 

absence of Cl2. The disintegration of spore coat was further deteriorated when the 

humidity of Cl2 increased to 100% at 400 ˚C (Fig. 4.6), suggesting that the effect of 

Cl2 on the destruction of spore coat is associated with RH. Together these results 

indicate that Cl2 acts on the surface of the spore to alter the fluidity of the spore coat. 

    The SEM images of Bt spores at a lower ramp rate of ~104 ˚C/s revealed similar 

morphological changes (Fig. 4.7A-4.7D) as that at a higher ramp rate of ~105 ˚C/s    

(Fig. 4.5A-4.5D). Bt spores started to melt at the peak temperature of ~300 ˚C, and 



 

F
w
r
e
 

F
h
 

Figure 4.5. 
without (A-F
red arrows a
exposed spor

Figure 4.6. 
humidities ar

Spore morp
F) or with (G
and the black
re cores, resp

Spore morp
re controlled 

phologies wh
G-L) the prese

k arrows in 
pectively. 

hologies wh
as 0% (A), 4

108

hen heated t
ence of Cl2. T
image 4K a

hen heated to
40% (B) and 

to different 
The relative 
and 4L desig

o ~400 ˚C a
100% (C), r

peak temper
humidity wa

gnate detache

at 105 ˚C/s in
espectively. 

ratures at 10
as kept at 40%
ed spore coa

n Cl2. The r

 

05 ˚C/s 
%. The 
ats and 

 

relative 



 

F
w
 

c

a

4

b

 

4

 

c

E

i

(

i

T

c

Figure 4.7. 
without (A-D

completely 

alter Bt spor

4.7A-4.7D)

by peak tem

4.3.4. Chang

   To evalu

carbon (C) 

EDS. Calciu

inside spore

(Fig. 4.8). T

indicating th

The Cl cont

concentratio

Spore morp
D) or with (E

melted at t

re morpholo

. These resu

mperatures a

ges in C an

uate the effe

within spor

um was use

es will not c

The Cl cont

hat Cl2 gas 

tent was inc

on of Cl for

phologies wh
-H) the prese

the peak tem

ogy (Fig. 4.

ults indicate

at ~104 ˚C/s.

d Cl conten

ect of Cl2 o

res treated b

ed in these e

change with

tent of the s

does not rea

creased as th

r spores he

109

hen heated t
ence of Cl2. T

mperature o

7E-4.7H) co

e that the m

  

nts inside Bt 

on spores, t

by different

experiments

hin my exp

spores expos

act readily w

he peak temp

ated to 400

to different 
The relative h

of ~400 ˚C. 

ompared to 

morphologic

spores expo

the mass fr

t heating sc

s as a standa

erimental te

sed to Cl2 a

with the spo

perature ros

0 ˚C ~50 fo

peak temper
humidity is w

The additio

the effect o

cal changes 

osed to rapi

ractions of c

chemes were

ard since th

emperature 

at room tem

ores at ambi

se at ~104 ˚C

lds higher t

ratures at 10
was kept at 4

on of Cl2 d

of heat alone

were deter

id heat and 

chlorine (C

e measured

e calcium c

range (< 70

mperature wa

ient tempera

C/s, with the

than that at

 

04 ˚C/s 
0%. 

did not 

e (Fig. 

rmined 

Cl2 

Cl) and 

d using 

content 

00 ˚C) 

as low 

atures. 

e mass 

t room 



110 
 

temperature. At the higher ramp rate of ~105 ˚C/s, a similar trend of increased Cl 

content was observed for spores exposed to higher peak temperature. At each 

temperature, the Cl content of spores exposed to ~105 ˚C/s heating rate was higher 

than spores exposed to the ~104 ˚C/s heating rate (Fig. 4.8B). These results 

demonstrate that both heat and heating rate enhance the reaction of Cl2 with the 

spores. To determine the location on the spore that is reacting with Cl2, I took 

advantage of the SEM observation that the spore coat detaches from the core when 

heated to 500 ˚C at ~105 ˚C/s heating rate in the presence of Cl2. EDS of the detached 

spore coat revealed that there is a Cl/Ca ratio of 0.335 as compared to 0.005 Cl/Ca 

ratio in the core (Fig 4.8B). The 70-fold increase in Cl concentration in the spore coat 

indicates that Cl2 is reacting primarily with the surface of the spores during the rapid 

heating event.    

    Since SEM images reveal that the spores disintegrated at high temperatures, the 

carbon content within spores was evaluated. Spores heated either in air or in Cl2 at 

~104 ˚C/s did not lose carbon content (Fig. 4.8C). Given that the spore coat was not 

completely melted until 400 ˚C (Fig. 4.7), this result shows that the intact spore 

surface inhibits the release of volatile carbons. When rapidly heated at ~105 ˚C/s, the 

C content in spores decreased starting at 300 ˚C and 400 ˚C for Bt spores heated in 

Cl2 and in air, respectively (Fig. 4.8D). The decrease in carbon content correlates with 

the SEM images of revealing damage to the Bt spores heated both in air and in Cl2 at 

400 ˚C (Fig. 4.5D and 4.5J). In addition, at 300 ˚C the remaining C content for spores 

heated in 100% RH Cl2 is 40% less than that for spores heated in 0% RH Cl2 (Fig. 

4.9), indicating that the carbon release increase at a higher RH. This is consistent with 
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the same heating rate and temperature, there are only very small pin holes observed 

on the surface of Bt spores (Fig. 3C). Together, these results indicate that the spore 

coat of Bt is less temperature sensitive, which corresponds to the fact that Bt spores 

possess a higher Tc to rapid heat. 

    The previously reported neutralization mechanisms for Bs spores depend on the 

heating rate [19]. At ~104 ˚C/s, inactivation is likely due to the thermal damage to 

DNA since mutants lacking small acid-soluble proteins that protect the DNA within 

spore showed enhanced sensitivity to heat. At ~105 ˚C/s, the spore coat was 

compromised by elevated internal vapor pressurization from rapid heating [19]. Since 

neutralization of Bt and Bs was increased at the elevated ~105 ˚C/s heating rate, Bt 

spores likely undergo the same neutralization mechanism as Bs spores. This is 

supported by the similarity of SEM morphological changes in response to heating at 

~104 ˚C/s. Furthermore, heating of Bt at ~105 ˚C/s to 300 ˚C caused the emergence of 

holes on the surface of the spores indicating that the Bt spores experienced a similar 

pressurization event as the Bs spores (Fig. 4.5C). Although the size of the holes on the 

surface of Bt spores are reduced in size, heating of Bt spores at ~105 ˚C/s to > 400˚C 

in the presence of Cl2 led to the entire spore coat detaching from the underlying core. 

This phenomenon also supports the idea that internal pressure lead to rupture of the 

fixed spore coat. Results presented here and in earlier studies demonstrate that Bs and 

Bt spores undergoing rapid heat treatments can be neutralized through two different 

mechanisms depending on the rate of heating. 
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4.4.2. The interaction of Cl2 and spores 

    Cl2 synergizes with rapid heat pulses to inactivate spores at both the ~104 ˚C/s and 

~105 ˚C/s heating rates (Fig. 4.2). Our results thus raise two central questions: 1) 

which form of Cl2 is enhancing the synergistic killing of Bt spores? 2) where is this 

form of Cl2 acting on the spore? The mechanism by which Cl2 synergizes with heat 

pulses is not completely understood. Cl2 gas, in addition to being a potent oxidizer, 

can form chemical bonds with numerous organic and non-organic molecules [23]. 

Our study has revealed several important findings regarding the form of Cl2 that is 

enhancing synergistic killing with heat. First, increased water vapor concentrations in 

the chamber enhanced the potency of Cl2 (Fig. 4.4). Cl2 can readily react with H2O to 

form HCl and HOCl [23]. Since Cl2 synergizes with heat pulses minimally in the 

absence of humidity (Fig. 4.4), the compounds that actively enhance neutralization 

are likely HCl or HOCl rather than Cl2 gas. Additional evidence for the higher 

neutralization activity of HCl/HOCl than Cl2 is that when the peak temperature 

increases from 100 ˚C to 300 ˚C, the molar ratio of Cl2/HCl decreases from ~4 to 

~0.13 due to a biased reaction equilibrium from Cl2 + H2O towards HCl + HOCl at 

high temperatures (according to CEA (NASA Chemical Equilibrium with 

Applications) calculations [46] given that the initial concentration of Cl2 is 4.2×10-3 

mol/m3 with a RH of 40 %). Correspondingly, the spore viability reduced 

significantly as the temperature increased suggesting that HCl/HOCl is more effective 

in spore neutralization. HCl and HOCl have unique chemical properties. HCl is a 

strong acid that can act to denature proteins on the spore coat [47-49]. In contrast, 

HOCl can react with organic molecules leading to chlorine covalently attached to the 
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molecules on and in the spores [23]. But neither at room temperature appears to be 

efficient at neutralizing Bt spores (Fig. 4.3) suggesting that the reaction of HCl or 

HOCl with spores is promoted by heat. For reasons described below, I believe that 

HOCl is likely the active form of chlorine. Nonetheless, future studies with HCl alone, 

HOCl alone, or the combination of the two will provide definitive data regarding the 

specific form of chlorine that promotes synergistic killing with rapid heat pulses. 

    The target of Cl2 inactivation on the spore is also an area of interest since this can 

reveal vulnerabilities of Bacillus spores that can be exploited in biodefense. The EDS 

data on Cl support the idea that the heat treatment with Cl2 leads to an accumulation 

of Cl on the detached spore coat (Fig. 4.8) indicating the chlorine is interacting 

primarily with the surface of the spore during the heating pulse. The Cl detected in 

the spore coat by EDS is either deposited as Cl- anion from deprotonated HCl or 

covalently attached through chemical reactions of HOCl to cellular organic molecules. 

There are two reasons, one chemical and one biological, that favor covalently 

attached chlorine through HOCl. Our observation that heat synergizes with the form 

of chlorine that attacks the spore suggests that HOCl rather than HCl is the active 

agent. This is because the electrophilic attack on biological molecules by Clδ+ 

(partially polarized chlorine) from the HOCl molecule possesses a high reaction rate 

constant and is more temperature-dependent, with an increased reaction rate in a high 

temperature range (> 100 ˚C) [23]. In contrast, even though deprotonation of HCl 

occurs rapidly at room temperature, the electrophilic attack by H+ is less dependent 

on temperature and more dependent on the pH value of the system. Supporting the 

theory that HOCl rather than HCl is responsible is the observation that spores are 
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quite resistant to acid stress alone [6]. The observed synergistic effect of heat pulse 

and Cl2 only at elevated temperatures argues against the pH change caused by HCl, 

which would occur even at ambient temperature. Future studies of the synergistic 

effect of HOCl with rapid heat pulse would provide direct evidence to support the 

active compound that inactivates spores. Furthermore, future identification of the 

spore coat protein(s) that are covalently modified by chlorine will reveal the bacterial 

target(s) that confers sensitivity.  

 

4.4.3. Synergistic neutralization mechanisms for Bt spores by rapid heat and Cl2  

    There are two potential mechanisms for the observed synergistic effect in spore 

neutralization between rapid heat and Cl2: 1). A chemical mechanism in which heat 

activates Cl2 to become a more potent biocide or 2). A biological mechanism in 

which Cl2 and heat damage different targets in the spores to enhance inactivation. 

Although these two potential mechanisms are not mutually exclusive, the synergistic 

effect of heat and Cl2 is at least in part due to the heat pulse overcoming the activation 

energy of reactions between chlorine and the spore. The EDS data shows that 

exposure to Cl2 alone does not increase Cl content in the spore. Only when heated 

does the Cl content of the spore increase, supporting the idea that heat enhances the 

reactivity of Cl2. In addition to the increase in Cl2 reactivity, the biological targets of 

heat and Cl2 act on different parts of the spore. Heat pulses at ~104 ˚C/s damage DNA 

[19], whereas Cl2 targets the spore coat. The combination of coat damage and DNA 

damage can act synergistically to neutralize spores. Support for this model of 

inactivation is that heat pulses at ~105 ˚C/s, which inactivates spores primarily 
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through physical damage of the spore coat [19], synergizes minimally with Cl2. Thus 

damaging different targets within the spores, rather than the same target, enhances 

synergistic neutralization.  

    Another feature of the synergism of Cl2 with heat pulses is that this effect occurs at 

peak temperatures and heating rate far below what was required to fix and detach the 

spore coat (Fig. 4.8). An open question is whether the effect observed at the higher 

peak temperature (>500˚C) and high heating rate (~105 ˚C/s) applies to the lower 

peak temperature and heating rates, which nonetheless synergize with Cl2 to 

neutralize Bt spores. Despite the lack of visual changes of the spores as detected by 

SEM at peak temperatures of under 300 ˚C, the Cl content on the spore increases as 

detected by EDS. One interpretation of these results is that at heat pulses between 

200-300 ˚C activates Cl2 to interact with spores. Even this lower level of chlorine 

modification of the spore surface can negatively impact the function of the spore coat 

and increase spore inactivation.   

 

4.5. Conclusion 

    Surface immobilized Bt spores subjected to the synergistic effects of ultrafast 

heating and biocidal chlorine gas were characterized by several observations 

including changes in viability, morphology, and composition. At the heating rates of 

~104 ˚C/s, the critical peak temperatures for spore neutralization were reduced from 

407 ˚C in air to 252 ˚C when exposed to 100 ppm Cl2. At the higher heating rates of 

~105 ˚C/s, the critical peak temperatures for spore neutralization are decreased from 

232 ˚C in air to 176 ˚C when exposed to 100 ppm Cl2. Cl2 synergizes with rapid heat 
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pulse to enhance spore neutralization. Additional experiments revealed that the 

synergistic effect of Cl2 and heat was increased in high humidity, whereas the 

synergistic effect decreased in low humidity. Cl2 can react with water to generate HCl 

and HOCl, which in turn react with the spore. Despite enhancing neutralization, Cl2 

and heat pulses under 300 ˚C did not alter the morphology of the spores. However, 

treatment of spores at peak temperatures >450 ˚C at ~105 ˚C/s caused the spore coat 

to detach completely from the endospore. EDS results showed that Cl is present in 

heated spores and the majority of the chlorine is present in detached spore coat 

indicating that chlorine is acting on the surface of the spores. These results suggest 

that the spore surface damage caused by Cl2, via HOCl and/or HCl, was found to be 

the major mechanism in enhanced spore neutralization by rapid heat.  
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Chapter 5: Persulfate Salt as an Oxidizer for Energetic Nano-

thermites* 

 

Overview 

    In this Chapter, I started to evaluate the heat and biocidal effects of novel energetic 

materials, expecting to bridging to the temperature-time-kill database I achieved in 

previous studies (Chapter 2 and 3). Nanoscale potassium persulfate (K2S2O8), was 

evaluated as an alternative to other peroxy salts, such as periodates (KIO4), in 

aluminum-fueled energetic nano-composite formulations. High speed imaging 

coupled with temperature jump (T-jump) ignition found the nano-Al/K2S2O8 reaction 

to have an ignition temperature of 600 ˚C which is comparable to nano-Al/KIO4 and 

lower than nano-Al/K2SO4. Results from constant-volume pressure cell experiments 

further show that nano-Al/K2S2O8 releases more gas and has a longer burn time than 

nano-Al/KIO4. Thermal analyses at low heating rates (10 ˚C/min) by coupled 

differential scanning calorimetry (DSC), thermal gravimetric analysis (TG) and mass 

spectrometry (MS) show that there are three main steps of thermal decomposition for 

nano-K2S2O8, with initial exothermic decomposition to release O2 at 270 ˚C, and 

following endothermic decomposition to release both O2 and SO2 at higher 

temperatures. The Heat of Formation of K2S2O8 was measured to be -1844.5 kJ/mol 

based on the DSC results. Experiments performed at ultrafast heating rates (~105 ˚C/s) 

using temperature-jump time-of-flight (T-jump/TOF) MS show that the low O2 

generation temperature of nano-K2S2O8 contributes to its high reactivity in nano-
                                                 
* The results presented in this chapter have been published in the following journal article: W. Zhou, J. B. 
DeLisio, X. Li, L. Liu, M. R. Zachariah*. Persulfate Salt as an Oxidizer for Biocidal Energetic Nano-thermites. J. 
Mater. Chem. A, 2015, 3, 11838–11846. 
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thermite compositions. An ignition mechanism involving gaseous oxygen was 

proposed for nano-thermite compositions containing reactive oxysalts such as nano-

K2S2O8. In contrast, a condense phase ignition mechanism was proposed for nano-

thermites involving less reactive oxysalts such as nano-K2SO4. Given that the nano-

Al/K2S2O8 system is highly exothermic in addition to generating a considerable 

amount of SO2, it may be a candidate for use in energetic biocidal applications. 

 

1. Introduction 

    Energetic nano-composites, commonly referred to as nano-thermites, are studied 

for application in propellants, explosives and pyrotechnics due to their rapid 

exothermic reactions with high energy density [1-4]. For nano-aluminum (Al) fuel 

based energetic composites, typical oxidizers include nano-sized metal oxides (CuO 

[5-7], Fe2O3 [8-10], Bi2O3 [11,12], etc.), oxysalts (NH4NO3 [13,14], NaNO3 [15], 

NaClO3 [16], etc.), and the more oxidative peroxy salts (NH4ClO4 [17,18], KClO4 

[19,20], NaIO4 [21,22], etc.). In comparison to metal oxides and oxysalts, peroxy salts 

possess a higher atomic oxygen content (Table 1.3), therefore they typically 

outperform the aforementioned oxidizers in gas generation and burn rates [20]. 

Nonmetal-oxygen bonds (Cl-O, I-O, etc.) in peroxy salts typically have lower 

dissociation energies, than metal-oxygen bonds (Cu-O, Fe-O, Bi-O, etc.) in metal 

oxides (Table 1.3) [23,24], suggesting a higher oxygen mobility in peroxy salts that 

can lead to decomposition and oxygen release at lower temperatures. However, the 

widely used peroxy salt, KClO4, is hygroscopic and has environmental issues, due to 

the presence of chlorine. These issues have limited its application in many traditional 
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pyrotechnic formulations [20]. A recent study demonstrated that KIO4, alternatively, 

has lower toxicity [26] and hygroscopicity [25] making it ideal for applications in 

illumination and gas generation.  

     The formal oxidation state of oxygen in each of the aforementioned oxidizers is -2. 

Exceptional metal peroxides and metal superoxides exist that have higher oxidation 

states of oxygen (e.g. -1 for Na2O2 and -0.5 for NaO2) resulting in stronger oxidation 

capability. Compared with common metal oxides and peroxy salts whose oxidation 

capability is based on satiated bonding of oxygen with another element (metal or 

nonmetal), peroxy compounds with oxidation states greater than -2 feature an 

oxygen-oxygen bond that has much lower bond dissociation energy [27] resulting in 

higher oxidative strength (Fig. 5.1). More importantly, the intermediate radicals (e.g. 

hydroxyl radical (OH·)) generated from decomposition of these peroxy compounds in 

solution are able to initiate a chain of degradation reactions involving other 

subsequent radicals and oxidants, imposing even higher oxidation ability than the 

original oxidizers that mainly follow an electron capture based oxidation mechanism 

[28-31]. As of now, researchers have yet to investigate oxygen-oxygen bond 

containing oxidizers in the nano-thermite formulations most likely due to the 

oxidizers being unstable solids at room temperature [32]. 
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thermite formulations is through chemical bonding. Both silver oxide (Ag2O) [40,41] 

and iodine oxide (I2O5) [42-47] have been previously investigated in thermite 

compositions. Both systems are competitively high in energy density when compared 

to other high performance metal oxides. In addition, they have exceptional, >60% w.t., 

generation of biocidal products (Ag and I2) in the aluminum-fueled thermites. 

Another class of strong oxidizers containing biocidal elements are halogenated 

oxysalts/peroxysalts such as chlorates/perchlorates and iodates/periodates as 

mentioned before [17-22,25]. Recently, silver iodate was considered as an oxidizer in 

a biocidal thermite system [48]. Despite the higher activities of these halogenated 

(per)oxysalts, neither systems produces elemental silver or halogen as a potential 

biocide [17-22,25,48].  

     Considering the challenge of identifying new potential oxysalts capable of 

generating biocidal products as well as possessing high energy density, an alternative 

strategy of substituting the halogens in oxysalts with other biocidal elements is 

employed. Sulfur is widely used as a pesticide [49] and some sulfur-containing 

species such as sulfur dioxide (SO2) [50] and sulfuryl fluoride (SO2F2) [51] have 

effective bactericidal and fungicidal properties. A recent report shows that sulfur-

containing nanoparticles were able to kill 5 log bacterial spores after 30 mins of 

contact without heating, demonstrating sulfur’s strong sporicidal capability [52]. The 

sporicidal capability of sulfur has not been compared to traditional biocides such as 

Ag and I2 despite the large natural abundance of sulphur [53]. Therefore, 

incorporating sulfur into nano-thermite formulations, especially into peroxy 
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compounds with oxygen-oxygen bonds, demonstrates potential for an effective 

biocidal energetic material. 

    Persulfate, which has a symmetrical molecular structure bridging two sulfate 

groups with an oxygen-oxygen bond (Fig. 5.1), shows higher stability at room 

temperature analogous to periodate [25,29]. At elevated temperatures, persulfate 

anions in solution show stronger oxidation capability than permanganate anions [29] 

and periodate anions [54], and can trigger the oxidation of a variety of compounds 

[28-30]. This oxidative priority of persulfate facilitates its wide-range applications in 

antiseptics and remediation of contamination in nature [29-31,55-57]. Although 

persulfate displays strong oxidative capabilities in water, it has never been utilized in 

more violent solid state reactions (e.g. thermite reactions).  

    In this work, potassium persulfate (K2S2O8) was chosen as a potential biocidal 

oxysalt due to its high oxidation state as well as rich content of sulfur. Potassium 

sulfate (K2SO4) and Potassium periodate (KIO4) were employed as controls. These 

nano-sized oxysalts were prepared using a spray-drying approach. Simultaneous 

differential scanning calorimetry (DSC), thermal gravimetry (TG) and quadruple 

mass spectrometry (MS) were performed to investigate the decomposition of K2S2O8 

nanoparticles at low heating rates. In order to analyze the reaction mechanisms at 

high heating rates, which more accurately simulate a combustion event, temperature-

jump time-of-flight (T-jump/TOF) MS was employed. A constant-volume 

combustion cell was used to evaluate the pressurization rise and optical emission 

intensity during the combustion of nano-thermites. High speed imaging of the 
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combustion of rapidly heated nano-thermites was also conducted to test the ignition 

temperatures of these thermite systems. 

 

5.2. Experimental section 

5.2.1. Preparation of nano-oxysalts and nano-thermites 

    K2S2O8 powders were purchased from Fluka. K2SO4 and KIO4 powders were 

purchased from Sigma-Aldrich. Al nanopowders were obtained from the Argonide 

Corporation, and have a size of 50 nm as designated by the supplier.  

    Nano-sized particles of the oxysalts above were prepared by aerosol spray-drying 

(Fig. 5.2). In detail, 0.47 g K2S2O8 as-received powders were dissolved in 100 mL 

H2O, which were then sprayed into water droplets of ~1 μm in size [20,25] by ~35 psi 

pressure air flow. The droplets were first passed through a diffusion dryer to remove 

most of the water, followed by a tube furnace at 150 ˚C for complete dehydration. 

Finally, the nanoparticles were collected on a Millipore membrane filter (0.4 μm). In 

the preparation of nano-K2SO4 and nano-KIO4, 0.3 g and 0.4 g of as-received K2SO4 

and KIO4 powders were dissolved in 100 mL H2O, respectively, followed by the 

same synthetic route as for nano-K2S2O8 with the exception of the furnace 

temperature being set at 180 ˚C. The sizes of these three types of nanoparticles were 

measured by scanning electron microscopy (SEM, Hitachi, SU-70 FEG-SEM). The 

crystal structures of these nano-oxysalts were confirmed by powder X-ray diffraction 

(XRD) from Bruker D8 Advance using Cu Kα radiation. 

    Three nano-thermite compositions comprised of nano-Al and collected nano-

oxysalts above were prepared by mixing these nanoparticles in hexane 
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5.2.3. Nano-oxysalts and nano-thermites at ultrafast heating rates 

    T-jump/TOF MS was employed to analyse the evolution of gaseous species during 

the decomposition of nano-K2S2O8 at ultrafast heating rates of ~105 ˚C/s. Nano-

K2S2O8 powders were dispersed in hexane and ultrasonicated for 30 mins and then 

deposited onto a 76 μm Pt wire. The coated mass on wire was controlled around 50 

µg [25]. The Pt wire was then inserted into the MS chamber where it is rapidly joule-

heated to ~1200 ˚C by a 3 ms pulse. The current and voltage signals were recorded 

and the temporal temperature on wire was measured according to the Callender–Van 

Dusen equation. MS spectra were measured every 0.1 ms. For the detailed 

experimental set-up, please find in ref. 58. 

    In order to determine the ignition temperatures of thermite mixtures in different 

environments, a Vision Research Phantom v12.0 high speed camera (14.9 μs per 

frame) was used to monitor the combustion on the wire during heating. Ignition 

temperatures of nano-thermite reactions in vacuum were measured from the 

correlation of optical emission from high speed imaging and temporal temperature of 

the wire, and were further analyzed in combination with the temporal mass spectra. 

Ignition temperatures in air and in Ar at atmosphere pressure were also measured in a 

separate home-built chamber. Each experiment was repeated for 3 times. 

 

5.2.4. Thermal decomposition of nano-oxysalts at lower heating rates 

    DSC, TG, and MS tests were conducted simultaneously in a SDT Q600 coupled to 

a DiscoveryTM quadruple mass spectrometer from TA Instruments, U.S.A. Around 2 

mg of nano-K2S2O8 was loaded into the sample crucible inside the apparatus and 
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heated at 10 ˚C/min in 100 L/min Ar flow up to 1400 ˚C. A heated micro-capillary 

(~300 ˚C) connects the SDT Q600 chamber to the MS, enabling transport of the 

thermally decomposed species to the MS detector. The linear relationship between the 

concentration of gas species i (Ci) and its ion intensity (Ii) detected from MS is [59]: 

                                                                                                                  (5.1)                             

where K is the instrumental constant and σi is the electron-impact ionization cross-

section of species i (O2, SO2 or Ar). Ar was used as an internal standard to determine 

the effective instrumental response factor. At incident energy of 70 eV in the MS 

system, the ionization cross-sections for O2, SO2 and Ar are 2.4 Å2, 5.0 Å2, and 10.0 

Å2, respectively [60]. Given that Ii can be measured and CAr was known by the Ar 

flow rate, the concentrations of O2 (CO2) and SO2 (CSO2) can be theoretically 

measured through eq. 5.2:                                                        

                                                                                                              (5.2)                             

Finally, the net quantities of O2 and SO2 can be measured by integration of Ci over 

time. 

 

5.3. Results and discussion 

5.3.1. Analysis of prepared nano-oxysalts and nano-thermites 

    All of the as-received oxysalt powders are micro-sized in a wide size range. The 

average particle sizes are 40.7 μm, 33.7 μm and 21.9 μm for K2S2O8, K2SO4 and 

KIO4 powders, respectively (Figs. 5.3A, 5.4A and 5.4B). Nano-sized oxysalts were 

prepared by spray-drying of aqueous oxysalt solutions (Fig. 5.2). The average sizes of 

nano-oxysalts are 0.46 ± 0.19 μm, 0.42 ± 0.24  μm, and 0.46 ± 0.27 μm for nano-
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of nano-Al, there is still intimate contact as seen in the SEM image of the nano-

thermite mixture (Fig. 5.3C).   

 

5.3.2. Ignition of nano-thermites 

    The ignition of nano-thermites at high heating rates was characterized in the T-

jump heating experiments monitored by a high-speed camera. The time-resolved light 

intensities were measured using the high speed videos (Fig. 5.5), and the ignition 

times were identified as the points where light intensities begin to rise (Fig. 5.6). 

These ignition times correlate to the time resolved wire temperatures to determine the 

ignition temperatures for the nano-thermite compositions. Fig. 5.6A shows that the 

nano-Al/K2S2O8 has an ignition temperature of 595 ± 22 ˚C in Ar, which is similar to 

that of nano-Al/KIO4 (600 ± 27 ˚C), but much lower than that of nano-Al/K2SO4 (805 

± 15 ˚C). The large temperature difference demonstrates that nano-K2S2O8 and nano-

KIO4 are more reactive in the aluminum-fueled thermites than nano-K2SO4. This 

result also indicates that the oxygen in nano-K2S2O8 and nano-KIO4 were able to 

react with Al at temperatures where Al is still solid, while nano-K2SO4 reacts with the 

Al melt (> 660 ˚C). In open air, ignition temperatures of both nano-Al/K2S2O8 and 

nano-Al/KIO4 were around 600 ˚C (Fig. 5.6B), which are equivalent to their ignition 

temperatures in Ar. This alludes to the fact that although the O2 in air may play a role 

in the overall reaction, it does not have an impact on the ignition process for these 

systems. This also indicates that nano-K2S2O8 and nano-KIO4 were able to provide a 

higher transient concentration of reactive oxygen species around the Al nanoparticles, 

ensuring ignition at temperatures approaching the melting point of Al where Al 
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becomes highly mobile and diffuses outwards through the oxide shell. Conversely, 

the ignition temperature of nano-Al/K2SO4 (730 ± 27 ˚C) in air is lower than that in 

Ar (805 ± 15 ˚C), suggesting that the gaseous oxygen in air augmented the ignition by 

reacting with the Al melt. The reactivity of the nano-Al/K2S2O8 and nano-Al/KIO4 

thermites in vacuum (data not shown), showed overall weak optical emission and 

higher ignition temperatures (~740 ˚C). At the low pressure used in these experiments 

(~10-7 Torr), gaseous oxygen if released from the oxidizer, will have little time to 

interact with the fuel and I should expect a delayed ignition. This suggests that for the 

persulfate the initiation process is not a condensed phase reaction between solid Al 

and bound oxygen in solid K2S2O8, but initiated by the reaction between solid Al and 

gaseous O2 released from K2S2O8. 

 

5.3.3. Pressurization and optical emission of nano-thermite reactions 

    Pressurization rate and burn time were measured using sample masses 2 orders of 

magnitude larger than what is required for the T-jump ignition experiments above (25 

mg vs. 0.05 mg). Results from the constant-volume combustion cell tests (Fig. 5.7A) 

show that the pressurization rate and maximum pressure in the nano-Al/K2S2O8 

reaction are 151 ± 26 kPa/μs and 1206 ± 208 kPa, respectively, which are 

considerably higher than the reported pressurization rate and maximum pressure in 

the standard nano-thermite reaction of Al/CuO (Vp = 60 kPa/μs, Pmax = 700 kPa) [20]. 

Previously, it was reported that the nano-Al/KIO4 reaction possessed the highest 

measured pressurization rate per mole of Al [25]. The nano-Al/K2S2O8 reaction 

convincingly demonstrates a higher pressurization rate and peak pressure exceeding 
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    The burn time of the thermite reactions, which is defined as the full width at half 

maximum of the optical emission peak, was detected in the combustion cell tests (Fig. 

5.7B). Fig. 5.7B shows that the nano-Al/K2S2O8 reaction has a 2-fold higher optical 

emission, as well as burn time, than the nano-Al/KIO4 reaction despite the nano-

Al/KIO4 reaction showing a higher optical emission rate. This result indicates that 

although the nano-Al/KIO4 thermite burns faster, the nano-Al/K2S2O8 thermite 

provides more optically intensive (higher temperature), longer sustained combustion. 

While nano-Al/K2S2O8 behaves superior to nano-Al/KIO4 in this metric, both 

reactions show much stronger optical emission than nano-Al/K2SO4 (Fig. 5.7B). 

Furthermore the nano-Al/K2S2O8 thermite is still one of the fastest burning species I 

have measured and second only to nano-Al/KIO4. The pressurization and optical 

emission results for all the three thermite systems are presented in Table 5.1. In 

general, from both pressurization and combustion intensity, as determined by light 

emission, nano-K2S2O8 is a far more effective oxidizer in the aluminum-fueled 

thermite.  

 
Table 5.1. Pressurization rates (Vp), maximum pressures (Pmax), burn times (Tburn), and 
maximum optical intensities (Imax) of the thermite reactions of nano-Al/K2S2O8, nano-
Al/KIO4, and nano-Al/K2SO4 in the combustion cell tests. Pmax represents the maximum 
pressure increase from 1 atm. 

Nano-thermites Vp (kPa/μs) Pmax (kPa) Tburn (μs) Imax (V) 

nano-Al/K2S2O8 151±26 1206±208 205±38 9.0±1.9 

nano-Al/KIO4 91±19 909±185 130±35 4.0±0.5 

nano-Al/K2SO4 0.06±0.02 104±14 2800±400 0.3±0.1 

 

    It should be noted that the time scales of pressurization and optical emission are 

different. In both nano-Al/K2S2O8 and nano-Al/KIO4 reactions, the time required to 

reach peak pressure (8 - 10 μs) was about one tenth of their burn times (Tburn = 205 - 
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130 μs), suggesting that product gas is generated from the oxysalts prior to the start of 

ignition and combustion. Thus, the gaseous reactive oxygen species that initiate 

ignition of the thermite may be from the product gas. Distinctively, for the nano-

Al/K2SO4 reaction, the burn time is comparable to the time to reach maximum 

pressure (> 1 ms) (Table 5.1), suggesting that gas is generated during the ignition 

process.  

 

5.3.4. Thermal decomposition pathways of nano-oxysalts at low heating rates 

    The characterization of ignition and combustion of the three nano-thermites both in 

small and large reaction scales demonstrate that the thermite reactivity and energy 

density are strongly dependent on the oxysalt used. Thermal and mass analyses of the 

decomposition of oxysalts can provide the energetics of the reaction, as well as 

decomposition products and global pathways, which can be connected to the ignition 

and pressurization mechanism. At a low heating rate of 10 ˚C/min, the TG, DSC and 

MS profiles for nano-K2S2O8 show several sequential mass and enthalpy changes 

(step a-f) (Figs. 5.8 and 5.9). The nano-K2S2O8 was first dehydrated below 270 ˚C 

with a mass loss of 0.6% (Fig. 5.8A). Importantly this degree of hygroscopicity when 

compared with other oxysalts such as KIO4 (17.66%, see Fig. 5.10A) is negligible. 

Starting from 270 ˚C, the nano-K2S2O8 predominantly underwent three 

decomposition steps. The first step is the decomposition of K2S2O8 to K2S2O7 and O2, 

which shows two mass reduction sub-steps at 270 ˚C and 310 ˚C (Fig. 5.8A), 

indicating bimodal oxygen release peaks (Fig. 5.8C). The measured quantity of 

released O2 from MS (0.125 mg) (Fig. 5.8C) is consistent with the mass reduction of 
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much smaller than those quantities measured from the mass reduction in TG (Fig. 

5.8A). The likely reason for the discrepancy is that SO2, as it passes through the much 

cooler micro-capillary (~300 ˚C), undergoes a reaction yielding sulfuric acid. The 

detailed explanation of this side reaction, as well as the rationalization of high 

conversion of O2 and SO2, can be found in the following Section 5.3.6. 

    The final decomposition step began at ~1200 ˚C (Fig. 5.9A) and its temperature 

range exceeded the upper limit of the TG temperature capabilities, rendering it 

difficult to deduce the decomposition route. However, the emergence of both SO2 and 

O2 in MS (Fig. 5.9C and 5.9D) suggests that the reaction is from K2SO4 to SO2, O2, 

and K, which is also confirmed by other reports [61].  

    The following multi-step decomposition of nano-K2S2O8 is proposed based on the 

TG/DSC/MS results as summarized in Table 5.2. XRD results further confirm the 

main products (K2S2O7 and K2SO4) during heating of nano-K2S2O8 (Fig. 5.11). 

Compared to other oxysalts such as KIO4 and K2SO4, K2S2O8 possesses the lowest 

oxygen release temperature at 270 ˚C (vs. 330 ˚C for KIO4 and 1200 ˚C for K2SO4), 

as well as the highest exothermic heat of -305.1 kJ/g (vs. -120.5 kJ/g for KIO4), thus 

confirming better ignition and combustion performance in thermite reaction as shown 

in Figs. 5.6 an 5.7. Furthermore, 4 moles of gas (including O2 and SO2) were 

generated per mole of K2S2O8 (Table 5.2), which is a factor of 2 more than per mole 

of KIO4, indicating K2S2O8 as a better gas generator. 

    Given that the heat of reaction in each step was quantified (Table 5.2), as well as 

the standard heat of formation of solid K2SO4 and gaseous SO2 (-1437.7 kJ/mol and -
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followed by a second minor mass reduction of 0.4% at 312 ˚C (Fig. 5.8A). MS results 

show that this two-step mass reduction is due to the generation of bimodal oxygen 

peaks at 270 ˚C and 310 ˚C (Fig. 5.8C). The appearance of these two subsequent sub-

steps implies the possible inhomogeneity within nano-K2S2O8, which is proposed to 

be due to the difference between surface and bulk of particles. While the nature of the 

reasons for these two steps is unclear, the mass reduction and O2 emergence is 

quantitatively consistent with this transition. 

    DSC results further show that these two mass reduction sub-steps correspond to an 

initial exothermic peak a (T=273 ˚C) and a subsequent endothermic peak b (T=313 

˚C), respectively (Fig. 5.8B). Peak a represents the major decomposition step, 

yielding a heat of reaction (∆H) of -288 J/g. In contrast, peak b is endothermic 

(∆H=64.2 J/g). To understand this endotherm, K2S2O7 was tested as a control, which 

was prepared after heating nano-K2S2O8 to 380 ˚C as confirmed by XRD (Fig. 5.11). 

Fig. 5.10F shows that most of the endothermic peaks of K2S2O7 are consistent with 

those of nano-K2S2O8, except for the peak at 310 ˚C that shows a higher endothermic 

enthalpy change (81.3 J/g) than that of nano-K2S2O8 at the same temperature (64.2 J/g, 

see Fig. 5.8B). This peak represents the phase change of K2S2O7. Hence, the 

endothermic peak b of nano-K2S2O8 (64.2 J/g, see Fig. 5.8B) is, in fact, a combination 

of an endothermic phase change peak of generated K2S2O7 (81.3 J/g) and a small 

exothermic O2 release peak of nano-K2S2O8 (64.2 J/g-81.3 J/g = -17.1 J/g, see Table 

5.2). Further combining the exotherms of the two O2 release peaks gives the total 

exothermic enthalpy change of the decomposition reaction of K2S2O8 to K2S2O7 as -

305.1 J/g (Table 5.2). 
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5.3.6. Side reaction of O2 and SO2 in the micro-capillary  

    In step d, a small oxygen signal at 455 ˚C (Fig. 5.8C) is seen in addition to SO2 at 

460 ˚C (Fig. 5.8D) suggesting that the decomposition of K2S2O7 generates O2, SO2, 

and K2SO4: 

2 2 7 2 4 2 2

1

2
K S O K SO SO O                                                                                    (5.4)                             

The net mole fractions of O2 and SO2 detected from MS in this step are 6.7×10-9 and 

5.2×10-10, respectively, which are much smaller than theoretical values (7.1×10-8 for 

O2 and 1.4×10-7 for SO2) based on the original dose of samples (Fig. 5.8A). The 

likely reason for the discrepancy is that SO2, as it passes through the much cooler 

micro-capillary (~300 ˚C), undergoes a reaction yielding sulfuric acid: 

2 2 2 2 4

1

2
SO O H O H SO                                                             (5.5)                              

Considering that the measured intensity of background H2O signal is around two 

orders of magnitude higher than that of the generated O2 and SO2 in the MS, it is 

reasonable to estimate that the molar ratio of SO2:O2:H2O is 1:1:100. Using the on-

line Chemical Equilibrium with Applications (CEA) code from NASA [62], the 

converted proportions of these reactants, after achieving the reaction equilibrium at 

300 ˚C, can be obtained. The result shows that most SO2 and O2 were reacted and only 

0.4% O2 and 0.0003% SO2 remained, thus supporting the proposed explanation of low 

intensities of O2 and SO2 signal in step d. H2SO4 was not apparent in the MS results. 

This is most likely due to H2SO4 adsorbing to the inner wall of micro-capillary. 

    At higher temperatures >1100 ˚C (step f), weak SO2 and O2 MS signals were also 

detected which correspond to a net mole fraction of 1.1×10-8 for O2 and 4.4×10-9 for 
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SO2, respectively. Recalculation of the chemical equilibrium in e.q 5.5 was conducted. 

In this case, a higher reaction temperature of 1100 ˚C and a similar molar ratio of 

SO2:O2:H2O of 1:1:100 were employed. The result shows that 0.5% of both SO2 and 

O2 were retained, indicating that most of these gases had reacted before entering the 

MS.  

 

5.3.7. Thermal decomposition of nano-oxysalts at ultrafast heating rates 

    To further evaluate nano-K2S2O8 as an oxidizer in an energetic composition, high 

heating rate analytics that will more accurately represent timescales of a combustion 

event were employed. T-jump/TOF MS at a heating rate of ~4×105 ˚C/s was used to 

obtain time resolved spectra at 0.1 ms intervals that could be further analysed to 

determine the signal intensity over time of O2, SO2 and K (Fig. 5.12). Similar to the 

mass spectra at low heating rates (Fig. 5.8C and 5.8D), the decomposition of nano-

K2S2O8 also undergoes three major steps. The initial step has an onset temperature of 

335 ˚C (Fig. 5.12A), where oxygen is generated from the decomposition of K2S2O8 to 

K2S2O7 (Table 5.2). This onset temperature is higher than that in the TG/DSC result 

(Fig. 5.8) due to the employment of a much higher heating rate (~105 ˚C/s vs. 10 

˚C/min). At a higher temperature of 435 ˚C, SO2, in addition to a second release of O2, 

was detected (Figs. 5.12A and 5.12B) representing the second step of decomposition 

from K2S2O7 to K2SO4 (Table 5.2). The final decomposition step occurs at 710 ˚C 

where O, SO2 and K were detected in the MS (Figs. 5.12A, 5.12B and 5.12C). Based 

on the similarity between the thermal decomposition of nano-K2S2O8 at ultrafast 

heating rates and low heating rates (Table 5.2), I propose that the thermal 
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decomposition mechanism of nano-K2S2O8 appears to be independent of heating rate. 

However, the oxygen intensity ratio of step 1 and step 2 in the ultrafast heating result 

(Fig. 5.12) is much lower than what is observed in the low heating result (Table 5.2), 

indicating that some K2S2O8 did not decompose at the lower temperature in step 1. 

This could be due to the inhomogeneity of nano-K2S2O8 (surface vs. bulk) in its first 

decomposition process to K2S2O7, which also leads to the bimodal oxygen peaks as I 

see in the TG-MS results (Fig. 5.8A and 5.8C). The likely reason for only one initial 

O2 release peak at higher heating rates (Fig. 5.12A) is that the decomposition time 

from K2S2O8 to K2S2O7 (~102 s, estimated from Fig. 5.8C) is much longer than the 

heating time in step 1 (~10-3 s, Fig. 5.12A), which results in incomplete 

decomposition of K2S2O8 in step 1.  

Decomposition of nano-K2SO4 (Fig. 5.13A) shows that no oxygen was detected 

until 840 ˚C, with the appearance of SO2 and K at ~1000 ˚C. In contrast I found that 

K2SO4 generated from the decomposition of K2S2O8 has a lower onset decomposition 

temperature at 710 ˚C (Fig. 5.12). This temperature difference suggests that the gas 

generation in the previous steps of K2S2O8 decomposition facilitates the further 

decomposition of the K2SO4 product. 

 

5.3.8. Nano-thermite reaction at ultrafast heating rates 

    For evaluating the thermite performance of nano-K2S2O8 under high heating rate 

conditions, T-jump/TOF MS was employed to analyse the reaction between nano-

K2S2O8 and nano-Al in a stoichiometric physical mixture. Fig. 5.12 shows that both 

nano-thermite and thermal decomposition of nano-K2S2O8 have an initial oxygen 
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from K2S2O8 decomposition as opposed to oxygen species in the solid oxysalts, or 

background O2 if combusted in air. Direct evidence for this proposition is that the 

ignition occurs at a lower temperature when rapidly heated in argon at 1 atm as 

opposed to being heated at low pressures. There is a higher local concentration of 

reactive oxygen species near the aluminum fuel when heated at higher pressures. 

Thus, the thermite ignition is proposed to be initiated by the generated gaseous 

oxygen species reacting with solid Al at the surface of Al particle. However, nano-

Al/K2S2O8 and nano-Al/KIO4 thermites have different oxygen release temperatures of 

335 ˚C (Fig. 5.12A) and 470 ˚C [25] respectively, but they have similar ignition 

temperatures in Ar (600 ˚C, see Fig. 5.6). This indicates that the mobilization of Al, 

which increases as the melting point of Al (660 ˚C) is approached, plays a more 

important role in controlling ignition than the gaseous reactive oxygen generated 

from the decomposition of oxysalts.  

    In contrast, nano-Al/K2SO4 has higher oxygen release temperature (840 ˚C, see Fig. 

5.13B) than both its ignition temperature in Ar (805 ˚C, see Fig. 5.6) and melting 

point of Al. Gas generation is negligible in this case (Figs. 5.7B and 5.13B), 

suggesting that the reaction mechanism for this type of inactive oxysalt mainly 

undergoes a condensed phase route resembling the case for many metal oxides 

[63,64].  

    It is important to note in the end that when compared to the decomposition of nano-

KIO4, nano-K2S2O8 generates gaseous SO2 thus ensuring the production of this 

biocidal gas during the thermite reaction (Fig. 5.12B). Bearing in minding that SO2 is 

the major sulfur-containing products from thermite reaction, the amount of biocidal 
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SO2 produced from the thermite reaction is estimated to be 31% by mass for nano-

Al/K2S2O8, which is higher than that for nano-Al/K2SO4 (26%) and nano-Al/KIO4 

(0%). Due to the high biocidal gas productivity as well as the super-reactive thermite 

performance, nano-K2S2O8 can be used to formulate promising biocidal energetic 

nano-composites. 

 

5.4. Conclusions 

    In this study, potassium persulfate was evaluated as an oxidizer in energetic 

aluminum-fueled nano-composite formulations for its possible biocidal deployment 

through the release of SO2. The nano-Al/K2S2O8 reaction has a low ignition 

temperature (600 ˚C) in Ar or air when compared to other nano-thermite 

compositions, and demonstrates combustion performance comparable to nano-

Al/KIO4. Constant-volume pressure cell results further show that the nano-Al/K2S2O8 

produces more gas than the nano-Al/KIO4 and has a longer burn time indicating a 

more persistent combustion feature. Three major steps in the thermal decomposition 

for the nano-K2S2O8 were identified including a low temperature exothermic peak 

corresponding to the release of oxygen at 270 ˚C, as well as the release of sulfur 

dioxide at 450 ˚C.  

    I determined that the ignition of nano-Al/K2S2O8 is controlled by the reaction 

between gaseous oxygen and mobilized Al.  These experimental results demonstrate 

that the nano-thermite formulation that consists of nano-Al/K2S2O8 features both high 

exothermicity and biocidal gas generation, making it an optimal candidate for use in 

energetic biocidal applications. 
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Chapter 6: Mechanisms of Potassium Oxysalts Based Energetic 

Composites*  

 

Overview  

    The superior performance of persulfate in thermites intrigued me to study the 

reaction mechansim of aluminum-based energetic materials, which poses an 

important guildance to the exploration, evaluation and utilization of novel biocidal 

nano-thermites in the future. Herein, Ignition temperature is highlighted as a simple 

and important parameter that pertains to both the practical aspects of thermite usage 

as well as a key to exploring reaction mechanisms. In this study, nine aluminum-

fueled oxysalt-containing thermites including K2S2O8, K2SO4, KIO4, KIO3, KClO4, 

KClO3, KBrO3, KNO3 and K3PO4, were investigated. Results from combustion cell 

tests show that these thermites can be divided into two groups, with the reactive 

thermites (e.g., Al-K2S2O8) generating ~10× higher of pressure and ~10× shorter of 

burn time than the less reactive thermites in the aforementioned list (e.g., Al-K2SO4). 

Thermal decomposition analysis of these oxysalts at both slow and fast heating rates 

(0.17 K/s v.s. 105 K/s) demonstrates that these oxysalts have a wide range of oxygen 

release and melting temperatures. On the other hand, the ignition temperatures of the 

reactive thermites (in Ar and air) are consistent with the temperature of polymorphic 

phase change for alumina (close to the melting point of Al), indicating that the 

limiting initiation step of these thermites is the acceleration of outward diffusion flow 

of Al. In addition, the ignition temperatures of these reactive thermites in vacuum are 
                                                 
* The results presented in this chapter have been submitted in the following journal article: W. Zhou, J. B. 
DeLisio, X. Wang, M. R. Zachariah*. Reaction Mechanisms of Energetic Composites Containing Potassium 
Oxysalts as Oxidizers. Combust. Flame, 2015, Submitted. 
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much higher than those in Ar, suggesting that ignition is based on the interaction 

between outwardly diffused Al, and generated gas phase O2. In contrast, the ignition 

temperatures of the two less reactive thermites are insensitive to pressure. They ignite 

at temperatures much higher than the melting point of Al, although lower than the 

decomposition temperature of the corresponding oxysalts, indicating a condensed 

phase reaction mechanism. Finally, by employing carbon as a non-melting, non-oxide 

coated fuel, I found an essentially direct correlation between the oxygen release 

temperature and the ignition temperature. 

 

6.1. Introduction 

    Since the thermite reaction was first named by Goldschmidt in 1908 [1], the 

concept has been currently broadened to a variety of exothermic reactions involving a 

metal reacting with an oxide (metal or non-metal) or an oxysalt [2-5]. Due to its 

extremely high energy density, the thermite system has been employed in a wide 

array of applications in the pyrotechnic, metallurgical, and ceramic industries [2-5], 

which has prompted studies to improve their utilization by tailoring their combustion 

and ignition behaviours [6-10]. The latter property also involves practical safety 

concerns related to the large-scale industrial use [11,12]. One important research 

direction is to improve the ignitibility of thermites, which is affected by many factors 

(contact area, chemical composition, hygroscopicity, etc.). The most common method 

is by increasing the contact area between the fuel and oxidizer, which can reduce the 

diffusion distance of reactive species to permit ignition at lower temperatures [13-17]. 
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This higher degree of intimacy can be achieved by either decreasing the particle size 

[14-17], better mixing [13,18,19], or increasing the particle porosity [20].  

    For the most common aluminum-fueled thermite systems, ignition was proposed to 

be initiated by a solid-state reaction [21]. Subsequent reaction requires movement of 

reactive species towards each other, although the nature of this movement is subject 

to considerable debate [22-28]. However, it was previously reported that the 

prerequisite for ignition is the availability of molten aluminium [21,29]. Based on this 

speculation, ignition temperatures for a plethora of thermites should be around the 

melting point of aluminum. However, a recent study by Jian et al [30] shows that 

there can be large differences in ignition temperatures among different nano-thermite 

formulations involving aluminum and metal oxides. For instance, some formulations 

(e.g. Al-Bi2O3, Al-SnO2) have ignition temperatures lower than both the melting point 

of aluminum, and the decomposition temperatures of oxidizers, suggesting another 

condensed phase reaction mechanism that is not governed by melted aluminium [31]. 

Similarly, Dean et al [32] examined another nano-thermite formulation (Al-NiO), 

which produces minimal gas upon ignition, with a much lower ignition temperature 

(~400 ˚C) [33] than either the melting temperature of Al or the decomposition 

temperature of NiO. Sullivan et al [34] implemented in situ rapid heating microscopy 

to monitor the nano-thermite reaction of Al-WO3 and found a reactive sintering 

phenomenon [35] in which no gas was released, and the reactants deformed to 

maximize intimate surface contact. While several thermites appear to react via this 

condensed phase route [32-37], ignition temperatures of some other formulations may 
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exceed the decomposition temperature of metal oxides, suggesting a different reaction 

mechanism [30].  

    To date, discussions on ignition mechanism of thermites have been limited to 

formulations containing various metal oxides (CuO, Fe2O3, etc.), whereas the ignition 

mechanism for thermite formulations containing oxysalts (nitrates [38-40], 

(per)chlorates [41-44], (per)iodates [45-47], etc.) have not been explicitly studied 

from a mechanistic standpoint. Typically, Al-oxysalt thermites exhibit lower ignition 

temperatures and higher reaction rates [44,47-49], which are associated with the low 

oxygen release temperatures of the corresponding oxysalts. An initial exothermic 

decomposition of some oxysalts during heating may also contribute to the low 

ignition temperature [41,47]. Recently, a new formulation based on persulfates was 

found to be more reactive when compared to other oxysalts (see Chapter 5) [50]. The 

superiority of oxysalts in thermite performance can likely be attributed to the higher 

oxygen content, and the lower bond energy of the nonmetal-oxygen pair in oxysalts 

when compared to the metal-oxygen pair in metal oxides [50]. Of particular interest is 

whether the ignition temperature (Tig) is a predictable function of the oxygen release 

temperature (TO2), the melting temperature of aluminum (TAl-melt), and the melting 

temperature of oxidizer (Toxidizer-melt). 

    In this Chpater, I systematically investigated the ignition of thermites that involve 

Al and a variety of potassium oxysalts, in relation to the physiochemical changes of 

these components during heating. These studies involved using constant-volume 

combustion cell tests, thermal decomposition tests for oxysalts under both slow 

heating (10 K/min) and ultrafast heating (~105 K/s) conditions, and ignition tests for 
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both microscale and nanoscale thermites in air, in Ar and in vacuum. Nano-carbon-

fueled thermites containing similar oxysalts were also used as controls to tweeze out 

the role of liberated oxygen.  

 

6.2. Material and methods 

6.2.1. Materials 

    Nano-sized aluminum was obtained from Argonide Corporation, and nano-sized 

carbon black was obtained from Cobot Corporation. Both materials have an average 

size of ~50 nm. Micro-sized potassium persulfate (K2S2O8) powders were purchased 

from Fluka. All of the other micro-sized oxysalt powders, namely potassium sulfate 

(K2SO4), potassium nitrate (KNO3) potassium chlorate (KClO3), potassium 

perchlorate (KClO4), potassium bromate (KBrO3), potassium iodate (KIO3), 

potassium periodate (KIO4), and potassium phosphate (K3PO4) were purchased from 

Sigma-Aldrich. Scanning electron microscopy (SEM, Hitachi, SU-70 FEG-SEM) 

analysis shows that these as-received potassium oxysalts powders have a wide range 

of sizes from 1 μm to 100 μm. 

    The corresponding nine nano-sized potassium oxysalts were prepared by an aerosol 

spray drying process, as is shown in Fig. 6.1. In short, 0.02 mol/L water solution of 

oxysalt was prepared in the atomizer and sprayed into 1 μm droplets by a pressured 

air flow. Droplets flowed through a diffusion dryer to remove most of the water, 

followed by complete dehydration by a tube furnace at 150 ˚C for K2S2O8 and at 180 

˚C for the other oxysalts. The dehydrated nanoparticles were finally collected on a 

Millipore membrane filter with a pore size of 0.4 μm. The average size of nine nano-
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coil, the temporal pressure and optical emission from the thermite reaction were 

electronically recorded. 

 

6.2.3. TG-DSC analysis of the decomposition of oxysalts 

   Thermogravimetry and differential scanning calorimetry (TG-DSC) tests of 

microscale oxysalts were conducted simultaneously in a SDT Q600 from TA 

Instruments, USA. Around 2 mg of as-received oxysalt powders was loaded into the 

sample crucible inside the apparatus and heated at 10 K/min in 100 L/min Ar flow. 

The TG and DSC heat flow calibrations were conducted prior to tests. For the TG 

calibration, two calibration weights were used to calibrate the beam and weight 

correction factors. For the DSC heat flow calibration, the capacity curve of sapphire 

over the range of 500 - 1800 K, as well as the heat of fusion of high purity zinc metal, 

were analysed and compared with the standard values to generate a calibration cell 

constant. In the analysis of the TG-DSC results, the onset temperatures of 

physicochemical changes (including phase and chemical changes) are defined as the 

crossing points of extrapolated curves. 

  

6.2.4. T-jump TOF-MS analysis of the decomposition of oxysalts     

    The decomposition of oxysalts (microscale or nanoscale) at ultrafast heating rates 

of 4×105 K/s was investigated via temperature-jump time-of-flight mass spectrometry 

(T-jump TOF-MS, in-house assembled). A concentrated oxysalt powder suspension 

in hexane was deposited onto a 76 μm Pt wire uniformly, to a thickness < 10 μm so 

that the temperature of the deposit is approximated by the wire temperature. The 
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loaded Pt wire was then inserted into the MS chamber and rapidly joule-heated to 

~1400 K by a 3 ms pulse. The temporal temperature of the wire was measured from 

the detected current and voltage according to the Callender–Van Dusen equation [51]. 

TOF-MS spectra was collected every 0.1 ms. A detailed experimental description can 

be found in ref [52]. In the analysis of the MS results, the onset temperature of a 

specific species is defined based on 5% of the maximum intensity of its MS peak. 

 

6.2.5. Ignition tests of thermite reactions 

    A Vision Research Phantom v12.0 high speed camera (14.9 μs per frame) was 

employed to determine the onset of ignition on the wire. By mapping the temporal 

optical emission from the high-speed imaging, and the temporal wire temperature, the 

ignition temperatures of thermites were identified as the points where light intensities 

begin to rise. These experiments were carried out in vacuum, air or Ar. 

 

6.3. Results and discussion 

6.3.1. Reactivities of oxysalts in nano-aluminum-fueled thermites 

We begin with the combustion performance of the nine Al-oxysalt thermites, in the 

combustion cell test.  Fig. 6.2 shows the maximum pressures, pressurization rates, 

and burn times (the full-width half-maximum of the optical emission curve) for the 

thermite reactions between nano-Al and micro-oxysalts. Also apparent in Fig. 6.2 is 

the very wide range in performance, with the maximum peak pressures for Al-K2S2O8, 

Al-KClO3, Al-KIO4 and Al-KClO4 being more than six times larger than those of Al-

K2SO4 and Al-K3PO4 (Fig. 6.2A), indicating that the former four thermites generated 
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more gas during reaction. A similar result in the pressurization rate was shown for 

these thermite reactions, with the rates in thermites that release extensive gas (Al-

K2S2O8, Al-KClO3, Al-KIO4 and Al-KClO4) more than one order of magnitude larger 

than the rates in less gas generating thermites (Al-K2SO4 and Al-K3PO4) (Fig. 6.2B). 

Not surprisingly, I also observed a general relationship of higher peak pressure or 

pressurization rate corresponding to a shorter burn time (Fig. 6.2C). The differences 

in these reaction characteristics indicate that the Al-oxysalt thermite reactivity, as is 

reflected from the scale of pressurization rate and burn time, is correlated to the 

capability of the relevant oxysalt to generate gas. Based on these results, the nine 

thermites can be divided into two groups: the reactive thermites (Al-K2S2O8, Al-KIO4, 

Al-KIO3, Al-KClO4, Al-KClO3, Al-KBrO3 and Al-KNO3) and the less reactive 

thermites (Al-K2SO4 and Al-K3PO4). The combustion performance of some of these 

Al-oxysalt thermites was also assessed by the thermodynamic equilibrium calculation 

as summarized in Table 6.1. The amount of gas generation, major gas species, 

adiabatic flame temperature, and reaction heat were calculated using CHEETAH 

software for constant pressure and enthalpy. The Al and oxysalts were mixed in a 

stoichiometric molar ratio, without consideration of additional oxide shell on the Al 

particles. Table 6.1 shows that there is a correlation between gas generation and 

thermite reactivity. While a larger amount of gas generation (~103 cc/g) corresponds 

to a higher adiabatic flame temperature (>3700 K) and reaction heat (< -6 kJ/g) (e.g. 

KClO3 and KClO4), a poor gas generation (~102 cc/g) corresponds to a lower 

adiabatic flame temperature (<2100 K) and reaction heat (> -4 kJ/g) (e.g. K3PO4 and 

K2SO4). The results on the amount of gas generation are consistent with the peak 
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Formulations  cc gas/g a Major gas products (mol%)  
Adiabatic 
temperature 
(K) 

Standard 
reaction 
heat (kJ/g) b 

Al+KNO3 4.0×103 K (49%), N2 (24%), Al2O3 (25%) c 3732 -7.6 

Al+KClO3 4.1×103 KCl (55%) d, Al2O3 (35%) c 3791 -9.8 

Al+KClO4 4.2×103 KCl (46%) d, Al2O3 (44%) c 3842 -10.6 

Al+KBrO3 3.4×103 KBr (64%) d, Al2O3 (34%) c 3789 -7.7 

Al+KIO3 2.5×103 KI (79%) d, Al2O3 (20%) c 3686 -5.7 

Al+KIO4 2.9×103 KI (64%) d, Al2O3 (35%) c 3796 -6.9 

Al+K2SO4 4.7×102 K (66%), SO2 (27%) 2040 -3.9 

Al+K2S2O8 
e - - - -5.8 

Al+K3PO4 
e - - - -0.9 

Note:  
a cc = cubic centimeters. 
b The standard reaction heat (kilojoules per gram of thermite) was calculated for formulations with 
fuel/oxide in a stoichiometric ratio in the 1atm, 298K condition.  
c Al2O3 here is not molecular Al2O3. It involves decomposition into several gaseous products (e.g., O2, 
O, AlO). 
d KX (X=Cl, Br, I) involve gaseous KX, K, and X.  
e The combustion temperature and gas generation for K2S2O8 and K3PO4 were not found in CHEETAH. 
 

 

    The reaction equations were shown in the following eq. 6.1 - 6.9, and also in Fig. 

6.3. The standard heat of formation for each reaction/product (Table 6.2) was used to 

calculate the reaction heat in Table 6.1.  

3 2 3 2

1
2

2
Al KNO Al O N K    [53]                        (6.1)                             

3 2 32Al KClO Al O KCl                                                                                       (6.2) 

4 2 3

8 4

3 3
Al KClO Al O KCl  

                                                                                (6.3) 

3 2 32Al KBrO Al O KBr                                                                                 (6.4)

3 2 32Al KIO Al O KI                                                                                            (6.5) 
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4 2 3

8 4

3 3
Al KIO Al O KI  

                                                                                  (6.6) 

2 4 2 3 2

4 2
2

3 3
Al K SO Al O K SO     [53]                                                                 (6.7) 

2 2 8 2 3 2

8 4
2 2

3 3
Al K S O Al O K SO     [53]                                                              (6.8) 

3 4 2 3

8 4
3

3 3
Al K PO Al O K P     [53]                                                                    (6.9) 

 

Table 6.2. Tabulated results of standard heat of formation for reactants and products 
participating in the thermite reactions.  

Chemicals 
o

f H
(kJ/mol) Chemicals 

o
f H

(kJ/mol) Chemicals 
o

f H
(kJ/mol) 

K2S2O8 -1845 a KBrO3 -360 c KI -328 b 

K2SO4 -1438 b KNO3 -494 c KBr -394 b 

KIO4 -467 c K3PO4 -1971 c KCl -434 b 

KIO3 -501 c Al 0 K 0 

KClO4 -430 b Al2O3 -1676 b N2 (g) 0 

KClO3 -389 b SO2 (g) -297 b P 0 
Note:  

a see reference [50]. 
b see reference [54]. 
c see reference [55]. 
 

6.3.2. Thermal decomposition of oxysalts at slow heating rates (10 K/min) 

    Since the gas generation appears to be correlated to the reactivity of oxysalt-

containing thermites (Fig. 6.2), the thermal decomposition of neat microscale oxysalt 

powders was examined to identify the species and the temperature of gas evolution.  



 
161

 



 

F
(
a
 

F
D
6
t
 

T

t

t

g

t

t

t

O

a

t

i

c

Figure 6.3. 
(E), KClO3 
associated w

Figure 6.4. (
DSC tests (T
6.2A). (B) R
tests (Table 6

TG-DSC re

temperature

temperature

general, all 

the lowest 

temperature

the correspo

O2 release t

and faster o

temperature

indicates th

containing t

TG and DSC
(F), KBrO3 

with the design

(A) Relations
Table 6.3), a

Relationship b
6.2), and the 

esults (Fig.

es of physi

e, gas releas

of the nine 

O2 genera

es several hu

onding therm

temperature

overall react

e and peak 

at the oxyge

thermites. 

C profiles fo
(G), KNO3

nated reactio

ship between
and the peak
between the o
pressurizatio

 6.3) demo

cochemical

se, and prod

oxysalts ge

ation tempe

undreds of K

mite reactio

e usually co

tion (also se

pressure (F

en release t

162

or K2S2O8 (A
3 (H), and K
on equations 

n the oxygen 
k pressure fr
oxygen relea
on rate from t

onstrate tha

 changes. T

duct identifi

enerate O2 a

erature, wh

Kelvin high

ons (Fig. 6.2

orresponds t

ee Fig. 6.4 f

Fig. 6.4A) o

temperature 

A), K2SO4 (B
K3PO4 (I). T
are marked b

release temp
from the Al-
ase temperatu
the Al-oxysa

at these ox

The primar

fication are 

at different s

hile K2SO4

her than the 

2A), I find t

to a thermit

for the relat

or pressuriz

is a good m

B), KIO4 (C)
The characte
by the vertica

perature mea
oxysalt therm

ure measured
alt thermite re

xysalts show

ry thermal 

summarized

stages, with

and K3PO

other oxysa

that the oxy

e event wit

tionships be

zation rate (

metric for ev

, KIO3 (D), 
eristic tempe
al dotted line

sured from th
mite reaction

d from the TG
eaction (Fig. 

w different 

results for 

d in Table 6

h K2S2O8 sh

O4 release 

alts. In relat

ysalt having 

th a high pr

etween O2 r

(Fig. 6.4B))

valuating ox

KClO4 
eratures 
s. 

 

he TG-
n (Fig. 
G-DSC 
6.2B). 

onset 

onset 

6.3. In 

howing 

O2 at 

tion to 

 a low 

ressure 

release 

). This 

xysalt-



163 
 

Table 6.3. Summary of the thermal decomposition events of oxidizers during heating (10 
K/min). The onset temperature and relevant products in each event are listed. The parentheses 
show the melting phase change of oxidizers. 

Oxidizers T (K) Events Products T (K) Events Products 

K2S2O8 556 Decomposition K2S2O7, O2 725 Decomposition 
K2SO4, 
O2, SO2 

a 

K2SO4 1357 Melting K2SO4 (l) 1394 Decomposition K, O2, SO2 
b 

KIO4 613 Decomposition KIO3, O2 797 Decomposition KI, O2 
c 

KIO3 809 Decomposition KI, O2 
c - - - 

KClO4 877 Melting KClO4 (l) 895 Decomposition KCl, O2
 c 

KClO3 695 Melting KClO3 (l) 745 Decomposition KCl, O2
 c 

KBrO3 680 Melting KBrO3 (l) 699 Decomposition KBr, O2
 c 

KNO3 601 Melting KNO3 (l) 913 Decomposition 
K, O2, 
NO2 

d 

K3PO4 1347 Melting K3PO4 (l) 1539 Decomposition 
K2O, P, 
O2 

e 
Note:  

 a The final products from the decomposition of K2S2O8 are referred to [50]. 
b The final products from the decomposition of K2SO4 are referred to [56]. 
c The final products from the decomposition of KIO3, KIO4, KClO3, KClO4 and KBrO3 are measured 
from my TG-DSC results (Fig. 6.3). 
d The final products from the decomposition of KNO3 are referred to [57]. 
e The final products from the decomposition of K3PO4 are referred to [58]. 
 

   It is interesting to note that many oxysalts in Table 6.3 have a melting temperature 

lower than the O2 release temperature. Considering the much higher oxygen mobility 

in a melt, a melting event commencing prior to thermal decomposition (O2 release) 

may also have a potential impact on initiating the thermite reaction.  

 

6.3.3. Thermal decomposition of oxysalts at ultrafast heating rates (4×105 K/s) 

    In order to investigate oxygen release at heating rates that more closely represent a 

combustion event, T-jump TOF-MS at a heating rate of 4×105 K/s was employed, and 

the onset temperatures for corresponding generated gases were determined. As an 

example, the overall temporal MS intensity of molecular oxygen released from 
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6.3.4. T-jump ignition temperature 

    Ignition temperatures of the nine oxysalts were determined from the optical 

emission profiles. For example as shown in Fig. 6.5, the ignition temperature of nano-

Al/micro-K2S2O8 in Ar was measured to be 893 K as the onset of optical increase. 

Given that this ignition temperature is ~270 K higher than the O2 release temperature 

(Fig. 6.5), I previously speculated that the O2 release is one of the prerequisites for 

ignition, while it does not determine the initiation of Al-K2S2O8 reaction [50]. We 

raise an important question in this study as to whether O2 release prior to ignition is 

necessary for the initiation of the other Al-oxysalt reactions.  

    To address this issue, I compared the O2 release temperatures and ignition 

temperatures of all the nine nano-Al/micro-oxysalt thermites in Fig. 6.6. Fig. 6.6A 

shows that although Al-KNO3, Al-KClO4, Al-KIO3, Al-KClO3, Al-KBrO3, Al-KIO4, 

and Al-K2S2O8 have different O2 release temperatures, they all ignited around the 

same temperature in Ar, and nominally ~50 K below the melting point of Al. 

Furthermore, ignition appears to be insensitive to available gas phase oxygen since 

the ignition temperature in Ar and air appear to be similar. The dotted vertical line in 

the plot (Fig. 6.6A) corresponds to the melting point of aluminum, and it appears that 

most of the ignition temperatures are aligned vertically and parallel to the dotted line, 

and thus do not correlate with the O2 release temperature. These results imply that the 

ignition of the Al-oxysalt thermites is dominated by the accelerated outward diffusion 

of Al when approaching its melting point. The generated O2 concentration locally 

from the decomposition of oxysalts is much higher than that in air (see the following 

Section 6.3.5 for the detailed comparison of the O2 concentrations in film and in air), 
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    The constant ignition temperature for these Al-oxysalt thermites at ~880 K 

corresponds to a critical phase change in the Al particle shell from amorphous (< 880 

K) to γ-alumina [22]. Trunov et al reported that the density of γ-alumina is larger than 

amorphous alumina, thus the newly formed γ-alumina at ~880 K was not able to form 

a continuous dense layer outside the Al particle [22]. This partially covered shell 

facilitates the accelerated diffusion of Al, resulting in the increased oxidation rate of 

Al, which from the perspective of ignition, refers to the consistent ignition 

temperature for the reactive Al-oxysalt thermites at ~880 K.  

    The reaction behaviour of Al-K2SO4 and Al-K3PO4 thermites is clearly very 

different from the other seven thermites. Fig. 6.6A shows that their ignition 

temperatures in Ar are more than 100 K higher than the melting temperature of Al. In 

this case, Al is completely melted and most likely in intimate contact with the oxysalt. 

Considering that their O2 release temperatures are even higher than their ignition 

temperatures, the ignition of Al-K2SO4 an Al-K3PO4 thermites presumably follows a 

condense phase route similar to the aforementioned case for the other thermites in 

vacuum (Fig. 6.6B). This postulated condense phase reaction mechanism for Al-

K2SO4 and Al-K3PO4 thermites is further confirmed by their unchanged ignition 

temperatures in vacuum (Fig. 6.6B). However, when ignited in air, both Al-K2SO4 

and Al-K3PO4 thermites show decreased ignition temperatures approaching the 

melting temperature of Al (Fig. 6.6A). This is consistent with these oxysalts acting 

almost as dead weight and the aluminum penetrating the alumina shell above its 

melting point to ignite with gaseous oxygen.   
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Table 6.4. Tabulated results of nine microscale oxysalts in Fig. 6.6 indicating their O2 release 
temperatures, as well as ignition temperatures for corresponding aluminum-fueled thermites 
in Ar, in air and in vacuum, respectively. Each O2 release temperature or ignition temperature 
was measured at least twice, and the average value is presented. 

Microscale 
oxidizers 

O2 release 
temperatures (K) 

Ignition 
temperatures in 
Ar (K) 

Ignition 
temperatures in 
air (K) 

Ignition 
temperatures in 
vacuum (K) 

K2S2O8 626 ± 23 893 ± 42 888 ± 44 1039 ± 12 

K2SO4 1360 ± 50 1054 ± 10 1011 ± 12 1047 ± 29 

KIO4 710 ± 50 888 ± 17 908 ± 25 1044 ± 50 

KIO3 850 ± 30 891 ± 44 883 ± 40 1059 ± 41 

KClO4 945 ± 10 921 ± 14 913 ± 12 971 ± 5 

KClO3 840 ± 20 868 ± 8 863 ± 10 927 ± 6 

KBrO3 800 ± 20 890 ± 19 908 ± 8 959 ± 19 

KNO3 1000 ± 15 907 ± 31 905 ± 22 1009 ± 13 

K3PO4 1296 ± 24 1060 ± 22 967 ± 16 1056 ± 17 

 

    We also conducted similar experiments by decreasing the dimension of oxysalts to 

nanometer scales so that the contact area between the fuel and oxidizer can be 

significantly increased. The motivation of this control experiment is to further 

evaluate my proposed reaction mechanism that includes reactive gaseous oxygen. Fig. 

6.7 and Table 6.5 show a consistent correlation between ignition temperatures of the 

nano-Al/nano-oxysalt thermites in Ar, air and vacuum, similar to Fig. 6.6 for nano-

Al/micro-oxysalt thermites. To understand the effect of the powder size of oxysalts, a 

typical comparison of the O2 release temperature and the ignition temperature 

between nano-Al/nano-oxysalt and nano-Al/micro-oxysalt thermites in Ar was 

conducted in Fig. 6.8. Compared with the nano-Al/micro-oxysalt thermites, the nano-

Al/micro-oxysalt thermites of Al-K2SO4 and Al-K3PO4 show more than 50 K 

reduction both in O2 release and ignition temperatures. Since both thermites follow a 

condense phase reaction mechanism, it is reasonable to see the decrease in these 
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limits the transport of Al and O, the thermite ignition is largely influenced by the 

accelerated Al diffusion, based on the fact that ignition occurs near the melting point 

of the metallic aluminum core (Fig. 6.6). The ignition temperatures of the seven 

reactive Al-oxysalt thermites were close to the aluminum melting point in both Ar 

and air (Fig. 6.6A and Fig. 6.7A) even though the corresponding oxysalts have 

different O2 release temperatures. This indicates that the ignition was controlled by 

the accelerated outward diffusion of aluminum. However, this result provides no 

indication as to the nature of the reactive oxygen species that reacts with Al. The fact 

that in vacuum, where I expect little gas phase oxygen to play a role, the ignition 

temperature increases suggests that the initiating mechanism transitions from an 

oxygen gas reaction to a condensed phase oxygen exchange process.  

    To further explore this point I employ carbon as a fuel, because unlike Al, it has a 

very high melting temperature, thus no fuel mobility (> 3800 K), and since there is no 

oxide shell, the fuel is directly accessible to the oxidizer. Fig. 6.9 and Table 6.6 show 

that in contrast to Al, where ignition was confined to near the melting point of Al 

regardless of oxidizer species, the reactive nano-carbon/micro-oxysalt thermites (Al-

KNO3, Al-KClO4, Al-KIO3, Al-KClO3, Al-KBrO3, and Al-KIO4) have a near perfect 

linear correlation between ignition and O2 release temperatures both in Ar and in air. 

These reactive thermites are incombustible in vacuum, probably due to a lower 

reactivity of C than Al. These results clearly indicate that the reactive oxygen that 

leads to ignition with the surface bound carbon is from the released molecular oxygen, 

thus confirming the Al-O2(g) reaction mechanism for the reactive oxysalt-containing 

thermites.  
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    Two exceptions are C-K2SO4 and C-K3PO4, which are not combustible in Ar, while 

have higher ignition temperatures than their O2 release temperatures in air. This result 

confirms my previous interpretation that the less reactive thermites undergo a 

condense phase reaction mechanism. 

 

6.3.5. Estimation of the effect of O2 in air to the ignition temperature of reactive Al-

oxysalt thermites 

    For calculating the local O2 concentration (C), I estimated that the mass ratio of 

oxygen in Al-oxysalt thermite is ~30% [50], and the packing density of the film is 20% 

[52].  Since most of the F/O reactants have similar mass densities (Al: 2.7 g/cm3, 

KClO3: 2.32 g/cm3, KIO3: 3.89 g/cm3, K2SO4: 2.66 g/cm3, etc.), I assume the average 

density of the loaded mass on wire is ~ 3 g/cm3. Therefore, the O2 concentration 

decomposed from the oxysalt can be calculated as C = 20% × (3 g/cm3) × 30% / (32 

g/mol) = 5626 mol/m3.  

    On the other hand, the density of air is 1.3 kg/m3, and the mass ratio of O2 in air is 

~21%. Thus the inherent oxygen concentration in air is Cair = (1.3kg/m3) × 21% / (32 

g/mol) = 8.5 mol/m3. We can see that C is ~ 3 orders of magnitude larger than Cair. 

This result explains why the oxygen in air won’t affect the ignition temperature.  

 

6.3.6. Estimation of the O2 residence time in thermite film 

    The diffusion coefficient, D for oxygen gas can be expressed by the Chapman–

Enskog theory [59]:  

3 1.5

1 22

1.86 10
1/ 1/

T
D M M

P


 


                                                                         (6.10) 
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where M1 and M2 are the molar weights of O2 and air, respectively, P is the external 

pressure, σ is the collision diameter, Ω is a temperature-dependent collision integral 

(usually equals to one). The diffusion coefficient of O2 in 1 atm, r.t. air was 

documented as 0.176 cm2/s [59]. Suppose the diffusion length for oxygen is L = 10 

µm (the film thickness), the dwell time of O2 in film in air is estimated as t = L2/D = 

0.01ms. This time scale is close to the pressurization time scale of most reactive 

thermites (0.1ms - 1ms), indicating that the residence time of O2 allows the ignition of 

Al in air or Ar. 

    However, when the experiment was conducted in vacuum (10-5 Pa), according to 

eq 6.10 the D value was increased by 10 orders of magnitude (D’ = 0.176×1010 cm2/s), 

resulting in a much shorter dwell time t’ = L2/D’ = 10-12 ms. This result evidently 

shows that the oxygen generated from the oxysalt will presumably have little time to 

interact with Al in vacuum. 

 

6.3.7. Reaction mechanisms  

    Here I summarize the experimental results within a framework of some plausible 

mechanisms as illustrated in Fig. 6.10. In this study I consider mainly four 

characteristic temperatures. The ignition temperature (Tig), the oxygen release 

temperature (TO2), the phase change temperature for the alumina shell (Tγ-Al2O3, which 

is close to the melting temperature of aluminium, TAl-melt), and the melting 

temperature of oxysalt (Toxidizer-melt). The nine Al-oxysalt thermites can be generally 

divided into two groups. The first group includes Al-K2S2O8, Al-KIO4, Al-KIO3, Al-

KClO3 and Al-KBrO3 as they fall below the diagonal in Fig. 6.6A. These thermites 
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have TO2 < Tγ-Al2O3 = Tig < TAl-melt, and minimal or lower Toxidizer-melt. The ignition for 

these thermites is driven by the interaction of released O2 from the oxysalt and the 

accelerated outwardly diffusing Al atoms when the temperature of the polymorphic 

phase change in alumina (~880 K, from amorphous to γ-Al2O3) is reached (which 

also approaches TAl-melt at ~930 K) [22]. This phase change at ~880 K features some 

degree of porosity in the alumina shell due to the increase of alumina density, leading 

to the enhancement of Al diffusion across the alumina shell, and therefore the 

initiation of thermite reaction. Two thermites including Al-KNO3 and Al-KClO4 have 

a transformed ignition type subordinate to the first group (Fig. 6.11), which ignite 

before oxygen is released. These are the thermites that are found above the diagonal 

in Fig. 6.6A. In this case, the oxysalt melts prior to ignition (Toxidizer-melt < Tγ-Al2O3 = 

Tig < TO2), thus the thermite must initially be ignited by the interaction of bound 

oxygen in the molten oxysalt and accelerated outwardly diffused Al at the 

temperature of polymorphic phase change in the alumina shell (~880 K, close by TAl-

melt). Once ignition commences, self-heating will generate gaseous oxygen which then 

will be the predominant reaction mechanism, as the in-vacuum experiments illustrate 

(Fig. 6.6B). The second group of thermites includes Al-K2SO4 and Al-K3PO4 that are 

substantially above the diagonal (Fig. 6.6A) and thus gas-phase generated oxygen 

cannot be important. The ignition temperatures for these less reactive thermites are 

higher than TAl-melt, while lower than TO2 (Fig. 6.6A), suggesting that ignition is 

determined by the accelerated outward flow of oxygen from the melt oxysalt (TAl-melt 

< Toxidizer-melt = Tig < TO2). These results demonstrate that ignition of Al-oxysalt 

thermites requires both the availability of Al and oxygen at the reaction interface, and 
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(Tγ-Al2O3), and the melting temperature of oxysalt (Toxidizer-melt). The basic results are: 

(1) Tig of the reactive thermites in Ar and in air are similar to Tγ-Al2O3 (close to TAl-melt), 

while the corresponding Tig in vacuum are higher; (2) Tig of the less reactive 

thermites in Ar and in vacuum are consistent, and much higher than TAl-melt, although 

lower than TO2 and Toxidizer-melt of the corresponding oxysalts. These results indicate 

that the limiting initiation step of the reactive thermites is the capability of Al atoms 

to diffuse through the Al2O3 shell towards the reactive oxygen at the interface 

(gaseous or molten), whereas the limiting initiation step of the less reactive thermites 

is the decomposition or melting of oxysalts to deliver oxygen to the molten Al. Use of 

nano-carbon-fueled oxysalt thermites confirm that there are two reaction mechanisms 

for these oxysalt-containing thermites. In terms of the various ignition dependence of 

heterogeneous solid-gas reaction or condense state reaction, I proposed a general 

framework of ignition mechanisms for different oxysalt-containing thermites.  
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Chapter 7: Evaluating Free vs. Bound Oxygen on Ignition of Nano-

aluminum Based Energetics Leads to a Critical Reaction Rate 

Criterion*  

 

Overview 

    This study investigates the ignition of nano-aluminum (n-Al) and n-Al based 

energetic materials (nanothermites) at varying O2 pressures (1-18 atm), aiming to 

differentiate the effects of free and bound oxygen on ignition and to assess if it is 

possible to identify a critical reaction condition for ignition independent of oxygen 

source. Ignition experiments were conducted by rapidly heating the samples on a fine 

Pt wire at a heating rate of ~105 ˚C s-1 to determine the ignition time and temperature. 

The ignition temperature of n-Al was found to reduce as the O2 pressure increased, 

whereas the ignition temperatures of nanothermites (n-Al/Fe2O3, n-Al/Bi2O3, n-

Al/K2SO4 and n-Al/K2S2O8) had different sensitivities to O2 pressure depending on 

the formulations. A phenomenological kinetic/transport model was evaluated to 

correlate the concentrations of oxygen both in condensed and gaseous phases, with 

the initiation rate of Al-O at ignition temperature. We found that a constant critical 

reaction rate (5×10-2 mol m-2 s-1) for ignition exists which is independent to ignition 

temperature, heating rate and free vs. bound oxygen. Since for both the thermite and 

the free O2 reaction the critical reaction rate for ignition is the same, the various 

                                                 
* The results presented in this chapter have been published in the following journal article: W. Zhou, J. B. 
DeLisio, X. Wang, G. C. Egan, M. R. Zachariah*. Evaluating Free vs. Bound Oxygen on Ignition of Nano-
aluminum Based Energetics Leads to a Critical Reaction Rate Criterion. J. Appl. Phys., 2015, 118, 114303. 
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ignition temperatures are simply reflecting the conditions when the critical reaction 

rate for thermal runaway is achieved. 

 

7.1. Introduction 

    Recent advances in large-scale manufacturing and processing of nanoparticles have 

motivated research on energetic materials with nanoscale features and structures [1-3]. 

Nano-aluminum (n-Al), due to its high energy density and superior reactivity, is one 

of the most widely studied nanomaterials for pyrotechnics, propellants, and 

explosives applications [4,5]. A variety of powdered n-Al explosives and aluminized 

nanocomposites (nanothermites) that contain oxidizers are being evaluated based on 

their rate and intensity of energy release [1-3], as well as their sensitivity and stability 

[6,7]. Compared to self-sustaining steady state combustion, reaction initiation 

(ignition) is difficult to study and control due to its very fast transient nature and its 

sensitivity to many parameters such as heating rate [8,9], particle size [10,11] and 

assembly [12,13] (influencing the contact area between fuel and oxidizer). For n-Al, 

ignition is further complicated by the thin (~2-5 nm) native oxide shell, alumina 

(Al2O3), that acts as a passivation layer at low temperatures [14,15].  

    In order for ignition to occur, a threshold must be surpassed where the mutual 

transfer of Al and O across the Al2O3 shell is rapid enough to induce a sufficiently 

higher energy release rate relative to energy loss to the surroundings. It is expected 

that oxygen anions and aluminum cations migrate radially inward and outward 

respectively by the concentration gradients [16]. In addition, the outward transport of 

Al cations is primarily driven by a built-in electrical field across the alumina shell, as 
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described by the Cabrera-Mott theory [17,18], as well as by the pressure-driven 

outward convection due to the volumetric expansion of Al core during heating 

[19,20]. Given these two additional mechanisms, and that the Al cations are smaller 

than the oxygen anions [16], the Al flux outwards should exceed that of oxygen 

inwards. This diffusion bias is prevailingly evidenced by several reports showing that 

hollow structures are formed during the oxidation of n-Al particles [21-23]. Therefore, 

the reaction interface is expected to be at the outer surface of the aluminum enriched 

alumina shell [16,21].  

    Ignition of n-Al in gaseous oxidizers and of aluminum-fueled nanothermites relies 

on the same fundamental global reaction between Al and O. The distinction is that for 

nanothermites, the reactive oxygen that participates in the ignition event comes from 

oxygen bound in the oxygen lattice sites of the solid oxidizers. Based on the 

availability of free gaseous oxygen in the ignition event, the ignition mechanisms can 

be divided into two categories: (1) the condensed phase Al-O reaction and (2) the Al-

O2(g) heterogeneous reaction. For many Al/metal oxide formulations (e.g., Al/Bi2O3
 

[24]), O2 is released from oxidizers at a higher temperature than the corresponding 

ignition temperature, indicating that ignition is mainly triggered by the condensed 

phase reaction between Al and bound oxygen. In some other cases (e.g. Al/CuO [25]), 

oxygen release is prior too, or synchronized with ignition, suggesting that the 

predominant reactive oxygen that participates in the initiation reaction could be 

gaseous O2. A recent study has investigated ignition temperatures of multiple oxysalt 

based thermites in various gaseous environments [26]. The results show that some 

reactive oxysalts, such as potassium periodate (KIO4) [27] and potassium persulfate 
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(K2S2O8) [28], are more easily decomposed than traditional metal oxides, thus 

exhibiting very low O2 release temperatures and ignition temperatures. In this case, it 

is believed that free gaseous O2 plays the predominant role in triggering the ignition 

event [26-28]. Due to the reactive sintering of fuel and oxidizer at the initiation stage 

for many thermite formulations as observed from post-reaction products analysis 

[29,30] and in situ fast-heating electron microscopy [29,31,32], the two 

aforementioned ignition mechanisms may be actually coincident in a single ignition 

event. While many studies have supported these two main ignition mechanisms, they 

fail to explain when these different mechanisms exist, and under what conditions they 

prevail [28,33]. 

    Previous studies have presented a muddled vision of the criteria that control the 

ignition of n-Al based energetic materials. The melting point of Al, or the 

decomposition temperature of oxidizer, have been presumed as the criterion for 

ignition [34,35]. However, some experimental results have also revealed that there is 

no correlation between these characteristic temperatures and ignition temperature [36]. 

These results suggest that the ignition phenomenon is not merely driven 

thermodynamically, but is also driven kinetically. Previous kinetic models have been 

proposed for the oxidation of n-Al in which power-law functions were adopted to 

describe the oxidation rate of Al [37-39]. Since these functions were developed to 

describe oxidation kinetics when a significant conversion from Al to Al2O3 had 

occurred, they are inappropriate for ignition kinetics, which feature a very small 

conversion ratio. Alternatively, zero-order Arrhenius models involving no 

concentration of reactants [40,41], and 1st order models which include oxygen 
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concentration as a parameter have been employed [42]. However, given that the 

concentration of Al at the reaction interface may also change with temperature [14,19, 

22, 34-36, 43-45], an improved model containing both concentrations of Al and O 

needs to be evaluated. In addition, some consideration should be given which will 

shed light on the aspect of metal ignition when the source is free O2 vs. bound oxygen. 

    In this Chapter, the ignition of n-Al based energetic materials was analyzed to 

explore the role of bound vs. free oxygen, and to assess if it is possible to identify a 

critical reaction condition for ignition independent of oxygen source. For these 

studies, I evaluate the ignition of n-Al and four aluminum based nanothermites (n-

Al/Fe2O3, n-Al/Bi2O3, n-Al/K2SO4 and n-Al/K2S2O8) in O2. What distinguishes this 

particular work is that I simultaneously varied the O2 concentration as a control 

variable through the initial pressure (1-18 atm). The experimental results were used in 

conjunction with a phenomenological kinetic/transport model to determine a critical 

condition for ignition and a global activation energy. When combined with the 

experimental results the model enables me to distinguish the role of free vs. bound 

oxygen on ignition. The result shows that the critical reaction condition for ignition is 

independent of oxygen source and heating rate.  

 

7.2. Experimental section 

7.2.1. Materials 

    N–Al particles (~50 nm) were obtained from Argonide Corporation. Bismuth oxide 

(Bi2O3) and iron oxide nanoparticles (Fe2O3) (~50 nm) were obtained from Sigma-

Aldrich. Microscale potassium persulfate (K2S2O8) and potassium sulfate (K2SO4) 
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powders were purchased from Fluka and Sigma Aldrich, respectively. Nanoscale 

potassium persulfate (K2S2O8) and potassium sulfate (K2SO4) were prepared by spray 

drying of the K2S2O8 water solution (0.02 mol L-1) at 150 ˚C, and the K2SO4 water 

solution (0.02 mol L-1) at 180 ˚C, respectively [26,28]. Nanothermites were prepared 

by sonicating the n-Al and nanoscale oxidizers stoichiometrically in hexane for 30 

mins, followed by stirring overnight and desiccation in vacuum. 

 

7.2.2. Temperature jump (T-jump) ignition measurements 

The ignition tests were conducted by coating the hexane suspension of n-Al or 

aluminum-fueled nanothermites evenly onto a (76 µm diameter × 10 mm long) 

platinum (Pt) wire. The particle layer was found to have a length of ~ 8 mm and a 

thickness of 25 µm. In the case of ignition of n-Al, the mass of n-Al was estimated to 

be ~ 30 µg, assuming the sample pack density on wire is ~20% [25]. In the case of 

ignition of nanothermites, I controlled the same coating volume of samples on wire as 

that for n-Al, and the masses were around 30 µg – 75 µg depending on the 

formulations. After drying in air, the wire was resistively heated to ~1200 ˚C within 3 

milliseconds (~4×105 ˚C s-1) by a tunable voltage pulse generated by a home-built 

power source (Fig. 7.1). For any given voltage, the current passing through the wire 

was measured using a current probe (AM503, Tektronix). The transient voltage and 

current were simultaneously recorded into an oscilloscope (WR 606Zi, Teledyne-

LeCroy). The transient temperature on the wire during the pulse time was measured 

according to the standard electrical resistance/temperature relationship for Pt 

(Callendar-Van Dusen equation [46]). The ignition time was determined using a high 
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18 atm (Fig. 7.1). To control the ignition of n-Al at different heating rates, n-Al was 

heated to the same peak temperature of ~1200 ˚C but within different pulse times (2 

ms, 4 ms, 8 ms, and 16 ms). A thinner Pt wire (radius = 12.7 µm) was also used in the 

ignition test of n-Al in O2, to evaluate if the results were dependent on wire diameter. 

The mass loaded on the thinner wire was kept constant as ~ 20 µg. 

 

7.3. Results and discussion 

7.3.1. Ignition of n-Al in free oxygen 

    In order to evaluate the role of free O2, the chamber was filled with the pure gas at 

pressures ranging from 10-10 atm to 18 atm. Fig. 7.2 shows that the ignition 

temperature decays with increasing O2 pressure, and drops below the melting point of 

bulk Al at >7.4 atm. As the O2 pressure further increases to over 15 atm, the ignition 

temperature asymptotically approaches a value of ~620 ˚C. This threshold implies 

that ignition at this point is limited by the mobility of Al migrating outwards, so that 

below a critical temperature, the surface concentration of Al is too low to support the 

ignition event. Considering that a smaller particle size is able to depress the ignition 

temperature of bulk Al [36], this critical temperature is probably correlated with the 

melting of n-Al. This strong dependence on O2 pressure for ignition temperature 

represents a thermodynamic state (i.e. temperature) for rapid kinetics sufficient for 

run-away reaction.  
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7.3.2. Ignition of n-Al based thermites (i.e. bound oxygen) 

    In the previous example, O2 was free and its concentration was systematically 

varied by changing the pressure. Next, bound oxygen was investigated through the 

ignition of four n-Al based thermites (n-Al/Fe2O3, n-Al/Bi2O3, n-Al/K2SO4 and n-

Al/K2S2O8). Fig. 7.3 shows that these nanothermites have a wide range of ignition 

temperatures in vacuum, with the highest ignition temperature for n-Al/Fe2O3 at 825 

˚C, and the lowest for n-Al/Bi2O3 at 590 ˚C. Since a low pressure environment will 

promote rapid extraction of any gaseous O2 generated by the oxidizer away from the 

thermite mixture on the wire, the initiation reaction for these nanothermites in 

vacuum (~10-10 atm) should be predominantly controlled by the condensed phase 

reaction. Given that the ignition temperatures follow: n-Al/Fe2O3 > n-Al/K2SO4  n-

Al/K2S2O8 > n-Al/Bi2O3, and there is only a small difference in the oxygen densities 

of the four oxidizers, the different ignition temperatures in vacuum are more likely to 

be correlated to different activation energies of  these four condensed phase Al-O 

reactions. 

    Increasing the O2 pressure resulted in a variety of, mainly decreasing trends, that 

was dependent on the thermite system. The decaying dashed line represents a fit for 

pure n-Al from the data in Fig. 7.2. For the case of n-Al/Bi2O3, which already 

possesses a low ignition temperature, increasing the O2 concentration has no 

discernible effect. This confirms previous work [33] that the initiation of the n-

Al/Bi2O3 is controlled exclusively by a condensed phase reaction, with ignition 

occurring much earlier than the decomposition temperature of Bi2O3 (~1300 ˚C). This 

behavior has been explained by the fact that Bi2O3 has one of the highest known  
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oxygen ion conductivities among typically used oxidizers [47], which would greatly 

enhance condensed phase transport of oxygen.  

    The opposite extreme to the Bi2O3 containing system would be one where gas 

phase O2 is released from the oxidizer at a lower temperature than ignition [27]. One 

such system is n-Al/K2S2O8, which shows a significant reduction of ignition 

temperature in O2 (610 ˚C) when compared to that in vacuum (755 ˚C). If condensed 

phase reaction were important then I should expect no decrease in ignition 

temperature between vacuum and 1 atm. However the fact that increasing pressure of 

O2 does not change the ignition temperature implies that O2 release from n-Al/K2S2O8 

is controlling. Furthermore the fact that this reaction, has a lower ignition temperature 

than the neat n-Al in O2, as represented by the decaying dashed line (Fig. 7.3), is 

consistent with the fact that the oxygen concentration in solid oxidizers (7×104 mol 

m-3) is more than 2 orders of magnitude higher than that in gas (1- 100 mol m-3 when 

the O2 pressure changes from 0.1 atm to 18 atm (Fig. 7.2)). Thus in the case of 

K2S2O8 the bound oxygen is released at much higher concentration than the local O2 

pressures tested in this experiment [27,28]. 

    For the other two investigated nano-thermite formulations, the ignition 

temperatures decrease as the O2 pressure increases (Fig. 7.3). At O2 pressures below 5 

atm, the ignition temperatures of n-Al/Fe2O3 are higher than the corresponding 

ignition temperatures of n-Al, while the ignition temperatures of n-Al/K2SO4 are in 

contrast lower (Fig. 7.3). We have seen in Fig. 7.3 that the ignition points of n-

Al/Fe2O3 and n-Al/K2SO4 in vacuum are above and below the dashed line, 

respectively, indicating that the reaction rate between Al and bound oxygen from 
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Fe2O3 is lower than that between Al and free O2, while the reaction rate between Al 

and bound oxygen from K2SO4 is higher. If I consider the overall initiation reaction 

for these two nanothermites are comprised of two competitive reactions (Al reacting 

with gaseous oxygen and condensed phase oxygen), since the reaction rates follows: 

Al-O (from K2SO4) > Al-O2 (g) > Al-O (from Fe2O3), one would expect to see that 

ignition temperatures follows: n-Al/Fe2O3 > n-Al > n-Al/K2SO4, consistent with my 

experimental results in the O2 pressure range of 1-5 atm (Fig. 7.3). At O2 pressures 

above 5 atm, their ignition temperatures asymptotically approach the corresponding 

ignition temperature of n-Al (Fig. 7.3). This indicates that once more gaseous oxygen 

is added, n-Al in the formulation initiates predominantly by a relatively more reactive 

Al-O2 (g) mechanism, and the oxidizers gradually become dead weight in the system 

until after ignition.  

 

7.3.3. Thermal transfer analysis and criterion for n-Al at ignition  

    The ignition results of n-Al and n-Al based nanothermites have suggested that 

ignition temperature is controlled by the local concentration of oxygen, either in the 

condensed phase as in the case of Bi2O3 or alternatively as an effective local O2 

concentration as in the case of K2S2O8. A higher oxygen concentration (or lower 

activation energy) would lead to a larger reaction rate between Al and O, which as a 

result induces more heat generation at a given temperature. To evaluate these results 

more thoroughly, I will develop a relationship between a global reaction rate at the 

point of ignition (Rc), and the ignition temperature. We assume that n-Al has a radius 

r of ~25 nm and an alumina shell thickness d of ~4 nm, which is roughly consistent 
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gaseous Al evaporated from the particle surface.  

    At the peak temperatures around the point of ignition, Al evaporation and thermal 

irradiation are not significant, the heat accumulation is mainly dominated by the 

resistive heating of the wire ( ), the energy gain by reaction ( ), and the heat 

loss to the environment ( , ).  Thus, eq 7.1 at peak temperatures around ignition 

point can be simplified as:  

,a gain r c lossq q q q
   

                                                                                                 (7.2)                             

In eq 7.2,  and  can be expressed as follows: 

( )Al Al Pt Pta

dT
q n Cp n Cp

dt



   (7.3)                              

24 r n Alrq r R H N


   (7.4)                              

where nAl and nPt are the molar amounts of Al and Pt, CpAl and CpPt are the heat 

capacities of Al and Pt (CpPt = 25.86 J mol-1 ˚C-1) [48,49], ΔHr is the heat of reaction 

per mole of Al (= 837.5 kJ mol-1) [22], Nn-Al is the number of n-Al particles loaded on 

the wire, and R is the reaction rate. Since nAl << nPt in my system, eq 7.3 can be 

simplified as  = / . According to the dimension of the Pt wire (length 

= 1 cm, radius = 38.1 µm), as well as the density of Pt at the room temperature (= 

21.45 g cm-3), the molar amount of Pt (nPt) is calculated to be 5.1×10-6 mol. 

Considering that the mass loading on the wire is ~ 30 µg in the case of ignition of n-

Al in O2, Nn-Al is calculated to be 1.9×1011. For the ignition of nanothermites, Nn-Al are 

distinct for different formations based on different total mass loading. In detail, Nn-Al 

for n-Al/Fe2O3, n-Al/K2SO4, n-Al/K2S2O8 and n-Al/Bi2O3 are 0.76×1011, 0.32×1011, 

0.38×1011and 0.48×1011, respectively. 
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    Using the T-Jump heating experiment, the temporal temperature history for n-Al 

particles, which is consistent with the temporal temperature history for the carrier Pt 

wire, was recorded during the 3 ms pulse time. For a 5 atm external pressure of O2 a 

typical temperature-time curve for n-Al in the neighborhood of ignition temperature 

is shown in Fig. 7.5. The experimental temperature curve has a width of ~ 50 ˚C (as 

shown by the two dashed curves), demonstrating that the precision of the temperature 

measurement is ± 25 ˚C. It can be seen that the slope of temperature-time curve 

( / | ) for n-Al is close to constant, and equivalent to the slope of 

temperature-time curve on the bare wire ( / | ) (without deposition of n-Al) 

below the ignition point (Fig. 7.5). This is consistent with the fact that prior to 

ignition, the heat accumulation is exclusively from the resistive heating of the wire 

( ) subtracted by the heat loss to the environment ( , ). So eq 7.2 prior to 

ignition can be expressed as: 

,

ig

a gain c loss
T T

q q q
  



 
                                                                                                 

(7.5)                             

At the point of ignition, a rapid excursion in the wire temperature (Fig. 7.5) occurs 

that leads to a higher slope of temperature-time curve ( / | ). This result is 

indicative that the heat generated by reaction ( ) becomes significant. From the 

temperature-time curve for the bare Pt wire, I also know  and .  are 

constants in the neighborhood of ignition point. In this regard, the energy balance at 

the point of ignition is: 



194 
 

,

ig

a gain r c loss
T T

q q q q
   



  
 (7.6)                              

By combing eqs 7.5 and 7.6, I find that the reaction rate, Rc, at the ignition 

temperature can be taken as a function of the temperature gradient difference as: 

2
( )

4
ig ig

Pt Pt
c

T T T Tr n Al

n Cp dT dT
R

r H N dt dt  

 


                                                                 (7.7)      

    It should be noted that the ignition point I chose in Fig. 7.5 is not the inflection 

point of the curve. This is to account for the uncertainty in the temperature 

measurement which as can be seen in the figure is ~ ± 25 ˚C. Ignition is defined as the 

point where the extrapolation of the ignition curve deviated by at least the uncertainty 

(25 ˚C) . In regard to eq 7.7, the value of  
/ |  is

 
defined as the slope at this 

point, which can be approximated by the average slope of fitted wire within the 

temperature range of ± 50 ˚C of the ignition point. This definition of ignition point is 

different from that I utilized to measure the ignition temperatures of n-Al based 

energetic materials, which is determined by the onset of light emission from ignition 

[24-27]. However, since I found that these two defined ignition temperatures are 

usually very close (< 50 ˚C), I will use the current definition of ignition temperature 

for the following energy balance analysis.
 

In eq 7.7, the number of n-Al loaded on wire is an estimated value based on my 

calculation from an ideal geometry of the nanoparticle coating. The actual 

measurement of the mass gravimetrically confirms that the deposit of n-Al is ~ 30 ± 

10 µg, which gives an uncertainty of 50% to the Rc value.  

Eq 7.7 forms the basis of the following discussion to evaluating the ignition criteria. 
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heating rates in 3 atm O2 by using different pulse times (2 - 16 ms). Fig. 7.6(b) shows 

that over the range of heating rates from ~1×105 ˚C s-1 to ~6×105 ˚C s-1, the ignition 

temperature of n-Al increases by 150 ˚C. However, the critical reaction rate remains 

constant at ~5.8×10-2 mol m-2 s-1, which is similar to the value I obtained from 

ignition experiments when oxygen pressure was varied (Fig. 7.6(a)). The two 

experiments offer the same conclusion, namely that there exists a critical reaction rate 

that determines the initiation of reaction between Al and oxygen.  

    The critical reaction rate of Al with bound oxygen in the nano-thermites was also 

evaluated from the data in Fig. 7.3. In vacuum, the unavailability of gas presumably 

ensures that all nanothermite ignition follows a condensed phase mechanism (Fig. 

7.3). Similarly to the aforementioned ignition of n-Al in O2 (Fig. 7.2), the ignition 

reaction rate of each thermite formulation can be calculated according to eq 7.7 under 

the vacuum condition case. Since eq 7.7 is based on an energy balance that assumes 

nothing about where oxygen comes from, it is equally applicable to the measurement 

of the critical reaction rate for thermites. The ′s for the four thermite formulations 

were found to be similar (3.5×10-2 - 5.9×10-2 mol m-2 s-1, see Table 7.1), which are 

also equivalent to the reaction rate of pure n-Al in O2 (Fig. 7.6), and independent of 

ignition temperature. Thus, a critical reaction rate for ignition, if it exists, should 

have a characteristic that it be constant and invariant of other factors such as 

ignition temperature, heating rate, and oxygen source.  

    The key point however is to note that in both the thermite and the free O2 reaction 

the critical reaction rate for ignition is the same, and the various ignition temperatures 
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are simply reflecting the conditions when the critical reaction rate for thermal 

runaway is achieved.  

    It may seem at first consideration odd, that both the free and bound oxygen case 

have essentially the same critical reaction rate. However when one considers these 

global reactions, they are actually very similar in both the free and bound oxygen 

cases. First, it must be considered that the same fuel particles are used in every case, 

so while the given reaction rate is normalized by surface area, the result is the same 

for both cases. Thus this critical reaction rate implies that, at ignition, the energy 

generation rate is the same for both free and bound oxygen systems. Second, the 

thermochemistry of the reaction of all the systems is quite similar, as it is dominated 

by the exothermic generation of Al2O3. If I consider a metric of the heat of reaction 

normalized by the heat capacity, which is a measure of how much the temperature of 

the energetic material will rise per unit of reaction, I find that all systems are within a 

factor of 2. Thus the result that the critical reaction rates for thermal runaway for both 

the free and bound oxygen cases are similar is perhaps not so surprising.   

 
Table 7.1. Ignition temperatures in vacuum, interfacial concentrations of oxygen and 
aluminum at the ignition temperatures, the activation energies of the condensed phase Al-O 
reaction, as well as the condensed phase ignition reaction rates for n-Al/Fe2O3, n-Al/Bi2O3, n-
Al/K2SO4 and n-Al/K2S2O8. 

Formulations  (kJ/mol) ′ (mol/(m2 s)) 

n-Al/Bi2O3 146a 4.1×10-2 

n-Al/K2SO4 167a 5.9×10-2 

n-Al/K2S2O8 

n-Al/Fe2O3 

169a 

181a 

4.9×10-2 

3.5×10-2 

n-Al 134b 5.0×10-2 
Note: aactivation energy of condensed phase reaction of Al and O(s); bactivation energy of 
heterogeneous reaction of Al and O2(g). 
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7.3.5. Arrhenius Parameters (free and bound) at ignition  

    One key takeaway from my results is that the various ignition temperatures are 

simply reflecting the conditions when the critical reaction rate for thermal runaway is 

achieved. While this ignition criterion is able to generally determine when ignition 

initiates, it does not provide me details about why different formulations show 

different ignition temperatures. We next explicitly investigate several vital factors 

(oxygen concentrations, activation energy, etc.) that contribute to the global reaction 

rate, aiming to systematically understand the control of ignition. From the results in 

Figs. 7.2 and 7.3, I have seen the critical roles of oxygen concentration and activation 

energy in controlling ignition temperature, though I did not evaluate these parameters 

in a quantitative manner. On the other hand, as the other reactant at ignition, the 

concentration of Al at the reaction interface also contributes to the reaction rate. As 

the temperature increases, Al will become increasingly mobile and migrate through 

the oxide shell driven by pressure, concentration gradient, and built-in electric fields 

[17-20]. The prevailing evidence shows that aluminum flux outward exceeds that of 

oxygen inwards, thus indicating that the Al-O reaction occurs at the outer surface of 

the aluminum enriched alumina shell [16,21]. Given that both concentrations of Al 

and O change with temperature, I can explore the above ignition criterion further by 

explicitly evaluating a rate law for Rc, expressed as: 

( ) ( )s m n
c Al OR k C C  (7.8)                             

where  

exp( )aE
k A

RT
   (7.9)                              

Here k is the reaction constant,  and  are the concentrations of reactive oxygen 
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and aluminum at the reaction interface, m and n are positive indices of  and  

respectively, A is the pre-exponential factor, and Ea is the activation energy of the Al-

O reaction. For the fast initiation of n-Al in O2, both thermochemical calculations 

(using NASA CEA Code) and tests by T-jump time-of-flight mass spectrometry 

(TOF-MS) have demonstrated that the major intermediate product is Al2O [50]. This 

implies that for the initial Al-O reaction, the production of Al2O intermediates 

prevails. Therefore, the rate law is taken as m = 1, n = 0.5. If I further assume that the 

concentration of oxygen in the proximity of reaction interface is similar or at least 

scales with the external oxygen pressure (  0.5 ), the kinetic equation is: 

0.5
2exp( ) (2 )sa

c Al O

E
R A C C

RT
                                                                                   (7.10)                             

where is  the universal gas constant.                                                                                                           

    To evaluate the activation energy (Ea), I employ the Flynn–Wall–Ozawa 

isoconversion method [51,52] as: 

1.052
ln . aE

const
RT

                                                                                              (7.11)                             

To do this, the ignition temperature of n-Al at 1 atm O2 was evaluated at different 

heating rates (β) from 7.5×104 ˚C s-1 to 6×105 ˚C s-1. The slope of the Arrhenius plot 

of heating rate vs. ignition temperature shown in Fig. 7.7(a) yields an activation 

energy of 134 kJ mol-1. Similar experiments at 3 atm O2 yield a similar result of 137 

kJ/mol (Fig. 7.8), indicating that it is independent of O2 concentration. It should be 

noted that the activation energy measured here is smaller than most of the activation 

energies of Al oxidation previously reported [14], however, Jian et al [53] reported a 

similar result showing that the decomposition of metal oxides at high heating rates 
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principal, the outward transport rate of Al should be equivalent to the sum of the 

reaction rate of Al with O at the particle surface, the evaporation rate of Al from the 

particle, as well as the accumulation rate of Al at the surface (Fig. 7.4(b)). Since my 

focus is on ignition where the reaction of Al and O becomes significant, the 

outwardly diffused Al is presumably consumed rapidly suggesting no accumulation 

of Al on the reaction interface. Therefore, the mass balance at the ignition 

temperature can be expressed as follows: 

evap E P
Al c Al Alj R j j                                                                                                 (7.12)                             

where  is the evaporation flux of Al escaped from the particle surface,  is the 

diffusion fluxes of Al through the alumina shell driven by the built-in electrical field 

[17-20].		  is the convection flux of Al through the alumina shell driven by the 

internal pressure [17-20]. Since the Al flux due to the concentration gradient was 

reported to be smaller than the other flux terms [19], I will neglect it in the following 

analysis.  

    In eq 7.12, the evaporation flux of Al ( ) in the free molecular limit is 

expressed as: 

2

evap d
Al

Al

P
j

RM T
  (7.13)                             

where MAl is the molecular weight of Al, T is the particle temperature, and Pd is the 

equilibrium vapor pressure of Al over a particle. Pd can be deduced by the Kelvin 

equation [22,54]: 
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2
exp( )Al Al

d o

Al

M
P P

r RT




  (7.14)                              

where Po is the saturated vapor pressure of a flat Al surface (= exp(13.07-36373/T) 

atm) [22],  is the surface tension of Al (= 948-0.202T Dyne cm-1) [22], and  is 

the density of Al (= 2.7 g cm-3 at the room temperature, and 2.375 g cm-3 when 

melted) (Fig. 7.9(a)). The diffusion flux of Al driven by the electrostatic potential 

gradient is expressed in terms of the Nernst-Plank equation [3]: 

s s
E Al Al
Al

zFDC zFDC
j

dRT RT

 
                                                                            (7.15)                              

where D is the diffusion coefficient of Al (= 4.9×10-11exp(-4240/T) m2 s-1) [22], ΔΦ is 

the Mott potential (= -1.6 V for n-Al) [17,18], z is the valency of Al ions (= 3), and F 

is the molar charge of Al ions (= 96485 C mol-1), 	is the surface concentration of 

Al on the outer alumina shell, d is the alumina shell thickness (= 4nm). Finally, the 

convection flux of Al driven by the internal pressure gradient is expressed as follows: 

s
P A Al Al
Al

N DC v
j P

RT
  

                                                                                             (7.16)                             

where NA is Avogadros constant, and vAl is the solubility of Al in alumina shell (= 

0.02 nm3) [19,22]. The relationship between pressure gradient and temperature has 

been previously simulated by Henz et al [19], and is plotted in Fig. 7.9(b).  
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    All ′s for the four thermite formulations were discussed before as the same 

constant (~5×10-2 mol m-2 s-1, see Table 7.1).  The concentration of Al can be 

estimated in a similar way as for n-Al, while the concentration of bound O can be 

estimated based on the oxygen densities of these oxidizers. Results show that both the 

concentrations of Al and bound O are close to constant for these four nanothermites. 

In terms of eq 7.18, the  values of condensed phase Al-O reaction for these 

thermite formulations can be obtained. In all cases the thermites have larger 

activation energies than the direct reaction of n-Al with O2 (Table 7.1). This is not 

surprising since O2 is freely available, which must be thermally released from the 

oxidizers. The other activation energies of condensed phase Al-O reaction follow: 

	(n-Al/Bi2O3) < 	(n-Al/K2SO4) 	  (n-Al/K2S2O8) <  (n-Al/ Fe2O3). Since 

all ′, A’, 	 , and 	are constant for different nanothermites, the difference in 

activation energy is actually associated with the difference in ignition temperature for 

the four nanothermites in vacuum as:  (n-Al/Bi2O3) <  (n-Al/K2SO4) 	  (n-

Al/K2S2O8) <  (n-Al/ Fe2O3) (Fig. 7.3). 

1. n-Al/Bi2O3 shows an invariant ignition temperature when O2 pressure changes. 

This is because it has the lowest  among the four nanothermites, which is 

correlated to its high oxygen conductivity. Thus, even though this  is still larger 

than that for n-Al in O2 (Table 7.1), a two orders of magnitude higher 	 than that for 

O2 determines that the ignition is dominated by condensed phased reaction; i.e 

independent of  O2 pressure. 

2. For n-Al/K2S2O8, the ignition temperature in vacuum is much higher, correlating to 

a higher . However, it shows a similar constant ignition temperature as n-Al/Bi2O3 
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when the O2 pressure is above 1atm. In this case, the ignition mechanism is 

alternatively controlled by Al-O2(g) reaction, and the reactant O2 gas mostly from the 

decomposition of oxysalt which has a much higher oxygen concentration than that for 

the external O2.  

3. For n-Al/K2SO4 and n-Al/Fe2O3, ignition is controlled by condensed phase reaction 

when O2 pressure is < 5atm. The fact that n-Al/ Fe2O3 shows a higher ignition 

temperature than n-Al/K2SO4 is consistent with the Arrhenius model that n-Al/ Fe2O3 

has a higher . When O2 pressure is > 5atm, their ignition temperatures approach 

that for n-Al in O2. In this case, the effect of increased O2 concentration favoring the 

Al-O(g) reaction becomes dominant .  

The reader is reminded that the activation energies and reaction rates deduced in 

this work are presumably only valid for ignition and should not be assumed to be 

applicable to the whole combustion event.  

 

7.4. Conclusion 

    Ignition of nano-aluminum (n-Al) and n-Al based energetic materials 

(nanothermites) was examined in different O2 pressures aiming to differentiate the 

effects of free and bound oxygen. Results show that the ignition temperature of n-Al 

decreased as the O2 pressure increased, whereas the ignition temperatures of 

nanothermites have different sensitivities to O2 pressure depending on the 

formulations. We found that a constant critical reaction rate (5×10-2 mol m-2 s-1) for 

ignition exists which is independent to ignition temperature, heating rate and free vs. 

bound oxygen. The roles of oxygen concentration and activation energy of Al-O 
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reaction were demonstrated based on the ignition results, and were reflected more 

quantitatively in a kinetic model. This study suggests that the ignition of n-Al based 

energetic materials is controlled by a constant Rc, and fit a simple Arrhenius model, 

leading to different ignition temperatures for different formulations. 
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Chapter 8: Summary 

 

8.1. Conclusions 

        The objective of this study was to explore effective approaches to neutralize 

bacterial spores. I explored new approaches based on rapid heating in addition to the 

generation of biocidal reaction products to neutralize spores.  

In order to implement an accurate temperature measurement and control, a surface 

based heating method was used. In Chapter 2, I demonstrated the uniform attachment 

of bacterial spores electrophoretically onto fine wires in liquids and subsequently 

quantitatively detached back into suspension. It was found that by using a pulsed 

electroplating mode, the number of spores deposited onto the wire is linearly related 

to the number of pulse cycles employed. Typically, a uniform monolayer of Bs spores 

could be deposited by using 4 pulse cycles of 5V plus 30s. This method is also able to 

quantitatively measure the surface charge on spores along with the deposition rate. 

Once a uniform monolayer of spores was immobilized on the wire, the spores were 

subjected to high temperatures (200 ˚C to 800 ˚C) at relatively high heating rates 

(~103 ˚C/s to ~105 ˚C/s). In Chapter 3, I reported that spore inactivation increased 

with temperature and fit a sigmoid response. I observed a critical peak temperature 

(Tc), which caused a 2-fold reduction in spore viability, of 382 ˚C and 199 ˚C for 

heating rates of ~104 ˚C/s and ~105 ˚C/s, respectively, indicating that a higher heating 

rate can potentiate the spore inactivation. The mechanism of spore inactivation was 

further investigated at two heating rates (~104 ˚C/s and ~105 ˚C/s). Viability reduction 

was mainly due to DNA damage at the heating rate of ~104 ˚C/s as mutant strains 
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defective for sspA sspB and recA were more sensitive to heat than the wide-type 

strains. At the higher heating rate (~105 ˚C/s), spore inactivation was correlated to the 

physical damage on the spore coat from ultrafast vapor pressurization inside the 

spores. This approach of pulse heating generates a temperature, time, and kill 

relationship for Bacillus spores at sub-second timescales. 

    In Chapter 4, I next investigated the synergism between rapid heating (~104 ˚C/s to 

~105 ˚C/s) and chlorine gas exposure in the neutralization of Bacillus spores. Bt 

spores were heated in a gas chamber with defined concentrations of Cl2 gas and 

relative humidity (RH). The critical peak temperature (Tc) of spores was decreased 

from 405 ˚C, when heated at ~104 ˚C/s in air, to 250 ˚C when heated at the same rate 

in 100 ppm Cl2. Similarly, the Tc for Bt spores heated at the faster rate of ~105 ˚C/s 

was reduced from 230 ˚C, when heated in air, to 175˚C, when heated in 100 ppm Cl2. 

The effect of Cl2 was further examined by changing the RH of Cl2 gas. The results 

show that highly humidified Cl2 (RH = 100%) reduced the Tc by 170 ˚C and 70 ˚C at 

~104 ˚C/s and ~105 ˚C/s, respectively, as compared to dry Cl2 (RH = 0%). Energy 

dispersive spectrometric (EDS) results demonstrate that Cl2 on the spore increased 

with elevated peak temperature, with the majority of the Cl located in the shed spore 

coat. SEM results show that at heating conditions of > 450 ˚C, ~105 ˚C/s with Cl2, the 

spore coat detached from the underlying core. This study indicates that the major 

mechanism of spore neutralization by the synergism of Cl2 and rapid heat is chlorine 

reacting with the spore surface. 

For the rest of this study, I utilized the stress-kill databases that were achieved by 

evaluating the neutralization efficiencies of rapid heat and biocides to guide the 
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exploration of new biocidal energetic composites and probe their working 

mechanisms. In Chapter 5, nanoscale potassium persulfate (K2S2O8), was evaluated 

as an alternative to other peroxy salts, such as periodates (KIO4), in aluminum-fueled 

energetic nano-composite formulations. Results from constant-volume pressure cell 

experiments show that nano-Al/K2S2O8 releases more gas and has a longer burn time 

than nano-Al/KIO4. High speed imaging coupled with temperature jump (T-jump) 

ignition found the nano-Al/K2S2O8 reaction to have an ignition temperature of 600 

˚C, which is comparable to nano-Al/KIO4 and lower than nano-Al/K2SO4. Both 

experiments performed at slow (10 ˚C/min) and ultrafast heating rates (~105 ˚C/s) 

show that the low O2 generation temperature of nano-K2S2O8 contributes to its high 

reactivity in nano-thermite compositions. What is comparably important is that this 

thermite formulation can generate a considerable amount of SO2 in addition to a 

comparable amount of O2, rendering it a potential candidate for use in energetic 

biocidal applications.  

The study for persulfate intrigued me to explore other strong oxysalts in regards to 

their performance in a thermite formulation. By evaluating the reaction mechanisms 

of these oxysalts containing thermites, I expected to better understand how to tune the 

reactivity of biocidal thermites for eventually obtaining the optimal spore 

neutralization formulations. In Chapter 6, nine aluminum-fueled oxysalt-containing 

thermites including K2S2O8, K2SO4, KIO4, KIO3, KClO4, KClO3, KBrO3, KNO3 and 

K3PO4, were investigated. Results from combustion cell tests show that these 

thermites can be divided into two groups, with the reactive thermites (e.g. Al-K2S2O8) 

generating ~10× higher pressure and ~10× shorter of burn time than the less reactive 
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thermites in the aforementioned list (e.g. Al-K2SO4). Experiments at both slow and 

fast heating rates demonstrate that these oxysalts have a wide range of oxygen release 

and melting temperatures. For the thermite reactions, ignition temperatures of the 

reactive thermites are consistent with the temperature of polymorphic phase change 

for alumina (close to the melting point of Al), indicating that the limiting initiation 

step of these thermites is the acceleration of outward diffusion flow of Al reacting 

with gas phase O2 generated from the decomposition of oxysalts. In contrast, ignition 

temperatures of the two less reactive thermites are insensitive to pressure. They ignite 

at temperatures much higher than the melting point of Al, although lower than the 

decomposition temperature of the corresponding oxysalts, indicating a condensed 

phase reaction mechanism. 

    The above two main ignition mechanisms were re-evaluated in Chapter 7, aiming 

to further understand the roles of free and bound oxygen and their correlations to the 

idea of a critical reaction rate. In this case, ignition temperatures of n-Al and four Al-

based nanothermites (n-Al/Fe2O3, n-Al/Bi2O3, n-Al/K2SO4 and n-Al/K2S2O8) were 

investigated by varying the external oxygen pressure (0-18atm). The ignition 

temperature of n-Al was found to reduce as the O2 pressure increased, whereas the 

ignition temperatures of nanothermites had different sensitivities to O2 pressure 

depending on the formulations. A phenomenological kinetic/transport model was 

evaluated to correlate the concentrations of oxygen both in condensed and gaseous 

phases, with the initiation rate of Al-O at ignition temperature. A constant critical 

reaction rate (5×10-2 mol m-2 s-1) for ignition was found that is independent of 

ignition temperature, heating rate and free vs. bound oxygen. Since for both the 
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humidities in order to better understand the neutralization mechanisms by fast heat 

coupled with humidity. 

The other part of my future research is to explore new biocidal energetic 

composites that have better energetic performance and biocide generation, based on 

the mechanism-approach correlations (Fig. 8.1). Examples include:  

 

1. Iodine containing oxides and acids 

    Four iodine containing candidates, I2O5, I4O9, HIO3, and HI3O8, are currently being 

tested. The major advantage of these species is their high content of biocidal iodine (> 

50% by mass). The combustion cell results of the corresponding Al-based thermites 

are shown in Fig. 8.4. Generally, the two iodine oxides show more than 2 folds of 

maximum pressure or pressurization rate than the iodic acids, indicating that the 

oxides are better gas generators. In contrast, the two iodic acids performed better in 

heat generation, as their corresponding thermites show ~2 folds higher maximum 

optical emission than the iodine oxides containing thermites. Fig. 8.4D shows another 

interesting trend that a polyiodine structure, which can be either an oxide (I4O9) or an 

iodic acid (HI3O8), possesses a longer burning time than the common iodine oxide or 

iodic acid. Based on these combustion behaviors, I4O9 seems to offer the larger 

potential for biocidal applications because it features both high pressure generation 

and elongated energy release. In addition, it has the highest iodine content among 

these four formulations on a per mass basis.  
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is to eventually produce single silver from Al/Ag5IO6, and single iodine from 

Al/AgI3O8.  

I first investigated their combustion performance. As a control, Al/AgIO3 was also 

prepared together with two mixtures of AgIO3 and Ag or I2. The mass ratio of 

AgIO3/Ag was kept consistent with that of Ag5IO6, while the mass ratio of AgIO3/I2 

was controlled to be consistent with that of AgI3O8. Fig. 8.6 shows that compared 

with thermites mixed with additional Ag or I2 particles, the formulations that involve 

Ag or I in the intrinsic molecular structures generated much higher peak pressures 

and pressurization rates. This is because the additive Ag or I2 particles adversely 

diluted the original thermites and decreasd contact between fuel and oxidizer particles, 

leading to weaker reactivities (Fig. 8.6A and 8.6B). Among the three silver iodate 

formulations, AgI3O8 shows the best pressurization behavior upon ignition. A similar 

trend is observed for their optical emission results, with AgI3O8 corresponding to the 

generation of the highest light emission intensity and shortest burn time.  

Results from the ignition tests demonstrate that Al/AgI3O8 shows the lowest 

ignition temperature in Ar (Fig. 8.7), while the other thermites ignited at temperatures 

of 100 ˚C higher on average. Fig. 8.7 indicates again that the chemically incorporated 

iodine (e.g. in the molecular structure) is beneficial for ignition of thermite, while the 

physically mixed iodine is unfavorable for ignition.  

Compared to iodine, the silver component is relatively unfavorable for the ignition 

and combustion of thermites. The oxidation state of iodine in Ag5IO6 is +7 while in 

AgI3O8 it is +5, indicating that Ag5IO6 should have a higher oxidation capability. 

However, as seen in Fig. 8.6C, the maximum optical emission from Al/Ag5IO6 is just 
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Appendix 1: Journal paper list 

 

Papers published and submitted: 

1. W. Zhou, S. K. Watt, D-H. Tsai, V. T. Lee*, M. R. Zachariah*. Quantitative 
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and Pulsed DC Electrophoretic Deposition. J. Phys. Chem. B, 2013, 117, 1738-1745. 

2. W. Zhou, M. W. Orr, G. Jian, S. K. Watt, V. T. Lee*, M.R. Zachariah*. 

Inactivation of Bacterial Spores Subjected to Sub-Second Thermal Stress. Chem. Eng. 

J., 2015, 279, 578-588. 

3. W. Zhou, M. W. Orr, V. T. Lee*, M. R. Zachariah*. Synergistic Effects of 

Ultrafast Heating and Chlorine Gas on the Inactivation of Bacterial Spores. Chem. 

Eng. Sci., 2015, Submitted. 

4. W. Zhou, J. B. DeLisio, X. Li, L. Liu, M. R. Zachariah*. Persulfate Salt as an 

Oxidizer for Biocidal Energetic Nano-thermites. J. Mater. Chem. A, 2015, 3, 11838–

11846. (Elected as “2015 Journal of Materials Chemistry A Hot Papers”) 

5. W. Zhou, J. B. DeLisio, X. Wang, M. R. Zachariah*. Reaction Mechanisms of 

Energetic Composites Containing Potassium Oxysalts as Oxidizers. Combust. Flame, 

2015, Submitted. 

6. W. Zhou, J. B. DeLisio, X. Wang, G. C. Egan, M. R. Zachariah*. Evaluating Free 

vs. Bound Oxygen on Ignition of Nano-aluminum Based Energetics Leads to a 

Critical Reaction Rate Criterion. J. Appl. Phys., 2015, 118, 114303. 

7. H. Wang, J. B. DeLisio, G. Jian, W. Zhou, M. R. Zachariah*. Electrospray 

Formation and Combustion Characteristics of Iodine-Containing Al/CuO 

Nanothermite Microparticles. Combust. Flame, 2015, 162, 2823-2829. 
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