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Abstract This paper reports our investigation on the

thermal behavior and ignition characteristics of iron pow-

der and mixtures of iron with other materials such as

activated carbon and sodium chloride in which iron is the

main ingredient used as fuel. Thermal analysis techniques

such as differential scanning calorimetry (DSC) and ther-

mogravimetric analysis were used to characterize the

materials and for further understanding of reaction kinetics

of the pyrophoric iron mixtures. The experimental results

demonstrated that iron micron particles react exothermi-

cally to the oxygen in atmosphere and produced iron oxide

with ignition temperature of 427.87 �C and heat generation

of 4,844 J g-1. However, in this study, the pyrophoric iron

mixture acts as a heat source for the thermoelectric power

generators, the final mixture composition is determined to

compose of iron powder, activated carbon, and sodium

chloride with the mass ratio of approximately 5/1/1. The

mixture generated two exothermic peaks DSC curves that

showed ignition temperature of 431.53 and 554.85 �C and

with a higher heat generation of 9,366 J g-1 at higher

temperature. The effects of test pan materials and heating

rate on the ignition were also examined by DSC method.

Kinetic data such as the activation energy (Ea), the entropy

of activation (DS#), enthalpy of activation (DH#), and

Gibbs energy of activation (DG#) on the ignition processes

was also derived from the DSC analysis. From the ignition

temperature, heat generation, and kinetics test data, the

mass ratio of 5/1/1 proved to generate the most amount of

heat with high temperatures for the standalone thermo-

electric power generators.
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Introduction

The idea of small size, light mass, robust, scalable, and

standalone power generators has always been of great

interest in personal and commercial transportation systems.

One potential source of portable power is electricity pro-

duced from heat sources through the use of thermoelectric

materials [1–4]. In general, the heat can come from the

combustion of fossil fuels, from sunlight, or as a byproduct

of various processes (e.g. combustion, chemical reactions,

and nuclear decay). In our study, a pyrophoric iron mixture

provides spontaneous heat as soon as it reacts with air. The

final mixture of the pyrophoric materials composition was

determined to be iron powder, activated carbon, and salt.

Recent research involving heat generation through

ignition of powders with different sizes, and in particular,

micron-size powders, showed that value of the ignition

point and peak temperatures are a strong function of par-

ticle size [5]. Thermal analysis study of heterogeneous

oxidation of Fe powder leading to ignition was recently

developed and quantified for reaction of iron in environ-

ments containing oxygen as the only oxidizer [5].
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Thermal techniques are powerful methods for the

characterization of mixtures of pyrophoric materials. A

detailed knowledge of thermal behavior for each compo-

nent in a mixture or the mixture itself is necessary, not only

for safety reasons, but also for predicting the thermal

behavior of the new energetic formulations [6]. These are

typically based on mixtures of finely divided metal pow-

ders with inorganic oxidizing agents [7]. The compositions

have a wide range of applications in the production of light,

heat, sound, or smoke [7]. A mild heat output is required

for compositions that are used as heating pads or hand

warmers. However, in this study, the pyrophoric iron

powder mixture provides heat, that is then converted to

electrical power by the thermoelectric power generator.

Theoretically, due to poor heat transfer in solid state

reactions, there is a temperature difference between the

center of the solid particles and the surface of the solid

particles, in which the temperature was measured [8].

Therefore, one of the key limitations for the study of

thermal behavior on multi-component solid state reactions

is the inaccuracy of the temperature measurement. One

method to increase the accuracy of the temperature mea-

surement is to establish near or perfect homogenous con-

ditions, and this could be achieved by testing very small

quantities of the sample using thermal analysis instruments

and also performing further analysis on the kinetics of the

reactions is recommended [9].

The equipment for thermal analysis have grown rapidly

during the past few years. Differential scanning calorimetry

(DSC) is used to measure heat flow into or out of a sample

as it is exposed to a controlled thermal profile, and gives

information about thermal stability, melting, decomposi-

tion, etc. [10]. In fact, any release of heat can be detected

with this technique [7]. Thermogravimetric analysis (TG)

determined the change in mass of the sample when it is

exposed to a change in temperature. TG also gives infor-

mation about thermal stability and decomposition temper-

atures and it is used as a complementary technique to DSC

[10].

At normal temperature, iron is fairly stable in air. In

powder form, and especially in the presence of moisture, it

oxidizes rapidly. When heated in oxygen, it forms iron

oxide, Fe2O3 [11]. In the past, some researchers have

proposed possible use of iron, aluminum, and magnesium,

powder as a fuel in pyrophoric systems [12, 13]. For the

application of converting heat into electrical power using

thermoelectric material made of bismuth telluride, which

has the maximum applicable temperature of about 300 �C

on the hot side of the thermoelectric modules. The iron

powder is chosen over aluminum or magnesium, because

aluminum and magnesium exert a much higher temperature

than iron when it reacts with oxygen (see Table 1) and the

time duration of maintaining at high temperature regime is

much shorter than that of iron, thus iron powder is con-

sidered to be the ideal candidate for use as the main

ingredient of fuel in this system.

Ignition or initiation refers to the point during a chem-

ical reaction at which the rate of heat generation exceeds

the required input energy to sustain the reaction, in other

words, that is the point at which the reaction becomes self-

sustaining [14]. The ignition temperature depends on many

variables such as sample mass, test loop configuration,

atmosphere conditions, mixture composition, particle shape

and size, heating rate, and heat losses.

The objective of this study was also to verify the

influences of additional materials such as activated carbon

and sodium chloride on thermal decomposition of three

pyrophoric material mixtures containing iron powders as

fuel. The effect of iron particle size, type of pan materials,

heating rate, and kinetic studies were also investigated

using DSC method.

Experimental

Materials

Two particle sizes of spherical iron powder were purchased

from Alfa Aesar. The first powder has the size of 4–10

microns with a purity of ?99.9 % and the second has the

size of 1-3 microns with a purity of ?98 %. Activated

carbon was purchased from Meadwestvaco, and has size

ranges in 45–150 microns. Sodium chloride (salt) was used

as a catalyst in the reaction.

Instrumentation

For characterization of the pyrophoric material mixtures,

two test set-ups for DSC from thermal analysis (TA)

Instruments Co. were used. The first one is using the model

DSC 2920 which has a capability of heating up the sample

Table 1 Summary of experimental results

Component Composition

mass ratio

Ignition

tempa/�C

DH/

J g-1

Al (18 lm) [7] 1/0/0 660

Mg (mesh 300) [7] 1/0/0 650

Fe (1–3 lm) 1/0/0 427.87 4,844

Fe (4–10 lm) 1/0/0 488.92 5,435

Peak 1 Peak 2

Fe (1–3 lm) ? C ? NaCl 21.75/1/2.25 442.66 550.27 6,168

Fe (1–3 lm) ? C ? NaCl 21.75/2.25/1 442.37 561.24 8,927

Fe (1–3 lm) ? C ? NaCl 5/1/1 431.53 554.85 9,366

a All temperatures shown are at maximum (i.e. peak) heat flux

1048 D. H. Huang et al.

123



to a maximum temperature of 750 �C. The second one is a

simultaneous DSC–TG Q Series instrument (SDT Q600)

which can perform both DSC and TG at the same time. The

SDT measures the heat flow and mass changes associated

with phase transitions and reactions in materials over the

temperature range of ambient temperature up to 1,500 �C.

The information obtained from the test results will be used

to differentiate endothermic and exothermic reactions. The

endothermic reaction has no associated mass change (e.g.,

melting and crystallization), while, the exothermic reaction

is characterized by the mass changes as the mixture starts

to change its properties (e.g., degradation) [9].

Experimental methods

In our DSC analysis, four samples were prepared and each

had an approximate mass of 10.0–18.0 mg. They were placed

in different pan materials of aluminum, copper, and ceramic

and these were heated at a rate of 10 �C min-1 from 20 to

640 �C; the flow rate of oxygen flowing through the DSC

standard cell was fixed at 70 cc min-1 at 1 atm. Four samples

of the mixture that include iron powder, activated carbon, and

sodium chloride with mass ratio of approximately 21.75/1/

2.25, 21.75/2.25/1, 5/1/1, and 20/1/1, respectively. Samples

that contain pure iron powder with particle size of 1–3 and

4–10 lm were also prepared for the test.

Three types of pans were also investigated with the DSC

testing, and these are aluminum nonhermetic, and hermetic

pans, with poked cover hole and open cover and open

ceramic pans. TG mass, DSC baseline, and temperature

calibrations were performed prior to the experiments to

ensure reliability of the test data [14]. The DSC furnace

with sample and reference holders was calibrated using a

set of certified pure metals.

Results and discussion

Thermal behavior of the individual components

A single component sample of iron powders (with 1–3 or

4–10 lm particle size) was tested in an oxygen atmosphere

to study the oxidation reaction characteristics. The test

results are shown in the following Fig. 1. As shown in

Fig. 1, the powders exhibited an exothermic reaction peak

well below the melting point of iron (1,538 �C). The initial

exothermic peaks observed for iron power 1–3 lm at

325 �C and 4–10 lm at 200 �C were due to oxidation of

the powder impurities. The reaction peak temperature for

1–3 lm was 427.87 �C, with a total heat generation of

4,844 J g-1, and for 4–10 lm, it was 488.92 �C, with a

total heat generation of 5,435 J g-1.

Effect of iron particle size

As it has been confirmed by other researchers, the size of

reacting particles has a profound effect in energy systems

such as propellants and pyrophorics. These reactive systems

involve powders, slurries, or dispersions of a solid or liquid

in a gas. For solids, whether the particles are spherical or

jagged, the particle size is important for performance eval-

uation [15]. In this study, it is assumed that a particle size

refers to the diameter of a hypothetical sphere of the same

mass. As shown in Fig. 1, the test results demonstrate that the

temperature at which the reaction peaks increases with the

particle size. This is presumably caused by having a larger

surface area per particle that is readily exposed to the air for a

more complete oxidation. Furthermore, a fixed total system

volume, containing larger size particles will have a higher

void fraction than that of a system with small size particles.

Therefore, larger size particles require less initial heat to

bring the reacting system up to its activation state, less

activation energy, compared to that of the smaller size par-

ticles leading to a larger amount of net heat released by the

exothermic reaction (larger DH). In other words, a decrease

in particle size requires a higher amount of instantaneous

heat flowing into the system to bring it to the activation state,

and therefore it has a less net amount of heat released by

exothermic reaction (smaller DH) as shown in Table 1.

Single iron component and iron powder mixture

comparison

Mixtures of iron (1–3 lm particle size), activated carbon,

and sodium chloride with ratio of 5/1/1 by mass were
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Fig. 1 DSC curves of iron powder with two particle size ranges
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prepared and tested with DSC and TG methods. The test

results are shown in Fig. 2. In Fig. 2, two exothermic

reaction peaks are clearly seen at the temperatures of

431.53 and 554.85 �C; and the total heat generation of

9,366 J g-1, which is derived from the area under the curve

of these two peaks. Sodium chloride acts as the catalyst

that accelerates the exothermic reaction, meanwhile, the

activated carbon’s role is to store the heat generated by the

iron powder. This mixture generates a larger amount of

heat compared to that of the single component iron powder

sample as shown in Fig. 1. The test results of the pyro-

phoric iron mixture also show that at 480 �C, which is at

the bottom of the first peak, the exothermic reaction pro-

vides enough heat to become self-sustaining and therefore,

no additional heat is needed to have the reaction continue.

Comparison of DSC and TG analysis

The oxidation of pyrophoric iron mixtures was also studied

by setting up a simultaneous TG–DSC instrument (or SDT

Q600), in oxygen atmosphere and the results are shown in

Fig. 3. No thermal event was observed prior to 225 �C.

However, above this temperature, going into the first step

of the oxidation reaction, the iron powder was oxidized to

FeO by oxygen at the peak temperature of 431 �C as shown

by the DSC curve, while the sample mass increased as

shown by the TG curve. The oxidation process then con-

tinued in the second step of iron oxidation and the product

FeO was oxidized to produce Fe2O3 at a peak temperature

of 554 �C; it was observed that the sample continued to

gain mass. This second peak was seen as a shoulder of the

first oxidation peak. Thus, the total mass gained for com-

plete oxidation of the iron powder in this test was produced

by these two reactions and it was about 21.73 %. The

reaction temperature was in the range of 225–640 �C. A

complete exothermic reaction between iron and oxidizer

can be expressed as the following

4Fe sð Þ þ 3O2 gð Þ ! 2Fe2O3 sð Þ þ Heat

Comparison of iron powder and mixtures

A summary of the test results are shown Table 1, where

DSC test results of the single component iron powders and

the pyrophoric iron mixtures were compared. The mixtures

were selected for the following reasons, higher reaction

rate and temperature, longer duration of heat sustainability,
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and the amount required to bind to the substrate for best

heat performance. The results showed that the pyrophoric

iron mixtures generated a larger amount of heat

(9,366 J g-1) than that of the single component iron

powder (4,844 J g-1). The test results also revealed that a

combustion reaction of carbon in the mixture, even at a

small mass percent of carbon, does have an effect on the

total exothermic reaction of the mixture. Therefore, two

temperature peaks in the above Figs. 2 and 3 clearly rep-

resent an improvement in thermal behavior of iron and

carbon system. The effect of small amount of sodium

chloride in the system is negligible at high temperature.

This leads to our conclusion that the area under the curve or

change in enthalpy of the mixture is should be greater than

that of the single component iron powder with 1–3 lm

particles size.

Why is it so desired to have a higher reaction temper-

ature? The answer is that a higher thermal gradient is

needed for the thermoelectric power generator (TPG)

application. The thermoelectric power generator (TPG)

normally has one hot side and one cold side and the dif-

ference between these two sides provides a thermal gra-

dient that acts as a driving force in the conversion of heat to

electrical power. TPGs are Carnot heat engines, with

electrons performing the work of a working ‘‘fluid’’ [16].

The maximum thermal-to-electric conversion efficiency

(gmax) of a TPG is the product of the Carnot efficiency and

a materials factor, that depends on the dimensionless

thermoelectric figure of merit, ZT (Eq. 1) [16, 17]. For a

fixed ZT value, performance of the generator is a function

of temperatures. Higher DT between hot and cold sides

results in better generator performance. In our study, the

pyrophoric iron mixture test results have demonstrated that

more amount of powder coated onto the porous silicon

carbide substrate, more heat will be provided to the hot side

of the thermoelectric modules, which results in a higher

thermal gradient, leading to an increase in performance of

thermoelectric power generators.

gmax ¼
Thot � Tcold

Thot

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ZT
p

� 1
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ ZT
p

þ Thot

Tcold

: ð1Þ

Effect of pan materials and types

An investigation on the effect of pan materials and types of

pans was also carried out for the purpose of distinguishing

any effects that could impair the reaction kinetic of iron

mixtures. In this study, three types of pan materials were used

for DSC analysis of the exothermic reaction of iron mixtures;

these materials are aluminum, copper, and ceramic. The test

data depict consistent results from different pan materials as

shown in Fig. 4; therefore, it is confirmed that the pan

materials have no significant effect on the reaction of iron

powder mixtures in the temperature range from 25 to 640 �C.

Effect of heating rate

The oxidation reaction kinetics of iron powder examined by

the DSC method was determined by ASTM procedure,

which is based on the Ozawa nonisothermal DSC method

[18]. Details of the procedure can be found in ASTM Stan-

dard E698 for determining the Arrhenius kinetics constants
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Fig. 5 DSC curves of the mixture under multiple heating rates

Table 2 Effect of heating rate on the ignition temperature of the 5/1/

1 pyrophoric iron powder mixture

Heating rate/�C min-1 Peak 1/�C Peak 2/�C

2.5 414.41 518.62

5 429.32 541.65

10 444.66 565.6

20 459.34 592.38

40 474.30 619.21

Table 3 Kinetic parameters for peak 1 and 2 of the 5/1/1 mass ratio iron powder mixture

Ea/kJ mol-1 Frequency factor log A/s-1 ra DG#/kJ mol-1 DH#/kJ mol-1 DS#/kJ mol-1

Peak 1 185.68 13.18 0.9995 186.05 179.72 -8.47

Peak 2 147.60 8.59 0.9999 227.55 140.61 -97.43

a linear regression coefficient
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of exothermic reactions by DSC [19]. In our study, a pyro-

phoric iron mixture was prepared with iron powder, activated

carbon, and sodium chloride 5/1/1 mass ratio. Five DSC

samples from this mixture were tested in aluminum pans

from 25 to 640 �C at the heating rates of 2.5, 5.0, 10, 20, and

40 �C min-1. The tests were carried out under an oxygen

atmosphere flowing at 70 cc min-1. The pan lid was placed

loosely so that oxygen gas could flow through the samples.

The heating rates were chosen in such a way that the test data

will show two well-defined exothermic peaks within the

temperature limit of the instrument. Prior to the test, the DSC

cell was calibrated with standard indium metal at the same

series of heating rates used in the experiments.

DSC curves from the test results are shown in Fig. 5. The

curves show that the temperatures of the peaks are a function

of heating rate and they increase with the heating rate. As

shown in Table 1, the same trend was also observed for all

mixtures. The largest amount of heat obtained from DSC

curves was for the 5/1/1 mass ratio mixture at the heating rate

of 10 �C min-1 was 9,366 J g-1. The final products from

each DSC test had a reddish-black color, which is consistent

with the reported color of Fe2O3.

Kinetics of thermal ignition

The kinetics of exothermic reactions for these energetic

materials are important, since these assessments assure safe

testing, handling, storage, and prevention of potential ther-

mal hazards. In this study, the ASTM E698 method was used

to determine Arrhenius parameters for the thermally ignited

reactions [19]. In order to calculate the pre-exponential

factor (A), it is assumed that the reaction is a first-order

reaction and this assumption will then be confirmed by the

test data. The DSC curves obtained from the test data at

various heating rates, for the pyrophoric iron powder mixture

with 5/1/1 mass ratio, are shown in Fig. 5. A summary of the

test results is shown in Table 2; the maximum peak 1 and

peak 2 temperatures (Tmax) and heating rates (b) were used in

the calculation of reaction kinetics as described in the ASTM

E698 method. The plots of the -ln(b/Tmax
2 ) versus 1/Tmax for

the two peaks are straight lines, which indicates that thermal

ignition of these mixtures follows the first-order reaction

kinetic law [20]. This finding confirms our earlier assump-

tion on the order of the reaction. The slope of the straight

lines was equal to –Ea/R, where Ea is the activation energy

and R is the gas constant [21]. The log of the pre-exponential

factor (A), was calculated from the following Eq (2) as given

in ASTM E698 [19]:

A ¼ b
Ea

RT2
max

eEa=RTmax ð2Þ

The calculated values of activation energy (Ea) and pre-

exponential factor (s-1) for the two peaks of the mixture

are summarized in Table 3. The Eyring–Polanyi equation

[22, 23], Eq. (3), is used to determine the entropy of acti-

vation (DS#), enthalpy of activation (DH#), and Gibbs

energy of activation (DG#) corresponding to each peak

from the test data. The expression can be shown as the

following

ln
k

Tmax

¼ �DH#

R

1

Tmax

þ ln
kB

h
þ DS#

R
ð3Þ

where the plots of ln(k/Tmax) versus 1/Tmax form straight

lines for peak 1 and 2, and the slopes of these lines equals

–DH#/R and y intercept equal to ln(kB/h) ? DS#/R, where

kB and h are Boltzmann’s constant and Planck’s constant,

respectively, and T is the absolute temperature (K) [22, 23].

In Table 3, the Gibbs energy of activation equals the

enthalpy of activation minus the product of temperature

(T) and entropy of activation. In Transition State Theory,

the activation enthalpy represents the difference in energy

between the ground state of reactants and transition state in

a chemical reaction and is similar to the value of activation

energy. In general, the reaction will be faster if Ea and DH#

are low and vice versa. All the kinetics results were

calculated based on multiple heating rates.

Conclusions

In this study, the effects of different parameters, such as

iron particles size, mixture ingredients, pan materials,

heating rate, and reaction kinetics, on the thermal behavior

of iron ? activated carbon ? sodium chloride mixtures

were investigated. The results obtained by DSC and TG

were used in the data analysis. The results showed that iron

powder gains mass in the temperature range between 250

and 580 �C due to oxidation. Also, it was found that the

reactivity of Fe powder depends on the particle size. The

Fe 4–10 micron powders are less reactive in the air and also

in the mixture than the Fe 1–3 micron size. Their lower

reactivity may be due to having relatively smaller total

active surface area of larger iron particles size compared to

that of Fe 1–3 micron size particles. On the other hand, the

reaction peak width for these mixtures depend on the iron

content of the samples and by enhancing the iron content of

the mixture, the width of this peak will be increased. The

test results indicate that the pyrophoric iron mixtures pro-

vide higher heating value than that of a single component

iron powder and therefore, it is more suitable for use as a

heat source in the portable thermoelectric power generators

where higher temperature gradient is desired. Based on the

results of this paper, mixtures will continually to be opti-

mized for quicker reaction at high temperature with long

periods of time.
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