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Ignition and Combustion Characterization of Ca(IO3)2-based
Pyrotechnic Composites with B, Al, and Ti
Haiyang Wang,[a] Dylan J. Kline,[a] Miles Rehwoldt,[a] and Michael R. Zachariah*[a]

Abstract: This paper studies the reactive behavior of cal-
cium iodate with Al, B and Ti fuel particles as a thermal and
iodine release source for neutralization of biological materi-
als that might be employed in weapons. Two different cal-
cium iodate particle length scales (micron and submicron)
with different fuel/oxidizer ratios were used to prepare the
iodized nanopyrolants. The optimal ratio was found to be
the one with equivalence ratio of 2.0 for all the three fuels.
The reactivity of the pyrolants can be enhanced by dehy-
drating the Ca(IO3)2 or replacing the micron oxidizer par-
ticles with submicron particles. The thermal decomposition
process of the pyrolants was investigated at low and high

heating rate. The results show that B, Al and Ti nano-
particles can promote the decomposition of Ca(IO3)2, but
the Ti nanoparticles are the most efficient, which lower
temperature of the oxygen/iodine release from ~660 8C to
~400 8C. Thus, Ti/Ca(IO3)2 has the lowest ignition temper-
ature of ~400 8C. The various calcium iodate-based py-
rolants were shown to have a wide range of reactivity (1–4
orders of magnitude) and burn times (1–3 orders of magni-
tude), high flame temperature (1850–2800 K) and iodine
loading capacity (~20–60 wt.-% of iodine), which makes it a
promising class of biocidal energetic materials.

Keywords: Calcium iodate · aluminum · boron · titanium · iodine

1 Introduction

Despite the Geneva Convention 1972 ban on biological
weapons, these materials are of significant concern [1].
Methods to neutralize these materials through application
of intense heat pulses are in some cases though to be in-
sufficient, and methods that combine both heat and a
chemical effect are under serious consideration. One such
chemical effect is through the use of iodine as a biocidal
remnant produced following the thermal pulse [2–7]. An-
other possible application of these iodized energetic mate-
rials is served as an efficient iodine supply system for a
Chemical Oxygen Iodine Laser (COIL) system [8]. Both ele-
mental iodine and iodine compounds have been in-
corporated into the formulas of energetic materials [9–12].
However, direct addition of elemental iodine reduces the
thermal output of the formulation because iodine is a pas-
sive agent [9]. In order to maintain high reactivity without
compromising iodine content, different iodine-containing
oxidizers such as I2O5, AgIO3, Ca(IO3)2, Cu(IO3)2, Fe(IO3)3 and
Bi(IO3)3 have been explored [3, 13–18]. In addition, to their
high iodine content, these oxidizers have a high enthalpy of
reaction and high flame temperature when used as part of
an Al-based pyrolant mixture (Table S1). Notably, Al/I2O5 has
the highest iodine content (67 wt-%) and a high reactivity
[19, 20]. However, the hygroscopic nature of I2O5 can neg-
atively impacting reactivity. For Al/AgIO3, it has been shown
that most of the iodine favors the formation of AgI instead
of I2, thus reducing the biocidal impact [21]. Al/Cu(IO3)2, Al/
Fe(IO3)3 and Al/Bi(IO3)3 composites were also found to de-

stroy bacterial spores efficiently [22], but the amount of io-
dine released may be reduced as a result of reactions of io-
dine gas with Cu, Fe, and Bi [3]. Recently, Ca(IO3)2 was found
to be an alternative to release iodine efficiently when react-
ing with aluminum and boron [3, 13, 14, 18], however, the ig-
nition and combustion characterization of Ca(IO3)2-based
pyrolants have not been systematically investigated.

In this paper, Ca(IO3)2 particles (containing crystal water)
with two different size distributions were incorporated with
the three different reactive fuels of aluminum (Al), boron (B)
and titanium (Ti) to form powder composites using a con-
ventional physical mixing method. Different composites
with various fuel (Al, B, and Ti) to oxidizer (Ca(IO3)2, with
crystal water) ratios from fuel lean to fuel rich were pre-
pared and the combustion characterizations of peak pres-
sure, pressure rise rate, and burning time were systemati-
cally investigated and reported. By varying the fuels and the
size of the oxidizer, the peak pressure, the pressure rise rate,
and the burn time can easily be adjusted. Most importantly,
the iodine content of the composites can be varied from
~20 to ~60 wt.–% with a high flame temperature. The igni-
tion temperatures of Al/Ca(IO3)2, B/Ca(IO3)2, and Ti/Ca(IO3)2
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were measured and the primary product species (O2 and I2)
characterized in slow and high heating rates. These results
systematically reveal the ignition/combustion properties
and iodine release performance of the calcium iodate based
pyrolants and should eventually enlarge the application
range of this class of energetic materials.

2 Experimental Section

2.1 Chemicals

Boron nanoparticles (NPs, SB99, ~62 nm, ~65 wt-% active
boron) were obtained from the SB Boron Corporation, Al
nanoparticles (Al NPs, ~85 nm, 81 wt-% active Al) were pur-
chased from Novacentrix, and titanium nanoparticles (Ti
NPs, ~50 nm, 75 wt-% active Ti) were purchased from US
Research Nanomaterials, Inc. The active content of the three
fuels was confirmed by thermogravimetric analysis (TGA).
Ca(NO3)2·4H2O (�99.0 %) and KIO3 (99.5 %) were purchased
from Sigma-Aldrich. Al2O3 (~25 nm, g-phase), TiO2 (~25 nm,
anatase) and H3BO3 (commercial, large crystals) are pur-
chased from Sigma-Aldrich. All the above chemicals were
used as received. Deionized (DI) water was produced using
a water purification system purchased from ELGA (Model:
LA621).

2.2 Preparation of Large and Sub-micron Ca(IO3)2

Particles by Ball Milling

The detailed information of ball milled formation of Ca(IO3)2

can be found in ref. [13]. Generally, 236 mg Ca(NO3)2·4H2O
and 428 mg KIO3 were dry ball-milled for 30 min with 3 mill-
ing balls (ball-to-material ratio is 1.80), and the product
Ca(IO3)2 particles recovered after washing with DI water to
remove the KNO3. When milled, with alumina balls (ball-to-
material ratio is 1.80) the resulting average particle size of
~2 mm (0.5–6.5 mm, Figure S1a) was obtained. With hard-
ened steel balls (ball-to-material ratio is 6.14) the particles
had an average size of ~200 nm (Figure S1b). The size dis-
tribution and average size was obtained by measuring at
least 200 particles on the SEM images (nano Measurer 1.2).
All Ca(IO3)2 particles used in this paper are hydrated unless
noted otherwise.

2.3 TG/MS, SEM/EDS, XRD

Thermogravimetric/mass spectrum (TG/MS) results were ob-
tained with a TA Instruments Q600 at a rate of 10 8C/min up
to 1000 8C in an Ar atmosphere (100 mL/min). A Hitachi Su-
70 scanning electron microscope attached with energy-dis-
persive X-ray spectroscopy (SEM/EDS) was used to analyze
the particle size/morphology and elemental composition,
respectively. The obtained Ca(IO3)2 particles were attached

to the SEM stage using carbon tape. A Bruker X-ray diffrac-
tometer (XRD, D8 with Cu Ka radiation) was used to de-
termine the crystallinity state of the Ca(IO3)2.

2.4 Preparation of Pyrolant Composites

The pyrolant composites were prepared by a conventional
physical mixing method. A total mass of 150 mg of each
sample was prepared and added to a vial with 10 mL hex-
ane. After 30 minutes of sonication, the uncovered vial was
placed in a fume hood overnight to dry and then broken
gently with a spatula. The active contents of boron (~65 %),
aluminum (~81 %) and titanium (~75 %) were taken into
consideration when calculating the equivalence ratio as fol-
lows (dehydrated calcium iodate):

10Alþ 3CaðIO3Þ2 ! 5Al2O3 þ 3CaOþ 3I2 ð1Þ

10Bþ 3CaðIO3Þ2 ! 5B2O3 þ 3CaOþ 3I2 ð2Þ

5Tiþ 2CaðIO3Þ2 ! 5TiO2 þ 2CaOþ 2I2 ð3Þ

The detailed formula of the pyrolant composite particles
with different equivalence ratios in this study was shown in
Table S2, which also includes the corresponding mass and
mass percentage of the fuel and oxidizer.

2.5 T-Jump Ignition and Time-Resolved Mass
Spectrometry

The details of T-jump mass spectrometry (T-Jump MS) meth-
od to determine ignition temperature and the temporal
evolution of species can be found in ref. [23]. The schematic
showing of T-Jump MS can be found in Figure S2a. Typically,
a ~10 mm long platinum filament (~76 mm in diameter)
coated with the pyrolant composites (~4 mm long) was re-
sistively heated to ~1400 K (heating rate of ~4 3 105 K · s�1,
in 1 atm of Argon). The ignition and subsequent combus-
tion of the composite was monitored using a high-speed
camera (14.9 ms per frame with 256 3 256 pixels, Phantom
V12.1). The temporal wire resistance (correlated to temper-
ature) during the heating process was recorded and the ig-
nition temperature was calculated by correlating the ob-
served ignition timestamp from the high-speed video with
the wire temperature profile [23]. A high speed, time-of-
flight mass spectrometer was also coupled with the ignition
filament, which is used for detecting the species released
during fast heating.

2.6 Combustion Cell and Flame Temperature
Measurements

The pyrolant composites were evaluated in a constant vol-
ume (~20 cm3) combustion cell, from which the peak pres-
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sure, pressure rise rate and burning time (half width of opti-
cal curve) were measured and calculated. The details can be
found in our previous study [24]. The schematic showing of
combustion cell and flame temperature measurement can
be found in Figure S2b. The sample mass was ~25 mg, and
the measurements were replicated in triplicates. The com-
bustion cell experiment was also used for flame temper-
ature measurements. The emission from the combustion
event was detected by an optical fiber and sent to a 0.5 m
spectrometer (Acton SP500i, 150grooves/mm grating). The
spectrum was recorded by a 32 channel PMT (Hamamatsu)
coupled with a high-speed data acquisition system (Vertilon
IQSP 580). The time resolved spectra (500–800 nm band,
10 kHz) was then fit to Planck’s law with a grey body ap-
proximation to get a time-resolved temperature profile [25].
Furthermore, channels that were sensitive to the absorption
of light by I2 gas were excluded from calculation. The aver-
age flame temperature of the combustion events is re-
ported below and in supporting information.

3 Results and Discussion

Ca(IO3)2 particles with an average size of ~2 mm were pre-
pared by a facile ball milling process and different B/
Ca(IO3)2, Al/Ca(IO3)2, and Ti/Ca(IO3)2 pyrolants from fuel lean
to fuel rich (equivalence ratio: 0.75–5.0) were prepared by a

conventional physical mixing method. The detailed for-
mulations and typical SEM images of these composites are
shown in Table S2 and Figure S3, respectively. The SEM im-
ages indicate close contact between the fuel (B, Al and Ti)
and oxidizer (calcium iodate), however, the images also
show a high degree of particle size variability (fuel:
<100 nm, oxidizer: 2000 nm) and low interfacial area, likely
due to the large size of Ca(IO3)2 particles. The reactivity of
the pyrolant composites was evaluated by a confined com-
bustion cell (~20 mL) where the peak pressure, pressure rise
rate and burn time was obtained. Three experiments were
conducted for each sample and the average values with
standard error bar were reported and shown in Figure 1. Al-
though the peak pressure and pressure rise rate fluctuate
slightly between 1.0 and 1.5, an increase in fuel content cor-
responds to trends which are increasing until peaking at an
equivalence ratio of 2.0 for all three pyrolant types. Since
the combustion cell experiments were conducted in air, it is
natural that fuel-rich pyrolants are more reactive. Interest-
ingly, the optimal equivalence ratio was 2.0, which is mark-
edly higher than expected (~1.1–1.5) [25, 26] and suggests
other factors impacting combustion that will be discussed
in a later section. Among these three pyrolants, B- and Ti-
based composites are more sensitive to the equivalence ra-
tio, with peak pressure ~4 times (Figure 1a) and ~1.5 times
(Figure 1c) higher, and the pressure rise rates ~27 times
(Figure 1a) and ~2.3 times (Figure 1c) higher when the

Figure 1. Peak pressure (a-c), pressure rise rate (a-c), burn time (A�C) and iodine content (A�C) of B/Ca(IO3)2 (a and A), Al/Ca(IO3)2 (b and B)
and Ti/Ca(IO3)2 (c and C) composites with large Ca(IO3)2 (different weight percentage of the fuel). The insert numbers are average flame
temperatures (in Kelvin) of B/Ca(IO3)2, Al/Ca(IO3)2 and Ti/Ca(IO3)2 composites with large hydrated Ca(IO3)2 (in equivalence ratio of f= 1 and
f= 2).
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equivalence ratio is increased from 1 to 2. However, in the
case of Al-based composites (Figure 1b), the peak pressure
and pressure rise rate only increased slightly. The burn time
of the different pyrolants is shown in Figure 1A-1C to be in-
versely correlated with pressure rise rate. Among the three
fuels (B, Al and Ti), we can see that the Al-based mixture is
the most reactive, followed by Ti-based and B-based py-
rolants. Correspondingly, the burn time of Al/Ca(IO3)2 is ~4-
8 ms while the burn time of B/Ca(IO3)2 is ~25–250 ms. For
some applications, high reactivity is desired in pyrolants for
their potential for high dynamic pressures and temper-
atures. On the other hand, longer burn time means longer
exposure and disinfecting time, which could also be re-
quired in sporicides. Here, different Ca(IO3)2-based pyrolants
with different fuels of B, Al and Ti provide a wide range of
reactivity and burn time, demonstrating its application po-
tential in varying conditions.

The iodine content in different pyrolant composites was
also calculated and shown in Figure 1A–1C (star markers).
As we see in the figures, the iodine content decreases with
the increase of fuel content in the pyrolants. The iodine
content of different pyrolants of B/Ca(IO3)2, Al/Ca(IO3)2 and
Ti/Ca(IO3)2 composites varies in the range of ~40–60 wt.-%,
~30–55 wt.-% and ~20–50 wt.-%, respectively, due to differ-
ent equivalence ratios, molecular weights and final valence
states across different fuels. The flame temperatures of dif-
ferent pyrolants with equivalence ratio of 1.0 and 2.0 were
also obtained and shown in Table S3. Exemplary VIS spectra
of Al/Ca(IO3)2 and Ti/Ca(IO3)2 reactions and estimated flame
temperatures for each reaction were shown in Figure S4. As
we see in the Figure 1A–1C and Table S3, the flame temper-
atures of all the cases with stoichiometric ratio are � ~
2200 K. It is not surprising that Al based pyrolant has the
highest flame temperature of ~2810 K due to its high re-
activity and energy released per mole of Al. However, when
the fuel content in the pyrolant composite goes higher
(from f= 1 to f= 2), the flame temperatures of the B/
Ca(IO3)2 and Al/Ca(IO3)2 were reduced by ~450 and ~250 8C,
respectively, while the Ti/Ca(IO3)2 kept the same value.

As mentioned above, the optimal ratio of the fuel and
oxidizer in the calcium iodate-based pyrolants is ~2.0 re-
gardless of the fuel composition, which is higher than ex-
pected. As we know, B, Al and Ti may react with water dur-
ing the pyrolant reaction We believe that this deviation can
be attributed to the crystal water inside the Ca(IO3)2. To in-
vestigate this, the calcium iodate particles (~2 mm) pre-
pared by ball milling were baked at a temperature of
~350 8C for ~40 min to remove the crystal water. The SEM
images and XRD results of the prepared Ca(IO3)2 before and
after dehydration are shown in Figure S5a/S5b and Fig-
ure S5d/S5e, respectively. The XRD results (Figure S5d and
S5e) confirm that the Ca(IO3)2 before heating has one mole-
cule of water which was removed after heating. The SEM
images indicate porous inner structure (Figure S5b-1, with a
pore size of ~100-300 nm) in the Ca(IO3)2 particles after de-
hydration, probably because of water evaporation. The

high-resolution SEM image of Ti/Ca(IO3)2 (Figure S5c) with
hydrated Ca(IO3)2 indicates that some of the Ti nano-
particles were imbedded into the porous structure.

The reactivity of the dehydrated Ca(IO3)2 composite py-
rolants was also evaluated in the combustion cell with the
results shown in Figure 2. Both the peak pressure and pres-
sure rise rate of Al/Ca(IO3)2 (dehydrated, Figure 2a) and Ti/
Ca(IO3)2 (dehydrated, Figure 2c) peak at the equivalence ra-
tio of 1.5 and 1.0, respectively. This was further confirmed
with similar trends in burn time (Figure 2b and 2d) since Al/
Ca(IO3)2 and Ti/Ca(IO3)2 have the shortest burn time when
the equivalence ratio is 1.5 and 1.0, respectively. When the
equivalence ratio further increases to 2.0, the reactivity of
both pyrolants decreases and the burn time increases. We
conclude that crystal water reacts with the excess fuel, rais-
ing the pressure and pressure rise rate of the pyrolant (f=
2.0) compared to the stoichiometric one (as Figure 1
shows). However, for the cases of B/Ca(IO3)2 and Al/Ca(IO3)2

(hydrated), the flame temperatures of the fuel rich compo-
sites (f= 2.0) are lower, which might be owing to the lesser
energy release from fuel-water reaction compared to fuel-
Ca(IO3)2 reaction [13, 27]. It is also not surprising that all the
dehydrated Ca(IO3)2 pyrolants are more reactive compared
to those with crystal water in the same equivalence ratio
(compare Figure 1 and Figure 2) because of the higher sur-
face area and higher interfacial contact between the fuel
and oxidizer.

As the SEM (Figure S3) shows, the contact between the
fuel nanoparticles and oxidizers was highly limited due to
the large size of Ca(IO3)2 particles. Via mechanochemistry
[13, 22], we produced Ca(IO3)2 submicron particles with an
average diameter of ~200 nm (Figure S1b). The particles
were then physically mixed with different fuels of B, Al and
Ti and different composite pyrolant particles were obtained.
The SEM images are shown in Figure S6, which indicate
close contact between the fuel and oxidizer. The reactivity
of the composite pyrolant particles was also evaluated in
the combustion cell and the results are shown in Figure 3
(summarized in Table S4). These results clearly illustrate an
inverse relationship between reactivity of the composite,
and size of the Ca(IO3)2 crystals. For example, the pressure
and pressure rise rate of Al/Ca(IO3)2 (small) is ~2.5 and ~19
times higher than that with large Ca(IO3)2, while the burn
time is ~3 times shorter. The employment of small Ca(IO3)2

largely enhances the reactivity of the composite pyrolant
particles and will eventually extend the range of its applica-
tion. To demonstrate varied reactivity and iodine release of
different pyrolants, 10 mg of B/Ca(IO3)2, Al/Ca(IO3)2 and Ti/
Ca(IO3)2 composites with large (f= 0.75 and 2.0) and small
(f= 2.0) crystals were also ignited in air with the combus-
tion events recorded and shown in the supporting in-
formation (Appendix B. supporting videos).

The ignition properties of the pyrolant composites (with
submicron Ca(IO3)2) were also investigated on a fast-heating
Pt wire (heating rate: ~4 3 105 K/s and the corresponding
high-speed burning snapshots are shown in Figure 4. From

Full Paper H. Wang, D. J. Kline, M. Rehwoldt, M. R. Zachariah

980 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Propellants Explos. Pyrotech. 2018, 43, 977–985980 www.pep.wiley-vch.de

www.pep.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

the images, we can see the light emanated by the Al/
Ca(IO3)2 is the brightest, followed by Ti/Ca(IO3)2 and B/
Ca(IO3)2, which is consistent with the observed reactivity
within the combustion cell. During the heating pulse (~
3 ms), the temperature profile of the wire was recorded and
compared with the ignition time (time of first light) in the
high-speed video in order to determine the ignition tem-
perature. The ignition temperature of B/Ca(IO3)2 and Al/
Ca(IO3)2 is ~600 8C and ~650 8C, respectively, while the igni-

tion temperature of Ti/Ca(IO3)2 is ~200 8C lower. The ignition
of Al/Ca(IO3)2 and B/Ca(IO3)2 might be limited by the melt-
ing point of Al (660 8C) and the low diffusion rate of oxygen
through liquid B2O3 layer (melts at ~510 8C) on B. However,
since Ti nanoparticles can be ignited ~300 8C in air, the igni-
tion of Ti/Ca(IO3)2 might be limited by the decomposition of
the oxidizer.

The decomposition process of Ca(IO3)2 and the related
pyrolant composites were investigated separately by slow

Figure 2. Peak pressure (round mark, a and c), pressure rise rate (square mark, a and c), burn time (triangle mark, b and d) of Al/Ca(IO3)2 (a
and b) and Ti/Ca(IO3)2 (c and d) composites with dehydrated Ca(IO3)2. (different weight percentage of the fuel).

Figure 3. Peak pressure (a), pressure rise rate (b), burn time (c) of B/Ca(IO3)2, Al/Ca(IO3)2 and Ti/Ca(IO3)2 composites with large and small
hydrated Ca(IO3)2 particles (f= 2.0).
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heating TG/DSC (10 8C/min) and high heating T-Jump MS
(4 3 105 K/s). The TG/MS results of different Ca(IO3)2-based
mixtures are shown in Figure 5. The TG curve of hydrated
Ca(IO3)2 reveals that the decomposition has three steps (Fig-
ure 5a). Initially, the one molecule crystal water was re-
moved at ~220 8C with a ~4.4 wt-% of weight loss, which is
consistent with the theoretical value. The decomposition at
~620–660 8C with a weight loss of ~60 wt-% is the major
step followed by a minor decomposition at ~660–730 8C
with a weight loss of ~20 wt-%. Based on the weight loss
data, the probable intermediate product formed (solid) after
the second major step is Ca5(IO6)2 [28], which then decom-
pose to CaO. The iodine release detected by MS in Fig-

ure 5b also shows a major and minor iodine peak at ~660
and 730 8C, respectively, which further confirms that. Inter-
estingly, Al/Ca(IO3)2 also clearly shows three step decom-
positions while the Ti/Ca(IO3)2 and B/Ca(IO3)2 cases do not
(as confirmed by MS results in Figure 5b).

As Figure 5a and 5b show, compared to pure Ca(IO3)2, all
the fuel containing composites decompose much earlier.
Both Al/Ca(IO3)2 and B/Ca(IO3)2 start to decompose ~520 8C,
which is ~100 8C lower than the ignition temperature (la-
beled in Figure 4). However, the ignition of Al/Ca(IO3)2 only
occurs when the temperature goes �650 8C, which is
>100 8C higher than the decomposition temperature (~
520 8C). This indicates the ignition might be limited by the
melting of Al (660 8C). In the case of boron, the oxide layer
(B2O3) has a lower melting point (~450 8C), however, once
the it melts, it covers the surface and inhibits diffusion of
oxygen into it. Therefore, ignition happened at a higher
temperature (~600 8C) and, upon formation of CaO (Fig-
ure 5a), reactions with B2O3 weaken the shell and allow oxy-
gen diffusion to the fuel. It is evident in the EDS results in
Figure S7 that the combustion residue is a homogenous
mixture of CaO and B2O3, although XRD only reveals an
amorphous residue. Among the pyrolant mixtures, the Ti/
Ca(IO3)2 was the earliest to decompose at ~400 8C, the same
temperature at which Ti/Ca(IO3)2 was measured to ignite.
Since Ti nanoparticles can be ignited in air at ~300 8C [29], it
is supposed that the ignition of Ti/Ca(IO3)2 is limited by the
decomposition temperature of Ca(IO3)2.

Figure 4. High-speed snapshots of B/Ca(IO3)2, Al/Ca(IO3)2 and Ti/
Ca(IO3)2 composites with sub-micron and hydrated Ca(IO3)2 (f=
2.0). Labeled are the time (in ms) after trigging and the temperature
(8C) when sample ignites.

Figure 5. TG (a and c)/MS (b and d) results of (a and b) Ca(IO3)2, B/Ca(IO3)2, Al/Ca(IO3)2, Ti/Ca(IO3)2 and (c and d) Ca(IO3)2, H3BO3/Ca(IO3)2, Al2O3/
Ca(IO3)2, TiO2/Ca(IO3)2. For the above two kinds of mixtures (a and c), the ratios of H3BO3, Al2O3, and TiO2 to Ca(IO3)2 is the same, respectively
after taking the oxide shell into consideration.
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As mentioned above, compared to pure Ca(IO3)2, the de-
composition of Al/Ca(IO3)2 and B/Ca(IO3)2 starts ~100 8C ear-
lier and the decomposition of Ti/Ca(IO3)2 begins ~200 8C
earlier. The results indicated that all the three metals nano-
particles promote oxidizer decomposition with, Ti nano-
particles being the most efficient. To evaluate the effect of
the oxide shell and it is participating in a pre-reaction with
the iodate the amount of oxide present in the shells was
estimated, mixed with the Ca(IO3)2, and its decomposition
evaluated by TG/MS. The results shown in Figure 5c and 5d
indicate some very minimal obvious effect of the oxide,
with TiO2 the most facile in promoting the decomposition
of Ca(IO3)2. The iodine release curves from MS results (Fig-
ure 5d) also confirm TiO2/Ca(IO3)2 are the easiest to decom-
pose.

By normalizing the iodine signals (m/z = 254) to argon
(m/z = 40), the iodine release can be roughly quantified by
integrating the area of the peaks (Figure 5b). With Ca(IO3)2

case as the control baseline, the value of the iodine release
peak area from Ca(IO3)2 is set to 100 %. Then the iodine re-
lease efficiency of Ti/Ca(IO3)2, Al/Ca(IO3)2 and B/Ca(IO3)2 is 79,
87 and 89 %. It is also notable that the iodine release from
Ca(IO3)2 and Al/Ca(IO3)2 is obvious two-steps process while
for Ti/Ca(IO3)2 and B/Ca(IO3)2 case is a broader one-step re-
lease.

The three kinds of Ca(IO3)2-based pyrolants were also
studied on a fast-heating wire coupled with a time-of-flight
MS to investigate the decomposition species. Figure S8
shows the detailed mass spectra, and Figure 6 shows the
temporal normalized oxygen (O2, m/z = 32) and iodine (I2,
m/z = 254) release during the 3 ms fast-heating process.
From Figure 6, we see clearly that Ti/Ca(IO3)2 released oxy-
gen and iodine at a much earlier time (~1.0 ms) and tem-
perature (~400 8C), which is consistent with the results of

TG/MS and ignition temperature measurements. It is also
notable that for both cases of oxygen (Figure 6a) and iodine
release (Figure 6b), the B/Ca(IO3)2 has only one major peak
while the Al/Ca(IO3)2 has at least two peaks, which further
confirms that the major decomposition of B/Ca(IO3)2 is in
one-step. The Ti/Ca(IO3)2 also show two peaks of oxygen
and iodine release, which is not consistent with the MS re-
sult in slow heating (Figure 5b). The second iodine release
peak in Figure 5b might be hidden because of the wide first
peak. TG/MS results of TiO2/Ca(IO3)2 in Figure 5c and 5d,
show a small second decomposition stage and small iodine
release peak while the boron case does not.

All three Ca(IO3)2-based pyrolants are found to release a
large amount of iodine gas as evidenced by iodine vapor
release shown in the supporting videos (Appendix B. sup-
porting videos). The optical images in Figure S9 also show
deposited iodine layer on the top of combustion cell, which
further confirm that.

4 Conclusion

In this paper, different Ca(IO3)2-based pyrolants with iodine
content of ~20–60 wt-% were prepared and systematically
investigated. Three different fuels (B, Al and Ti) were physi-
cally mixed with Ca(IO3)2 with various equivalence ratios
from 0.75 to 5.0. The optimal ratio was found to be 2.0 for
all the three fuels. The reactivity of the pyrolants can be en-
hanced by dehydrating the Ca(IO3)2 or replacing the micron
oxidizer particles with submicron particles. The thermal de-
composition process of the pyrolants was investigated at
low and high heating rate. The results show that B, Al and
Ti NPs can promote the decomposition of Ca(IO3)2, but the
Ti nanoparticles are the most efficient, which lower temper-

Figure 6. Normalized oxygen (m/z: 32, a) and iodine (m/z: 254, b) release from B/Ca(IO3)2, Al/Ca(IO3)2 and Ti/Ca(IO3)2 composites. The onset
temperatures of ignition were also labelled (a).
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ature of the oxygen/iodine release from ~660 8C to ~400 8C.
Thus, Ti/Ca(IO3)2 has the lowest ignition temperature of
~400 8C. The Ca(IO3)2-based pyrolant has a wide range of io-
dine content (~20–60 wt-%), reactivity (~0.1–330 kPa/ms),
burn time (~1-165 ms) and high flame temperate (>
2200 K), which makes it a promising class of biocidal en-
ergetic materials.

Appendix A. Supporting Information

SEM images and XRD characterization of the prepared
Ca(IO3)2. Detailed formula, SEM images, detailed combustion
cell data with flame temperatures of the pyrolants used in
this paper. The SEM images and EDS results of B/Ca(IO3)2

combustion residue. Schematic showing of T-Jump MS and
combustion cell measurement. Detailed T-Jump MS spec-
trum of B/Ca(IO3)2, Al/Ca(IO3)2 and Ti/Ca(IO3)2 composites
with sub-micron Ca(IO3)2 (equivalence ratio is 2.0). Optical
image of typical deposited iodine layer after reaction in
combustion cell.

Appendix B. Supporting Videos

The combustion videos (33x slower than real time) in air of
10 mg of B/Ca(IO3)2, Al/Ca(IO3)2 and Ti/Ca(IO3)2 composites
with large (equivalence ratio of 0.75 and 2.0) and small
(equivalence ratio of 2.0) Ca(IO3)2.
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