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Potential Biocides: Iodine-Producing Pyrotechnics
Jimmie C. Oxley,*[a] James L. Smith,[a] Matthew M. Porter,[a] Maxwell J. Yekel,[a] and Jeffrey A. Canaria[a]

Abstract: Currently there is a need for specialized py-
rotechnic materials to combat the threat of biological
weapons. Materials have been characterized based on their
potential to produce heat and molecular iodine gas (I2) to
kill spore-forming bacteria (e. g. anthrax). One formulation,
already proven to kill anthrax simulants, is diiodine pent-
oxide with aluminum; however, it suffers from poor stability
and storage problems. The heat and iodine gas output from
this mixture and candidate replacement mixtures were

measured with bomb calorimetry and extraction and analy-
sis of I2 by UV-Vis. Of the mixtures analyzed, calcium iodate
and aluminum was found to be the highest producer of I2.
The heat output of this mixture and others can be tuned by
adding more fuel, with the cost of some iodine. Products of
combustion were analyzed by thermal analysis (SDT), XPS,
XRD, and LC/MS. Evidence for various metal iodides and
metal oxides was collected with these methods.

Keywords: �Keywords missing!!!�

1 Introduction

Previously we examined a series of oxidizers and fuels to
determine their potential as explosive threats [1]. In the cur-
rent work we examine, in detail, performance of oxides of
iodine with the goal of determining their effectiveness as
biocides. The biological threat of particular concern is spore
production by Bacillus anthracis. While kill methods are di-
verse and not completely understood, it is known that a
combination of heat and molecular iodine is effective [2, 3].
A number of iodate and periodate salts were examined by
formulating them with fuels and measuring heat evolution
and molecular iodine release. Diiodine pentoxide has been
used as a benchmark because it contains the highest
weight percentage of iodine. Unfortunately, its long-term
stability with a favored fuel, aluminum, is poor. Herein we
examine the fuels aluminum and boron carbide.

2 Experimental Section

2.1 Calorimetry and Iodine (I2) Quantification

The oxidizers KIO3, NaIO3, NaIO4, KIO4 were purchased from
Acros; I2O5, and Ca(IO3)2 were purchased from Strem; the
aluminum flake (23 mm) and boron carbide (8 mm) fuels
were from Obron and Electron Microscopy Sciences, re-
spectively. The oxidizers were sieved to 100–200 mesh (150-
75 mm). Bi(IO3)3 was synthesized according to Zachariah et
al and used as prepared [4]. For preparation of Bi(IO3)3, a
solution of Bi(NO3)3

*5H2O (4.85 g in 80 mL, 2 M nitric acid)
was added to HIO3 solution (5.28 mg in 80 mL H2O), then
rinsed with 600 mL H2O and 100 mL of methanol. Product
was dried under vacuum overnight. Average particle size
was 4 mm (Horiba LA950 Particle Size Analyzer, wet mode).

The pyrotechnic mixtures were mixed as dry loose pow-
ders using a Resodyne Lab Ram Acoustic Mixer (acceleration 
35–40 G). Heat released from the ignition of the pyrotechnic 
formulations was determined using a Parr 6200 Isoperibol 
Bomb Calorimeter. The Parr bomb was calibrated (i. e. 10 tri-
als) with benzoic acid ignited with fuse wire (9.6232 J/cm) 
and cotton string (167.36 J) in 2515 kPa oxygen (DHcomb = 
26434 J/g). In an oxygen atmosphere, the string is in con-tact 
with the fuse wire and sample, and is ignited by the fuse wire 
to aid the ignition of the sample. The pyrotechnics (2–3 
samples under each set of conditions) were loaded in 2 g 
samples and ignited with a fuse wire under argon (515 kPa). 
This slightly elevated pressure was chosen to sim-plify 
purging of the Parr 1108 bomb with Argon and to en-sure a 
tight seal. Molecular iodine (I2) produced from each burn was 
quantified with ultraviolet-visible (UV-Vis) spectro-scopy 
(Agilent 8453 spectrometer, 190 to 1100 nm, reso-lution 1 
nm, 0.5 s integration time). Iodine was extracted from the 
bomb with 100 mL of an aqueous 0.5 M potassium iodide (KI) 
solution. The aqueous solution with excess of I� was added to 
solubilize I2 and transform it to I3� (absorb-ance 353 nm) [5]. 
Extracts were diluted with known amounts of 0.025 M KI for 
absorbance measurements at 353 nm to quantify iodine. 
Control samples were made by pressing solid iodine (0.8 g) 
with benzoic acid (1.2 g). When these control samples were 
ignited under 2515 kPa oxygen, iodine recovery was ~ 97 %. 
For Bi(IO3)3 mixtures, an interfer-ence in the UV-Vis spectra 
(Figure S33–S34), attributed to a
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BiI3 and KI interaction was observed [6]. For these mixtures,
iodine standards and sample extractions were conducted
with methylene chloride (at 506 nm), which did not dissolve
BiI3. Control experiments with methylene chloride ex-
tractions showed lower recovery (73 %), which was factored
into the recovered iodine from Bi(IO3)3 mixtures.

2.2 Aging Studies

For aging studies, loose powder pyrotechnic mixtures were
aged at 60 8C and 75 % RH (relative humidity). Time points
were at 3 days and 14 days. Fresh samples and aged sam-
ples were analyzed by simultaneous differential scanning
calorimetry/thermogravimetric analysis (TA Instruments,
Q600 SDT, 20C/min, 50 to 1000 8C); infrared (IR) spectro-
scopy (Thermo Nicolet 6700 FR-IR with ATR cell, 32 scans,
resolution 4 cm�1, 650–4000 cm�1); and visual observation.
IR was used specifically to detect oxygen-hydrogen bonds,
indicating uptake of water. The burn characteristics of fresh
and aged samples were also noted.

2.3 Simultaneous Differential Scanning Calorimetry
Thermogravimetric Analysis (SDT)

A TA instruments Q600 SDT was used to characterize the
original pyrotechnic mixtures, combustion products (from
bomb calorimetry, 515 kPa Argon), and standard mixtures.
Samples of 3–5 mg were heated in alumina crucibles at a
scan rate of 20 8C/min from 50 to 1000 8C. To remove solid
iodine or solvents (in the case of water or methanol extracts
for LC/MS) combustion products were dried in a vacuum
oven overnight at 50 8C before the analysis. Unless stated
otherwise, samples were run under nitrogen.

2.4 Titration for Oxide Content

In the case of 80/20 Ca(IO3)2/Al combustion products (pH 11
when mixed with water), an acid base titration was per-
formed. Hydrochloric acid (30 mL of 0.100 M) was added to
50–150 mg of combustion products and allowed to stir for
20 min. The solution was then back-titrated with 0.100 M
sodium hydroxide, with bromothymol blue indicator.

2.5 X-Ray Photoelectron Spectroscopy (XPS)

A Thermo Scientific K-Alpha XPS (Aluminum source,
1486.7 eV) was used to help determine bomb calorimetry
combustion products of NaIO3/Al, Bi(IO3)3/Al, KIO3/Al, Ca
(IO3)2/Al, and I2O5/Al. The pass energy was 50 eV with a res-
olution of �0.05 eV. Samples and standards were prepared
in a nitrogen glove box (from Genesis). Charge effects were
corrected based on the peak signal from the corresponding

cation of an appropriate standard (i. e. KIO3/Al combustion
products were corrected from K2p3/2 from KI).

2.6 Liquid Chromatography/Mass Spectrometry (LCMS)

Water and methanol extracts of bomb calorimetry combus-
tion products of Ca(IO3)2/Al and I2O5/Al were prepared and
infused into a Thermo Exactive Orbitrap Mass spectrometer
with an electrospray ionization interface (ESI). This method
was modified from a method used to analyze aluminum
chloride in ESI negative mode with no additives in water [7].
The tune conditions (10 ml/min) were as follows: spray volt-
age 1.80 kV (for water extracts) and 2.4 kV (for methanol ex-
tracts); capillary temperature at 200 8C; sheath gas (N2) at a
flow rate of 8; aux gas (N2) at a flow rate of 1; capillary volt-
age at �10 V; tube lens at �175 V, and skimmer voltage at
�25 V. The instrument passed the calibration with a mass
accuracy of 2 ppm. The mass spec scanned from 128.0 to
600.0 m/z with 25,000 resolution and a maximum injection
time of 50 ms. Solid combustion products were extracted
with either water (60–75 mg in 10 mL) or methanol (500 mg
in 25 mL) in falcon tubes by vortex mixing for 2 min, soni-
cating for 20 min, vortex mixing again for 2 min, then cen-
trifuging for 10 min at 3.0G.. The methanol extract was dec-
anted from the samples, and diluted with 50/50 v/v
methanol/water to a concentration of 500–750 mg/ml. Stan-
dard solutions of calcium iodide, aluminum iodide, and cal-
cium oxide were also prepared the same way (50 mg in
10 mL of water or 200 mg in 25 mL of methanol), then di-
luted to 400 mg/ml with 50/50 methanol/water.

2.7 Powder X-Ray Diffraction

A Rigaku Ultima IV XRD was used (Cu source, 40 kV, 44 mA)
to help identify combustion products of the Ca(IO3)2/Al mix-
tures. The scan was 0.667 deg/min from 10 to 110 deg at a
sampling width of 0.25 deg. Combustion products for 80/20
Ca(IO3)2/Al and 60/40 Ca(IO3)2/Al were handled in a glove
box, then run in the instrument with containers of drierite
in the analysis chamber that had pre-equilibrated for 1
hour.

2.8 Friction Testing (BAM Method)

Testing was conducted according to the UN method (on an
FS-12A BAM machine from OZM research) where the
threshold initiation level (TIL) of a sample (in N force) is re-
ported where 1 out of 6 samples were a “go” with a snap-
ping sound [8]. A sample size of 10 mm3 was used.
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2.9 Drop-Weight Impact (Modified BOE Method)

This test was conducted with a BOE machine manufactured
by SMS (10 mg sample, 3.63 kg weight) using the UN meth-
od [8]. Ca(IO3)2/Al was tested seven times at the highest
height of the instrument (75 cm). A Dh50 number was ob-
tained with an up/down method (14 samples, where 50% of
the samples were a “go”) with RDX (class 1, Holston) for
comparison. A test was considered a “go” when an ex-
plosion or flash occurred.

2.10 Electrostatic Sensitivity Testing (ARDEC Method
1032)

This test was conducted with a machine manufactured by
UTEC Corporation, LLC using ARDEC method 1032 [9]. Test-
ing starting at the 0.25 J level, and the energy level was
stepped down until a TIL energy value was reached with 0
out of 20 samples were a “go”. A test was considered a “go”
when a flash considerably brighter than a blank occurred
and the tape holding the sample down split open.

3 Results and Discussion

Choice of oxidizers was governed by availability as well as
reported iodine production (Table 1). (Iodoform was consid-
ered but not examined because it was neither an oxidizer
nor a good fuel.)

Because aluminum is often used to create heat-produc-
ing pyrotechnic mixtures, oxidizers were initially compared
using it as the fuel (Figure 1). Boron carbide was also exam-
ined because recent studies reported when it was used in
delay mixtures of periodate, iodine production was ob-
served (Figure 2) [10].

As Figure 1 shows, diiodine pentoxide was most effec-
tive in both iodine and heat production. However, long
term stability was poor. In the presence of moisture this ox-
ide is reportedly converted to iodic acid, also a white solid
[11]. The poor stability was exacerbated in the presence of
aluminum. After three days, at 60 8C and 75 % relative hu-
midity, the 80/20 I2O5/Al mixture turned from a grey powder

to a dark brown powder (Figure 3). It may be the reaction
of aluminum with iodic acid which causes the rapid color
change observable in Figure 3. Evidence of the presence of
iodic acid can be found in the SDT of I2O5 aged under the
same conditions (Figure S2; water loss at 112 8C and 219 8C).
At the same temperature and humidity, visual observations
as well as infrared spectrometry (IR), thermal gravimetric
analysis (TGA), and differential scanning calorimetry (DSC)
suggested that calcium iodate, sodium iodate, and sodium
periodate, (and mixtures with fuel) were stable (Figure S1-
S32). All oxidizers alone remained white solids through the
aging study. When an original 75/25 calcium iodate/alumi-
num mixture was allowed to age two weeks under these
conditions, no change is observed in its appearance, pro-
duction of iodine or thermal trace, suggesting acceptable
thermal stability (Figure S22-S24).

Even without considering the efficiency of I2 production,
it would be difficult for other species to match diiodine
pentoxide (I2O5) in terms of iodine formation because they
do not contain as much iodine per mass of oxidizer (Ta-
ble 1). Several overall reactions are possible (eq. 1–3), where
M represents the alkali metal cations in this study.

6 MIO3 þ 10 Al! 5 Al2O3 þ 3 M2Oþ 3I2 ð1Þ

MIO3 þ 2 Al! Al2O3 þMI ð2Þ

6 MIO3 þ 2 Al! Al2I6 þ 3 M2Oþ 15=2 O2 ð3Þ

The alkali iodates normally decompose to make the io-
dide salt (eq. 2) and oxygen with perhaps up to 30 % form-
ing the oxide instead (eq. 1) [12]. The addition of a fuel
eliminates the free oxygen, but in the case of aluminum
fuel, excess aluminum may promote the formation of Al2I6

[13]. Six oxidizers and I2O5 were examined with aluminum,
boron carbide and a mixture of the two (Table 2). The data
reported was obtained in an argon atmosphere in a closed-
bomb (Parr); iodine (I2) was collected after combustion and
usually quantified by UV-Vis spectroscopy. The reported re-
sults are averages of at least three tests. Average heat re-
leased under argon (across all mixes) was 3975 J/g; similar
to heat released from 80/20 I2O5/Al (4414 J/g). Iodine pro-
duction was more sensitive to the fuel/oxidizer ratio than
was heat output (Table 3). Review of the data sorted in Ta-
ble 3 indicated that as the oxidizer/fuel ratio moved from
stoichiometric (roughly 80/20) to a more fuel rich for-
mulation (60/40), I2 production decreased and heat gen-
erally increased. We attributed this to oxygen deficiency,
which caused the fuel to combine with the iodine species
(acting as oxidant) preventing the release of molecular io-
dine. Indeed, preliminary data suggested that both iodine
production and heat release are improved by the presence
of oxygen.

A better understanding of the pyrotechnic reactions, es-
pecially knowing why mixes like Ca(IO3)2/Al favor iodine
production over other mixes, required identification of re-

Table 1. Iodine Content of Oxidizers Employed

Iodine Sources mw (g/mol) # I’s wt % iodine wt% oxygen

KIO3 214 1 59 22
NaIO3 198 1 64 24
I2O5 334 2 76 24
Ca(IO3)2 390 2 65 25
Bi(IO3)3 734 3 52 20
NaIO4 214 1 59 30
KIO4 230 1 55 28
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action products (by XPS, SDT, XRD, and LC/MS) and ignition
mechanisms (by SDT). Measurement of heat evolved and io-
dine produced was obtained from ignitions in a sealed, Parr
bomb calorimeter and extraction of the resulting residue
with aqueous KI solution and quantification of iodine by
UV-Vis. Other solid products were collected and analyzed by
X-ray photoelectron spectroscopy (XPS) and simultaneous
thermal gravimetric/differential scanning calorimetry (DSC/
SDT). XPS results in Table 4 show electron binding energies
of the combustion products, which are consistent with oxi-
dation state assignments of I�, O2�, Al+ 3, Ca+ 2, N3�, Na+, K+,

Figure 1. Iodine & heat release from various iodine species burned (closed-bomb) with aluminum.

Figure 2. Iodine & heat release from various iodine species burned (closed-bomb) with boron carbide. Diiodinepentoxide did not burn with
boron carbide under argon.

Figure 3. Freshly made (left) and aged 3 days at ambient py-
rotechnic mixtures.
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Table 2. Iodate salts with Various Fuels 2 g in Bomb Calorimeter (515 kPa Argon)-Heat & I2 Evolved

Mix Info Oxidizer Oxidizer
(mass frac)

Al (23um)
(mass frac)

Fuel
2

Fuel 2
(mass frac)

Theoretical
Iodine tot
(wt%)

I2

Recovered
(wt%)

Std
Dev

I2 Yield
/Theory

Std
Dev

Heat
Rxn
(J/g)

Std
Dev

60/40 Bi(IO3)3/Al Bi(IO3)3 0,60 0,40 – – 31 % 1 % – 2 % – 4129 56
80/20 Bi(IO3)3/Al Bi(IO3)3 0,80 0,20 – – 42 % 4 % 1 % 7 % 2,5 % 4410 30
80/20 Bi(IO3)3/Al
(2515 kPa)

Bi(IO3)3 0,80 0,20 – – 42 % 0 % 0 % 1 % 1,2 % 4367 9

80/20 Bi(IO3)3/B4C Bi(IO3)3 0,80 – B4C 0,20 42 % 0 % – 0 % – 2863 71
80/10/10 Bi(IO3)3/
Al/B4C

Bi(IO3)3 0,80 0,10 B4C 0,10 42 % 0 % 0 % 1 % 0,8 % 3552 76

60/40 Ca(IO3)2/Al Ca(IO3)2 0,60 0,40 – – 39 % 2 % 1 % 5 % 2,2 % 4444 147
70/30 Ca(IO3)2/Al Ca(IO3)2 0,70 0,30 – – 46 % 15 % 5,9 % 34 % 12,8 % 4667 44
75/25 Ca(IO3)2/Al Ca(IO3)2 0,75 0,25 – – 49 % 36 % 3 % 73 % 7,0 % 4491 136
80/20 Ca(IO3)2/Al Ca(IO3)2 0,80 0,20 – – 52 % 42 % 1 % 81 % 1,8 % 3563 208
80/20 Ca(IO3)2/Al
(2515 kPa)

Ca(IO3)
2

0,80 0,20 – – 52 % 45 % 2 % 86 % 3,0 % 3551 292

70/10/20 Ca(IO3)2/
B4C/Al

Ca(IO3)2 0,70 0,20 B4C 0,10 46 % 23 % – 50 % – 4073 –

80/20 Ca(IO3)2/B4C Ca(IO3)2 0,80 – B4C 0,20 52 % 15 % 3 % 29 % 6,6 % 3526 71
80/10/10 Ca(IO3)2/
Al/B4C

Ca(IO3)2 0,80 0,10 B4C 0,10 52 % 40 % 2 % 78 % 4,7 % 3867 58

80/20 Ca(IO3)2/Al
+ 10 % C

Ca(IO3)2 0,72 0,18 C 0,10 47 % 6 % 2 % 14 % 3,3 % 3237 9

80/20 Ca(IO3)2/Al
+ 5 % C

Ca(IO3)2 0,76 0,19 C 0,05 49 % 23 % 5 % 46 % 10,4 % 3535 38

60/40 KIO3/Al KIO3 0,60 0,40 – – 39 % 0 % – 0 % – 4461 50
80/20 KIO3/Al KIO3 0,80 0,20 – – 47 % 7 % 2 % 15 % 3,4 % 3871 226
80/20 KIO3/B4C KIO3 0,80 – B4C 0,20 47 % 8 % 0 % 18 % 0,3 % 2962 55
80/10/10 KIO3/Al/
B4C

KIO3 0,80 0,10 B4C 0,10 47 % 14 % 0 % 30 % 0,8 % 3754 84

70/20/10 KIO4/B4

C/Al
KIO4 0,70 0,10 B4C 0,20 39 % 8 % – 20 % – 4608 –

80/20 KIO4/Al KIO4 0,80 0,20 – – 44 % 4 % 0 % 9 % 0,7 % 4578 490
80/20 KIO4/B4C KIO4 0,80 – B4C 0,20 44 % 10 % 2 % 22 % 3,9 % 3903 139
80/10/10 KIO4/Al/
B4C

KIO4 0,80 0,10 B4C 0,10 44 % 20 % 2 % 46 % 3,5 % 4946 71

60/40 NaIO3/Al NaIO3 0,60 0,40 – – 39 % 0 % – 0 % – 4881 151
75/25 NaIO3/Al NaIO3 0,75 0,25 – – 48 % 6 % – 12 % – 5182 –
80/20 NaIO3/Al NaIO3 0,80 0,20 – – 51 % 16 % 6 % 30 % 11,7 % 4074 51
80/20 NaIO3/Al
(2515 kPa)

NaIO3 0,80 0,20 – – 51 % 28 % 1 % 54 % 1,1 % 4058 21

85/15 NaIO3/Al NaIO3 0,85 0,15 – – 55 % 15 % – 28 % – 2911 –
75/5/20 NaIO3/Al/
B4C

NaIO3 0,75 0,05 B4C 0,20 48 % 11 % 1 % 23 % 2,9 % 3765 13

80/5/15 NaIO3/Al/
B4C

NaIO3 0,80 0,05 B4C 0,15 51 % 26 % 1 % 51 % 1,3 % 3592 26

85/5/10 NaIO3/Al/
B4C

NaIO3 0,85 0,05 B4C 0,10 55 % 28 % 1 % 51 % 0,9 % 3219 24

75/10/15 NaIO3/
Al/B4C

NaIO3 0,75 0,10 B4C 0,15 48 % 17 % – 35 % – 4014 –

80/10/10 NaIO3/
Al/B4C

NaIO3 0,80 0,10 B4C 0,10 51 % 22 % 3 % 43 % 5,1 % 3997 34

85/10/5 NaIO3/Al/
B4C

NaIO3 0,85 0,10 B4C 0,05 55 % 30 % – 55 % – 3511 –

80/20 NaIO3/B4C NaIO3 0,80 – B4C 0,20 51 % 19 % 1 % 36 % 2,8 % 3427 87
65/35 NaIO4/B4C NaIO4 0,65 – B4C 0,35 39 % 3 % 2 % 7 % 4,0 % 4044 95
70/30 NaIO4/B4C NaIO4 0,70 – B4C 0,30 42 % 4 % 0 % 10 % 1,1 % 4204 72
75/25 NaIO4/B4C NaIO4 0,75 – B4C 0,25 44 % 9 % 2 % 20 % 3,4 % 4468 30
70/20/10 NaIO4/B4

C/Al
NaIO4 0,70 0,10 B4C 0,20 42 % 11 % – 28 % – 4932 –

80/20 NaIO4/Al NaIO4 0,80 0,20 – – 47 % 10 % 1 % 21 % 2,9 % 4134 73
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Bi+ 3. The resulting elemental analysis is shown in Table 5,
noting that all results show more oxygen than anticipated.
This is attributed to the presence of moisture or surface oxi-
dation; oxidation of iodides is explained later from SDT ex-
periments (Table 7). The roughly 1:1 match of Na and K to I

(from mixes 55, 53, and NaI) and the roughly 1:3 match for
Bi to I (from mix 97) suggest that these cations become in-
corporated in iodide salts. However, for Ca(IO3)2/Al from mix
60 (which is stoichiometric) there is not sufficient iodide (I�)
found to support the required 1:2 ratio for CaI2. When the

Table 2. continued

Mix Info Oxidizer Oxidizer
(mass frac)

Al (23um)
(mass frac)

Fuel
2

Fuel 2
(mass frac)

Theoretical
Iodine tot
(wt%)

I2

Recovered
(wt%)

Std
Dev

I2 Yield
/Theory

Std
Dev

Heat
Rxn
(J/g)

Std
Dev

80/10/10 NaIO4/B4

C/Al
NaIO4 0,80 0,10 B4C 0,10 47 % 31 % – 66 % – 5038 –

80/20 NaIO4/B4C NaIO4 0,80 – B4C 0,20 47 % 22 % 5 % 47 % 11,5 % 4434 55
80/20 I2O5/Al I2O5 0,80 0,20 – – 61 % 55 % 1 % 90 % 1,8 % 4414 114
60/40 I2O5/Al I2O5 0,60 0,40 – – 46 % 0 % – 0 % – 5789 173
80/20 I2/Al I2 0,80 0,20 – – 80 % 0 % – 0 % – 882 –

Theoretical iodine (wt%) is iodine content of original mixture; I2 recovered (wt%) is mass I2 extracted from combustion products
(quantification by UV-Vis) relative to original mix mass; I2 yield /theory is mass of I2 relative to theoretical amount.

Table 3. Select Parr Calorimetry Results: Effect of Oxidizer/ Fuel Ratio on Iodine and Heat Production.

Mix Info Oxidizer Oxidizer
(mass frac)

Al (23um)
(mass frac)

Fuel
2

Fuel 2
(mass frac)

Theoretical Iodine
tot (wt%)

% I2 g
/g mix

Std
Dev

I2 Yield/
Theory

Std
Dev

Heat Rxn
(J/g)

Std
Dev

85/15 NaIO3/
Al

NaIO3 0,85 0,15 – – 55 % 15 % – 28 % – 2911 –

80/20 NaIO3/
Al

NaIO3 0,80 0,20 – – 51 % 16 % 6,0 % 30 % 11,7 % 4074 51

75/25 NaIO3/
Al

NaIO3 0,75 0,25 – – 48 % 6 % – 12 % – 5182 –

60/40 NaIO3/
Al

NaIO3 0,60 0,40 – – 39 % 0 % – 0 % – 4881 151

80/20 NaIO4/
B4C

NaIO4 0,80 – B4C 0,20 47 % 22 % 5,5 % 47 % 11,5 % 4434 55

75/25 NaIO4/
B4C

NaIO4 0,75 – B4C 0,25 44 % 9 % 1,5 % 20 % 3,4 % 4468 30

70/30 NaIO4/
B4C

NaIO4 0,70 – B4C 0,30 42 % 4 % 0,4 % 10 % 1,1 % 4204 72

65/35 NaIO4/
B4C

NaIO4 0,65 – B4C 0,35 39 % 3 % 1,6 % 7 % 4,0 % 4044 95

80/20 Ca
(IO3)2/Al

Ca(IO3)2 0,80 0,20 – – 52 % 42 % 0,9 % 81 % 1,8 % 3563 208

75/25 Ca
(IO3)2/Al

Ca(IO3)2 0,75 0,25 – – 49 % 36 % 3,4 % 73 % 7,0 % 4491 136

70/30 Ca
(IO3)2/Al

Ca(IO3)2 0,70 0,30 – – 46 % 15 % 5,9 % 34 % 12,8 % 4667 44

60/40 Ca
(IO3)2/Al

Ca(IO3)2 0,60 0,40 – – 39 % 2 % 0,9 % 5 % 2,2 % 4444 147

85/10/5
NaIO3/Al/B4C

NaIO3 0,85 0,10 B4C 0,05 55 % 30 % – 55 % – 3511 –

85/5/10
NaIO3/Al/B4C

NaIO3 0,85 0,05 B4C 0,10 55 % 28 % 0,5 % 51 % 0,9 % 3219 24

80/10/10
NaIO3/Al/B4C

NaIO3 0,80 0,10 B4C 0,10 51 % 22 % 2,6 % 43 % 5,1 % 3997 34

80/5/15
NaIO3/Al/B4C

NaIO3 0,80 0,05 B4C 0,15 51 % 26 % 0,7 % 51 % 1,3 % 3592 26

75/10/15
NaIO3/Al/B4C

NaIO3 0,75 0,10 B4C 0,15 48 % 17 % – 35 % – 4014 –

75/5/20
NaIO3/Al/B4C

NaIO3 0,75 0,05 B4C 0,20 48 % 11 % 1,4 % 23 % 2,9 % 3765 13
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aluminum fuel content was raised from 20 wt% to 40 wt%,
the ratio was consistent with CaI2 production, but this evi-
dence was not supported by DSC/SDT of the fresh combus-
tion products. However, SDT of dried methanol extracts of
the combustion products of 60/40 Ca(IO3)2/Al did show
both decomposition before endothermic mass loss before
200 8C and a melt at 774 8C, characteristic of the presence of
both Al2I6 and CaI2 respectively. A dried methanol solution
of 50/50 CaI2/Al2I6 was very similar (Figure 4); furthermore, it
was demonstrated by LC/MS that CaO (a combustion prod-
uct) in the presence of Al2I6 and moisture can be converted
to CaI2 vide infra.

The SDT allowed observation of heat released or ab-
sorbed concomitant with weight loss in the iodine-contain-
ing samples during heating as opposed to burning with
fuel. Table 6 summarizes the observations when these fresh
samples were heated in unsealed SDT pans. Table 7 ana-
lyzes the remaining solid products produced from the re-
actions outlined in Table 6 although the actual residue was
collected from the bomb calorimetry experiments (Table 2).
Under SDT heating, I2O5 decomposed at ~438 8C and did
not appear to react with aluminum (Figure S4). With or
without fuel, both sodium and potassium periodate exo-
thermically reduced to the iodate; for NaIO4 at ~312 8C and
for KIO4 at ~350 8C. After that the thermal scans of both
salts were identical to those of their respective iodates [12].
Sodium iodate melts at ~422 8C and decomposes to oxygen
and the iodide salt NaI ~600 8C; while potassium iodate un-
dergoes a melt with decomposition to KI at ~550 8C. These
changes are endothermic. If aluminum alone is the fuel, the
formation of NaI occurs 508 earlier at 550 8C, but that of KI
remains at 550 8C and both decompositions remain endo-
thermic. When boron carbide was present alone or with alu-
minum, the reaction at 550 8C for both NaIO3 and KIO3 be-
came extremely exothermic (1700 to 2400 J/g) with sodium
salt being more energetic than potassium salt. Evidence for
KI formation in these boron carbide mixtures was seen by
the presence of its melt at 673 8C and evaporation at 750 8C.
Comparable evidence of NaI in the boron carbide mixtures
was not observed. Boron carbide reacted with the alkali io-
dates at temperatures (i. e. ~550 8C) much lower than it re-
acted with air (~770 8C). However, if aluminum alone was
the fuel, then NaI and KI melts were observed; the latter, KI
at ~676 8C, separated from the Al melt. NaI and Al both ex-
hibit endotherms near 650 8C. This endotherm was in-
terpreted as the melt of NaI if continued heating resulted in
significant weight loss. When Al was heated with no added
salt it exhibited a neat melting endotherm at 650 8C, but
also an exotherm near 850 8C, which we interpret as the for-
mation of AlN. This exotherm was also observed when Al

Table 5. XPS Elemental Analysis-Combustion Products of Iodates
with Al.

Combustion Elemental Analysis (Atomic %)
Product Oxidizer % %Al I O Al N Ca Na K Bi Sum

Mix 60 Ca(IO3)2 80 20 4 60 32 3 100
Mix 78 Ca(IO3)2 60 40 15 53 26 7 100
Mix 54 I2O5 80 20 2 59 40 100
Mix 95 I2O5 60 40 8 60 32 100
Mix 97 Bi(IO3)3 80 20 8 56 34 2 100
Mix 116 Bi(IO3)3 60 40 17 58 24 2 100
Mix 55 K(IO3) 80 20 17 40 25 19 . 100
Mix 115 K(IO3) 60 40 16 42 26 16 100
Mix 53 Na(IO3) 80 20 17 41 22 20 100
Mix 114 Na(IO3) 60 40 10 51 31 8 100
Standards
Bi(IO3)3 22 68 10 100
Al 62 38 0 100
Al heated in
Air

62 38 0 100

Al heated in
N2

36 43 21 100

Al2O3 63 37 100
CaO 74 26 100
CaI2 54 26 21 100
AlI3 15 58 27 100
NaI 53 47 100

Figure 4. SDT of Dried Methanol Extract of 60/40 Ca(IO3)2 /Al combustion products (left) and 50/50 CaI2/Al2I6(right).
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was the only fuel combined with sodium or potassium io-
dates/periodates. If aluminum was heated in air, the exo-
therm is observed much earlier just above 600 8C, and was
interpreted as the formation of Al2O3. For the iodates equa-
tion 2 can be broken into several steps where M is either
sodium or potassium cation:

MIO3 þ 2 Al! MIþ 2 Alþ 3=2 O2 ! Al2O3 þMI ð4Þ

While NaI and KI have been identified from the DSC
melt and XPS examination of the combustion products, we
know also from the basicity of the combustion products
and presence of molecular iodine that equation 1 is also op-
erative [12, 14]. The sodium and potassium salts show an in-
crease in iodine production when boron carbide, rather

than aluminum, was used as the fuel (Figures 1 and 2, Ta-
bles 2 and 3).

Bismuth triiodate, upon heating, exhibited two modest
endotherms at 550 8C and at 579 8C [4, 15]. These are as-
signed as the stepwise oxidation of bismuth iodate to the
oxide Bi2O3 with release of I2 (eq. 5, 6). Indeed there was
also one small endotherm at 817 8C, the melting point of Bi2

O3 [16].

5Bi ðIO3Þ3 ! Bi5O7Iþ 7I2 þ 19O2 ð5Þ

2Bi5O7Iþ 1=2O2 ! 5Bi2O3 þ I2 ð6Þ

When aluminum was added the two endotherms were
visible at slightly lower temperatures, 528 8C and 566 8C (ac-

Table 7. SDT Solid Bomb Combustion Products (20 8C/min, 3–5 mg in N2 unless otherwise stated).

wt% material oC J/g wt %
loss

oC J/g wt %
loss

oC Al
melt

J/
g

wt %
loss

oC iodide
melt

J/g wt % total mass
loss

XPS pH

80/
20

Ca(IO3)2/
Al

a �6 Ca2 +, Al3 +, I�,
O2�

11

60/
40

Ca(IO3)2/
Al

300 �10 652 48 0 a �31 Ca2 +, Al3 +, I�,
O2�

5

100 CaI2 in
N2

179 142 �7 �H2

O
783 123 �38

100 CaI2 in
Air

177 104 �8 520 �40 �70

80/
20

NaIO3/Al 649 38 �38 Na+, Al3 +, I�,
O2�

13

60/
40

NaIO3/Al 656 28 �46 Na+, Al3 +, I�,
O2�

6

100 NaI in
N2

657 171 �100

100 NaI in
Air

659 104 �93

80/
20

KIO3/Al 681 31 �53 K+, Al3 +, I�,
O2�

6

60/
40

KIO3/Al 652 14 0 680 28 �42 K+, Al3 +, I�,
O2�

6

100 KI in N2 681 64 �98
100 KI in Air 682 108 �96
80/
20

Bi(IO3)3/
Al

365 39 �44 b �44 Bi3 +, Al3 +, I�,
O2�

4

60/
40

Bi(IO3)3/
Al

320 8 �23 648 10 0 b �40 Bi3 +, Al3 +, I�,
O2�

4

100 BiI3 in
N2

melt evap
BiI3

390 199 �100

100 BiI3 in
Air

melt evap
BiI3

379 136,1 �97

80/
20

I2O5/Al �4 Al3 +, I�, O2� 6

60/
40

I2O5/Al 300 �21 648 16 0 c �24 Al3 +, I�, O2� 4

100 Al2I6 in
N2

190 19 �18 258 16 �58 649 5 0

100 Al2I6 in
Air

150 84 �43 238 �524 �29

a. CaI2 melt at 783 8C was not observed; b. DSC melt & UV-Vis suggests BiI3; c. Al2I6 observed when aluminum in excess.
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companied by ~40 % weight loss), and an exotherm near
the melting point of aluminum (641 8C) appeared. There is
little heat released at this exotherm and almost no weight
loss (Table 6). This cannot be explained by a direct reaction
of Bi2O3 with Al. When reagent grade Bi2O3 and Al were ex-
amined under the same experimental conditions, no re-
action was observed until the oxide melted (814 8C). The
combustion of bismuth triiodate with aluminum in a sealed
vessel under argon yielded a black product that exhibited
only one endotherm at ~365 8C. This melt as well as its UV-
Vis spectrum confirmed this product as BiI3 (m.p. 390 8C)
[6,16]. Indeed, little molecular iodine was produced if the
combustion was in an inert atmosphere. Unlike the alkali io-
date salts, less, rather than more, molecular iodine was pro-
duced when the bismuth or calcium iodates were burned
with boron carbide rather than aluminum (Table 2).

Calcium iodate, like the bismuth iodate, exhibited two
modest endotherms at 656 8C and 736 8C. The first endo-
therm is ascribed to the decomposition of Ca(IO3)2 to Ca5

(IO6)2, iodine and oxygen and the second endotherm to the
complete oxidation of the calcium salt to calcium oxide
with further generation of iodine and oxygen [12, 17]. When
aluminum is mixed with the calcium iodate, where the de-

composition of Ca(IO3)2 and melt of aluminum coincide at
650 8C, an exothermic reaction occurs which forms both cal-
cium and aluminum oxide as well as iodine (Table 6). The
formation of calcium oxide is claimed based on the basicity
of the combustion product (from closed bomb calorimetry
in argon) from the 80/20 Ca(IO3)2/Al mixture (pH 11), the ra-
tio of elements in the XPS (Table 5, mix 60); and the fact
that when the residue from the combustion was examined
by SDT, neither endotherms nor exotherms were observed
and weight loss was only 6 %. These combustion products
were shown by titration to form 11 % CaO (assuming this is
the product). Some XRD peaks characteristic of g-Al2O3 were
observed in the 80/20 Ca(IO3)2/Al combustion products, but
no good matches for a particular iodide (although some
peaks match for CaI2·6.5H2O). If aluminum was introduced
into the calcium iodate in excess, e. g. 60/40 Ca(IO3)2/Al,
then the DSC/SDT scan of the product mixture showed an
endotherm at 652 8C, characteristic of the melt of excess
aluminum. XRD peaks of these products match g-Al2O3 and
more closely with CaI2·6.5H2O than the products of the
80/20 Ca(IO3)2/Al mix (Figure 5). Furthermore, the SDT of the
combustion products shows a mass loss of 31 %, rather than
6 %, and the pH was pH 5, instead of 11. These observations

Figure 5. XRD of combustion products of 80/20 Ca(IO3)2 /Al (left) and 60/40 Ca(IO3)2 /Al (right).
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along with the great reduction in produced I2 (42 % with
20 % Al down to 2 % with 40 % Al, see Tables 2 and 3) sug-
gest some formation of Al2I6, a Lewis acid. The peak binding
energies of the iodine signal from XPS suggests that the
combustion products from Ca(IO3)2/Al (both 80/20 and
60/40) as well as other iodate/Al mixtures, contain iodine
present as iodide (Table 4). [A similar trend was observed
when combustion products from a 60/40 I2O5/Al mixture
were analyzed on DSC/SDT, with a mass loss at 300 8C of
21 %. No I2 was observed from the extraction of the mixture
with KI solution (and pH of the water solution was 4), which
also suggests the formation of Al2I6.]

The occurrence of iodides in combustion products of Ca
(IO3)2/Al and I2O5/Al, was confirmed by LC/MS of methanol
and water extracts. Methanol extracts of 60/40 Ca(IO3)2/Al
combustion products showed peaks consistent with CaI2

(dominant) and Al2I6 (peaks of which were more prominent
in methanol compared to water extracts, Figure S95), where
methanol extracts of 80/20 Ca(IO3)2/Al combustion products
showed peaks consistent with only CaI2 (Figure 6). Similar
peaks were observed in a standard methanol solution of

50/50 CaI2/Al2I6. However, adding CaO to an aqueous or
methanol standard solution of Al2I6 showed a decrease in
Al2I6 signals, and the formation of CaI2, suggesting that
moisture might adversely affect the composition of the
products if they contained a mixture of CaO and Al2I6 (Fig-
ure 7), promoting the formation of CaI2. LC/MS of the water
extract of 60/40 I2O5/Al combustion products shows peaks
consistent with Al2I6 (Figure 8), but they were not observed
in the 80/20 I2O5/Al combustion products. What is also in-
teresting to note, is that the extract of a fresh mixture of
80/20 I2O5/Al produced LC/MS peaks consistent with known
hydration products of I2O5 (IO3

� from HIO3, and I2O5·IO3
�

from I2O5·HIO3) [11]. The methanol extract of fresh 80/20 Ca
(IO3)2/Al did not contain any identifiable peaks (Figures 6
and 8).

Impact, friction, and electrostatic discharge (ESD) sensi-
tivity tests were conducted on the mixtures of Ca(IO3)2/Al
because this mixture shows the most promise to be in-
cluded in final formulations with polymers. Compared with
RDX, this mixture is not sensitive to friction or impact, but
does have a similar and sometimes more sensitive response

Figure 6. LC/MS of the Methanol Extract of 60/40 Ca(IO3)2 /Al Combustion products.
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than RDX to ESD (Table 8). Adding a polyurethane binder
did not change the impact or friction sensitivity, and
seemed to improve the ESD sensitivity.

4 Conclusions

As a replacement for I2O5, calcium iodate [Ca(IO3)2] was
unique among the iodine-containing salts examined (so-
dium, potassium, calcium and bismuth iodates and period-
ates of the alkali metals). When combusted with aluminum
under argon, Ca(IO3)2 released the most molecular iodine
and trapped the smallest amount of iodine as an iodide salt
in an 80/20 mix with aluminum. In this mixture, calcium io-
date reacted exothermically but did not release as much

heat as some of the other iodate salts. More heat could be
obtained by increasing the amount of aluminum, but this
would have been at the cost of some molecular iodine.
When 60/40 mixtures of I2O5/Al or Ca(IO3)2/Al were com-
busted, little or no molecular iodine was recovered. This
and other evidence (SDT, XPS, XRD, LC/MS) suggested that
with excess aluminum, aluminum triiodide (Al2I6) may have
been formed from a reaction of the unburned aluminum
and free iodine in this inert atmosphere. It has been re-
ported that the completeness of reaction of a stoichio-
metric mixture of I2O5/Al is pressure dependent (at pres-
sures less than atmospheric). The reaction forms more Al2O3

rather than Al2I6 as atmospheric pressure is approached
[18]. We have studied 80/20 Ca(IO3)2/Al, Bi(IO3)3 /Al, and
NaIO3/Al at both 515 kPa (60 psig) and 2515 kPa (350 psig)

Figure 7. LC/MS of extracts of CaOand Al2I6.

Table 8. Sensitivity Testing.

Composition % %
Al

BOE Impact H50

(cm)
BAM Friction TIL 1/6
(N)

ESD TIL 0/20
(J)

RDX 100 0 21,9 120 0,074

Ca(IO3)2 (�325mesh) Al (23mm Obron) Ca
(IO3)2

75 25 >75 360 0,085

Ca(IO3)2 (�325mesh) Al (23mm Obron) Ca
(IO3)2

90 10 >75 360 0,074

Ca(IO3)2 (�325mesh) Al (23mm Obron) Ca
(IO3)2

95 5 >75 >360 0,045

Ca(IO3)2 (�325mesh) Al (23mm Obron) + 20 % Polyurethane Foam
(50-100mesh)

Ca
(IO3)2

72 8 >75 >360 0,19
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pressures (Table 2) to determine if the reaction can be driv-
en to produce more molecular iodine. Interestingly, 80/20 Bi
(IO3)3/Al produced very little free iodine (possibly further
combination of Bi + I2); 80/20 Ca(IO3)2/Al produced slightly
more iodine (45 % vs. 42 %); and 80/20 NaIO3/Al produced
considerably more iodine (28 % vs. 16 %). The increase in io-
dine produced from 80/20 NaIO3/Al would likely be coming
from further oxidation of NaI.

Table 9 summarizes the reactions observed with the var-
ious iodate and periodate salts. The production of molec-
ular iodine is opposed by both the potential for the original
cation (Na+, K+, Ca2 +, Bi3 +) as well as the aluminum to form
the iodide salts. Aluminum preferentially forms the oxide if
there is sufficient oxygen available in the mixture, but the
alkali ions preferentially form the iodide (MI), reducing mo-
lecular iodine formation. Calcium and bismuth form oxides,
but bismuth oxide undergoes a metathesis reaction with
aluminum to form, ultimately, bismuth iodide, which prob-
ably forms through elemental bismuth reacting with ele-
mental iodine. In aluminum heavy mixtures, calcium iodate
may form calcium iodide and aluminum iodide, although it

is difficult to tell the difference between having calcium ox-
ide and aluminum iodide in the products (with post re-
action with moisture to form CaI2·6.5H2O), or having a mix-
ture of calcium and aluminum iodides. In general, excess
aluminum reduces I2 formation.

The fact that more molecular iodine is released when
there is more oxygen available to the fuels indicates that

Figure 8. LC/MS of the H2O Extract of 60/40 I2O5/Al Combustion products.

Table 9. Reactions of Iodine Salts with 20 % Al in Argon (dominant
products are highlighted).

MIO3 + Al ! Al2O3 Al2I6 MI MO I2

I2O5 + Al ! Al2O3 I2

NaIO4

fl
NaIO3 + Al ! Al2O3 + NaI + Na2O + I2

KIO4

fl
KIO3 + Al ! Al2O3 + KI + K2O + I2

Ca(IO3)2 + Al ! Al2O3 + CaO + I2

Bi(IO3)3 + Al ! Al2O3 + Bi + BiI3 + Bi2O3 + I2
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most of the metals would rather be oxides than iodides.
This is supported by the Gibbs free energy and enthalpy of
oxidation of iodide salts to metal oxides (Table 10). The oxi-
dation of the alkali iodide salts is endothermic, with a pos-
itive Gibbs free energy suggesting that they are less likely
to produce iodine gas than the other iodide salts listed. The
oxidation of the alkali earth iodides, aluminum iodide, and
bismuth iodide is exothermic, with a negative Gibbs free
energy suggesting release of iodine to be more favorable
than that of the alkalis. All the iodide salts (KI, NaI, CaI2, BiI3,
and Al2I6) were run on SDT under air as well as under nitro-
gen. Under air, calcium iodide and aluminum iodide pro-
duced traces with small exotherms and large mass losses. In
contrast, under nitrogen, calcium iodide showed no decom-
position as heat flow and mass loss below its melting point,
and aluminum iodide produced an endotherm during its
melt with some significant mass loss (moderate sub-
limation). These differences suggest significant oxidation in
air for these two salts. The sodium, potassium, and bismuth
iodide salts showed little difference between air and nitro-
gen, with their melts accompanying almost total mass loss,
which is presumed to be mostly sublimation (Table 7).

The potential for molecular iodine to be released may
depend on the relative oxyphilicity of aluminum relative to
the cation accompanying the iodate (Table 10). This would
especially be important in oxygen deficient situations such
as experiments performed under inert atmosphere. With in-
sufficient oxygen the iodide may be formed instead. We be-
lieve this to be the case with bismuth iodate, due to the
favorable reaction between bismuth oxide and aluminum,
which frees up bismuth for a reaction with iodine. Because
the reaction of some metal oxides (calcium and magne-
sium) with aluminum is not as favorable, it is likely that ex-
cess aluminum in this case would react with iodine directly
in an oxygen deficient environment.

We have noted that use of a combination of boron car-
bide (B4C) and aluminum as fuels resulted in more iodine

formation from the alkali iodates than the use of either fuel
alone (Table 2). The exact nature of the reactions have not
been ascertained. Boron carbide has been examined by
bomb calorimetry, and diboron trioxide and carbon dioxide
were formed [19, 20].

B4Cþ 4O2 ! 2B2O3 þ CO2 ð7Þ

Furthermore, the combustion products of boron with
potassium nitrate and potassium perchlorate under argon
were found to be KB5O8

.4H2O and KB5O6(OH)4
.2H2O, re-

spectively [21]. The authors of that article speculate that re-
action 8 occurs:

2KClO4 þ 2B! 2KBO2 þ Cl2 þ 2O2 ð8Þ

Using that model we suggest a similar reaction (eq 9).
Indeed, over time a boron carbide mixture with sodium io-
date evolved molecular iodine at room temperature. Per-
haps the reason the combination fuel Al/B4C results in high-
er amounts of evolved I2 can be attributed to the alkali
metal being removed from the competition with aluminum
for the freed oxygen. Thus, both the alkali metal and the
aluminum are incorporated in a stable species allowing mo-
lecular iodine to be evolved.

4 KIO3 þ B4C! 4 KBO2 þ CO2 þ 2 I2 þ O2 ð9Þ
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Table 10. Thermodynamic Calculations of Oxygen Exchange.

Potential for Metal Iodide Oxidation to I2 Potential for Metal Oxide O2 exchange with Aluminum
DG (kJ/
mol)

DS (J/mol/
K)

DH (kJ/
mol)

DG (kJ/
mol)

DS (J/mol/
K)

DH (kJ/
mol)

2 MI + 0,5 O2 ! 1 I2

(g)
+ 1 M2O 3 M2O + 2 Al ! 1 Al2

O3

+ 6 M

NaI 216 36 224 Na2

O
�456 77 �433

KI 347 40 357 K2O �616 100 �591
1 MI2 + 1 O2 ! 1 I2

(g)
+ 1 MO 3 MO + 2 Al ! 1 Al2

O3

+ 3 M

CaI2 �55 54 �39 CaO 228 5 229
MgI2 �192 55 �175 MgO 126 11 129
2 MI3 + 2 O2 ! 3 I2

(g)
+ 1 M2

O3

1 M2O3 + 2 Al ! 3 Al2

O3

+ 1 M

BiI3 �85 �512 Bi2O3 �4253 1 �4453
AlI3 �923 207 �861
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