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bstract

The thermodynamic and kinetic properties of a series of inorganic and organic peroxy bleaches were determined using adiabatic rate calorimetry
nd isothermal microcalorimetry. Results are compared to calculated oxygen balance values. The decomposition of the majority of the compounds
s complex. Data indicate the need for cooling during the storage and transport for some materials evaluated. Although no overall structure/activity

elationship could be established because of the diversity of molecular architectures studied, a combination of decomposition and activation energy
ata provides a means for hazard and risk classification.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Part 1 described the use of peroxybleaches in laundry prod-
cts and the need to establish the thermochemistry of novel
ngredients to ensure safe use during storage, transport and
rocessing [1]. Techniques for hazard evaluation were briefly
eviewed including calorimetry and theoretical oxygen balance
alculations. The present paper describes the application of
hese techniques for the hazard assessment of peroxybleaches.
t includes the calculation of oxygen balance and the determi-
ation of thermodynamic and kinetic parameters for a series of
eroxy compounds using the adiabatic rate calorimeter (ARC)
nd the thermal activity monitor (TAM). These novel results are

iscussed in terms of implications for safety in manufacturing
nd the supply chain.
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. Experimental

Of the experimental calorimetric techniques available the
RC and TAM are most appropriate for determining the thermo-

hemistry of novel compounds using the small samples available
t the development phase of projects involving novel com-
ounds. Furthermore, when used in combination, they are a
owerful source of data relating to order of reaction, rate of
ecomposition, onset temperature of decomposition, and time to
aximum rate of decomposition (e.g. see Fig. 1). These physico-

hemical parameters are crucial to establishing the safety profile
f energetic materials such as peroxy compounds.

.1. Equipment

.1.1. Adiabatic rate calorimetry (ARC)
The ARC was developed to provide time–temperature–
ressure data for chemical reactions taking place under adia-
atic conditions to aid assessment of thermal hazards. Useful
arameters include �H, Ea, Tnr and self-accelerating decompo-
ition temperature (SADT). The principles on which the method

mailto:pcarson2005@aol.com
dx.doi.org/10.1016/j.jhazmat.2006.04.038
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Table 1
Derivation of control and emergency temperature [10a]

SADT Control temperature Emergency temperature

20 ◦C or less 20 ◦C below SADT 10 ◦C below SADT
O
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ln k = ln A − (Ea/R) × 1/T
Fig. 1. ARC and TAM data combined.

s based have been expounded elsewhere [2–5]. Also described
n the literature are technique variations such as an enhanced
diabatic calorimeter (which allows both the exotherm onset
emperature and direct scale-up data for emergency vent sizing to
e obtained simultaneously) [6] and a high-resolution adiabatic
canning calorimeter [7]. Applications of ARC for evaluation
f thermally unstable compounds such as explosives have also
een described [8].

Briefly, ARC data plots of temperature, pressure and self-heat
ate versus time provide values for these parameters at the start
nd end of the exotherm. The heat generated by the exotherm is
alculated from

H = �Tab × Cp sample × Msample/P

here �H is the heat generated (J/mol), �Tab the true adiabatic
emperature rise (◦C), Cp sample the heat capacity of the sample
J/g, ◦C), and P is the purity of the sample (mol/mol).

The self-heat rate (dT/dt) is calculated by

T/dt = A′e(−Ea/RT )((Tfs − T )n/(�Tab,s))�Tab,sA
n−1
0

here A′ is the frequency or pre-exponential factor, Ea the acti-
ation energy of the decomposition (J/mol), Tfs the temperature
f termination of exotherm in the system, �Tab,s the adiabatic
emperature rise (◦C) − sample + sample bomb, A0 the initial
oncentration of the reactant (at the beginning of the exotherm),
nd A is the concentration of the reactant at time t.
From plots of time to maximum rate (tmr) versus reciprocal
f absolute temperature the time available before the maximum
ate of reaction (dT/dt)max can be determined together with the
emperature of no return (Tnr).

t
l
t

ver 20–35 ◦C 15 ◦C below SADT 10 ◦C below SADT
ver 35 ◦C 10 ◦C below SADT 5 ◦C below SADT

The SADT is the lowest ambient temperature at which self-
ccelerating decomposition may occur in a material in the pack-
ging used in transport. It can be calculated from ARC runs thus

ADT = Tnr − R(Tnr + 273.15)2/ Ea

here Tnr is the temperature of no return R the universal gas
onstant (8.314 J/mol K), and Ea is the activation energy of the
xothermic decomposition (J/mol).

SADT values are very important in deciding whether a mate-
ial should be subject to temperature control during transport
r storage, according to the control and emergency temper-
tures shown in Table 1 [10a]. Chemicals prone to violent
ecomposition when tested at 50 ◦C must be subject to tem-
erature control during transport.The ARC used in the present
rails was a commercial instrument manufactured by Colombia
cientific Industries of Austin, Texas. Experimental conditions
ere

sample bomb type: titanium 1/4 in. diameter STEM (reference
3316);
sample weight: 1–2 g;
start temperature: 30 ◦C;
heat step: 5 ◦C;
wait time: 20 min;
end time: 400 ◦C;
time for complete run: 3–5 days depending on the exothermic
activity of test material.

.1.2. Isothermal microcalorimetry using the thermal
ctivity monitor (TAM)

Principles on which the TAM operates are given elsewhere
9] and were mentioned briefly in Part 1 [1].

In the present studies heat flow is plotted against time and
he area under the curve corresponds to heat output. Using the
ollowing equation k and n can be determined:

= k�H (m − q/�H)nt

here q is the heat output (J), k the rate constant of the exother-
ic decomposition reaction, �H the change in enthalpy (J/mol),
initial mass of sample (g), n the order of reaction, and t is the

ime (s). Determination of k and n is impossible where decom-
osition is too complex.

Using the equation:

′

he rate of reaction k plotted against the negative reciprocal abso-
ute temperature enables Ea to be calculated from the slope and
he pre-exponential factor from the intercept with the y-axis.
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Table 2
Summary of material evaluated

Code Compound Supplier code Purity

A Na perborate monohydrate a 100%
B Na perborate tetrahydrate a 100%
C Percarbonate b 100%
D Percarbonate c 100%
E Percarbonate d 100%
F PAP3 e 95%
G PAP5 e 95.7%
H PAP5 wetcake f ∼70%
I PAP5 granules @amine oxide e 57% PAP
J PAP5 gran.@ SAS e 67.9% PAP
K PAP5/boric acid e 30%/70%
L PAP5/boric acid e 50%/50%
M PAP5/boric acid e 70%/30%
N PAP7 e 97.0%
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Half-lives (t1/2) can be obtained from the following equations:

first-order reactions t1/2 = ln 2/k;
zero-order reactions, t1/2 = m/2k;
second-order reaction, t1/2 = 1/mk.

The instrument used in these studies was marketed by Ther-
oMetric Ltd. (Sweden) equipped with Digitam® software for

nstrument control, methods set-up, automation and data eval-
ation. Heat flow, heat output and time data were converted to
SCII files for import and analysis in Excel 5 and Table Curve
D packages. Experimental conditions were

sample vessel: glass insertion ampoule;
sample weight: 0.5−2 g;
temperatures: 20, 40, or 60 ◦C. Not all temperatures were run
for every sample because of the time required to equilibrate
and calibrate the instrument when the temperature is changed;
time run: 1–3 days depending on the thermal stability of the
test material.

.2. Materials studied

Table 2 lists compounds evaluated together with their purity
nd supplier code. Sodium percarbonate was sourced from three
uppliers. Since the first pair had identical specifications and
imilar thermal properties results are pooled.

. Results and discussion

.1. Oxygen balance calculations
As discussed in Part 1 [1] the theoretical oxygen balance
f a molecule when compared with published scales can be
sed to indicate the potential explosivity of the compound. The
vailable oxygen content indicates the bleaching potential of

m
l
a

able 3
alculated oxygen balance values and explosivity ratings

aterial Oxygen

odium percarbonate 25
odium perborate monohydrate 48
odium perborate tetrahydrate 31
AP3 −157
AP5 −176
AP7 −191
IPTA −167
-(N,N-dimethyl-N-benzylammonium), 4-peroxy toluic acid tosylate −194
itrobenzenea −162.6
i-nitrobenzenea −95.2
ri-nitrobenzenea −56.2
lyceryl trinitratea +3–5
i-nitrotoluenea −114.2
ri-nitrotoluenea (TNT) −74
i-nitro-m-xylenea −145.5

-Butyl cumyl peroxide −256

a Common well-known explosive compounds included for comparison.
BIPTA e 95.0%
“Tosylate” e N/A

compound. The theoretical oxygen balance, available oxy-
en content and explosivity ratings are summarised in Table 3
or comparison with UN classification [10] as discussed in
art 1 [1].

These data would suggest that all three inorganic compounds
ave high explosivity ratings. However, as explained in Part 1
he oxygen balance should not be considered in isolation but
n conjunction with other information. Thus, the categorisation
f sodium percarbonate and of both perborates as ‘high hazard’
ating is an artefact of the oxygen balance calculation. Thus,
uring decomposition of the peroxy salt, part of the oxygen is
elivered in the form of water, which is non-oxidising, whereas
he calculation assumes that all the oxygen in the molecule is a
ource of oxidation.
The organic bleaches are classified by suppliers as possessing
edium to low explosivity and would formally be classed as of

ow explosivity hazard rating, taking account of packaging size
nd chemical composition, i.e. oxygen balance is only a guide.

balance Explosivity hazard rating Available oxygen content (%)

High 15.3
High 16.0
High 10.4
Medium 6.4
Low 5.8
Low 5.3
Low 6.1
Low 3.5
Low 0.0
Medium 0.0
High 0.0
High 0.0
Medium 0.0
High 0.0
Medium 0.0
Low 0.0
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Table 4
Kinetic and Thermodynamic data obtained for ditertiary butyl peroxide diluted 1:4 in toluene ‘standard’

Thermodynamic data Kinetic data

Initial temp (◦C) 102 ARC
Initial self-heat rate (◦C/min) 0.006 Decomposition behaviour n = 1
Pressure at initial temp (bar) 1.6 Activation energy (kJ/mol) 158

(Literature value-ARC) [13] 159

Temp at max self-heat rate (◦C) 185 Temperature of no return 104.5
Max self-heat rate (◦C/min) 7.58 Self-accelerating Decomposition Temperature ◦C 101
Pressure at max self-heat rate (bar) 31.8 Time to max rate of exotherm (min) Corrected by Φ 845
Final temp (◦C) (fully adiabatic) 195.2, 234.6
Pressure at final temp (◦C) 40.6
Adiabatic temp rise (◦C) (fully adiabatic) 93.1, 132.5
P
H , 1314
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ressure rise (bar) 36.1
eat of decomposition (J/g) (ARC) (literature value) (ARC) [11] 1126

ata calculated for a limited homologous series of peracids
Fig. 2) suggests that

for the same number of carbon atoms, the material with one
or more benzyl groups is less stable than the aliphatic com-
pounds: the six carbons in the aromatic ring are not equivalent
to hexane.
stability increases with increased chain length.

.2. Experimental studies

Prior to conducting experiments on trial products using the
RC the operator was calibrated using ditertiary butyl peroxide

olution in toluene. Although this material is neither a bleaching
gent nor a bleach precursor the exothermic decomposition is
nown to be simple and the compound has been previously stud-
ed using this instrument [11,12]. As illustrated by Table 4 good
orrelation was obtained for heat of decomposition and acti-
ation energy. Thus �Hdetermined 1126 J/g; �Hreported 1314 J/g
nd Ea determined 158 kJ/mol versus Ea reported 159 kJ/mol. An Ea
alue of 151 has been reported using DSC/DTA techniques [13].

Thermodynamic and kinetic ARC data on test substances are
ummarised in Tables 5 and 6, respectively; no ARC data are

vailable for compounds K, L and M because of the complexity
f decomposition resulting from interference by the boric acid.
inetic data from TAM experiments are summarised in Table 7.

Fig. 2. Oxygen balance for an homologous series CnH2n+1CO3H.
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.2.1. Discussion of results for inorganic compounds
Perborates decompose into oxides of boron and oxygen.

ata on the decomposition of sodium perborate tetrahydrate in
he ARC data gave �H (25.5 kJ/mol) close to the value obtained
sing other methods (27 kJ/mol) [14]. The slightly lower ARC
alue may be attributable to a second exotherm detected.
owever, since the corresponding dT/dt is very low these data
ave been ignored. The decomposition reaction is first-order.
he tnr of 60.6 ◦C and SADT of 53 ◦C suggest 25 kg packages
an be stored and transported under normal conditions. The tmr
s 241 min requiring τ of 6000 for calculating requirements for
t bags. Such a large extrapolation is hazardous and prevents
meaningful estimate of SADT for tonne quantities of this

ompound.
Decomposition of the monohydrate is more complex with at

east three different mechanisms in operation and with only accu-
ate calculation of Ea of 145 kJ/mol for the first being possible
hich compares favourable with133 kJ/mol obtained by other
eans [14]. The �H value of 17.6 kJ/mol obtained from ARC
easurements compares with 27 kJ/mol obtained by alternative
ethods [14]. Because pseudo rate constant versus tempera-

ure plots are not straight lines calculation of a reaction order
s impossible. Since the SADT exceeds 50 ◦C the storage and
ransport of 25 kg packages poses no problems although dry
torage conditions maintained below 25 ◦C are recommended
or bulk storage [15].

Based on the Department of Transport classification the sup-
lier material safety data sheets (MSDS) indicate that both
erborate mono and tetrahydrates are non-hazardous for inter-
ational transport [16].

Similarly, sodium percarbonate is classed by the supplier as
n oxidiser; storage in a cool dry place is advised. Using material
x-supplier (b) ARC studies suggest a second exotherm occurs
uring decomposition but this was neglected because of the low
T/dt. This could explain why �H (33.8 kJ/mol) is lower than lit-
rature values (ca. 60 kJ/mol) using alternative techniques [17].
ifferences in �H for material from different suppliers and that
eported in the literature could be attributable to differences in
pecification of the samples though these data were unavailable.
ressure rate versus self-heat rate plots show decomposition
roceeds via at least two mechanisms. The Ea of 110 kJ/mol
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ARC) and 143 kJ/mol (TAM) are comparable with those in the
iterature (70–126 kJ/mol) obtained using alternative methods
14–19] thus validating the techniques. With a Tmr of 150 min,
n evacuation alarm set at 93 ◦C provides 120 min to restore
ontrol and 30 min to evacuate. Since the SADT is >50 ◦C no
pecial cooling is required for the storage or transport of 25 kg
ackages. Supplier (b) MSDS quotes SADT for percarbonate
s 55 ◦C for 25 kg packages and 50 ◦C for 1 m3 big bags. The
azards of percarbonates and the implications for processing are
ummarised in Table 8.

.2.2. Discussion of results for organic compounds

.2.2.1. Exothermic decompositions. Inspection of tabulated
RC results shows that all organic bleaches undergo exother-
ic decomposition. Each decomposition begins at between 55

nd 70 ◦C, except for PAP7 and BIPTA whose reactions start
t 36 ◦C. Ends of the exotherms vary between 187 and 305 ◦C
nd are influenced by molecular structure. ARC studies show
hat whilst mixing boric acid with pure PAP has no effect on the
nset temperature of exothermic decomposition, it does lower
he adiabatic temperature rise during exothermal breakdown,
resumably by providing a source of water which removes heat
hrough evaporation [20].

Under TAM conditions steady heat outflow is reached after a
ouple of hours. Breakdown products from PAP 5 and PAP7
uring TAM runs were analysed by 1H NMR spectrometry
Fig. 3) which was able to distinguish between peracidic, acidic
nd alcoholic protons in CDCl3 using tetramethyl silane (TMS)
s reference. Chemical shifts and peak assignments are sum-
arised in Table 9. Peaks at δ = 2.35 and 11 ppm in the raw
aterial are consistent with the parent acid as an impurity. In

he breakdown products the relative contribution of these peaks
rew suggesting that in air the peracid decomposed to the parent
cid as illustrated by the following equation:

(At 50 ◦C the presence of PAP5 acid increased by only 2.7%
hereas for PAP7 at 60 ◦C the peracid decomposed to 65% acid.)

.2.2.2. Thermodynamic parameters. With the exception of �-
N,N-dimethyl-N-benzyl ammonium)-4-peroxy toluic acid tosy-
ate, which breaks down via a single mechanism, the other

ompounds each decompose by at least three different routes.
eats of decomposition of 315, 271 and 214 J/g, for PAP3, 5 and
, respectively, show an decrease with increased chain length
f PAP. Activation energies were 116, 113 and 114 kJ/mol,



P.A. Carson et al. / Journal of Hazardous Materials A136 (2006) 446–454 451

Table 6
Summary of kinetic properties obtained for a series of peroxy compounds using ARC

ARC A B C D E F G H I J N O P

Decomposition behaviour Com N = 1 Complex N = 1 Complex com Compl N = 1 Comp comp Com N = 1 N = 1
Activation energy, Ea (J/g)a 1453 845 701 707 898 465 472 291 315 224 373 262
Activation energy (kJ/mol)a 145 130 110 111 141 116 131 74 104 76 114 69 158
Temperature of no return (◦C)

(Tnr)
73.0 60.3 65 66.5 37

Self-accelerating decomposition
temperature (◦C) (SADT)

66 53 56 60 25

Time to max rate of exotherm
(min) (tmr)

310 323 1321 681 169 287 103 35 31 688 1590 306

Corrected by Φ 174 241 710 366 83 112 60 20 17 303 662 119

Key to sample code see Table 2.
a Average of values obtained self-heat rate plot, activation energy plot, and reaction order plot.

Table 7
Kinetic data derived from TAM measurements

TAM D G O P

Rate of reaction (k) @ 20 ◦C 1.24 × 10−8 s−1

Half-life
t1/2 640 day
@ 40 ◦Ca 6.21 × 10−8 s−1 1.08 × 10−8 s−1

t1/2 129 day 25 h
@ 50 ◦C 6.03 × 10−8 s−1 1.35 × 10−7 s−1 9.33 × 10−7

t1/2 4 h 59 day 9 day
@ 60 ◦C 1.67 × 10−6 s−1 3.33 × 10−7 s−1

t1/2 5 day 50 min

Order (n=) 1 2 1 1

Activation energy
Ea (J/g) 911 537 239
(kJ/mol) 143 149 63

Key to sample code see Table 2.
a Average of two samples.

Table 8
Summary of hazardous properties of sodium percarbonate

Hazard Precaution

Sensitive to gross
contamination

Prevent contamination of raw-material

Select materials of construction e.g. for pipe
work, vessels, etc., with care with special
attention to quality of surfaces and welds

Sensitive to heat Avoid over heating stocks and control temper-
atures where necessary

Sensitive to reducing
agents (admixtures
with organics can be
detonatable)

Avoid explosive mixtures

Sequence of addition is crucial
Keep away from extraneous combustibles and
reducing agents
Clean up spillages immediately

Decomposition produces
water and oxygen

Efficient mixing essential

Provide pressure relief
Prevent oxygen/organic vapour mixtures
Process below flash point

Table 9
NMR data for PAP

δ (ppm)a Assigned

PAP5 See Fig. 1 PAP5
1.4 (f)
1.75 (e)
2.35 (triplet) CO2H proton from parent acid impurity
2.4 (d)
3.7 (c)
7.7 (b)
7.85 (a)
11.4 CH2CO2H protons from parent acid impurity

PAP7 See Fig. 1 PAP7
1.35 (f)
1.75 (e)
2.3 triplet CO2H proton from parent acid impurity
2.4 (d)
3.8 (c)
7.7 (b)
7.9 (a)
11.5 CH2CO2H protons from parent acid impurity

a δ TMS = 0 ppm.
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Fig. 3. (a) NMR of P

or PAP 3, 5 and 7, respectively, and 69 kJ/mol for BIPTA
nd 158 kJ/mol for �-(N,N-dimethyl-N-benzyl ammonium)-4-
eroxy toluic acid tosylate. Activation energies from ARC stud-
es are lower than those determined in the TAM because the
ormer represents only the first mechanism of reaction whereas
he latter describes the entire decomposition process. As a result
f the underestimated ARC Ea values safety margins have to be

uilt in to their interpretation.

.2.2.3. Kinetic parameters. Plots of rate constant versus tem-
erature were not straight lines and no general order and rate of

3
r
t

and (b) NMR PAP7.

eaction could be determined for PAP 3 and 7, i.e. the kinetics of
hermal decomposition of the samples could not be described by
heoretical equations because of their complex breakdown pat-
erns. BIPTA decomposed via first-order mechanisms and PAP5
ollowed second-order. This enabled the half-life for PAP5 to be
etermined and the SADT and temperature-of-no-return to be
alculated for BIPTA.
.2.2.4. SADT and half-lives. The SADT of 25 ◦C for BIPTA
equires a control temperature of 10 ◦C and an emergency
emperature of 15 ◦C. Thus, despite its long half-life, stor-
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Fig. 4. Hazard classificati

ge and transportation should be restricted to small quanti-
ies under refrigerated conditions. Although no conclusions
n storage conditions for the other compounds could be
leaned from ARC measurements, the relatively short half-

ife for PAP5 and �-(N,N-dimethyl-N-benzyl ammonium)-4-
eroxy toluic acid tosylate under test conditions suggests cooling
hould be adopted for the storage and transportation of these
ompounds.
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Fig. 5. Hazard classification: �
H vs. Ea on a mole basis.

.3. Overall hazard

Both thermodynamic and kinetic properties dictate the haz-
rdous nature of a material: the hazard increases with increasing

H but decreasing Ea values. These two parameters may be

ombined for each compound by plotting �H on y-axis against
a for the first mechanism of decomposition on the second
-axis but in reverse order. A hazard diagonal linking points

H vs. Ea on a gram basis.
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H = 0/Ea max and �Hmax/Ea = 0 and graduated from 0 to 10
rovides a means of ranking the hazard for each material where
heir slopes intercept the diagonal [21].

Figs. 4 and 5 depict plots on a mole and on a gram basis,
espectively. From these, the order of hazard is shown below:

. Conclusions

Data confirm that no special storage and transportation condi-
ions are necessary for 25 kg packages of sodium percarbonate or
f sodium perborate tetrahydrate or monohydrate. No meaning-
ul SADT could be estimated for 1 t quantities of the perborate
etrahydrate and dry conditions maintained below 25 ◦C are rec-
mmended for bulk storage of the monohydrate.

Cooling measures are needed for storage of PAP5, BIPTA and
-(N,N-dimethyl-N-benzyl ammonium)-4-peroxy toluic acid

osylate.
Because of the diverse molecular structures studied no overall

tructure/activity relationship emerges. However, results from
imited investigations on the homologous series of PAP com-
ounds show that �H increases with chain length but Ea for
AP7 is lower than for the other two. Thus, less energy is required
o start the decomposition of PAP7, which is confirmed by the
elatively higher conversion into the parent acid. However, by
oupling �H and Ea values PAP7 ranks as the most stable of
he three PAP samples studied. This is in-line with oxygen bal-
nce calculations, even though for these substances the oxygen
riginates from within the molecule rather than from the air.

Tm,s, max dT/dt, pressure at max dT/dt, Tf,s, pressure at Tf,s,
Tab,s, pressure rise, �Tab, and �H all decline with increasing

oric acid content of PAP.
Peroxy salts are less hazardous than peracids, with peroxides

he most hazardous.
It is recommended that to specify bulk storage or large-scale

ransportation of even low self-heating materials the detailed
odelling of the heat flow from the materials as a function of
ontainer size and geometry, thermal conductivity, and ambient
emperature of the proposed storage/transport system is needed.
RC and TAM data provide valuable input into these risk assess-
ents.
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