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bstract

Exothermic behavior of aluminum nanoparticles (ANP) in aqueous medium of various pH values and oilcloths (OC) composed of linseed oil, SAE
0W-40 engine oil, or SAE 20W-50 engine oil in cotton or nylon was studied. The experimental results revealed that for ANP hydrolysis, a deviation
f pH value from 7 yielded a decrease in onset temperature (Tonset), peak temperature, no return temperature, self-accelerating decomposition
emperature, time to Tonset, time to maximum rate (TMRad), and activation energy. Also, reaction order and frequency factor increased as pH
alue deviating from 7. For decomposition of oily materials, Tonset of OC was lower than that of pure oil, suggesting that cotton and nylon
nhanced the combustibility of the three oils. Besides, total enthalpy of OC was larger than that of the corresponding pure oil. Nylon-based OC
roduced larger total enthalpy than cotton-based OC, while the latter yielded shorter oxidative induction time (OIT) than the former. Moreover,

easonable discrepancy between experimentally determined OIT and theoretically estimated TMRad was obtained. Hydrolysis of damped ANP and
ecomposition of OC could be derived from heat accumulation, leading to release of a considerable amount of thermal energy at relatively low
onset.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Aluminum particles are one of the basic components of explo-
ive and pyrotechnic materials. Also, aluminum powders were
ften utilized as painting extenders and coating pigments [1,2].
ombustion of aluminum nanoparticles, ANP, in air could be
ivided into two temperature stages: 1400 and 2800 K for a vari-
ty of products [3–5]. In humid conditions, water played a crucial
ole in exothermic ANP hydrolysis. The stoichiometry of ANP
ydrolysis can be generally described by xAl3+ + yH2O ⇔
lx(OH)3x−y

y + yH+, where x and y are two integers [6]. For

he influence of water content, it was concluded that a high
umidity in gas mixture of H2O/O2/Ar caused an advanced igni-
ion of aluminum particles [7]. In systematic calorific heating of

Abbreviations: ANP, aluminum nanoparticles; C80, Calvet 80 calorimeter;
SC, differential scanning calorimeter; OC, oilcloths
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ombustible substances, the temperature, at which the exother-
ic behavior begins, is defined as the onset temperature, Tonset.
ote that Tonset is one of the most important properties of ther-
ally hazardous materials. Tonset of ANP with average diameter

f 10–100 nm decreased as the relative humidity increased [8].
oreover, ANP could be still reactive over 47 days in surround-

ngs with relative humidity of 90% [9,10]. Hence, self-heating
n a system containing damped ANP might occur, leading to
ndustrial accidents. For instance, serious explosion of Ju-Feng
recrackers and fireworks factory at Tunghsiao, Miaoli, Tai-
an on 16 November 2003 was resulted from spontaneous

ombustion of damped aluminum particles during storage [11].
urthermore, a relatively fast reaction of ANP hydrolysis was
bserved in an aqueous medium of a basic pH value [12]. The
nthalpy of ANP hydrolysis in aqueous solution containing
aOH was very close to the heat of formation of Al(OH)4

−

13].

On the other hand, oilcloths, OC, composed of oils in fab-
ics, can be a kind of the spontaneously combustible materials
ecause large specific surface area of absorbent results in heat

mailto:chmyck@ccu.edu.tw
dx.doi.org/10.1016/j.jhazmat.2007.07.075
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Nomenclature

A frequency factor (1/s)
Cp heat capacity (J/g K)
DOC deviation between OITOC and TMRad,OC (%)
DANP deviation between OITANP and TMRad,ANP (%)
E activation energy (kJ/mol)
n reaction order
OIT oxidative induction time (s)
Pmax maximum pressure (bar)
r time ratio, TMRad,ANP/tonset,ANP or

TMRad,OC/tonset,OC
SADT self-accelerating decomposition temperature (◦C)
T0 start temperature (◦C)
TNR no return temperature (◦C)
Tonset onset temperature (◦C)
Tp peak temperature (◦C)
TS surrounding temperature (◦C)
TMRad time to maximum rate under adiabatic condition

(s)

�H specific latent heat (J/g)
μoil oil viscosity (Pa s)
φ heating rate (◦C/s)
ψ rate of heat release (J/s g)
ψonset rate of heat release corresponding to Tonset (J/s g)
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Setaram, Caluire, France) was applied to investigate the exother-

◦

ψ(T0) rate of heat release corresponding to T0 (J/s g)

ccumulation. Oils absorbed in cotton or sawdust may also
elong to this category. Disused OC caused several confla-
rations in supermarket warehouse and military depot [11].
or linseed oil-based OC, self-heating is initiated by gradual
ecomposition of unsaturated carbon bonds. Three oxidation
tages of linseed oil, including oxidation of unsaturated fatty
cids between 150 and 250 ◦C, first oxidative decomposition
etween 250 and 400 ◦C, and main process of combustion above
00 ◦C, were concluded [14]. In addition, the oxidation stability
f oily substances can be assayed by iodine value and perox-
de value [15,16]. For engine oils, thermal stability of SAE
5W-40 mixed with hydro-cracked oils was higher than that
ith refined oils [17]. Besides, oxidative induction time, OIT,
efined as the time required for the initiation of oxidation under
sothermal condition, was applied to the analysis of oxidation
tability of lubricating oils [18]. Moreover, the degradation tem-
erature of engine oils with larger viscosity was higher than that
ith smaller viscosity [19]. This suggested that engine oil with

arge viscosity would be thermally stable with large activation
nergy.

In poor ventilation system, heat accumulation is greater than
eat dissipation by external heat source and/or self-heating of
pontaneously combustible materials. For spontaneous com-

ustion, thermal behavior can be analyzed by isothermal and
emperature-programmed heating [20]. Differential scanning
alorimeter, DSC, has been invoked to predict the coal com-
ustibility [21] and the reactivity of self-reactive substances

m
w
a
O
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22]. Also, self-accelerating decomposition temperature, SADT,
f self-reactive substances has been evaluated by Calvet 80
alorimeter, C80 [23]. Hence, the two calorimetries could be
ppropriate for estimating the thermal properties of ANP and
C. In the present study, effect of pH value on the ther-
al characteristics of ANP hydrolyzed in aqueous medium
as investigated. The exothermic system roughly mimicked

he dampening situation during ANP storage in the case of
ontact with rainwater absorbing flare gases. Also, thermal
ecomposition of OC was examined. Linseed oil and the two
ommonly encountered engine oils, SAE 10W-40 and SAE
0W-50, were employed. In addition, fabrics were mostly
ade of cotton or nylon. Thus, combination of the three oils

nd the two fabrics simulated thermally hazardous OC in
ractice.

. Materials and methods

.1. Materials

ANP with average diameter of 18 nm were purchased from
unye (Shenzhen, Guangdong, China). Cotton of C-Yarn NE-
0/1 and nylon of N-Yarn NE-19/1 were obtained from Formosa
hemicals & Fiber (Changhwa, Taiwan). Linseed oil with iodine
alue of 192 was purchased from MP Biomedicals (Irvine,
alifornia). SAE 10W-40 and SAE 20W-50 engine oils were
btained from FormulaShell (Houston, Texas). Hydroxyl chlo-
ide and sodium hydroxide were purchased, respectively, from
iedel-de Haën (Seelze, Germany) and Showa (Tokyo, Japan).
everse osmosis purifier water was obtained from Waibel

Culligan-RO2127, Taoyuan, Taiwan).

.2. Exothermic behavior examined by DSC and C80

ANP of approximate 3 mg was immersed in aqueous solu-
ion of 20 �L with various pH values. The ANP suspension was
mmediately placed in a high-pressure gold-plated steel crucible
ME-00026732, Mettler-Toledo, Greifensee, Switzerland) with
iameter of 7 mm. DSC (Mettler DSC 822e, Mettler-Toledo,
reifensee, Switzerland) at heating rate, φ, of 10 ◦C/min was

mployed to measure the exothermic properties. For the evalu-
tion of kinetic parameters, DSC scanning at various φ values
as applied. For the preparation of OC, oil (linseed oil, SAE
0W-40 engine oil, or SAE 20W-50 engine oil) of approximate
mg was absorbed by fabrics (cotton or nylon) of approxi-
ate 5 mg. Exothermic properties of the freshly fabricated OC
ere detected by DSC scanning in the gold-plated crucible at
of 10 ◦C/min. For isothermal test, oil of approximate 60 mg
as absorbed by fabrics of approximate 60 mg. OC was placed

n a pressure detect vessel containing mix security crucible
S10/0057, Setaram, Caluire, France). C80 (Setaram-Calvet 80,
ic trait. For the raise from room temperature to 200 C, φ
as fixed at 0.5 ◦C/min, and the C80 system was maintained

t 200 ◦C. The isothermal duration was 24 h for cotton-based
C and 48 h for nylon-based OC.
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.3. Kinetic analysis

Activation energy of an exothermic chemical reaction, E, can
stimated by [24]

n

(
φ

T 2
p

)
= CK − E

R

1

TP
, (1)

ogφ = CO − 0.4567
E

R

1

TP
, (2)

here Tp is the peak temperature in DSC thermogram, CK and
O are, respectively, the constants in the formula of Kissinger

25] and Ozawa [26], and R is the ideal gas constant. Besides,
requency factor, A, can be evaluated by [27]

= φE eE/RTp

RT 2
P

. (3)

Based on the Freeman–Carroll’s approach equation [28,29],
eaction order, n, can be obtained:

= log[(dH/dt)3/(dH/dt)1]/(1/T1 − 1/T3) − log[(dH/dt)2/(

log(ΔH1/ΔH2)/(1/T1 − 1/T2) − log(ΔH1/ΔH3

= ((1/T1) − (1/T2))log[(dH/dt)3/(dH/dt)1] − ((1/T1) − (1

((1/T1) − (1/T2))log(�H3/�H1) − ((1/T1) − (1

here Ti, (dH/dt)i, and�Hi, i = 1, 2, or 3, stand for the exother-
ic temperature, the rate of enthalpy change at Ti and the

nthalpy change at Ti, respectively. These parameters were
xemplified in Fig. 1, a typical DSC scanning thermogram of
NP. Moreover, time to maximum rate under adiabatic condi-

ion, TMRad, can be calculated by [30–32]

MRad = CpRT
2
0

ψ(T0)E
, (5)

(T0) = ψonset exp

[
E

R

(
1

T
− 1

T

)]
, (5a)
onset 0

here Cp represents the heat capacity, T0 means the start tem-
erature, ψ(T0) and ψonset denote the rate of heat release at T0
nd Tonset, respectively. Cp of ANP is 897.0 at 298.15 K, 930.6

ig. 1. Typical DSC thermogram of aluminum nanoparticles in aqueous solu-
ion: variation in rate of heat flow, ψ, as a function of temperature, T, and time,
. pH 7 and heating rate, φ = 10 ◦C/min.
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dt)1]/(1/T1 − 1/T2)

/T1 − 1/T3)

)log[(dH/dt)2/(dH/dt)1]

)log(�H2/�H1)
, (4)

t 350 K, and 955.5 at 400 K [33]. Cp of linseed oil, SAE 10W-
0 engine oil, and SAE 20W-50 engine are, respectively, 448.5,
19.1, and 664.3 J/kg K [34]. Fig. 1 also demonstrated the rele-
ant parameters appeared in Eqs. (5) and (5a). In addition, the
iscrepancy between TMRad and OIT can be expressed by

j = TMRad,j − OITj
OITj

× 100%, j = ANP or OC, (6)

urthermore, no return temperature, TNR, is the temperature
hen rate of heat accumulation, QA, equal to rate of heat loss,
L. Hence, TNR can be calculated by [22]

A = �HA exp

(
− E

RTNR

)
= QL = US(TNR − TS), (7)

here �H, U, S, and TS are, respectively, the overall enthalpy
hange, the overall heat transfer coefficient, the exposed surface
rea of materials, and the surrounding temperature. Note that U
f ANP, linseed oil, SAE 10W-40 engine oil, and SAE 20W-50

ngine are, respectively, 220, 130, 116, and 108 W/m2K [34].
f TS is greater than TNR, exothermic reaction occurs. On the
ontrary, if TS is smaller than TNR, exothermic reaction may not
ertainly occur. Also, SADT is equivalent to TS when reaction
ccurred within 7 days of storage and/or transportation, and can
e formulated by [23,35]

ADT = TS = TNR −
(
RT 2

NR

E

)
, (8)

Substituting Eqs. (8) into (7) yields:

HA exp

(
− E

RTNR

)
= US

(
RT 2

NR

E

)
. (9)

TNR can be determined by Eq. (9). Substituting the resultant
NR into Eq. (8), SADT can be obtained.

. Results and discussion

.1. Effect of pH value on the thermal properties of ANP

Table 1 lists the variations in Tonset, Tp,�H, and n as a func-
ion of pH value for ANP. As shown in Table 1, the highest
onset and Tp and the smallest n occurred at pH 7. Note that
onset stood for the liability of the exothermic reaction. Also, the
reater the deviation of pH value from 7, the lower Tonset and Tp

nd the larger n. The order of Tonset followed pH 13 < pH 1 < pH
1 < pH 3 < pH 9 < pH 5 < pH 7, indicating that the exothermic
eaction of ANP could be accelerated by acidic or basic ingredi-
nts. The range of Tonset obtained by the present DSC scanning
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Table 1
Thermal properties and reaction order of aluminum nanoparticles

pH Tonset (◦C) Tp (◦C) �H (J/g) n

1 93.59 114.10 4760.20 2.5285
3 139.32 154.17 4901.38 2.3012
5 140.87 154.89 5298.78 1.9725
7 141.33 156.41 5490.46 1.8666
9 140.12 153.99 5210.63 1.8979

11 135.25 148.89 4970.46 2.4309
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3 79.85 92.65 6104.52 2.7932

as consistent with the study of ANP in aqueous solution by
n adiabatic reaction calorimeter [9,10]. For oxidation of des-
ccated ANP in air, Tonset was located in 400–500 ◦C [9]. It has
lso been observed that the enthalpy of damped ANP was much
igher than that of desiccated ANP [10]. In the present study, the
argest and smallest �H occurred at pH 13 and 1, respectively.
his was mainly because in extremely strong basic medium, a

arge amount of complex compounds such as Al(OH)4
− was

roduced [36]. On the contrary, medium at pH 11 might inhibit
xothermic process of ANP although pH 11 was a commonly
ecognized strong basic condition. Hence, �H at pH 11 exhib-
ted the smallest enthalpy among the basic mediums. Complex
ompounds including Al13O4(OH)24(H2O)12

7+ was formed in
eutral to weak acidic medium, Al(OH)2

+, Al2(OH)2
4+, and

l3(OH)2
7+ were produced in acidic medium, and Al3+ was the

ey products in strong acidic medium [36,37]. For simplicity, the
toichiometry of the reactions in aqueous medium of various pH
alues was briefly summarized below.

2Al + 6H2O + 2NaOH → 2Na+ + 2Al(OH)4
− + 3H2 ↑ with

rAl = kCAl
2CH2O

6CNaOH
2 in base [12], 2Al + 6H2O →

Al(OH)3 ↓ + 3H2 ↑ with −rAl = kCAl
2CH2O

6 in neutral water
6], and 2Al + 3H2O + 3HCl → AlCl3 ↓ + Al(OH)3 ↓ + 3H2 ↑

2 3 3
ith −rAl = kCAl CH2O CHCl in acid [38]. In these expres-
ions, −rAl and k denoted the reaction rate of ANP and the
ate constant, respectively. In the present DSC thermograms,
he rate of heat flow increased rapidly to a maximum and then

b
t
t
m

able 2
inetic parameters of aluminum nanoparticles

H φ (◦C/min) Tonset (◦C) Tp (◦C) Kissinger’s method O

E (kJ/mol) A (1/s) E

2 53.45 80.33

24.868 6.05 × 1015 2
4 74.86 94.95
8 90.01 108.91

10 93.59 114.10

2 117.00 126.23

71.211 2.62 × 1010 7
4 126.12 137.09
8 138.69 152.31

10 141.33 156.41

3

2 59.41 65.55

23.511 1.52 × 1018 2
4 68.66 76.70
8 74.63 84.20

10 79.85 92.65

a Subscript K denotes data estimated by the Kissinger’s method.
b Subscript O denotes data estimated by the Ozawa’s method.
Materials 152 (2008) 1002–1010 1005

ecreased rapidly. This feature corresponded to an nth order
eaction [22]. Based on the rate equations described above,
he reaction rate was almost proportional to the square of
NP concentration, which was consistent with the n values

hown in Table 1. Furthermore, a greater deviation of pH
rom 7 caused a larger increase in the rate of heat flow during
xothermic reaction. The numerical calculation revealed that
he order of variation in the rate of heat flow affected by pH
as (dH/dt)3 > (dH/dt)2 > (dH/dt)1. Hence, a greater deviation
f pH from 7 yielded a larger numerator of Eq. (4) and a larger
value. Generally, Tonset, Tp and �H in basic medium were

ower than those in acidic medium under the same deviation
rom pH 7. On the contrary, under the same concentration of
H− or H+, n in OH−-rich medium were larger than that in
+-rich medium. The main rationale behind this asymmetric
ehavior is that the reactivity of OH− and ANP is higher than
hat of H+ and ANP.

.2. Kinetic parameters of ANP hydrolysis

Fig. 2 shows the plots for the evaluation of E based on Eqs.
1) and (2) at various φ values. The results of Tonset, Tp, E, A,
NR, and SADT were listed in Table 2. As presented in this

able, a lower φ led to lower Tonset and Tp. This was because
o reach a specified temperature, a lower φ required a longer
eating period and released a larger thermal energy. Further-
ore, the order of pH value on A was pH 13 > pH 1 > pH 7. An

ncreased A value in acidic and basic medium could be resulted
rom an increased collision frequency between ANP and H+ or
H−. The reverse order of pH value was true for E, TNR, and
ADT. These results implied that an exothermic effect of ANP
as most susceptible to a medium of strong base. Moreover, E

nd A estimated by the Kissinger’s method were slightly larger
han those by the Ozawa’s. Hence, TNR and SADT estimated

y the Kissinger’s method were slightly smaller than those by
he Ozawa’s, as indicated in Table 2. However, these parame-
ers evaluated by the both methods were on the same order of

agnitude.

zawa’s method TNR (◦C) SADT (◦C)

(kJ/mol) A (1/s) TNR,K
a TNR,O

b SADTK
a SADTO

b

4.568 4.08 × 1015 58.98 60.77 22.134 23.078

0.989 2.45 × 1010 66.96 70.32 53.467 56.516

3.461 1.40 × 1018 49.85 50.06 12.991 13.045
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Fig. 2. Plots for the methods of Kissinger and Ozawa. �, � and �: the
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xis. � and � for pH 1, � and © for pH 7, � and � for pH 13. �: R = 0.9915,
: R = 0.9984, �: R = 0.9857, �: R = 0.9956, ©: R = 0.9992, �: R = 0.9881.

Based on the present DSC scanning results, TMRad,ANP cal-
ulated by Eqs. (5) and (5a) was ca. 25.26 days at pH 7 and
0 = 25 ◦C. From the data of isothermal ANP hydrolysis in neu-

ral water [11], OITANP and the predicted TMRad,ANP were,
espectively, ca. 560 and 689.9 min at T0 = 60 ◦C, ca. 85 and

◦ ◦
4.62 min at T0 = 80 C, and ca. 12 and 13.65 min at T0 = 100 C.
hus, DANP was 23.2% at T0 = 60 ◦C, 11.3% at T0 = 80 ◦C at
3.75% T0 = 100 ◦C. These results revealed that TMRad would
e a reasonable prediction for the initiation of the exother-

ig. 3. Variation in logarithm of time, ln t, and time ratio,
= TMRad,ANP/tonset,ANP, as a function of pH value. t is tonset,ANP, the

ime to Tonset obtained from dynamic DSC experiments of aluminum
anoparticles, or TMRad,ANP based on Tonset. �: tonset,ANP; �: TMRad,ANP; �:
.

1
i
o
[

F
2
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ic hydrolysis of ANP under isothermal condition. Note that
shorter OIT denoted a lower thermal stability.

Fig. 3 presents the variation in TMRad,ANP, tonset,ANP, and the
atio of the two, r, as functions of pH value. Here, TMRad,ANP
ould be regarded as the upper limit of time to ANP hydrolysis.

large r represented a large discrepancy between adiabatic cir-
umstance and programmed heating. As indicated in Fig. 3, the
ange of r was ca. 3–6. Also, an increase in deviation of pH value
rom 7 caused a decrease in TMRad,ANP, tonset,ANP, and r, i.e.,
axima occurred at pH 7. This implied that in acidic and basic
edium, ANP became thermally instable and r value reduced.
hus, the relation between r and thermal stability suggested that
value could be a practical index for the assessment of ther-
ally hazardous materials. Moreover, r was asymmetric when

H value deviated from 7. This was because the effect of OH−
n the reduction in r value was stronger than H+. Based on the
ame |pH−7|, tonset,ANP in basic medium was shorter than that in
cidic medium, implying that OH− caused even faster exother-
ic reaction under adiabatic condition. In the current study, ln
MRad,ANP and ln tonset,ANP were exhibited for a clear presenta-

ion. As pH value varied, ln TMRad,ANP and ln tonset,ANP seemed
o be symmetric. In fact, variations in the original time data as
unctions of pH value were not perfect symmetry. Logarithms of
MRad,ANP and tonset,ANP eliminated the numerical asymmetry,
ielding a pseudo-symmetric trait.

.3. Thermal behavior of OC by DSC scanning

Fig. 4 exhibits the DSC thermograms of linseed oil, SAE

0W-40 engine oil, and SAE 20W-50 engine oil. As revealed
n this figure, two exothermic peaks were emerged for the three
il species. This was consistent with the literature observation
14]. The first and second peaks might be the initiated interfa-

ig. 4. DSC thermograms of linseed oil, SAE 10W-40 engine oil, and SAE
0W-50 engine oil.
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Fig. 5. Time, t, and time ratio, r = TMRad,OC/tonset,OC, for various oils and oil-
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ial oxidation and buck oxidation, respectively. Table 3 listed
he exothermic characteristics of the oily materials by DSC
canning. For pure oil, the order of oil on Tonset and Tp was
inseed oil < SAE 10W-40 engine oil < SAE 20W-50 engine oil,
n general. Tonset,1 of OC followed the same order. These data
uggested that linseed oil was prone to combustion, which was
onsistent with the literature results [18,19,39]. In addition, lin-
eed oil belonged to combustible drying oil due to typical iodine
alue of 170–205 [15,16]. On the other hand, SAE 10W-40 was
ore liable to thermally decompose than SAE 20W-50. This was
ainly because the former was less viscous the latter [26] and the

ormer possessed lower activation energy than the latter [27]. For
C, the order of oil on Tonset,2, Tp,1, and Tp,2 became SAE 10W-
0 engine oil < linseed oil < SAE 20W-50 engine oil, in general.
s compared with pure oil, the alteration in the order was derived

rom the existence of fabric matrices. By the emergence of the
olymeric materials, the bulk absorbability of 10W-40 engine
il might be higher than those of linseed oil. Thus, 10W-40
ngine oil produced the lowest, Tonset,2, Tp,1, and Tp,2 among
he three oil species, in general. It was also intriguing to note
hat for a fixed oil species, OC yielded an apparent decrease in
onset and Tp of pure oil. This was because OC shortened the

ime to exothermic peaks by an increase in the exposed area and
he peroxide value. Besides, our literature survey revealed that
onset of linseed oil and linseed oil in cotton were, respectively,
a. 400 ◦C [14] and ca. 325 ◦C [39], which were close to the
resent results. It was also reported that by incorporation with
inseed oil, the activation energy of pure cotton reduced in half
39]. Hence, requirement for combustion of OC was achieved
ore easily than that of pure oil. Moreover, during thermal treat-
ent of oils, unsaturated carbon bonds were first decomposed,
hich was followed by an accelerated oxidative rate [40]. For

inseed oil, Tonset,1 of cotton-based OC was lower than that of
ylon-based OC. This was because the surface wettability of lin-
eed oil on cotton was higher than that on nylon. Hence, cotton
atrix was beneficial to the first-stage decomposition of linseed

il. On the contrary, for the two engine oils, Tonset,1 of cotton-
ased OC was higher than that of nylon-based OC. It could also
e concluded that for a fixed oil species, the order on Tonset,2 was

il in nylon < oil in cotton < pure oil, in general. The rationale
ehind this result could be elaborated below. The decomposi-
ion temperatures of pure nylon and cotton were 220–280 ◦C
41,42] and 335–356 ◦C [43], respectively. Besides, Tonset of

f
i
o

able 3
hermal properties of oils and oilcloths

ilcloths Tonset,1 (◦C) Tp,1 (◦C) �H1 (J/

inseed oil
– 371.85 399.58 159.62
Cotton 345.17 420.57 282.11
Nylon 363.33 415.00 607.36

0W-40 engine oil
– 484.12 489.04 60.62
Cotton 381.07 409.17 164.72
Nylon 378.65 409.96 1132.07

0W-50 engine oil
– 504.54 507.60 49.61
Cotton 459.61 479.22 207.53
Nylon 405.61 413.63 299.01
il in nylon, 20W: 20W-50 engine oil, 20W + C: 20W-50 engine oil in cotton,
0W + N: 20W-50 engine oil in nylon.

C was between Tonset of pure fabric and that of oil. Since
elatively viscous engine oils lowered the surface wettability
n fabrics, decomposition temperature of pure fabrics became
ominant on Tonset of OC. Thus, Tonset of engine oils in cotton
as higher than that in nylon. For latent heat of pure oil and two
il-cloth composites, the order of oil on the total enthalpy was
AE 20W-50 engine oil < linseed oil < SAE 10W-40 engine oil.
his result suggested that the various ingredients in SAE 10W-
0 engine oil could release the highest thermal energy during
ombustion among the currently studied three oil species. On
he contrary, the components of SAE 20W-50 engine oil gen-
rated the smallest capacity in enthalpy. For a fixed oil species,
he order on �Htotal was pure oil < oil in cotton < oil in nylon,
mplying that oil in nylon could be the most thermally hazardous

aterials among the three cases. Based on the enthalpy anal-
sis, nylon containing SAE 10W-40 was the most potentially
isastrous OC, if the accumulation heat led to the conditions of
ombustion.
Fig. 5 shows TMRad,OC, tonset,OC, and the ratio of the two, r,
or various oily materials. As revealed in this figure, the theoret-
cally predicted TMRad,OC was longer than the experimentally
btained tonset,OC. Hence, TMRad,OC could be considered as the

g) Tonset,2 (◦C) Tp,2 (◦C) �H2 (J/g) �Htotal (J/g)

538.69 541.45 145.05 304.67
494.99 507.07 124.79 406.9
486.16 523.69 286.34 893.7

538.91 544.99 298.15 358.77
488.29 527.24 527.63 692.35
452.65 468.68 99.99 1232.06

561.83 564.95 114.02 163.63
541.76 561.52 113.53 321.06
496.33 512.82 382.82 879.15



1008 Y.-C. Kuo et al. / Journal of Hazardous Materials 152 (2008) 1002–1010

Fig. 6. C80 thermograms of oilcloths under isothermal temperature of 200 ◦C: variation in rate of heat flow, ψ, and pressure, P, as a function of time, t. * for ψ and
** for P. (a) Cotton-based oilcloths and (b) nylon-based oilcloths.

Table 4
Oxidative induction time, OITOC, and time to maximum rate, TMRad,OC, of oilcloths

Oilcloths Pmax (bar) OITOC (min) μoil (Pa s) E (kJ/mol) TMRad,OC (min) DOC (%)

linseed oil
Cotton 3.95 480 – 79.2b 518 7.92
Nylon 4.01 1032 1318 27.71

10W-40 engine oil
Cotton 4.07 828

0.04966a 95.25–103.2c 1072–1131 29.3–36.6
Nylon 4.10 1056 1296–1419 22.7–34.4

20W-50 engine oil
Cotton 3.94 672

0.06548a 110.6–138.3c 708–756 5.36–12.5
Nylon 3.98 1008 1202–1254 19.2–24.4

a Data from FormulaShell®.
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b Data evaluated from Ref. [26].
c The range of data obtained via E–μoil relation in Ref. [27].

ongest lag in the decomposition of OC. Besides, TMRad,OC of
ure oil was longer than that of OC. For a fixed oil species,
value of pure oil was also larger than that of OC, imply-

ng that oils became more combustible in fabrics. Moreover,
value of OC containing linseed oil was smaller than that of OC
ontaining engine oils. This was consistent with the results of
able 3.

.4. Isothermal decomposition of OC

Fig. 6(a) and (b) displays the thermograms of OC by
80 study. The resultant Pmax and OITOC and the estimated
MRad,OC at T0 = 200 ◦C were summarized in Table 4. As
hown in this table, Pmax of the six OC during isothermal
xamination was close (ca. 4 bar), while SAE 10W-40 in

ylon produced the largest Pmax. Note that a higher Pmax
uring combustion represented a more volatile OC, render-
ng a greater thermal effect. For a fixed oil species, OITOC of
otton-based OC was shorter than that of nylon-based OC. This

a
n
p
p

as because OITOC was mainly determined by the oxidative
rea. A large area yielded a short OITOC. Since the density
f cotton was less than nylon, at a fixed mass, the former
ossessed a larger exposed area for oil attachment than the
atter. Moreover, the order of oil on OITOC for cotton-based
C was linseed oil < SAE 20W-50 engine oil < SAE 10W-
0 engine oil. OITOC of the three nylon-based OC was ca.
000 min. As compared with the estimated TMRad,OC, DOC of
pproximate 10–30% was evaluated. Besides, DOC of cotton-
ased OC was generally smaller than that of nylon-based
C.

. Conclusions

Exothermic reaction of damped ANP could be accelerated in

cidic or basic medium. From the analysis of Tonset, Tpeak,�H, E,
, A, TNR, and SADT, ANP in medium of pH 13 yielded the most
rominent thermal effect. Besides, TMRad,ANP was an efficient
arameter for isothermal hydrolysis of ANP, and the predicted
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MRad,ANP at pH 7 was ca 25 days. Also, a smaller ratio of
MRad,ANP to tonset, r, caused a faster hydrolysis of ANP. On

he other hand, oils absorbed in fabrics lowered tonset,1 because
C possessed a large oxidative area. As suggested by the results
f tonset,1 and OITOC, linseed oil in cotton was the most com-
ustible OC among the six OC examined in the present study.
oreover, �Htotal implied that nylon-based OC would poten-

ially cause significant hazard. Especially, SAE 10W-40 in nylon
ielded largest �Htotal and Pmax among the three nylon-based
C.
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