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a b s t r a c t

A method is presented to uncover outliers in data from small-scale process-safety studies. Points along
an adiabatic runaway reaction, especially at the onset and conclusion of the experiment, may be vaguely
jittery and difficult to recognize as outliers. Even though they fit well visually, their stealthy misalignment
may have a profound impact on the estimate of kinetic parameters, such as reaction order, pre-exponential
factor and activation energy. The proposed technique combines temperature and its time derivatives to
eywords:
utocatalytic
inetics
utliers
ower-law

magnify the effect of hidden outliers. Once identified, these points can be excluded from regression, in
order to generate kinetic parameters with minimal distortions. This method is also suited to recognize
autocatalysis.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

The safety of exothermic processes has been a fertile topic of
esearch for many decades. It is an interdisciplinary field involving,
mong others, basic chemistry, kinetics, thermodynamics, trans-
ort phenomena, reaction engineering, mathematics and statistics.
dvancement is evidenced by the large number of papers in techni-
al journals and meeting proceedings since the work of Townsend
nd Tou [1] was published. Yet, there are still many opportuni-
ies to achieve progress. Kinetics is one area that can benefit from
dditional research. One key objective of kinetics is the establish-
ent of reliable parameters that allow the practitioner to achieve
good match of self-heating rates between small-scale experi-
entation and computational modeling, a precondition to simulate

arge-scale events in industrial chemical reactors.
With good maintenance and calibrations, modern-day adia-

atic calorimeters yield reliable experimental data. By means of
egression [1] or the simultaneous solution of mass and energy
alances [2], these data can then be converted into kinetic param-
ters for simulations. A topic of discussions between practitioners
s the establishment of the initial and final experimental points of

elf-heating rates. The calorimeter inputs heat to increase the tem-
erature of the sample until it identifies an exotherm. The minimal
elf-heating rate for which an exotherm can be detected depends on
he calorimeter. It is usually 0.02–0.04 ◦C/min for the best instru-

∗ Tel.: +1 614 790 4226; fax: +1 614 790 6503.
E-mail address: ekumpinsky@ashland.com.

a

c
r
r
h
s
t

040-6031/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2008.08.011
ents. Even after exceeding this detection limit, the initial data
ight contain scattering that is difficult to visualize. Similarly, data

t the end of the reaction may be jittery, too. It is due, at least in
art, to a significant increase in viscosity of the sample.

A key objective of the testing is to generate self-heating rates.
emperatures near the minimally detectable self-heating rate, be it
t the onset or at the end of the exotherm, are highly leveraged [3].
ence, they carry great weight in the calculation of the key param-
ters, such as reaction order, pre-exponential factor and activation
nergy. Outliers in the high-leverage zones may have a significant
ffect on the estimate of these parameters. The emphasis in this
aper is the detection of outliers, for the most part at the extremes
f the exotherm, because of their high leverage. However, adiabatic
ata cannot be considered perfect anywhere along a runaway reac-
ion. This technique could be used to detect outliers throughout the
ntire process.

It may be difficult to identify these outliers when working with
raditional Arrhenius plots of logarithm of self-heating rate ver-
us the reciprocal of absolute temperature. The method presented
n this work exaggerates the impact of these outliers in different
ypes of plots, making it easy to spot them and deal with them
ccordingly.

Wagner and Snee [4] discuss the difficulty in detecting auto-
atalysis in an Arrhenius plot. In her publication on thermal

unaway reactions, van Roekel [5] states that just being able to
ecognize autocatalytic materials is an important component of a
azard evaluation. In addition to providing the means to recognize
tealthy outliers, the proposed mathematical treatment also facili-
ates the identification of autocatalysis in adiabatic experiments.

http://www.sciencedirect.com/science/journal/00406031
mailto:ekumpinsky@ashland.com
dx.doi.org/10.1016/j.tca.2008.08.011
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Nomenclature

A pre-exponential factor (kg mol1−m−n m3(m+n−1)

min−1)
c initial concentration of reactants (kg mol m−3)
E activation energy (J kg mol−1)
k* pseudo zero-order rate constant, Eq. (7) (min−1)
m product order in an autocatalytic reaction, zero for

standard power-law kinetics
n reactant order
R universal gas constant (J kg mol−1 K−1)
R2 coefficient of determination (%)
t time (min)
T thermodynamic temperature (K)
Tf final temperature (K)
T0 initial temperature (K)
�Tad adiabatic temperature rise, Tf − T0 (K)

Greek letters
� Celsius temperature, T − 273.16 (◦C)
�f final temperature (◦C)
�0 initial temperature (◦C)
�a term with temperature and its derivatives up to

order 2, Eq. (4) (K)
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�j term with temperature and its derivatives up to
order 3, Eq. (6) (K)

Sreenivas [6] showed that the differentiated and linearized
hermal-kinetics equation could be applied to the establishment
f parameters for simultaneous runaway reactions. Here, the self-
eating rate equation of Townsend and Tou [1] is differentiated with
espect to time without further linearization and the derivatives are
ombined in a way to facilitate the visualization of stealthy outliers
nd autocatalysis.

Two examples will be discussed: phenol-formaldehyde reac-
ion and free-radical polymerization of acrylates. Uncontrolled
eactions between phenol and formaldehyde in acidic or alkaline
edium are some of the most hazardous in the chemical industry.

he United States Environmental Protection Agency issued a report
7] on a serious incident involving this class of reactive systems.
t summarizes the causes and consequences of loss of control and

hat could be done to prevent such occurrences. The development
f an adequate kinetic model is an integral component of a good
revention program. Likewise, acrylate monomers are highly reac-
ive when free-radicals are present, and they can build significant
ressure in a vessel during runaway reactions [8].

. Experimental

All experiments in this work were done in the Automatic Pres-
ure Tracking Adiabatic Calorimeter (APTAC). This is a commercial
alorimeter with low thermal inertia. Chippett et al. [9] and Wei
t al. [10] describe the instrument in detail. The tests were per-
ormed in standard 130 ml titanium thin-walled spherical test cells.

Teflon-coated magnetic stirring bar mixed the reaction mass.
epending on the experiment, 70–80 g of reaction mixture were
harged at room temperature, the vapor space of the test cell was
vacuated to 70 kPa absolute and then it was sealed. The cell was

perated closed until the end of each experiment. The tests ini-
iated with the heat-wait-search mode to identify the onset of
he exotherm. Upon detecting an exotherm of 0.04 ◦C/min, the
alorimeter switched to adiabatic mode. When the exotherm sub-
ided, the calorimeter changed from adiabatic to cooling mode after

e
h
w
t
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xceeding a preprogrammed temperature. The initial evacuation
t room temperature did not cause any significant loss of reac-
ant mass in the systems studied. The APTAC can follow a reaction
diabatically up to about 400 ◦C/min [9]. The two examples dis-
ussed in this work reach maximum self-heating rates well below
00 ◦C/min.

All raw materials were used as received without further purifi-
ation. The handling of some chemicals requires especial safety
onsiderations, particularly phenol, paraformaldehyde and acrylic
cid. Material Safety Data Sheets should always be consulted prior
o working with potentially hazardous materials.

. Theory

This development starts with an augmented form of the self-
eating rate equation of Townsend and Tou [1] that includes
utocatalysis. These authors assumed that the temperature rise
as proportional to the chemical conversion and that the kinetic
arameters were constant. For an adiabatic system,

dT

dt
= kcm+n−1

0 �Tad

(
T − T0

�Tad

)m(
Tf − T

�Tad

)n

; k = A exp
(

− E

R

1
T

)

(1)

Corrections for the thermal inertia of the experimental appa-
atus can be taken into account during process simulations.
he chemical conversion of the initial charge is represented by
T − T0)/�Tad, while one minus the chemical conversion is embod-
ed by (Tf − T)/�Tad. Eq. (1) is generic in the sense that it applies
o autocatalytic and standard power-law kinetics. If the reaction is
utocatalytic, then m /= 0. When it is not autocatalytic, m = 0.

Many times, a constant is added to the autocatalytic term,
uch as (autocatalytic constant) + (conversion)m, without which the
odel could not work. The reason is that the conversion is zero

n the beginning and autocatalysis cannot initiate. In Eq. (1), the
utocatalytic term already has a constant, i.e., T0/�Tad. Collinearity
ssues could arise with the introduction of another constant. One
ossible solution is to commence simulations with an initial tem-
erature that is a fraction of a degree above T0. In case of free-radical
crylate polymerizations, the breakdown of the initiator provides
he initial exothermic thrust to raise the temperature above T0.

If Eq. (1) is differentiated with respect to time t, it results in

d2T

dt2
=

(
E

R

1
T2

+ m

T − T0
− n

Tf − T

)

× Acm+n−1
0 �Tad

(
T − T0

�Tad

)m(
Tf − T

�Tad

)n

exp
(

− E

R

1
T

)
︸ ︷︷ ︸

dT
dt

dT

dt
(2)

Eq. (2) can be simplified to

a = E

R
+ mT2

T − T0
− nT2

Tf − T
(3)

here

a = T2 d2T/dt2

(dT/dt)2
(4)
Eq. (4) contains temperature, self-heating rate (dT/dt) and accel-
ration (d2T/dt2). Subscript a stands for acceleration, which is the
ighest-order derivative in this expression. The temperature at
hich the maximum self-heating rate occurs is obtained by set-

ing �a equal to zero. Following the same differentiation procedure
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and �j are constant and equal to E/R. The difference between the
standard kinetics of Fig. 1 and the autocatalytic kinetics of Fig. 2
is at lower temperatures. As Fig. 2 demonstrates for autocatalytic
reactions, �a and �j tend to ∞ as T approaches T0. Figs. 1 and 2 estab-
E. Kumpinsky / Thermoc

n Eq. (2) or (3) results in

j = E

R
+ mT3

2(T − T0)2
− nT3

2(Tf − T)2
(5)

here

j = −1
2

T3

dT/dt

d
dt

(
�a

T2

)
= T3 2(d2T/dt2)

2 − (d3T/dt3)(dT/dt)

2(dT/dt)4
(6)

Eq. (6) contains temperature, self-heating rate (dT/dt), accel-
ration (d2T/dt2) and jerk (d3T/dt3), also known as jolt, surge or
urch. Subscript j stands for jerk, the highest-order derivative in Eq.
6). The temperature at which the self-heating rate inflects from
cceleration to deceleration is calculated by setting �j equal to zero.

The primary function of Eqs. (3) and (5) in this work is to identify
tealthy outliers in the data and to recognize autocatalysis. After all,
umerical differentiation tends to amplify noise. In theory, these
quations could also be used to determine kinetic parameters. Later,
t will be explained that direct regression is not a good application
f the method. Note that �a and �j could be written in dimensionless
orm by dividing both sides of Eqs. (3) and (5) by T. However, this
ction would add unnecessary curvatures to graphs, such as E/(RT)
nstead of a constant E/R, thus hindering the detection of outliers.

Also needed for the calculations are the pseudo zero-order
inetics parameters, calculated as

∗ =
dT
dt(

T−T0
�Tad

)m(
Tf−T
�Tad

)n

�Tad

= cm+n−1
0 A exp

(
− E

R

1
T

)

(7)

Eq. (7) is very sensitive to the kinetic order. If the order is prop-
rly chosen, the plot of log(k*) versus 1/T should fit approximately
straight line [11].

. Calculation

The methods for solving Eq. (1) for its parameters are explained
lsewhere for linear [12] and non-linear [13] regression forms. The
oal is to fit the self-heating rate dT/dt as a function of tempera-
ure T. The logarithmic version of the equation is used to calculate
he reaction order and to estimate the kinetic parameters. Then,
he original, non-linear form of Eqs. (1) and (3) are independently
egressed for kinetic parameters other than the reaction order. Non-
inear regression requires an initial guess for the parameters. Here,
heir initial values come from the linear regression. The logarith-

ic transform renders the mathematical treatment very simple
nd spreadsheet calculations might suffice. The non-linear forms
ecessitate computational language and careful establishment of
n algorithm. As it will be shown through an example, the linearized
orm of the equation is as good as its non-linear counterpart to esti-

ate the parameters, as long as the outliers are removed from the
egression data.

It can be rightfully argued that the kinetic model should be dis-
riminated for different stages of the runaway reaction or even
ithin the same stage. A more sophisticated kinetic model is

ertainly needed, for example, to establish the composition of
apor-phase evolution and dispersion in the atmosphere after a
essel relief device opens. The scope of this work is not the modeling
tself, but to demonstrate how to recognize stealthy outliers.
As mentioned in the theory section, Eqs. (3) and (5) are not
ood at establishing kinetic parameters. In fact, Eq. (5) may present
evere ranking issues, being able to estimate only the activation
nergy. Eq. (3) is more forgiving. It might be capable of yielding
he activation energy and the initial and final temperatures, with
Acta 478 (2008) 6–12

he reaction order already pre-calculated by the logarithmic form
f Eq. (1). In case Eq. (3) is used to determine kinetic parameters,
he pre-exponential term is calculated afterwards by means of least
quares:
(

c0

�Tad

)m+n−1

=
∑N

i=1(dT/dt)i(Ti − T0)m(Tf − Ti)
n exp

[
−E/(RTi)

]
∑N

i=1

{
(Ti − T0)m(Tf − Ti)

n exp
[
−E/(RTi)

]}2
(8)

For Eq. (3), points at or near the peak exotherm can be excep-
ionally influential on the values of the parameters. While the
egression may be very good at those points, it may be of poor
uality elsewhere. For these reason, regression with Eq. (3) should
e avoided, even with quality data, as the first example will demon-
trate.

Regarding the derivatives of Eqs. (4) and (6), it is essential to con-
ider a good differentiation algorithm. Two or three-point formulas
o not work well. Calorimeters usually provide the self-heating rate,
T/dt. Experience with the APTAC has shown that dT/dt calculations
re very good and can be trusted. The practitioner is responsible
or determining acceleration and jerk. The first step is to match the
alculations of first-order derivatives with the self-heating rates
hat the calorimeter software determined. Only if the match is good
hould estimates for the second and third derivatives be carried out.
ll calculations in this work were done using Fortran as program-
ing language. For the computation of derivatives, IMSL subroutine
SPLEZ was employed [14]. This is a double-precision subroutine
ased on the splines method.

. Results and discussion

For convenience, temperatures in the graphs will be presented
n degrees Celsius, although the calculations have been done in
elvins. The difference between standard power-law and auto-
atalytic kinetics in the determination of �a and �j can be better
nderstood in graphic form. In Fig. 1, theoretical curves are traced
or a second-order reaction with the given parameters. They tend
o E/R as T goes to 0. As T increases, �a and �j get smaller. As T
pproaches Tf, �a and �j go to −∞. Similar curves can be traced
or other reaction orders. For a zero-order reaction, however, �
Fig. 1. Typical �a and �j profiles for a standard power-law second-order reaction.
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that most points do fit the model, but there are some that do not
Fig. 2. Typical �a and �j profiles for an autocatalytic second-order reaction.

ish a foundation for the interpretation of experimental results that
ollow.

Fig. 3 shows self-heating rates in the APTAC for a resole, i.e., a
henol-formaldehyde resin catalyzed by an alkali. This is a reaction
f great commercial value. The experimental points seem to fit a
tandard nth order kinetics, i.e., m = 0 in Eq. (1). Note that Fig. 3 is
reverse Arrhenius plot having the ticks in the abscissa valued at
−273.16/T, with labels set at the respective � values.

It is known that phenol–formaldehyde reactions consist of at
east two consecutive stages with some overlap, i.e., addition and
ondensation. This can be verified through a careful examination
f Fig. 3. Nevertheless, a simple one-stage model is applied for
ata treatment in this work. The complexity of this system cannot
e underestimated. Atthajariyakul and Vanichseni [15] developed
inetics for seven different addition reactions at 30 and 57 ◦C.
hese temperatures are much lower than those of typical phenol-
ormaldehyde runaway reactions, but this is a clear demonstration
f the associated intricacies. With the initial species identified
y these authors, the possibilities for the ensuing condensa-
ion reactions are virtually unlimited. Furthermore, the formation
f methylene glycol, polyoxymethylene glycols, hemiformals and
olyoxymethylene hemiformals adds to complexity. Kossoy and
khmetshin [16] indicate that, with lack of detailed information
bout the process, it may be necessary to apply a simple kinetic

odel. In other words, even if the model does not describe a

etailed mechanism, at least it should satisfactorily explain the
ain characteristics of the reactive system for the intended pur-

ose.

Fig. 3. Self-heating rate of a resole in the APTAC in a reverse Arrhenius plot.

b
f
�
o

ig. 4. Resole runaway reaction. Kinetic modeling with all experimental points.

The one-stage model presented here was based on this spe-
ific experimental data and cannot be generalized. It was oriented
owards producing a reasonable prediction of temperature and
ressure profiles inside a chemical reactor equipped with a relief
evice, such as a rupture disc or a relief valve. This particular one-
tep global kinetics mechanism cannot be used to predict the flow
ates and total amounts of phenol, formaldehyde or other vapors
hat might be released to the atmosphere after opening the relief
evice.

Linear regression shows an overall, one-stage reaction order
= 1.154. Problems arise when fitting Eqs. (1) and (3) to the data, as
ig. 4 shows. Linear regression comes from the logarithmic trans-
orm of Eq. (1). Non-linear regression is done with Eq. (1) as is [17].
egression with the �a formula is done in non-linear form by means
f Eq. (3), with �a obtained from Eq. (4) based on experimental data
nd numerical differentiation. Linear regression seems to be the
east sensitive to outliers, but this can be deceiving. The other two
ines, obtained by non-linear regression, differ significantly from
he experimental data. In practice, the non-linear Eq. (1) works as
n excellent indicator of the quality of the data.

Figs. 5 and 6 plot Eqs. (4) and (6), respectively. The hidden out-
iers from Fig. 3 are revealed in Figs. 5 and 6 as star points. The curves
hould have shapes similar to those of Fig. 1. Figs. 5 and 6 confirm
elong to the data set. For best results, they should be excluded
rom the regression. It is advantageous to generate plots for both
a and �j, because one of them discloses outliers better than the
ther. In this particular case, it was difficult to discern the higher-

Fig. 5. �a plot for a resole runaway reaction showing outliers.



10 E. Kumpinsky / Thermochimica Acta 478 (2008) 6–12

Fig. 6. �j plot for a resole runaway reaction showing outliers.
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Fig. 7. Resole runaway reaction. Kinetic modeling with outliers removed.

emperature outliers in the �a graph, but they became apparent in
he �j plot.

Regression was done with and without the stealthy outliers, and
he numerical results are reported in Table 1. Some few influential
utliers caused significant distortions to the non-linear regression.
he logarithmic transform tends to level the influence of points that
re orders of magnitude apart, so it is less prone to show visible
istortions. Yet, the regression is flawed. Indeed, the order of the
eaction estimated with the entire set of experimental points was
.154. This is a deviation from practical experience, as the order of
his reaction tends to be closer to zero. If the calculation is repeated
xcluding the outliers identified in Figs. 5 and 6, the value obtained

or n becomes 0.075, which is much closer to zero. Table 1 confirms
hat the stealthy outliers affect all kinetic parameters.

Fig. 7 corroborates the numbers of Table 1. The exclusion of out-
iers greatly improves the outcome. In fact, the lines of the linear
nd non-linear regressions overlap almost perfectly. However, the

h
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able 1
egression results for the phenol-formaldehyde runaway reaction

arameter Linear regression No

All points Good points All

(c0/�Tad)n−1 (K1−n min−1) 2.64 × 1013 3.16 × 108

/R (K) 8770 7030 18
f (◦C) 231.7 225.3

1.154 0.075
2 (%) 97.7 99.9
ig. 8. Resole runaway reaction. Pseudo zero-order kinetic constant versus reaction
emperature in a reverse Arrhenius plot.

a method still yields inadequate results. The regression of Eq. (3) is
ighly influenced by the points around the peak exotherm, and the
arameters it determines undervalues self-heating rates away from
he top. For this reason, it is suggested that Eqs. (3) and (5) be used
nly to identify stealthy outliers. Parameters are best estimated
ith Eq. (1).

As Snee et al. [11] explain for power-law kinetics, the best esti-
ate of n yields a straight line in the graph of the logarithm of k*

ersus the inverse of the temperature. Fig. 8 shows the results for
q. (7) based on the original regression (n = 1.154) and the regres-
ion with the outliers removed (n = 0.075). dT/dt is experimental,
hile �Tad, Tf and n are calculated. Clearly, Eq. (1) predicts a bet-

er reaction order once the stealthy outliers are excluded from the
egression. The outcome for n = 0.075 is far from perfect because of
odel simplifications, but it is much better than that of n = 1.154.
e might be tempted to round the reaction order n to zero, but it

s important to remember that the nature of the kinetic model of
his work is empirical. Mathematically, the parameters are simple
xpressions of the regressed experimental data.

Another reaction of great commercial interest is a mixture of
ifferent acrylate monomers, a thermal initiator and solvents. The
onomer composition targets desired end-use properties. As per

ig. 9, the data the APTAC generated for this reaction seems to
e of very high quality. Still, outliers may exist. This point can be
xplored with the use of Eqs. (4) and (6). Comparing Figs. 2 and 10,
he reaction of Fig. 10 clearly exhibits consecutive autocatalysis.

Wagner and Snee [4] commented on the difficulty to iden-
ify autocatalysis with the simple interpretation of adiabatic data.
ndeed, the detection of autocatalytic behavior in a plot of self-
eating rates versus temperature may not be a straightforward task.

he present work offers two expressions, �a and �j, to assist in the
ecognition of autocatalysis. As emphasized in the Calculations sec-
ion, it is of paramount importance to have a good differentiation
lgorithm for the method to work.

n-linear regression �a method, Eq. (3)

points Good points All points Good points

1.49 × 1017 2.01 × 108 2.71 × 1011 3.57 × 109

130 6810 11950 8220
231.3 225.3 233.2 225.8

1.154 0.075 1.154 0.075
76.6 99.7 69.4 91.0
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Fig. 9. Self-heating rates of a product consisting of a mixture of acrylates, a thermal
initiator and solvents.
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Fig. 11. �j plot for a runaway reaction of acrylates showing outliers.
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Fig. 10. �a plot for a runaway reaction of acrylates showing outliers.

Fig. 10 shows the outliers as star symbols in a �a plot. While
utliers at the high end of temperature can be more easily spot-
ed, especially if the ordinate scale is magnified, it is difficult to
iscern them at lower temperatures. However, �j reveals these out-

iers with no difficulty in Fig. 11. None of these outliers could have
een identified by simply looking at the near-perfect plot of Fig. 9.
igs. 10 and 11 prove that it is best to generate graphs for both �a

nd �j, because one of them tends to expose some outliers more
ffectively than the other.
Four regressions were performed with the data, i.e., nth order
nd autocatalytic kinetics, including and excluding the outliers. The
esults are summarized in Table 2. In all cases, the overall order
f reaction approaches 2, as expected for this type of system. The

m
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able 2
egression results for the acrylate runaway reaction

arameter nth order reaction

All points G

(c0/�Tad)m+n−1 (K1−m−n min−1) 2.64 × 1013

/R (K) 14380 1
0 (◦C) 26.2
f (◦C) 178.2

–
2.242

+ n 2.242
2 (%) 96.2
ig. 12. Experimental self-heating rates compared to nth power and autocatalytic
odels. Regressions done with the outliers removed.

oefficients of determination R2 for all instances are high, which is
sually regarded as an indication of good regression. Fig. 12, how-
ver, tells a different story. The simple power-law kinetics is not a
ood fit, overall. It shows that a value of R2 generally regarded as
igh, such as 97%, is not necessarily an indication of good regres-
ion. The reason why all coefficients of determination are so high
n Table 2 is the same as described for Table 1. All regressions made
ood predictions around the peak exotherms, where the points are
ery influential and have the highest effect on R2.
ay potentially release vapors and gases are equipped with relief
evices. These are usually set to open at much lower temperatures
han those achieved near the peak exotherm of most closed-cell
ab experiments. Under these conditions, the kinetic model may

Autocatalytic reaction

ood points All points Good points

3.47 × 1012 3.91 × 107 1.08 × 106

3180 8520 7150
41.3 68.5 69.2

178.1 173.0 173.0
– 0.760 0.879
1.999 1.196 1.119
1.999 1.957 1.998

97.4 97.6 99.6
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Fig. 13. Pseudo zero-order rate constant versus temperature for nth order and auto-
catalytic kinetics in a reverse Arrhenius plot based on regressions that exclude
outliers.
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ig. 14. Pseudo zero-order rate constant versus temperature for autocatalytic kinet-
cs in a reverse Arrhenius plot based on regressions that include and exclude outliers.

ot be a good representation of the reaction at temperatures in
hich the relief device opens. The effect of inadequate kinetics can

e significant when simulating commercial-scale runaway reac-
ions with programs such as SuperChems Expert [18]. It is most
esirable to have R2 as high as possible to ensure that the match
f regressed kinetics with experimental data extends to tempera-
ures well below the peak exotherm of the closed-cell tests. It is
lso worth noticing that the pre-exponential factor and the activa-
ion energy of autocatalytic kinetics are usually lower than those of
th-order kinetics.

For good kinetic representation of autocatalytic reactions, the
ogarithm of the pseudo zero-order rate constant, Eq. (7), should
pproach a straight line when plotted against the inverse of
he temperature. Fig. 13 compares k* values for nth order and
utocatalytic kinetics. Undoubtedly, the near straight line of the

utocatalytic line is far superior to the nth-power profile. dT/dt is
xperimental, whereas �Tad, T0, Tf, m and n are determined math-
matically.

Fig. 14 illustrates the importance of eliminating outliers from
he data to be regressed. This plot was built using experimental

[

[

Acta 478 (2008) 6–12

elf-heating rates and regression results from the last two columns
f Table 2. Parameters estimated with all points yield curvature at
ower temperatures and scattering at higher temperatures. Param-
ters determined without stealthy outliers generate a straight line
ith negligible scattering. The latter is the same line that appeared

n Fig. 13.

. Conclusions

A technique based on time differentiation of temperatures or
elf-heating rates of adiabatic runaway reactions was shown to
acilitate the detection of outliers that otherwise would go unno-
iced. These seemingly ordinary data points may cause considerable
istortions to the estimate of kinetic parameters. Their exclusion
rom the calculations improves the quality of the regression, thus
nhancing the match between experiments and modeling. The
ethod can also be used to recognize autocatalysis. The technique
as validated by means of two examples of commercial interest.
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