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Abstract

An investigation of decomposition of Trigonox 21S in Shellsol T has been carried out using the proposed algorithm. A series of calorimetry
experiments were performed, where temperature and pressure of the system were monitored. The numerical code has been developed using an
annealing optimisation algorithm to find chemical kinetics and the solubility of carbon dioxide in the reacting solutions. The overall decomposition
reaction can be represented by a first-order reaction mechanism with a chemical reaction rate approximated by an Arrhenius type expression
with a pre-exponential factor of 4.300 x 10'3s~! and an activation energy 1.227 x 10° J/mol with heat of reaction 1.904 x 10° J/mol. Sensitivity
analysis has been performed as well. It has been shown that the system is the most sensitive to the value of activation energy and logarithm of the

pre-exponential factor.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The knowledge of the chemical reaction kinetic in complex
chemical systems is essential for the accurate and reliable design
of reactors. It has a significant impact on the equipment needed in
chemical production plants. The problem of an accurate design
of chemical reactors is not only economical, it is directly related
to safety issues and hazard assessment. Simplified or inaccurate
design of a chemical reactor can lead to disastrous consequences.
Without knowledge of chemical kinetic the chemical process can
accelerate significantly and it can lead to runaway reaction and
possible explosion of areactor. For example, this was determined
to be the course of the explosion on 8 April 1998 at Morton
Chemical International (now Rohm & Haas) in Paterson, NJ,
USA [1]. This reactor explosion had serious consequences, injur-
ing nine people and two seriously. Hazardous materials were also
released into the environment causing significant damage.

When chemical reactivity hazards are to be determined under
a range of conditions, as for example with varying impurity
levels, executing large or medium scale experiments is often
impractical. Computer modelling of chemical kinetics based on
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data from smaller scale experiments provides a valuable infor-
mation for simulating the system at larger scale, which otherwise
could not be carried out experimentally due to environmental
reasons.

The main problem in the modelling of complex kinetics is the
huge amount of data needed to describe accurately the chemi-
cal processes. These data are not always available, and, even if
they are known and accurate, in order to find important physical
characteristics of a system extensive computational resources
are required to perform numerical integration of a system of
equations.

Usually, chemical process includes many, up to a several hun-
dred, intermediate elementary reactions [2—4]. For example, in
combustion science, it is very common to use complex multi-step
reaction mechanisms to predict the oxidation of hydrocarbons
[5.3].

In work by Tanaka et al. [3], a reduced kinetic model that
included 32 species and 55 reactions was used to model homo-
geneous charge compression ignition in a rapid compression
machine. This research shows that for heavy hydrocarbons, the
ignition is a two stage process involving a low and high tempera-
ture stages. It has been shown that to model “knock” phenomena
extensive chemical kinetic scheme is required. Oversimplified
chemical kinetic scheme is unable to capture this well-known
phenomena.
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Nomenclature

empirical constant

empirical constant (K)
concentration (mol/m3)

empirical constant (K)

heat capacity (J/(Kkg))

activation energy (J/mol)

heat transfer coefficient (J/(m? K s))
enthalpy (J)

objective function
pre-exponential factor (s ')
number of moles

pressure (Pa)

external heat flux (J/s)

universal gas constant (J/(mol K))
surface area (m2)

time (s)

temperature (K)

volume (m?3)

mole fraction in the liquid phase
mole fraction in the gas phase
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Greek symbols
o isobaric thermal expansivity (K~1)
& extent of reaction (mol)

Subscripts and superscripts
calculated data
experimental data
gas

number of component
liquid

op optimum value
reaction

surface

Trigonox

vapour

extensive value
intensive value
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An extensive review of detailed chemical kinetic models
for the combustion of hydrocarbon fuels has been written by
Simmie [4], his review considered post-1994 work and was
focused of the modelling of hydrocarbon oxidation in the gas
phase by detailed chemical kinetics and those experiments which
validate them.

Generic algorithm for optimisation of chemical kinetics reac-
tion mechanism has been studied thoroughly in work by Elliott
et al. [6]. The study has proved that generic algorithm can be
used with much confidence to develop new, more effective reac-
tion mechanisms for the combustion of complex hydrocarbon
fuels by tuning the reaction rate coefficients.

A similar numerical analysis to the analysis used in the cur-
rent paper was conducted to obtain the Arrhenius’s type reaction
rates for hydroxylammonium nitrate (NH3OHNO3) [7]. The

Table 1
Summary of the Trigonox decomposition experiments
Experiment ~ Trigonox Shellsol Initial Initial
(2) (2) temperature (°C) pressure (bar)
1 2.1 21.2 95.1 22
2 3.9 19.5 95.2 2.5
3 2.7 9.0 95.2 2.6
4 3.0 30.0 95.6 2.5
5 2.7 9.0 95.5 29
6 39 19.5 89.0 1.9
7* 2.7 9.0 94.9 1.5
8 2.7 9.0 95.1 1.7
9 1.9 9.6 84.7 2.1
10 2.0 9.5 95.1 1.5
11* 2.3 11.5 94.9 1.9

reaction rates were obtained by an inverse analysis in a way that
minimised an objective function, which was consisted of the dif-
ference between the calculated concentrations and experimental
data as well as the uncertainties in the experimental data.

Due to complexity of the problem global chemical reaction
scheme is widely used [8,9]. In some cases, the knowledge of
complex chemical kinetics is not necessary, and using of global
chemical kinetic scheme is sufficient and appropriate.

In this paper, the optimisation computer code has been devel-
oped and used to find the best chemical kinetics parameters for
global scheme (Arrhenius’s type) to fit data from the set of exper-
iments in the most accurate way. The experiments for Trigonox
decomposition were performed at Sanofi-Aventis, France.

2. Calorimetry experiments

A series of experiments on the decomposition of
tert-butylperoxy-2-ethylhexanoate (Trigonox 21S)! were con-
ducted. In these experiments, a varying mass of Trigonox was
placed in a sealed PHI-TEC calorimeter (with a fixed volume
of 59 ml) containing a varying mass of Shellsol T. Shellsol T is
industrial solvent which is mixture of aliphatic hydrocarbons.>
A summary of the masses used in the experiments is given in
Table 1. The PHI-TEC calorimeter consists of a small thin walled
test cell, of around 100 ml capacity, suspended in the centre of a
set of electrically powered heaters within a stainless steel pres-
sure vessel. The sample is placed in the test cell and heated
until a substantial reaction rate is detected. At low temperature
(~20°C) the decomposition rate of trigonox is low, and the
period of half-decomposition can be up to several dozens days.
The lack of strength of the thin walled test cells is compensated
for by automatically applying an external nitrogen pressure.
The cell contents may be stirred either magnetically or directly
depending upon the type of test cell used.

In most of these experiments, the Trigonox was mixed with
the Shellsol at low temperatures, and the mixture was heated to
above the decomposition temperature of Trigonox. In the other
experiments (which are marked with asterisk (*) in Table 1),

! Further this substance will be referred as Trigonox.
2 Further this substance will be referred as Shellsol.
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Table 2
Summary of the maximum temperatures and pressures and their time derivatives

Experiment Maximum temperature, Maximum pressure, Maximum temperature derivative, Maximum pressure derivative,
Tinax (°C) Prnax (bar) (dT/dt)max (°Cls) (dP/df)max (bar/s)

1 126.46 8.15 0.15 5.69 x 1073

2 154.80 16.10 0.37 0.14

3 174.63 13.57 2.20 2.63

4 122.37 10.37 0.11 432x 1073

5 169.20 12.90 1.43 1.61

6 150.30 15.40 0.26 9.55 x ~2

7* 148.80 9.44 0.24 5.43 x 1072

8 173.26 14.08 1.90 3.21

9 150.26 8.62 14.86 5.59 x 102
10 154.41 9.12 0.37 7.44 x 1072
11* 147.30 8.65 0.20 4.33 x 1072
the Shellsol was heated alone to above the decomposition tem- Table 3
perature, and then the Trigonox was injected directly into the Stoichiometric coefficients for the decomposition of Trigonox [10]
reactor. During the course of the runs, the temperature and Species Vi
pressure of t.he reactor together with the temperature of. heat- Experiment Model
ing/cooling jacket were recorded. In Table 2, the maximum
values of temperature, pressure, Tmax, Pmax and maximum val- Trigonox —1.00 —1.00
ues of their time derivatives (d7/dr) (dP/dr) are shown Carbon dioxide 0.80 0.80

. max. max t-Butanol 0.79 0.79
for all experlments. Heptane 0.65 0.65
If one assumes that all the carbon dioxide from the Trigonox t-Butyl-3-heptyl ether 0.13 0.00

decomposition is in the vapour phase and uses the ideal gas C1-C15 0.14 0.00
law to estimate the final pressure of the system, the resulting ~ C15dimer . 0.00

rediction would severely overestimate the pressure. This is due 2-Ethylhexanoic acid 0.05 0.00
p severely Imate the pressure. 2-, 3-Heptane 0.04 0.00
to the large solubility of carbon dioxide in the liquid phase. Methane 0.02 0.00

Acetone 0.02 0.00
3. Development of the mathematical model
3.1. Reaction kinetics rate is described using the Arrhenius’s type relation
The reaction mechanism for the decomposition of Trigonox | de E

is quite complex and consequently, several species are evolved. Vg k exp (— RT) ct, 2)

The full reaction mechanism can contain dozens of elementary
reactions. For industrial problems such kind of accuracy is not
necessary, thus global scheme is commonly used. The global
stoichiometric equation for Trigonox decomposition have the
following form

where & is the extent of reaction (mol), V! the total volume of
the liquid phase, ¢; the molar concentration of Trigonox in the
liquid phase and £ is a pre-exponential factor.

11C12H2403 = vco,CO2 + viC7H 14 + v, C4H 9O + other products. (D)
—— —— N——
Trigonox heptane t-butanol

The stoichiometric coefficients are taken from experiment
[10] and they are presented in Table 3. It is shown in table that
the experimental stoichiometric coefficients of species below
heptane are relatively small. To simplify the calculation and due
to before mentioned fact these species are not included in the
mathematical model. The stoichiometric coefficients for these
species are zero in our model.

Although in this study the global stoichiometric equation is
used, it will be shown further in the paper, that it is sufficient for
prediction of system behaviour with sufficient accuracy required
for industrial applications.

It is assumed that the reaction rate can be approximated by
the relationship for the the first order reaction, where the kinetic

3.2. Species balance

Because the system is closed (i.e., no material can enter or
leave the system), the balance equations for ith species is given
by
dN?  dN! dg

= V;—
dr dr "dr

, 3)

where N¥ and N! are the total numbers of moles of component
i in gas and liquid phases, respectively.
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3.3. Energy balance

The increase of the total internal energy of the system is equal
to the heat input (or output) by the surroundings

dU
Fr 0. 4

It is assumed that the rate of heat transfer from the surroundings
to the system is given by

Q=hS(Ts—T), &)

where T is the temperature of the system, T the temperature of
the heating/cooling jacket, & the heat transfer coefficient and S
is the surface area for heat transfer to the calorimeter. The total
internal energy of the system can be written as
UO=H-pV=H0+H —pV, (6)
where H¢ is the total enthalpy of the vapour phase and A' is
the total enthalpy of the liquid phase. Substituting this into the
energy balance equation, the following is found

dAe  dH'  d(pV)
= _ = 7
dr dr dr Q @
dAe  dH' . dp
_ —-V==0, 8
e odr dr Q ®)

where the fact that the overall volume of the system remains
constant have been used. Using the thermodynamic relation [11],

T(&V)
v\er/,

the following relation is obtained

dfl = C,dT + V

dp+ Y HidN;,, (9
i

Q= (C C)d + Ve T (o
- dt e\ oT
oL dp e 4V
vi\ or dt Lodr
p
AN dp
B = he
+Z Ldr dr

where é‘% is the overall heat capacity of the vapour phase, C“p
the overall heat capacity of the liquid phase, Nig the number
of moles of ith species in the vapour phase, Nl.l the number of
moles of ith species in the liquid phase, I:Iig the partial molar
enthalpy of ith species in the vapour phase and Hl-l is the partial
molar enthalpy of ith species in the liquid phase. Substituting
the species balance equation yields
ave
ve(ir ),

A

0= (Cy+

cl)—+ e

IR — v
vi\ ar
p

dp re ol dNg
s Z(Hi ~ BhH—1
1

dr
dgz Hl AdP
=(C+C) ar Jpe|i- L ave
dr ve\ ar /,
=L v +Z ng
v\ ar
P
d .d
LN R
dr dr

where the heat of reaction and the partial molar heat of vapori-
sation have been defined.

In order to simplify the model, it is assumed that the liquid
phase behaves as an ideal solution and the vapour phase behaves
as an ideal gas. In this case, for the vapour phase

pVeE = RTZNI.g (10)
i

and

Cs = ZNgcf, o (11)

where R is the universal gas constant and Cf, is the molar heat
capacity of species i in the gas phase. For the liquid phase

ZNI . (12)

l . . . . .
where C i s the molar heat capacity of pure liquid i. The total

volume of the liquid phase V! is given by
7= N, (13)
i

where ‘71-1 is the partial molar volume of species i in the liquid
phase, which is assumed to be independent of composition. With
these simplifications, it is found that

—i—ZAHV

> (NECE +NiC) -)d—T+\7‘(1 — l Ta
' 17 p,i 1 p,i dr l

e .d
+AHrd—§ . vd—f 0, (14)
where

1 (aV}) s
o = =1

vi\or )

is the isobaric thermal expansivity of species i.
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For condensible species, the heat of vaporisation was esti-
mated using the Clausius—Clapeyron equation

AHY _dIn(p;") 1 B;

1

R d(1/T)  loge)(1 + C;/T)?"

For non-condensible species (e.g., carbon dioxide), the heat of
dissolution was estimated by

(16)

AHV_dlnH,- ~ Bi

1

R~ d(1/T) log(e)

A7)

3.4. Volume equation

The total volume of the calorimeter remains constant, there-
fore, the following relation is satisfied.

. . RT
171
V= E NIV, +7§. NY, (18)
1 1

3.5. Phase equilibria

The conditions for phase equilibria between the vapour phase
and the liquid phase must be satisfied. For gaseous species, the
Henry’s law is used

yip = Hi(T)x;, (19)

where H;(T) is the Henry’s law constant, y; the mole fraction
of species 7 in the vapour phase and x; is the mole fraction of
species i in the liquid phase. The temperature dependence of the
Henry’s law constant is assumed to be given by
B;

log Hi(T) = A; — . (20)
where A; and B; are material dependent empirical constants. For
condensible species, the Raoult’s law is used

yip = p; (D)x;, (1)

where p}(T) is the vapour pressure of species i. The tempera-
ture dependence of the vapour pressure is given by Antoine’s
equation

log pi(T) = Aj — —21 (22)

pi iTTT c

where A;, B; and C; are material dependent empirical constants.
The accuracy of the proposed model can be improved in

several ways. For example, the Peng—Robinson equation [12]

Table 4
Parameters for the Henry’s law constant “Eq. (20)” and the Antoine’s equation
“Eq. (22)”

Species A; B; C;
Trigonox - - -
Carbon dioxide To fit To fit -
t-Butanol 9.44484 1154.480 —95.500
Heptane 9.02023 1263.909 —56.718
Shellsol 9.71506 2009.16 -31.26

may be used instead of equation for ideal gas, more sophisti-
cated equation of state for liquid phase can be used, or Eq. (21)
may be substituted by corresponding law with non-unity activity
coefficients.

It is important to notice, that the most significant assumption
is the fact that chemical kinetics of decomposition is approx-
imated by global reaction rate (Eq. (2)). Thus, to improve
accuracy of the model the previous assumption must be removed
first, but, as it shown in the next section, even with this assump-
tion the model describe the behaviour of the system with good
accuracy.

3.6. Parameter estimation

The values for various physical properties that were used
in the model are summarised in Tables 4 and 5. Unless other-
wise noted, the values are taken from [13,14]. In Table 4, the
expression “to fit” denote the fact that these two parameters are
determined from the optimisation algorithm.

4. Comparison of parameter fits with experiments

In each of the experiments, the temperature and pressure of
the calorimeter contents were monitored. In addition, the tem-
peratures of the heating/cooling elements, which were located at
the top, side and bottom of the calorimeter, were also monitored.
These temperatures varied with time and, in general, differed
slightly from each other. In order to minimise the number of
parameters in the model, the temperature of the heating/cooling
jacket Ty of the calorimeter “see Eq. (5)” was taken to be the
temperature of the side element.

For each experiment, the coupled differential-algebraic sys-
tem which makes up the model, given by Eqs. (2)—(22) developed
in the previous section, was numerically solved using DASPK
subroutine libraries [15,16], which were integrated with the
application code.

Table 5

Physical properties of various species

Species, i Molecular weight (g/mol) C% ; (J/(mol K)) C},; 3/(mol K)) V! (cm®/mol) a; (x10* K1
Trigonox 216.32 - - 240.60 8

Carbon dioxide 44.01 37.13 - - -

t-Butanol 74.12 113.63 220.10 94.88 0

Heptane 100.20 165.20 224.98 147.47 0

Shellsol 172.00 - 344. 226.02 0

Nitrogen 28.97 29.08 - - -
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Fig. 1. Calculated and experimental temperature profiles for 1-3 experiments.

In order to solve an initial value problem for the derived
differential-algebraic equation systems the equations were writ-
ten in the general form

d
F (t, . df) o, (23)

where F, y and dy/dt are N-dimensional vectors.

The variable step-size backward differential formula was
used for an approximation of time derivatives. At each time
step, the system of linear equations was solved by direct linear
method.

The quality of the fit between the model with the experimental
data was quantified by the following objective function:

Dk

+ / dt
1.k
where Nis the number of experiments (inour case N=11) #; x and
tp ;. times of the beginning and the end of kth experiment. Simu-
lated annealing [17,18] was used to find the optimum values for
model parameters (i.e., chemical kinetic constants, parameters
for the Henry’s law constant and total heat transfer coefficient,
hS). A summary of the best fit parameter values are given in
Table 6.

A comparison of the temperature and pressure profiles mea-
sured experimentally and calculated with the optimum model
parameters, see Table 6, is presented in Fig. 1, for the first three
initial experimental data sets. For all other initial experimental
data comparison between measured and calculated data is good.

In all the experiments, similar behaviour of pressure and tem-
perature is observed. Initially, the temperature is increasing due
to release of thermal energy in chemical reaction, it reaches some

N Dk

=% /’dt

k=1 L/

- T¢
Iy

C ©

Py — Pk
P

, (24)

Table 6

Summary of best fit parameters for the reaction kinetics and Henry’s law constants

maximum and later decrease due to heat losses into the cooling
system. Thus, each experiment can be divided into two periods:
chemical reaction and cooling periods.

In general, the agreement is good for the temperature pro-
files; the maximum deviation between the two is less than 8%.
For pressure profiles, the difference between experimental and
calculated data is larger and the maximum error is about 16%.
Pressure profiles have similar tendency to temperature profiles.

From the results, the agreement between the best fit of the
model and the experimental results worsens as the ratio of
Trigonox to Shellsol increases. This trend is understandable,
since the model describes the solubility of carbon dioxide in
Shellsol using Henry’s law. This is accurate, only when the pre-
dominant species in the liquid phase is Shellsol. As the ratio of
Trigonox to Shellsol increases, the concentration of other species
in the liquid phase, which are the decomposition products of
Trigonox, increases and therefore, the accuracy of Henry’s law
is expected to diminish.

From these figures, it is possible to see that better agreement
with experimental data takes place during chemical reaction
period. From this fact, it is reasonable to conclude, that proposed
global chemical kinetics scheme (2) describes well decomposi-
tion process.

In Fig. 2, calculated temporal dependence of mole number of
different components in the gas phase are shown. For this figure
initial values of the variables are taken from experiment number
1, see Table 1. The number of moles of carbon dioxide in the
gas phase increase rapidly in the course of chemical reaction.
Later, it decreases due to decrease of Henry’s constant. The
numbers of moles of reaction products #-butanol and heptane
are also increasing during reaction period and decreases during
cooling.

Heat of reaction, H" (J/mol) Pre-exponent, k b

Activation energy, E (J/mol)

Henry’s constant, Aco, Henry’s constant, Bco, (K)

190,412.868 4.2996 x 1013 122,658.016

8.3195 384.0196
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Fig. 2. Calculated profiles of number of moles in the gas phase, using optimum values of parameters and initial values from the experiment #1.

In Fig. 3, calculated temporal dependence of mole number
of different components in the liquid phase together with chem-
ical reaction rate are shown. In the liquid phase, the number of
moles of Trigonox is decreasing monotonically due to chemical
reaction, and on the contrary, the numbers of moles of reaction
products are monotonically increasing. Chemical reaction rate
has characteristic maximum. It increases initially due to temper-
ature rising and decreases later due to consumption of Trigonox
and temperature drop.

Fig. 4 represents Henry’s law for CO; absorption in Shellsol
together with other hydrocarbon liquids. As a comparison, we
show the variation of the Henry’s law constant with temperature
for carbon dioxide in octane [19], decane [20], dodecane [21],
hexadecane [22-28,20] and eicosane [29,27,30].

5. Sensitivity analysis

The obtained values of the parameters, see Table 6, require
sensitivity analysis, in order to know how significantly the value

of objective function will deviate from its minimum (optimum)
value if the parameters will deviate from their optimum values.
The sensitivity analysis was conducted in the following way. All
parameters were kept fixed, apart from one, which varied in the
interval [0.95fk op, 1.05fk.0pl, here fi op is the optimum value of
kth parameter.

In Fig. 5, the dependence of non-dimensional objective func-
tions, when all parameters are kept constant and equal to their
optimum values apart from one, which was varied, are presented.
As it is reasonable to assume, if the varied parameters were
equal to the optimum value, fi/fi op = 1, then the non-dimensional
objective function is equal to its minimum value, [i/I; op=1.
From this picture, it is easy to see that the system is more sen-
sitive to the change of activation energy E and logarithm of the
pre-exponential factor, In(k). It is shown that if the activation
energy changes on 5% (fg=0.95fgp) the objective function
increases on almost 250%, but if the heat transfer coefficient
is changed by 5% (f, =0.95f},0p) the optimisation function is
increased by less then 2%. Therefore, the small change in the
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Fig. 3. Calculated profiles of number of moles in the liquid phase together with chemical reaction rate, using optimum values of parameters and initial values from

the experiment #1.
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Fig. 4. Henry’s law constant for the solubility of carbon dioxide in octane (circles), decane (squares), dodecane (triangles-up), hexadecane (diamonds) and eicosane
(triangles-down). The solid line is the result of the parameter fit for the Henry’s law constant of carbon dioxide in Shellsol.
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Fig. 5. Dimensionless optimisation function is presented as a function of several variable parameters. It has minimum value then varying parameter is equal to the

optimum value.

activation energy or logarithm of the pre-exponent will lead to
significant errors in calculations.

6. Conclusions

Experimental investigation of Trigonox decomposition in
Shellsol have been performed. A numerical code has been
written to solve the optimisation problem, in order to determine
the optimum parameters. Although used for a specific set of
experiments, the numerical study built up a general approach to
generate parameters for the kinetic model. Using 11 experimen-
tal data sets (for pressure and temperature in the reactor together
with heating/cooling jacket temperature) optimum parameters
for global chemical kinetics scheme and Henry’s law have been
found. The maximum relative difference between calculated and

experimental temperature profiles is about 8%, and for pressure
profile is about 16%. Sensitivity analyses have been performed.
It has been shown that the differential-algebraic system is most
sensitive to two parameters, namely activation energy and log-
arithm of the pre-exponent. Calculated profiles of total number
of moles of different species have been also presented together
with the chemical reaction rate, which takes place in the liquid
phase.
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