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bstract

This work presents the dynamic simulation of the thermal decomposition of nitrogen trichloride (NCl3) during electrolytic chlorine (Cl2)
roduction, using an industrial plant as a case study. NCl3 is an extremely unstable and explosive compound and the decomposition process has
he following main problems: changeability of the reactor temperature and loss of solvent. The results of this work will be used to establish a more
fficient and safe control strategy and to analyze the loss of solvent during the dynamic period. The implemented model will also be used to study
he use of a new solvent, considering that currently used solvent will be prohibited from commercial use in 2010. The process was simulated by

sing the commercial simulator AspenTM and the simulations were validated with plant data. From the results of the simulation it can be concluded
hat the rate of decomposition depends strongly on the temperature of the reactor, which has a stronger relationship to the liquid Cl2 (reflux) and
aseous Cl2 flow rates which feed the system. The results also showed that the loss of solvent changes strongly during the dynamic period.

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

The influence of impurities is frequently cited as the cause
f accidents in the chemical industries. Under certain condi-
ions (pressure, temperature and composition) where there is
otential for rapid and exothermic reactions of decomposition,
ontamination with impurities can cause very serious accidents.
lassic examples of these reactions are processes with organic
itrogen and reactive monomers, as well as some chemical pro-
esses involving inorganic material, for example, electrolytic
l2 production from aqueous solutions of NaCl or KCl. Due

o the presence of ammonium (NH3) in salt, NCl3, which is an
xtremely unstable and explosive compound, will be present in

he final Cl2, because of the following reaction:

H3 + 3Cl2 → NCl3 + 3HCl

∗ Corresponding author. Tel.: +55 83 3310 1117.
E-mail address: brito@deq.ufcg.edu.br (R.P. Brito).
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Vogler [1], Dokter [2], Gustin [3,4] and Gerrath [5] have
iscussed some explosions of Cl2 plants caused by high NCl3
oncentrations. Therefore, NH3 has to be eliminated before the
lectrolytic process. This is carried out by injecting gaseous Cl2
nto the stream of the salt solution (to the electrolytic cells),
hus producing nitrogen chloride (NH2Cl), which is volatile.
he reactions which take place are

l2 + H2O → HCl + HClO

ClO + NH3 → NH2Cl + H2O

Even if the concentration of NH3 is very low it will not be
ompletely eliminated, leading to the formation of NCl3. This
Cl3, produced inside the electrolytic cell, flows together with

he gaseous Cl2 and becomes a dangerous impurity for the liquid

l2, once the evaporation of liquid Cl2 in closed vessels increases

he NCl3 content. According to the report GEST 76/55 [6], 1 ppm
f NH3 in the salt solution to be electrolyzed is enough to result
n more than 50 ppm of NCl3 in the liquid Cl2, so it is strongly

mailto:brito@deq.ufcg.edu.br
dx.doi.org/10.1016/j.jhazmat.2006.08.052
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ecommended that the NCl3 concentration in all parts of the
lant is kept below 1000 ppm.

Considering the safety aspect, the NCl3 decomposition is a
undamental stage in the production of electrolytic Cl2. Thus
hermal decomposition, using carbon tetrachloride (CCl4) as
olvent, is widely used in the Cl2 industries [6], mainly due
o simplicity and the cost of the installation, according to the
hemical reaction:

NCl3 → N2 + 3Cl2, �H = −54.7 kcal/mol

The solvent has to be miscible with NCl3 and Cl2; further-
ore it must be inert because of the presence of Cl2. CCl4 is

he most indicated solvent because it has a low risk of addi-
ional chlorination and its bubble point is higher than that of
Cl3. However, according to the Montreal Protocol [7], the com-
ercial use of CCl4 will be prohibited in 2010, a reason why

ndustries are already looking for its replacement.
Because of the importance of the reactions involving Cl2,

nowledge of them is fundamental for the safety of these indus-
ries. However, detailed information about the NCl3 decomposi-
ion process during the electrolytic Cl2 production is rarely men-
ioned in the published literature. Therefore, this paper presents

dynamic simulation of the thermal decomposition of NCl3
uring electrolytic Cl2 production, using an industrial plant in
razil as a case study. The main problems related to the process
re: the unstable temperature of the reactor (where decomposi-

ion is taking place) and the significant loss of solvent. The main
urpose of this work was to identify the dynamic of the process,
s it is important to establish a strategy to control the process (to
ake it more secure) and to analyze the loss of solvent during
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Fig. 1. NCl3 decomposition system
rdous Materials 142 (2007) 500–505 501

he dynamic period. The implemented model will also be used
o study the substitution of CCl4 and to analyze the operational
aults of the system. The commercial simulator AspenTM was
sed to simulate the process and the simulations were validated
ith data from an industrial plant.

. Problem statement

The decomposition system can be described as a reactive
istillation without a top condenser, with withdrawal at the bot-
om, and with the decomposition taking place in the reactor (see
ig. 1).

Gaseous Cl2 (CL2-GAS) produced in the electrolyte cells
nd contaminated with NCl3 is fed in at the bottom of the bub-
le cap tray column (precooler), while liquid Cl2 (CL2-LIQ),
t approximately −36 ◦C, feeds the top as an external reflux.
aseous Cl2 from the reactor (reboiler) is washed by liquid Cl2

o remove the NCl3 of the gaseous phase and to cool the gaseous
l2 before compression. The NCl3 condenses and dissolves in

he liquid Cl2 heading to the reactor.
The liquid holdup of the reactor mainly consists of CCl4

more than 97%), which extracts NCl3 from the liquid Cl2 and
voids high concentrations of NCl3. In other words, the pres-
nce of CCl4 ensures a safe and secure decomposition process,
orking as an inert compound during extraction and dilution.
onsidering the composition of the holdup, CCl4 is the main

ompound of the RECY stream.

Steam circulating in the jacket of the reactor is used to heat
nd vaporize the liquid holdup. The flow rate of the steam is
pecified by a feedback control.

used in the industrial plant.
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of the gaseous and liquid Cl2 streams were the same from the
Fig. 2. Plant data of the reactor liquid level.

Generally, the decomposition rate of 12.5 g/h of NCl3 per kg
f CCl4 at 50 ◦C could be improved by increasing the reactor’s
emperature, which must not exceed 70 ◦C. On the other hand,
hen the temperature is lower than 40 ◦C the decomposition of
Cl3 takes place slowly resulting in high concentrations of NCl3

n the reactor [5].
CCl4 is continuously lost from the top of the precooler, caus-

ng a lower level in the reactor. The make-up stream is used to
eplace the loss of CCl4. The reactor level oscillates because of
he loss and replacement of CCl4, as can be observed in Fig. 2.
he replacement of CCl4 is done weekly, which will be a very
ritical aspect once the commercial use of this compound is
rohibited in order to satisfy the Montreal Protocol [7], which
razil has also signed. Therefore the developed model will also
e used, when trying to substitute CCl4.

The waste stream is used in operations where the liquid
oldup is discarded. In other words, when the system is shut
own or when the solvent is being replaced.

According to the data plant, the other important problem of
he system (see Fig. 1), besides the loss of solvent, is the variabil-
ty of the reactor’s temperature (see Fig. 3). It should be noted
hat the temperature of the reactor has a direct effect on the loss
f solvent.

. AspenTM model

Steady-state simulations were realized using the Aspen
lusTM simulator and the results were used as initial values for

he dynamic simulations, which were carried out using the Aspen
ynamicsTM simulator.
The precooler was simulated using the internal routine Rad-

rac of the Aspen PlusTM. The Peng–Robinson equation of state
as used to represent the thermodynamics of the process: phase

quilibrium and properties (particularly, enthalpy and entropy).

he data for this column were: 8 stages (1st–4th stage with a
iameter of 1.0 m; 5th–8th stage with a diameter of 0.5 m) and
Murphree efficiency of 70%.

p
r
s

Fig. 3. Data plant for the reactor temperature.

The internal routine RCSTR of the Aspen PlusTM was used
o simulate the reactor as a Continuous Stirred Tank Reactor
CSTR) type with the following specifications: diameter of 1.4 m
nd height of 2.0 m. Heat exchange with the environment and the
apacitance of the reactor (metal) were considered. The indus-
rial reactor was simulated as a CSTR due to the strong agitation
n the equipment. In order to have a more realistic simulation,
he stream of steam was connected to a heat exchanger, whose
eat duty was transferred to the reactor. At the outlet of the heat
xchanger, the stream was specified as a saturated liquid.

For the reactor simulation it was necessary to know the kinet-
cs of the decomposition of NCl3 in the presence of CCl4. The
inetics of the decomposition of NCl3 are widely discussed in
he literature, however, most cases relate to its decomposition in
ater or its formation [8–10]. Only in the papers of the Chlo-

ine Institute [1] and the Euro Chlor [5] were the kinetics of the
ecomposition of NCl3 in the presence of CCl4 found. Accord-
ng to these publications the decomposition is a first-order reac-
ion and the rate is expressed by the following equation:

= −Kx

here x is the mass fraction of NCl3.
In Aspen PlusTM, the implementation of the kinetics of the

eactions was carried out by the Arrhenius equation:

= K0 e−(Ea/RT )

here K0 is a pre-exponential constant, Ea is the activation
nergy of the reaction, R is the universal constant of gases and
is the temperature of the mixture. Data for the constant K as a

unction of T were available [5] and have been used to calculate
0 and Ea. The values of Ea and K0, respectively 1.347E05 J/mol
nd 5.8E19 h−1, were calculated by linear fitting of the Arrhe-
ius equation using the polynomial fitting.

To begin the simulations, the flow rates and the compositions
lant, as well as the rate of flow of the steam to the jacket of the
eactor. However, it was very difficult to obtain the steady-state
olution, which was only achieved when lower values than the
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pressure of the reactor. It has to be remembered that, actually,
the flow rate of steam to the jacket is the variable for controlling
the process.
J.I.H. Tavares Neto et al. / Journal of

lant data of the steam flow rate were considered. This resulted
n a lower value for the reactor temperature, compared to the
alue of the plant. Even so, this result was used as the initial
alue for the dynamic simulation.

The problems with convergence may have two causes: a
trong interaction between the column and the reactor (because
f the recycling) and the loss of the solvent at the top of the
recooler. The second cause, perhaps the most important one, is
hat for the real operational temperature of the reactor, there is
loss of solvent resulting in an imbalanced mass and energy of

he system. That is probably why it was only possible to obtain
he convergence for low reactor temperature values, a situation
hen there was no loss of solvent.
The results for the steady-state were exported to the Aspen

ynamicsTM simulator. The conditions observed at the plant,
specially the temperature of the reactor, were achieved by
anipulating the control valves, shown in Fig. 1. Thus, the pro-

ess was run (in time) by the integration (Euler implicit method)
f the differential equations.

. Results and discussion

Considering Fig. 1 and according to engineering judgment,
he variables that have the greatest effect on the process are: liq-
id and the gaseous Cl2 flow rates to the column (precooler) and
he flow rate of the steam to the jacket of the reactor. The results
btained from the AspenTM model present the dynamic behav-
or of the system when these variables are disturbed. All the
esults are for the open-loop condition. However, before contin-
ing this study, the simulations were validated by comparing the
spenTM results with the data from the plant, for a disturbance
f the rate of flow of the steam to the jacket of the reactor.

.1. Validating the AspenTM model—disturbance on the
team flow rate

As mentioned earlier, the conditions at the plant were
chieved by manipulating the control valves. When the tem-
erature of the reactor achieved the observed value at the plant,
2 ◦C, the NCl3 content in liquid holdup was 160 ppm, while
he average of this value was 150 ppm in the plant. The values
f the gaseous and liquid Cl2 flow rates were the same as those
bserved in the plant; the same values are found for the NCl3 in
he gaseous Cl2 feed. At these operating conditions, without any
isturbance, the loss of CCl4 is approximately 1.5 kg/h, the rea-
on why the level in the reactor decreases, as depicted in Fig. 4.
or the column, just the top temperature, approximately −36 ◦C
the bubble point of Cl2 at that pressure), was validated.

As cited before, the loss of solvent is directly proportional
o the operating temperature of the reactor and that is why the
rocess does not achieve a steady-state. In other words, when
he temperature of the reactor is increasing, it is more difficult
or the process to achieve its steady-state. Furthermore, it would

e necessary to have more stages in the precooler, which would
nvolve a modification of the project.

With the substitution of the solvent, the solvent loss will
epend on the bubble point of the new solvent, which will F
Fig. 4. Reactor liquid level without disturbance.

robably be the chloroform (CHCl3). In spite of similarities
o CCl4, especially with regards to the number of chlorine
toms, CHCl3 has a lower bubble point, indicating that the loss
f solvent will be larger. Preliminary studies using CHCl3 to
eplace CCl4 proved that, at the actual value of temperature
f the reactor, the loss of the solvent will be twice the present
mount.

The validation was also realized based on a test, where there
as a step disturbance (increase of 6%) to the rate at which

team flowed to the jacket of the reactor. According to Fig. 5,
he simulated and the real data, for the temperature of the reactor,
re in excellent agreement, which can be considered satisfactory
or validation. In Fig. 5 it can be observed that the test at the plant
as only conducted for about 4 h because of security concerns.

f the test were to continue, the temperature would achieve the
ubble point of CCl (approximately 87 ◦C) at the operational
ig. 5. Reactor temperature for a step disturbance on the steam flow rate.
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Cl2 flow rate is not used to control the process. The change in the
value of the gaseous Cl2 flow rate is due to operational problems
or modifications to the plant’s capacity.
ig. 6. Reactor liquid level for the step disturbance on the steam flow rate.

The increase in the temperature of the reactor is due to the
hange in the composition of the liquid holdup, due to the com-
lete vaporization of Cl2. So, only CCl4 remains in the reactor.
t should be noted that only 4 h after the disturbance, the tem-
erature passes the allowed limit (70 ◦C).

In terms of control, the system presents an integrator behav-
or, where the observed final temperature value in Fig. 5 (result
rom AspenTM) indicates the saturation of the system.

The increase in the rate of flow of steam to the jacket will
ause the reactor to empty as a consequence of the complete
aporization and loss of CCl4 at the top of the column, as shown
n Fig. 6. Another observation from Fig. 6 is that the lowering of
he liquid level in the reactor (loss of solvent) increases rapidly
hen the temperature of the reactor achieves the bubble point of

he solvent, approximately 9 h after the disturbance, as shown in
ig. 5.

.2. Disturbance on the liquid Cl2 flow rate

Figs. 7 and 8 show the behavior of the temperature and the
Cl3 content, respectively, considering a positive increase of
% in the flow rate of the liquid Cl2. It can be observed that
he temperature and the NCl3 content are inversely related: with
decrease in the temperature (Fig. 7), the NCl3 content in the

eactor increases (Fig. 8). The decrease of the temperature in the
eactor is caused by the increase of the mass fraction of Cl2 in
he liquid holdup of the reactor. However, the increase in NCl3
ontent is a result of the decrease in the decomposition rate. It
as to be remembered that for a period of a little more than 1 h,
he NCl3 content exceeds its recommended limit (1000 ppm).

The simulation has proved that even for small disturbances
o the flow rate of the liquid Cl2, which is also a variable used
o control the process, the temperature of the reactor tends to
e a minimum value. To avoid this, the actual control system

ncreases the rate at which the steam flows to the jacket. From
dynamic point of view, the temperature has a large transient

eriod. In other words, the temperature of the reactor, and conse-
uently the NCl3 content, oscillates a lot, so the control system F
ig. 7. Reactor temperature for a step disturbance on the liquid Cl2 flow rate.

ill not allow very low temperatures to be achieved. However,
ccording to Fig. 3, the temperature is not maintained in a secure
nterval.

Since the liquid Cl2 and steam flow rates are the variables
sed to control the process, it is interesting to analyze the effect
hat each one has on the dynamics. Comparing Figs. 5 and 7,
t can be noticed that the liquid Cl2 flow rate presents a larger
ffect on the temperature than the steam flow rate. Therefore, an
ption for the control system is to use a stream of liquid Cl2 (not
he reflux) as a manipulated variable and to set the steam flow
ate to the jacket of the reactor.

.3. Disturbance on the gaseous Cl2 flow rate

In contrast to the liquid Cl2 and steam flow rates, the gaseous
ig. 8. NCl3 content in reactor for a step disturbance on the liquid Cl2 flow rate.
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product. II. A proposed formation mechanism, Wat. Res. 28 (1994)
ig. 9. Reactor temperature for a step disturbance on the gaseous Cl2 flow rate.

According to Figs. 9 and 10, for a positive increase of 6% in
he gaseous Cl2 flow rate, temperature and NCl3 content presents
inverse behavior to that presented by a disturbance to the liquid
l2 flow rate and is similar to the behavior when considering an

ncrease in the rate at which the steam flows to the jacket of the
eactor. Actually, with an increase in the gaseous Cl2 flow rate the
eat duty for the reactor becomes more than sufficient to vaporize
iquid that is descending; as result, the reactor temperature tends
o increase and, consequently, the NCl3 content decreases. The
iquid level of the reactor tends to go down, due to the loss of
he solvent at the top of the column.

However, comparing Figs. 5 and 9, it should be noted that
he disturbance in the gaseous Cl2 flow rate causes a smaller
ransient period than that caused by the disturbance to the rate
f flow of the steam to the jacket of the reactor. Thus, it can be
ig. 10. NCl3 content in reactor for a step disturbance on the gaseous Cl2 flow
ate.

[

rdous Materials 142 (2007) 500–505 505

uggested that a stream of liquid Cl2 is used to feed the reactor
irectly, in order to control the temperature of this equipment.

. Concluding remarks

The results of the simulation are in agreement with the data
rom the plant, which means that the model can be used to design
he new control system and to analyze the effect of the different
perational conditions on the loss of solvent.

Specifically, it can be stated that: the loss of solvent is directly
roportional to the operational temperature of the reactor, is
trongly affected by the dynamic of the process and does not
llow the system to achieve steady-state. For a smaller tran-
ient period, the loss of solvent will be faster. Another important
bservation is that the loss of the solvent increases rapidly when
he temperature of the reactor achieves the bubble point of the
olvent. The results for operation with CHCl3 and its comparison
ith CCl4 will be presented in another time.
The temperature and the NCl3 content (rate of decomposi-

ion) in the reactor are inversely related and both variables are
xtremely dependent on the liquid and gaseous Cl2 flow rates, as
ell as on the rate at which the steam flows to the jacket. Con-

idering the possible variables to control the process, the liquid
l2 flow rate has a greater influence on the temperature of the

eactor and, consequently on the composition, than the flow rate
f the steam (to the jacket). From the process control point of
iew, the system has an integrator behavior.
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