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Abstract

A methodology, which determines the operating conditions simultaneously optimising the chemical yield and considering the safety
aspect, has been developed for a chemical reaction which is carried out batch-wise. To illustrate the methodology, the aromatic nitration of
toluene by mixed acid has been chosen as a typical exothermic and non-selective reaction. This reaction takes place in a two-phase mediun
and, therefore, involves simultaneously chemical reaction and mass transfer phenomena. A kinetic model recently proposed for the slow
and fast liquid—liquid reaction regimes was integrated to the mass balance. Nitration experiments were carried out in order to compare
experimental composition profiles with simulated ones. Afterwards, an optimisation procedure has been used to maximise conversion, by
manipulating the operating conditions subject to safety constraintgp-fiteotoluene yield was chosen as the criterion to be maximised.
Experimental validation for the optimisation procedure has been carried out. A monofluid heating—cooling system controlled by a predictive
controller was used for the temperature control of the reactor. Simulation and experimental results are presented, discussed and compared
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction chemical reaction, which is carried out batch-wise. This
methodology can prove to be a useful tool to quickly define
Whereas continuous chemical processes have reached afafe and optimal operating conditions for new compounds
advanced stage of development and modern computer toolgoroduction. It relies on the mathematical description of the
are frequently used to optimise these processes, this is not thehemical process. Coupling of mass balance and kinetics
case for many batch and semi-batch reactors, which remainallows determining the composition of the reaction mixture.
usually operated manually according to elementary recipes.Kinetic parameters are included in the model, as well as
This may seem surprising since significant benefits can bethe geometric characteristics of the reactor (volume, heat
realised from optimising operating conditiofis2] and also ~ exchange surface.). Once the model is developed, it is
because batch processes are generally less safe than contifrtegrated in a numerical optimisation procedure.
uous processgs]. The aim of this work is to illustrate this methodology
Specifically, this study deals with the optimisation of with an exothermic chemical reaction that presents selec-
batch reactors, which requires knowledge of their dynamic tivity problems, and can be easily performed at a laboratory
behaviour in order to improve their performance and safety scale. The toluene mononitration by a mixture of nitric
conditions. For an optimised performance, the product syn- and sulphuric acids called “mixed acid” was chosen for the
thesis must be performed in the minimum time to lower following reasons. First, this reaction is widely performed
operating costs. At the same time, to improve the safety of in the chemical industries, as it allows the production of
the process, the risk of thermal runaway must be reduceduseful intermediaries such as primary aromatic amines
by preventing the accumulation of reactive species and by and azic colourings. Secondly, aromatic nitration involves
controlling the cooling devices. high exothermicity and display numerous side reactions,
A methodology is developed which determines the hence a considerable amount of incidents occur in such
best operating conditions by simultaneously optimising processe$3]. Consequently, a better understanding of this
the chemical yield and considering the safety aspect of akind of processes is of a great importance for the safe and
economic design and optimal operation of nitration plants.
* Corresponding author. Tel:33-5-62-252362; fax:33-5-62-258891.  Als0, this reaction takes place in a two-phase medium and,
E-mail address: michel.cabassud@ensigct.fr (M. Cabassud). therefore, it involves simultaneously chemical reaction and
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Nomenclature

a

aHA
aH,0
ap-
aN02+
A

dimpeller
ds2
Dtoluene
Ea

f(X

9(x)

h(x)

Ha
Hr
K
kL
k2

mM-MNT

Mteed
Mmax

Nint

MNtoluene
Ntoluene

Ntoluenediffusion)

Ny
O-MNT
p

Pe
p-MNT
q

Q
Qmax

interfacial area (ffmq)

nitric or sulphuric acid activity (mol/l)
water activity (mol/l)

nitrate or sulphate ion activity (mol/l)
nitronium activity (mol/l)

heat exchange area between the
reaction medium and the fluid
circulating in the jacket of the
reactor (W/(ng K))

stirrer diameter (m)

droplets Sauter mean diameter (m)
diffusivity of toluene (n#/s)
acceleration number

objective function to minimise
vectorial application of inequality
constraints

vectorial application of equality
constraints

Hatta number

acidity function

equilibrium constant

mass transfer coefficient (m/s)
apparent second-order rate constant
related to toluene nitration (I/(mol s))
real second-order rate

constant (I/(mol s))

apparent second-order rate constant
related too-MNT formation (I/(mol s))
apparent second-order rate constant
related tom-MNT formation (I/(mol s))
apparent second-order rate constant
related top-MNT formation (I/(mol s))
mass (kg)

mononitrotoluene

amount of introduced acid (kg)
maximal amount of introduced

acid (kg)

number of intervals of the
discretization

initial number of moles of toluene (mol
number of moles of toluene
remaining in the organic phase (mol)
number of moles of toluene
transferred in the aqueous phase (mol
number of reactions
ortho-nitrotoluene

total number of constraints

number of equality constraints
para-nitrotoluene

feed flow rate (kg/h)

heat produced by the reaction (W)
maximal heat produced by the
reaction (W)

r rate of nitration (mol/(l h))

ri rate of reaction (mol/(l h))

rr overall reaction rate (mol/(l h))

t time (h)

t; switching time (h)

top operation time (h)

T temperature°C)

Tet temperature of the cooling fluidC)

T; temperature at the switching timeQ)

Tmax maximum instantaneous reaction
temperature°C)

Tmmin minimum instantaneous reaction
temperature°C)

Treactor instantaneous temperature of the
reaction medium°C)

U overall heat transfer coefficient between
the reaction medium and the fluid
circulating in the jacket of the
reactor (W/(nd K))

Vi total reaction volume (l)

w acid strength

We Weber number

X vector of variables to optimise

Xmin lower bound orx

Xrmax upper bound orx

Y total toluene conversion

Y; toluene conversion by reaction

Greek letters

AGpuene  free energy relative to nitration (kJ/mol)

Aty first time interval (h)

YHNOg-H,0  activity coefficient of nitric acid in the
aqueous phase

0 volume fraction of the aqueous phase

OHNOs-H,0  Surface tension between nitrate acid
and water (N/m)

o interfacial tension (N/m)

Porganic density of the organic phase (kgijn

Subscripts

aqg relative to aqueous phase

organic relative to organic phase

mass transfer phenomena. Such behaviour is commonly
encountered in chemical synthesis. Finally, a kinetic model,
which uses literature data from homogenous nitration ex-
periments, was recently proposed for the sfdlvand fast
liquid—liquid reaction regimefs].

In this paper, emphasis is given to the validation of the
optimisation method. The modelling of toluene nitration is
introduced in a first section. The second section deals with
the formulation of the optimisation method, and the final
section presents the experimental set-up used to validate the
optimisation methodology, as well as, the experimental and
simulated results.



FA. D'Angelo et al./Chemical Engineering Journal 91 (2003) 75-84 77

2. Modelling of toluene semi-batch mononitration where ayo,+ is the nitronium ion activity,aqa nitric or
sulphuric acid activityan,o water activity,aa- nitrate or

Toluene mononitration takes place in a two-phase sulphate ion activity, anghnos,.H,0 iS the activity coefficient

liquid—liquid medium. The organic phase is composed of of nitric acid in the aqueous phase.

toluene and mononitrotoluene compounds produced during Using this expression and introducing the acidity function

the reaction. The aqueous phase is composed of nitric acidHr, the following expression df; is obtained4]:

sulphuric acid and water. Nitration reaction takes place in

the aqueous phase. In order to model the toluene mononi-l0gk2 ~ logk, +10g K + 109 yHNOs-H,0

tration in a semi-batch reactor, the following assumptions —(Hr + logap,0) (6)

are made: the reactor is perfectly stirred with homogenous

temperature and concentrations; the reaction only takesDuring nitration, the acid phase composition varies as the

place in the aqueous phase; only toluene diffusion is takenreaction proceeds because of nitric acid consumption and

into account; mixing heats are not considered. water formation and thé&, value diminishes according to
relation (6).
2.1. Kinetic modelling The procedure to compute is described irj4].

The reaction of toluene nitration by mixed acid takes place 2.2. Overall reaction rate
in the aqueous acid phase and proceeds through the inter-

mediation of the nitronium ion N&': During nitration, mass transfer, especially at high sul-
K, phuric acid strengths may limit the reaction rate. The calcu-
toluene+ NO*— products (1)  Ilation of the Hatta numbeH@a) according taEq. (7)allows

. evaluating the importance of the mass transfer resistance:
The reaction rate can be expressed as

r = ky(NOp ") (toluenag @  Ha= YR2P t°'“el:e(HNO3)aq
L

(7)

The model developed by Zaldivar et al. is used in this study
[4]. Toluene diffuses through the organic phase to the
interface and into the aqueous phase. Then, it reacts in
the boundary layer and/or in the bulk of the aqueous
phase with the nitronium ion to form thetho-mononitro- e Ha < 0.3, slow reaction rate in the acid phase:
toluene O-MNT), meta-mononitrotoluene ri-r-MNT) and
para-mononitrotoluene-MNT).

The toluene consumption rate is usually expressed as

According to the Hatta number, three different regimes
are considered, and the overall reaction ratés computed
according to the following expressions.

rR = @kz(HNOg)aq(tolueneaq (8)
e 0.3 < Ha < 2, moderate reaction in the film:

rR = kLa Ea (toluengag (9)
wherek; is the apparent second-order rate constant related ith
to toluene consumption, (HN{q the overall nitric acid Wi
concentration and (tolueng)is the toluene concentration in _ Ha
the aqueous phase. &7 th(Ha)

Homogeneous experiments have shown khdg strongly
dependent on the sulphuric acid strength

e 2 < Ha, fast reaction in the film:

w = MH,S0y R = a\/kZ(HNO3)antqueneX (toluengaq (10)
MH,S0, + MH,0

wheremp,so, is the mass of sulphuric acid in the mixture In the case of our experimentation, the reaction starts in a

water—acid. diffusion regime because of a high initial acid strength that
So, the formation mechanism of NO has to be taken  €nhances the reaction rate. Then, the reaction enters into a

into account to expreds. It has been described as reaction regime. Indeed, the reaction leads to water forma-

tion and then, to acid strength decrease: the kinetic constant
HNO3 - HoO 4+ HA = NO,t + 2H,0 + A~ (4)

decreases during reaction and, in parallel, the interfacial area
increases during the feed of reactants.
So, as itis shown in thEgs. (8)—(10)the rate of reaction
is affected by the characteristics of the system and by the
mechanical features of the equipment.
(NOz ™) ~ ayoyr = K(HNO3)aqu VHNOgz-H,0 X dHA (5) Th_e toluene distribution coefficient which leads to the cal-
af,o X aa- culation of (tolueney, depends on temperature and aqueous

HA represents either sulphuric or nitric acid. Introducing
activity coefficients and the equilibrium constant of reaction
(4), the concentration of N§J can be expressed as
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phase composition, according to the following equation: ~ 2.3. Mass balance

toluen AG
( eaq _ exp( toluene)

(toluens T (11) The toluene model is a two-phase model including a reac-
OluénBorganic

tion phase (the agueous phase) and a non-reaction phase (the
organic phase). Toluene has been chosen as the key reactant

The toluene diffusion coeflicient in the aqueous phase andso that its conversion for each reactigncan be calculated

all the parameters needed to express the reaction rate in th
adapted regime are calculated using the procedure recom-

mended by Zaldivar et a[4]. The main formulas of this  dY; W 15
procedure are reminded below: dr n?oluene (15)

e The interfacial aread) depends on the fraction of the

dispersed phase and on the Sauter mean diameter: whereV, is calculated by adding the molar volumes of each

compound present in the medium. The overall toluene con-

69 version is given b

_% (12) given by
dz2 3 0

Y = ZY' _ Moluene ™ (ntoluenet Mtoluendadifiusion))
= =

a

e Sauter mean diameter can be computed as n0 (16)
i=1 toluene

g —0.6
d32 = dimpeller/ (P)\\e (13) The whole reaction is described Hsg. (1) but we have

distinguished between the three mononitrotoluene isomers

whereWe is the Weber number. ) . L
so that three reactions are involved: the kinetics constants

L oetier ko (i = 1, 0-MNT; i = 2, mMNT; i = 3, p-MNT) have
W& = porganicVy po (14) the same activation energy but depend on the sulphuric acid
strength. They have been calculated as follows:

We depends on the density of the organic phasggénid, 1
on the rotational speed of the impell&; ], on the diameter k2.1 = 0.96 (1 - m) ka (17)
of the impeller, and on the interfacial tension)( f(¢) is
a linear correlation of the volume fraction of the dispersed k, = 0.04k» (18)
area.

o is computed from the individual surface tension of or- ks 3 = 0.96 1 ko 19
ganic and aqueous phase. ’ 4.246— 0.022w (19)

Molar Fraction

1 T T ! T T T T T T T 1 T T T 1 T T T T

F\a | : ‘ ]
r Reactan:t feeding ? 1 N

0.8 [Yr—— | ; - 4 toluéne (exp)
L g o o-MNT (exp)
I . i 1| * mMNT (exp)

06 [T """"""""" = ¥ p-MNT (exp)
F 5 1 & a L
L : e ; : J toluéne (sim)

4 o | '

I ; 1 O-MNT (sim)

04 [ ) G T i T BEESEEE m-MNT (sim)
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I e INe ]
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Fig. 1. Evolution of the composition of the organic phase= 72.4%, feed time= 1.5h, experiment 1).
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Table 1 are also presented rable 1 A good agreement is found be-
Experimental conditions and results for toluene mononitration tween experimental and simulation profiles. We notice that
Experimental conditions Experiment 1 Experiment 2 these two experiments have allowed testing the model under
Operation time (h) P 2 the Q|ﬁgrent regimes. In p_arucular, fétig. 2, th.e rea_ctlon
Amount of toluene present 150 150 begins in the diffusion regime, then, the kinetic regime fol-
in the reactor (ml) lows. We can deduce from this, that the model describes ac-
w 72.4 79.5 curately the chemical reaction under the different regimes.
;‘me feec’f (5)_d oduced 5430307 543%07 Nitration experiments have allowed verifying the valid-
Tmounzgg)ac' introduced (g) gl gl ity of the model. The following step consists in using this
Stirring speed () 16.8 26.6 model within the optimisation procedure to find the optimal

: . production under safety conditions.
Exp Sim Exp Sim

Simulated and experimental results

Final composition of the organic phase (mol%) 3. Formulation of the optimisation problem

o-MNT 54.7 57.9 60.1 59.9

p-MNT 316 322 354 358

m-MNT 38 37 38 40 3.1. Optimisation strategy

Toluene 10 6.7 07 03
Conversiony 90 939 99.3 99.7 The general procedure of optimisation, which has already
P max (watt) 40 50 been described in a previous paf@; is summarised in this

section. This method is characterised by the non-linearity
of the variables and constraints. The optimisation problem
2.4. Validation of the model with bounded and constrained variables takes the {@im

The complete model has been validated for different op- min f(x);  x € R
erating conditions. Two experiments are presented in this | 2i(x) =0; i =1, pe
paper. Concentration profiles are compared to experimental | g;(x) <0; i=pe+1,p
ones. Operating conditions are listedTiable 1

For both experiments, the mixed acid was added at a con-
stant flow rateFigs. 1 and 2show the simulation (lines)  where x is the vector of variables to optimisé(x) ob-
and experimental (points) concentration profiles obtained, jective function to minimiseh(x) vectorial application of
respectively for the experiments 1 and 2. Numerical results equality constraintgy(x) vectorial application of inequality

(20)

Xmin = X = Xmax

Molar fraction

1 T T T T T T T T T T T I T T T T ! T T T T
Heactaht feeding i
0.8 S pasmssnmarninany P oo 7
F ; ; : : . 4 toluene (exp)
: ‘ - o o-MNT (exp)
08 [ e i : *  mMNT (exp)
[ ' ' ' ‘ 1| * pMNT (exp)
L : 1| —— toluéne (sim)
04 | £ T o225 5 & 25 ¢ nacs 1 o-MNT (sim)
r S A’ i § : S EEREE p-MNT (sim)
A ' : : 1| — = m-MNT (sim)
02 [ = hi B T 7
wa l
L H e - s e s o e pm e P
arer® &V T T 2 . Y_ L
0
0 1 2 3 4 5

Fig. 2. Evolution of the composition of the organic phase= 79.5%, feed time= 1.5 h, experiment 2).
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constraints,p total number of constraintge number of All the variables of the problem are upper and lower
equality constraintsgm, lower bound orx, andxmax is the bounded. The bounds correspond to the limits of the process,
upper bound om. which depend on the chemical reaction and the equipment

The optimisation problem consists in determining the op- set-up. For example, the temperature will be limited by the
erating conditions which will maximise the final yield of the minimal temperature of the reaction and by the critical tem-
reaction whilst respecting the constraints. The temperature,perature that could result in a runaway reaction. Moreover,
the feed profile, the operation time, etc. can be defined as thethe amount of introduced reactant depends on the volume
optimisation variables. This non-linear problem is solved capacity of the reactor. At last, the feed time is limited by the
by means of the “Successive Quadratic Programming” or maximal feed rate of the pump and by the maximal amount
“SQP” developed by Schittkowski and using the BFGS of reactants that can be introduced. The slopes of temper-
method (Broyden—Fletcher—Goldfarb—Shanno) for the eval- ature profiles are limited to take into account the cooling
uation of the Hessian matrig]. and heating capacities of the system, which depend on the

To solve the problem, the operation timis divided into heating—cooling system.

a finite numbemjy; of subintervals. The different states of
the system are calculated by integration of the differen-
tial equations on each interval, by a Runge—Kutta—Merson
fourth-order procedure with variable step integration size.
The problem consists, then, in determining thge, 1 tem-
peratures at each bound of each time interval. The temper-
ature is assumed to be a linear function versus time in each
subinterval, and the final temperature of the interjvad
assumed to be equal to the initial temperature of the inter-
val j — 1 (j varies from 1 tonjyt). Then, the temperature
variations in the range (_1, t;) is given by

3.2. Application to nitration

Optimisation procedure described in the previous part is
applied to the specific case of toluene mononitration and
illustrated in this section.

3.2.1. Objective function

As thep-nitrotoluene is an important intermediary for in-
dustrial applications, it was decided to optimise the conver-
sion inp-nitrotoluene. Its selectivity increases with the acid
Tj—Tj_1 strength,w [9]. However, increasing results in faster ki-
—) (21) netics, temperature increases and runaway reactions can oc-

cur. For these reasons, the aim of this optimisation problem

The problem is treated in a different manner to determine IS t0 adapt the feeding profile and the temperature of the re-
the feed profile. The program determines the run mass in actor to the acid strength used, in order to remain between
each subinterval, assuming that the flow rate remains con-acceptable temperature and generated heat ranges.
stant within the interval. In this manner, the variables to op- 1€ criteria to maximise is the-nitrotoluene yield at the
timise are thenj,: run masses in each subinterval. end of the reactiof]:

If the operation time is a fixed parameter, tiyg intervals
have the same length. In this study, the total operation time
and the length of the first time interval are both defined as min | —100 x
variables. In this case, all the intervals have the same length initial number of moles of toluen
except the first one. An example of temperature and feed
profile discretization is given ifig. 3.

I'=Tj 1+ —lj—1)<
t;—tj-1

number of moles op-MNT
at the end of the reaction

3.2.2. Optimisation variables
Five types of variables are used for this optimisation prob-
lem: the optimiser is asked to compute the optimal feed rate

Feeding Temperature and temperature profiles, the acid strength, the total time of
T; T, operation and the first time interval. The total operation time
T, T, is divided into five subintervals; the first one is considered

To as a variable to optimise and the four other ones have the

same length.

3.2.3. Constraints

Operating constraints are activated in order to obtain safe
operating conditions and to correspond to the technology of
the proces$10].

The following constraints are added to the problem:

tl tf
Time (s)

e The amount of introduced acid is limited to 767 g:

Fig. 3. Example of temperature and feed profiles. Mieed < Mmax  (Mmax = 0.767 kg
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e The maximal feed flow rate is equal to 0.627 kgh< Generated flux (W)
0627kg/h 50_"."E""!""!-v--!‘---!--..
o 0 < Omax (Omax=40W). r i : ; : :

This constraint is placed upon the heat produced by the re-
action. For the system to be safe, the cooling system should
be able to remove all the heat produced by the reaction. Oth- | : : ; 3 ; i i ]
erwise, heat accumulation will occur and, hence, the reactor 3 [~ """""""" """""" e 7
temperature will increase. This may trigger a runaway re- i : ‘ ‘ i i :
action due to the high exothermicity of aromatic nitration;
Qmax is the maximum instantaneous thermal flux produced 2o [
by the reaction, that could be removed by the cooling system. ‘
This flux is calculated according tBq. (22) with a mini- _| +éenemtéd ﬂuxl_i_ ______________________________________________
mal overall heat transfer coefficient equal to 200 W/, 10 | i : ; ; ‘ : i

a minimal heat exchange surface (0.09 mnd a difference | : i : : ; ,
in temperature between the cooling fluid and the tempera- [, .. 1.0 s

; 0
ture of the reaction equal to 2C. 0 0.5 ’ 15 2 o8 3 a5 4

Omax = UA(T¢t — Treactod (22) Time (h)

Flux Constrajnt

40 |

whereU is the overall heat transfer coefficient between the Fig. 4. Simulated temperature profile in the reactor and reactional heat
reaction medium and the fluid circulating in the jacket of flux.

the reactor (W/(rAK)), A heat exchange area between the
reaction medium and the fluid circulating in the jacket of
the reactor (1), Te temperature of the cooling fluidC),
and TyeactoriS the temperature of the reaction mediut@),

Table 2
Results of the simulation

Optimal solution

o Thin < Treactor < Tmax, WhereTmay is the maximum in-

- . . . . Initial acid strength (%) 80
stantaneous reaction temperature. This constraint avoidspperation time (h) 4
the temperature of the reactor reaching a critical value. Length of the first time interval (h) 2.87h (2h 52min)
The value given foiTmax is 50°C because dinitration be-  Feed time (h) 2.87h (2h 52 min)
gins to be appreciable above this temperature. The reactori otal m(aés) of acid injected (kg) 300-767
reactor

should neither be allowed to reach a temperature below
Tmin = 20°C, in order to prevent the accumulation of ni-
tric acid in the reaction medium in case of slow reaction.
e 60% < acid strength< 80%.
To increase kinetics, it is interesting to reach high values
of acid strength. This is the reason whwymust be more
than 60%. But, too high values would result in an increase

of temperature and in the production of dinitrotoluene Conditions are listed ifable 2
compounds. Hence, the mononitration model, which does 10 illustrate the performance of the methodology and to

not take into account the dinitrotoluene formation, would Validate it, an experimental application is needed. For that

not be valid anymore. Finallyy must be lower than 80%. aim, a specific pilot plant developed by Bouhenchir et al.
e The first time interval is limited: 22h < Ay < 4h. [11], which allows a direct control of the temperature inside

tthe reactor is used.

Qmax (W) 42

during feeding, which corresponds to the constraint fixed
on the flux Eig. 4). The resulting yield op-nitrotoluene is
36% after 4 h of operatiorHg. 5). These optimal operating

The 1.22 h corresponds to the maximal amount of reactan
introduced at a maximal feed rate§.767/0.627).
e The total operation time is upper bounded to®2lh <
Atop < 4h. 4. Experimental section: validation of the
optimisation method
3.3. Optimisation results
4.1. Description of the reactor
The optimiser determines an acid strength equal to its
upper bound (80%). Concerning the optimal feed profile, The experimental device consists of a 1.51 jacketed re-
approximately 100% of the mixed acid is injected in the first actor, fitted out with a monofluid heating—cooling system.
interval which lasts 2h 50 min, with a moderate flow rate The monofluid is a glycol-water mixture in ratio of 50%
(167 mi/h). An isotherm at 30C is found to be the optimal  circulating in the jacket at a high flow rate (10001/h), it
profile for the temperature of the reaction medium. In these is maintained at a predifined temperature by means of a
conditions, the heat flux rapidly reaches a value around 40 W resistance and heat-exchangers. A sketch of the pilot plant
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Molar Fraction

1 rT T 1 1o ] LENE BN D NN I E L ‘ LA R R L B J‘ T T T T
N | : ' ! : { : A
i % Rehclant feéding : : 1 N
0.8 . : : e _ 4 toluéne (exp)
" i ] o o-MNT(exp)
H i i 4 *  m-MNT(exp)
0.6 [T N — — = " p-MNT(exp)
L i ' i : ‘ : ‘ toluene (sim)
I : s : 1 , : 0-MNT(sim)
B4 [ P T ‘ ! ; :
L 3 5 : ; 3 U TS St p-MNT(sim)
: ' . : <A § 11 — — m-MNT(sim)
‘ : : I : : 1
02 [ N
RS V0 S0 N R N R B
O- R i el e ST POTT PP rr—
0 0.5 1 1.5 2 25 3 3.5 4
Time (h)

Fig. 5. Evolution of the organic phase composition—comparison between simulated and experimental results for the optimal conditions.

is given in Fig. 6. The mixed acid can be added to the errors between the future set points (reference profile) and
toluene through a peristaltic pump which is able to deliver the output predictions (temperature in the reactor) on a re-
a constant flow rate. A propeller ensures a good stirring. ceding horizon.

The temperature of the reaction medium is measured with
a thermal probe and automatically controlled. A condenser
has been added to avoid nitrous vapour evolution.

The heating—cooling system was precisely studied and de-
scribed by Bouhenchir et giL1]. It includes a 2000 W elec-
trical resistance and two plate heat-exchangers, one usin
cold water (at about 18C) and the other using a mixture of
glycol-water in ratio 50% (at a temperature-ef0°C). The
monofluid flow rate is measured by means of two flow me-
ters, one installed on the main thermal loop and the other on
the secondary thermal loop. Temperatures of the monofluid
and of the utility fluids are also controlled at any critical
point of the thermal loop. Three on—off valves allow the fluid
to be heated or cooled.

A computer equipped with input—output boards provides
real-time data acquisition, automatic start-up and operation4.3. Analysis
control. Supervision and control programs are implemented
on a PC. A predictive controller based on Predictive Func- Samples of the reaction medium were collected during
tional Control[12] is used to compute the necessary thermal the runs in order to follow the concentrations of toluene,
flux to be exchanged between the reactor content and themononitrotoluenes and eventually dinitrotoluenes: once ev-
fluid flowing in the jacket (manipulated variable). This con- ery 10 min during the first hour, then once every 30 min.
troller is based on a model representation of the process. OnThey were diluted with cold water to stop the reaction and
the other hand, the maximal and thermal capacities of thewashed several times with distilled water in order to elim-
different apparatus (electrical resistance, heat-exchangers)nate acids. The organic phase was then analysed by gas
are computed and used to select the “right” thermal elementchromatography[13], using a 25m HP-1 non-polar cap-
with a priority to the device currently used. illary column and an ionisation flame detector. Response

Then, the predictive controller computes and applies to the coefficients of each compound were previously determined,
process the manipulated variable by minimising the squaretaking toluene as the reference compound.

4.2. Typical run

The reactor was first fed with toluene (259.8 g). Stirring
and cooling jacket temperature (3D) were then set. Once
%he medium temperature had been stabilised, the mixed acid
was added at a constant flow rate. The medium tempera-
ture was recorded every 30s and samples were taken from
the medium to follow each product concentration. The ex-
act conditions given by the results of the optimisation were
followed. The experiment was performed twice to verify the
validity of the results (experiment 3). The conditions are
presented iMable 2
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4.4. Results and discussion can legitimate the application of this procedure to the same
reaction in an adiabatic mode, which could represent the
Fig. Srepresents the molar fractions of toluene and of the case, sometimes met in the industry, of a cooling failure
products of nitration as a function of time. Both simulated occurrencg14].
and experimental graphs are plotted on this figure and can be Further work will be devoted to the integration of dini-
compared. The results of experiments are in good agreementration in the kinetic model, which will lead to a competi-
with the model used for the simulation. The final yield is tive/consecutive reaction. This will allow to work between

equal to 35.6%. 80 and 100% acid strength and to obtain a better selectiv-

The temperature profile is represented-ig. 7. The ex- ity of p-MNT. But dinitrocompounds formation will then be
pected temperature is programmed according to the follow- favoured and safety constraints will be decisive to ensure
ing phases: the process operability.
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