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bstract

This paper deals with the modelling of a multiphase batch reaction: catalyzed nitrobenzene hydrogenation. The reactor’s gas–liquid mass transfer
arameters in the absence of any reaction are first identified, and the solubility of hydrogen in the reactional medium is also measured. A reaction
inetics and heat parameter identification method is then developed. This method is based on a light experimental procedure, requiring measurement
f only temperature and pressure variations in the batch reactor.

This study is carried out in an isothermal batch and semi-batch reactor, whose initial temperature varies between 283 and 333 K. A simplified
odel associating the hydrodynamic gas–liquid mass transfer parameters and the chemical kinetics processes is developed. The key parameters
hat can influence the reaction development are the hydrogen pressure, the coolant temperature, the quantity of catalyst pellets and the stirring
peed. The developed model also allows the precise simulation of the extent of reaction and the temperature evolution of the studied multiphase
atalytic reaction.

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

For several decades, a growing interest in the control of reac-
ions carried out in discontinuous reactors has been observed.
his type of reactor, characterized by a great flexibility, is much
sed in the pharmaceutical industry, fine chemistry and for the
roduction of certain chemicals specialty (detergent, dye, per-
umes, etc.) [1–3]. The majority of published studies devoted to
atch reactors were developed for the control of homogeneous
eactions, for which, most of the time, the studied parameters
re the initial reactant concentrations and temperature. Fewer
tudies have been devoted to heterogeneous reactions in multi-
le phases [4,5], whose implementation is much more delicate

6]: contrary to homogeneous reactions, hydrodynamic parame-
ers such as stirring speed, that can modify the multiphase mass
ransfer, should be taken into account.
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lling

This paper deals with the study, modelling and control of a
atch heterogeneous reaction: the catalytic nitrobenzene hydro-
enation reaction, using solid catalyst pellets containing palla-
ium. This reaction obeys the following stoichiometry:

6H5NO2 + 3 H2 → C6H5NH2 + 2H2O

he choice of this reaction allows for the illustration of two
ifferent points: first to study a kind of reaction which is widely
sed in fine chemistry and chemical specialities, and secondly,
o illustrate the problems related to the thermal stability of batch
r semi-batch heterogeneous reactors.

In the first section, the gas–liquid mass transfer parame-

ers are measured in the absence of any reaction in the reactor,
nd the solubility of hydrogen in the reactional medium is also
nvestigated. In the second section, a reaction kinetics and heat
arameters identification method is proposed, and a model tak-
ng into account both the hydrodynamic and kinetic phenomena
s developed.
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dx.doi.org/10.1016/j.cej.2006.08.012
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Nomenclature

a gas–liquid interfacial area (m2)
A heat transfer area (m2)
Ap particle geometric area (m2)
Ca Carberry number
Ccat catalyst pellets concentration (kg m−3)
CH2 concentration of hydrogen in the bulk liquid phase

(mol m−3)
C∗

H2
interface hydrogen concentration on the liquid

side in equilibrium with the gas (mol m−3)
Ci concentration of component i (mol m−3)
Cp specific heat capacity (J kg−1 K−1)
D diffusivity (m2 s−1)
De effective diffusivity (m2 s−1)
E activation energy (J mol−1)
EA enhancement factor
F flow (mol s−1)
He Henry constant for hydrogen (Pa m3 mol−1)
k rate constant (m3(1+�) kg−1 s−1 mol−�)
k′ rate constant (m3 kg−1 s−1)
kapp apparent kinetic constant (s−1)
kL gas–liquid mass transfer coefficient (m1 s−1)
kLS liquid–solid mass transfer coefficient (m1 s−1)
k0 frequency factor (m3(1+�) kg−1 s−1 mol−�)
k′

0 frequency factor (m3 kg−1 s−1)
m mass (kg)
ni number of moles of component i (mol)
ni,G number of moles of component i in gaseous phase

(mol)
N stirrer speed (s−1 or rpm)
P pressure (Pa)
Pv vapour pressure (Pa)
Q cumulated hydrogen consumption (m3)
r reaction rate (mol m−3 s−1)
R overall rate of hydrogenation (mol m−3 s−1)
S solubility (mol m−3)
t time (s)
T temperature (K)
U overall heat transfer coefficient (W m−2 K−1)
V volume (m3)
Vmol molar volume of hydrogen (NTP conditions)

(m3 mol−1)
x mole fraction
X conversion

Greek letters
�rH enthalpy of reaction (J mol−1)
�Hvap,i vaporization enthalpy of component i (J mol−1)
εL liquid holdup
εp porosity of the catalyst particle (kg m−3)
ϕ thermal inertia
ϕt Thiele modulus
ρ density (kg m−3)
τ tortuosity of the catalyst pellets
Γ molar heat capacity (J mol−1 K−1)

Superscript
α reaction order

Subscripts
amb ambient
an aniline
calc calculated
cat catalyst particle
exp experimental
G gas
L liquid
nb nitrobenzene
p particle
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. Experimental setup

The reactor used in this study is a cylindrical stainless steel
ank equipped with a jacket on its side wall. It was designed
ccording to the traditional Holland and Chapman [7] configura-
ion: the internal diameter is 0.11 m and the total volume is 1.39 l.
gitation is ensured by a Rushton turbine with right blades,
hose stirring speed is controlled between 0 and 5000 rpm

nd a heating bath ensures the thermal regulation of the reac-
or. Several temperature probes (Pt 100), allow the tracking of
he reactional medium and the external cooling liquid tempera-
ures. The device is also equipped with a mass flow rate meter
Alborg 0–5 NL/min), that allows measurement of the instan-
aneous hydrogen consumption, and a pressure sensor (Keller,
–5 bar). In order to ensure good bubble dispersion, the gas injec-
ion is performed through a plunging tube whose exit opening is
laced right below the agitation mobile. A sketch of the experi-
ental setup is presented in Fig. 1.
For each experiment 0.75 l of nitrobenzene (Prolabo Recta-

ur) are first loaded and mixed with the necessary quantity of
atalyst pellets. The catalyst pellets consist of activated carbon
articles, of 20 �m in size, filled with 5% by weight of palladium
Acros Organics). During and after the filling, a safety procedure
as to be followed: the reactor is first purged using nitrogen and,
y successive gas drainings, the gas phase is gradually replaced
y pure hydrogen gas. The reaction begins when agitation is
tarted. The temperature of the cooling liquid is controlled with
precision of ±0.1 K, and the reactor temperature, hydrogen

ressure and hydrogen feed flow rate are recorded against time.
he acquisition rate is 10 points/s. Since the minimal stirring
peed for suspending the catalyst pellets, as determined using
he relation of Joosten [6], is 810 rpm, it was decided that the

inimal stirring speed should be 1000 rpm.

. Measurements of mass transfer parameters
Before studying the reaction, the gas–liquid mass transfer
oefficient (kLa) and solubility of hydrogen in the reactional
edium were first measured.
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Fig. 1. Experime

Table 1
Compositions of various studied media

S1 S2 S3 S4 S5

x 1.00 0.73 0.47 0.23 0.00
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k a = 2.77 × 10 T N (1)
nb

an 0.00 0.27 0.53 0.77 1.00

nb and xan are respectively the nitrobenzene and aniline molar fractions.

.1. Gas–liquid transfer coefficient kLa

.1.1. Protocol and measurements
Determination of the gas–liquid transfer coefficient kLa has

een realized using a physical absorption method based on pres-
ure variation measurements and detailed in the following Refs.
8–11]. This method allows the simultaneous determination of
he mass transfer coefficient kLa and of the gas solubility in the
eactional medium.

The measurements were realized for several temperatures
T = 293, 313 and 333 K), several stirring speeds (between 1000
nd 3000 rpm) and for several nitrobenzene–aniline mixtures in
rder to take into account the influence of reactional composi-
ion, which changes gradually from pure nitrobenzene to aniline

s the reaction proceeds. The compositions of the various media
tudied are presented in Table 1.

A statistical processing of the gas–liquid mass transfer coeffi-
ient kLa measurements (Student’s test with an accuracy of 95%)

T
S
T

Fig. 2. Effect of the temperature and stirring speed on the hydrogen in
ntal setup.

howed that the results can be estimated with an uncertainty of
pproximately 4.2%, which is satisfactory for these kinds of
easurements. The variations of kLa against stirring speed and

emperature for pure nitrobenzene and aniline are presented in
ig. 2.

.1.2. Influence of stirring speed and temperature
As expected, the values of kLa increase with the stirring

peed. The increase of temperature also slightly accelerates the
as to liquid mass transfer. Indeed, the temperature has two
ombined effects: for high temperature values, surface tension,
ensity and viscosity decrease, which induces the formation of
maller bubbles and thus increases the interfacial area a [10,12].
oreover, the increase in diffusivity also induces an increase in

he mass transfer coefficient kL.
A semi-empirical law that describes the variations of the

ydrogen gas–liquid transfer coefficient kLa with stirring speed
nd temperature, respectively, in nitrobenzene and aniline, can
hen be proposed:

kLanb = 4.17 × 10−12T 2.52N3.1 and
−12 2.52 3.1
L an

he variations of kLa for different reactional media (S1, S2, S3,
4 and S5) and a temperature of 313 K are presented in Fig. 3.
he experimental values for varying compositions can be fit by

nitrobenzene and aniline (S1 and S5) mass transfer coefficient.
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ig. 3. Mass transfer coefficients for various media against temperature and
tirring speed, T = 313 K.

he following correlation, plotted in dotted line in Fig. 3:

Lamixture = xnbkLanb + xankLaan (2)

.1.3. Influence of the quantity of solid particles
Several studies dealing with the influence of solid parti-

les on the mass transfer coefficient kLa have been carried out
8,11,13,14]. It remains difficult however to propose a general
elation describing the variation of the mass transfer coefficient
La with the quantity of solid particles, whatever their material
ay be.
A series of experimental measurements are shown here: in

he case of activated carbon particles of 20 �m in average size
nd for concentrations ranging between 0 and 2 kg/m3, the influ-
nce of solid on the measured transfer coefficient is negligible,
s can be seen in Fig. 4, describing the variations of the mea-
ured transfer coefficient with stirring speed for different solid
oncentrations.

.2. Solubility

.2.1. Protocol and measurements
The determination of hydrogen solubility, or Henry coeffi-

ient, was performed according to the following procedure. After

quilibrating hydrogen and solvent under the pressure, Pi, agita-
ion was stopped and the pressure of hydrogen within the reactor
as quickly increased at P0. Agitation was started again, until

eaching another equilibrium state (Pf). A mass balance between

ig. 4. Mass transfer coefficient against stirring speed for different solid con-
entrations, T = 313 K.

l

W
d
(
s

Fig. 5. Henry coefficient against reciprocal temperature.

he two equilibrium states leads to [8]:

e = VLRT

VG

Pf − Pi

P0 − Pf
(Pa mol−1 m3) (3)

he relation between the Henry coefficient and solubility can be
xpressed as follows:

∗
H2

= PH2

He,H2

(mol m−3) (4)

easurements were realized for temperatures ranging between
83 and 323 K, and a reproducibility test showed that the error
f measurement was about 3%.

Hydrogen Henry coefficients for the pure nitrobenzene and
niline are, respectively:

e,nb(T ) = 1.00 × 104 exp

(
551

T

)
(Pa m3 mol−1) (5)

e,an(T ) = 1.66 × 104 exp

(
439

T

)
(Pa m3 mol−1) (6)

.2.2. Influence of liquid composition
For ideal mixtures, Hichri [15] proposed the use of the fol-

owing empirical relation:

n(He,mixture) = x1 ln(He,1) + x2 ln(He,2) (7)
hen applied to the experimental measurements realized for
ifferent nitrobenzene and aniline compositions, this relation
only valid for an ideal mixture) has good agreement, as can be
een in Fig. 5, where the dotted line corresponds to relation (7).

Fig. 6. Henry coefficient against solid concentration.
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Finally it has been also experimentally shown that solid par-
icles do not have a significant influence on the solubility of
ydrogen in nitrobenzene or aniline, as can be seen in Fig. 6,
escribing the variations of hydrogen solubility in nitrobenzene
gainst solid concentrations for different temperatures.

. Measurement of the reaction kinetics

.1. Protocol

The objective was here to determine an apparent kinetic
aw for the catalyzed nitrobenzene hydrogenation using a light
xperimental procedure. The measurements were carried out in
atch mode for the liquid and gas phases according to the fol-
owing protocol: once the reactional mixture has been loaded
nd hydrogen drainings carried out, the reactor is pressurised
nder 3 × 105 Pa. As soon as agitation is started up, a pressure
ecrease is observed, while the reactional temperature remains
nchanged. The experiment is stopped when all hydrogen has
een consumed (PH2 ≈ 0).

In order to assure isothermal conditions, the cooling bath
emperature was regulated according to the reactor temperature,
nd the cooling liquid temperature varied in order to keep a
onstant reactional temperature.

The advantage of such a methodology is that experiments are
arried out with a very high under-stoichiometry of hydrogen

ompared to that of nitrobenzene (of about 1 per 1000), so that
or each experiment, the nitrobenzene conversion remains very
ow. Thus, multiple experiments can be carried out with the same
eactional medium with neither draining nor renewal.

A
o
s

Fig. 8. Variation of kapp against stirring speed
Fig. 7. Determination of kapp: Ccat = 1 kg m−3, N = 3000 rpm, T = 303 K.

.2. Determination of the apparent kinetics rate

For each run, it can be shown that the pressure drop against
ime follows a decreasing exponential law, which is character-
stic of an apparent first-order kinetic reaction in hydrogen.

A global mass balance on the gas phase during the batch
xperiment leads to:

dnH2

dt
= − VG

RT

dPH2

dt
= kapp

VG

RT
PH2 (8)

dPH2 = −kappPH2 and then ln

[
PH2

]
= −kappt (9)
dt PH2,t=0

s an example, the variation of hydrogen pressure is presented
n a logarithmic scale for a typical experiment in Fig. 7. A
traight line of slope −kapp is obtained, consistent with an

, temperature and pellet concentration.
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hydrogenation rate, the Carberry number can thus be evaluated
ig. 9. Variation of the apparent kinetics constant against pellet concentration,
= 283 K, N = 4000 rpm.

pparent first-order reaction in hydrogen. The experimental error
s about 3.5%.

Four series of experiments were carried out for varying cata-
yst pellet concentrations in the range 0.5–2 kg/m3. The choice
f this concentration level was based on former studies on hydro-
enation reactions in organic mediums [16–18]. For each series,
he temperature ranged between 283 and 333 K with steps of
0 K and, for each temperature, the stirring speed increased from
000 to 4000 rpm with steps of 500 rpm. Fig. 8 presents all the
easured values of kapp.
The experimental values of kapp increase with stirring speed

nd temperature. This observation shows that both the mass
ransfer in the liquid boundary layer and the reaction kinetics,
hich are activated by temperature rise, have an influence on

he apparent kinetic rate. For the lowest temperatures and high-
st stirring speeds, the values of kapp become almost constant.
heses threshold values show that the reaction then proceeds in
reaction-rate limited mode or chemical regime, characteristic
f the absence of any hydrodynamic or diffusional limitations.

These threshold values allow for the determination of the
hemical reaction kinetics in the absence of any limitations.
ndeed, the proportionality between such determined apparent
inetic rates and catalyst concentrations, as can be seen in Fig. 9,
uggests the absence of any mass transfer limitation.

.3. Mass transfer limitations

For a heterogeneous gas–liquid–solid batch catalysed reac-
ion, mass transfer first takes place from the gas phase to the
iquid phase, then from the bulk fluid to the external surface of
he pellet and finally, reactants diffuse through the pellets, where
eaction takes place on the catalytic surface. Several mass trans-
er limitations (gas–liquid, liquid–solid and internal diffusion)
hould be taken into account, and the development of a complete
inetic model requires the determination of the limiting regimes.

.3.1. Gas–liquid mass transfer

Mills [5] and Rode [17] have defined an adimensional num-

er, α which represents the ratio of the observed hydrogen
onsumption rate to the gas dissolution rate in the pure liquid

u

c

Fig. 10. Gas–liquid mass transfer limitations, Ccat = 1 kg m−3.

hase:

= RH2

kLaC∗
H2

(10)

n absence of any gas–liquid mass transfer limitations, the adi-
ensional number, α must be lower than 0.1.
Since the observed consumption rates,RH2 , vary against time,

heir initial and highest values, corresponding to the situation
here the gas–liquid limitations are the most significant, have
een chosen for the estimation of α.

For high stirring speeds and for low catalyst pellet concen-
rations or temperatures, the values of α are lower than 0.1,
hich is characteristic of the absence of any gas–liquid transfer

imitation. However, all other process conditions lead to values
igher than 0.1, as can be seen in Fig. 10 for a catalyst pellet
oncentration of 1 kg m−3 and for various stirring speeds and
emperatures.

The gas–liquid mass transfer limitations are thus significant,
nd should be taken into account in the mathematical description
f the reaction.

.3.2. Liquid–solid mass transfer
The Carberry number, Ca, allows for the estimation of the

imitations of the transfer from the bulk fluid to the external
urface of the pellet, also described as external mass transfer:

a = RH2

kLSCcatCH2Ap/Vpρp
(11)

he external mass transfer limitation is negligible when Ca < 0.1
19].

The liquid–solid mass transfer coefficient (kLS), was esti-
ated according to the correlation of Armenante and Kirwan

20] which seems appropriate, given the size of the catalyst pel-
ets. The concentration of hydrogen in the bulk liquid phase can
e related to the overall hydrogenation rate and the mass transfer
oefficient as (see section 4.4 and Fig. 13):

H2 = kLa(C∗
H2

− CH2 ) so that CH2 = C∗
H2

− RH2

kLa
(12)

hen the mass transfer coefficient is larger than the overall
sing the hydrogen solubility.
Fig. 11 presents the variations of the Carberry number for a

atalyst pellet concentration of 1 kg m−3 and for various stirring
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than adsorption with reaction. This remark, which applies to
all the performed experiments means that the reaction does not
accelerate the mass transfer whatever the values of the process
parameters, and that the enhancement factor can be considered
to be equal to 1.
Fig. 11. Liquid–solid mass transfer limitations, Ccat = 1 kg m−3.

peeds and temperatures. All calculated values of Ca remain
ar lower than 0.1, supporting the hypothesis that there are no
iquid–solid transfer limitations. The external mass transfer is
hus not significant and will be neglected in the developed model.

.3.3. Internal diffusion mass transfer
The calculation of the Thiele modulus allows for the deter-

ination of the influence of the internal diffusional limitation
nto the pellets. For ϕt < 0.3 the internal diffusion limitation is
egligible:

t =
(

RH2

DeffCcatCH2/L
2
pρp

)1/2

(13)

ith Deff the effective diffusivity Deff = εpD/τ.
The tortuosity depends on the porosity, and has been cal-

ulated according to the relation of Lordgooei et al. [21]. The
ydrogen in nitrobenzene diffusion coefficient was estimated
sing the Wilke and Chang [22], Tyn and Callus [23] and Nakan-
shi [24] correlations, which all lead to similar values. The
haracteristic data of the catalyst pellets are gathered in Table 2.
inally, the hydrogen concentrations were estimated using rela-

ion (12).
The variations of the Thiele modulus for a catalyst pellet con-

entration of 1 kg m−3 and different stirring speeds or tempera-
ures are presented in Fig. 12. The values of ϕt are between 0 and
.27 and remain, for varying operating conditions, smaller 0.3.

Thus, the internal diffusion mass transfer limitations will not
e taken into account in the proposed model.

.4. Development of a global model, determination of the
inetic parameters
The preceding paragraphs have shown that only gas–liquid
ass transfer limitations should be taken into account to describe

he batch catalysed nitrobenzene hydrogenation reaction.

able 2
haracteristic data of the catalyst pellets

pecific surface area 1000 m2 g−1

orosity 0.53
ortuosity 2
iffusion coefficient (calculated) 2.88 × 10−9 m2 s−1

pparent density 530 kg m−3

article mean size <20 �m F
r

Fig. 12. Internal mass transfer limitations, Ccat = 1 kg m−3.

A mass balance on hydrogen consumption gives:

dnH2

dt
= − VG

RT

dPH2

dt
= VG

RT
kappPH2

= VLkLaEA

(
PH2

He
− CH2

)
= VLk′CcatCH2 (14)

he last term on the right-hand side corresponds to the chemical
onsumption of hydrogen. The apparent first-order reaction in
ydrogen has already been observed for all the performed experi-
ents, and as nitrobenzene conversion remains very low during

n experiment, the nitrobenzene concentration is supposed to
emain as constant.

After reorganization, relation (14) gives:

VLRT

VGHe

1

kapp
= 1

k′
app

= 1

kLaEA
+ 1

k′Ccat
(15)

o use relation (15), it is necessary to estimate the value of the
nhancement factor EA. When comparing the hydrogen con-
umption rates in the absence (absorption alone) and presence
absorption and reaction) of catalyst pellets, for the same operat-
ng conditions (Fig. 13), it can be remarked that these two rates
re identical, even if physical absorption ends up much earlier
ig. 13. Comparison between initial hydrogen in nitrobenzene consumption
ates, N = 3000 rpm, Ccat = 0.5 kg m−3, T = 293 K.
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Fig. 14. Determination of activation energy, Ccat = 0.5 kg m−3.

Finally, relation (15) can be rewritten as

1

k′
app

= VLRT

VGHe

1

kapp
= 1

kLa
+ 1

k′Ccat
(16)

he more significant agitation is, the more the transfer coeffi-
ient value, kLa, is high, and the more the term 1/kLa becomes
egligible compared to 1/k′Ccat. Under these conditions, k′

app,lim
s the limiting value of k′

app for the highest stirring speeds.
Since k′

app,lim corresponds to the reaction rate limited mode,
n the absence of any mass transfer limitation, their values can
e used to measure the apparent activation energy and frequency
actor of the catalysed nitrobenzene hydrogenation. The follow-
ng relation can be written:

′
app,lim = k′Ccat = k′

0 exp

(
− E

RT

)
Ccat (17)

hus plotting k′
app,limin an Arrhenius diagram (Fig. 14) gives

E

R
= 2422 K (E = 20.14 kJ mol−1) and

k′
0 = 1023 (m3 kg−1 s−1)

The activation energy value determined in this study is
lose to the value reported by Acres and Cooper [18]:
= 23.2 kJ mol−1. The hydrogen consumption rates measured

ere are also of the same order of magnitude as those reported
y the same authors [18], for high nitrobenzene concentrations.

Finally, taking the numerical expression determined by the
hysical procedure (relations (1) and (2)) for kLa, the values
f the apparent constant, kapp, can be re-calculated, and are
uperimposed (in a continuous line) with the experimental mea-
urements in Fig. 8. It can be remarked that the agreement is
atisfactory.

.5. Reaction in semi-batch mode

.5.1. Introduction
The objective of this part was to carry out the reaction until

otal conversion of nitrobenzene was achieved. The experimen-
al procedure remained practically identical to that described
reviously, except that the pressure was kept constant. For these

xperiments, as soon as agitation begins, the reaction starts and
ydrogen consumption is followed by a mass flow rate meter.
hus, at every moment, if the accumulation terms are neglected,

he measurement of the instantaneous hydrogen flow rate allows
ing Journal 124 (2006) 19–28

or the estimation of the rate of nitrobenzene consumption.
inally, as the heat released by the reaction is now more signif-

cant (since nitrobenzene conversion is increased), the reactor
s no longer supposed as isothermal, and the experiments are
arried out in isoperibolic mode.

The interpretation of such experiments requires the devel-
pment of a model which takes into account mass and heat
alances in the reactor, and developed according to the
ollowing assumptions:

The gas phase is supposed to be composed of hydrogen and
vapour of various reactants and products appearing or disap-
pearing as the reaction proceeds.
The variation of the organic phase reactional volume during
an experiment is taken into account. The variations of solu-
bility and diffusivity of hydrogen against temperature are also
described. The water produced during the reaction is supposed
as being insoluble in the organic phase, and the solubilities of
nitrobenzene and aniline in aqueous phase are also neglected
[25].

.5.2. Mass balance
The cumulative hydrogen flow rate allows for the definition

f a nitrobenzene conversion extent as:

(t) = QH2 (t)

3Vmolnnb,0
(18)

aking the same expressions as those developed for experiments
erformed in batch mode, the mass balance is written:

H2 (t) = rH2VL = kapp
VG

RT
PH2 = kLaVL(C∗

H2
− CH2 )

= kCH2CcatC
α
nbVL (19)

ith

= k0 exp

(
− E

RT

)
= k′

Cα
nb

= 1

Cα
nb

k′
0 exp

(
− E

RT

)
.

his expression allows for the definition of a nitrobenzene reac-
ion rate and the variation of the nitrobenzene reaction extent
gainst reaction time:

rnb = rH2

3
=1

3

PH2 (t)/He

(1/(k0 exp(−E/RT )CcatC
α
nb)) + (1/kLa)

and

dX

dt
= 1

3Cnb,0

× PH2 (t)/He

(1/(k0 exp(−E/RT )CcatC
α
nb,0(1 − X)α)) + (1/kLa)

(20)

.5.3. Heat balance
The heat balance can be written as

A(Tw − T ) = mCPϕ
dT

dt
+VLrnb�rH + FH2Γp,H2 (T − Tamb)
+ dnnb,G

dt
�Hvap,nb + dnan,G

dt
�Hvap,an

+ dnH2O,G

dt
�Hvap,H2O (21)
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Table 3
Semi-batch experiments conditions and parameters

1 2 3 4 5 6 7 8 9 10 11 12 13

N (rpm) 2500 2500 2500 2500 1200 1500 2000 3000 1200 1500 2000 3000 3000
Ccat (kg m−3) 0.5 1 1.5 2 1 1 1 1 1.5 1.5 1.5 1.5 0.5
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ig. 15. Example of the comparison between the experimental and modelled te

w = 303 K.

his balance takes into account the heating of the hydrogen flow
nto the system as well as the vaporization enthalpy of the water,
itrobenzene and aniline.

The overall heat transfer coefficient UA and the thermal iner-
ia ϕ have been obtained following an experimental calorimetric
tudy. The procedure consists of the heating of the reactor con-
aining reactants (without catalyst pellets) by a thermal source
f known power and to follow the temperature evolution against
ime. The resolution of the heat balance in such conditions leads
o a thermal inertia ϕ of 1.125 and an overall heat transfer coef-
cient UA of 14.1 W K−1.

The gas phase composition is defined using the liquid vapour
quilibrium relations. The device allows for the maintenance of
he gas phase pressure at a constant value Pt. Thus, at every

oment:

H2 (t) = PT − Pnb(T ) − Pan(T ) − PH2O(T ) (22)

here Pnb(T), Pan(T) and PH2O(T ) represent respectively the
artial pressures of nitrobenzene, aniline and steam at the tem-
erature T(t).

Based on the assumption of the liquid phase composition
etailed above, it is supposed that the partial pressure of water
s equal to its saturating vapour tension at the considered tem-
erature, and that the aniline–nitrobenzene mixture is ideal. As
ollows:

PH2O(T ) = Pv,H2O, Pnb(T ) = xnbPv,nb,

Pan(T ) = (1 − xnb)Pv,an (23)

here xnb represents the molar ratio of nitrobenzene in the

rganic phase and Pv,nb, Pv,an, Pv,H2O, are the saturating vapour
ressures of nitrobenzene, aniline and water.

In this approach, one should not lose sight of the fact that
he boiling points of nitrobenzene and aniline are much higher

z
t
t
t

ature and conversion profiles, N = 2000 rpm, Ccat = 1.5 kg m−3, P = 3 × 105 Pa,

han that of water and thus, that it is the evaporation of water, in
articular, which has to be taken into account in the heat balance.

By identifying this model in a series of semi-batch exper-
ments whose conditions are gathered in Table 3, we could
dentify and validate the model by a simultaneous nonlinear
egression based on the profiles of conversion and temperature
gainst time. Fig. 15 shows, for a particular case, that the agree-
ent is satisfactory.
This developed model allows for a better specification of the

hemical kinetics law. The reaction order in nitrobenzene was
ound to be 1/3, and the chemical reaction rate per mole of
ydrogen can finally be expressed as:

H2 = 47.8 exp

(
−2422

T

)
CcatC

1/3
nb CH2 (mol m−3 s−1) (24)

. Conclusion

Initially, a study of the gas–liquid mass transfer was per-
ormed to determine the global mass transfer coefficient, kLa,
nd the solubility of hydrogen in the reactional medium. We have
hown that the mass transfer coefficient varies with the stirring
peed at the order 3.1, and is thus proportional to the dissipated
ower in the vessel. The influence of solid particles on the trans-
er coefficient, kLa, and solubility proved to be negligible for the
tudied concentrations.

A reaction kinetics and heat parameters identification
ethod, based on temperature and pressure measurements
ithin the reactor, was then developed and applied to batch

xperiments. The apparent kinetics of the catalysed nitroben-

ene hydrogenation was deduced by pressure variations over
ime. If batch reactors are sometimes difficult to analyse, from
he numerical resolution point of view, such reactors allow for
he performance of kinetics measurements in a simple and fast
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ay. Indeed, the advantage of such a methodology, using a very
igh under-stoichiometry of gas, is to allow for great number of
xperiments, without renewing the liquid reactant.

Finally a complete kinetic study, based on the resolution of
eat and mass balances in semi-batch mode, was carried out to
recisely identify the reaction kinetics and to develop a model
ssociating the gas liquid mass transfer and chemical kinetics
rocesses.

This reaction, of easy implementation and whose kinetics
ate can be varied according to the catalyst pellets quantity, can
urther be used as a model reaction for the study of thermal
tability or thermal runaways of heterogeneous batch and semi-
atch reactors.
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