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1. Introduction

In the field of fine chemicals or pharmaceuticalspm flexibility and

multifunctional considerations, batch reactor ciatds the standard production
unit. Because of heat transfer restriction androlepto dissipate reaction heat,
productions are often carried out in diluted mediand operated in semi-batch
mode. Such issues explain the recent increasiegesttin the batch to continuous



switching (Stitt, 2002) and in process intensificat (Green et al., 1999,
Hendershot, 1999, Stankiewicz et al., 2002). Irs ghirpose, new continuous
devices based on the plug-flow reactor principleehbeen developed. In fact,
plug-flow reactor represents the exact continuaussttution of a pure batch
reactor. To operate as pure batch, these deviagsreeboth enhanced heat
transfer and mixing performances. In this way, & kend of continuous reactor
has been studied: the heat exchanger reactor (Rilay., 1998, Phillips et al.,
1997).

A continuous heat exchanger reactor, the “OpereRatactor (OPR)” has
been developed by Alfa Laval Vicarb. It allows cdexpchemical reactions to be
performed with a very accurate thermal control, dombining high thermal
capacity with improved mixing conditions (Prat dt, &2005). This reactor
therefore appears particularly suited to procetmnsification as it allows, at the
same time, enhanced energy efficiency, improveddymtivity (increase of
reactants concentration) and reduced impact orettvronment (reduction of
solvent consumption and therefore of separatiguste

According to its thermal and mixing performancés bpen plate reactor
is a promising apparatus for fast and highly exothe systems as it allows non-
classical temperature and concentration domainsetoconsidered. Different
experimental studies dealing with acid/base or wodithiosulfate oxidation
reactions highlight this statement (Prat et alQ3)0The aim of the present paper
is to show that such reactors could also offerra@sng perspectives for slow
reactions by intensifying operating conditions. drction of methyl acetate, an
esterification class reaction, has been considécedhis purpose. Because
operating conditions are different than those atafly used, a Kkinetic
experimental study has been realised and kinetaehymroposed.

2. Methyl acetate production

Methyl acetate is produced via the esterificatibmethanol with acetic acid. The
reaction is a homogeneous liquid phase procesggewhe limiting conversion of
the reactants is determined by an equilibrium, ating to the following reaction
scheme:

o (@)
CH;—OH + CHy—c” — HO0 + CH—C’
NOH NO —CHs
Methanol Acetic acid Water Methyl acetate

The reaction rate is very slow and is generallyagclked with an added
homogeneous catalyst such as sulphuric aci$@y. In fact, the initiating step



in the reaction mechanism is the protonation ofdasoxylic acid. Kinetics of

the reaction is well-known for a long time (Rolfeat., 1934, Hilton, 1939) and

have recently received growing interest since tlwetbpment of reactive

distillation (Agreda et al.,, 1990, Popken et al00@, Bonaillie et al., 2001,

Balland et al., 2002). Considering the heat geedrathe reaction is assumed
athermic.

Relating to reaction intensification, as we aimwork in a specific
domain in terms of operating conditions such asptrature, pressure and
catalyst concentration, some uncertainties appéar regards to kinetic models
of literature. To solve this issue, a new model haen determined from
experimental studies carried out at atmosphericsgue with different
temperature and catalyst concentrations (see 13ble

Table 1: operating conditions of kinetic experinsent

Catalyst concentration

Temperature

3mLL* 6mLL? 10

mL.L™?

20°C X
33°C X
43°C X X
48°C X X X
53°C X X X
57°C X X X

The experimental device consists of a stirred jazkéab scale glass batch
reactor (2 L) with an overhead condenser. The fackeprovided by water
circulating in a close loop from a thermostatedhbttat allows the reactive
medium temperature to be kept constant. After esdstaddition, samples are
withdrawn at close time intervals and analysed &y ghromatography (Varian
GC 3800) in order to determine the reactive medazomposition. A specific
column (Cpsil 5 CB 50 m x 0.53 mm i.d. -&n film thickness) and Flame
lonization Detector (FID) have been used to detewt separate each organic
component. Unfortunately, water can not be deteatetpropanol has to be used
as internal standard.

In stoechiometric conditions, the equilibrium limitonversion to 66 %, as
methanol is a primary alcohol. In order to reaclghhiconversion level,
experiments have been carried out with acetic egimkss (1.2 L of acetic acid
and 0.3 L of methanol). As methanol (reactant) amethyl acetate (product)
compositions are followed according to time, cosi@r may be estimated by



two ways (equations 1 and 2). A comparison of edichws the molecular balance
to be verified, as shown on figures 1 and 2.
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n -n o
Cony= MMM 100 estimation from methanol (1)
nMeOH
n o
Conv=—~£=2€x100 estimation from methyl acetate 2
n

MeOH

with:  Conv : reaction conversion (%)

N°MeoH - initial molar holdup of methanol (mol)
NMeoH : molar holdup of methanol detected at a giveret{mol)
Nacetate : molar holdup of methyl acetate detected at argivme (mol)
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Figure 1: kinetic experiment at 48°C with 6 mL.bf catalyst
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Figure 2: kinetic experiment at 57°C with 10 mt.bf catalyst

A model of methyl acetate esterification has beemestigated in order to
take into account the influence on the reactioe Httemperature and catalyst
amount. Stoechiometry of the reactions (esterificatof acetic acid with
methanol and hydrolysis of methyl acetate) is agslito be as described in
literature (Agreda et al., 1990, Pdpken et al.,(@2onalillie et al., 2001). An
Arrhenius law is applied to model kinetics, assugnihat catalyst concentration

presents a linear influence on reaction-rates daogrto literature (Bonaillie et
al., 2001):

E

r=kg exp(- a E

2
a
RT

R'Il'j [CH,COOH|[CH,OH] - k2 exp(- j [CH,COOCH][H,0] (3)

with: r: reaction rate (mol.fhs™.[H.SOy])
E.. activation energy (J.mo)
ko: pre-exponential factor (fmol™.s™.[H,SQy))
R: universal gas constant (J-fhol™)
T: temperature (K)
superscript 1: related to esterification
superscript 2: related to hydrolysis



The kinetic parameters obtained from our set okexrments (see table 2)
show a more important sensitivity to temperatulateel to a higher activation
energy for both esterification and hydrolysis. Morer and unlike literature
modelling (Bonaillie et al., 2001), such activati@mergies reveal a slight
dependence on temperature of the equilibrium cahsta

Table 2: estimated kinetic parameters compareitet@lure ones

Pre-exponential factor Activation energy
Kinetic (m>molt.smi*L of H.  (J.mol)
parameters  2SQy)

Esterification Hydrolysis Esterification Hydrolysis

New model 4.21 0.322 53800 52580
Cited 0.055 0.011 41800 41800
Literature
0.7
0.6
P ////,or ® — &~ - = ° =
05 - v
o A Acetic Acid = Methanol
§ 04 - * Methyl acetate e Water
E + —— New model - - — Literature model
8 03 S
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Time (h)

Figure 3: model validation on experiment at 48°€hvéi mL.L™* of catalyst
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Figure 4: model validation on experiment at 57°@wli0 mL.L* of catalyst

In order to demonstrate the accuracy of the moeedlutions of the
reactive medium composition have been comparectdeia prediction (figures 3
and 4). The good agreement observed at differargldeof temperature and
catalyst concentration confirms the validity of thew modelling in term of
reaction rate formulation and in term of parameéstsmation.

In order to grasp the differences between liteetnodels and the new one,
a comparison of the related reaction constantsrdeupto temperature (equation
4) has been performed on figure 5. Relating torn#ae model, such comparison
shows different values of the reaction rate andghdr influence of temperature.
However, all models appear to converge on the saahe for temperature in a
60-70°C range, that corresponds to standard opgratbnditions of reactive
distillation at atmospheric pressure (boiling pah&atmospheric pressure is equal
to 57°C for methyl acetate and to 65°C for methpmdiich have been recently
studied in detail. Such considerations back upctmidence that can be placed in
the present model at standard and also new ine¢stigoperating conditions.

k =k, exp(- Eéll_ j 4)

with: k: reaction constant (imol™.s*.[H,SQy])
E. activation energy (J.md)
ko: pre-exponential factor (flmol™.s™.[H2SQy))




R: universal gas constant (3ol

T: temperature (K)

superscript i: related to the considered reaction
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Figure 5: comparison of reaction constants accgrtbrmodelling

3. Continuous reactor description

The “Open Plate Reactor” developed by Alfa Lavatarb is based on a modified
heat exchanger design and consists of a modulastste built by the stacking of
different plates related to the circulation of m@t medium and utility fluid.

Some specific flow inserts inside plates enhaneentixing and residence time
and guarantee good heat transfer capacity (Chop@éd,, Chopard, 2002, Bouafi

—

V6> @

o+—6

4

et al., 2004).
S0
IUlililyfluid R2
R1
L——=
e
IUtility fluid

Figure 6: pilot plant
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The pilot reactor used in the present study cansibthree blocks (each
block is composed of one reactive plate surrourietivo utility plates) with the
following flow configuration: co-current for theréit and third, counter-current for
the second. Two loops ensure the introduction attents inside the reactor:
main loop (R1) and secondary loop (R2) that offdrs ability of multiple
injection points. In the frame of the present studg reaction is slow and
athermic, one single secondary injection locateth@treactor beginning has been
considered. The range of the standard operatingittoms extends from 20 to
200 L.h* for the process fluid (R1 + R2) and from 0.2 tordbh™* for the utility
fluid. The nominal operating conditions of the pifdant are about 50 Lhfor
the process fluid that ensures at the same timd guwring of the reactants and
enhanced thermal performances (Prat et al., 2005).

Temperature measurement facilities are implemeate@dlong reactive
and utility lines in order to provide temperaturefpges: 10 sensors located on the
reactive side and 3 sensors on the utility one.réection is assumed to be
athermic, the temperature profile of the reactivedmm consists of reactants
heating. Therefore only the beginning part of tleactor requires numerous
temperature records. Consequently, thermocoupléseafeactive side are mainly
set-up at the reactor beginning, in the first bl(sxe table 3).

Table 3: location of temperature sensors

Location related to process fluid channel

Sensors

Traversed Time to reach thermocouple at 50

volume (L)  L.h™*(s)
Processfluid
Inlet 0.0 0.0
Block 1 — Th. A 0.0237 1.7
Block 1 -Th. B 0.0405 2.9
Block 1 -Th. C 0.0573 4.1
Block 1-Th. D 0.1747 12.6
Block 1 -Th. E 0.2586 18.6
Block 1 —Th. F 0.3425 24.7
Block 1 -Th. G 0.4264 30.7
Outlet block 1 0.4600 33.1
Outlet block 3 1.3800 994
Utility fluid
Inlet 0.0 0.0
Outlet block 1 0.4600 33.1
Outlet block 3 1.3800 99.4




4. Intensification methodology

The aim of the present study is to show the feltsibof high conversion
esterification in a new concept of continuous reactAs methyl acetate
production is very low in batch operation (from abd to more than 24 hours
according to temperature and catalyst concentrgtiba reaction needs operating
conditions to be intensified in a continuous opgeraperspective. To achieve this
goal and according to batch experiment results ¢setion 2) the influence of
different operating conditions may be considered:

* Increase of reactive medium temperature.
* Increase of residence time.
* Increase of catalyst concentration.

Two parameters allow reactive medium temperaturbetoncreased: the
utility fluid temperature and to a slight extentethutility fluid flow-rate.
Nevertheless, for productivity and safety reasdhs, reactive medium boiling
point has to be strictly avoided. In this way, therating pressure needs to be
increased. As the maximal pressure available opitbedevice is equal to 5 bars
that corresponds to 111°C boiling point for methaaod 112°C for methyl
acetate (the most volatile components), it has loeeided to restrict utility fluid
temperature to 90°C. The residence time of thetikmamedium may be increased
on one hand by reducing the flow-rate that may leéadlimited heating
performance and on the other hand by geometricaltyeasing the reactor
volume. In the pilot version of the OPR implemensdhe LGC, such factors are
limited 20 L.K* and 9 blocks (about 4 L) for respectively flowerand residence
time. With regards to catalyst concentration, awe#cs has been validated for
concentration below 10 mL1, the maximal value is set to 10 mLLL

From an intensification viewpoint, since some feaswf the pilot version
of the “Open Plate Reactor” limit our latitude (nra&l pressure of 5 bars and so
maximal temperature of 90°C, number of blocks eqgt@ml3) a specific
methodology has been adopted. In fact, intensifinatis performed by
simulation, by mean of a modelling tool (Elgue ket 2005, Elgue et al., 2006).
This tool is based on a complex dynamic modellihthe reactor that allows to
take into account at the same time hydrodynamernthl and reaction aspects.
First, a preliminary step based on experimentalistuis carried out to allow tool
predictions to be validated. In this way, impacttba reactor behaviour of key
parameters (reactive medium temperature, residénmee catalyst amount) is
studied in detail. Then, the operating conditiohshe intensified operation are
determined by simulation.

An operation carried out at nominal “Open Plate d&d conditions is
used as reference (see table 4). Acetic acidq66ass) with catalyst (6 mLLof
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sulphuric acid) at a flow-rate equal to 40 t.ltomposes main fluid (R1).
Methanol (85 % mass) is then injected at reactgméng with a flow-rate equal
to 10 L.K'. Initially, reactants are at room temperature.ykthe glycol is
provided as a utility fluid with the following coittns: flow-rate equal to 1680
L.h* and 57.1°C temperature. In order to estimate dimeersion at reactor outlet,
different samples are withdrawn and analysed byrohtography (method is
described in Bonaillie et al., 2001). The conversi@lues deducted from each
sample are given in table 4, in the different calsmelated to conversion. Such
procedure has been adopted for each experimerdliwes the reproducibility of
the conversion estimation obtained by chromatograple validated.

Table 4: operating conditions of “Open Plate Redagperiments

Reactive medium  Utility fluid

Conversion
Experime Flow- Cataly Flow-  Temperat (%)
nt rate st rate ure
L.h? LL™ (L.h? o
CY - fmils e o L o 3
Reference 50 6 1680 57.1°C 556.2
1 25 6 1660 57.3°C 12.11. 13.
4 9 0
2 50 8 2300 74.2°C 17.17.
3 3

Two additional experiments have been carried oatskess the impact on
the reactor behaviour of residence time (experimBnand of both reactive
medium temperature and catalyst concentration (eérpat 2). Related operating
conditions are detailed in table 4. During expenimg, the influence of both
temperature and catalyst concentration is congidefais does not allow all
influence to be seen separately. Neverthelesspbfective of this experiment
does not lie in the estimation of the temperaturthe catalyst impact which has
already been determined during the kinetics stddie point is to validate the
predictions under specific conditions which have heen considered: chosen
temperature above the boiling point at atmosph@essure.

In order to validate the tool predictions, for eaotperiment, simulation
results have been compared to the reactor expaaimbahaviour in terms of
temperatures and conversion (figures 7 to 9). \Wagards to conversion, analysis

of the reactive medium is performed by gas chrogragghy as described in
section 2.
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Figure 7: reference OPR experiment
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Figure 8: influence of residence time on OPR behavi
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Process: 50 L/h, 8 mL Catalyst - Utility: 2300 L/h, 74.2C
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Figure 9: influence of catalyst concentration atilityiconditions on OPR behaviour

For each experiment, the good agreement obserte@de simulated and
experimental results allows the model to be vatidafAccuracy of the predictions
is then highlighted with respect to both tempemtamnd conversion (figures 7 to
9). Such accuracy is all the more interesting iat tim this application, heat
transfer and reaction aspects are strongly conthechige to sensitivity of the
conversion to heating. Moreover, such accuracydas#s once again the
developed esterification model in the specific doman terms of temperature
and catalyst amount.

From the knowledge obtained during “Open Plate Reaexperiments
and thanks to the modelling tool, a complete infestk esterification has been
studied. All key parameters have been set to thekimal values, that leads to an
equilibrium (71 % conversion) obtained in about dinutes. The resultant
operating conditions are described in table 5.

Table 5: intensified operating conditions in “Ope&late Reactor”

Reactive medium Utility fluid %Onversion
Operation (%)
Flow-rate  Catalyst Flow-rate Temperature
(L.hh (mL.L™Y (L.h (°C)
Intensified 20 10 2500 90.0°C 711

13



The temperature and conversion profiles reveahthity of “Open Plate
Reactor” to rapidly achieve the esterification teac (figure 10). In fact, 66 %
conversion is obtained in 6 minutes residence tamé equilibrium (71 %) is
reached after 10 minutes. From an intensificatiewpoint, advantages of “Open
Plate Reactor” compared to standard reactors ligossibility to operate under
pressure and in its enhanced heating performancedact, on figure 10
simulation shows that only 1 minute is requiredhéat the reactive medium from
room temperature (about 20°C) to 90°C. Such headibijty speeds up the
reaction and then leads to an improved conversioa fjiven residence time.

Process: 20 L/h, 10 mL Catalyst - Utility: 2500 L/h, 90.0C

100 100

80 1 - 80

60 - - 60

40 -

- 40

Temperature (T)
Conversion (%)

—— Process fluid (simulation)

rrrrrr Utility fluid (simulation)

20 1 ,g"‘ ~~~~~~~~ Reaction yield (simulation) r 20

0 ' T T T T T T T T T 0
0 120 240 360 480 600
Residence time (s)

Figure 10: intensified operation in the OPR

5. Conclusion

This work describes the intensification of methgktate esterification reaction
related to a continuous reactor designed and lwiltAlfa Laval Vicarb. To
achieve this purpose, a kinetics model has beealo@®d and validated for new
studied conditions from experiments carried outainab scale batch reactor.
Implemented in a simulation framework dedicated ctmtinuous intensified
reactors, this model offers intensification fags that lead to a satisfying design
of the reactor and the associated operating caonditi This intensification
methodology has been supported and validated bgremental studies.
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By intensification of design and operating condiipthe reactor allows
methyl acetate production to be carried out inst &éad continuous operation. It
allows working in non-classical temperature, pressuesidence time and
concentration domains that are not often consideredstandard industrial
reactors. Nevertheless, the purity of methyl aeetditained at reactor outlet is
limited by the reaction equilibrium fixed by thecahol class (first class) and the
initial composition of the mixture. Therefore froaproduction viewpoint, the
present intensified process is of low interest cara@ to industrial process of
reactive distillation which leads to high-purity tihgl acetate (Agreda et al.,
1990). Nevertheless, from a safety viewpoint, thesent process is of great
interest as it involves very low reactive mediumuwoes: about 4 litres for 20
L.h* reactive medium flow-rate. With regards to esieation reactions (which
frequently occur in industrial applications), theegent concept of intensified
reactor could however be relevant if coupled waéthihology that allows products
to be separated from the reactive medium. In th&/,wmplementation of
membranes (that separate water for instance),antid reactor channel could
offer many perspectives. In fact, such processdcdnd particularly suited to
esterification where reactive distillation is diffilt or impossible to set-up
because of the volatility configuration of compotsen

The main results of this study are (i) new kinetiodel based on
experimental work has been elaborated to reachsiited operating domain; (ii)
in such conditions, a “slow” reaction has been enpnted in a continuous
reactor with a good conversion in a short residenoe. Then this shows the
possibility to couple in the same apparatus reastith different characteristics
times.
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