
Chemical Engineering Journal 115 (2005) 73–83

Determination of the kinetic parameters of fast exothermal reactions
using a novel microreactor-based calorimeter
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Abstract

Making chemical processes safe requires a thorough knowledge of the kinetic and thermal parameters of the chemical reactions involved.
The aim of this work was to develop a calorimetric method particularly adapted to the study of fast exothermal reactions. The proposed system

combines a microreactor with a commercially available microcalorimeter.
The microreactor was inserted into the cavity of the commercial calorimeter and the thermal efficiency of the system was optimized. The flow

in the reaction channel of the microreactor was found to be purely laminar and the mixing time corresponded to the time for radial diffusion. Due
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to the small size of the channels, the mixing time was found to be adequate and not limiting for the characterization of fast reactions. Fir
reaction was studied in order to validate the results obtained with the microsystem and to avoid the risk of systematic errors. In a se
a previously unknown fast exothermal reaction was characterized. The heat flows measured during the reaction reached 160 000 W−1 but the
conditions, however, remained completely isothermal. The global kinetics of this reaction as well as its activation energy were determ
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The assessment of the risks linked to the industrial practice of
exothermal chemical reactions requires an extensive knowledge
of their thermodynamic characteristics, not only under normal
operation conditions, but also in the case of deviations. Since
the risk is commonly assessed in terms of severity and prob-
ability of occurrence of a failure, it is essential to be able to
predict under which conditions a reaction may enter a runaway
course and what the consequences would be. The consequences
of a runaway reaction are directly linked to the thermal potential
of the reactions, i.e. to the energy released. The probability of
triggering a runaway reaction is linked to the ability of main-
taining its course under control. This means that the probability
depends on the reaction dynamics. Thus the determination of the
macro kinetics and of the enthalpy of both the main and poten-
tial secondary reaction(s) is required for the risk assessment. The
safety analysis of a process is often performed by establishing a
run-away scenario of the chemical system[1].

∗ Corresponding author.

Kinetics can be determined by various methods. How
calorimetric methods are preferred for chemical process s
analyses, since they allow measuring directly the effect
should either be avoided or controlled. Many different ca
metric systems have been developed during the last de
[2,3]. However, fast and highly exothermal reactions are
difficult to characterize in classical systems. Indeed, meas
high heat release rates under isothermal conditions or at
under strict temperature control requires extremely high
exchange rates. Moreover, such reactions should prefera
studied on a small scale, thus involving only small amoun
very reactive compounds. The use of small quantities is al
advantage when performing safety studies at an early sta
development, when large amounts of compounds are not
able or are expensive. Finally, for fast reactions, rapid mixin
well as a precise control of the reaction start are mandator

The use of a microreactor-based calorimeter fulfills a
these requirements[4]:

• The high surface to volume ratio provides a highly effic
heat transfer,
1385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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◦ The small volume of the microchannel means that only
small amounts of potentially dangerous chemicals are used,

◦ The small radius of the microchannel results in short time
for radial diffusion and thus good mass transfer,

◦ The microreactor can be designed as a plug-flow reactor
operating continuously at steady state. The reactants are
mixed at the beginning of the reaction microchannel. This
allows a good control of the reaction start as well as a
measurement of the thermal effects as soon as the reactants
mix, without any perturbation due to the mixing.

The microreactor can be associated with a commercially
available calorimeter with a high thermal sensitivity.

In this work, a novel microreactor-based calorimeter is
described and the performances of the system are first predicted
using a finite element model. The degree of mixing achieved
at the end of the reaction channel of the microreactor is then
assessed, and the suitability of the system for the determination
of reaction kinetics is verified using a model reaction. Finally, a
fast exothermal reaction is investigated.

2. Experimental

2.1. Equipment
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Fig. 2. Examples of reaction microchannels, width of 250�m, depth of 100�m
and length of respectively 18.75 mm (a) and 44.00 mm (b).

This temperature difference is measured by a thermopile and
the resulting signal is a voltage. This voltage (V) is then con-
verted into a thermal signal (W) by calibration with Joule effect
pulses applied by a heating resistance located on the calorimetric
membrane.

In the present study, a microreactor was inserted in the calori-
metric cavity replacing the crucible used in the standard proce-
dure of the calorimeter.Fig. 1represents a lateral section of the
calorimetric cavity.

2.1.2. The reaction microchannel
The microchannel (b) was designed as a V-type or T-type

mixer followed by a reaction tube of variable length.
The base of the microreactor was made of alumina (Al2O3)

and the channel walls were built by silk-screen printing of a
dielectric paste (ESL 4913, Electro-science Laboratories). The
shape and the length of the reaction channel were adapted to
the type of reaction. The slower the reaction rate, the longer the
reaction channel.

Fig. 2 illustrates two examples of reaction microchannels.
The width of the microchannel was 250�m and the depth

100�m. The smaller reaction channel constructed had a length
of 2.80 mm. The volume of the different microchannels con-
structed varied between 0.07 and 1.10�l. The lower limit for the

F ertion r
l ; (g) P
.1.1. Layout of the system
The novel calorimetric system developed in this work use

alorimetric measurement line of the Setline 120 microcalor
er (Setaram, France).

Basic principle of the microcalorimeter [5,6]. In the standar
easurement procedure recommended for this microcalo

er, a crucible is introduced in the calorimetric cavity and pla
n a microcalorimetric chip. The heat released or consum

he chemical reaction induces a temperature difference be
he thermocouples arranged in the center of the measur
embrane and a reference temperature outside the mem

ig. 1. Lateral section of the calorimetric cavity of the Setline 120 after ins
ayer; (d) contact pin; (e) aluminum screen; (f) electrical preheating layer
of the microreactor. (a) Microcalorimetric chip; (b) reaction channel; (c) heat carrie
eltier elements; (h) oven; (i) heat sink; (j) cap; (k) upper cap.
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microchannel size is governed by the degree of mixing at the end
of the channel, whereas the upper limit is given by the geomet-
rical dimension of the microreactor base, i.e. of the calorimetric
membrane.

2.1.3. Thermal efficiency of the system
The optimization of the thermal efficiency of the calorimeter

was detailed in a previous publication[7] and is summarized
and completed in this section.

As the thermocouples of the calorimeter are only arranged
in the center of the calorimetric membrane (a square of 4 mm
by 4 mm in the membrane of 8 mm by 8 mm (a)), a contact
pin (d) made of alumina was glued below the reaction chan-
nel of the microreactor to direct the heat flow released in the
reaction channel towards the sensor and to avoid heat losses
in the non-sensitive part of the membrane. In addition, a heat
carrier (c) (Polyethylene-glycol 300, Fluka, Switzerland) was
put in between the contact pin and the microcalorimetric mem-
brane in order to eliminate the air layer between these two
elements and to improve the heat transfer. An aluminum screen
(e) was glued to the inlet and outlet tubes, mimicking the screen
present in the original configuration of the calorimeter. This
screen ensured a reproducible positioning of the microreactor
in relation to the microcalorimetric membrane. In addition, it
formed a thermal bridge above the oven that allowed the pre-
heating of the incoming fluids. An electrical preheating layer
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Fig. 3. Picture of the microreactor inserted in the calorimetric cavity of the
Setline 120.

achieved by a YAG laser at 543 nm. The dye chosen showed a
pH dependent absorbance. The emission of this dye was maxi-
mal at 630 nm at a pH of 9 and decreased almost to 0 at a pH of
5.

One milligram of the dye was dissolved in 100 ml of distilled
water. NaOH was added to set the pH of the resulting solution at 9
(cNaOH= 1.0× 10−3 mol l−1). The solution was prepared using a
1 M NaOH solution (Aldrich). A sulphuric acid solution at pH 3
(cH2SO4 = 1.1 × 10−3mol l−1)was also prepared (using H2SO4
puriss. p.a. 95–97%, Fluka). The alkaline solution was intro-
duced in a first syringe; a second syringe contained the acidic
solution. At the end of the channel, the pH of the mixed solution
was 4. At this pH, there was no fluorescence emission of the
dye. Proton diffusion was measured by following the decrease
of the dye fluorescence.

F degree
o ments.
f) was also added in order to provide a sufficient preh
ng of the incoming fluid especially at high temperatures
igh flow rates and for reactions with weak heat flows. T
voided the tedious calibration of the sensible heat. This
eating layer was made of two different layers: an alum

ayer on which two resistances were deposited by silk-sc
rinting (one to heat the plate and the other to measur

emperature reached) and a 4 mm thick aluminum block g
onded to the alumina plate. The addition of the thick alumi
lock distributed the heat generated by the heating resis
ertically and thus increased the contact surface with
ubes.

An upper cap was added on top of the existing cap to m
ain the position of the outgoing tubes and avoid any move
f the microreactor during the replacement of the reag
ontaining syringes. It also improved the contact betwee
luminum screen and the oven, and between the contact p

he membrane, by applying a small mechanical force on
icroreactor.
Fig. 3 is a picture of the current version of the microreac

.2. Methods

.2.1. Assessment of the mixing in the microchannel by
aser-induced fluorescence measurements

A modified version of the microreactor was develope
llow fluorescence measurements in the microchannel. Th
ina base was replaced by a glass layer (seeFig. 4) and the

hannels were built using a vitreous paste (DP QQ600, Dup
The fluorescent dye SNARF-5F (Molecular Probes, Ne

and) was introduced in the reaction channel and excitation
-

.

s
ig. 4. Picture of the microreactor constructed for the assessment of the
f mixing in the reaction channel by laser-induced fluorescence measure
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2.2.2. Thermal calibration of the system
The heat released in the channel can be distributed in

different ways in the calorimetric cavity. However only the
heat distributed in the sensitive part of the microcalorimetric
membrane is measured; the heat distributed in other direc-
tions leads to heat losses. Each time a novel microreactor is
inserted in the calorimetric cavity, a calibration has to be per-
formed to correlate the heat flow released in the microchan-
nel by the chemical reaction ˙qrxwith the heat flow effectively
measured ˙qmeas(heat distributed in the sensitive part of the
microcalorimetric membrane). This ratio is called the thermal
efficiency and is used as a correction factor,F, in all subsequent
experiments:

F = q̇measured

q̇rx
(1)

This ratio allows the quantification of heat losses. What deter-
mines the thermal efficiency is the quality of the thermal contact
between the reactor and the sensors of the calorimetric mem-
brane.

The thermal calibration of the system was performed using
the neutralization reaction of H2SO4 by NaOH.

Standard calibration. The standard calibration was per-
formed at heat flows corresponding to the one expected for the
model reaction i.e. heat flows lower than 1 mW. The flow rate in
t −1 −1
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Determination of the reaction enthalpy. This was achieved
by choosing temperature and concentration conditions ensuring
complete conversion at the end of the channel.

The concentration of ethyl acetate was set at 0.1 mol l−1, the
concentration of sodium hydroxide was 1 mol l−1 and the tem-
perature was 40◦C. The flow rates of the feed streams were
varied from 0 to 5�l mol−1. The calculation of the reaction
enthalpy was done following the technique described in Section
3.1.

Determination of the kinetic parameters. The reaction of
ethyl acetate 0.8 mol l−1 with NaOH 1 mol l−1 was performed
at five different temperatures ranging from 30 to 70◦C. The res-
idence time in the reaction channel was changed by varying the
flow rate of the entering fluids. The flow rates of the feed streams
were varied from 0 to 6�l min−1.

2.3. Reaction generating high heat flows

The suitability of the system for the characterization of
reactions involving high heat flows was assessed by studying
the reaction of an unsaturated ether (designated ether A) in a
methanolic solution of H2SO4 2.5%.
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he reaction channel was set at 4�l min (2�l min for each
eed stream) and the following initial concentration of Na
nd H2SO4 were used: 0, 0.1, 0.2, 0.3 and 0.4 mol l−1. The tem
erature was 40◦C.

Calibration at high heat flows. This calibration was pe
ormed to check the linearity of the experimental point
igher concentrations and higher flow rates. The neutraliz
f H2SO4 0.6 mol l−1 with NaOH 0.6 mol l−1 was performed a
0◦C with flow rates of the feed streams varying from 10
5�l min−1.

.2.3. Validation of the system with the kinetic study of a
odel reaction—the saponification of ethyl acetate with
aOH
The saponification of ethyl acetate in alkaline solution

elected as model reaction for the validation of the novel ca
etric system (see reaction(I)). This reaction is fairly fas

xothermal and well-described in literature[8–11]. The reac
ion kinetics is of second-order.

(I)

thyl acetate (ethyl acetate anhydrous 99.8%, Aldrich)
iluted in water to obtain the various concentrations used
thyl acetate slowly hydrolyzes at room temperature, fresh

ions had to be used for each experiment. The alkaline solu
ere obtained by dilution in water of a standard 1 mol l−1 NaOH
olution. The longer microchannel design (seeFig. 2) was used
or these experiments.
-
s

(II)

ther A was used without dilution in a solvent. The stand
icrochannel design (seeFig. 2) was used for these experimen
Determination of the reaction enthalpy. The temperature wa

et at 40◦C and the flow rates of the feed streams ranged
to 13�l min−1.
Determination of the kinetic parameters. The temperatur

as varied from 40 to−5◦C. The flow rates ranged betwee
nd 13�l min−1.

In the temperature scanning mode experiments, the flow
as maintained constant and the temperature was varied

ate of 0.6◦C min−1. In the five experiments performed, the fl
ate ranged between 2 and 11�l min−1.

. Theory

The determination of reaction kinetics in a continuous sy
s considerably different from the one used in a discontin
ystem. At steady state, the conversion achieved at the end
eaction channel depends on the residence time in the ch
.e. on the flow rate of the feed streams. The signal mea
orresponds to the average signal along the reaction chan

.1. Determination of the enthalpy of reaction

For the determination of reaction kinetics, the first step
xperimentally measure the enthalpy of reaction. The hea
easured can be written as follows:

˙rx = V̇ c0(−�HR)X (2)
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Combining Eq.(1) with Eq.(2) gives:

q̇measured

F
= V̇ c0(−�HR)X = ṄX(−�HR) (3)

From Eq.(3)one can deduce that forX = 1, the slope of the plot of
the corrected heat flow versus the molar flow rate (˙qmeasured/F =
f (V̇ c0) = f (Ṅ))gives the enthalpy of reaction. The enthalpy
of reaction can thus be determined either by maintaining the
concentration constant and varying the flow rate or inversely by
maintaining the flow rate constant and varying the concentration.

3.2. Determination of the conversion achieved at the end of
the channel

When a reaction is not completed at the end of the channel,
the conversion rate can be calculated using Eq.(3) and knowing
the enthalpy of reaction:

X = q̇measured

FV̇ (−�HR)c0
(4)

The variation of the flow rate allows calculating the conver-
sion at the end of the channel at various residence times in the
microchannel.

3.3. Determination of the kinetic constant k
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Letting M = cA0/cB0 and after simplification, Eq.(8) becomes:

dX

dt
= k2ndcA0(1 − X)(M − X) (9)

which after integration and simplification gives,

k2nd = − 1

(cB0 − cA0)t
ln

(
1 − X

1 − MX

)
(10)

The energy of activation and the frequency factor are then simply
obtained by linearization of the Arrhenius equation. The slope of
the plot of lnk = f(1/T) allows the determination of the activation
energyEa and the ordinate at the origin provides the frequency
factork0.

4. Calculations

4.1. Simulation of the theoretical limit of thermal explosion

The construction of this novel calorimetric system was gov-
erned by the necessity of characterizing fast and exothermal
reactions. Preliminary predictions of the system performance
were therefore computed by a simplified model using finite ele-
ments. The range of heat flows that would allow to work in
isothermal condition was first predicted.

The limit for thermal explosion and the limit for maintaining
isothermal conditions were compared with a calorimetric system
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The calculation of the kinetic constantk depends obvious
n the order of reaction. In the following paragraph the equa
eeded for the calculation ofk are derived for reactions kineti
f first- and second-order. These derivations are explain
ore details by Levenspiel[12].

.3.1. For a first-order reaction
The rate equation can be written as follows:

dcA

dt
= k1stcA (5)

q. (5) can be rewritten in terms of conversion and integr
iving:

1st = −1

t
ln(1 − X) (6)

q. (6) allows the calculation ofk1st.

.3.2. For a second-order reaction
The rate equation of a second-order reaction involving

pecies A and B can be written:

dcA

dt
= k2ndcAcB (7)

upposing that the amounts of A and B are not always add
toichiometric proportions,

A0
dX

dt
= k2nd(cA0 − cA0X)(cB0 − cA0X) (8)
n

lassically used in safety laboratories, the differential scan
alorimeter DSC.

This model allows the calculation of the temperature pr
n the reactor as a function of the heat release rate.

.1.1. Hypothesis and parameters of the model
The major hypothesis for this simulation is that the he

ransferred by conduction only, i.e. no contribution of convec
o heat transfer is taken into account. This hypothesis is
or the microchannel, but is more debatable in the case o
SC crucible, which has a larger volume. In order to rend
roblem one-dimensional, the crucible was treated as a ther
quivalent sphere and the microchannel as an equivalent in
ylinder. Using the dimension of a standard DSC crucible
adius of the equivalent sphere calculated is 1.6 mm. Fo
icrochannel, a rectangular shape of 250�m width and 100�m
epth is taken into consideration; the corresponding hydr
adius is then 72�m.

The heat transfer coefficient is estimated, from experim
al measurements, as 500 W m−2 K−1 for the DSC crucible an
s 10 000 W m−2 K−1 for the microchannel. The other param

ers of the model were defined as follows:λ = 0.1 W m−1 K−1,
= 1000 kg m−3, Cp = 1800 J kg−1 K−1, Ea = 100 000 J mol−1.
The geometries were divided into 100 concentric layers

thermal balance was calculated for each element using
lements.

.1.2. Comparison of the microsystem with a DSC
alorimeter

For both systems, the heat flow released in the reacto
aried and the corresponding increase of the temperature p
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Fig. 5. Comparison of the limit of thermal explosion in a DSC crucible (a) and in the microchannel (b).

was calculated. Isothermal conditions were defined as a devia-
tion of the temperature at the center of the sample of less than
1◦C. A thermal explosion occurs when no stable temperature
profile can be established.

The conclusions ofFig. 5are summarized inTable 1.
In the microchannel, strictly isothermal conditions were pre-

dicted to be maintained even for heat flow 300 times higher than
in a DSC crucible (Table 1).

4.1.3. Comparison of the microsystem with an adiabatic
calorimeter

Adiabatic calorimeters are typically used for the study of
the decomposition of highly exothermal compounds. One of
the best performing equipment for such studies is the APTAC
from Setaram, which can follow temperature increases up to
400◦C min−1.

In an adiabatic calorimeter, a heat flow of 56 000 W kg−1

(limit for isothermal conditions in the microchannel calculated in
the preceding subsection) corresponds to a temperature increase
of 1866◦C min−1 (see Eq.(11)).

dT

dt
= q̇

Cp

= 56 000

1800
= 31.1 (◦C s−1) ⇒ 1866 (◦C min−1)

(11)

This heat flow is too high to be measured even in an adiabatic
calorimeter.
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The reaction of ethyl acetate 0.8 mol l−1 with NaOH
1.0 mol l−1 was computed.

The predicted variation of the ethyl acetate concentration
along the channel is represented inFig. 6a for a linear veloc-
ity of the feed streams of 9.33× 10−4 m s−1 (corresponding to
1.4�l min−1) and a temperature of 70◦C.

A cross-section plot of the concentration of ethyl acetate at
the end of the reaction channel is represented inFig. 6b. The
concentration of ethyl acetate calculated is compared to the ini-
tial concentration in the channel. This allows calculating the
conversion achieved at the end of the channel.

By varying the inlet velocities, the conversion can be calcu-
lated for various residence times. One can check that the con-
versions predicted by simulation are similar to those calculated
from the expression of the reaction rate, using the same kinetic
parameters, but without taking the geometry into account.

As seen inFig. 7, both calculations correlate well. Thus there
is no influence of the flow established in the microchannel on
the evaluation of the reaction kinetics. According to these pre-
dictions, the mixing time does not affect the results.

5. Results

5.1. Assessment of the degree of mixing

gree
true
hus
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tion

n-

1 and
ber
um-
d to a
.2. Simulation of the kinetics determination in the
icrochannel using computational fluid dynamics

CFD simulations were performed with the mathematical
ram FEMLAB (Comsol, Sweden) to check the suitability

he microchannel for the determination of reaction kinetics.
avier–Stokes equation for incompressible fluid defined
elocity profile, whereas the solute concentration profile
alculated with the convection–diffusion model.

able 1
ummary of the calculated limits for isothermal conditions and of thermal e
ion for both systems

nstrument DSC crucible
(W kg−1)

Microchanne
(W kg−1)

imit for isothermal conditions 175 56000
imit of thermal explosion 923 268000
-

e
e
s

-

The efficiency of a microreactor highly depends on the de
of mixing achieved in the reaction channel. This is especially
for fast reactions where mixing can be the rate limiting step. T
the knowledge of the flow regimen and of the mixing time
important issues for the determination of reaction kinetics.
most common way for characterizing a flow is the calcula
of the Reynolds number.

Reynolds number (Eq. (12)). This parameter allows disti
guishing a laminar regimen from a turbulent regimen:

Re = ρudh

µ
(12)

The flow rates used in the microreactor ranged between
40�l min−1. Eq.(12)was used to estimate the Reynolds num
for each different flow rate. The corresponding Reynolds n
bers varied between 0.1 and 4.2. These values correspon
laminar regimen.
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Fig. 6. Simulation of the reaction of ethyl acetate 0.8 mol l−1 with NaOH 1.0 mol l−1 with linear velocities at the inlets of 9.33× 10−4 m s−1, T = 70◦C. (a)
Concentration of ethyl acetate along the channel; (b) cross plot section at the end of the channel.

This was checked experimentally using laser-induced fluo-
rescence measurements.

Experimental assessment using LIF measurements. Fig. 8
shows a picture of the mixing taken in a standard microchannel
(seeFig. 2) with a flow rate of the feed stream of 2�l min−1.
The white fluid represents the dye in the alkaline solution and
the black fluid the acidic solution.

At the inlet of the microchannel, the inlet streams were clearly
separated. The flow is clearly laminar. A small area of diffu-
sion can be observed between the two layers. At the end of the
channel, mixing is completed. The time required for complete
diffusion is found to be close to the time of radial diffusion of
the protons. This corresponds to 0.5 s in the microchannels.

F
T into
a

Fig. 9. Calibration of the novel calorimetric system, flow rate in the microchan-
nel of 4�l min−1, concentration of H2SO4 and NaOH ranging from 0 to
0.4 mol l−1.

5.2. Calibration of the calorimetric system

5.2.1. Standard calibration
The regression of the experimental signal versus the cal-

culated heat in the reaction channel was perfectly linear. The
correction factorF was 0.71 (seeFig. 9).

Thus more than 70% of the heat released in the reaction chan-
nel was measured. The rest was mainly lost in the non-sensitive
part of the microcalorimetric membrane.

5.2.2. Calibration at high heat flows
As shown inFig. 10, linearity was maintained up to the

highest heat flows tested corresponding to 12.00 mW, i.e.
25 000 W kg−1.

F rement: (a) microchannel inlet; (b) microchannel outlet. The white fluid represents the
fl

ig. 7. Simulations of the conversion at the end of the channel atT = 40◦C and
= 70◦C. Comparison with the one predicted without taking the geometry
ccount.

ig. 8. Visualization of the mixing in the reaction channel by LIF measu

uorescent dye; the black fluid the acidic solution. Flow rate of the feed streams of 2�l min−1.
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Fig. 10. Calibration reaction: neutralization of H2SO4 0.6 mol l−1 by NaOH
0.6 mol l−1 at 40◦C at flow rates varying from 10 to 25�l min−1.

Fig. 11. Saponification of ethyl acetate 0.1 mol l−1 by NaOH 1 mol l−1 at 40◦C:
determination of the reaction enthalpy.

5.3. Validation of the system using a model reaction

Reaction enthalpy. The linearity of the experimental points
with the molar flow rate confirmed that the conversion was com-
plete at the end of the channel and the reaction enthalpy could
therefore be estimated.

The reaction enthalpy given by the slope ofFig. 11, i.e.
53.8 kJ mol−1.

Kinetic parameters. The concentrations were then changed
to slow down the reaction and study the kinetics (Fig. 12).

The experimental conversions were then used to calculate
the corresponding kinetic constantk2nd for each point using Eq.

Fig. 12. Saponification of ethyl acetate 0.8 mol l−1 by NaOH 1 mol l−1 at five
t

Fig. 13. Arrhenius plot drawn from the data ofFig. 12. Determination of the
activation energy.

(10) developed in Section3.3. The activation energy obtained
from the Arrhenius plot ofFig. 13 was 46.1 kJ mol−1. The
kinetic parameterk2nd can be extrapolated at 25◦C and is
0.140 l mol−1 s−1.

The range of specific heat flows measured in this experiment
varied from 50 to 170 W kg−1.

5.4. Kinetic determination of an unknown fast exothermal
reaction

The study of the reaction of unsaturated ether A with 2.5%
H2SO4 in methanol (see (I)) was then investigated.

Determination of the reaction enthalpy. The reaction
enthalpy was first determined experimentally and corresponded
to 41.4 kJ mol−1 (Fig. 14). The thermal signal measured was
strictly linear with the molar flow up to the highest specific heat
flow tested corresponding to 160 000 W kg−1. Higher heat flows
could not be tested since heat saturation of the calorimeter was
reached.

This value of reaction enthalpy was confirmed by control
measurements in a Calvet calorimeter.

Determination of the kinetic parameters. The order of reac-
tion was first determined by varying the concentrations (results
not shown).

Fig. 15 shows the conversion rates achieved at the various
fl

t

F
2
emperatures: determination of the kinetic parameters.
ow rates and temperatures tested.
The activation energy of the reaction was 35.7 kJ mol−1 and

he frequency factor 5.8× 106 s−1.

ig. 14. Reaction of the unsaturated ether with a methanolic solution of H2SO4

.5% at 40◦C—determination of the reaction enthalpy.
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Fig. 15. Reaction of the unsaturated ether with a methanolic solution of H2SO4

2.5% at five different temperatures—determination of the kinetic parameters.

Fig. 16. Raw data of the calorimeter obtained in temperature-scanning mode
with the reaction of the unsaturated ether with a methanolic solution of H2SO4

2.5%.

Temperature-scanning mode. The kinetic parameters
obtained in isothermal mode were compared with those
obtained in temperature-scanning mode. InFig. 16, for visibil-
ity reasons, only three of the five experiments performed are
shown.

For each experiment i.e. each flow rate, conversion values
were calculated for five selected temperatures corresponding
to the five isotherms performed. InFig. 17, these values were
compared with the conversion values predicted by the fit of the
isothermal experiments (seeFig. 15).

Fig. 17. Comparison of the results in temperature-scanning mode with the result
in isothermal mode. Points: conversion calculated for the temperature-scannin
mode, curve: fit of the isothermal mode.

Fig. 18. Example of determination of the activation energy of the reaction using
a single scan—flow rate is 8�l min−1.

From a single scan, the activation energy can be obtained
(Fig. 18). The activation energy determined with this tech-
nique was 34.9 kJ mol−1. This value is close to the activation
energy determined with the isothermal mode technique i.e.
35.7 kJ mol−1.

The deviation of the value obtained from one scan to the other
was however sometimes close to 15%. Several scans are there-
fore needed to obtain a precise value of the activation energy.

6. Discussion

6.1. Mixing

In a previous publication[7], the results obtained with the
Dushman reaction (iodate-iodide system) were presented and
the Bodenstein number was calculated. A laminar regimen with
a residence time distribution corresponding to an ideal plug flow
was predicted.

In the present paper, the Reynolds number were calculated
and ranged between 0.1 and 4.2. According to the literatures
[13,14], in tubular channels, the flow is laminar for Reynolds
numbers below 2100 and turbulent above this value. However
some recent publications have cast some doubt on the application
of this theory in the case of microchannels. The relatively high
roughness of microchannels might reduce the critical Reynolds
number for the transition from laminar to turbulent flow. Peng et
a um-
b nding
o d by
P thin
t nsid-
e ation.
T tion.
F nolds
n

our
m olds
n ow
c osys-
t s that
m in
t
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g

l. [15] detected transitions to turbulence flow at Reynolds n
ers between 200 and 700, with the transition value depe
n the hydraulic diameter. This was however contradicte
fund[16]. The latter took into account the pressure drop wi

he channel itself to exclude entrance and exit losses and co
red also the surface roughness of the channel for its calcul
ransitions to turbulence were observed with flow visualiza
or smaller width channels, the transition occurred at a Rey
umber of 1700.

In any case, the Reynolds numbers achieved in
icrochannel are considerably lower than the critical Reyn
umber for transition to turbulent flow. Therefore laminar fl
an be assumed in the entire application range of our micr
em. This has an important consequence since it mean
ixing occurs only by diffusion and not by convection as

he case of turbulent flow.
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This prediction was confirmed by the results obtained by
laser-induced fluorescence. The flow observed using this method
was shown to be purely laminar and the mixing time cor-
responded to the time for radial diffusion. The flow in the
microchannel occurred almost as predicted. The flow was not
stuck in the angles. The two inlet streams were parallel and did
not enter in the reaction channel in small blocks. No unexpected
phenomenon was observed. The CFD simulation confirmed
moreover that the predicted mixing time would not interfere
with the kinetics determination.

The time of mixing in this system remains a current limitation
of this system. A mixing time close to 0.5 s for proton diffusion
can be limiting when working with fast reaction. This limitation
is emphasized when solely organic molecules are involved as
the molecular diffusion constant will be lower. This mixing time
could however be improved by optimizing the geometry of the
microchannel using for example multi-lamination at the inlets
[17].

6.2. Validation of the system with a model reaction

The enthalpy of the model reaction determined experimen-
tally was −53.8 kJ mol−1 in good agreement with the value
reported in the literature−54.7 kJ mol−1 [9,10]. The error is
less than 2%. The activation energy of 46.1 kJ mol−1 obtained
experimentally was close to the value of 47.3 kJ mol−1 reported
b am-
b atio
o
N ned
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the
d

6

c lo-
s ible
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w g
o pure
c ndi-
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o
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e
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o (in
F ned
u t
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mal conditions were maintained. The thermal and kinetic study
of the fast exothermal reaction could easily and quickly be per-
formed in the novel system.

7. Conclusion

The microreactor-based system developed in our laboratory
opens new possibilities in the isothermal characterization of fast
and highly exothermal reactions. This technique allows to obtain
precise results very quickly. An unknown reaction involving an
unsaturated ether that could not be characterized in classical
calorimeter was studied and its kinetics and thermal parame-
ters could be found. Isothermal conditions were obtained until
specific heat flows of 160 000 W kg−1 which is more than one
order of magnitude higher than classical calorimeters. More-
over it can be run in a scanning mode to obtain a first rapid
approximation of the activation energy of a reaction. The limi-
tation due to the mixing time in the channel could be improved
in further microreactors by optimizing the geometry of the
microchannel.
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