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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 sys
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 fl
in the reaction channel of the microreactor was found to be purely laminar and the mixing time corresponded to the time for radial diffusion. D
to the small size of the channels, the mixing time was found to be adequate and not limiting for the characterization of fast reactions. First, a mc
reaction was studied in order to validate the results obtained with the microsystem and to avoid the risk of systematic errors. In a second st
a previously unknown fast exothermal reaction was characterized. The heat flows measured during the reaction reached 160 000tWékg
conditions, however, remained completely isothermal. The global kinetics of this reaction as well as its activation energy were determined.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Kinetics can be determined by various methods. However,
calorimetric methods are preferred for chemical process safety
The assessment of the risks linked to the industrial practice ainalyses, since they allow measuring directly the effect that
exothermal chemical reactions requires an extensive knowledgghould either be avoided or controlled. Many different calori-
of their thermodynamic characteristics, not only under normammetric systems have been developed during the last decades
operation conditions, but also in the case of deviations. Sincg,3]. However, fast and highly exothermal reactions are still
the risk is commonly assessed in terms of severity and proldifficult to characterize in classical systems. Indeed, measuring
ability of occurrence of a failure, it is essential to be able tohigh heat release rates under isothermal conditions or at least
predict under which conditions a reaction may enter a runawaynder strict temperature control requires extremely high heat
course and what the consequences would be. The consequenegshange rates. Moreover, such reactions should preferably be
of a runaway reaction are directly linked to the thermal potentiaktudied on a small scale, thus involving only small amounts of
of the reactions, i.e. to the energy released. The probability ofery reactive compounds. The use of small quantities is also an
triggering a runaway reaction is linked to the ability of main- advantage when performing safety studies at an early stage of
taining its course under control. This means that the probabilitglevelopment, when large amounts of compounds are not avail-
depends on the reaction dynamics. Thus the determination of tfable or are expensive. Finally, for fast reactions, rapid mixing as
macro kinetics and of the enthalpy of both the main and potenwell as a precise control of the reaction start are mandatory.
tial secondary reaction(s) is required for the risk assessment. The The use of a microreactor-based calorimeter fulfills all of
safety analysis of a process is often performed by establishingtaese requiremenfd]:
run-away scenario of the chemical systgh

e The high surface to volume ratio provides a highly efficient
* Corresponding author. heat transfer,
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o The small volume of the microchannel means that only
small amounts of potentially dangerous chemicals are used,

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

o 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.

a) standard microchannel (b) long microchannel

Fig. 2. Examples of reaction microchannels, width of 250, depth of 10@wm

. . . .. and length of respectively 18.75 mm (a) and 44.00 mm (b).
The microreactor can be associated with a commercially 9 P Y @) ®)

avallabrig calor;(meter W'thl a high thermal senS|t|V|t3|/. , _ This temperature difference is measured by a thermopile and
In this work, a novel microreactor-based calorimeter Sy, yagiting signal is a voltage. This voltagd is then con-
described and the performances of the system are first predlctg,grted into a thermal signal¥) by calibration with Joule effect

using a finite element model. The degree of mixing achieveq, ;;se5 applied by a heating resistance located on the calorimetric
at the end of the reaction channel of the microreactor is the embrane

assessed, and the suitability of the system for the determination In the present study,
of reaction kinetics is verified using a model reaction. Finally, ’
fast exothermal reaction is investigated.

a microreactor was inserted in the calori-
Ametric cavity replacing the crucible used in the standard proce-
dure of the calorimeteEig. 1represents a lateral section of the

calorimetric cavity.
2. Experimental
2.1.2. The reaction microchannel

2.1. Equipment The microchannel (b) was designed as a V-type or T-type
mixer followed by a reaction tube of variable length.
2.1.1. Layout of the system The base of the microreactor was made of alumina@4)

The novel calorimetric system developed in thiswork uses thand the channel walls were built by silk-screen printing of a
calorimetric measurementline of the Setline 120 microcalorimedielectric paste (ESL 4913, Electro-science Laboratories). The
ter (Setaram, France). shape and the length of the reaction channel were adapted to

Basic principle of the microcalorimeter [5,6]. In the standard the type of reaction. The slower the reaction rate, the longer the
measurement procedure recommended for this microcalorimeeaction channel.
ter, a crucible is introduced in the calorimetric cavity and placed Fig. 2illustrates two examples of reaction microchannels.
on a microcalorimetric chip. The heat released or consumed by The width of the microchannel was 2ptn and the depth
the chemical reaction induces a temperature difference betwed®Oum. The smaller reaction channel constructed had a length
the thermocouples arranged in the center of the measuremeontt 2.80 mm. The volume of the different microchannels con-
membrane and a reference temperature outside the membras&ucted varied between 0.07 and 10T he lower limit for the

Reactant 2

Reactant 1

Products

Fig. 1. Lateral section of the calorimetric cavity of the Setline 120 after insertion of the microreactor. (a) Microcalorimetric chip; (b) reantief; c) heat carrier
layer; (d) contact pin; (e) aluminum screen; (f) electrical preheating layer; (g) Peltier 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 publicati¢fi] 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 4mm in the membrane of 8mm 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 miCI’OI’eaCtd:Ijg'_3' Picture of the microreactor inserted in the calorimetric cavity of the
. . . . . . .. Setline 120.
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 layergchieved by a YAG laser at 543 nm. The dye chosen showed a
(f) was also added in order to provide a sufficient preheatny dependent absorbance. The emission of this dye was maxi-
ing of the incoming fluid especially at high temperatures andma| at 630 nm at a pH of 9 and decreased almost to 0 at a pH of
high flow rates and for reactions with weak heat flows. Thisg

avoided the tedious calibration of the sensible heat. This pre- onpe milligram of the dye was dissolved in 100 ml of distilled
heating layer was made of two different layers: an aluminayater. NaOH was added to set the pH of the resulting solution at 9
layer on which two resistances were deposited by silk—scree(];NaOH: 1.0x 103 mol I~1). The solution was prepared using a
printing (one to heat the plate and the other to measure then NaOH solution (Aldrich). A sulphuric acid solution at pH 3
temperature reached) and a 4 mm thick aluminum block glue('Csto4 = 1.1 x 103mol I"Ywas also prepared (usingBO,
bonded to the alumina plate. The addition of the thick aluminunpyiss, p.a. 95-97%, Fluka). The alkaline solution was intro-
block distributed the heat generated by the heating resistanggced in a first syringe; a second syringe contained the acidic
vertically and thus increased the contact surface with theg|ytion. Atthe end of the channel, the pH of the mixed solution
tubes. was 4. At this pH, there was no fluorescence emission of the

~An upper cap was added on top of the existing cap to maingye. Proton diffusion was measured by following the decrease
tain the position of the outgoing tubes and avoid any movemenis the dye fluorescence.

of the microreactor during the replacement of the reagent-
containing syringes. It also improved the contact between the
aluminum screen and the oven, and between the contact pin and
the membrane, by applying a small mechanical force on the
microreactor.

Fig. 3is a picture of the current version of the microreactor.

2.2. Methods

2.2.1. Assessment of the mixing in the microchannel by
laser-induced fluorescence measurements

A modified version of the microreactor was developed to
allow fluorescence measurements in the microchannel. The alu-
mina base was replaced by a glass layer (Sge 4) and the
channels were built using a vitreous paste (DP QQ600, Dupont).

The fluorescent dye SNARF-5F (Molecular Probes, Nethergig. 4. picture of the microreactor constructed for the assessment of the degree
land) was introduced in the reaction channel and excitation was mixing in the reaction channel by laser-induced fluorescence measurements.
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2.2.2. Thermal calibration of the system Determination of the reaction enthalpy. This was achieved
The heat released in the channel can be distributed iby choosing temperature and concentration conditions ensuring
different ways in the calorimetric cavity. However only the complete conversion at the end of the channel.
heat distributed in the sensitive part of the microcalorimetric The concentration of ethyl acetate was set at 0.1 mgkhe
membrane is measured; the heat distributed in other dire@oncentration of sodium hydroxide was 1 motland the tem-
tions leads to heat losses. Each time a novel microreactor jgerature was 40C. The flow rates of the feed streams were
inserted in the calorimetric cavity, a calibration has to be pervaried from 0 to Julmol~—1. The calculation of the reaction
formed to correlate the heat flow released in the microchanenthalpy was done following the technique described in Section
nel by the chemical reactiogxwith the heat flow effectively 3.1
measuredgmeadheat distributed in the sensitive part of the  Determination of the kinetic parameters. The reaction of
microcalorimetric membrane). This ratio is called the thermalethyl acetate 0.8 mot! with NaOH 1 mol -1 was performed
efficiency and is used as a correction factgiin all subsequent at five different temperatures ranging from 30 t@ The res-
experiments: idence time in the reaction channel was changed by varying the
. flow rate of the entering fluids. The flow rates of the feed streams
= dmeasured (1)  were varied from O to @I min—1.
qrx

This ratio allows the quantification of heat losses. What deter2.3. Reaction generating high heat flows
mines the thermal efficiency is the quality of the thermal contact
between the reactor and the sensors of the calorimetric mem- The suitability of the system for the characterization of

F

brane. reactions involving high heat flows was assessed by studying
The thermal calibration of the system was performed usinghe reaction of an unsaturated ether (designated ether A) in a

the neutralization reaction of4$0, by NaOH. methanolic solution of K50, 2.5%.
Standard calibration. The standard calibration was per- 2.5% H,S0,

formed at heat flows corresponding to the one expected for thR1 O—R4 methanol

model reaction i.e. heat flows lower than 1 mW. The flow rate ir >:< —> X + v

the reaction channel was set gitkmin~! (2l min~1 foreach  R2 R3

feed stream) and the following initial concentration of NaOH Ether A (1)

and HSO, were used: 0, 0.1, 0.2, 0.3 and 0.4 mdl.IThe tem-

perature was 40C. Ether A was used without dilution in a solvent. The standard

Calibration at high heat flows. This calibration was per- microchanneldesign (séeg. 2) was used for these experiments.
formed to check the linearity of the experimental points at Determination of the reaction enthalpy. The temperature was
higher concentrations and higher flow rates. The neutralizatioget at 40C and the flow rates of the feed streams ranged from
of H»SOy 0.6 mol -1 with NaOH 0.6 mol 1 was performed at 0 to 13ulmin=1.
40°C with flow rates of the feed streams varying from 10 to  Determination of the kinetic parameters. The temperature

25wl min1, was varied from 40 te-5°C. The flow rates ranged between 0
and 13w min—L.

2.2.3. Validation of the system with the kinetic study of a In the temperature scanning mode experiments, the flow rate

model reaction—the saponification of ethyl acetate with was maintained constant and the temperature was varied at the

NaOH rate of 0.6°C min~1. In the five experiments performed, the flow

The saponification of ethyl acetate in alkaline solution wag'até ranged between 2 and itimin—1.
selected as model reaction for the validation of the novel calori-
metric system (see reactiqf)). This reaction is fairly fast, 3. Theory
exothermal and well-described in literatyg-11] The reac-

tion kinetics is of second-order. The determination of reaction kinetics in a continuous system
o o is considerably different from the one used in a discontinuous
)L Ky )L system. At steady state, the conversion achieved at the end of the
+NaOH —— + reaction channel depends on the residence time in the channel
o N T ONa ZN OH . P .
i.e. on the flow rate of the feed streams. The signal measured

(1) corresponds to the average signal along the reaction channel.

Ethyl acetate (ethyl acetate anhydrous 99.8%, Aldrich) Was. ;. Determination of the enthalpy of reaction
diluted in water to obtain the various concentrations used. As

ethyl acetate slowly hydrolyzes at room temperature, fresh solu- For the determination of reaction kinetics, the first step is to

tions had to be used for each experiment. The alkaline solutionsxperimentally measure the enthalpy of reaction. The heat flow
were obtained by dilution in water of a standard 1 méINaOH  measured can be written as follows:

solution. The longer microchannel design (5ég 2 was used _
for these experiments. grx = Veo(—AHR)X (2)
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Combining Eq(1) with Eq. (2) gives: Letting M = cap/cgo and after simplification, Eq8) becomes:
; ) ) dax

qmei;f“re": Veo(—AHR)X = NX(—AHR) 3) g = kencao(l—X)M - X) )
From Eq(3) one can deduce that f&= 1, the slope of the plotof Which after integration and simplification gives,

the corrected heat flow versus the molar flow ratgbsured FF = 1 1-%

f(Veo) = f(N))gives the enthalpy of reaction. The enthalpy k2nd = "~ (cB0 — cao)t (1 — MX) (10)

of reaction can thus be determined either by maintaining the o '
concentration constant and varying the flow rate or inversely byl he energy of activation and the frequency factor are then simply

maintaining the flow rate constant and varying the concentratiorfbtained by linearization of the Arrhenius equation. The slope of
the plot of Ink = f{1/T) allows the determination of the activation

energyE, and the ordinate at the origin provides the frequency

3.2. Determination of the conversion achieved at the end of factork
0-

the channel

When a reaction is not completed at the end of the channef,' Calculations
the conversion rate can be calculated using(Bgand knowing

the enthalpy of reaction: 4.1. Simulation of the theoretical limit of thermal explosion

_ gmeasured 4 The construction of this novel calorimetric system was gov-
- FV(— AHR)co (4) erneq by the qeqessity of ghgracterizing fast and exothermal
o . reactions. Preliminary predictions of the system performance
The variation of the flow rate allows calculating the conver-yere therefore computed by a simplified model using finite ele-
sion at the end of the channel at various residence times in th@ents. The range of heat flows that would allow to work in

microchannel. isothermal condition was first predicted.
The limit for thermal explosion and the limit for maintaining
3.3. Determination of the kinetic constant k isothermal conditions were compared with a calorimetric system

classically used in safety laboratories, the differential scanning

The calculation of the kinetic constahtlepends obviously calorimeter DSC.
onthe order of reaction. In the following paragraph the equations This model allows the calculation of the temperature profile
needed for the calculation éfare derived for reactions kinetics in the reactor as a function of the heat release rate.
of first- and second-order. These derivations are explained in
more details by Levenspi§l2]. 4.1.1. Hypothesis and parameters of the model

The major hypothesis for this simulation is that the heat is
transferred by conduction only, i.e. no contribution of convection
to heat transfer is taken into account. This hypothesis is valid
for the microchannel, but is more debatable in the case of the
dea DSC crucible, which has a larger volume. In order to rend the

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

o kisca ®) problem one-dimensional, the crucible was treated as a thermally
. . . . quivalent sphere and the microchannel as an equivalent infinite
;?nrs:) can be rewritten in terms of conversion and Integrateaﬁylinder. Using the dimension of a standard DSC crucible, the
' radius of the equivalent sphere calculated is 1.6 mm. For the
1 microchannel, a rectangular shape of aB@width and 10Q.m
kast= -7 In(1 - X) (6) depth is taken into consideration; the corresponding hydraulic
. radius is then 7am.
Eq. (6) allows the calculation ofys. The heat transfer coefficient is estimated, from experimen-
tal measurements, as 500 WK~ for the DSC crucible and
3.3.2. For a second-order reaction as 10000 W m? K~ for the microchannel. The other parame-
The rate equation of a second-order reaction involving twders of the model were defined as followss 0.1 WnT 1K1,
species A and B can be written: p=1000kgnT3, C,=1800Jkg? K1, E5=100000J mott.
The geometries were divided into 100 concentric layers and
dea L
2 — kongcace (7)  athermal balance was calculated for each element using finite
dr elements.
Supposing that the amounts of A and B are not always added in
stoichiometric proportions, 4.1.2. Comparison of the microsystem with a DSC
calorimeter
CAO%( — kond(cao — ca0X)(cBo — caoX) ®) For both systems, the heat flow released in the reactor was

varied and the corresponding increase of the temperature profile
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e i 141

141 In the center of the crucible I . ~-----in the center of the microchannel E
12 4 i 121 i x
104 /p 101 p
< Stable temperature il S Stable temperature I
= 81 — profile — 7 g =B brofild o
<] 64 ~ < S E 61 s
o i : i
11— — T 0 41 0
24 e n 24 n

0 , , , ; 0 ; ; , v ;

0 200 400 600 800 0 50000 100000 150000 200000 250000 300000
(a) q [Wkg] (b) q [Wrkg]

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- The reaction of ethyl acetate 0.8 moll with NaOH
tion of the temperature at the center of the sample of less than o mol -1 was computed.

1°C. A thermal explosion occurs when no stable temperature The predicted variation of the ethyl acetate concentration
profile can be established. along the channel is representedFiiy. 6a for a linear veloc-

The conclusions oFig. 5are summarized iflable 1 ity of the feed streams of 9.3310~*ms™! (corresponding to
In the microchannel, strictly isothermal conditions were pre-1 4l min—1) and a temperature of 7C.

dicted to be maintained even for heat flow 300 times hlgher than A cross-section p|ot of the concentration of ethy| acetate at

in a DSC crucible Table J). the end of the reaction channel is representeBign 6b. The

concentration of ethyl acetate calculated is compared to the ini-
4.1.3. Comparison of the microsystem with an adiabatic tial concentration in the channel. This allows calculating the
calorimeter conversion achieved at the end of the channel.

Adiabatic calorimeters are typically used for the study of By varying the inlet velocities, the conversion can be calcu-
the decomposition of highly exothermal compounds. One ofated for various residence times. One can check that the con-
the best performing equipment for such studies is the APTAGsersions predicted by simulation are similar to those calculated
from Setaram, which can follow temperature increases up terom the expression of the reaction rate, using the same kinetic
400°C min1, parameters, but without taking the geometry into account.

In an adiabatic calorimeter, a heat flow of 56 000 Wkg As seen irFig. 7, both calculations correlate well. Thus there
(limitforisothermal conditions in the microchannel calculatedinis no influence of the flow established in the microchannel on

the preceding subsection) corresponds to a temperature increaie evaluation of the reaction kinetics. According to these pre-

of 1866°C min~?! (see Eq(11)). dictions, the mixing time does not affect the results.
dr ’ 56 000 .
3= Ci = “Taog = 3L1(Cs™ = 1866 (Cmin™Y)
r 5. Result
(11) esults

This heat flow is too high to be measured even in an adiabatis. ;. Assessment of the degree of mixing
calorimeter.

The efficiency of a microreactor highly depends on the degree
of mixing achieved inthe reaction channel. Thisis especially true
for fast reactions where mixing can be the rate limiting step. Thus

CFD simulations were performed with the mathematical proh€ knowledge of the flow regimen and of the mixing time are
gram FEMLAB (Comsol, Sweden) to check the suitability of important issues for the determln'at'lon of reagtlon kinetics. The
the microchannel for the determination of reaction kinetics. ThéNoSt common way for characterizing a flow is the calculation

Navier—Stokes equation for incompressible fluid defined th@f the Reynolds number. _ o
velocity profile, whereas the solute concentration profile was Reynolds number (Eq. (12)). This parameter allows distin-

4.2. Simulation of the kinetics determination in the
microchannel using computational fluid dynamics

calculated with the convection—diffusion model. guishing a laminar regimen from a turbulent regimen:
Table 1 Re — pudn (12)
Summary of the calculated limits for isothermal conditions and of thermal explo- w

sion for both systems

| - - The flow rates used in the microreactor ranged between 1 and
nstrument DSC crucible Microchannel .1 .

(Wkg™1) (Wkg™1) 40l min™. Eq.(12)was used to estimate the Reynolds number
for each different flow rate. The corresponding Reynolds num-
bers varied between 0.1 and 4.2. These values correspond to a
laminar regimen.

Limit for isothermal conditions 175 56000
Limit of thermal explosion 923 268000
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0.6 7
. —— cO(Ethyl Acetate) in the reaction channel
56 0.5 —— c(Ethyl Acetate) at the end of the channel
E
:.—3- 0.4 1T— =
3
@ 0.3
(5]
®
= 0.2+
=
W 0.1
o

0 T T T T |
0 50 100 150 200 250
Cethyl acetate
[mold] (b) Radial coordinate r [um]

(@)

Fig. 6. Simulation of the reaction of ethyl acetate 0.8 mélWwith NaOH 1.0 molt?! with linear velocities at the inlets of 9.3310*ms™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- _ y = 0.7073x + 0.006
rescence measurements. = 0807 R2 = 0.9986

Experimental assessment using LIF measurements. Fig. 8 %
shows a picture of the mixing taken in a standard microchannel £ 0.0
(seeFig. 2) with a flow rate of the feed stream ofu2min1. §
The white fluid represents the dye in the alkaline solution and E

, > i = 020

the black fluid the acidic solution. S

Atthe inlet of the microchannel, the inlet streams were clearly T
separated. The flow is clearly laminar. A small area of diffu- T 000 - - - - )

0.00 0.20 0.40 0.60 0.80 1.00

ion can rv ween the two layers. At the end of th
sion can be observed between the two layers. At the end of the Heat flow released in the channels [mW]

channel, mixing is completed. The time required for complete
diffusion is found to be close to the time of radial diffusion of Fig. 9. Calibration of the novel calorimetric system, flow rate in the microchan-
the protons. This corresponds to 0.5 s in the microchannels. nel of 4ulmin™*, concentration of BSQ; and NaOH ranging from 0 to

0.4mol L,
=~ E;{gg'catgg”cg?,“?g;g;;'?ﬂgfgc’c- design 3 5.2. Calibration of the calorimetric system
4 Simulation using Femlab, T=70°C, design 3
1.00 L === Expected conversions, T=70°C _____ 5.2.1. Standard calibration
0.80 1 ‘* The regression of the experimental signal versus the cal-
o culated heat in the reaction channel was perfectly linear. The
= 0.60 - . . .
x correction facto” was 0.71 (se€ig. 9.
0.40 1 ,K‘ Thus more than 70% of the heat released in the reaction chan-
020d / nel was measured. The rest was mainly lost in the non-sensitive
part of the microcalorimetric membrane.
"0 50 10 10 20
Residence time [s] 5.2.2. Calibration at high heat flows

As shown inFig. 1Q linearity was maintained up to the
highest heat flows tested corresponding to 12.00mW, i.e.
25000 Wkg L.

Fig. 7. Simulations of the conversion at the end of the chanrigka&0°C and
T=70°C. Comparison with the one predicted without taking the geometry into
account.

(a) (b)

Fig. 8. Visualization of the mixing in the reaction channel by LIF measurement: (a) microchannel inlet; (b) microchannel outlet. The white fheidtsethiee
fluorescent dye; the black fluid the acidic solution. Flow rate of the feed streamsl ofifi 1.



80 M.-A. Schneider, F. Stoessel / Chemical Engineering Journal 115 (2005) 73-83

2 e y=06600x+0.1042 | 5509
£ 10.00 - R? = 0.9994 s
® g 4 20000
é 8.00 {Domain used in the
s previous experiments <+ 15000
£ 6.004
z
S 4.00- o ” T
S 2004 < Calibration with 1 5000
E e H2S04 and NaOH
0.00 4L : : —Lo
0.00 5.00 10.00 15.00

Heat flow released in the channel [mW]

Fig. 10. Calibration reaction: neutralization 0b$04 0.6 mol 1
0.6 mol "1 at 40°C at flow rates varying from 10 to 28 min—1,

3.0E-04 - 200
) y = 53844x - 2E-06 8
3 R? = 0.9984 7 Teo
S 2.0E-04 4
g & +120
[o] .
o :’I
2 +80
2 1.0E-04 &
§ 140
T

0.0E+00 4 . . 0

0.00E+00  2.00E-09 4.00E-09

Flow rate [I/s] - cO(ethyl acetate) [mol/I]

Specific heat flow [W/kg]

by NaOH

Specific heat flow [W/kg]

Fig. 11. Saponification of ethyl acetate 0.1 mdiby NaOH 1 mol 1 at 40°C:

determination of the reaction enthalpy.

5.3. Validation of the system using a model reaction

1.00

0.50 y =-5542x + 16.629

2 _
0.004 R? =0.9756

—_
N ~

= .
= -0.50 g\

-1.00 1

-1.50 1

-2.00

0.0028 0.0031 0.00325

1/T[KT

0.00295

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

(10) developed in Sectio.3. The activation energy obtained
from the Arrhenius plot ofFig. 13 was 46.1kJmoil. The
kinetic parameterkong can be extrapolated at 26 and is
0.140Imol1s1.

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

5.4. Kinetic determination of an unknown fast exothermal
reaction

The study of the reaction of unsaturated ether A with 2.5%
H>SOy in methanol (see (1)) was then investigated.

Determination of the reaction enthalpy. The reaction
enthalpy was first determined experimentally and corresponded
to 41.4kJmot? (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 WkgHigher heat flows

Reaction enthalpy. The linearity of the experimental points could not be tested since heat saturation of the calorimeter was
with the molar flow rate confirmed that the conversion was comyeached.
plete at the end of the channel and the reaction enthalpy could This value of reaction enthalpy was confirmed by control

therefore be estimated.

The reaction enthalpy given by the slope Fify. 11, i.e.

53.8 kJmot?.

measurements in a Calvet calorimeter.
Determination of the kinetic parameters. The order of reac-
tion was first determined by varying the concentrations (results

Kinetic parameters. The concentrations were then changednot shown).

to slow down the reaction and study the kinetiEgy(

12,

Fig. 15shows the conversion rates achieved at the various

The experimental conversions were then used to calculat§ow rates and temperatures tested.

the corresponding kinetic constant,q for each point using Eq.

1.00 -
0.80 -
0.60 -
- © T=70°C
X 0.40 4 % T=60°C
A T=50°C
0.204// T=40°C
I/ T=30°C
0.00 ’ ' T r :
0.0 2.0 4.0 6.0 8.0 10.0

Residence time [s]

Fig. 12. Saponification of ethyl acetate 0.8 mdi by NaOH 1 molt? at five

temperatures: determination of the kinetic parameters.

The activation energy of the reaction was 35.7 kJtheind
the frequency factor 5.8 10°s~1.

< 0087 y=41473x-0.0008 =
= R2=0.9997 T 160000 <
3 =
2 0.061 =
S + 120000 2
£ 2
S 0041 + 80000 §
E =
= e
= 0.021 140000 5
7} [}
* &
0.00 . 0

0.0E+00 5.0E-07 1.0E-06 1.5E-06 2.0E-06
Flow rate [I/s] x cO(ether) [mol/l]

Fig. 14. Reaction of the unsaturated ether with a methanolic solutionSOiH
2.5% at 40 C—determination of the reaction enthalpy.
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1.00 -
&
y =-4201.1x + 15.007
0.50 1 R2 = 0.9761
o T=40°C —
2 T=26°C =
© T=10°C £
o T 20 0.00
o T=-5°C
000 1 T T T T T T T 0 50
00 20 40 60 80 100 120 140 ha ' '
0.00340 0.00350 0.00360

Residence time [s] AT [K-1]
Fig. 15. Reaction of the unsaturated ether with a methanolic solutiopSOii

2.5% at five different temperatures—determination of the kinetic parameters. Fig. 18. Example of determination of the activation energy of the reaction using

a single scan—flow rate is@ min—1.

60000+ . ulfmin From a single scan, the activation energy can be obtained
(Fig. 18. The activation energy determined with this tech-
S, 500007 _ nique was 34.9kJ mol. This value is close to the activation
gaoooo- Gl/min energy determined with the isothermal mode technique i.e.
£ 30000 35.7kImot .
,; The deviation of the value obtained from one scan to the other
£ 200001 - was however somet.imes cIo;e to 15%. Several_ scans are there-
o 10000 W fore needed to obtain a precise value of the activation energy.
0 r - . T 6. Discussion
5 5 15 25 35
Temperature [°C] 6.1. Mixing
Fig. 16. Raw data of the calorimeter obtained in temperature-scanning mode
with the reaction of the unsaturated ether with a methanolic solutior 8k In a previous publicatiofi7], the results obtained with the
2.5%. Dushman reaction (iodate-iodide system) were presented and

the Bodenstein number was calculated. A laminar regimen with
Temperature-scanning mode. The Kkinetic parameters aresidence time distribution corresponding to an ideal plug flow
obtained in isothermal mode were compared with thosavas predicted.

obtained in temperature-scanning modeFig. 16 for visibil- In the present paper, the Reynolds number were calculated
ity reasons, only three of the five experiments performed arend ranged between 0.1 and 4.2. According to the literatures
shown. [13,14] in tubular channels, the flow is laminar for Reynolds

For each experiment i.e. each flow rate, conversion valuesumbers below 2100 and turbulent above this value. However
were calculated for five selected temperatures correspondirgbme recent publications have cast some doubt on the application
to the five isotherms performed. Fig. 17, these values were of this theory in the case of microchannels. The relatively high
compared with the conversion values predicted by the fit of theoughness of microchannels might reduce the critical Reynolds
isothermal experiments (s&&y. 15. number for the transition from laminar to turbulent flow. Peng et
al.[15] detected transitions to turbulence flow at Reynolds num-
bers between 200 and 700, with the transition value depending

on the hydraulic diameter. This was however contradicted by
Pfund[16]. The latter took into account the pressure drop within
S T0°C the channel itself to exclude entrance and exit losses and consid-
—_ & T=26°C ered also the surface roughness of the channel for its calculation.
>3 ® T=10°C Transitions to turbulence were observed with flow visualization.
m T=2°C For smaller width channels, the transition occurred at a Reynolds
* T=5°C number of 1700.
In any case, the Reynolds numbers achieved in our
0.00 4 . : : : : : microchannel are considerably lower than the critical Reynolds
00 20 40 60 80 100 120 number for transition to turbulent flow. Therefore laminar flow
Residence time [s] can be assumed in the entire application range of our microsys-

Fig.17. Comparison ofthe results intemperature-scanning modewiththeresul@lm.' This has an |mporFant _Consequence since it means _that
in isothermal mode. Points: conversion calculated for the temperature-scannifixing occurs only by diffusion and not by convection as in
mode, curve: fit of the isothermal mode. the case of turbulent flow.
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This prediction was confirmed by the results obtained bymal conditions were maintained. The thermal and kinetic study
laser-induced fluorescence. The flow observed using this methaxf the fast exothermal reaction could easily and quickly be per-
was shown to be purely laminar and the mixing time cor-formed in the novel system.
responded to the time for radial diffusion. The flow in the
microchannel occurred almost as predicted. The flow was not, Conclusion
stuck in the angles. The two inlet streams were parallel and did
not enter in the reaction channel in small blocks. No unexpected The microreactor-based system developed in our laboratory
phenomenon was observed. The CFD simulation confirme@pens new possibilities in the isothermal characterization of fast
moreover that the predicted mixing time would not interfereand highly exothermal reactions. This technique allows to obtain
with the kinetics determination. precise results very quickly. An unknown reaction involving an

The time of mixing in this system remains a currentlimitation ynsaturated ether that could not be characterized in classical
of this system. A mixing time close to 0.5 s for proton diffusion calorimeter was studied and its kinetics and thermal parame-
can be limiting when working with fast reaction. This limitation ters could be found. Isothermal conditions were obtained until
is emphasized when solely organic molecules are involved agpecific heat flows of 160 000 W kg which is more than one
the molecular diffusion constant will be lower. This mixing time order of magnitude h|gher than classical calorimeters. More-
could however be improved by optimizing the geometry of thegyer it can be run in a scanning mode to obtain a first rapid
microchannel using for example multi-lamination at the inletsapproximation of the activation energy of a reaction. The limi-

[17]. tation due to the mixing time in the channel could be improved
in further microreactors by optimizing the geometry of the
6.2. Validation of the system with a model reaction microchannel.

The enthalpy of the model reaction determined experimenAckn(m,ledgmentS
tally was —53.8kJmot? in good agreement with the value

reported in the literature-54.7 kI mot? [9,10]. The error is Hoffmann-la-Roche AG Division Pharma and DSM Nutri-

less than 2%. The activation energy of 46.1kmabtained yi5na| product are acknowledged for their financial support, F.
experimentally was close to the value of 47.3kJTakported  \a5carello and J. Schildknecht for very fruitful discussions. The
by Kirby [8]. Concerning the kinetic constant, Papoff and Zam-picroreactors were constructed by the laboratory of microtech-
bonin[9] observed that this value depends on the concentratiogc| production, Institute of Production and Robotics, EPFL
of NaOH and measured@ngat 25°C 0f 0.141Imof st with  \yh5 are acknowledged for their collaboration in this project.

NaOH 1 mol I"* in excellent agreement with the value obtainedrhg | |F measurements were made in collaboration with Dantec
in our experiments (0.140 | mot s1). Dynamics (Erlangen, Germany).
These results validate the suitability of the system for the
determination of reaction kinetics.
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