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ABSTRACT The aim of this work is to present an infraredazaheter for the measurement of
the kinetics and the enthalpy of high exothermangical reactions. The main idea is to use a
millifluidic chip where the channel acts as a chahieactor. An infrared camera is used to
deduce the heat flux produced by the chemical i@adtom the processing of temperature
fields. Due to the size of the microchannel a swallime of reagents (mL) is used. As the
chemical reagents are injected by syringe pumpticoous experiments are performed with
a very good control of the reagents mixing. A djeijection system enables to perform two
flow configurations: co-flow and droplets. Thanksthe thermal isoperibolic conditions, the
chemical reaction can be easily characterized withravious specific calibration. Here, the
kinetic and the enthalpy of a strong acid base tieac are monitored in co - flow
configuration.

KEYWORDS Calorimeter, Chemical Reaction, Enthalpy, Kinetidifluidic, Temperature
field processing.
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1. Introduction

Microfluidic chemical reactors are one of the vemomising tools given by
MEMS (Micro-Electro-Mechanical System). One appica of MEMS consists in
investigating the chemical reaction in continuolswf in microchannel. These
systems are used to study kinetics of chemicaltimady on-line spectroscopy
methods. Some studies consist in using Raman sgeopy to probe the
concentration profile in the microchannel (Cristolea al, 2006; Sarraziret al,
2008). Another one measures the kinetics of a otemgaction with a UV — visible
spectrophotometer (Engdt al, 2008). These techniques provide quite accurate
results. In order to decrease the experiment time, investigate the use of
calorimetry adapted to such microsystems.

The knowledge of kinetics and thermodynamics &maical reactions is required
for chemical process development and safety. Wevkihat both phenomena, i.e.,
heat transfer and chemical kinetics, occur in ckaiieactions. One way to control
and measure those phenomena is calorimetry. Theatkasation of exothermic
chemical reaction is well developed and differeintdk of calorimeter already exist
(Zogget al, 2004). Nevertheless, they are not simultaneoadpted to the use of
microvolumes, high thermal sensitivity, good cohtod the reagent mixing and
quasi isothermal conditions.

To this end, the recent development of MEMS (MiEtectro-Mechanical
Systems) allows the investigation of new approadbemeasure the enthalpy of
chemical reactions. The main advantage is the ssiadl of the microchannels
which permits the mixing control of the reactamsie to the microchannel size, the
flow is laminar with low Reynolds number (< 100).i$ also convenient to use a
small amount of reagents to be able to easily andkly test a large number of
reaction configuration. The measurement of the twatpre at a small scale
represents the main difficulty. However the temperinformation in such devices
is among the most important parameter. Today, anfgw studies deal with this.
One method consists in developing localised tentperamicrosensors (Kohleat
al., 1998). A second one measures the global heatgitoduced by a chemical
reaction in a microfluidic chip (Hant al, 2008). Another one consists in
measuring the infrared emission field of a surfagéhout contact and leads to a
qualitative analysis (Mollmanet al, 2004). Due to the poor knowledge of the
radiative properties (spectral emissivity, transpay, etc.) of the investigated
surface, the accuracy of the absolute temperatele is difficult. A recent study
shows that the quantitative interpretation of sfiehls is possible with previous and
simplified heat transfer model (Pradereal, 2004). As the classical microfluidic
chips are made of PDMS: PolyDiMethylSiloxane (thakninsulator), with a
substrate of glass or silicon (thermal conductdfle thermal diffusion is very
important in the substrate and cannot be neglected.

This work is devoted to the development of a new fcalorimeter for a non
contact temperature field measurement by usingnénared camera. A micro —
millifluidic chip is designed by a PFA (Perfluor&@aky) tubing and an aluminium
plate. Contrary to the classical chips (Pradetral, 2004), the use of PFA tubing
(insulator) and aluminium plate (conductor) allade isoperibolic and to simplify
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the heat transfer. The purpose is to obtain emghalpd kinetics to characterize
chemical reaction. Firstly, the experimental deviménciple is described. The

isoperibolic chip and the injection system of tleagents runnings are explained.
Secondly, a thermal calibration is presented. Tmara is calibrated by Joule effect
in order to define the conversion coefficient. Tdhp is also calibrated to estimate
the heat losses of the system. Finally, the methioéstimation of the reaction

enthalpy is developed and the enthalpy and thdiksef a well-known strong acid

base reaction are determined in co-flow configorati

2. Experimental device
2.1. Isoperibolic chip

A millifluidic chip, represented in figure 1, issed to perform the chemical
reaction. The chip consists in PFA (Perfluoroalkaxying and an aluminium plate.
As the PFA is a good thermal insulatdr=0.25 W. M*.K™) and the aluminium
plate a good thermal conductok %237 W.M%K™), the tubing is assumed as
isoperibolic. In fact, the temperature of the aloionin plate T.) is kept constant.
Thus the radial heat transfer between the reaeiea and the aluminium plate is
controlled by the wall of the tubing (PFA insuldtomhis wall acts as a simple
thermal resistance.

¢

SR

I Injected system

2 PFA tubing 4 Preheating zone

3: Anodized
aluminium plate

" |

Figure 1. Picture of the isoperibolic chip

The aluminium plate of 12 cm X 12 cm X 8 mm in@scdh serpentine groove to
place the reaction tubing. This plate allows totoanthe temperature around the
channel. A heating or cooling Peltier system all®e#ting different temperatures
(To). A surface treatment is realized to obtain alblaady.

In order to control the reagents mixing startinginpovery little tubing are
introduced in the PFA ones thanks to a cross janctach tubing contains only one
chemical reagent which can be preheated (figu#dg, if necessary.
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This injection system, represented in figure 2ovafl to perform chemical reaction
in co-flow (a) or droplets (b). The mixing arearstey point is controlled by
adjusting the position of the reagents tubing. Typcal dimensions of the PFA
tubing are 3.17 mm for the outer diameter and ®2& mm for the inner one.
During the following experiments, the inner diameatéthe PFA tubing is equal to
1.6 mm. For the reagents tubing, the outer dianistabout 800 um and the inner
one is equal to 500 pm.

Acid

Interdiffusion zone
a. Base
Reagents tubing
Acid

Silicone il Siliconea ml
Y

=
—_———

Droplets of acid and base

b Base

Figure 2. Scheme of the reactants injection in co-flow (&) droplets (b)
configurations

In such device the Reynolds number is low (< 180)the flow is laminar. In the
case of co-flow configuration, the reagent mixingears by species diffusion and
the thermal heat transfer occurs in steady statee ihterdiffusion area was
measured and studied by several investigations [Kénet al, 1999; Ismagilowet
al., 2001; Salmoret al, 2005). In droplet configuration, the reagent mgxis much
faster than the co-flow configuration and the th&riehaviour is in transient state.
This is due to the velocity and the recirculationside the droplet (Sarraziet
al.; 2006).
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2.2. Measurements device

The measurement device is shown in figure 3. Amred camera CEDIP, JADE
MWIR J550, In-Sb focal plane array of detector&{3.2 um, 240*320 pixels, pitch
30 um) with a 25 mm objective MWIR F/2 (space ragoh about 200 pum) is
placed in front of the isoperibolic chip. The cheafireaction occurs in the PFA
tubing and temperature field is measured by thisdRera.

o . - Q

PTFE tubing
Aluminium plate

% _ PIDthermal regulateur

Syringe pump Isoperibolic chip

Chemical reaction

Figure 3. Scheme of the set up

The temperature regulation system is an Agileniacgeusing a PID regulation.
The temperature is imposed by using Peltier elesnewlith this apparatus the
setting temperature can vary from 5 to 90 °C witteasitivity of 0.1 °C.

The measurement principle consists to inject dagents in the millifluidic chip
by syringe pump (Cetoni, Nemesys) at various flates from 2 to 100 mL*h Thus
the chemical reaction occurs and is observed bylRheamera at thermal steady
state. The PFA is black painted in order to be apap the infrared wavelength.
The aluminium plate is also anodized to avoid ligtitection on the surface.

Even with such precaution, we assumed that thesumed temperatures fields
are only proportional to absolute temperaturesy@RFA tubing. Then, in order to
avoid non uniform effects (emissivity defects ofleetion disturbance) which are
harmful for quantitative measurements we proposgtgious camera calibration.

3. Calibration of the device
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3.1. Camera calibration

The camera is calibrated in order to link the Hkat dissipated inside the PFA
tubing and the temperature measured at its surfamethat purpose, an electrical
conductive tin wire is introduced inside the chipaonel (figure 4). Then, the
channel is full filled by water and various elecsli powers, from 0.25 to 3 W, are
applied to the tin wire. When the steady statee#&ched, the temperature variation
between the channeld) and the aluminium platély) is measured thanks to the IR
camera.

Tin wire

Aluminium plate (Te)  PEA tubing (T)

Figure 4. IR image of the chip during the electrical Joutfeet calibration of the
camera

In this disposition, the relation between injectedwer and the non-calibrated
temperature rises can be determined accordingetéotlowing energy balance:

P=hmL(T; -T,) [1]

Where,P is the power dissipated by Joule effect (/s the tubing diameter (mi),

is the tubing length (m) is the global heat transfer coefficient (W.BIn?), Te is
the tubing temperature (DL: Digital Level) anfi. is the aluminium plate
temperature (DL).

Figure 5 represents the injected power versusetmpérature variation between the
PFA tubing and the aluminium plate. The results larear. Thus the calibration
coefficient H, between the heat flux and the temperature in 8ligitevel is
determined by the slopéi. = h/dL = 1.38 mW.DL" at room temperature. As the
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lengthL = 47 cm and the PFA inner tubing diameter 1.6 mm are well know, we
can deduced the heat transfer coefficert480 mw.DL . m?

| | | |
l l l l
000 - - Lo . . = i
| | | |
| | |
= 1.3839(T-
i D | |
2500~~~ - A i~ -
| | | |
% 'RF=09876 | ; ;
%2000 ———————— A SR S e .
| | | |
2 l l l l
%1500 ,,,,,,,, . oo M L il
| | | |
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1000~~~ p A R .
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| | |
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TT_ (Dgital Leve))

Figureb5. Injected power versus the temperature variatiotween the PFA tubing
(Te) and the aluminium plate €1

3.2. Chip calibration

The chip calibration is performed in order to itiignthe heat losses (or thermal
resistance), between the fluid under flow inside tihnannel, and the surrounding
(aluminium plate and ambient air). The chip caliiorais achieved by maintaining a
constant temperature (hefig= 10°C) thanks to a regulation system. The fluids
(without chemical reaction) are injected by theirmye pump at different flow rates
from 2 to 60 mL.H.
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Figure 6. a) IR image of the fluid without chemical reactatrQ = 120 mL/h and
T.=10°C, b) Tubing temperature {TT.) versus tubing length for various flow rates:
2, 4, 10, 20, 30, 40, 50, 60 mt.h

When the steady state is reached, an IR imagdés tigure 6a). Then, the tubing
temperatureT) is plotted versus the tubing length at variowsvfrates by the use

of a specific algorithm developed under Matlitenvironment (figure 6b). This

algorithm applied image processing in order toaottthe temperature fields of the
channel in curvilinear coordinates.

As we are in continuous flow and in an isoperibalidp without chemical reaction,

the temperature profile of the tubing is assumetheadescribed by the following

simplified 1D energy balance.

a%, _

_H (TO _Tc) [2]
dx
with: H :ﬂ
PCQ

and where:h is the heat losses coefficient measured in thetrédal calibration
(W.DL™.m?), pis the mass density (kg-n C, is the specific heat (J.RK™), Q is
the imposed flow rate (hs"), d is the well known inner tubing diameter (m)is
the distance along the tubing (m) ahgis the tubing temperature without chemical
reaction (DL).

The analytical solution of equation [2] is estaldid by:

LR 3]

Cc

and the heat losses characteristic lentfhig estimated by a linear regression on the
semi log plot (figure 7) of the expression [3].
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,,,,,,,,,,,,,,,,, . Measured data
***** Fitted data

Heat losses characterisitc length, H (m '1)

15 20 25 30 35 40
Tubing length, X(cm)

Figure 7. Estimation of Heat losses characteristic lengtifatl0°C for various
flow rates: 2, 4, 10, 20, 30, 40, 50, 60 mt.h

From the results obtained figure 7 and the relaf@nwe can verify that evaluated
H is proportional to the fluid flow rate at the pawé. For that, the experimental
plot logH)=f(log(Q) is represented in figure 8. Indeed, the expertaledata,
obtained by the previous experiments, are perfedijned. The measured slope is
equal to -0.989 that is very close to -1.
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Figure 8. Validation of the isoperibolic chip calibratiorpd(H)=f(log(Q))

4. M easurement on chemical reaction
4.1. Method for the estimation of the kinetic and the thalpy

When a chemical reaction under continuous flow czén the tubing, the energy
balance is given by:

dT(x)

PC,Q = g(x)-hd(T(x)-T,) [4]

where,T is the tubing temperature with the chemical r@ac{DL) andgis the heat
flux per unit length (W.rl).

As the injected chemical products are not necessiatlie temperaturel§) of the
aluminium plate when the chemical reaction begihs, superposition principle is
applied to separate the fluid contribution from themical one. For that, we assume
that the thermal properties of the fluids are camtst because the temperature
variations are always lower than 5°C. The followdgfinition T.=T-T, and the use
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of the two-energy balance equations written before related to the flow without
chemical reaction [2] and the other one relatethéoflow with chemical reaction
[4], allow to establish thak, is related to the heat flux by:

dT,, (x)

pe,Q % = )~ hral(T,, (x)-T,) 5]

where, T, (DL) corresponds to the temperature due to thenidad reaction only.
From the knowledge of the calibration coefficietite heat losses characteristic
length and the equation [5], the kinetic of the rolml reaction (i.e.¢(x)) is
estimated:

ox)="1e [(rch(x)—Tc)+dT§X(X)H 6]

where: T, and T, are the measured temperaturklg,and H are the calibration
coefficient and the heat losses characteristic tlerestimated before. For this
estimation, the spatial derivative is calculatedhwa numerical finite difference
schema.

Finally, the total heat flux® (i.e. the reaction enthalpy) dissipated by thenthbal
reaction is characterized by integration of thealdteat flux [6] along the tubing
length:

L
= 7
) Lzoqo(x)dx [7]
4.2. Application to an acid — base reaction

The kinetic and enthalpy estimation in co-flow figaration of a well-known
high exothermic reaction between a strong acid (H&1id a strong base (NaOH) is
performed in order to validate this device. Theamamration of the two reagents is
the same and equal to 0.2 mo\.[The experiments are realized at various flowsrate
from 2 to 60 mL.H for each products. For all experiments, the stoecatric
proportions are applied. The setting temperaturéhés same as during the chip
calibration T, = 10°C). When the steady state is reached, an &yémis taken
(figure 9.a).
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Figure9. a) IR image of the fluid with chemical reactioorfesponding to T) at
Q.=Q,=60 mL.h" and =10°C, b) temperature (T<Jversus tubing length for
various flow rates: 2, 4, 10, 20, 30, 40, 50, 6QmiL

In order to obtain the temperature profiles frohe treaction only, the
superposition principle [5] is processed. The IRagea corresponding to the fluid
flow only (figure 6) is substracted to the IR imagmrresponding to the fluid flow
where the chemical reaction occurs for each flote (figure 9). Thus the figure
10.a is obtained which correspond to the tempergtuofiles shown in figure 10.b
of the chemical reaction only.
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Figure 10. 8 IR image of chip corresponding tg, & T-To at Q=Q,=60 mL.h*
and T.=10°C; b), temperature due to the chemical reactiog-t) versus tubing
length for various flow rates: 2, 4, 10, 20, 30, 80, 60 mL.H

As the calibration coefficientH;) and the heat losses characteristic length (
are known, the integration of the dissipated hleat fcorresponding to the chemical
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reaction) can be estimated thanks to the equaiprDjue to the steady state of the
millifluidic configuration, a direct relation betwa space and time is given by

X =Qt/S, whereSis the inner tubing section. For this reason,ltioal estimated
heat flux can also be expressed as function of ¢intedefined as follow:

da
_ 8
@(t) =CQAH —dt [8]

WhereC is the concentration of the limited reagents (hid), 4H is the reaction
enthalpy (J.mat), dafdt is the conversion rate ¥sandt is the time (s).

Figure 11 shows the heat source versus time lieekinetic of the reaction) for the
different flow rates. As shown in expression [8J tonversion rate for this reaction
is independent of the molar flow rate. That is why the different flow rate, the
temporal evolution of the heat flux is similar. @ttvise (figure 11), when the flow
rate increases, the level of the heat flux alsoeimses. This is due to the elevation of
the number of mole injected in the tubing.

0.03

0.025

0.02

Heat Flux, ¢ (MwW.s )
o
o
f

©
Q
=

0.005

Figure 11. Heat source from the chemical reaction as functibtime for various
flow rates: 2, 4, 10, 20, 30, 40, 50, 60 mt_.h
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According to the equations [7] and [8] and assyntiat the reaction is complete
(very high reaction rate), the total heat flux atk flow rate can be determined by
integration of all heat sources of the figure 1%.tAe measurements are performed
at one initial concentration and for different floates, the relation [9] could be
written:

P = QA 9]
Q,=CQ

To determine the enthalpy of the chemical reactiba,total exothermic fluxe) is
plotted versus the molar flow rat®4) in the figure 12. The results are accurately
aligned and the slope, which corresponds directlthé reaction enthalpy, is equal
to 57.6 kJ.mot. This result is in a good agreement with the ditere value of
56 kJ.mof* (Lide, 1991-1992). This allows the validation bétflow calorimeter.

0.25

0.2

0.15

Integrated heat flux, d (MW)
o
=

o
&

Molar flow rate, Qm (umol.s '1)

Figure 12. Integrated heat flux versus molar flow rate

5. Conclusion and outlooks
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To conclude, it is relevant to note that we depetband validated a millifluidic
infrared calorimeter under continuous flow for theasurement of the enthalpy and
kinetics of chemical reaction.

In this paper, an isoperibolic chip has been desigand allows to simplify and

calibrate the lateral heat losses in comparisoh e classical microfluidic chips.

This device composed of the isoperibolic chip andirdrared camera has been

validated by the characterisation of a strong aeige reaction.

The advantages of this system are summarized:

= the manufacturing of the chips makes possible t@inksoperibolic conditions
with various geometries of reactor (sizes and velsin

= the infrared camera offers a good sensitivity amtifect measurement of the heat
flux. A local analyse is also possible to studyetics.

= thanks to the injection system, a large range siflesce times and concentrations
can be swept.

= the global required time to investigate the reacgothalpy, versus a large range
of concentration (10 flow rates), is around 1 hatich is very short.

This work should be extended in several waystFrghemical reaction will be
studied in droplet configuration. The droplet fliswery useful in case of very high
exothermic reaction. In fact, the small volume #mlimportant exchange surface of
the droplets give very low temperature increasé®s€& advantages are interesting
for safety studies. Second, the characterisatiootlér chemical reactions such as
polymerisation will be investigated. Third, the centration measurement by the
use of Raman spectroscopy, interferometer or rapéctral method will be coupled
with our calorimeter.
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