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a b s t r a c t

This paper presents a continuous microfluidic calorimeter to measure kinetics and enthalpy of very
dangerous, highly exothermic chemical reactions. The main idea is to use a microfluidic chip, in co-flow
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or droplet flow, where the microchannel acts as the chemical reactor. A thermopile (Peltier element)
measures the global heat flux dissipated during the chemical reaction. A highly thermal conductive plate
is placed between the thermopile and the reactor to avoid severe temperature gradients and to let most
of the heat flux go through this plate. Because of the microchannel dimensions only a small amount of
products is required.
low microcalorimeter
nthalpy

. Introduction

The kinetics and the thermodynamics of chemical reactions are
mportant features for the development and the safety of chemical
rocesses. It is well known that both heat transfer and chemical
inetics occur during chemical reactions and that one way to con-
rol and to measure those phenomena is by calorimetry. Therefore
he characterization of exothermic chemical reactions is well devel-
ped in the literature and different types of calorimeters already
xist [1].

The recent development of MEMS (Micro-Electro-Mechanical
ystems) provides a very promising range of new tools to charac-
erize chemical reactions in continuous flow at a small scale. The

ain advantage of those systems is the small size of the microchan-
els which permits the controlled mixing of the reactants. Indeed,
he flow is laminar with low Reynolds number (�100). It is also con-
enient to use a small amount of products and to be able to easily
nd quickly test a large number of chemical reaction configurations
2]. Moreover, the high ratio between surface and volume allows to
ontrol the heat transfer and to investigate very exothermic reac-
ions under safe operation conditions. Nevertheless, measurement

f the temperature and the heat flux at such a small scale represents
he main difficulty.

However to date, several studies address this topic. Most of them
se local temperature microsensors which need specific and quite
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complex design of integrated circuits [3–5]. Lechner et al. have built
different integrated circuit calorimeters adapted to characterize
enzyme-catalysed reactions [6]. Ross et al. and Arata et al. have
developed an intrusive method using a fluorescent dye to mea-
sure the temperature distribution inside the microchannel [7,8].
Another method allows to obtain the temperature field of all the
microfluidic chip by the mean of an infrared (IR) camera. Möllmann
et al. and Antes et al. have proved the IR camera can be used to
develop and optimize microsystems [9,10]. The IR thermography
has also been used to estimate the reaction enthalpy of a chemical
reaction in microsystem by Hany et al. [11].

In this context, we have developed a tool which combines the
use of microvolumes, a high thermal sensitivity, a good control of
the reagent mixing and of isothermal conditions.

The method applied here measures the global heat flux around
the microchannel thanks to a fluxmeter located under the standard
microfluidic chip. The main purpose of this paper is to present this
new microcalorimeter. In the first part, the experimental device
principle is described. An analytical model that describes the ther-
mal behaviour is introduced. The importance of thermal properties
of the wafer used for the microfluidic chip is discussed. Further-
more, a thermal calibration (by Joule effect) is performed in order
to verify the features of the microcalorimeter. The second part deals
with the validation of the microcalorimeter with measurement of

the enthalpy of a strong acid–base chemical reaction. Such valida-
tion is realised in two flow configurations: co-flow where the two
reactants flow side by side through the microchannel and droplet
flow where the reactants are contained inside droplets carried by an
inert continuous phase. Then, the conversion rate of this chemical

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:cindyhany@netcourrier.com
dx.doi.org/10.1016/j.cej.2010.02.048
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eaction can be estimated for different residence times and tem-
eratures. Furthermore, we demonstrate that calorimetric titration
xperiments are also possible with this simple device. Finally, an
sterification reaction is characterized by the determination of the
ixing and reaction enthalpy.

. Microcalorimeter description

.1. Microcalorimeter design

A differential microcalorimeter has been developed containing
wo microfluidic chips in two separated chambers (Fig. 1) [12]. One

icrofluidic chip is used for the reference and the other one to carry
ut the chemical reaction. Each microfluidic chip is placed above a
hermopile used to measure the heat flux. The reagent flow rates are
stablished with a syringe pump (Nemesys). No fluids are injected
n the reference chip which is used as baseline.

Both microfluidic chips are built with a PDMS (PolyDiMethyl-
iloxane) matrix, containing a negative channel network. This
DMS matrix is glued onto silicon wafer after UV–ozone activation.
ince silicon is a good thermal conductor, the chemical reaction
ccurs under isothermal conditions in the microchannel. PDMS has
een chosen because it is usually employed to realise microfluidic
hip, it is easy to use and allows to obtain various channel geome-
ries. Moreover, PDMS is good insulator that is necessary in our
evice (cf. Section 2.2). However, it is not an inert material and some

nteractions can occur with some solvents. The selected substrate
thickness 500 �m) is made of silicon with a 5 cm diameter.

The microfluidic channel is 32 cm long, 250 �m wide and
50 �m high. The channel is a serpentine channel to optimize the
olume of the chip.

The voltage is measured with thermopiles (3) by Seebeck effect.
he voltage obtained from the reference chamber (1r) is sub-
tracted to the voltage from the reaction one (1). Then, by using
he calibration coefficient (cf. Section 2.3) the heat flux produced
y the chemical reaction can be determined.

The calorimetric sensitive area is a 50 mm × 50 mm square (four
hermopiles connected in series). The voltage is measured with a
umerical voltmeter (Agilent 34970 A). The temperature (Ts) is set
y a thermostatic flow circulation (5). A computer using LabviewTM

oftware controls all these steps via a RS232 port.

In order to minimize perturbations of the baseline caused by

he environmental thermal variations, the thermopiles are placed
n a brass block (4) of 20 cm × 20 cm × 2.5 cm used as an isothermal
eservoir. Due to the high thermal capacity of the bulk, the varia-
ion of the baseline is less than 10 �W on 10 h. There is no influence

ig. 1. Scheme of the microcalorimeter: (1) reaction chamber, (1r) reference cham-
er, (2) microfluidic chip composed of PDMS resin and silicon wafer, (3) thermopile
ith ceramic plates and thermoelectric elements, (4) isothermal brass block, (5)

tainless plate, (5a and 5b) thermostatic flow circulation, and (6) insulating foam.
Fig. 2. Representation of the semi infinite thermal problem when a heat flux of 1 W
is imposed.

of the baseline on the experiment for several reasons: the mea-
sured voltage is a differential measurement, the experiment time
is shorter than 10 h.

Then a stainless plate (5) is put below the brass block. This
plate is thermally regulated via a thermostatic flow circulation
from Ts = 5 to 90 ◦C. This allows to perform experiments at various
temperatures depending on the fluid properties. All parts of the
calorimeter are heat shielded by insulating foam (6). Furthermore,
the inlet fluid is preheated by passing through the brass block via a
groove allowing to fix the tubing. As a result, the chemical reaction
begins in the microcalorimeter at the setting temperature (Ts).

2.2. Thermal modeling of the microfluidic chip

In order to model the thermal behaviour of the microfluidic chip,
a 2D transient thermal problem (Fig. 2) is considered. The system
is made of three homogeneous media of different thermal prop-
erties: medium 1 is the thermopile used as fluxmeter, medium
2 is the wafer of the microfluidic chip and medium 3 is the elas-
tomeric PDMS where the microchannels for chemical reaction are
imprinted.

The 2D transient model, described by Eq. (1) allows to calculate
the temperature field in the different media of the microfluidic chip
when a chemical heat flux is generated in the microreactor (Fig. 2).

∂2Ti

∂x2
+ ∂2Ti

∂y2
= 1

ai

∂Ti

∂t
, i = 1, 2 or 3 and ai = �i

�icp,i
(1)

where i is the subscript of each media, T is the temperature (K),
a is the thermal diffusivity (m2 s−1), � is the thermal conductivity
(W m−1 K−1), � is the mass density (kg m−3) and Cp the heat capacity
(J kg−1 K−1).

First, we assume that the chemical heat flux can be represented
as a discontinuous function ˚(x, t) along the plate whose value is
zero for x greater than the length b and positive for x between 0 and
b (Eq. (2)).

˚(x, t) =
{

QH(t) if 0 < x ≤ b
0 if b < x < L

(2)

where Q is the heat flux (W), H is the Heaviside step function and
b is the width of the thermal flux (m). Then, we suppose that the
media are semi infinite in the x direction. We also assume that heat
losses by convection are located at the top of the elastomeric PDMS.
Finally, the thermal reservoir positioned at the base of the fluxmeter
allows to impose a well known temperature (Ts) on the calorimeter.

The model described above is solved by the quadrupole method
[13,14]. With this simple analytic model, it is possible to accurately
analyse the thermal heat transfer in the microfluidic chip. The ther-
mal properties of the chip wafer and its size are very important to
design the chip properly. Usually, glass or silicon wafers are used.

Fig. 3 shows the effect of the thermal properties of the wafer on
the microreactor temperature when a heat flux of a 1 W is dissi-
pated through the channel. We have chosen to impose a flux of 1 W
because the volume and reagent quantity are very low and the heat
flux produced by the chemical reaction will be less than 1 W. We
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F fluxmeter (y = e1) can be plotted versus the wafer length for glass and silicon wafer of
5 fer than with a silicon wafer and (b) the transient heat flux on both thermopile and PDMS
l we can see that most of the heat flux goes through the thermopile, and less than 0.01% of
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during the decreasing part. The measured voltage is then compared
with the imposed flux (Fig. 6).

From Eq. (3), the calibration coefficient can be determined and
we obtain: ˛25 ◦C = 3.935 W V−1. Thus, when a chemical reaction
occurs in the microcalorimeter, the heat flux is measured in volt
ig. 3. (a) According to the thermal modelisation the steady state temperature on
00 �m thick; thus it is obvious that the local temperature is higher with a glass wa

ayer is represented by a function of time thanks to the thermal modelisation; thus
he heat flux goes through the PDMS.

an observe in Fig. 3(a) that the maximum temperature variation
epends on the wafer. The highest temperature for a glass wafer

s about 1.5 K, whereas it is only 250 mK for silicon wafer (6 times
maller). Thus, as the microreactor should be as isothermal as pos-
ible, it is better to design the microfluidic chip with the silicon
afer.

Another intention of this analytical model is to study the heat
ux distribution in transient conditions. First, the time response
f the system is analysed. The heat flux imposed at the top of the
ilicon plate is still a surface flux (b = 1 mm long) and constant in
ime. The heat flux received both by the fluxmeter and the PDMS
ayers can be compared, as it is shown in Fig. 3(b).

The heat flux on the thermopile is very important relatively to
he flux through the PDMS. The calculation of the percentage ratio,
hows that 99% of the heat flux generated by the chemical reac-
ion goes through the silicon. Thus, the fluxmeter placed below the

icrofluidic chip will detect almost all the heat flux. The heat losses,
hich represent 1% of the global heat flux, are calibrated using Joule

ffects.

.3. Electrical calibration

The tension acquired by the fluxmeter is proportional to a heat
ux. According to the data from the supplier, the relation between
he heat flux and the tension is given by Eq. (3).

= �G

ˇ
U = ˛U with ˛ = �G

ˇ
(3)

here � is the flux (W), � is the thermal conductivity (W m−1 K−1),
is the Seebeck coefficient (V K−1), G is the shape factor (m) and U

s the tension (V).
Thus, the coefficient ˛, obtained by the data given by the sup-

lier, depends on the properties of the fluxmeter and varies with
he temperature (Fig. 4).

It is interesting to compare the calibration coefficient, ˛,
iven by the manufacturer with ours. Therefore, we calibrate the
icrocalorimeter by Joule effect using an electrical heat source.

or that purpose, a calibration chip is manufactured with an elec-
rical resistance. This resistance is realised by gold deposition and
ocated between the silicon wafer and the PDMS. This calibration

hip is placed inside the reaction part and a microfluidic chip with-
ut flow inside the reference part. Various electrical power from
00 mW to 1 W are applied to the system thanks to a power supply
Agilent E3631A) at 25, 50 and 80 ◦C. Then, the dissipated heat flux
s measured by the thermopile as a function of time. For each of
Fig. 4. Manufacturer and experimental calibration coefficient versus temperature.

them, electrical power was set on, until steady state was reached.
Then, the power supply was stopped. For example Fig. 5 illustrates
the measured signal while a power of 500 mW is applied.

This procedure allows the measurement of two values of the
heat flux, one during the rising part of the response, the other one
Fig. 5. Heat flux measured and the imposed power are plotted versus time at
Ts = 25 ◦C.



C. Hany et al. / Chemical Engineering

F
r

a
(

P
b
m
w
e
w
a
e

2

r
c
t
o

u

w
(
d
o

3

3

o

T
E

ig. 6. Imposed heat flux versus measured tension at Ts = 25 ◦C, the solid line cor-
esponds to the linear regression.

nd this coefficient (˛) is used to deduce the chemical heat flux
W).

As the thermal conductivity and Seebeck coefficient of the
eltier depend on temperature, the calibration coefficient should
e estimated for each temperature we used (Table 1). The experi-
ental coefficients are slightly higher than the manufacturer ones
ith a proportional coefficient close to 1.25. This difference can be

xplained by a different way to estimate this coefficient. However,
e can observe in Fig. 4 that the evolution of ˛ versus temper-

ture has the same tendency for both the manufacturer and our
xperimental values.

.4. Sensitivity

The accuracy of the calibration coefficient is estimated by
eproductibility experiments at three different temperatures. The
alibration coefficient ˛ is evaluated 30 times for each tempera-
ure. The relative error is calculated using the standard deviation
f ˛ and Eq. (4).

˛(%) = �

˛
100 (4)

here u˛ is the relative error of the calibration coefficient (˛
W V−1)), � is the standard deviation of the calibration coefficient
etermined by experiment (W V−1). Table 2 presents the results
btained for the different temperatures.

. Microcalorimeter testing: results and discussion
.1. Reaction enthalpy measurements

A promising application of microtechnologies is the use of
ne phase liquid flow (co-flow) or two-phase liquid–liquid flow

able 1
xperimental and manufacturer values of the calibration coefficient: ˛.

Temperature (◦C) Experimental coefficient (W V−1)

25 3.95
50 3.74
80 3.98

Table 2
Results of the standard error of the calibration coefficient for different te

Temperature (◦C) 25
Average of calibration coefficient ˛ (W V−1) 3
Standard deviation � (W V−1) 1
Relative error u˛ (%) 0
Journal 160 (2010) 814–822 817

(droplets flow). In the co-flow configuration the two reactants flow
through the microchannel in parallel. In the latter, microdroplets of
reagents are transported at constant velocity in an inert continuous
phase. Each droplets can be considered as individual nanovolume
batch reactors. A very exothermic reaction between a strong acid
(HCl) and base (NaOH) is performed for these two flow config-
urations. The concentrations of the two reactants are 0.2 M. The
dimensions of the microfluidic chip given in Section 2.1. The exper-
imental procedure followed during measurements is similar to the
one described for the calibration (Fig. 5). First, the transient thermal
response measured by the fluxmeter is recorded until steady state is
reached. Second, the flow is stopped. At last, the thermal response,
corresponding to the decrease of the temperature, is recorded. For
all the experiments, the stoichiometric proportions are applied. The
measured heat flux can be described by Eq. (5).

� = �HrQCX (5)

where � is the heat flux (W), �Hr is the enthalpy (J mol−1), Q is
the flow rate (L s−1), C is the concentration (mol L−1) and X is the
conversion rate. Because the reaction is completed, the heat flux
released by the reaction is directly proportional to the molar flow
rate. Thus, the reaction must be complete (X = 1) in the microreac-
tor. For this reason, the residence time has to be longer than the
reaction one. As the plot of the heat flux versus the molar flow rate
provides a line the reaction is complete in the microfluidic chip.

3.1.1. Sensitivity of the enthalpy determination
The enthalpy is determined by the use of the microcalorimeter.

During experiments, the global heat flux produced by the chemical
reaction is measured. As the molar flow rate is known, the reaction
enthalpy can be deduced from Eq. (6).

�Hr = �

QCX
= ˛U

QCX
(6)

where Q is the flow rate of the limiting reagent (L s−1), C is the
concentration of the limiting reagent (mol L−1), �Hr is the reac-
tion enthalpy (J mol−1), X is the conversion rate, ˛ is the calibration
coefficient (W V−1) and U is the measured tension (V).

According to Eq. (6), the standard deviation of estimated
enthalpy depends on the flow rate (Q), the numerical voltmeter
(U) and the calibration coefficient (˛). As the chemical reaction is
complete in the microfluidic chip, the conversion X is equal to 1.
The solutions are commercial solutions and the standard error of
the concentration is negligible (7 × 10−2%).In order to estimate the
error of each parameter, several experiments are realised.
- Firstly, the standard error of the injected flow rate is determined
by a specific experiment. Some fluorinated oil is injected by
the syringe pump and the weight of oil is measured as a func-
tion of time. Three different flow rates are tested: 100, 500 and
1500 �L h−1. This experiment is realised 20 times at each flow rate

Manufacturer coefficient (W V−1) ˛experimental/˛manufacturer

3.14 1.26
3.10 1.21
3.1 1.29

mperatures.

50 80
.95 3.74 3.98
.10−3 4.10−3 5.10−3

.025 0.11 0.13
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Table 3
Results of the enthalpy sensitivity.
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directly the reaction enthalpy (Fig. 9).
The value of the enthalpy we obtained is 54.38 ± 2.78 kJ mol−1
Qtheoretical = 100 �L h 2.17 2.52 4.69
U for P = 100 mW 0.028 0.028
˛ 0.025 0.025

that determines the experimental standard error (uexperimental)
defined by Eq. (4). The experimental flow rate is then compared to
the theoretical flow rate and the setting error (usetting) is obtained
(Eq. (7)). The highest error is used to calculate the error on the
enthalpy estimation and is relative to the flow rate of 100 �L h−1.

usetting = Qtheoretical − Qexperimental

Qtheoretical
(7)

Secondly, the accuracy of the measured tension is estimated by
the experimental error and the reading error (10−3 mV). We apply
various power by the use of the calibration chip to determine the
experimental error. This experiment is performed 30 times for the
three different power: 200, 600, and 1000 mW. Thus the exper-
imental error is determined. The highest error on the measured
tension is used to calculate the error on the enthalpy estimation.
Finally, the relative error of the calibration coefficient has been
evaluated previously.

he results are presented in Table 3. The sum of these results leads
o the error on the experimental enthalpy of reaction which is esti-

ated at 4.7%.

.1.2. Monophasic flow
We study the acid–base reaction with one liquid phase flow:

o-flow. This experiment is performed at Ts = 25 ◦C for several flow
ates ranging from 250 to 1250 �L h−1. In microfluidic device, the
eynolds number is very low (<1), so the flow is laminar. The
eagents mixing is realised by diffusion. Measurements performed
y an infrared camera allow us to show that the reaction occurs at
he interface between the two reagents (Fig. 7). The interdiffusion
rea was measured and studied by several investigations and leads
o estimate the mixing time [15–17].

The solution of Eq. (8) gives the concentration profile of a solute

hich diffuses in a microchannel.

∂C

∂t
+ Ū∇C = D∇2C (8)

ig. 7. Infrared image of acid–base reaction co-flow in a microchannel of 250 �m
idth, the white colour corresponds to the highest temperature and the black one

o the coldest temperature.
Fig. 8. The measured heat flux is represented versus time for different reagent flow
rates in co-flow at Ts = 25 ◦C; one point over 500 is drawn.

The diffusion length, which corresponds to the mixing length Xm,
can be described by Eq. (8).

� =
√

2Dt =
√

2D
Xm

U
→ Xm = 1

8
w2U

D
with

Pe = wU

D
→ Xm = 1

8
Pew (9)

where � is the half width of the diffusion cone (m), D is the diffusion
coefficient (m2 s−1), C is the concentration (mol m−3), U is the flow
velocity (m s−1), Xm is the diffusion length (m), t is the time (s), w
is the channel width (m) and Pe is the Peclet number.

We use a microchannel of 250 �m width, the flow rate varies
from 500 to 2500 �L h−1 thus the mixing length goes from 17 to
90 mm. As the length of the microchannel is 32 cm the reagents are
fully mixed inside the chip. The acid–base reaction is a fast reaction
thus the reaction is complete inside the chip and the conversion rate
is equal to 1.

During experiments, the heat flux produced by the chemical
reaction in the microcalorimeter is recorded as a function of time
at various flow rates, as it is represented in Fig. 8.

Then the heat flux released by the reaction is compared to the
molar flow rates. The evolution is linear. By Eq. (5) the slope gives
with an estimated uncertainty of 5.13%. This value corresponds to
the value of 55.8 kJ mol−1 provided by the literature [18] with a
deviation lower than 3%.

Fig. 9. Heat flux versus molar flow rates in co-flow at Ts = 25◦C; solid line correspond
to the linear regression and the linear relation allows to determine the reaction
enthalpy.
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Fig. 10. Droplets formation mechanism in a flow-focusing junction.

F
o
t

3

a
t
f
t
t
a
t
d

r
c
i
b

F
fl
a

ig. 11. Measured heat flux versus time at constant reagents flow rate and various
il flow rates in droplets flow at Ts = 25 ◦C; as the different curves are overlapped
he oil has no influence on the heat flux measured.

.1.3. Biphasic flow (droplets)
We used the so called “flow focusing” geometry to engineer

queous droplets in oil within microchannels. Fig. 10 illustrates
he microfluidic pattern of the flow focusing geometry designed
or the experiment. In this channel geometry two oil inlets and
wo aqueous inlets are forced to flow through a channel restric-
ion located downstream the junction resulting in the formation of
queous droplets. We use silicone oil with a viscosity of 20 mPa s as
he inert continuous flow and the chemical reaction occurs in the
roplets (microreactors).

Two different sets of experiments are carried out.

Firstly, the droplets volume is changed by variation of oil flow

ate with a constant reagents flow rate. As the reagent flow rate is
onstant, the reagent quantity introduced in the microcalorimeter
s constant and the heat produced by the chemical reaction should
e the same. Fig. 11 represents the heat released by the chemical

ig. 12. (a) Measured heat flux versus time with constant ratio (reagent flow rate over o
ux with constant ratio (reagent flow rate over oil flow rate) versus the reagent molar flo
nd the linear relation allows to determine the reaction enthalpy.
Journal 160 (2010) 814–822 819

reaction, which is the same for all oil flow rates. Thus we can assume
that the oil flow rate has no effect on the heat measurement in this
device and the droplet flow can be performed.

Secondly, the total flow rate is varied while the ratio between
the reagents flow rate and the oil flow rate is constant and
equal to 0.5. Then the reaction enthalpy can be estimated
as previously (Fig. 12). The reaction enthalpy is estimated at
55.74 ± 2.86 kJ mol−1. This value is in good agreement with the lit-
erature value of 55.8 kJ mol−1, the deviation is about 0.1% [18]. This
result is close to the value determined by this microcalorimeter in
co-flow.

3.2. Characteristic mixing time

In this study, reagents are introduced in co-flow. As it has been
explained in Section 3.1.2, in such device the reagents mixing is
performed by species diffusion. The strong acid–base reaction is a
very fast reaction, thus chemical reaction is limited by the species
diffusion.

In order to study the conversion rate, the reaction should not
be totally achieved inside the microreactor. The residence time has
to be lower than the reaction time. Therefore a specific microflu-
idic chip is designed with a volume of 16 nL, 100 �m width, 80 �m
depth and 2 mm length.

The acid–base reaction is studied in the microcalorimeter at
different flow rates from 200 to 1000 �L h−1 (Fig. 13), and in stoi-
chiometric ratio at Ts = 5 and 25 ◦C.

As the enthalpy reaction has been determined (cf. Section 3.1.2),
the heat flux is measured and the flow rate is known, the conversion
rate is determined by Eq. (5) and plotted versus the residence time
for different temperatures (Fig. 14).

In Fig. 14, we can observe that the species diffusion is faster
at high temperature. Concerning experiments at room tempera-
ture, the mixing time is estimated about 0.145 s, for X = 0.95. The
apparent diffusion coefficient can be calculated using Eq. (9): D =
(1/8)(w2/t), thus D is estimated at 8.6 × 10−9 m2 s−1. This value is
in agreement with the diffusion coefficient of H+ in water which is
about 9.3 × 10−9 m2 s−1 [19].

3.3. Calorimetric titration
We use the microfluidic chip designed for the enthalpy mea-
surement to perform the titration experiment. A NaOH solution
with a concentration of 0.2 mol L−1, is considered as the unknown
concentration solution. This NaOH solution is titrated by a HCl
solution. The concentration of this HCl solution is well known

il flow rate) in droplets flow at Ts = 25 ◦C; one point over 500 is drawn and (b) heat
w rates in droplets flow at Ts = 25 ◦C; solid line corresponds to the linear regression
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Fig. 13. Relative measured heat flux versus time in co-flow at Ts = 5 ◦C for different
reagents flow rates; the relative heat flux is the ratio of the measured heat flux over
the theoretical heat flux produced if the reaction is completed in the reactor.

F
(

F
o

ig. 14. Conversion rate versus residence time at different setting temperatures
Ts).

ig. 15. Measured heat flux versus time at different flow rates at Ts = 25 ◦C for calorimetri
f HCl changes each 15 min and (b) flow rate of HCl changes each 60 s.
Journal 160 (2010) 814–822

and equal to 0.1 mol L−1. The experiments come out the following
way: the NaOH flow rate is constant and equal to 400 �L h−1, then
the HCl flow rate increases until the measured heat flux reaches
a constant value. The reaction occurs in stoichiometric ratio when
the heat flux steady state is reached. Thus, the equivalent flow rate
is determined at the beginning of this steady state. The increase of
the HCl flow rate is done in two different ways: firstly it increases
steadily each 15 min until reaching the steady state (Fig. 15(a));
secondly, as it is shown in Fig. 15(b), the flow rate of HCl increases
continuously each minute.

According to the two sets of experiments, the maximum heat
flux is measured when the HCl flow rate is equal to 800 �L h−1.
So the stoechiometry of the chemical reaction is obtained at the
expected value of the NaOH concentration (i.e. 0.2 mol L−1).

3.4. Mixing and reaction enthalpy of an esterification reaction

We have chosen to study the homogenous esterification reac-
tion between propionic anhydride and 2-butanol (Eq. (10)). This
reaction is investigated in the literature relative to process safety
and some thermokinetic parameters are available [20,21].

(10)

This reaction is known to be a second order reaction, it is first
order in each reagent. The time of the reaction is quite slow; indeed
the reaction is complete after 20 h at 70 ◦C. However a catalyst (such
as sulphuric acid) is used to reduce the reaction time. For example,
the reaction is completed after 2 h and 30 min at 30 ◦C with the use
of sulphuric acid at 3% (molar) in 2-butanol.

In order to measure the enthalpy of the reaction, it is relevant
to first determine the enthalpy of the mixing. It is found in the
literature [21] that the enthalpy of mixing is endothermic and has
a value of −4.2 kJ mol−1, which is not insignificant.

3.4.1. Mixing enthalpy
During these experiments, the mixing of the reagents (pro-

pionic anhydride and 2-butanol) is performed in stoichiometric

proportions, in the microfluidic chip without catalyst. As the resi-
dence time is kept lower than 10 min, the reaction has not begun
in the microreactor. Thus the measured heat flux corresponds to
the enthalpy of the reagents mixing. Two sets of experiments are
realised.

c titration of NaOH solution (0.2 mol L−1) by HCl solution (0.1 mol L−1): (a) flow rate
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Fig. 16. Determination of the mixing enthalpy of the esterification reaction in co-flow at Ts = 30 ◦C: (a) measured heat flux versus time at various flow rates and (b) heat flux
versus the reagent molar flow rates, solid line corresponds to the linear regression.
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As the mixing enthalpy (�Hendo) is known, the enthalpy of reac-
tion (�Hr) can be determined using Eq. (11).

�Hr = �Hexo − �Hendo (11)
ig. 17. Determination of the mixing enthalpy of the esterification reaction in dropl
ersus the reagent molar flow rates, solid line corresponds to the linear regression.

Firstly, the mixing enthalpy is determined in co-flow, the
esults are presented in Fig. 16. The heat flux measured is neg-
tive (Fig. 16(a)) and increase with the flow rate. Thus the
ixing enthalpy is an endothermic phenomenon. According to

he Fig. 16(b), the experimental enthalpy of mixing is −3.98 ±
.2 kJ mol−1. The deviation of this value compared to the literature
alue (�Hm = −4.2 kJ mol−1) is 5.3% which is sufficiently good [21].

The second set of experiment is relative to the measurement
f the mixing enthalpy in droplets. The inert continuous flow in
ade of a fluorinated oil with a viscosity of 10 mPa s. The results

btained are shown in Fig. 17. We can also observe that the heat
ux is negative which means that the enthalpy due to the mixing
orresponds to an endothermic phenomenon. The plot of the heat
ux versus the molar flow rate, the mixing enthalpy is estimated
t −4.24 ± 0.22 kJ mol−1 that is very close to the literature [21].

.4.2. Reaction enthalpy
In order to estimate the enthalpy of reaction, the chemical reac-

ion must be complete in the microfluidic chip. The sulphuric acid
s used as a catalyst and is diluted in the 2-butanol at 3% (molar
raction to 2-butanol). The temperature is set at 30 ◦C and the reac-
ion is completed after 2 h and 30 min. Consequently the maximum
otal flow rate should be 50 �L h−1 in the microfluidic chip (chan-

el volume is 117 �L). The reagents are introduced in co-flow in
toichiometric ratio. Therefore the heat flux measured is the result
f the mixing process and the reaction. As the mixing enthalpy is
ower than the reaction enthalpy, the results show only an exother-

ic phenomenon.
Ts = 30 ◦C: (a) measured heat flux versus time at various flow rates and (b) heat flux

The plot of the heat flux versus the molar flow rate is linear and
allows to determine the global enthalpy (Fig. 18). The estimated
value is �H = 54.8 kJ mol−1.
Fig. 18. Determination of the reaction enthalpy of the esterification reaction in co-
flow at Ts = 30 ◦C: heat flux versus the reagent molar flow; solid line corresponds
to the linear regression and the linear relation allows to determine the reaction
enthalpy.
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Thus, the experimental enthalpy of the reaction is
8.78 ± 3 kJ mol−1, which is close to the literature value
62.5 ± 1 kJ mol−1) with a deviation of 6% [20,21].

. Conclusion

A microfluidic calorimeter under continuous flow has been
eveloped and validated for the measurements of titration, kinetic,
ixing and reaction enthalpy of chemical reaction. In this paper,
validation on the characterization of a strong acid–base chemi-

al reaction was performed. The experimental results obtained are
ery close to the values found in the literature (<5%). This isother-
al microcalorimeter allows chemical characterizations (enthalpy,

onversion rate, and titration) in droplets and co-flow. The droplets
ow is very useful in case of very high exothermic reaction because
f the important ratio between surface and volume. In fact, such
atio provides a very low temperature increases. These advantages
re very interesting for safety studies.

To summarize, the main advantages of the device are the fol-
owings:

The manufacturing of microfluidic chips makes it possible to
obtain isothermal conditions with various geometries of reactor
(sizes and volumes).
The fluxmeter offers a good sensitivity and a direct measurement
of heat flux. The thermopiles are independent of the chip and not
very expensive. Working in steady state removes all problems
involved in its inertia.
With the injection system, it is possible to investigate a large
range of residence times and concentrations.
The required time to estimate the reaction enthalpy is around 2 h,
which is very short.

Finally, this device could be coupled to an infrared camera in
rder to perform local chemical analysis [22]. The use of both meth-
ds will allow the study of various chemical reactions in order to
btain thermochemical data.
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