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In this contribution capillary type thermal mass flow sensors based on the thermo-transfer principle
were applied for monitoring esterification reactions in residence time micro-reactors. A novel micro-
reactor with an integrated sensor network was developed that enables the inline analysis of six stages of
chemical conversion in parallel. The device was optimized for residence times in the range of several tens
of minutes. Conversion can be monitored by means of changes in the isobaric heat capacity. Methods
for the compensation of offsets and flow pulsation in the linear operation range of the sensor were
developed. The novel micro-reactor was used for studies on the homogeneously catalyzed synthesis
of butyl acetate. The phase separation at a certain residence time could be successfully detected. The
formation of aggregates/plugs with different phases led to oscillations in the measurement signal. Insofar,
robust sensors emerge as low cost tool for the inline analysis and control of esterification reactions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Micro-process engineering or micro-reaction technology in
chemical, biochemical and pharmaceutical industry became a
growing field, e.g. for the intensification and development of novel
chemical processes. Several devices for unit operations like mixing,
reaction and heat exchange were reported and are commercially
available [1-4]. The high surface to volume ratio in micro-fluidic
channels involves high mass and heat transfer coefficients. Thus,
compared to conventional batch reactors, micro-reactors enable
fast mixing under isothermal conditions and a well-defined inter-
face to a solid or liquid catalyst in a continuous process. Among
other types the residence time micro-reactor is one of the most
important reactors. Devices were extensively used e.g. for the pro-
cessing of single or multiple stage liquid phase reactions in organic
synthesis. The hydraulic diameter, typically ~1 mm and less, is
mainly governed by the required residence time, through-put,
maximum pressure drop and the risk of plugging. After mixing
of the educts in a micro-mixer the reactive system enters the
micro-reaction channel and remains e.g. until chemical equilib-
rium state is present. Ideally, the equilibrium state is located
nearby the outlet of the micro-reactor, i.e. the residence time is
matched to the kinetics of the reaction. Recently, the analysis of
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esterification reactions in micro-reactors became of interest. A
carboxylic acid and an alcohol are converted to the correspond-
ing carboxylate ester in the presence of a strong acidic catalyst.
For the homogeneously catalyzed esterification reaction strong
mineral or organic acids are used. While for the heterogeneously
catalyzed synthesis ion exchange resins are employed. Carboxy-
late esters are used as high quality organic solvents with significant
industrial relevance, e.g. used for lacquer production. Butyl acetate
is of special relevance for several industrial applications, thus a
large data set of reaction kinetics based conventional batch pro-
cessing is available. Further details can be found in [5-12]. In a
previous work the homogeneously [13] and the heterogeneously
[14] catalyzed synthesis of butyl acetate in a custom made res-
idence time micro-reactor were studied. Focus was e.g. on the
kinetics of the equilibrium limited chemical reaction dependent
on the flow regime, process temperature and the catalyst concen-
tration. Experimental results were based on conventional off-line
analytics, e.g. gas chromatography. Understanding of the static
and dynamic behavior of the micro-reactor, respectively micro-
plant is fundamental for the development, optimization and control
of novel integrated chemical processes. Hence, for the analy-
sis and optimization of esterification reactions in residence time
micro-reactors an integrated inline analytics is required. Relevant
process parameters are e.g. conversion rate, reaction kinetics, phase
changes, residence time distribution and dispersion effects. Up to
now, there is a lack in sensitive, robust and low priced sensors
for inline chemical process monitoring. Quite expensive spectro-
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Fig. 1. Schematic of the capillary type thermal mass flow sensor optimized for mass
flow rates in the range of ~g/h.
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scopic techniques are state of the art for the inline/on-line chemical
process analysis by means of absorption/transmission measure-
ment in the UV/VIS/NIR range [15,16]. The scaling up for multiple
measurement positions inside the reactor, respectively several
micro-reactors/micro-reaction channels in parallel is a problem.

In this context low cost capillary type thermal mass flow sen-
sors based on the thermo-transfer (calorimeter) principle [17-19]
are focused for the inline monitoring of esterification reactions.
Devices are state of the art for the control of mass flow rates in
micro-fluidic systems. It is known, that the sensor signal is sensitive
to changes in the isobaric heat capacity of the liquid. In a previous
work [20] two commercially available mass flow meters [19] con-
nected in series were used for monitoring relative changes in the
isobaric heat capacity of liquids. It was shown that for a homoge-
neous liquid phase the evaluation of the differential sensor signal
leads to a sufficient elimination of flow pulsation. In this contribu-
tion a novel residence time micro-reactor containing six capillary
type thermal mass flow sensors for the inline monitoring of esterifi-
cation reactions is presented. The device was applied for studies on
the homogeneously catalyzed synthesis of butyl acetate with sul-
furic acid as catalyst. The measurement sensitivity, impact of flow
pulsation, offsets and dispersion effects as well as electrical noise
on the sensor signal were of special interest.

2. Measurement principle and sensor design

Capillary type thermal mass flow sensors based on the thermo-
transfer (calorimeter) principle mainly consist of two ohmic
resistor coils around the outer surface of a cylindrical capillary
embedded in an epoxy matrix. Hence, the sensing elements are
not in direct contact with the reactive mixture. Insofar, sensors
are of low complexity, respectively low costs and involve a high
chemical, temperature as well as pressure stability up to 100 bar. A
schematic of the sensor is shown in Fig. 1 that was optimized for low
mass flow rates the range of ~g/h. With this approach quite long
residence times can be achieved for processing chemical reactions
with comparable slow reaction kinetics in the range of several tens
of minutes. Both resistors act simultaneously as heater and tem-
perature sensor. At flow rates >0 g/h heat is mainly convectively
transferred to the fluid and conductively along the capillary wall
and the surrounding polymer. Hence, the measurement sensitivity
and the response time of the sensor are mainly influenced by the
thermal coupling between the coil and wall.

The fluid is heated up with an almost linear increase in the tem-
perature along the wall and in the middle of the capillary [20].
Local temperature maxima exist at the wall nearby the end of each
heating coil, while the temperature gradient increases with rising
heating power. A change in the isobaric heat capacity leads to a
change in temperature of the capillary wall, respectively the ohmic
resistance of each coil. The relationship between the temperature
T; of a single resistor coil and the dissipated electrical power P,

respectively heat Q.;; can be expressed with Eq. (1). While o, is the
temperature coefficient of the resistor, I, is the heater current and
U; the voltage drop, T, and R are the corresponding reference
temperature and resistance.

Pei = Quhi = U - Iy = IZ - Ryep(1 + n(T; — Trer)) (1)

When using sensors in a micro-residence time reactor, the liquid
is immediately cooled down to the process temperature after pass-
ing the sensor. In commercially available mass flow meters both
resistor coils are integrated in a Wheatstone bridge [ 19]. The circuit
is operated in constant power mode, while the bridge voltage Uy, is
a meter for the mass flow rate. In general, the relationship between
isobaric heat capacity c,, mass flow rate m’ and Uy, is non-linear. It
is determined during calibration procedure with a predefined ref-
erence liquid. After linearization and calibration Eq. (2) can be used
as a simple approximation for the relationship between U, m’ and
¢p in the operation range of the sensor. The conversion factor K
is dependent on the physical properties of the sensor, e.g. heating
power, geometry and housing materials.

Up=Ks-cp-m’ 2)

Further details about the working principle and the performance
of devices can be found in [19]. Thus, in single phase regime at least
two sensors are required to distinguish in between sensor signal
changes due to chemical conversion and flow pulsation. Even when
using high quality pumps in the micro-plant, the impact of flow
pulsation must be taken into account for the sensor signal analy-
sis [20]. In general, the measurement sensitivity increases almost
linear with the amount of dissipated heat, hence a higher overtem-
perature of the resistor coil. This approach enables the operation of
the sensor at higher mass flow rates, while keeping the overtem-
perature constant. A compromise between the required sensitivity
and the tolerable heat has to be found.

For the discrimination between chemical conversion, respec-
tively changes in the isobaric heat capacity and flow pulsation in
the two phase regime more than two measurement positions are
required. Two or more liquid phases with different average isobaric
heat capacities may cause an alteration in the signal similar to the
impact of flow pulsation, when passing the sensor. With regard to
Eq. (2) the impact of flow pulsation on the signal can be compen-
sated with at least a pair of sensors in contact with a homogeneous
liquid phase.

3. Residence time micro-reactor

Fig. 2 shows the novel residence time micro-reactor made of
stainless steel containing a network of thermal mass flow sensors.
The network consists of six sensors as illustrated in Fig. 1 (p.-Flow
series from Bronkhorst High-Tech, The Netherlands) with an inner
diameter of 1 mm. Hence, it enables the inline analysis of six stages
of chemical conversion in parallel. Each sensor hangs in an isolated
cavity to ensure a precise temperature control and stability, while
minimizing parasitic heat conduction path. As shown in Fig. 2 sen-
sors are interconnected in series by conventional 1/16” capillaries
made of PTFE. This approach allows an easy and flexible adjustment
of the residence time in between two consecutive sensors by means
of the capillary volume. Therefore, the position of each sensor in the
micro-reactor can be adapted to the kinetics of the reaction. For
processing the synthesis of butyl acetate, capillaries with an inner
diameter of 1 mm matched to the sensor capillary and segments
with 40, 80, 160, 320 and 640 cm corresponding to internal volumes
of314,628,1257,2513 and 5027 pL are employed. Due to the short
capillary length ~4 cm residence time in each sensor compared to
the polymer capillaries in between can be neglected. The total inter-
nal volume of the residence time micro-reactor is ~10 mL, including



T. Jacobs et al. / Chemical Engineering Journal 160 (2010) 827-833

829

Fig. 2. Residence time micro-reactor made of stainless steel containing six capillary type thermal mass flow sensors for the inline analysis of homogeneously catalyzed

esterification reactions by means of relative changes in the isobaric heat capacity.

6 sensor capillaries, each ~33 L, and 5 PTFE capillaries as men-
tioned above. For precise temperature control the device is fully
immersed in a thermostat bath. Water flow around the capillar-
ies ensures that the reactive mixture is cooled down to the process
temperature after passing the sensor. After mixing of the educts the
reactive mixture enters the micro-reactor and passes all six sensors
Si starting from S1 to S6. Insofar, the position of each sensor in the
micro-reaction channel corresponds to a certain residence time.
Fig. 3 illustrates the structure of the micro-reactor. It is apparent
that from theory all sensors are affected simultaneously by changes
in the mass flow rate. While differences in between offset compen-
sated sensor signals can be attributed to chemical conversion. The
absolute mass flow rate entering the micro-reactor is known due
to mass flow meters at each inlet of the micro-plant. The four-wire
technique is used for current feed and voltage measurement.

Alternatively a single resistor coil or both coils of each sensor
can be connected to a programmable current source. A constant
current in the range of 10-40 mA dependent on the overall flow
rate is applied for heat generation. Chemical conversion, respec-
tively changes in the isobaric heat capacity can be monitored by
alterations of the voltage at each resistor coil.

4. Micro-plant and experimental procedure

Fig. 4illustrates the structure of the custom made micro-plant as
used for the homogeneously catalyzed synthesis of butyl acetate.
The setup mainly consists of two mass flow meters (mini CORI-
FLOW from Bronkhorst, The Netherlands) combined with two
micro-annular gear pumps (mzr-4605 from HNP, Germany) for
educt feed, two pressure sensors and a pressure regulator (EL-Press

series from Bronkhorst) as well as a T-type micro-mixer. Valves at
the inlets V-Sg; are used for the selection of educts, respectively sol-
vents for calibration, offset compensation and flushing. Additional
valves V-Lg; in between micro-reactor and pressure sensors enable
the easy change in between different liquids, hence flushing the
inlet independently of the micro-reactor. All micro-fluidic devices
are interconnected by conventional PTFE capillaries. The residence
time micro-reactor with micro-mixer directly attached to the inlet
is placed in a thermostat (RE307 from Lauda, Germany). An analog
PC plug-in card with 16 programmable current sources (NI-4704
from National Instruments, USA) is used for heat generation. Resis-
tor voltages are measured at a sample rate of 20 Hz with a PC plug-in
card with >16 analog inputs (NI-6259 from National Instruments,
USA). For noise reduction sensor signals are filtered by a moving
average, window size 10. A custom made LabView based software
running on a standard PC is used for process control and sensor
signal acquisition. All measurements were done at 80°C and an
overpressure of 4 bar defined at the pressure controller. All chem-
icals were of analysis grade. An equimolar feed of 1-butanol and
acetic acid premixed with sulfuric acid was used for the synthe-
sis of butyl acetate. The mole fraction x of the catalyst was in the
range of 0.001 and 0.01. First, the micro-reactor was flushed sev-
eral times with 1-butanol to ensure well-defined start conditions.
Second, inlet E1 was flushed till V-Lg; with acetic acid/sulfuric acid.
Third, the equimolar feed of both educts was started, after stable
mass flow rates were present, the overpressure regime was applied.
Hence, when starting the esterification reaction, the reactive mix-
ture was to displace pure 1-butanol starting from V-Lg;. Samples
were collected at the end of the capillary to visually verify, whether
one liquid phase or two separated liquid phases were present.

Sensor 1 (S1) Sensor 2 (S2) Sensor 6 (S6)
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Fig. 3. Structure of the micro-residence time reactor containing a network of six capillary type thermal mass flow sensors connected in series, each with two resistor coils,
while alternatively a single or both coils can be connected to a programmable current source.
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Fig. 4. Structure of the micro-plant with integrated micro-residence time reactor/thermal flow sensor network for the processing and inline analysis of homogeneously

catalyzed esterification reactions at low mass flow rates in the range of ~g/h.

5. Experimental results
5.1. Offset compensation

In general due to fabrication tolerances sensors exhibit slightly
different electrical and thermal properties. Fig. 5 shows the
response of the sensor network for 1-butanol after switching on
the current sources. Fig. 6 shows the corresponding curves with
offset compensation referred to S1.

Even when the micro-reactor was flushed with a non-reactive
liquid, sensor signals differed within the measurement accuracy.
Thus, before processing esterification reactions offsets, mainly due
to a different ohmic resistance of each coil, had to be compensated.
After compensation all sensors exhibited the same signal within the
measurement accuracy, when non-reactive liquids were dispensed
into the micro-reactor. Experimental results showed that those off-
sets can be modeled as a constant factor. For the compensation
one sensor was taken as reference, here S1, and deviations of all
other sensors were referred to this sensor. Initially, the reactor was
flushed with 1-butanol and after thermal equilibration, voltages of
all sensors were sampled at least for 10 min and the average volt-
ages U,,s; were calculated. According to Eq. (3) a correction factor
Cs; for each sensor was determined, while Uygr.f is the average volt-
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Fig. 5. Response of the thermal flow sensor network without offset correction after
switching on the current sources, when 1-butanol was dispensed at a constant rate
of 41.2 g/h into the residence time micro-reactor.

age of the reference resistor. Then, the offset compensated signals
Ugs; of all sensors were calculated according to Eq. (4). Maximum
accuracy of the compensation could be achieved, when the correc-
tion factors were determined at the same flow rate ratio as used for
the esterification reaction.

Csi = Upsi - U,géref (3)
Uesi(t) = Ugi(t) - C;' (4)
5.2. Pulsation compensation

Even though the sensor network was used for monitoring
changes in the isobaric heat capacity, it was also sensitive to
changes in the mass flow rate. Hence, for the monitoring of ester-
ification reactions the impact and compensation of flow pulsation
induced sensor signal changes was an important factor. Fig. 7 shows
the response of the network due to the propagation of pulsation, an
offset of 10 mV was added to S2-6 for better illustration. Alterations
in the signals were mainly due to the control loop of the pumps and
electrical noise.

As shown in Fig. 7 the influence of flow pulsation was corre-
lated in between sensors, while the influence of electrical noise not.
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Fig. 6. Response of the thermal flow sensor network with offset correction after
switching on the current sources, when 1-butanol was dispensed at a constant rate
of 41.2 g/h into the residence time micro-reactor.
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Fig. 7. Response of the thermal flow sensor network due to the propagation of flow
pulsation, when 1-butanol was dispensed at a constant rate of 20.4g/h into the
residence time micro-reactor.

Although capillaries with a length up to several meters were placed
in between sensors, flow pulsation affected all sensors almost
instantaneously. No phase shifts or significant damping of the peaks
referred to the base line could be observed during propagation
through the micro-reactor. For the compensation of flow alter-
ations differential sensor signals were evaluated. One sensor was
taken as reference, where single phase regime could be premised,
usually S1. After offset compensation the differential signals of S2-6
in reference to S1 were calculated. Fig. 8 shows the differences in
the sensor signals of S2-6 in reference to S1, when 1-butanol was
dispensed into the micro-reactor. As long as a non-reactive liquid
flows through the micro-reaction channel differential signals must
be zero. When comparing Fig. 7 and Fig. 8 it is apparent that the
evaluation of differential sensor signals significantly lowered the
impact of flow pulsation.

The noise level could be reduced from ~10 to ~2 mV, while the
remaining fluctuations were mainly due to electrical noise induced
by the limited stability of the current sources. When the signal
changes due to pulsation were small in reference to the average
mass flow rate, the sensor network response could be regarded as
linear. Thus, it could be treated as an offset added to sensor sig-
nal shifts due to chemical conversion. When the amplitude of flow
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Fig. 8. Differences in the sensor signals S2-6 referred to S1 in the presence of flow

pulsation, when 1-butanol was dispensed at a constant rate of 20.4g/h into the
residence time micro-reactor.

0.05 ==

0.04 —

0.00 —

. T=280°C, pC =4 bar, [, =30 mA

-0.01 I : I I I I I I I I I I I

12 16 20 24 28
t (min)

(=]
S
co

Fig. 9. Synthesis of butyl acetate (acetic acid: 9.3 g/h, 1-butanol: 11.1 g/h, sulfuric
acid: x=0.01): transient response of the sensor network by means of changes in
the differential signals of S2-6 in reference to S1 after activation of the pressure
controller that led to a temporary imbalance of the educt feed.

pulsation was too high, the sensor response showed non-linear
behavior. In that case the differential signal significantly differed
from zero, which is apparent in Fig. 9 directly after applying over-
pressure.

5.3. Synthesis of butyl acetate

After offset compensation procedure as discussed in Section 5.1
the synthesis of butyl acetate was started. Initially, the non-steady
state response of the sensor network was of special interest, directly
after starting medium feed. The valve V-Lg; was switched from
1-butanol to the mixture of acetic acid and sulfuric acid. After stabi-
lization of the mass flow rates an overpressure of pC=4 bar was set
at the pressure controller. Fig. 9 shows the differential sensor sig-
nals of S2-6 in reference to S1 after the start of medium feed. The
increase in overpressure led to a temporary and non-symmetric
decrease in the mass flow rate of each pump. In a time scale of
~2 min the mass flow rate of acetic acid was more than two times
higher than for 1-butanol resulting in a non-equimolar mixing of
acetic acid and 1-butanol. Approx. 3 min after applying overpres-
sure regime, mass flow rates of both pumps converged to their
steady state value. As shown in Fig. 9, the non-equimolar mixture
propagated through the micro-reactor and dispersed as depicted by
the arrow in the diagram. Residence times in between sensors cor-
responded to the internal volume of each capillary segment. Fig. 10
extends Fig. 9 and shows the transient response of the thermal
flow sensor network, when the reactive system became biphasic.
After ~33 min the reactive mixture displaced 1-butanol at S6 and
the signal started to oscillate, while the signals of all other sensors
remained almost constant.

It is known that during the synthesis of butyl acetate at 80°C
a phase transition from one to two liquid phases occurs at a cer-
tain mole fraction. As shown in Fig. 10, the system became biphasic
in between S5 and S6. The temporary decrease in the signal of S6
referred to the baseline was due to the water-rich phase, when
passing the capillary of the sensor. Compared to butyl acetate,
acetic acid and 1-butanol, the isobaric heat capacity of water is
approx. two times higher. An increase in the isobaric heat capacity
led to a decrease in the overtemperature of the resistor coils, thus
a decrease in the temperature gradient and in the voltage drop.
Fig. 11 shows the steady state response of the thermal flow sen-
sor network within 1 h after the reactive mixture became biphasic.
Based on the kinetics of the transient as shown in Fig. 10 it can be
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Fig. 11. Synthesis of butyl acetate (acetic acid: 9.3 g/h, 1-butanol: 11.1 g/h, sulfuric
acid: x=0.01): steady state response of the sensor network by means of changes in
the differential signals of S2-6 in reference to S1 within 1 h after the reactive system
became biphasic.

concluded that the phase separation was mediated by the forma-
tion of larger aggregates/plugs of at least several tens of L traveling
through the micro-channel.

The sampling accuracy of single aggregates/plugs with alternat-
ing liquid phases was limited by the slow response time tggy =1
of the sensors e.g. compared to [21]. Before the phase separation
sensor signal shifts of S2-S5 were comparably small in the range of
several mV, when the reactive mixture displaced pure 1-butanol.
Hence, it can be concluded that the average isobaric heat of the
reactive mixture (1-butanol, acetic acid, butyl acetate, water, sul-
furic acid) is close to the value of 1-butanol. Measurement accuracy
for a certain mass flow rate can be increased, when the amount of
dissipated heat, respectively the overtemperature of the resistor
coil is increased. When lowering the mole fraction of sulfuric acid
from 0.01 to 0.001, no phase separation could be observed between
S5 and S6 at the same overall mass flow rate.

6. Summary and outlook

A novel residence time micro-reactor with integrated capillary
type thermal mass flow sensors for monitoring esterification reac-

tions was presented. The device with 6 sensors connected in series
was applied for studies on the homogeneously catalyzed synthesis
of butyl acetate. Thus, the sensor network enabled the detection of
relative changes in the isobaric heat capacity during the esterifica-
tionreaction at 6 positions in parallel. It was shown that differences
in between sensors due to fabrication tolerances can be compen-
sated by a constant correction factor related to a selected reference
sensor. After offset compensation the differential sensor signals
for a non-reactive liquid were zero within the measurement accu-
racy. Furthermore, it was shown that all sensors were affected
simultaneously by flow pulsation. As long as voltage changes were
comparably small referred to the baseline, the impact of flow pul-
sation could be adequately compensated by evaluating differential
sensor signals. This approach enabled the separation of flow and
heat capacity induced changes in the sensor signal, even when a
biphasic regime was present. When flow alterations were compa-
rable high, the non-linear behavior of the sensor had to be taken
into account, i.e. the differential signals differed significantly from
zero. In terms of measurement sensitivity, the stability of the cur-
rent source was the limiting factor. The inline monitoring of the
synthesis of butyl acetate revealed that the isobaric heat capacity of
the reactive mixture is close to the value of pure 1-butanol. Further-
more, the transition from one to two liquid phases during chemical
conversion could be successfully detected by oscillations in the
sensor signal. The phase separation mediated by the formation of
aggregates/plugs in the capillary is characteristic for a certain mole
fraction of the reactive mixture. The propagation of disturbances
during the operation of the plant, e.g. a non-uniform mixing due
to the switching of valves, oscillation of pumps or changes in over-
pressure could be detected by the sensor network. In a nutshell,
capillary type thermal mass flow sensors can be applied for the
inline analysis of esterification reactions in terms of reaction kinet-
ics, phase separation and the formation of plugs. Low complexity
and low cost sensors with high pressure, temperature and chemical
stability emerge as attractive sensor principle for inline analytics in
residence time micro-reactors.

Acknowledgement

We thank Bronkhorst High-Tech B.V. (The Netherlands) for sup-
porting our research activities with thermal flow sensors based on
the w-Flow series.

References

[1] K.-F. Jensen, Microreaction engineering—is small better? Chem. Eng. Sci. 56
(2001) 293-303.

[2] V. Hessel, A. Renken, ].C. Schouten, ].-I. Yoshida, Micro Process Engineering:
A Comprehensive Handbook: vol. 1: Fundamentals, Operations and Catalysts,
Wiley-VCH, Weinheim, 2009.

[3] V. Hessel, A. Renken, J.C. Schouten, J.-I. Yoshida, Micro Process Engineering: A
Comprehensive Handbook: vol. 2: Devices, Reactions and Applications, Wiley-
VCH, Weinheim, 2009.

[4] V. Hessel, A. Renken, J.C. Schouten, ].-I. Yoshida, Micro Process Engineering:
A Comprehensive Handbook: vol. 3: System, Process and Plant Engineering,
Wiley-VCH, Weinheim, 2009.

[5] C.E. Leyes, D.F. Othmer, Continuous esterification of butanol and acetic acid,
kinetic and distillation considerations, Trans. Am. Inst. Chem. Eng. 41 (1945)
157-196.

[6] AN. Al-Saadi, G.V. Jeffreys, Esterification of butanol in a two-phase
liquid-liquid system. Part I: Quaternary phase equilibria studies, AIChE J. 27
(1981) 754-761.

[7] AN. Al-Saadi, G.V. Jeffreys, Esterification of butanol in a two-phase
liquid-liquid system. Part II: Reaction rate studies and the analy-
sis of batch esterification in two phase systems, AIChE ]J. 27 (1981)
761-767.

[8] S. Steinigeweg, J. Gmehling, n-Butyl acetate synthesis via reactive distillation:
thermodynamic aspects, reaction kinetics, pilot-plant experiments, and simu-
lation studies, Ind. Eng. Chem. Res. 41 (2002) 5483-5490.

[9] M. Minotti, M.F. Doherty, M.F. Malone, Design for simultaneous reaction and
liquid-liquid extraction, Ind. Eng. Chem. Res. 37 (1998) 4748-4755.



T. Jacobs et al. / Chemical Engineering Journal 160 (2010) 827-833 833

[10] G.Venimadhavan, M.F. Malone, M.F. Doherty, A novel distillate policy for batch
reactive distillation with application to the production of butyl acetate, Ind.
Eng. Chem. Res. 38 (1999) 714-722.

[11] L. Jiménez, A. Garvin, ]. Costa-L6pez, The production of butyl acetate and
methanol via reactive and extractive distillation. I. Chemical equilibrium,
kinetics, and mass-transfer issues, Ind. Eng. Chem. Res. 41 (2002) 6663-
6669.

[12] L. Jiménez, ]. Costa-Lopez, The production of butyl acetate and methanol
via reactive and extractive distillation. II. Process modeling, dynamic sim-
ulation, and control strategy, Ind. Eng. Chem. Res. 41 (2002) 6735-
6744.

[13] A.A. Kulkarni, K.-P. Zeyer, T. Jacobs, A. Kienle, Miniaturized systems for homo-
geneously and heterogeneously catalyzed liquid-phase esterification reaction,
Ind. Eng. Chem. Res. 46 (2007) 5271-5277.

[14] A.A. Kulkarni, K.-P. Zeyer, T. Jacobs, M. Kaspereit, A. Kienle, Feasibility
studies and the dynamics of catalytic liquid phase esterification reac-
tions in a micro plant, Chem. Eng. ]J. 135 (Suppl. 1) (2008) S270-
S275.

[15] W.Ferstl, T. Klahn, W. Schweikert, G. Billeb, M. Schwarzer, S. Loebbecke, Inline
analysis in microreaction technology: a suitable tool for process screening and
optimization, Chem. Eng. Technol. 30 (2007) 370-378.

[16] D. Boskovi¢, S. Loebbecke, Modelling of the residence time distribution in
micromixers, Chem. Eng. J. 135 (Suppl. 1) (2008) S138-S146.

[17] F.P.Incropera, D.P. DeWitt, Fundamentals of Heat and Mass Transfer, sixth ed.,
Wiley, Hoboken, 2007.

[18] M. Ashauer, H. Glosch, F. Hedrich, N. Hey, H. Sandmaier, W. Lang, Thermal flow
sensor for liquids and gases based on combinations of two principles, Sens.
Actuators A 73 (1999) 7-13.

[19] J. Lotters, Liquid flow sensor for nano- and micro-flow ranges, Sens. Rev. 25
(2005) 20-23.

[20] T. Jacobs, A. Gomide, M. Kaspereit, K.-P. Zeyer, A. Kienle, P. Hauptmann, In-
line analysis of chemical reactions in micro reactors using thermal mass flow
sensors, in: IEEE Eurocon Conf., Proc., 2007, pp. 571-574.

[21] R.Buchner, M. Maiwald, C. Sosna, T. Schary, W. Benecke, W. Lang, Miniaturized
thermal flow sensors for rough environments, in: IEEE MEMS Conf., Proc., 2006,
pp. 582-585.



	Capillary type thermal mass flow sensors for monitoring esterification reactions in residence time micro-reactors
	Introduction
	Measurement principle and sensor design
	Residence time micro-reactor
	Micro-plant and experimental procedure
	Experimental results
	Offset compensation
	Pulsation compensation
	Synthesis of butyl acetate

	Summary and outlook
	Acknowledgement
	References


