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bstract

To increase mass transfer in solid catalyzed gas–liquid hydrogenations, the reactions are often operated at high pressures. Silicon/glass microre-
ctors present a possibility to safely handle high-pressure and provide optical access into the reaction channel for flow investigations. In this study
e present a Si/glass microreactor with soldered microfluidic connections for high-pressure and high-temperature applications. Mechanical testing
f the device by tensile and pressure tests showed no failure for continuous operation at 140 bar and 80 ◦C. The improved microreactor design is

pplied for a well-described solid catalyzed exothermic hydrogenation at operating conditions up to 51 bar and 71 ◦C. Additionally the two-phase
as–liquid flow is investigated in the microreactor. Results clearly indicated the improvement of the reaction rate from 0.004 mol g−1

cat min−1 at
mbient conditions to 0.046 mol g−1

cat min−1 at 51 bar and 71 ◦C. The reaction was observed to be mass transfer limited.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Microreactors have several advantages compared to their
acroscale counterparts [1–3]. A high surface-area-to-volume

atio (4–5 orders of magnitude greater than a conventional batch
eactor) enhances heat and mass transfer. Temperature control
f strongly exothermic chemical reactions is improved due to
he small hold up, high heat transfer rates to the channel walls
nd by the relatively high heat capacity of the channel walls
ompared to the heat supplied by the reaction mixture. The par-
ial or total elimination of hot spots enhances process safety by
voiding thermal runaway. An additional advantage of the small
ength scale of these microfluidic systems is their potential for
igh-pressure applications due to lower mechanical stress in the
eactor material.

In this study we use the case of a multiphase heterogeneously
atalyzed hydrogenation to focus on two aspects of the microre-
ctor system: the analysis and testing of soldered microfluidic
onnections to Si/glass microreactors, and the feasibility of
heir application in high-pressure and high-temperature chem-

cal reaction engineering. First, the mechanical strength of the

icrofluidic connections and the whole microreactor device is
nalyzed by tensile and pressure tests. Second, the heteroge-

∗ Corresponding author. Tel.: +41 44 632 24 88; fax: +41 44 632 15 01.
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; Hydrogenation

eously catalyzed hydrogenation of cyclohexene is conducted
n a T-shaped packed bed microreactor as a model reaction. The
nfluence of pressure and temperature on the reaction rate is
nvestigated. Optical access into the reaction chamber allows the
bservation of crucial parameters such as flow patterns, catalyst
acking and mixing of the reactants.

.1. Microfluidic connections

Microfluidic devices have developed unique solutions for
he fluidic connection to devices such as pumps or analytical
ystems. High-pressure and high-temperature fluidic connec-
ions for Si/glass microreactors are rarely reported. But the use
f Si/glass microreactors has several advantages compared to
etallic, glass or plastic devices. Standard cleanroom fabrica-

ion allows precise micromachining of microreactor features.
lso silicon and glass are resistant to corrosion from most chem-

cal species except strong acids. Optical access is important for
he investigation of mixing, flow characteristics [4] and resi-
ence time distribution [5]. One of the main disadvantages is
he brittle mechanical behaviour of silicon and glass, which

akes it difficult to handle the devices and attach microfluidic

onnections to it.

Two major methods exist for making microfluidic connec-
ions on microreactor chips: integrated connections and modular
onnections [6].

mailto:vonrohr@ipe.mavt.ethz.ch
dx.doi.org/10.1016/j.cej.2007.07.049
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Integrated connections are directly attached microfluidic con-
ections. The major disadvantages of this connection type are
he complicated fabrication procedure and the resulting dead
olume, which is not easily accessible. Press fittings with fused
ilica capillaries in etched holes are used for pressures up to
4 bar [7]. A theoretical value of 66 bar is achievable with an
ntegrated flange and peek tubing [8]. Directly epoxy-glued con-
ections for pressures up to 137 bar are presented by Spiering
t al., Pattekar and Kothare and Andersson et al. [9–11]. High-
emperature glass sealing of Kovar for pressures up to 125 bar
nd temperatures up to 1300 ◦C has been demonstrated by micro
ower systems [12]. The anodic bonding of Kovar to borosilicate
lass is reported by Blom et al. [13], who derives a theoretical
alue of 200 bar from tensile tests.

Modular connections consist of reusable parts. A housing in
hich the microreactor is embedded provides leak tight con-
ections. A precise alignment of the connecting components is
eeded. PEEK housing and fittings are used by Nittis et al. [14]
p to 6 bar pressure. An integrated rubber o-ring for sealing up
o 5.5 bar is shown by Yao et al. [15].

Commercially available microfluidic connection interfaces
ave pressure ranges from 50 bar [16] to 100 bar [17].

Metallic and glass solder has been used for microfluidic con-
ections by Ratner et al. [18] and Yen et al. [19]. A mechanical
haracterization of soldered microfluidic connections has not
een reported yet. And no data about temperature dependent
echanical strength of the different microfluidic connections is

vailable. For a robust and easily fabricated microfluidic connec-
ion the soldering of a capillary onto a silicon surface is proposed.
ress fittings with housings can introduce non-uniform stress
n the Si/glass chip reactor and lead to the fracture of the reac-
or. Glass sealing needs fabrication temperatures far above the
nodic bonding temperature, which would result in a weakened
ond between silicon and glass and could affect already inte-
rated catalyst or sensors. Anodic bonding of Kovar to glass is
ime consuming through several additional cleanroom steps.

The characterization of the mechanical strength of soldered

icrofluidic connection was done by tensile and pressure tests

o simulate operating conditions during a high-pressure and
igh-temperature reaction. The results show that a Si/glass
icroreactor with soldered fluidic connections is suitable to

i
w
w

ig. 1. Schematic of the microfluidic connection fabrication. (a) Thin film metallizatio
apillary on the backside of the Si/glass microreactor.
Journal 135S (2008) S309–S316

ithstand pressures up to 140 bar and temperatures up to
0 ◦C. Tensile tests indicate that the forces required to sepa-
ate microfluidic connections from the microreactor are 1 order
f magnitude higher than earlier reported.

.2. Hydrogenations in microreactors

To present the influence of pressure and temperature on
he reaction performance, we investigated the gas–liquid–solid
ydrogenation of cyclohexene in a packed bed microreactor
sing commercially available Pd catalyst. The rate-limiting step
s the transport of hydrogen to the catalyst. We chose this

odel reaction for several reasons: (1) the exothermic character
�H = −118 kJ/mol) offers a possibility to show the advantages
f microreactors in temperature control, (2) a change in the oper-
ting variables (p, T) has significant influence on the reaction rate
nd (3) this reaction serves as a model for many significant reac-
ion classes in the chemical, process and petroleum industries.
t is well described in the literature [20–23].

Recently a number of studies of catalytic hydrogenation
24–27] have been conducted in different types of microreactors
28–30]. Losey et al. studied the hydrogenation of cyclohexene at
mbient pressure in porous and packed bed microreactors over
t catalyst [31,32]. The reaction was found to be mass trans-
er limited. At temperatures up to 200 ◦C and ambient pressure
urangalikar et al. and Besser et al. [33,34] conducted the same
eaction in the gas phase over sputtered Pt catalyst, where the
eaction was limited by the intrinsic reaction rate. Continuous
igh-pressure hydrogenation reactions in small tube reactors
ith inner diameters of 1 and 4 mm, respectively have been
resented by Desai and co-worker and Yoswathananont et al.
35,36].

. Experimental

.1. Microreactor fabrication
A standard photolithography, dry-etching and anodic bond-
ng technique was used for microreactor fabrication. Silicon
afers used were 4 in. p-type, (1 1 1) double side polished
ith a resistivity of 0.014 � cm and 525 �m thickness. A high-

n using an aluminum shadow mask and electron beam evaporation. (b) Soldered
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esolution transparency foil was used for the photolithographic
atterning of the wafer. The dry etching was performed using
n inductively coupled plasma (ICP) etching system (Surface
echnology Systems). The etch process used resulted in a rect-
ngular channel shape with a depth of approximately 340 �m. A
00 mm diameter borosilicate glass wafer (Borofloat®, Schott)
f 700 �m thickness was used to cover the microfluidic chan-
els. Anodic bonding was performed on a substrate bonder (SB6,
üss MicroTec) at 450 ◦C and a voltage of 1500 V.

.2. Microfluidic connections

Around the inlet and outlet holes chromium, nickel, copper
nd gold were subsequently deposited by electron beam evap-
ration (Pfeifer Vacuum Classic 500) according to Fig. 1(a).

shadow mask was used during the evaporative deposition.
old is used as the top layer to provide complete wetting with

he tin–silver solder. Copper prevents the formation of an oxide
ayer on the nickel layer. Nickel itself acts as a diffusion barrier.
hromium is the actual undercoating on the silicon surface.

Stainless steel capillaries of 50 mm length (outer diame-
er = 1.59 mm, inner diameter = 0.5 mm) were turned on one end
o provide a slight cone for accurate positioning on the etched
nlet and outlet holes. About 5 mm at the end of the tubing was
rinded away to remove the oxide layer. After grinding, the cap-

llary was cleaned with acetone and immediately pre-tin-plated
ith the corresponding flux agent for stainless steels.
The soldering setup consisted of a hot plate and a position-

ng table. Capillaries were mounted on a drill chuck for precise

5
d
i
m

ig. 2. Microreactor design. (a) Photograph of the Si/glass microreactor. An alumin
ressure fittings (Upchurch Scientific) were used for the connection with the experime
atalyst inlet/outlet was closed during operation. (c) Fluorescent micrograph of a liqui
ndicated is the measured length of the liquid slug. The channel width is 400 �m.
Journal 135S (2008) S309–S316 S311

rthogonal alignment on the microreactor chip. A hot plate and
soldering iron for local heating were used for heating the parts
nd melting of the solder. Prior to soldering, the capillaries were
inned with flux agent. No plugging of the channel due to flux
r solder was observed during fabrication. Fig. 1(b) shows a
chematic of the soldered microfluidic connection.

.3. Mechanical testing

Tensile tests at elevated temperature were performed to simu-
ate the loads on the fluidic connection. The tensile test does not
epresent the actual load case on the fluidic connection in a pres-
urized microreactor. The boundary conditions given by the used
ample holder and the applied tensile load are not comparable to
simply supported pressurized microreactor. Additionally the
odes of failure are not identical. A fluidic connection fails when

he first leak appears. Leaks cannot be detected by the tensile
est, only the separation of the capillary from the device. How-
ver, this test provides an estimation of the maximal strength of
he soldered microfluidic connection.

The test specimens were fixed in a holder device, which pro-
ides a transmission of force from the capillary to the soldered
art of the connection. The holder itself was not fixed completely
o that the specimen could move and no moment was introduced
n the specimen. Tests were carried out on a mechanical test-
ng machine (Zwick 1474) with a testing temperature range of

–300 ◦C and a relative accuracy of ±0.5% at 200 N. To con-
uct tensile tests at elevated temperatures, a climate chamber was
nstalled around the testing section of the machine. All experi-

ents were performed with a pre-load of 2 N and a test speed of

a plate was attached to the capillaries for better handling of the reactor. High-
ntal setup. (b) Schematic of the packed bed microreactor during operation. The
d slug. The system pressure is 20 bar, V ∗

L = 20 �L/min and V ∗
G = 20 mLn/min.
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mm/min. The experiment was terminated when the capillary
as separated from the silicon surface.
To test the microreactor under pressure and thermal load con-

itions the microreactor was filled with water, pressurized with
itrogen and placed in a heated water bath.

.4. Gas–liquid–solid catalyzed hydrogenation of
yclohexene

.4.1. Microreactor characterization
The continuous solid catalyzed hydrogenation experiments

ere conducted in a T-shaped microreactor. The reaction took
lace in a straight 36 mm long single reaction channel 340 �m
n depth and 400 �m in width where the catalyst particles were
laced. The hydraulic diameter dH was 370 �m. Inlet and out-
et holes were 600 �m in diameter. The gas and liquid streams
ere fed via two side channels and contacted in a static mixer

onsisting of etched columns with a diameter of 100 �m and
distance of 100 �m in between. The static mixer induced
ixing of the gas and liquid phases. A 10 mm long mixing sec-

ion enabled the gas and liquid phase to mix completely before
ntering the packed bed. Fig. 2(a) shows a photograph of the
evice, and the schematic of the microreactor design is given in
ig. 2(b).

Palladium on silica–alumina particles (2 wt% Pd, Johnson
atthey) was used as the catalyst. After sieving, a well-defined

article size distribution was achieved and a mean particle diam-
ter of 115 �m was measured by laser diffraction spectroscopy
Helos 12KA, Sympatec). The metal surface area to mass ratio
as 1.75 m2/g and the dispersion was 19.7%, measured with
ulsed CO chemisorption (Autochem 2910, Micromeritics). The
atalyst particles were placed in the microreactor via a side chan-
el by applying a vacuum at the outlet. Filter elements near
he common outlet (length = 300 �m, width = 50 �m with 50 �m

pace in between) prevented the catalyst particles from leaving
he microreactor. Ultrasonic treatment was used to generate a
andom particle distribution in the microchannel. A packed bed
tructure extended to a length of about 25 mm in the microchan-

i
l
a
0

ig. 3. Schematic of the experimental setup for the high-pressure catalytic hydrogen
ump (D260, Isco) for cyclohexene delivery. (2) Mass flow controller for H2 (F-23
ressure regulator (BP-1580-81, JASCO). Pressure sensors with an accuracy of ±0.5
nd instrumentation to flood the setup with nitrogen.
Journal 135S (2008) S309–S316

el. This corresponds to a typical catalyst mass of 1.5 mg, which
as measured by taking the difference between the measured
asses of the empty and filled dried microreactors.
Flow patterns were observed at ambient temperature and

ressures ranging from 5 to 50 bar by laser induced fluores-
ence (LIF) using Rhodamine B as fluorochrome. The fluid pair
ethanol/nitrogen was used instead of cyclohexene/hydrogen

or the flow characterization because of the immiscibility of the
hodamine B solution in cyclohexene. The capillary numbers,
a, for the reaction mixture and substituted system were 0.0037
nd 0.0038, respectively, where Ca = ηu/σ, and η denotes the
iquid dynamic viscosity, u the bubble velocity and σ is the
urface tension. The Reynolds numbers (Re) were 73 for cyclo-
exene/hydrogen and 81 for methanol/nitrogen. The close values
f the different Ca and Re numbers result in the same flow regime
or both systems. A typical LIF micrograph of a liquid slug is
hown in Fig. 2(c).

.4.2. Hydrogenation of cyclohexene
The model reaction used was the hydrogenation of cyclohex-

ne over Pd catalyst:

6H10 + H2
Pd−→C6H12. (1)

he reaction is exothermic (�H = −118.8 kJ/mol). The reaction
ate is reported to be half-order with respect to hydrogen and
ero-order with respect to cyclohexene [22]. The reaction rate
s given by the following equation:

= kcl1/2

H2
, (2)

here k is the reaction rate constant and cl
H2

is the concen-
ration of dissolved hydrogen in liquid cyclohexene depending
n pressure and temperature. The concentration of hydrogen

n cyclohexene can be calculated by Henry’s law and varies
inearly with pressure in the temperature range of 30–100 ◦C
nd in the pressure range of 10–100 bar from 0.0025 to
.035 mol H2/mol C6H10 [37].

ation of cyclohexene in a packed bed microreactor. (1) High-pressure syringe
0M, Bronkhorst). (3) Packed bed microreactor and (4) high-precision back-
% were used (Endress & Hauser). Not shown in the schematic are the tubing
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.4.3. Experimental setup
The schematic of the experimental setup is shown in

ig. 3. It allows a maximum operating pressure of 170 bar.
tainless steel and PEEK (polyetheretherketone) tubing (outer
iameter = 1.59 mm, inner diameter = 0.5 mm), valves and inter-
onnections were used for fluid distribution. The microreactor
as placed in a heated water bath for experiments at high tem-
eratures and onto a microscope for LIF measurements.

The reaction was conducted at constant superficial velocities
f both the gas and the liquid phase. The liquid flow rate was
ept constant at 20 �L/min as the liquid phase was assumed to be
ncompressible. To provide a constant volumetric gas flow rate
he mass flow rate was varied with pressure and temperature
rom 5 mLn/min (p = 5 bar, T = 23 ◦C) to 50 mLn/min (50 bar,
= 23 ◦C). The gas mass flow rate was adjusted for higher
ressures and temperatures assuming ideal gas conditions. This
orrection in the gas flow rate changed the stoichiometric fac-
or for the total system from 1.1 (V ∗

L = 20 �L/min and V ∗
G =

mLn/min at p = 5 bar, T = 23 ◦C) to 11.3 (V ∗
L = 20 �L/min,

∗
G = 50 mLn/min, p = 50 bar, T = 23 ◦C), where V ∗

i is the vol-
metric flow rate of the liquid and the gas, respectively. Even
hough the reaction is exothermic, no cooling of the microreactor
as needed. A lumped heat transfer coefficient from the microre-

ctor to the environment was measured to be 25 W/(m2 K).
herefore the heat loss of the microreactor device dominated the
eat generation of the reaction above a minimum temperature
ifference of 4.6 K.

The catalyst was activated with H2 at 20 bar and ambient
emperature for 80 min before each experiment. Using this treat-

ent, the same catalyst activity was maintained for several
xperiments. Deactivation was also prevented by an in-line per-
xide trap containing alumina [38], but no change in catalyst
ctivity was observed due to the short total experiment time.

After reaching steady state flow conditions, product samples
ere taken after 40, 55 and 90 min. Conversion was analyzed

x-situ by GC–MS and averaged over time for reaction rate
alculations.

. Results and discussion

.1. Mechanical testing
Three different failure types which occurred during tensile
ests are described below. Fig. 4 shows photographs of the typical
ailure types.

a
s
a
6

ig. 4. Photographs of the three typical failure modes. (a) Failure type 1, separation
rom Si. (c) Failure type 3, fracture of the Si/glass specimen.
Journal 135S (2008) S309–S316 S313

Failure type 1. Separation of the capillary from the solder
ccurs when the shear stress in the interface between the capil-
ary and the solder is higher than the maximum allowable value.
n approximation of the shear stress in this interface can be
etermined by dividing the maximum tensile force by the area
n the shell of the capillary covered by solder. As the length of
he capillary covered by solder was in the order of 1 mm this
rea is about 5 mm2. The lowest measured tensile force for fail-
re type 1 was 153 N, which results in a minimum shear stress of
bout 30 MPa. This is in the range of the minimum shear strength
f solder on stainless steel of 25 MPa provided by the supplier
Fontargen). 25 MPa of shear stress on the wetted area on the
apillary results in a total tensile force of 125 N. This would lead
o a theoretical allowable pressure of pi = Fm/(πd2/4) = 629 bar
n the connection, where d is the outer diameter of the capillary.

Failure type 2. Separation of the chromium layer from the
ilicon surface. The normal stress between the chromium layer
nd the silicon surface leads to failure. Normal stress is cal-
ulated by dividing the tensile load by the chromium surface
rea (A = πd2/4 = 19.63 mm2) with d being the diameter of the
vaporated pad. The lowest measured tensile force before failure
as 210 N, which results in a maximum allowable normal stress
f 10.7 MPa for the undercoating. It is evident that this failure
ype is strongly dependent on the cleaning of the silicon surface
efore evaporation.

Failure type 3. The fracture of the Si/glass composite reaches
he highest values for tensile loads. The stress situation is much

ore complex than in the former two failure types. The sample
older and hence its geometry plays an important role in the
tress distribution around the soldered connection. The holder
pplies shear stress onto the sample and the Si/glass undergoes
rittle failure. This indicates a higher mechanical strength of
he connection than the Si/glass composite. For this failure type
o information about the mechanical strength of the connection
an be derived but conclusions about maximum handling loads
hich can be applied to the microreactor can be made.
The data in Fig. 5 show the three series of tensile tests at

ifferent temperatures. A large variation in all series and a slight
ecrease in maximum load with increasing temperature were
een. The large variation of failure load, especially for fail-
re type 3, can be explained by the brittle behaviour of silicon

nd glass, which leads to a statistically distributed mechanical
trength represented by a Weibull distribution [39]. A 1% prob-
bility of failure was calculated at a tensile load of 91.8 N at
0 ◦C.

of capillary from solder. (b) Failure type 2, separation of the Cr undercoating
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to 6.8% at 6 bar and 15–35.2% at 51 bar. Using the Arrhenius
equation and the slope in Fig. 7(a) an activation energy EA
of 10.7 kJ/mol was calculated. Such small activation energies
derived from the observed reaction rate indicate a mass transfer
Fig. 5. Measured tensile loads of three series at different temperatures.

At higher temperatures, failure type 1 prevails. This is
ue to the difference in the coefficient of thermal expan-
ion (CTE) of solder (CTE = 21.5 × 10−6 K−1) and steel
CTE = 16.5 × 10−6 K−1), which causes an additional thermal
oad on the connection as temperatures increase. The tensile
est results indicate that the operating pressure and temperature
egion of the soldered microfluidic connection is suitable for
he proposed operating conditions. The mechanical strength of
he Si/glass reaction channel on the other hand can be estimated
y beam theory [40]. The maximum applicable pressure is an
nverse function of the square of the channel width. In this case
he strength of the bond between the silicon and glass surface
as the limiting factor, not the mechanical strength of either

ilicon or glass. At a pressure of 150 bar a maximum channel
idth of 515 �m is allowed without failure of the device.
A helium leak test was performed to measure the permeability

f gas through the anodic bonding and the fluidic connection of
he microreactor. No leaks were detected above a leak rate value
f 10−11 mbar L/s. We therefore assumed a hermetic seal was
ormed by anodic bonding between the silicon and glass layer
nd that the soldered fluidic connection was tight. From polished
ut micrographs of the soldered connection, the misalignment
f the capillary relative to the microreactor inlet and outlet was
nalyzed to be about 180 �m. Pressure tests were conducted for
ver 8 h. The operating pressure was 140 bar and the temperature
as 80 ◦C. No failure of the microreactor was observed during

he entire experiment.

.2. Hydrogenation of cyclohexene

.2.1. Flow regime and residence time
A set of LIF experiments in an empty microchannel were

onducted at pressures up to 50 bar to identify the flow regime
nd the liquid slug velocities in the microchannel. Superficial
elocities were kept constant at jL = V ∗

L /A = 0.0025 m/s and
G = V ∗

G/A = 0.1225 m/s, where A is the cross-sectional area
f the channel. The flow regime was identified as segmented

as–liquid flow with long gas bubbles extending the field of
iew of the LIF measurement setup (740 �m × 560 �m). In a
et of 200 images recorded with a frame rate of 5 Hz, the liq-
id slug frequency was 0.1–0.4 Hz. Liquid slug lengths were in

F
t
A

Journal 135S (2008) S309–S316

he range of 193–319 �m. This indicates that part of the fluid is
owing as wall flow through the microchannel. Double frame

mages with a time difference of 100 �s were taken from liquid
lugs to calculate the velocities. The average liquid slug veloc-
ty measured was 0.15 ± 0.05 m/s. While increasing the system
ressure, no significant change of the liquid slug length, liquid
lug velocity or frequency was observed. Assuming the same
elocity for both the liquid and gas phase in the microchannel,
n average superficial velocity of both the phases of 0.13 m/s was
alculated. This value was in the same range as the experimental
esults.

The measured liquid slug velocity was used to calculate mean
iquid residence times of 0.17 s for an empty microchannel and
.07 s for a randomly packed bed (porosity = 0.4) 26 mm in
ength. Since the actual liquid flow through the packed bed was
ot known as bypassing, axial dispersion and stagnant regions
ccur, the liquid residence time could only be estimated in the
ange of the above-calculated values. These residence times,
ombined with the recirculation motion in the liquid slug, allow
s to safely assume the cyclohexene to be saturated with hydro-
en at the entrance of the packed bed calculated by the diffusion
ength x = √

2Dt, where D is the diffusion coefficient of hydro-
en in cyclohexene and t is the diffusion time.

.2.2. Reaction performance
The influence of pressure and temperature on the reaction

ate was investigated, where the reaction rate r is defined as
he moles of product formed per unit mass of catalyst per unit
ime. Fig. 6 shows the reaction rate as a function of the system
ressure measured at the reactor outlet. The pressure drop across
he packed bed was measured in all experiments to be between
.4 and 0.5 bar. An increase of the reaction rate was seen at
igher pressure due to an increase of the hydrogen solubility in
yclohexene.

The temperature dependence of the reaction rate is seen in
ig. 7. The conversions of the measured data ranged from 2.1
ig. 6. Reaction rate for the hydrogenation of cyclohexene for pressures from 1
o 51 bar at ambient temperature. V ∗

L = 20 �L/min and V ∗
G = 1 − 50 mLn/min.

t a pressure of 1 bar the reaction is conducted below stoichiometric conditions.
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Fig. 7. (a) Arrhenius plot for the model reaction at p = 5 and 50 bar. Temper-
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ture was varied from 23 to 75 ◦C. The observed reaction order to hydrogen
as 0.68. The linear regression equation is: ln(k) = −1291.5 × (1/T) − 2.7609

R2 = 0.808). (b) Reaction rate at different pressure and temperature.

imited reaction. An interpretation of mass transfer limitations
as done by applying trickle-bed reactor theory [41]. The ratio
f observed reaction rate to the mass transfer rate through the
lm surrounding the catalyst particle was calculated in the range
f 1–6.8. This large film resistance for hydrogen strengthens the
rgument for a mass transfer limitation of the reaction in the seg-
ented gas–liquid flow regime. A mass transfer limited reaction

n the packed bed microreactor was also observed by Losey et
l. [31].

In Fig. 7(b) the reaction rate as a function of temperature at
wo different pressures is shown. The reaction rate increases with
emperature for two reasons. First the rate constant increases
ith temperature in the exponential term of the Arrhenius law,

nd second the solubility of hydrogen in the organic solvent
ncreases with temperature, as it does with pressure. The devi-
tions in reaction rate at the same reaction conditions could be
xplained by different flow paths through the packed bed and
herefore a change in the mass transfer behaviour.

. Conclusions

We demonstrated the feasibility of a Silicon/glass microreac-
or with soldered microfluidic connections for high-pressure and

igh-temperature chemical reactions. The microreactor was fab-
icated with standard photolithographic, dry etching and anodic
onding techniques. Metallic layers were evaporated on the sil-
con substrate in order to provide a wettable surface for the

[

[
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etallic solder. The mechanical analysis of the microreactor
nd its microfluidic connections showed a mechanical strength
xceeding operating conditions of T = 80 ◦C and p = 140 bar. As a
odel reaction the exothermic gas-liquid-solid catalyzed hydro-

enation of cyclohexene over Pd catalyst in a T-shaped packed
ed microreactor was performed. The fluids were brought into
ontact in a static mixer followed by a mixing zone before enter-
ng the packed bed. LIF experiments confirmed a stable flow
attern for the investigated pressure range. The reaction rates
t high pressures and temperatures showed an increase com-
ared to earlier reported rates in microreactors. The reaction rate
ncreased by about one order of magnitude at ambient conditions
ompared to conditions at 51 bar and 71 ◦C. A comparison with
iterature shows a mass transfer limitation of the reaction.
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[2] W. Ehrfeld, V. Hessel, H. Löwe, Microreactors: New Technology for Mod-
ern Chemistry, Wiley-VCH, Weinheim, 2000.

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

[4] S. Waelchli, P.R. von Rohr, Two-phase flow characteristics in gas–liquid
microreactors, Int. J. Multiphase Flow 32 (2006) 791–806.

[5] F. Trachsel, et al., Measurement of residence time distribution in microflu-
idic systems, Chem. Eng. Sci. 60 (2005) 5729–5737.

[6] C.K. Fredrickson, Z.H. Fan, Macro-to-micro interfaces for microfluidic
devices, Lab Chip 4 (2004) 526–533.

[7] B.L. Gray, et al., Novel interconnection technologies for integrated
microfluidic systems, Sens. Actuators A 77 (1999) 57–65.

[8] A. Puntambekar, C. Ahn, Self-aligning microfluidic interconnects for glass-
and plastic-based microfluidic systems, J. Micromech. Microeng. 12 (2002)
35–40.

[9] V.L. Spiering, et al., Novel microstructures and technologies applied in
chemical analysis techniques, in: Proceedings of the 9th International Con-
ference on Solid-State Sensors and Actuators (Transducers ’97), Chicago,
1997.

10] A.V. Pattekar, M.V. Kothare, Novel microfluidic interconnectors for high
temperature and pressure applications, J. Micromech. Microeng. 13 (2003)
337–345.

11] H. Andersson, et al., Micromachined flow-through filter-chamber for chem-
ical reactions on beads, Sens. Actuators B 67 (2000) 203–208.

12] Y. Peles, et al., Fluidic packaging of microengine and microrocket devices
for high-pressure and high-temperature operation, J. Microelectromech.
Syst. 13 (2004) 31–40.

13] M.T. Blom, et al., Local anodic bonding of Kovar to Pyrex aimed at
high-pressure, solvent-resistant microfluidic connections, J. Micromech.
Microeng. 11 (2001) 382–385.

14] V. Nittis, et al., A high-pressure interconnect for chemical microsystem

applications, Lab Chip 1 (2001) 148–152.

15] T.J. Yao, et al., Micromachined rubber O-ring micro-fluidic couplers, in:
MEMS 2000, Miyazaki, Japan, 2000.

16] H. Kestenbaum, et al., Silver-catalyzed oxidation of ethylene to ethylene
oxide in a microreaction system, Ind. Eng. Chem. Res. 41 (2002) 710–719.



S eering

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

316 F. Trachsel et al. / Chemical Engin

17] A. Muller, et al., Fluidic bus system for chemical process engineering in
the laboratory and for small-scale production, Chem. Eng. J. 107 (2005)
205–214.

18] D.M. Ratner, et al., Microreactor-based reaction optimization in organic
chemistry glycosylation as a challenge, Chem. Commun. (2005) 578–580.

19] B.K.H. Yen, et al., A microfabricated gas–liquid segmented flow reactor
for high-temperature synthesis: the case of CdSe quantum dots, Angew.
Chem. Int. 44 (2005) 5447–5451.

20] R.J. Madon, J.P. Oconnell, M. Boudart, Catalytic-hydrogenation of cyclo-
hexene. 2. Liquid-phase reaction on supported platinum in a gradientless
slurry reactor, AIChE J. 24 (1978) 904–911.

21] E. Segal, R.J. Madon, M. Boudart, Catalytic-hydrogenation of cyclohexene.
1. Vapor-phase reaction on supported platinum, J. Catal. 52 (1978) 45–49.

22] E.E. Gonzo, M. Boudart, Catalytic-hydrogenation of cyclohexene. 3. Gas-
phase and liquid-phase reaction on supported palladium, J. Catal. 52 (1978)
462–471.

23] P.C. Watson, M.P. Harold, Dynamic effects of vaporization with exothermic
reaction in a porous catalytic pellet, AIChE J. 39 (1993) 989–1006.

24] G. Wiessmeier, D. Honicke, Microfabricated components for heteroge-
neously catalysed reactions, J. Micromech. Microeng. 6 (1996) 285–289.

25] K.K. Yeong, et al., Experimental studies of nitrobenzene hydrogenation in a
microstructured falling film reactor, Chem. Eng. Sci. 59 (2004) 3491–3494.

26] J. Kobayashi, et al., A microfluidic device for conducting gas–liquid–solid
hydrogenation reactions, Science 304 (2004) 1305–1308.
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