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Miniaturization of Heterogeneous

Catalytic Reactors:

Prospects for New Developments in
Catalysis and Process Engineering

Jaap C. Schouten’, Evgeny V. Rebrov, and Mart H.J.M. de Croon

Abstract: This paper gives an overview of the research done since 1999 at Eindhoven University of Technol-
ogy in the Netherlands in the field of miniaturization of heterogeneous catalytic reactors. It is described that
different incentives exist for the development of these microstructured reaction systems. These include the
need for efficient research instruments in catalyst development and screening, the need for small-scale re-
actor devices for hydrogen production for low-power electricity generation with fuel cells, and the recent
quest for intensified processing equipment and novel process architectures (as in the fine chemicals sector).
It is demonstrated that also in microreaction engineering, catalytic engineering and reactor design go hand-
in-hand. This is illustrated by the design of an integrated microreactor and heat-exchanger for optimum per-
formance of a highly exothermic catalytic reaction, viz. ammonia oxidation. It is argued that future develop-
ments in catalytic microreaction technology will depend on the availability of very active catalysts (and cat-
alyst coating techniques) for which microreactors may become the natural housing.

Keywords: Catalytic coating - Integrated microreactor/heat-exchanger - Micro fuel processing -

Micro reaction systems - Process intensification

1. Introduction good heat control) and low hold-ups (exH)
cellent controllability, small safety risks
In recent years microfabrication technoloand low environmental impact). This
gies have been introduced in the fields ohakes these microreaction devices specifi-
chemistry and chemical process engineetally suitable for highly exothermic reac-
ing to realize microchannel devices,g. tions, short contact time reactions, and for
mixers and reactors, with capabilities cornthe on-demand and safe productioredy.
siderably exceeding those of conventionabxic and hazardous chemicals.
macroscopic systems [1][2]. Microreactors There are very challenging opportuni-
have reaction channels with diameters affes for applications of microchemical sys-
the order of 10Qum and channel lengths oftems and reactors [3]:
about 1-10 mm with an inherently large) High-throughput Catalyst Screening:
channel surface-area-to-volume ratio. These Microreactors are the natural platforms
properties offer clear advantages such as for parallel screening and high-through-
high mass and heat transfer rates (beneficial put testing of large numbers of new cat-

Microfuel Processing:

Recent developments show that micro-
chemical systems offer clear opportuni-
ties for small-scale fuel processing and
portable power generation, for example
to replace battery packs in laptops or
mobile phones. Here systems of mi-
croreactors are used to convert liquid or
gaseous fuels like methanol or methane
to hydrogen that is fed to fuel cells. The
challenge is to develop microchemical
systems in which all reaction steps are
optimally integrated, in combination
with appropriate sensors and actuators
for process monitoring and control.

for high selectivities and conversions and alysts, catalyst compositions (combinaiii) Process Intensification:

torial catalysis), and catalyst coating
techniques, while they also provide ef-
ficient tools for generation of intrinsic
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The Netherlands cient research instruments that can be
Tel.: +31 (0) 40 247 3088 used in the laboratory to explore the op-
Fax: +31 (0) 40 244 6653 : . " :
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www.chem.tue.nl/scr reaction system.

Finally, microreactors have the poten-
tial for safe, continuous but flexible pro-

duction of (fine) chemicals and pharma-
ceuticals in novel process architectures
which may open up new and efficient

synthesis routes. This application fits
into foresight scenarios that aim at
process and equipment intensification,
flexibility and ease of use in chemicals
production, and at production of end-
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products closer to the customer. This sahan the industry average, but the produde procedures of coating and thermal
called distributed or on-site productiortion processes used are still mainly stotreatment have also been optimized. Ob-
of small amounts of chemicals seems tchiometric instead of catalytic. In some ofaining a uniform thickness of the coating
be possible with compact microreactothem, the amount of waste produced exvithin 0.5 mm wide microchannels re-
units and mini-plants. ceeds that of the product by orders of magires a careful control of various synthesis
Of course, at present there are still maryitude. Obviously, replacing stoichiometricvariables. In general, the synthesis is most
practical problems associated with the pgrocesses by catalytic ones will have sensitive to the FO/Si ratio as well as to
tential of microchemical systems as chemtremendous impact on the reduction of bythe orientation of the plates with respect to
cals production devices, such as pluggingroducts. Several reactions are already pehe gravity vector. Ratios of JO/Si = 130
and fouling of microchannels, cost andormedyvia zeolite-based catalysts that inand Si/template = 13 were found to be opti-
availability of microreactor modules, lackvolve the synthesis of fine chemicals. Zeanal for the formation of a zeaolitic film with
of reliable catalyst coating techniques, supite crystals can be organized within a thickness of one crystal at a temperature
ply and removal of reactants and productsjicrochannels framework with a high spaef 130 °C and a synthesis time of about 35
use of reliable sensors and actuators ftial precision on the micrometer scale. Owh. Under such conditions, ZSM-5 crystals
process monitoring and control, and last burtg to the difficulty of synthesizing largewere formed with a typical size of
not least production capacity and scale-ugeolite monocrystals, various literaturel.5x1.5x1.0 um3 and a very narrow (with-
However, a tremendous effort is beingtudies focus on the preparation of zeolitim 0.2um) crystal size distribution. The pre-
made by many academic, governmentahin films by depositing €xsit) or insitu  pared samples proved to be active in the se-
and industrial research groups [3] to pusprowth of crystals. However, obtaining dective catalytic reduction (SCR) of NO
the technology forward while at the sameniform thickness of the coating requires with ammonia. The activity tests have
time successful commercial applications afareful control of the synthesis mixturébeen carried out in a so-called plate-type
micro and miniature devices have alreadgharacteristics (type and concentration a@hicroreactor [4]. The microreactor shows
been realized. starting materials, amount of watetc), neither internal nor external mass transfer
At Eindhoven University of Technolo- and of the procedures of coating and thelimitations and a larger SCR reaction rate is
gy, research on microreaction technologgnal treatment. When well-known zeoliteobserved in comparison with pelletized Ce-
was started in 1999, initially with the focussynthesis techniques are used to obtain a ZSM-5 catalysts under similar conditions.
on heterogeneous catalytic, gas phase sysitic coating adherent to a substrate, there
tems. Research is carried out on (i) the desa tendency for crystallization in the liquid
velopment of zeolite catalyst coatings isynthesis medium. Then, due to the gravit®. Micro Fuel Processing
microchannels, (ii) the application of mi-crystals formed will settle on the surface 08.1. Silicon-based Microreactor
croreactors for fuel processing and sma#l substrate rather than adhering to it. for CPO Kinetic Studies
scale fuel cell grade hydrogen production, In co-operation with Delft University of  This work focuses on the development
and (iii) the application of microreactors forTechnology, we have investigated the hyand application of a silicon-based micro-
process intensification, in particular to endrothermal formation of ZSM-5 zeolitic reactor to study the intrinsic kinetics of
hance heat transport to avoid hot spots ardatings on AlISI 316 stainless steel platdhe catalytic partial oxidation (CPO) of
to obtain an even temperature distributiowith a microchannel structure at differenmethane to hydrogen and carbon mono-
to control selectivity and to increase consynthesis mixture compositions [4] (Fig. 1)xide. CPO is considered an efficient way to
version and production rates. In this paper,
a short overview of this work is given wit
a particular focus on the development of 3
integrated microreactor and micro heat-e
changer for a catalytic, highly exothermi
reaction as an example of the possible rg
of microtechnology in process intensifical
tion.

2. Zeolite Catalyst Coating in
Microchannels

An elegant way to prepare catalytically
active microreactors is to apply a coating ¢
zeolite crystals onto a metal microchanng
structure. Over the past decades, zeol
catalysis has expanded into the areas
synthesis of toxic and fine chemicals. Mi
croreactors could very well be used for or
the-spot manufacture of chemicals that al
required in small quantities like fine chem
icals. Although the added value of fin

chemlpals IS, usua”y hlgh, the market dqfig. 1. Schematic representation of AISI 316 stainless steel plates with microchannel structure.
mand is relatively small compared to petrqg)’|sometric view of one plate with semicircular microchannels. (b) Front view of two plates
chemicals. Nowadays, this industry Segsealed together. (c) Single microchannel with zeolitic coating. (d) Scanning electron micrograph
ment is growing at a rate which is highesf zeolitic coating.
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Fig. 2. (a) Prototype of a silicon-based mi-
croreactor (30 x 45 mm) fabricated from two
silicon wafers. This prototype is used to quan-
tify the heat and mass transfer in the 500 pm
diameter, 30 mm long microchannel. A sec-
ond prototype with a rhodium catalytic layer
will be used to study the kinetics of the cat-
alytic partial oxidation of methane to synthe-
sis gas. The grey lines are platinum wires.
Near the long edges of the reactor device, the
lines end in pads for connections to a printed
circuit board. In the middle of the reactor de-
vice, these platinum wires form five heating
sections and twelve temperature sensors on
top of a silicon sheet that covers the reaction
channel. (b) Enlargement of part of the heater
and temperature sensor structures. The thick
meandering lines (50 pm wide) are platinum
heater elements and the tiny loops (10 um

wide) are two platinum temperature sensors.
(c) Schematic representation of a cross-sec-
tion of the microreactor device. The reactant
gas inlet and the product gas outlet are situat-
ed at the bottom in a second silicon wafer.

inlet / outhed

- 1
& S00um
FI_\ :

synthesize hydrogen from gaseous or liquiserimentally validated by comparing theéhese walls is higher than the gas inlet tem-
fuels, as needed in fuel cells for electricitgimulated and measured temperature diffgperature. When the inlet gas temperature is
production, after water-gas shift and sele@nce between the top wall and the side wakgjual to the temperature of the side and bot-
tive CO oxidation or purification by meansat different levels of the power supplied téom walls, the asymptotic value of the Nus-
of membranes to remove the carboeach of the five heaters (Fig. 3). From theelt number is the highest. In case of using
monoxide. The CPO reaction requires corsimulations, empirical Nusselt and Sherthe microreactor for a kinetic study, this
tact times in the order of milliseconds, antood correlations are derived that are eondition is preferred as a high Nusselt
therefore a microreactor is very suitable tlunction of the Graetz number which is denumber results in a high heat transfer coef-
study the kinetics as the reacting speciggendent on the axial reactor coordinate [5ficient, reducing the influence of heat trans-
typically have a residence time of this orddlt is found that the flow profile is being de-fer limitation on the reaction kinetics. The
of magnitude. The microreactor usedeloped along a considerable part of the mNusselt and Sherwood correlations are used
(Fig. 2) is made from silicon wafers at therochannel. For both laminar flow and plugo readily quantify the heat and mass trans-
MESA* Research Institute (University offlow conditions, a heat flux reversal is obport in this microreactor to support the ki-
Twente, Enschede, the Netherlands) usirsgrved on the side and bottom walls of theetic CPO study.

lithographic techniques [5]. It is positionedmicrochannel when the temperature of

in an aluminum housing with the appropri-

c)

ate electrical connections for the temper 100 -
ture sensors and heating wires. The reac
has a square reaction channel with a di iy f=1pm
meter of 50Qum and a length of 3 cm. The B f=2pm
top wall of the channel is formed by a thiy f=3pum
silicon sheet with a thickness of 10n. Ta ®  sxperiments
This thin top layer will allow a good ther- oo
mal contact between the rhodium cataly N
beneath it and the five platinum heatin 594
wires and twelve platinum temperature se P
sors on top of it. -
The first prototype device, as shown i 50 - . " "
Fig. 2, does not contain the catalytic laye "
yet as it is first being used for a study of th 20 - - =
heat transport characteristics and the ter 10 . " -
perature distribution. The heat produced K i
the heating elements on top of the coverir a T T r 1
silicon sheet mimics the asymmetric hea o s o i £
production in the microchannel by thd Powar on aach heatar [Watt]

exothermic CPO reaction. Comleta’[icmallig 3. Difference between the temperature T, of the top wall of the microchannel as measured
. L . . 3. t

fluid dy_namlc simulations are performed tQ/vith the platinum temperature sensors and the measured temperature T of the side walls as a

deter_m'.ne the heat an_d mass transport Chﬂfﬁction of the electric power supplied to each of the five heater sections on top of the mi-

acteristics under laminar as well as plugrochannel (see Fig. 2). The data points are experimental data, the lines are obtained from com-

flow conditions. These simulations are exputational fluid dynamic simulations with the FLUENT® code for different top wall thickness 8.
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3.2. Micro Reactor Technology steam reforming reaction and the reversk Process Intensification by
for Hydrogen and Electricity - water-gas shift reaction take place oveApplying Microtechnology
MiRTH-e. a copper/zinc oxide/alumina catalyst. To

The European Union funded projectvoid poisoning of the fuel cell's anode Recentwork has demonstrated the clear
MiRTH-e focuses on the design, micro-fabeatalyst, it is necessary to bring down thadvantages of applying microtechnology in
rication, and testing of a miniaturized, inteearbon monoxide concentration to belowhe optimization of a highly exothermic re-
grated fuel processor for the conversion df0 ppm. For this purpose, a secondction at conditions that were initially inac-
methanol to clean, fuel-cell grade hydrogemicroreactor is needed where carbooessible [7-9]. In this overview paper we
for low-power (20-100 Y electricity gen- monoxide is selectively oxidized with air,will address the different issues related to
eration. This work is done in a co-operationsing a supported noble metal catalyst. Ithe variety of problems which have been
of six project partners,e. Shell Global So- the fuel cell, most hydrogen will be consolved to obtain the maximum yield of ni-
lutions International, Institut fir Mikotech- verted into heat and electricity. The leftovetrous oxide in the platinum-catalyzed am-
nik Mainz (IMM), MESA" Research Insti- hydrogen from the fuel cell will be catalyt-monia oxidation in a microstructured reac-
tute, Netherlands Energy Research Foundaally combusted in the afterburner mitor. Nitrous oxide (NO) is considered as a
tion (ECN), Laboratoire des Sciences daroreactor, using a platinum/alumina catasoft electrophilic oxidant which can be used
Génie Chimique (CNRS), and Eindhovellyst, to provide the necessary energy for the a number of catalytic partial oxidation
University of Technology (TU/e) [6]. The reforming reaction. A pinch analysis wagprocesses, among them one-step selective
low-power micro fuel processor shouldcarried out of the complete system to derivexidation of methane to methanol and ben-
provide hydrogen for use in low-temperaan efficient energy integration scheme afene to phenol. Furthermore, the choice of
ture proton exchange membrane (PEMhe micro fuel processor. The process Emmonia oxidation as a test reaction is sug-
fuel cells. The integrated unit will provide adivided into three separate combinedested by the fact that the reaction is strong-
portable power source and is an alternativaicroreactors/heat-exchangers (Fig. 4bly exothermic. Therefore, the heat distribu-
for battery packs or hydrogen storage iwhich all operate at different temperaturesion between the catalytic surface and the
metal hydrides. Possible applications wilbased on an overall process efficiency afas phase along these microchannels is im-
be in laptop computers, portable TVs35% (methanol to electricity) at an electriportant to obtain the highest possible selec-
camping site equipment, and lawn mowersal power output of 100 W. At present théivity to one of the reaction products 4N
As indicated in Fig. 4a, the fuel processatzombined CO selective oxidation microreN,O, NO), as this is strongly dependent on
will consist of a vaporizer and three catactor & heat-exchanger has been design#te reactor temperature. The selectivity to-
alytic microreactors. In the methanol reat TU/e and has been microfabricated atard nitrous oxide has a sharp maximum at
former reactor, the endothermic methandMM and is currently being tested. about 325 °C. Therefore, under steady state
conditions the highest possible,® yield
can only be obtained in the reactor operat-
ing at isothermal conditions. The choice of
platinum as a catalyst is based on the high-
est turnover frequencies, and therefore the

Vaporizer Reformer CO-SelOx : A . . ;

: : highest reaction rates observed in the kinet-

Methanol ; H, H,0 ic region. In spite of the fact that some met-
water 2 ]100°C 250 e co | P9 O Me MO al oxide catalysts are more attractive from

: 2 : CO; N, . : .

: X yy \ the NzQ seleppwty stqndpomt, the specific

i N 1 catalytic activity of oxide catalysts appears

Air S I . Fuel cell to be at least two orders of magnitude low-
N "1 69 °C| 20-100w, | er than that of the platinum group metals,

‘\ 1 decreasing considerably the total through-

: . | put of the microreactor. Finally, the ammo-

Exhaust i H:0 CO: nia oxidation on a Pt catalyst is structure
— N, O, 300°c sensitive, as the selectivity is also strongly

: dependent on the Pt dispersion.

: Catalytic Thus, the desired product yield essen-

a) SO it SRR tially depends on the catalyst selectivity
and on the microreactor operating condi-

b) Hir s tions. Although all the related important as-
e l l pects of the process design will be ad-
wakar dressed, greater emphasis will be placed on
=——_aportzni | _Refoemer #1_CO SedO M Fusl the microstructured reactor design work.
—  Cookr [ Cat, Bumsr M Hoator e Due to a complex interrelation of all aspects
EMRERISE  g= wp e i 150 & T of the problem, it seems reasonable to con-

sider them successively. So, we shall con-
sider: (1) main peculiarities of ammonia
Fig. 4. (a) Basic process scheme of the MiRTH-e micro fuel processor, indicated by the dotted  pxidation on platinum catalysts, (2) kinetics
box, in combination with a PEM fuel cell. The heat generated in the catalytic burner of the left- o ammonia oxidation, (3) factors deter-
over hydrogen from the fuel cell is used to evaporate and reform the methanol-water mixture. - . -

By direct feeding of methanol to the burner reactor, start-up of the device is foreseen (not mln!ng.process _eff|C|ency, ) .prInCIpIes fqr
shown). (b) Energy integration scheme of the MiRTH-e micro fuel processor, including the PEM designing the isothermal mlcro catqutlc
fuel cell. The process is divided into three separate combined and integrated microreactorsand ~ SyStem based on mathematical modeling of
micro heat-exchangers, which all operate at different temperatures. ammonia oxidation.
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4.1. Main Peculiarities of Ammonia 4.2. Kinetic Study of Ammonia crochannels, the transition to the mass
Oxidation on Platinum Catalysts Oxidation in an Aluminum-based transfer controlled region happens at high-
A selective catalyst is supposed to peMicroreactor er temperatures in comparison to ordinary

form a dual function: activate oxygen by So far, there has been no attempt recordeactors, making it possible to study the re-
generating oxygen species of proper reaed in the literature to incorporate the deaction kinetics at elevated temperatures
tivity, and activate the starting material tdailed surface chemistry of the ammoniavhilst still in the kinetic mode.
direct the oxidation in the desired way. Opexidation in a reactor model. Most of the If the goal is to provide the best de-
timization of these two functions is a diffi-studies have been done on platinum catseription of a particular system where there
cult problem, since one cannot tune thetysts and several reaction mechanisms hasee substantial data available, one might
independently by varying the state of an abbeen suggested (see [8] and referencsmrt assembling a reaction mechanism us-
tive component in the catalysts. Often gairkierein). In all cases, the surface chemistigg the most reliable information for the in-
ing in one aspect, we are losing in the othewas approximated by a number of globalividual reactions and then systematically
The platinum cluster size plays an imsteps whose rates were described by empiptimizing it by adjusting rate coefficients,
portant role in the activity of supportedcal rate models. However, accurate elgreferably within the error limits, to better
platinum catalysts and also it could have amentary step descriptions are particularlgescribe the experimental database. This
influence on the product distribution to advantageous, because they provide insigigpproach has been employed in [8] for the
great extent. Oxidation of ammonia on &to the most effective ways to improvedevelopment of the ammonia oxidation
single site is based on an Eley-Rideal meckystem performance. They also provide mechanism on a Pt catalyst. Current under-
anism. Even isolated dual sites cannot offenuch better framework for extrapolationstanding of the ammonia oxidation reaction
an optimum configuration [7], since theFinally, they identify those particular sets ofor surface temperatures below 500 °C is
NH, oxidation requires surface sites for théitial conditions in which to focus experi-that ammonia and oxygen, after adsorption
adsorption of two ammonia molecules anthental efforts. on a surface, form several active adspecies
two oxygen atoms. The formation of Pt Depending on the temperature emwhich react to form B N,O, and NO. In
clusters is responsible for the better peployed, the ammonia oxidation reactiorthis mechanism nitrogen-containing ad-
formance of catalysts with the high Pt loadpasses through the following phases: (i) apecies are assumed to occupy single ‘on-
ings in the ammonia oxidation. From thdéow temperatures the reaction is controlletbp’ adsorption sites, and all other species
surface mechanism it can be concluded thiay the intrinsic surface kinetics; (ii) in theoccupy adsorption sites equivalent to that
a cluster of at least five atoms is needed totermediate temperature region the reaof oxygen ‘hollow sites’ [14]. The kinetic
form the most favorable configuration otion rate becomes mass transfer controllgzhrameters of the elementary reaction steps
species in a surface complex. We observeahd thus catalytic activity comparison is notvere determined by regression on integral
a pronounced increase of turnover frequeralid in this region; (i) at higher tempera-data from 103 NEloxidation runs over the
cies from 20 to 403at 300 °C, when a cat-tures there is a significant contribution fronmicroreactor, with NHconversion, and N
alyst containing isolated Pt atoms was sulgas phase homogeneous reactions to taed N,O selectivities as the experimental
stituted by the catalyst which consisted afverall reaction rate. However, in a miresponses. In general, the model predic-
small Pt clusters of 2.3 nm in size [7]. It wasroreactor, due to a very high surface-aretiens showed a very good agreement both
also reported that the stoichiometry of oxyto-volume ratio, it is possible to eliminatewith published literature data and our ex-
gen chemisorption increases by a factor 2gas phase reactions. Furthermore, due perimental results for ammonia partial
with increasing platinum crystallite sizethe very small diameter of the reaction mipressures above 0.03 atm (Fig. 5).
[10][11]. A variation of the turnover fre-
quency for catalysts with platinum contents
varying from 0.05 wt.% in a supported cat

alyst to 100% in a Pt monolith showed thg ) i . g | b

there was a certain limit to the effect. Actu - P, £t e BT g 50 pe8 TE;— P | S 3

ally, the turnover frequency changed onl oy 2 P Ao L

slightly with increasing Pt loading from 1.3 ; 4 am

to 3.5 wt.% [7], whereas a further increas Aok 4 | AS g 104 R T

of the Pt loading above 3.5 wt.% did no| = P T e, O B TS = o I- 4 |

cause any changes in the turnover frequen¢ = = | "SR z A i‘ e
The increase of supported platinum pal £ |y - i A 4 an — ¥ e

. R . = ms C M0 C i ;

ticle size led also to considerable changes| = | N, TN, |0 N, o L |

selectivity in the ammonia oxidation overd ™ , |~~~ M8 & ks s wo 2 3+— — !

PUALO, catalyst [7][8][12]. Large crystal- [ e e ) e =

lites of 15.5 nm, for which over 98% of the | ogwd ] w z a k..

surface atoms are plane atoms [13], exhi E | o E: :m ..f'-:{

ited low selectivity to nitrogen formation. il ooetacgedo. | ;. T assam e :

Selectivity to nitrogen increased with de ap 005 0 018 E ] -—r '

creasing platinum loading [7][8]. Based or] M partial pressurs, [atm] £l 400 i #00

aforementioned issues, one can conclug Tamgerature, ['C|

that an appropriate choice of the catalyst

configuration is very important. Fig. 5. Experimental data versus simulation results obtained with the complete Navier-Stokes

(NS) reactor model including the reaction kinetics. (a) Selectivity to all end products as a func-
tion of the ammonia partial pressure. O, = 0.88 atm. Inlet gas mixture temperature: 25 °C. Flow
velocity: 3500 cm®/min (STP). (b-d) Selectivity to nitrogen (b), nitrous oxide (c), and nitric oxide
(d) as a function of the average catalytic wall temperature for three different oxygen partial pres-
sures. NH, = 0.066 atm. The other conditions are the same.
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4.3. Factors Determining each with a length of 0.7 cm, a width of8]. The assembled aluminum reactor was
Microreactor Performance 0.434 cm, and a thickness of 0.03 cninserted in the nickel housing.

The catalyst system used in microstruawvhich are placed in the nickel housing at The thermal profiles along the mi-
tured reactors usually consists of an activexjual distances of 280n from each other. crochannels of the different microreactors
component and a support/substrate. Anum- 25 um alumina layer on both sides ofwere estimated using CFD calculations with
ber of materials, such as alumina, moleeach plate was produced by anodic oxidéhe FLUENT code and the kinetic mecha-
cular sieves, solid superacids, monolithsion followed by platinum impregnation.nism of the Pt-catalyzed ammonia oxida-
silica fibers, metal-oxides was reported aBhe detailed view of this type of microre+ion [7][8]. Fig. 7 demonstrates the differ-
supports for Pt-based oxidation catalystactor was shown elsewhere [7]. The 100%nces between the microreactor and furnace
The support has to provide a high dispeplatinum microreactor (MR-2) containstemperatures (FT,, see Fig. 6) at the same
sion of an active component. At the samé9 microchannels of 50Am in diameter power load of the furnace. The smallest
time, a high thermal conductivity of theand a length of 0.9 cm produced by corthermal resistance is clearly associated with
support material is important to obtain aentional machining in a metallic Pt cylin-the microreactor MR-3. Because of the ex-
high heat removal rate from the reactioder with a diameter of 1 cm. The Pt reactarellent intrinsic heat conductivity of alu-
zone. There are no support materials thatas positioned in the nickel housing. Eachminum (240 Wm!K-1), the only signifi-
can satisfy both of these requirements comew contains seven microchannels posgant heat transfer resistance in this case is
pletely. Therefore, the best way to solve thisoned at equal distance of 5Q6n from located at the interface between the external
problem is to deposit a thin coating with &ach other. The distance between the rowscroreactor wall and the nickel housing.
high surface area on the wall of the reactavas also 500um. The aluminum-basedFor the Pt-based MR-2, due to the relative-
channels that are machined in a highly heaticroreactor (MR-3) is assembled fromy low thermal conductivity of platinum
conductive material. This coating can alfourteen individual aluminum plates of(72 WnT1K-1) compared to that of alu-
ready be catalytically active or can be use@l9x0.9 cn?, and a thickness of 0.05 cmminum, the heat generated inside the reac-
as a support for a catalyst precursor. Each plate contains seven semi-cylindricdlon channels cannot be transferred fast

In our study we compared the performmicrochannels of 280um width and enough to the cooler. As a result, at the full
ance of three microstructured reactors40 um depth, 0.9 cm long, arranged atonversion of 6 vol.% NEf a hot spot of
made of aluminum, nickel, and platinumequal distances of 28n. A 25um alumi- about 25 °C inside this microreactor can
All reactors were inserted in a specially deaa layer was produced in each microcharise [7], which gives poor selectivity con-
signed reactor housing shown in Fig. @el by anodic oxidation followed by plat-trol. Although the geometry of the MR-2 is
The microreactor MR-1 consists of a stackhum impregnation. The details of thesuitable to provide a high heat transfer rate,
of twenty removable aluminum platespreparation procedure are given elsewhetiee thermal conductivity of the reactor ma-
terial creates considerable heat transfer re-
sistance. As for the MR-1, the only signifi-
cant heat transfer resistance in this case is

; Inlet due to the relatively small contact area be-
heating section: flow distributor tween the catalyst plates and the nickel
40 .. 480°C S housing (heat conductivity of approx.

T2 T1 80 WnTlK-1). The result of this poor heat

transfer was observed in the experiments
with high ammonia concentrations. Several
plates positioned in the middle of the MR-
1 were melted when 12 vol.% NHkh the
gas inlet mixture was used. In contrast to
actual this case, in the MR-3, the radial tempera-
microreactor ture gradient (difference between furnace
\\\ and microreactor temperatures) did not ex-
ceed 5 °C in all experiments. This allowed
extension of the investigation to high MNH
inlet concentrations and feed flow rates,
T3 both conditions being associated with large
Insulating thermal loads. The MR-3 operated au-
plata

metallic
BCTEWS

quench
saction: -20°C

ot

Fig. 6. Microreactor test module consisting of the actual microreac-
tor (MR-1, MR-2, or MR-3), the furnace, and the cooler. The reactor
has a nickel housing with standard tube connections and is heated
MH‘1 MH‘E MH‘B by an electrical furnace. The furnace is made of copper and could

P = provide power input up to 185 W. The temperature is measured both
g _—— Mi housing inside the furnace (T1) and at an outer surface of the reactor (T2). An-
Il'{_ other thermocouple is positioned on the outer surface of the cooler

|I |

L (T3). To isolate the cooler section from the microreactor, a 2-mm ce-
ramic ring is positioned between the microreactor and the cooler.
¢’ \ The temperature of the cooler is maintained at —20 °C by a circulat-
flal Al plates Pl eylindes Al micro- ing cooling agent in order to provide the fast removal of heat
structured plalbes produced in the reactor zone via four stainless steel screws to the

cooler.
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Fig. 7. The differences between the furnace and microreactor tem-
peratures for the microstructured reactors MR-1, MR-2, and MR-3.
The furnace load was kept at 90 W, the cooler was set at -20 °C. The
inlet NH, concentration was changed to provide a desired microre-
actor temperature.

Fig. 8. Schematic view of the micro-reactor/heat-exchanger: by
stacking two plates, a set of reaction channels is produced. By
adding a third plate, a set of cooling channels is produced. A single
periodic unit, which was the region of numerical simulation, is shown
in gray. Plane A-A indicates the position at which the temperature

distributions are shown in Fig. 9.

tothermally at 325 °C with 14 vol.% of NH itis caused by the varying reaction and heatg the distance between two sets of mi-
in oxygen as inlet mixture. production rates along the reaction charmcrochannels increases the axial heat con-
Summarizing, both the intrinsic heanels [8]. The selectivity to nitrous oxide carduction through the metal framework,
conductivity of the reactor material and thée improved by decreasing the axial tenthereby decreasing the temperature gradi-
geometry of the microreactor are crucial tperature gradient in the reaction channelent and the difference in conversion be-
provide near-isothermal conditions inside @he idea is to apply a non-uniform flow distween the 1st and 20th reaction channel. On
microreactor. A microstructured reactotribution in the cooling channels with thethe other hand, an increased heat conduc-
made with highly heat conductive metalsnaximum coolant flow close to the area dfion in the direction of the reaction channels
has practically the same reaction conditiomaaximum heat production. decreases the positive effect of a non-uni-

in all microchannels. This leads to an even The influence of the coolant flow distri-form flow distribution in the cooling chan-
reaction rate and considerable increase lnution on the temperature field was studiedels, thereby increasing the axial tempera-
selectivity to a desired product. together with the effect of the aluminunture gradient along the reaction channels.
However, even in the MR-3, further in-layer thickness to find the optimal desigirurthermore, increased heat losses to the
crease in the inlet Nitoncentration would for the MRHE. A schematic view of a partenvironment create the temperature non-
also increase the reactor temperature whité the MRHE is shown in Fig. 8. Temperauniformity between the central and outside
decreasing the JO selectivity. Therefore, ture profiles at the plane positioned at a diseaction channels.
to operate a microreactor with maximuntance of 75um from the centers of the A non-uniform flow distribution in the
selectivity at such conditions, a cross floweaction channels were calculated for fowooling channels considerably improves
design was adopted to increase the surfadistances between the reaction and coolirtige temperature field in the MRHE. The re-
that is available for heat-exchange. This dehannels at several different cross flow digtuired flow distribution was obtained by
sign was realized in an integrated, cooletibutions of the coolant flow. Results ofappropriate designs of the inlet/outlet reac-
microreactor/heat-exchanger (MRHE). Theimulations for the uniform and the bestor chambers which was found by CFD
feasibility of using an MRHE to carry outnon-uniform distribution are shown in Fig. 9simulations with the FLUEN® code. This
hydrogen oxidation in a cross flow arrange- One can see that for the non-unifornprocedure is described in [9] in detalil.
ment has been experimentally demonstrateolant flow distribution there is an optimal  In order to validate experimentally the
ed by Janicket al.[15]. distance between the reaction and coolifgehavior of the MRHE, this device was
channels of about 470n at which the tem- constructed in the TU/e university work-
perature differences in both axial and transhop according to the developed design.
Catalytic Microreactor/ verse dimensions are minimal. This can bEhe complete flow chart of the experimen-
Heat-exchanger explained by the fact that changing the digal set-up is shown in Fig. 10. To provide an
An axial temperature gradient of 15 °Gance between the reaction and coolingffective mixing and preheating of the reac-
is observed in the MR-3 at full conversiorchannels produces two effects which act ition mixture to the desired temperature, a
of 6 vol.% ammonia in oxygen mixture andhe opposite way. On the one hand, increasicromixer combined with the inlet cham-

4.4. Design of an Isothermal
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B0 um

Fig. 9. Mean square deviations from the aver-
age catalyst temperature at a position of 75 pm
from the center of the reaction channels as a
function of distance between the reaction and
cooling channels and coolant flow distribu-
tions. The reagents enter from the bottom, the
coolant enters from the left. The distance be-
tween the reaction and cooling channels is
shown at the top. Flow distributions in the
cooling channels are shown at the left. The
numbers on represent percentage of the total
coolant flow. Reagent inlet gas flow velocity:
1.98 I/min, coolant flow velocity: 5.36 I/min
(STP). Ammonia inlet concentration: 20 vol. %,
oxygen inlet concentration: 80 vol.%. Ammo-
nia conversion: 75%. The areas with the opti-
mal temperature of 325 °C are shown in yel-
low.

ber was positioned upstream of the MRHEAN additional number of experiments werd00 °C, while numerous catalytic applica-

The micromixer consists of two inlets forcarried out to compare the behavior of thitons require temperatures higher than this.
the reagents, a channel to mix the gases, a®RHE and the best microreactor (MR-3)In order to realize such applications, new
the outlet to the reagent chamber. The efig. 12 clearly shows that the MRHE yield$¢echniques must be developed for produc-
ternal heater was inserted in the nitrogemore NO than the MR-3 in the wholeing microchannels in refractory metals or
line to initiate the reaction. Fig. 11 showsange of conditions studied. This is defialuminide intermetallics, which is a real

the temperature at different positions in theitely due to the very flat temperature proehallenge. These materials have high melt-

MRHE as a function of time. After 12 min,file in the MRHE. ing points, a good corrosion resistance, and
the temperature reached the set-point and a relatively low thermal expansion coeffi-
the heater was switched off. After adjust- cient. Some of them have also a rather high
ment of the flow velocities of ammonia,5. Concluding Remarks thermal conductivity, which is, however,
oxygen and nitrogen, the targeted steady still a factor of 2—4 less than that of alu-

state was reached. At these steady-state The case discussed in section 4.4 of aminum. The corrosion resistance of most of
conditions, the temperature at the productonia oxidation in the integrated microrethese materials can be improved by electro-
outlet side (R2) was 2 °C higher than that atctor/heat-exchanger (MRHE) demonehemical deposition of thin niobium or
the coolant outlet side (R3). In turn, thestrates clearly that the choice of the baskafnium films [16].

temperature at the coolant outlet side (R3gactor material plays a crucial role in man- An important incentive for applying
was 2 °C higher than that at the coolant iraging the temperature profile of an MRHEcatalytic microreactors (or minireactors) in
let side (R1). A total temperature non-uniHowever, an aluminum microreactor has mdustrial practice will be the fact that small
formity of 4 °C was observed in the MRHE maximum operating temperature at aboueactor volumes are desired, or are even re-

Fig. 10. Flow chart (on the left) and the de-
tailed view of the optimized configuration of
the MRHE inlet/outlet chambers for the
reagents/products and the coolant (on the
right). Definitions: 1— external heater; 2 — mi-
cromixer combined with the inlet reagent
chamber, 3 — microreactor/heat-exchanger
chamber (the MRHE not inserted, chamber
size 6.5x6.5 mm), 4 — cold trap, 5 — second
heat-exchanger (to protect the back pressure
controller from the hot nitrogen flow), 6 — back
pressure controller. Thermocouples: H — ex-
ternal heater, Al — ammonia inlet, Ol — oxygen
inlet, PO — product outlet, CO — coolant outlet,
R1, R2, R3 — temperature inside reactor’s
chambers at the distance of 1 mm from the
corresponding reactor walls. TS0, TS1, TS2,
TS3 — temperature on the outer surface of the
corresponding chambers of the microreac-
tor/heat-exchanger. SO — reagent inlet; S1,
R1 —coolantinlet; S2, R2 — product outlet; S3,
R3 — coolant outlet.
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Fig. 11. Temperature responses for the microreactor/heat-exchanger.

For definitions see Fig. 10. Reagent flow rate at steady state conditions:

NH, 0.30 I/min, oxygen 1.70 I/min, coolant 5.36 I/min. In the frame on

the left side a detailed view of the start-up interval is shown. After 3 min, 6]
the hydrogen oxidation reaction ignited, as temperature R2 was higher

than temperature R3 for the rest of the experiment. After the heater was

switched off, temperature R3 was always higher than temperature R1.

This is clearly shown in the frame on the right side. After the ammonia

supply was switched off, the reaction was quenched immediately and it (7]
took 3 min to decrease the temperature below 200 °C.

(8]
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