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INTRODUCTION

Microstructured reactors are miniature systems for
performing reactions, fabricated by microengineering
or fine machining techniques [1]. As a rule,
microreactors contain channels 10-500 pm in
diameter, due to which a fairly high surface area-to-
internal volume ratio (10000-50000 m*m’; the
respective value in conventional reactors is about 100
and, very rarely, 1000 m*/m®) and high rates of heat
and mass transfer can be reached [2, 3].

Microstructured devices were first reported in 1989
[4]. At the conference on the microsystem engineering
of chemical and biological reactors in Germany in
1995 [5], microreactor engineering was recognized as
a new branch of science. Since then this subject area
has vigorously progressed, and its achievements are
reflected in the reviews [1, 6-8].

Processes in microchannels involve intense heat
and mass transfer. The heat flux density in micro-
channels is as high as 20000-35000 W m 2, which is
higher by an order of magnitude compared to con-
ventional systems; the mass-transfer coefficient varies
within the range 5-15 s', whereas in fixed-bed reactors
it is 0.01-0.08 s '. Therefore, the reaction rates and,
consequently, process efficiency in microreactors are
higher than in traditional reactors [9]. Moreover,

microreactors make it possible to solve the problems of
nonuniform temperatures (in the case of highly
exothermal reactions [10—12]) or nonuniform concentra-
tions (when reagents are mixed in the reactor [13, 14]),
which favors higher reaction selectivities and yields.
Microreactors are suitable for measuring reaction rates,
since the working temperatures in them are constant or
uniform [11, 15].

Using microreactors as a measurement and com-
putational equipment reduces power and material
consumption, and the high thermal conductivity and
mass transfer reduce computation or analysis time
[16]. The above-mentioned advantages explain a great
interest in microreactors and development of
experimental production of this equipment [17, 18].
Owing to their small size, microreactors allow safe
operation with dangerous chemical reagents [19], and
flame-arresting properties of microchannels provide
explosive safety in the operation with mixtures in the
reagent auto-ignition region [20, 21]. It has become
possible to perform reactions in previously
inaccessible conditions and thus increase reaction
selectivity and yield and decrease reagent consumption.

Another characteristic advantage of microreactors
consists in their modular construction. The customer
obtains ready modules with all necessary engineering
equipment and assembles the reactor by the Lego
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principle. Moreover, if necessary the processing chain
can be disassembled to replace the catalytic
microreactor by a fresh one. This approach is usually
practiced in fine organic synthesis, where most
reactions are performed in batch reactors, as well as in
hydrogen power engineering, where rapid transition
from one fuel to another is required.

Moreover, the modular construction of micro-
reactors allows a more decentralized industry and on-
site preparation of reagents (sometimes dangerous). In
this case, transportation risks are excluded, and trans-
portation costs are reduced [22, 23].

Along with the above-mentioned advantages,
microreactors have a number of drawbacks. In view of
the short reagent residence times (from milliseconds to
seconds), microreactors are less suitable for slow
reactions [24]. Furthermore, microreactors are fairly
expensive instruments, and the replacement of one big
reactor by a large number of small ones [6] adversely
affects production efficiency. Microreactors are sen-
sitive to erosion and corrosion [5]. In addition, pure
reagents should be used to prevent microchannel clog-

ging [25].

There are several features which distinguish micro-
reactors from conventional ones and are very
important for mathematical reactor simulation [8].
Reactor simulation is an important aspect of chemical
engineering, since it underlies design and optimization
of chemical engineering equipment. Since the fluid
flow in microreactors is usually laminar, the models of
microreactors are more precise compared to traditional
reactors, and this gives grounds to suggest that
microreactors are potentially more reliable in
operation. The main differences between microreactors
and large-scale equipment are the following: (a) the
flows in microstructured reactors are laminar, whereas
in macroreactors they are mostly turbulent; (b) the
rates of heat and mass transfer in microreactors are
very high, whereas in macroreactors these rates are the
limiting factor; (c) solid-phase thermal conductivity is
an important factor in microreactors and not so
important in traditional reactors; (d) small-sized
reactors are more sensitive to the environment than
large-sized ones; and (e) since microreactors have high
surface area-to-volume ratios, surface effects in them
are much more important than in macroreactors.

Now microtechnologies are the most widely
applied in fine organic synthesis [27-29].
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In the present paper we consider state-of-the-art
catalytic systems and constructions of microstructured
reactors/heat-exchangers for the water-to-gas shift
reaction. This reaction was chosen, because the
microchannel reactors and the catalysts for hydrogen
production from methanol, ammonia oxidation, partial
hydrocarbon oxidation, and others have been fairly
well documented [30-33].

Catalytic Systems of New Generation for the
Water-Gas Shift Reaction

The water—gas shift reaction is one of the key
stages of hydrogen production from gaseous, liquid,
and solid hydrocarbons and alcohols. This reaction is
used to success in the gas industry for hydrogen and
syngas production [34, 35]. In proton-exchange
membrane fuel cells, there is a high probability of
platinum poisoning with carbon monoxide on the
anodic catalyst. Thorough removal of CO to a level of
a few ppm is required. On the other hand, the activity
of existing commercial catalysts for the water—gas shift
reaction is usually not too high, and the large part of
the fuel processor for hydrogen production is occupied
by the reacting system. Synthesis of more active and
stable catalysts is urgent to improve the efficiency of
the water—gas shift reaction in fuel processing.

The water—gas shift reaction
CO +H,0 2 CO,+H,

is reversible and exothermic (AH5s —41.1 kJ mol™" at
the STP). The highest equilibrium conversion of CO is
reached at low temperatures, and, therefore, the water—
gas shift reaction is accomplished in two stages: high-
temperature  (catalyst Fe;04/Cr,O;) and  low-
temperature (catalyst CuO/Zn0O/Al,03).

In what follows we discuss the state of the art in the
development of high-temperature and low-temperature
catalysts for the water—gas shift reaction.

Methods of Catalyst Arrangement

In microreactors, catalysts are most frequently
arranged in two ways: (1) by packing submillimeter
channels with fine catalysts granules [36] and (2) by
fixing catalysts on channel walls. The hydrodynamic
resistance in the first-type microreactors is much
higher.

Much more promising are the second-type micror-
eactors which contain more than 10000 channels 50—
1000 pm in diameter and 20—-100 mm in length. Owing
to short residence times, these reactors have a high
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specific performance, and the volume rate of the gas
mixture is ~100 cm’® s '. The techniques for fixation of
catalysts on channel walls and the application fields of
microreactors are considered in the monographs [1, 8,
37] and reviews [38, 39].

High-Temperature Water-Gas Shift Catalysts

The conventional commercial high-temperature
water—gas shift catalyst is a mixed iron—chromium
oxide, working range 310-480°C. This catalyst shows
a satisfactory activity and an excellent thermal
stability, since the activator (chromium) acts as
structure  stabilizer and/or structure activator.
Commercial catalysts also offer the advantages of low
cost, high durability, and sulfur resistance.

Attempts to promote the Fe;04/Cr,O; catalyst by
alloying the iron and chromium oxides were
undertaken. Efficiency of small CuO, CoO, and ZnO
additions to this catalyst was studied [40]. Edwards et
al. [41] alloyed the catalyst by first-row transition
metal oxides. Rhodes et al. [42] tried to promote
Fe;04/Cr,05 by co-precipitation with 2 wt % of B, Cu,
Ba, Pb, Hg, and Ag. It was found that boron slightly
decreases activity, while the other elements increase it
in the series

Hg > Ag, Ba > Cu > Pb > unpromoted catalyst > B.

Copper as an active promoter was expected to be
distributed in the catalyst as a solid solution but was
found to be present segregated on the surface. This
finding gives grounds to suggest that, according to data
on a promoted lead catalyst [43], copper most likely
provides electronic activation of Fe;04/Cr,Os than forms
new active centers in the oxide matrix. Lei et al. [44]
found that the water—gas shift reaction can be much
accelerated by doping a little of Rh in Fe;04/Cr,05.

Commercial iron-based catalysts containing 8—-14 wt %
of Cr (contains ~2 wt % of Cr'®) are very toxic, and,
therefore, attempts were made to develop a chromium-
free iron catalyst, while not sacrificing activity and
thermal stability. Different oxides were tested,
specifically PbO, La,03;, CaO, ZrO,, and Al,Os, as
Cr,05 substitutes, but the resulting catalysts showed
quite a low activity. Liu et al. [45] prepared an iron
catalyst promoted with Ce and Al oxides and found it
no less active and thermally stable as commercial
FC304/CI'203.

Low-Temperature Water-Gas Shift Catalysts

The standard low-temperature water—gas shift
catalyst is Cu/ZnO/Al,O; works in the temperature

DUBROVSKII et al.

range 160-250°C in air. At 300°C it undergoes auto-
ignition. Moreover, this catalyst is deactivated on thermal
caking and on contact with water, sulfur, and halides.

To go around these drawbacks, other types of
catalysts for low-temperature steam conversion are being
studied, in particular, noble metals deposited on reduced
metal oxides. Over the past years much interest has
arisen in gold-containing catalytic systems. Haruta
[46] showed that the catalysts containing gold
nanoparticles exhibit quite a high activity if deposited
on an appropriately pretreated support. The
enhancement of the catalytic activity is due to
interaction of gold nanoparticles with the support. The
key issue here is the construction of the gold—support
interface [44].

Burke and Nugent [47] found that clusters of
extremely small gold particles exhibit unusual
properties, namely, they are able to coordinate much
more oxygens and/or hydroxyls, which opens the way
to their successful use in oxidation reactions. Analysis
of published evidence on the application of gold-
containing catalysts [48] revealed an important role of
the support and its pretreatment for preparing highly
dispersed gold particles on the support and,
consequently, providing a strong gold—support
interaction.

Andreeva [49] noted that important for a high
activity and stability of gold catalysts for water—gas
shift reactions is the choice for each specific process of
a support best interacting with gold and the high degree
of dispersion of gold particles on the support surface. The
optimum size of gold particles, providing a uniform
distribution of gold particles on the support surface and a
high catalyst activity, is 3—5 nm.

In the long run, the choice of high-activity catalysts
is critically dependent on the knowledge of various
mechanistic aspects of the reaction. The catalytic
activity of oxides of transition metals, including gold,
is qualitatively estimated as follows: Au/Fe,O; =
AU/T102 5AI,I/ZI'OZ > AU/CO304.

Platinum was also studied as a promoter of
catalysts on the basis of transition metal oxides. Ricote
et al. [50] managed to drive the water—gas shift reaction
using a zirconia-doped cerium oxide to prepare a
platinum-promoted Ce,03/ZrO, binary oxide catalyst.
lida and Igarashi [51] established that the reactivity of
adsorbed carbon monoxide toward steam is enhanced
by doping rhenium in the Pt/ZrO, and Pt/TiO, catalysts.
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Molybdenum carbide with a high specific surface
area is presently being explored as a potential catalyst
for the water—gas shift reaction. This material exhibits
a high catalytic activity in various reactions, an
exceptionally high thermal and chemical stability, and
a high resistance to sulfur poisoning. Transition metal
carbides are close in catalytic properties to noble
metals which, as mentioned above, are excellent
catalysts for the water—gas shift reaction. An important
advantage of molybdenum carbide is that it is much
cheaper than noble metals. Patt et al. [52] showed that
molybdenum carbide Mo,C was catalytically more
active than the commercial catalyst Cu/ZnO/Al,O; in
the water—gas shift reaction performed at 220-295°C
at atmospheric pressure; moreover, molybdenum
carbide did not catalyze the methanation reaction.
Further evidence for a higher catalytic activity and
stability of Mo,C compared to Cu/ZnO/Al,O; was
obtained in [53-58]. The principal method of synthesis
of molybdenum carbide on a molybdenum support is
the oxidation of molybdenum plates under a dry air
flow at a volume rate of 50 ml min™" at 400°C for 16 h.
In the presence of oxygen at temperatures above 350°C,
molybdenum is oxidized to an orthorhombic oxide
MoOj; which is thermodynamically most stable under
these conditions [59] and can be reduced to a hexa-
gonal carbide Mo,C (cubic Mo,C content <10 wt %) in
hydrogen containing 20 vol % of methane under
gradual heating to 700°C with hold-up at that
temperature for 30 min [55].

Electrochemical synthesis of molybdenum carbides
in molten salts offers a number of advantages. For
example, pulse- and pulse-reverse-current electro-
deposition techniques allow one to control the struc-
ture, thickness, porosity, roughness, and texture of
galvanic deposits and their grain size (up to nano
sizes). Other advantages include the following: (a) the syn-
thesis temperature is fairly low (700-900°C); (b) lab-
scale electrodeposition parameters can be transferred
to a large-scale process and also adapted for processes
on complex-shaped supports without sacrificing the
grain size and coating composition; (c) the resulting
coating are quite pure, even if low-quality starting
materials are used; and (d) the operating expenses are
low and the electrochemical equipment is inexpensive.

The electrochemical synthesis of molybdenum
carbide coatings on a molybdenum support in [60—62]
was performed by galvanostatic electrolysis of molten
NaCl-KCI-Li,COs, NaCl-KCI-Li,CO;3;-Na,Mo0O,, and
LiClI-KCI-Li,C, salts (systems 1, 2, and 3, respec-
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tively). In systems 1 and 3, molybdenum carbide was
formed from a molybdenum support and carbon
generated by ion-arc discharge. The conditions of
Mo,C synthesis on molybdenum plates were as
follows: temperature 850°C, electrolysis time 7 h,
cathodic current density 5 mA cm ™ for systems 1 and
2, and anodic current density 5 mA cm? for system 3.
The anode for systems 1 and 2 was a glassy carbon
ampule. The thickness of the Mo,C samples obtained in
systems 1 and 3 was no more than 2 pm, since refinery
metal carbides form excellent barrier layers and reduce
the mutual diffusion coefficients of molybdenum and
carbon by several orders of magnitude.

Joint electroreduction of MoO7 and CO?Z ions
forms 25 pm thick Mo,C coatings. Morphology,
roughness, and specific surface area were determined
for Mo,C samples prepared from different electrolytes
and melts of different compositions. In all cases, Mo,C
with a hexagonal lattice was obtained, whereas bulk
Mo,C also contained the a modification (cubic lattice).
The presence of cubic M,C reduces the catalytic
activity of the Mo,C/Mo compositions by 2—3 orders
of magnitude and deteriorates its stability. The
hexagonal Mo,C structure is formed due to specific
conditions of the electrocrystallization process (electric
field, high temperature, etc.).

As seen from the dependence in Fig. 1, the steady-
state rates of the water—gas shift reaction in the presence
of the Mo,C/Mo composition synthesized in systems 1
and 2 are higher by one and three orders of magnitude,
respectively, that with bulk Mo,C and commercial
Cu/ZnO/Al,05[62]. The steady-state rate of the water—
gas shift reaction in the presence of the Mo,C/Mo
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Table 1. Comparative characteristic of catalysts for the water—
gas shift reaction®

Parameter Cu/ZnO/AlL, O3 Mo,C Pt, Au/CeO,
Activity + ++ ++
Methanation - - >300°C
Pyrophorosity + - -
Stability + ++ +
Start-up time” - + ++

* (+, ++) Presence and strength of positive characteristics of the
catalytic system; (—) lacking or poor characteristics of the
catalytic system. ° Time required to reach the working temperature.

catalyst prepared from system 3 are slightly lower than
with the commercial catalyst Cu/ZnO/Al,O; because
of the thin coating and its low specific surface area.
With account for the apparent density and specific
surface area of the Mo,C coatings obtained from
varied-composition melts, the activities of the molyb-
denum carbide samples can be related to the catalyst

Fig. 2. Integrated microstructured heat-exchanger reactor
for the water—gas shift reaction: (a) general view and (b)
reac-tion and cooling flow directions.

DUBROVSKII et al.

unit mass. Molybdenum carbide retains stability during
many catalytic cycles (more than 5000 h), whereas the
activities and reaction surfaces of other catalysts,
including those on the basis of noble metals, tend to
degrade. With Mo,C/Mo, no methane formation was
observed in the temperature range 250—400°C. The
coatings remained stable during cyclic temperature
tests, while the commercial catalyst deactivated.

Comparative characteristic of mnew-generation
molybdenum carbide and noble metal catalysts and the
commercial catalyst is presented in Table 1.

Microstructured Heat-Exchanger Reactors
for the Water—Gas Shift Reaction

Tonkovich et al. [63] in their research on the
feasibility of microreactors for the water—gas shift
reaction came to a conclusion that the microstructured
reactor for this reaction can be an order-of-magnitude
smaller in dimensions than the traditional reactor with
a fixed catalyst bed. On the other hand, compared with
traditional systems, much more active catalytic
coatings are required to carry out the possibility to
decrease the dimensions of the reactor by a few orders
of magnitude. Goerke et al. [64] developed a
microstructured reactor with Ru/ZrO, and Au/CeO,
catalytic coatings. The reactor contains 20%x20-mm’
plates with microchannels 70 um in depth and 200 pm
in width. Note that this reactor is isothermal.

Integrated microstructured reactors/heat-exchangers
comprise reactors for high-temperature and low-
temperature water—gas shift reactors in a single device.
This is provided by creating inside the reactor of a
temperature gradient which shifts the thermodynamic
equilibrium in a necessary direction [65, 66]. The
Mainz Institute of Microtechnology (IMM) developed
an integrated microstructured reactor/heat-exchanger
(Fig. 2) with a countercurrent cooling system [65]. The
necessary temperature gradient is created using the
anodic gas of the fuel cell as a cooling medium.
Computations showed that a virtually optimal
temperature profile can be created by coutercurrent
cooling [65]. The next stage involved development of
reactor/heat-exchanger heat-exchanger reactor [67, 68]
recommended for use as a 5-kW fuel cell (Fig. 3).
Reactor consists of 84 stainless-steel plates with etched
channels 650 um and 1000 um in length. The plates
are coated with a Pt/CeO,/Al,O; catalyst bed [69]. The
assembly looks like a block 70 mm in height, 214 mm
in length, and 139 mm in width, and it contains
7791 microchannels. The weight of the assembly is
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Fig. 3. Assembled single-stage microstructured reactor/
heat-exchanger [67, 68]: (I, 2) inlet and outlet of the
reaction mixture, respectively; (3, 4) inlet and outlet pipes
for cooling gas; and (5) reactor preheating unit.

7.6 kg. The reactor was tested at the following
conditions: reaction flow rate 42.4 and 60.1 1 min' at
the CO concentrations 10.1 and 10.6 vol %,
respectively; temperature decay along the reactor 410—
250°C; heat flux from the reaction mixture to the
cooling gas 96,15 W cm? cooling gas flow rate
73 1 min"'. At lower and higher reaction flow rates, the
CO conversion was 94 and 90 %, respectively, which
corresponds to CO contents at the reactor outlet of 0.6
and 1.1 vol %, respectively.

Dubrovskiy et al. [66] proposed a microstructured
reactor constructed of crimped and flat plates having
channels with triangular cross sections. As known,
microstructured reactors with triangular channels,
assembled by alternating flat and crimped metal plates
with a catalytic coating, have a high ratio of heat-
exchange surface area to reactor internal volume. Their
production cost is lower than that of reactors with heat-
exchanger plates, having semi-cylindrical or triangular
channels on both sides of the plate.

The space between crimped and flat plates was
reduced by means of a molybdenum wire with the
same catalytic coating as on the plates. Thus the
“larger” triangular channel proved to be divided into
three smaller channels with a geometry fairly exactly
fitted by an equiangular triangle. Acute angles in a
triangle-shaped channel affect the flow regime so that
the average heat- and mass-transfer coefficients in the
triangular channel are much lower than the respective
parameters for cylindrical and rectangular channels.
This has no impact on the efficiency of the reaction,
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Fig. 4. Optimal temperature profile providing fast
water—gas shift reaction in the 260-400C and its
corresponding CO concentration profile. Reaction condi-
tions: pco 3.0 kPa, p(H,0) 27.0 kPa, p(CO,) 13.5 kPa,
p(H>) 56.5 kPa; total flow rate 750 cm® min™' (STP), Mo,C
weight 79.4 g.

since the water—gas shift reaction occurs fairly slowly
in the temperature range 160—400°C and is kinetically
controlled even in channels with a large hydraulic
diameter. On the other hand, reduced thermal
conductivity in the triangular channel can be
compensated for by increased heat-exchange surface.

The digital calculations in [66] showed that the
temperature profile in a countercurrent reactor/heat-
exchanger can be adjusted so that it is ideal for the
water—gas shift reaction. To this end, the device should
be equipped with two additional side inlets for cooling gas.

The proposed construction offers a number of
advantages over the two stage process.

The integrated reactor/heat-exchanger is more
compact, its total internal volume is 1.5 times smaller
compared to an isothermal reactor. The reaction occurs
on one and the same catalyst encased in a single metal
housing, which exclude the need in connection pipes,
fittings, and other elements between two reactors.

In the course of the water—gas shift reaction which
is an exothermic equilibrium reaction, the equilibrium
concentration of CO decreases with temperature. As a
result, a much higher performance can be reached at
fairly high temperatures, when the composition of the
gas mixture is far from equilibrium, with the
subsequent temperature decrease, including the
calculated optimal profile for the Mo,C/Mo system
[70] (Fig. 4).
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Table 2. Principal parameters of the integrated reactor/heat-
exchanger for the water—gas shift reaction [66]

Parameter Value

Convective heat flux, W

inlet 19.9

outlet 15.9
Reaction heat effect, W 0.50
Reaction-to-cooling channel heat transfer, W 4.50
Thermal conductivity of reaction material, 16
Wm'K!
Reactor cross-section, m’ 9.6x107°

Linear dimensions of the reactor, m 0.8x0.01x0.01

Reactor volume, m’ 8.0x107°
Weight of the Mo,C coating in the reactor, g 74.9
Volume of the Mo,C coating in the reactor, m 2.0x107°
Solid-phase fraction in the reactor (Mo,C and 74.6
Mo), %

Linear flow rate of the reaction mixture, m s’ 0.492

A prototype reactor/heat-exchanger for the total
flow of 750 ml min' and the outlet CO and H,
concentrations of 1.0 and 58.0 vol %, respectively,
which corresponds to the generation of 45 W of electric
power in a fuel cell. This prototype heat-exchanger
reactor is 1/22 part of a 1-kW fuel cell (this power can
be reached by increasing the number of single modules)
[66].

P out

Fig. 5. Scheme of a microstructured reactor/heat-exchanger
[66]: (Ciy) inlet cooling gas flows; (C,y) total outlet cooling
gas flow; (Rin, Pou) reagent and product flow, respectively;
and (P, P,) positions of additional channels for cooling gas
injection.

DUBROVSKII et al.

Calculations using the kinetic database showed that
for a 66 % conversion of CO in the developed reactor,
74.9 g of Mo,C is required. The porous Mo,C coating is
formed on flat and crimped molybdenum plates and a
molybdenum wire 250 pum in diameter by
electrochemical deposition from salt melts.

The thermal conductivity of the material of the
reactor and the cross-section of the latter define
longitudinal heat transfer which can, provided the
thermal conductivity of the reaction material is high
enough, equalize the temperature inside the reactor.
Moreover, there is a certain minimum reactor length
which is capable of providing the necessary tem-
perature gradient. The height of the reactor was made
equal to its width (10 mm) to reduce the outer surface
and, consequently, heat losses. The reactor material
was AISI 316 stainless steel, an excellently corrosion-
resistant and a low-cost material. The cross-section of
a 10x10-mm” reactor with a 2-mm wall thickness is
9.6x10° m? which creates the thermal resistance of
650 K W' per 1 m reactor length. At the reaction
length of 0.8 m (which ensures the required catalyst
load) and the thermal conductivity coefficient of the
reactor material of 16 W m™' K, the longitudinal heat
flux comprises no more than 6% of 4.5 W, and this
heat flux should be abstracted from the reaction
channel to obtain the temperature gradient of 140°C.
Such a temperature gradient provides a high heat
recovery coefficient in the reactor/heat-exchanger. The
principal parameters of this reactor/heat-exchanger are
listed in Table 2.

The reactor comprises 8 sections, 0.105 m long
each (Fig. 5). Each section contains 18 crimped and
17 flat Mo,C/Mo plates and 288 Mo,C/Mo wires. Each
wire divides a “large” triangular channel into two
smaller ones to form 576 triangular microchannels in
each section of the microstructured reactor/heat-
exchanger. The Mears criterion (relates to heat- and
mass-transfer restrictions: when it is below 0.15, the
restrictions are negligibly small) for the laminar flow
in a tube is 0.006, and, therefore, no restrictions in
external mass transfer are expected.

Thus, the integrated reactor/heat-exchanger allows
to implement the water—gas shift reaction in one stage,
which, in its turn, allows to reduce considerably the
volume of the fuel processor.
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