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Abstract—The concept of hydrogen energetics envisages economically reasonable hydrogen production
from various organic compounds in stationary and mobile devices of low and medium performance, called
“fuel processors.” Fuel processors with a high specific performance in hydrogen can be developed with the
aid of microchannel catalytic systems. The paper considers the present situation with microchannel catalytic

reactors for fuel processors.
DOI: 10.1134/S1070363207040305

INTRODUCTION

The onrushing decrease of oil resources requires
new chemical energy carriers and alternative and non-
traditional energy sources to be developed already in
the XXI century [1]. Main focus is on hydrogen which
is contained in all organic substances and water. The
unique properties of hydrogen make it a universal and
an ecologically clean energy carrier appropriate for all
types of heat engines and power-generating devices.
Active search for ways to transfer power-consuming
industries and transport to hydrogen fuel and electro-
chemical generators on the basis of fuel cells (FCs).
Therewith, of particular importance are fuel proces-
sors, specifically compact generators of hydrogen
from organic compounds: hydrocarbons, alcohols, and
ethers.

Beginning in 2001, many industrially developed
countries have announced big state programs in hyd-
rogen energy. Presently almost all major motor and
energy companies, as well as hundreds of medium and
small innovation institutions are involved in research
in this field. The large-scale research programs are
planned for a period of up to 2020 and aimed at re-
ducing dependence of developed countries on im-
ported energy resources [2]. In Russia developments
in the field of microreactor technics have only been
initiated.

The conversion of a starting chemical compound
into a hydrogen-containing gas is generally performed
by means of catalytic processes [3]. Therewith, is
hydrogen is intended for use in low-temperature FCs,
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additional rigid requirements for its purity, especially
to its CO content, arise. Thus, for instance, for low-
temperature FC applications, the CO content of hyd-
rogen should be less than 10 ppm. The catalytic puri-
fication of hydrogen generated by catalytic conversion
of methanol for FC vehicles is reported in [4, 5].
Various systems for hydrogen production from hyd-
rocarbons and alcohols for autonomous energetics are
being developed [6-9]. Of considerable promise is on-
site hydrogen production with fuel processors, which
much reduces energy consumption for its storage and
delivery, as well as favors safer operation of hydro-
gen-fueled devices. Particular attention is presently
given to fuel processors based on microchannel ca-
talytic systems, since they are more efficient than
traditional catalysts.

The use of microelectronics in manufacturing
chemical systems has been first reported in 1989
[10]. The Research Center in Carlsruhe and Institute
of Microtechnology in Mainz (Germany) have been
the first to manufacture multichannel reactors, micro-
mixers, and microheat exchangers by means of litho-
graphy, electroplating, electrosparking, and machining
[11]. Possible fields of application of microchemical
devices and advantages they offer over conventional
systems have been discussed in detail in the mono-
graph [12].

The aim of the present paper is to outline Russian
activities in the field of microreactor technics for
hydrogen energetics.
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HYDROGEN PRODUCTION BY CATALYTIC
CONVERSION OF ORGANIC COMPOUNDS

Catalytic conversion of accessible organic fuels,
specifically hydrocarbons, alcohols, and ethers, is the
simplest and lowest cost technology for the produc-
tion of hydrogen for mobile devices (transport, mobile
power devices, portable current supply systems, etc.).
This is explained by the fair operability and lower
power inputs of catalytic hydrogen production pro-
cesses compared with most physical methods: plasmo-,
thermo-, electro-, and photochemical. Importantly,
hydrocarbons, alcohols, and ethers used for hydrogen
production are fairly cheap, highly power-intensive,
readily transportable, and can be used for fueling
power devices. Lower alcohols, such as methanol,
dimethyl ether, and liquid hydrocarbons are con-
sidered to be the most suitable hydrogen carries for
mobile and portable FCs, whereas methane and na-
tural gas are the most suitable for high-capacity
stationary power devices.

Microreactors on methanol has been most fre-
quently used for hydrogen production. This is ex-
plained by the fact that, unlike other organic fuels,
methanol has a fairly low temperature (250-300°C)
of the catalytic conversion into hydrogen and CO,,
which favors a much simpler microreactor design.

The main methods of the catalytic production of
hydrogen from organic compounds are steam reform-
ing (SR), autothermal steam—oxygen reforming
(ATR), and partial oxidation (PO) [7]. These pro-
cesses all can be performed with any available hydro-
carbons, alcohols, and ethers. As a result, the so-
called synthesis gas (mixture of hydrogen with hydro-
carbon oxides) is obtained. Let us consider the ex-
ample of hydrogen production from methanol.

The steam reforming of methanol is an endo-
thermic reaction and requires heat delivery to the
reaction zone:

CH;0H + H,0 —> CO, + 3H,, (1)
AH%%s = 49.4 kI mol ..

Copper catalysts allow the steam reforming to be
performed at 200-300°C [13-15]. Therewith, for
100% methanol conversion not infrequently a very
short contact (no longer than 0.1-1 s) with catalyst
suffices.

Autothermal reforming invoves two concurrent
reactions: endothermic steam reforming and exo-
thermic complete oxidation. The resulting enthalpy of
the process is close to zero, and no heat supply from
the outside is required:

4CH;0H + 3H,0 + 0.50, —> 4CO, + 11H,, (2)
AH%%s ~ 0 kJ mol™..

The partial oxidation of methanol with oxygen
occurs exothermally, and the heat resealed during the
reaction should be withdrawn:

CH;0H + 0.50, —> CO, + 2H,, 3)
AH%%g = 192 kJ mol ..

The most common catalysts for ATR and PO are
Group VIII Metals and lanthanides [16-20]. There-
with, independent of the nature of the catalyst, these
processes occur at 600—700°C, and the contact time is
0.01-0.001 s.

Equations (1)-(3) can be written in the general
form:

C,H,0, + x0, + (2n - 2x — p)H,0()
= nCO, + (2n — 2x — p + m/2)H,, (4)

where AH =

(2]’1 - 2x — p)AfHHQO(l) + AfI-Ifuela -
nAHcg ..

The character of the process and its management
features depend on the molar fraction x of oxygen in
the starting mixture. At x = 0, equation (4) corres-
ponds to the endothermic steam reforming of the
carbon fuel, while at x = n + m/4 — p/2, the strongly
exothermic complete oxidation of the organic com-
pound occurs. Intermediate x values relate to partial
oxidation which usually involves heat release.

For example, if the starting fuel is methane then:
at x = 0 (SR), AH 208, = = +250.1 kJ mol™", whereas at
x =044 (ATR) Aﬂ ~ 0, and at x = 2 (complete
oxidation), Aﬂ 208 = —890 KJ mol .

In the absence of catalysts, to produce hydrogen
from hydrocarbons and alcohols requires temperatures
of above 1000°C. This increases energy consumption
in the endothermic process, thereby enhancing re-
quirements for heat resistance of reactor material.

Even though steam reforming is an endothermic
process, and, therefore, the design of the correspond-
ing reactor is more complicated than in the exothermic
ATR and PO oxidation processes, preference is
usually given to SR. Hydrogen produced by SR is not
diluted with air nitrogen and has a higher concentra-
tion at the reactor outlet; with a liquid hydrocarbon
fuel, the pressure of the reaction mixture in the reactor
can be raised by means of a fairly simple liquid pump
rather than energetically uneconomical gas com-
pressors used in ATR and PO. Moreover, for the
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external heat source in steam reforming one can use
to the hot anodic gas released from the high-tempera-
ture FR. Such energy-compensating schemes enhance
the total performance of a power device comprising a
fuel processor and a fuel cell. Energy-compensating
schemes for PO and ATR processes are still lacking.

CATALYTIC MICROCHANNEL SYSTEMS

A catalytic microchannel system (CMS) is a
compact reactor with submillimeter channel plates in
the inside. Microchannel plates (MCPs) are carriers
of a catalytically active component and usually manu-
factured for materials with a high heat conductivity.
The CMS design allows a series of important prob-
lems of traditional chemical reactors to be solved.
These problem include, in particular, a low radial heat
conductivity of fixed catalyst layer, which hinders
heat exchange in the reaction zone, as well as insuf-
ficiently effective use of catalyst. Experimental
evidence shows that the use of catalytic microchannel
systems makes hydrogen production much more
efficient than in traditional chemical reactors [21, 22].

The principal advantages of CMSs are as follows.

(1) The ratio of the surface area of an MCP to its
total volume can attain 10000-50000 m? m™, which
is many times the respective ratio for traditional
chemical reactors (100-1000 m’ m_3).

(2) Lack of reagent concentration gradients along
the MCP channel cross-section.

(3) At equal cross-sections of MCP channels, the
reagent—catalyst contact times are short and have a
narrow distribution.

(4) The high rate of heat and mass transfer ensures
a uniform temperature distribution over the reactor.

The above-listed advantages of CMSs result in a
much enhanced catalyst specific performance and, in
certain cases, enhanced the selectivity of processes in
the microreactor. These advantages are best mani-
fested in fast reactions with short contact times and
large heat effects, such as complete or partial oxida-
tion of hydrocarbons [23-25]. The use of CMSs for
gas-phase reactions has recently been reviewed [9].

There are presently two modes of catalyst arran-
gement in microchannel reactors (MRs). In first-type
reactors MR1, submillimeter microchannels are filled
up with small granules of catalyst; therewith, the
reagents flow moves between granules [26, 27]. In
second-type reactors MR2, catalyst is fixed on
channel walls; therewith, the reagent flow moves
along the channel void. The hydrodynamic resistance

of first-type reactors MR1 is usually much higher than
that of MR2. In this connection the reagent—catalyst
contact time in MR2 can be much shorter.

Reactors of the MR1 type are similar to traditional
reactors with a fixed catalyst layer, and approaches to
calculating various parameters of catalytic processes
in them are fairly well developed. This allows reliable
model calculations of temperature and reagent con-
centration distributions over MRI1 cross-sections,
kinetic studies, catalyst activity testing, and reactor
optimization. Reactors of the MRI1 type are easy to
manufacture in view of the lack of problem with
fixing catalyst. Isothermal conditions in these reactors
are attained if the channel diameter is no larger than
300 pm. However, a considerable hydrodynamic
resistance therewith develops. The typical catalyst
granule size is 35-75 pum, which corresponds to an
outer granule surface area of (40-86) x 10° m? m™.

More promising constructions are MR2 reactors
with more than 10000 channels 50-1000 um in cross-
section and 20-100 mm in length. Such reactors offer
essential advantages over MRI1 in the case of fast
reactions with large heat effects. Second-type reactors
recators MP2 have a low hydrodynamic resistance
[28] and, in view of short contact times, high specific
performance. In real MR2 reactors the flow rates of
gaseous mixture ~100 cm’ s‘l, and, therewith, a
laminar flow with a parabolic velocity profile over
the cross-section of the microchannel is realized. The
reagent concentration profile over the channel cross-
section depends on the axial-to-radial particle velocity
ratio. Thus, for a circular pipe, the effective axial
diffusion factor D,, is given by the equation

D,, = D + d*u*(192D), 5
where D is the molecular diffusion coefficient; u,
mean linear velocity of the pipe flow; and d, pipe
diameter [29].

As seen, as the pipe diameter decreases, the second
summand in Eq. (5) can become smaller than the first.
As a result, D, gets closer to D, and the radial and
axial flow velocities equalize. This results in equaliza-
tion of the reagent concentrations over the pipe cross-
section, i.e. to a more effective mass transfer between
the central part of the channel and the catalyst layer
on its walls. According to theoretical and experi-
mental data [30, 31], such situation is realized in
channels whose characteristic cross-section is smaller
than 0.5 mm.

For high-performance of MRs the geometry of
microchannels should be optimized with account for
the activity of the catalyst used. Rouge et al. [32]
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Fig. 1. Disc microchannel plates.

made use of a three-dimensional model to calculate
gas flow distribution and found an optimal micro-
channel geometry in a reactor of an MR2 type. Fur-
thermore, as the amount of an active component fixed
on the channel walls is increased, the MR volume
performance increases. The optimal channel diameter
and fixed catalyst layer thickness are 500 wm and
95 pm or 200 pm and 35 um, respectively. Various
techniques for fabricating and fixing a uniform thin
porous layer on microchannel walls were developed.
They include anodic oxidation of aluminum [33];
high-temperature treatment of a ferrochromium alloy
(fechral) with subsequent chemical deposition of a
high-porosity y-Al,O; layer [34, 35]; cementing a
ready catalyst power on a metal support [36, 37];
fabricating a porous layer of channel walls by the zol-
gel procedure [38, 39]; hydrothermal deposition of a
ZSM-5 zeolite on a stainless-steel surface [40]; chem-
ical vapor deposition of aluminum salts with sub-
sequent fabrication of a high-porosity y-Al,O; layer
[41]; plasmochemical deposition of metal nanopar-
ticles [42, 43]; deposition of nanocarbon structures
[44], etc.

Channels are fabricated by various techniques,
many of which being adopted from microelectronics.
They include photo- and laser lithography with sub-
sequent chemical and electrochemical plate etching,
precision milling or electrospark cutting, molding, and
crimping. The development of a microreactor with
microchannels fabricated from multilayer structures of
diffusion-welded metal plates and spacers [45].

Figure 1 shows a photograph of a typical MCP
29 mm in diameter, made of stainless steel at the
Institute of Catalyst, Siberian Branch, Russain
Academy of Sciences, by means of laser lithography
followed by electrochemical etching [46]. Twenty
channels of the MCP have a shape of Archimed
spirals with a cross-section of 0.2-0.2 mm. Catalyst
deposition and fixation in microchannels of this MCP

Fig. 2. Microchannel catalytic plate with rectangular
channels fabricated by molding foamed-nickel plates
prefilled with powdered catalyst.

were performed by two techniques. In the first case, a
mixture of a ready catalyst with a particle size of 1—
5 pm and a pseudo-bemit binder was pressed in the
channels. In the second, a layer of a high-dispersity
v-Al,O5; was chemically deposited on an aluminum
buffer layer obtained by detonation spaying of
a-Al, O3, after which an active component was applied
by impregnation [19]. Good results are obtained with
MCPs fabricated from metal foams. Figure 2 shows a
foamed-nickel MCP with rectilinear channels. A ready
catalyst powder was infused into the starting plate by
means of ultrasound [47]. Further on, using a special
press form, this catalyst-filled plate was molded into
an MCP 0.3-0.8 mm thick under a pressure of
25 MPa. The molded MCP had channels with cross-
sections of 0.2x 12, 0.5x0.5, or 0.1 x0.1 mm (Fig. 2).

MICROCHANNEL REACTORS
FOR HYDROGEN PRODUCTION
FROM METHANOL AND METHANE

A pool of experience is presently accumulated in
developing various types of microreactors for chem-
ical processes. These developments made it possible
to decrease considerably the size of chemical reactors
and to extend their application field, for example, to
catalytic processes involving toxic and explosive
substances, strongly exothermic and endothermic
reactions, etc. [48]. A series of monographs devoted
to application of microreactors and microthechno-
logies in chemical processes [12, 49, 50].

Gu-Gon Park et al. [51] described an MR with
external heating for steam conversion of methanol.
The reactor comprises three MCPs, three distribution
plates, and two copper plates for equating the flow
and temperature in the channels. Each MCP contains
20 parallel channels 0.5 mm in width, 0.2 mm in
depth, and 33 mm in length. Commercial Cu-Zn—Al
catalyst was used, which was fixed on the channel
walls by pseudobemit. The dimensions of a device
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Fig. 3. Cylindrical microreactor for methanol steam
reforming with built-in injector for liquid water—
methanol mixture.

comprising the MR and an injector for water—me-
thanol mixture were 70 x40 x 30 mm. At an operating
temperature of 260°C, the hydrogen performance was
121h7". The composition of the outgoing dry gas was
as follows, %: H, 73.4, CO, 25.0, and CO 1.6.

An MR for steam conversion of methanol with an
exothermic profound oxidation of methanol as a heat
source was described by Jung Yeon Won et al. [52].
The MR comprises three MCP for steam reforming
of methanol and three plates for methanol oxidation
(80x35.5 mm). Each plate contains 10 channels
1.0 mm in width, 0.5 mm in depth, and 45 mm in
length, fabricated by photolithography followed by
chemical etching. A porous SiO, or y-Al,0Os;Ha layer
was fixed on the channel surface, containing a
Cu/ZnO catalyst (by 96 mg per one MCP) for me-
thanol reforming and a Pt/ZrO, catalyst (by 66 mg
per one MCP) for methanol oxidation. The MR
effective performance was 3.9 1 H,/h.

Cao et al. [53] described an MR with effective heat
exchange for steam methanol reforming. This reactor
contains slit-like microchannels 0.508 in width, filled
with granulated catalyst. The MR was heated with an
oil flowing over channels of a heat-exchange plate
positioned between the MCP and catalyst. This MR
design made it possible to simply model processes
occurring in this device, including a three-dimensional
temperature and reagent concentration profiles over
the length and cross-section of a microchannel [54].
On the basis of the resulting data, a prototype small
fuel processor combined with a FC with 300-mW
power was fabricated.

The key role in providing target operation param-
eters of a MR belongs to catalyst activity. For ex-
ample, Zhang et al. [55] compared the catalytic acti-
vities of Cu—Al-Zr and Cu—Al in the steam reforming
of methanol in a MR as a function of the water/
methanol ratio in the starting reaction mixture, reac-

tion temperature, and volume methanol delivery rate.
The Cu—Al-Zr catalyst containing 15 wt% of ZrO,
proved to be more active than Cu—Al at 250°C.
Therewith, the methanol conversion was 95.0%, H,
selectivity 99.9 vol%, and reactor outlet CO con-
centration 0.17% vol%. After 200-h operation the
methanol conversion was about 90 vol %. According
to X-ray diffraction data, addition of ZrO, to Cu/
Al,O5 enhances dispersity of copper on the catalyst
surface and prevents conglomeration of particles. It is
these factors that are responsible for the enhanced
efficiency of the catalyst.

In Russia research and development of micro-
channel catalytic reactors have been initiated some
years ago and still concentrate at the Boreskov Insti-
tute of Catalysis, Siberian Branch, Russian Academy
of Sciences. Below we describe several Russian
microreactors. A series of flow circulatory research
devices were developed and used to success in kinetic
studies on heterogeneous processes and determination
of catalyst activity [56, 57]. Three types of MRs for
methanol steam reforming with external heating were
developed: cylindrical (CMR), rectangular (RMR),
and heat-exchange (HEMR) [46, 47, 58].

Figure 3 shows a photograph of a stainless-steel
CMR (diameter 30 mm, length 60 mm) comprising
130 disk MCPs. At the inlet, the reactor has a copper
injector for a water—methanol mixture. A gaseous
water-methanol mixture (molar ratio 1:1) after the
injector passes to the central part of disk microchannel
plates. From the central part, the reaction mixture
passes, through spiral channels, to disk periphery
where these flows unite into a common flow outgoing
from the microreactor. The catalyst is a copper—zinc
composite with a 40:60 Cu:Zn molar ratio, synthe-
sized by the procedure in [59]. A mixture of powdered
catalyst and pseudobemit was pressed into the micro-
channel bottom. As a result, the disk MCP contains
channels with a cross-section of 0.2x0.15 mm. At the
inlet flow rate of 100 ml h™! and reactor temperature
of 260°C, the methanol conversion in the MR was
80%, hydrogen performance 130 1h7!. The specific
performance of the MR per catalyst weigh and total
MCP volume was 67 1g'h™ and 54 lem™h™,
respectively.

Figure 4 shows a brass RMR, dimensions 65 x 90 x
85 mm. The reactor comprises three isolated dis-
mountable sections heated with built-in electric
heaters. The MCPs in the microreactor have parallel
submillimeter channels (Fig. 2). The MR design
allows the number of sections to be varied to ensure
desired reactor performance. The MR is tightened by
means of graphite seals. For convenient reactor re-
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Fig. 4. Rectangular sectional microreactor for methanol
steam reforming with interchangeable MCP blocks and
built-in electric heater.

loading, 20-30 MCPs are assembled into a block
(40x30x 18 mm) which is then embedded into the
microreactor section. As a result, the microchannel
block is fairly easy to change. Testing of one micro-
reactor section was performed using a foamed nickel
MCP with a CuCe-Al catalyst synthesized by the
procedure in [60]. At the inlet liquid methanol-water
flow of 80 mlh™! and reactor temperature 260°C, the
methanol conversion was 80%, hydrogen performance
of one RMR section 106 1h™', and specific micro-
reactor g)erformance per total MCP volume
49 lem™h.

An HEMR microreactor 40 mm in diameter and
35 mm in height, fabricated from stailess steel is
shown in Fig. 5. In this reactor, the endothermic
methanol steam reforming reaction is combined with
the exothermic reaction of methanol profound oxida-
tion with air, which occurs in an isolated volume. The
MCPs were made of stainless steel and had 40 parallel
channels 0.1 x0.1 mm in cross-section and 20 mm in
length. The MCP and MR were tightened with gra-
phite seals. The microreator was packed so that MCPs
for methanol steam reforming alternated with MCPs
for methanol profound oxidation. Therewith, contact-
ing MCPs were arranged so that their channels were
perpendicular to each other. The steam reforming
catalyst was Cu/ZnO, and the profound oxidation
catalyst, Pt/ZrO,. During tests, an MR was thermo-
isolated and heated to the initial methanol catalytic
oxidation temperature of 250°C, after which the heater
was turned off, and the MR was let to operate auto-
nomously. At the reactor temperature of 270°C, the
recorde<11 hydrogen HEMR performance proved to be
32 1h™.

4
".-. .\1

Fig. 5. Heat-exchange microreactor for methanol steam
reforming.

Under support of the ‘“Novel Energy Projects”
Innovation Company, the Institute of Catalysis SB
RAS developed a laboratory microchannel reactor for
partial methane oxidation [61]. Figure 6 shows a
photograph of the reactor (36x24x26 mm). The
useful volume occupied by MCPs is 4.0 cm’. The
inlet gas mixture enters through a socket to the upper
part of the reactor, where it is heated and uniformly
distributed over the cross-section of the void with
MCPs. The latter (20x20x0.8 mm) were fabricated
by crimping of fechral 50 pwm thick. The plate surface
was coated, by means of detonation spaying, with a
thin continuous a-Al,O; film which serves as a
buffer layer for subsequent fixing high-porosity
v-Al,O5. Further on a catalytically active component
(Lag ,Zr ,Ce( 4/LaNiPt, 80 mg per one plate) was
applied by impregnation/hardening. The microreactor
was loaded with ten crimped plates (20 x 20 x 0.8 mm)

Fig. 6. Microreactor for catalytic partial oxidation of
methane.

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol. 77 No.4 2007



682
1001 500
—_—
N M\' 400
e, /4 300 T
e 01 =50 =
v / =
. . . ©
w40 200 2
1 -1
20 —a—H, 00
01 —y—CO n
0 100000 200000 300000
GHSV, h!

Fig. 7. Methane conversion (X), CO selectivity (S), and
yields of hydrogen and CO vs. reciprocal contact time.

which alternated with plane plates of the same size.
A gas—air mixture containing 29.4% of pure methane
was fed to a microreactor inlet at a rate of 316 ml s~
The microreactor was tested at 804°C, measuring
methane conversion, selectivity, CO selectivity, and
hydrogen performance as functions of the GHSV
parameter (reciprocal contact time). The resulting data
are shown in Fig. 7. As seen, at fairly short contact
times of about 11 ps the hydrogen performance of an
MR with ten crimped and plane plates is 350 1h! at
80% methane conversion. This corresponds to the
specific ~ performance per MCP volume of

87.5 lem™ h™'. Therewith, the CO selectivity was
90%, and the gas mixture (dry) at the reactor outlet
had the following composition: 31.6 H,, 4.6 CH,, 44.5
N,, 17.1 CO, and 1.9 CO, vol %. This corresponds to
an equilibrium concentration ratio of products of
methane oxidation with air for an adiabatic reactor at
804°C.

CONCLUSIONS

Creation of microchannel catalytic reactors is a
new and rapidly progressing filed of hydrogen ener-
getics, which makes active use of advances in micro-
electronics. There is no doubt that developments in
this field will bring chemical industry to a new
qualitative level. Unique properties of microchannel
reactors, such as small size of channels, short times of
contact of reaction mixtures and catalysts, and high
rates of mass transfer, allow compact devices to be
developed both for highly exothermic and highly
endothermic catalytic processes, including those
involving toxic and explosive compounds. Combining
microreactors with fuel cells makes possible creation
of power-generating devices bypassing in their specific
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performance a lot of known sources of electric
current.

Among foreign institutions most active in deve-
lopment and prototyping microchannel reactors we
can mention the Research Center in Carlsruhe and
Institute of Microtechnology in Mainz (Germany), as
well as Pacific Northwest National Laboratory (USA).
In Russia developments in this field are still restricted
by laboratory prototyping microchannel reactors. The
greatest progress in this field has been made by
Boreskov Institute of Catalysis SB RAS.
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