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Novel Structured Materials for
Structured Catalytic Reactors

Lioubov Kiwi-Minsker*

Abstract: The use of filamentous catalysts for innovative design of chemical reactors with structured catalytic
beds is discussed in detail. The fluid dynamics attained in such reactors avoid transport limitations (mixing or
heat- and mass-transfer) and increase reactor performance/safety.
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1. Introduction

Sustainable development of new chemi-
cal processes implies the efficient use of
materials and energy, and also the mini-
mized formation of toxic emissions and
by-products. Such ‘green’ chemical proc-
esses call for innovative concepts in the
field of chemical reaction engineering.
Up to now the design of chemical proc-
esses consisted of adapting the reaction
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operating conditions to the equipment
available. Commonly catalytic reactors
are equipped with randomly packed cata-
lytic beds and have uncontrolled fluid dy-
namics. This results in stagnation zones
and hot-spot formation, broad residence
time distribution, low selectivity and fi-
nally, low process efficiency. Optimiza-
tion of these processes is time consuming
when modeling reactor performance.

An innovative approach to chemical
process development is to design a reac-
tor unit adapted to the chemical reaction.
The parameters of the reaction kinetics
obtained on the lab scale determine the
industrial reactor structure and the geom-
etry of the catalytic bed. In structured cat-
alytic beds the fluid dynamics is imposed
on the system, avoiding its modeling and
shortening the up-scale procedure. The
catalyst properties for the structured reac-
tors should be regulated over multi-
dimensional levels, starting from the
nano-designed active surface up to mac-
ro-geometry of the catalytic bed.

Monoliths are the most well-known
structured catalytic reactors and are
widely used in the automobile business
although non-transport applications have
also been reported [1][2]. Monolithic
structures have a high void volume and a
large geometric surface area. This results
in a low pressure drop during the passage
of gases and a large contact area of the
catalyst with the reactants. The flow
through the honeycomb channels is usu-
ally laminar. As the diameters of the
channels are in the order of several mil-
limeters, a poor radial mixing and mass
transfer limitations from the bulk stream
to the catalyst surface takes place. A fur-

ther drawback of ceramic monolithic re-
actors is the non-uniform axial tempera-
ture distribution for highly exothermic or
endothermic reactions and the suscepti-
bility to mechanical and thermal stress.
Therefore, the research and development
of novel structured materials for innova-
tive structured reactors is warranted.
Herein we report a general approach to
the synthesis of structured catalytic mate-
rials and their application for the design
of reactor units.

Recently we proposed woven fibrous
catalysts for the design of structured
reactors [3–13]. These catalysts are bi-
dimensional materials, which combine
open macro-structures with mechanical
elasticity and for this reason are easy to
handle. They can be rolled spirally,
corrugated and piled up, when filling
structured reactors. One supplemental
advantage comes from the availability of
fibrous supports on the market, since they
have a large spectrum of other applica-
tions besides their use as catalytic sup-
ports. The main materials actually pro-
duced on industrial scale are:
i) glass fibers as woven fabrics, gauzes,

single threads,
ii) fibrous active carbon fabricated in the

form of woven fabrics and
iii) metallic filamentous materials availa-

ble as woven or knitted gauzes, thin
wires and pressed fiber filters.
These materials can be loaded with

the catalytically active phase in the form
of thin layers or clusters via complex
chemistry. We describe below the gener-
al approach of the synthesis and optimi-
zation of structured catalysts, which ad-
dresses three main points:
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• Synthesis. How can the surface of the
support be activated in view of its in-
teraction with the metal precursor
(e.g. an organometallic complex)?
Which metal precursors are the most
adequate reagents for the reaction
with the active surface species?

• Structure. What are the most suitable
methods to characterize the catalyst
surface? Can the systematic variation
of surface-active species predictably
affect the catalyst morphology?

• Catalytic function. How does the sur-
face morphology affect the properties
of the ensemble comprising the struc-
tured catalyst?

2. Synthesis of Structured Catalysts

During the preparation of structured
catalyst the sequence followed is 1) sur-
face activation and/or development of
high specific surface area (SSA), 2) the
deposition of active phase precursor
(usually a metal complex), and 3) catalyst
activation.

2.1. Preparation of the High SSA
Catalytic Supports and Surface
Activation

As mentioned above, the precursors
of structured supports are fibrous com-
mercial materials, like metal fiber filters
or gauzes, fiber active carbon (ACF) and
glass fibers (GF) in the form of woven
fabrics. These materials, with exception
of ACF, have a relatively low SSA,
which corresponds to the geometrical
surface of the fibers. The surface is about
0.1–2 m2g–1 depending on the diameter
of individual fiber (2–100µ). The metal-
lic and glass fiber supports are treated
with the aim of increasing their SSA. The
treatment of ACF is mostly directed to
modulate the surface acidity and func-
tionality. The general scheme of the sur-
face development/activation is presented
in Fig. 1. It is seen that metal wires with
high SSA were obtained [12] by Me/Al
alloy formation on the wire outer surface.
After leaching out the Al component, a
thin porous layer was obtained on the
metal surface. The morphology of this
layer is similar to that found in Raney
metals. Oxidation of this layer resulted in
a strongly attached porous metal oxide.
Formation of this porous outer layer sig-
nificantly increased the SSA of the grids
by up to 20 m2g–1. As an example, the Ni-
wire support, consisting of a metallic Ni
core with an oxide (NiO) outer layer is
shown in Fig. 2.

The development of high SSA woven
glass fiber was performed [4][6] by
leaching out the non-silica components
of commercial fabrics in acidic solutions
(see Fig. 1). This treatment created the
meso-porosity and varied the SSA from 5
up to 275 m2g–1, depending on the tem-
perature and contact time with HCl solu-
tion. The surface of porous glass fibers in
some cases was modified by titania, zir-
conia and alumina to increase thermo-
and mechanical stability and modulate
their surface reactivity. The modification
was made by impregnation of the porous
glass fibers with aqueous solution of the
appropriate salts and consequent calcina-
tion on air.

The commercial woven fabrics of
ACF have high SSA of ~1000 m2g–1 with
developed surface micro-porosity. The
surface functionality of active carbons
is known to be regulated by different pre-
treatments, e.g. boiling in aqueous HNO3
solution creates oxygen-containing groups
and increases surface acidity. In order to
obtain ACF supports with moderate acid-

ity, the deposition of FeOx in the form of
small clusters was performed via deposi-
tion-precipitation by urea.

2.2. Deposition of Active Phase
The activity of supported metals de-

pends on the particle size and the particle
interaction with the support. Metal parti-
cles of nanometer size (nanoparticles or
clusters) have unique properties that
bridge those of single molecules and the
bulk materials. Due to the high surface-
to-volume ratio and coexistence of differ-
ent surface planes, these particles have a
high free energy resulting in increased
chemical reactivity/enhanced selectivity
during heterogeneous catalytic reactions.
A high dispersion of the metal on the sup-
port and a strong resistance of metal nan-
oparticles to sintering are two goals in the
preparation of supported metal catalysts.
Depending on the nature and acid/base
properties of the support, a suitable
Me-complex as a precursor of metal (or
MeOx) nanoparticles is used. The Me-
complex is anchored to the supports via

Fig. 1. The general scheme for surface development, activation and the deposition of active
phase.

Fig. 2. SEM image of Ni-wire grids and of the surface porous oxide
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bustion of hydrocarbons and VOCs
[4][6][12], low-temperature CO oxida-
tion, hydrogen production by catalytic
cracking [14], propane dehydrogenation
to propene [11], liquid-phase hydrogena-
tion [3][5][15], and catalytic water deni-
trification [7][9][16].

Herein, we present a novel concept of
a structured reactor where a micro-chan-
nel catalytic bed is formed by long thin
filaments (catalytically active fibers)®.
The reactor consists of a tube (few mil-
limeters in diameter) filled by catalytic
fibers (their diameter may be 3–100 µm)
placed in parallel to the tube walls. The
particularity of this reactor is that in a
tube of conventional dimensions flow
hydrodynamics similar to that of multi-
channel microreactors is created. There-
fore, such reactor units could be readily
integrated into available technological lines.

Multi-channel micro-reactors are known
to have a laminar flow and a short radial
diffusion time due to small channel radi-
us. This leads to a narrow residence time
distribution (RTD) resulting in high se-
lectivity when operating these reactors.
In fact, the channels for gas-flow be-
tween the filaments (see Fig. 4) have an

interaction with surface OH-groups. Pre-
cursor deposition is performed from
aqueous solution (ion-exchange) or from
gas-phase (grafting). For example, on ba-
sic supports (alumina, magnesia) the dep-
osition is performed from solutions of
noble metals in anionic form (PtCl6

2–,
AuCl4–), while on acidic ones (silica, ac-
tive carbon) the cations are used (e.g.
[Pd(NH3)4]2+, ethylenediamine complex
[Au(en)2]3+). Thus, the surface OH-
groups can be regarded as ‘universal
linkers’ allowing strong interaction of
precursor with the support. The forma-
tion of a catalytically active phase is the
final step of the preparation and includes
catalyst drying, calcination, and reduc-
tion of the metallic clusters. As an exam-
ple, the catalyst consisting of Pt°-clusters
supported on modified glass fiber fabrics
is presented in Fig. 3.

3. Innovative Structured Catalytic
Reactors

Several types of structured reactors
can be proposed based on fibrous materi-
als. They have been tested in the com-

Fig. 3. SEM and TEM images of Pt/glass
fibrous catalyst

Fig. 4. Schematic presentation of gas flow
between catalytic filaments

equivalent hydraulic diameter in the range
of a few microns, also ensuring a laminar
flow and a short radial diffusion time. A
narrow RTD can be expected through
structured filamentous catalytic beds.

The RTD was measured in a tube
packed with the threads of glass fibers
and with granules of silica and γ-alumina
of different shape and size. Fig. 5
presents the experimentally obtained
RTD for filamentous catalytic bed (curve 1)
and for the randomly packed beds
(curves 2 and 3). The narrower RTD in
structured channels is clearly seen in Fig. 5.
Under the same experimental conditions,
all randomly packed beds demonstrated a
significantly broader RTD compared to
the structured bed packed by fibers.

The pressure drop during passage of
gas through the tube packed with spheres
of 100–160 µm was measured and com-
pared to the pressure drop through the
structured fiber packing. The hydraulic
diameters of both beds are in the same
order of magnitude. For the experimental
conditions as indicated in Fig. 5, the pres-
sure drop was found to be five times less
in filamentous bed compared to random-
ly packed one.
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This innovative reactor concept was
applied for the non-oxidative dehydrogen-
ation of propane [11]: C3H8 →C3H6 +  H2

This reaction has technological con-
strains due to the high endothermicity
(∆rH=129 kJmol–1 at 823 K and 0.14 MPa)
and the unfavourable thermodynamics
towards formation of propene (an equi-
librium conversion of propane is only
22% at 823 K and 0.14 MPa). Further-
more, at the high temperatures required
by the reaction thermodynamics, thermal
cracking occurs with coke deposition on
the catalytic surface. This deactivates the
catalyst and diminishes the selectivity to
propene. To regenerate the catalyst, the
coke has to be burned off periodically in
oxidative atmosphere.

To overcome these constraints a two-
zone membrane reactor operated periodi-
cally is suggested. The reactor design is
schematically presented in Fig. 6. The
two zones of the tubular reactor with
structured fibrous catalytic beds are sepa-
rated by a Pd/Ag membrane permeable to
hydrogen. On one side of the membrane
(zone I), the dehydrogenation takes place
with simultaneous coke formation on the
catalyst surface and diffusion of hydro-
gen to zone II. On the other side of the
membrane (zone II), hydrogen is oxi-
dized in an oxygen/nitrogen gas mixture,
thus generating heat for the endothermic
dehydrogenation in zone I. Moreover,
due to the permanent oxidation of hydro-
gen, a high radial gradient of hydrogen
concentration is obtained. This allows an
efficient removal of hydrogen from the
reaction zone and equilibrium conversion
to be exceeded. Simultaneously, with the
hydrogen oxidation, the deactivated cata-

lyst is regenerated by burning off the
coke from the catalyst surface. The feed-
ing of oxygen and propane is periodically
switched between the two zones.

A high-surface-area catalyst was pre-
pared from glass fiber threads with the
surface modified by alumina and Pt/Sn as
an active component. This catalyst was
placed into both reactor zones I and II
forming micro-channel structured cata-
lytic beds. The propane conversion and
selectivity to propene as a function of
time-on-stream are presented in Fig. 7.

Fig. 5. RTD for the structured fiber packing in
comparison with the randomly packed catalyt-
ic bed

Fig. 6. Scheme of the two-zone micro-channel
structured membrane reactor used for pro-
pane dehydrogenation
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Fig. 7. Propane conversion and selectivity to-
wards propene in microstructured reactors with
and without membrane (T=823 K, P=0.14 MPa,
GHSV=189 h–1, τ=19 s)

At residence time 19 s, the initial conver-
sion in the membrane reactor reached
30%, exceeding the equilibrium conver-
sion of 22%. Propene selectivity was also
enhanced in the membrane reactor: the
observed amount of by-products was
50% and the propene selectivity reached
97%. This effect was explained by the
lower concentration of hydrogen in the
gas phase, suppressing hydroisomeriza-
tion and hydrogenolysis reactions.

4. Conclusions

Chemical reactors with structured
catalytic beds present an innovative ap-
proach in chemical reaction engineering,
since the fluid dynamics can be imposed
on the system, avoiding transport limita-
tions (mixing or heat- and mass-
transfer).This avoids hot-spot formation,
run-away problems and increases the re-
actor efficiency. Commercial fibrous ma-
terials, like metal fiber filters or gauzes,
fiber active carbon (ACF) and glass fib-
ers (GF) in the form of woven fabrics are
shown to be suitable supports for design-
ing of structured catalyst. Development
of high specific surface area and forma-
tion of species containing OH-groups
activate the surface to retain strongly an-
chored catalytically active particles.

The use of filamentous materials for
structured catalytic beds brings supple-
mental options in the design of reactors,
since it allows hydrodynamics similar to
the flow characteristics in micro-channel
reactors within units of standard dimen-

sions. The benefits of this novel approach
were shown by the increased efficiency
of propene formation from propane in a
membrane structured reactor.
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