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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 operating conditions to the equipmenter drawback of ceramic monolithic re-
available. Commonly catalytic reactorsctors is the non-uniform axial tempera-
Sustainable development of new chemare equipped with randomly packed cataure distribution for highly exothermic or
cal processes implies the efficient use dftic beds and have uncontrolled fluid dyendothermic reactions and the suscepti-
materials and energy, and also the minkamics. This results in stagnation zonesility to mechanical and thermal stress.
mized formation of toxic emissions andand hot-spot formation, broad residenc€herefore, the research and development
by-products. Such ‘green’ chemical proctime distribution, low selectivity and fi- of novel structured materials for innova-
esses call for innovative concepts in theally, low process efficiency. Optimiza-tive structured reactors is warranted.
field of chemical reaction engineeringtion of these processes is time consumirgerein we report a general approach to
Up to now the design of chemical procwhen modeling reactor performance. the synthesis of structured catalytic mate-
esses consisted of adapting the reaction An innovative approach to chemicatials and their application for the design
process development isdesign a reac- of reactor units.
tor unit adapted to the chemical reaction  Recently we proposed woven fibrous
The parameters of the reaction kinetiosatalysts for the design of structured
obtained on the lab scale determine threactors [3—-13]. These catalysts are bi-
industrial reactor structure and the geomtimensional materials, which combine
etry of the catalytic bed. In structured catpen macro-structures with mechanical
alytic bedsthe fluid dynamics is imposecelasticity and for this reason are easy to
on the systepavoiding its modeling and handle. They can be rolled spirally,
shortening the up-scale procedure. Theorrugated and piled up, when filling
catalyst properties for the structured reastructured reactors. One supplemental
tors should be regulated over multiadvantage comes from the availability of
dimensional levels, starting from theibrous supports on the market, since they
nano-designed active surface up to mahave a large spectrum of other applica-
ro-geometry of the catalytic bed. tions besides their use as catalytic sup-
Monoliths are the most well-knownports. The main materials actually pro-
structured catalytic reactors and areéuced on industrial scale are:
widely used in the automobile businesg glass fibers as woven fabrics, gauzes,
although non-transport applications have single threads,
also been reported [1][2]. Monolithicii) fibrous active carbon fabricated in the
structures have a high void volume and a form of woven fabrics and
large geometric surface area. This resulii§) metallic filamentous materials availa-
in a low pressure drop during the passage ble as woven or knitted gauzes, thin
of gases and a large contact area of the wires and pressed fiber filters.
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e Catalytic functionHow does the sur-
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A Fig. 1. The general scheme for surface development, activation and the deposition of active
2. Synthesis of Structured Catalysts phase.

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 precursa
(usually a metal complex), and 3) catalyst
activation.

=

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

As mentioned above, the precursofs
of structured supports are fibrous com
mercial materials, like metal fiber filtersrig. 2. SEM image of Ni-wire grids and of the surface porous oxide
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 The development of high SSA woverty, the deposition of Fe{n the form of
surface of the fibers. The surface is abogtass fiber was performed [4][6] bysmall clusters was performeh deposi-
0.1-2 Mg depending on the diametefeaching out the non-silica component8on-precipitation by urea.
of individual fiber (2-10Q). The metal- of commercial fabrics in acidic solutions
lic and glass fiber supports are treatel$ee Fig. 1). This treatment created th&2. Deposition of Active Phase
with the aim of increasing their SSA. Theéneso-porosity and varied the SSAfrom5 The activity of supported metals de-
treatment of ACF is mostly directed taup to 275 Mg, depending on the tem-pends on the particle size and the particle
modulate the surface acidity and fungeerature and contact time with HCI soluinteraction with the support. Metal parti-
tionality. The general scheme of the sution. The surface of porous glass fibers ioles of nanometer size (nanoparticles or
face development/activation is presentegsbme cases was modified by titania, ziclusters) have unique properties that
in Fig. 1. It is seen that metal wires witlconia and alumina to increase thermdoridge those of single molecules and the
high SSA were obtained [12] by Me/Aland mechanical stability and modulatbulk materials. Due to the high surface-
alloy formation on the wire outer surfacetheir surface reactivity. The modificationto-volume ratio and coexistence of differ-
After leaching out the Al component, avas made by impregnation of the porousnt surface planes, these particles have a
thin porous layer was obtained on thglass fibers with aqueous solution of thhigh free energy resulting in increased
metal surface. The morphology of thisippropriate salts and consequent calcinehemical reactivity/enhanced selectivity
layer is similar to that found in Raneytion on air. during heterogeneous catalytic reactions.
metals. Oxidation of this layer resulted in The commercial woven fabrics ofA high dispersion of the metal on the sup-
a strongly attached porous metal oxidd®CF have high SSA of ~1000%gr! with  port and a strong resistance of metal nan-
Formation of this porous outer layer sigdeveloped surface micro-porosity. Theparticles to sintering are two goals in the
nificantly increased the SSA of the gridsurface functionality of active carbongreparation of supported metal catalysts.
by up to 20 rig~L. As an example, the Ni- is known to be regulated by different preDepending on the nature and acid/base
wire support, consisting of a metallic Nireatmentse.g boiling in aqueous HN9 properties of the support, a suitable
core with an oxide (NiO) outer layer issolution creates oxygen-containing groupgle-complex as a precursor of metal (or
shown in Fig. 2. and increases surface acidity. In order tdeQO,) nanopatrticles is used. The Me-

obtain ACF supports with moderate acideomplex is anchored to the supporia

porous Me-oxide layer
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interaction with surface OH-groups. Prebustion of hydrocarbons and VOCsquivalent hydraulic diameter in the range
cursor deposition is performed fron{4][6][12], low-temperature CO oxida- of a few microns, also ensuring a laminar
agueous solution (ion-exchange) or frortion, hydrogen production by catalyticflow and a short radial diffusion time. A
gas-phase (grafting). For example, on baracking [14], propane dehydrogenationarrow RTD can be expected through
sic supports (alumina, magnesia) the def® propene [11], liquid-phase hydrogenastructured filamentous catalytic beds.
osition is performed from solutions oftion [3][5][15], and catalytic water deni- The RTD was measured in a tube
noble metals in anionic form (P#2t, trification [7][9][16]. packed with the threads of glass fibers
AuCl "), while on acidic ones (silica, ac- Herein, we presera novel concept of and with granules of silica arygalumina
tive carbon) the cations are useslg( a structured reactor where a micro-chanef different shape and size. Fig.5
[Pd(NHy),]%*, ethylenediamine complexnel catalytic bed is formed by long thipresents the experimentally obtained
[Au(en)]®"). Thus, the surface OH-filaments (catalytically active fibef®) RTD for filamentous catalytic bed (curve 1)
groups can be regarded as ‘universalThe reactor consists of a tube (few miland for the randomly packed beds
linkers’ allowing strong interaction of limeters in diameter) filled by catalytic(curves 2 and 3). The narrower RTD in
precursor with the support. The formafibers (their diameter may be 3-1f) structured channels is clearly seen in Fig. 5.
tion of a catalytically active phase is th@laced in parallel to the tube walls. Thé&Jnder the same experimental conditions,
final step of the preparation and includegarticularity of this reactor is that in aall randomly packed beds demonstrated a
catalyst drying, calcination, and reductube of conventional dimensiorfiow significantly broader RTD compared to
tion of the metallic clusters. As an examhydrodynamics similar to that of multi-the structured bed packed by fibers.
ple, the catalyst consisting of°’Rtlusters channel microreactors is createthere- The pressure drop during passage of
supported on modified glass fiber fabricfore, such reactor units could be readilgas through the tube packed with spheres
is presented in Fig. 3. integrated into available technological linesf 100-160um was measured and com-
Multi-channel micro-reactors are knowrpared to the pressure drop through the
to have a laminar flow and a short radiatructured fiber packing. The hydraulic
3. Innovative Structured Catalytic diffusion time due to small channel radidiameters of both beds are in the same
Reactors us. This leads to a narrow residence tinwrder of magnitude. For the experimental
distribution (RTD) resulting in high se-conditions as indicated in Fig. 5, the pres-
Several types of structured reactorectivity when operating these reactorsure drop was found to be five times less
can be proposed based on fibrous matehi+ fact, the channels for gas-flow bein filamentous bed compared to random-
als. They have been tested in the cortween the filaments (see Fig. 4) have dg packed one.

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

Fig. 4. Schematic presentation of gas flow
between catalytic filaments
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Fig. 5. RTD for the structured fiber packing in
30— comparison with the randomly packed catalyt-
ic bed
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This innovative reactor concept wadyst is regenerated by burning off the
applied for the non-oxidative dehydrogeneoke from the catalyst surface. The feed-
ation of propane [11]: g -~ C3Hg + H, ing of oxygen and propane is periodically

This reaction has technological conswitched between the two zones.
strains due to the high endothermicity A high-surface-area catalyst was pre-
(AH=129 kdmot! at 823 K and 0.14 MPa) pared from glass fiber threads with the
and the unfavourable thermodynamicsurface modified by alumina and Pt/Sn as
towards formation of propene (an equian active component. This catalyst was
librium conversion of propane is onlyplaced into both reactor zones | and Il
22% at 823 K and 0.14 MPa). Furtherforming micro-channel structured cata-
more, at the high temperatures requirdgtic beds. The propane conversion and
by the reaction thermodynamics, thermalelectivity to propene as a function of
cracking occurs with coke deposition otime-on-stream are presented in Fig. 7.
the catalytic surface. This deactivates the
catalyst and diminishes the selectivity to
propene. To regenerate the catalyst, the Fig. 6. Scheme of the two-zone micro-channel
coke has to be burned off periodically i Pd/Ag jmembrane structured membrane reactor used for pro-
oxidative atmosphere. pane dehydrogenation

To overcome these constraints a two-
zone membrane reactor operated periodi-
cally is suggested. The reactor design |is
schematically presented in Fig.6. Th
two zones of the tubular reactor wit
structured fibrous catalytic beds are sepp-
rated by a Pd/Ag membrane permeable to
hydrogen. On one side of the membrane
(zone |), the dehydrogenation takes place
with simultaneous coke formation on th
catalyst surface and diffusion of hydro
gen to zone Il. On the other side of th
membrane (zone Il), hydrogen is oxi
dized in an oxygen/nitrogen gas mixture,
thus generating heat for the endothermic
dehydrogenation in zone |. Moreover,
due to the permanent oxidation of hydrg-
gen, a high radial gradient of hydroge
concentration is obtained. This allows
efficient removal of hydrogen from th
reaction zone and equilibrium conversio
to be exceeded. Simultaneously, with the
hydrogen oxidation, the deactivated cata-
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At residence time 19 s, the initial conversions. The benefits of this novel approadhi]
sion in the membrane reactor reachedlere shown by the increased efficiency
30%, exceeding the equilibrium converef propene formation from propane in 6[1

sion of 22%. Propene selectivity was alsmembrane structured reactor.
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