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On the centenary of the Professor Mikhail Slin'ko birth

PROFESSOR MIKHAIL SLIN'KO — INSTITUTE OF CATALYSIS IN
NOVOSIBIRSK AND MATHEMATICAL MODELING OF CHEMICAL
PROCESSES AND REACTORS IN RUSSIA

Valentin Parmon

Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia

Professor Mikhail Slin’ko contributed much to the progress in catalytic
technologies in Russia and, first of all, to the formation of its theoretical basis —
Chemical Engineering Science. Prof. Slin’ko took a very active part in the foundation
of the Institute of Catalysis in Novosibirsk in 1958; later, in 1958 through 1976, he
was a real leader of the new, in those years, scientific area — mathematical modeling
of catalytic processes and reactors.

Approaches to the mathematical modeling, which were developed by Prof.
Slin’ko, allow the reliable transfer from new lab-scale processes to large-scale
industrial processes with shortening and, sometimes, skipping pilot tests. Numerical
studies based on mathematical models of catalytic reactors make it possible to find
modes of reliable and safe operation of industrial reactors. The team headed by
Mikhail Slin’ko in the Institute of Catalysis in the period of 1959 to 1975 accomplished
the following works:

1. A strong scientific basis was developed for scaling laboratory studies up to

industrial applications with the aim of mathematical modeling.

2. The methods for creating the mathematical models of catalytic systems via
balanced combination of computational and real experimental results were
developed and adopted.

3. Regular and chaotic autooscillations of the rates of heterogeneous catalytic
reactions were discovered and studied; few principles of non-linear dynamics
of catalytic reactions, processes and reactors were developed as a basis of
the theory and practice of industrial catalysis. Dynamics of emerging and
propagation of fluctuations in catalyst beds resulting in the formation of various
dynamic structures was studied.

4. The spaciotemporal hierarchical approach was developed for creating
mathematical models of catalytic systems at various scales, including

molecular level.
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5. Correct mathematical models were developed for a wide variety of catalytic
processes and reactors, which allow identification of optimal and stable modes
for their operation.

6. The developed approaches to mathematical modeling of chemical reactions,
processes and reactors and their scaling-up were practiced in numerous
research centers of chemical, petrochemical and refinery industries.

7. The approach based on balanced combination of computational and real
experiments was used for designing automated research systems for rapid

development of mathematical models.

Some results obtained by scientists of the Institute of Catalysis are also
presented to demonstrate the current level and trends of the mathematical modeling
of catalytic processes and reactors. At present, the methods of mathematical
modeling allow the complex dynamics of catalytic reactions on the catalyst surface to
be described, calculations of catalytic transformations in multicomponent reaction
systems to be conducted, dynamic thermal regimes in catalytic reactors and
processes with phase transformations of reactants to be predicted. Currently, one of
the most actively progressing fields of mathematical modeling of catalytic reactors
appears to be the application of computational 3D-hydrodynamic methods for

reacting systems.
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M.G. SLINKO — AS A PERSON, SOLDIER AND SCIENTIST
Slinko M.M.

Institute of Chemical Physics RAS, slinko@polymer.chph.ras.ru

The main periods of the scientific and personal life of M.G. Slinko will be will be
offered to your attention. M.G. Slinko was graduated from one of the best schools in
Moscow and following to the regulations of that time began his active life working in
Giprokhim (State Designing Institute of Chemistry) at the age of only 16 years.
Simultaneously he managed to study at the Mendeleev Institute and Moscow State
University. Being the student he created the reactor K-39 for the sulfuric acid
production. This was the first time, when a reactor was developed on the basis of
mathematical modelling. For this work M.G. Slinko was awarded Stalin’s Prize in
1946. He was graduated with an honors diploma on theoretical physics from the
physical department of Moscow State University on June 19, in 1941. In first days of
the war, M.G. Slinko was enlisted as the commander of a platoon and he finished the
war in the First Guards Tank Army, with which he reached Berlin. Being the head of
the department of the gasoline provision for the first time he applied the mathematical
modelling for the planning of war operations, during which hundreds of tanks were
involved.

After the demobilization, he continued his scientific work at the Laboratory of
Technical Catalysis at the Karpov Physicochemical Institute. There, he started to
work on the problems of obtaining heavy water and protection of nuclear installations
from a blast of the explosive mixture formed as a result of water radiolysis. In 1960,
he became a laureate of Lenin’s Prize for his works on the production of heavy water
by way of rectifying liquefied hydrogen.

From 1956 to 1959, he worked as an instructor for the Novel Technology Sector
of the Machine-Building Department of the Central Committee of the USSR
Communist Party. Here he used all his opportunities and possibilities for the
foundation of the Institute of Catalysis in Siberian Branch of the USSR Academy of
Sciences. As the deputy director for scientific work, he organized the Institute on the
basis of the unity of theory and practice. He began pioneering works in our country
on mathematical simulation of catalytic processes using computers. M.G. Slinko
developed the spatio-temporal hierarchical approach of large-scale transition from

the research laboratory to industrial conditions. He supervised the studies on kinetics
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of heterogeneous catalytic reactions, on the optimal size, shape and porous structure
of the grains in fixed bed reactors. At this time the mathematical modelling of many
industry processes including ethylene oxidation to ethylene oxide, the producing of
sulfuric acid by the contact process, production of acrylonitrile by ammoxidation of
propylene, production of phthalic anhydride by catalytic oxidation of naphthalene,
partial oxidation of hydrocarbons, methanol oxidation to formaldehyde, dehydration of
butylene and polymerization of monomers were carried out.

By the early 1960s, there was no satisfactory qualitative theory of nonlinear
systems of differential equations with distributed parameters. Together with
Dr. T.l. Zelenyak M.G. Slinko studied the nonlinear phenomena in lumped and
distributed systems of differential equations. For the first time the appearance of
multiplicity of steady states during the catalytic processes over one pellet, in a fixed
bed and fluidized catalyst bed reactors were analysed. A lot of discoveries in
chemical kinetics and chemical engineering have been done during this period of
time including the observation and mathematical modelling of self-sustained
oscillations in heterogeneous catalytic systems and the development of the new
concept of the “organized” fluidized catalyst bed reactor.

In 1976, on the initiative of L.A. Kastandov, the minister of the chemical industry,
Prof. Slinko became the head of the Department of Theoretical Principles of
Chemical Technology at the Karpov Physicochemical Research Institute. During this
period of time M.G. Slinko established the principles of non-linear dynamics of
catalytic reactions, processes and reactors, which are the basis of the theory and
practice of industrial catalysis. One of the first scientists he began mathematical
modeling at the atomic—molecular and nanolevels to describe the nonlinear
dependence of the reaction rate on the composition of the surface layer at the meso-
and macrolevels. Also at this time M.G. Slinko together with NPO Khimavtomatika
created the automated research system for scientific studies (ASNI) to produce
mathematical models in a short time based on the methodology of a balance
between computing and physical experiments.

Finally M.G. Slinko was a man of high moral principles and had a great personal
charm. His life is a bright example of a honest service to the domestic science,
chemical industry and native land.

10
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MULTI-LEVEL ENGINEERING OF CATALYTIC REACTIONS

Jacob A. Moulijn', Freek Kapteijn', Javier Pérez-Ramirez?

!Catalysis Engineering, ChemE, Delft University of Technology, Julianalaan 136,
2628 BL Delft, The Netherlands
“Catalysis Engineering, ETH Zurich E125, Vladimir-Prelog-Weg 1, CH-8093 Zurich,
Switzerland

Catalysis plays an important role in Chemical Process technology. It is the
enabling technology for good chemicals manufacturing processes. Catalysis as a
discipline is not just a part of chemistry or physics but it also is an engineering
discipline. Chemical and physical aspects are often scale-independent but in the
engineering disciplines usually the scale of the operation plays a role. Thus, it is not
surprising that in catalysis both scale-independent and scale-dependent phenomena
play a role. Examples of scale-independent topics are (reaction) mechanistic and
structure elucidation subjects. Reactor design studies belong to the realm of
chemical reaction engineering and are clearly dependent on the scale. An integrated
approach of catalysis research and development covering aspects of (bio) chemistry
and physics and chemical reaction engineering, referred to as “Catalysis
Engineering”, is rewarding.

In such an integrated approach it is appropriate to distinguish three levels, the
microlevel, focusing on molecules and catalytic sites, the mesolevel focusing on the
catalyst particle and the reactor, and the macrolevel, considering the total process.

On the microlevel the scale-independent information is collected.
Thermodynamics defines the possible window of operation and heats of reaction.
High-throughput-experimentation (HTE) is a crucial part of the toolkit of catalyst
development. HTE is very valuable in developing optimal catalysts. On the mesolevel
fascinating developments are visible in the field of structuring the space. On the one
hand, at the scale of the particle optimal porosity (optimal hierarchal pore networks
consisting of micro-, meso- and macropores) can be realized. On the other hand,
structured reactors often outperform conventional reactors such as packed bed
reactors. Pros of fixed bed reactors are high catalyst loading, convenience, low cost;
cons are maldistribution, leading to non-uniform concentration profiles and even hot
spots, internal diffusion limitations that might lead to reduced activity and selectivity.
In packed bed reactor hydrodynamics, mass transfer rates are coupled to particle

shape and size. In a structured reactor in this respect more degrees of freedom exist.
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For instance, dependent on the design, particle sizes can be chosen to be much
smaller than those in packed beds. Structured reactors allow a high efficiency, partly
because they allow high mass transfer rate at relatively low energy dissipation. The
low energy dissipation is mainly related with the hydrodynamics regime: laminar
rather than turbulent. In addition, in multiphase flow under most practical conditions
the flow pattern is that of segmented flow (called Taylor flow), resulting in large gas-
liquid mass transfer. For these reasons structured reactors have large potential in
Process Intensification. Structured reactors allow decoupling of hydrodynamics and
chemical kinetics, implying an extra degree of design freedom. From a chemical
engineering point of view the intrinsic scalability of these reactors is intriguing.

It is not wise to carry out the research aimed at developing a good catalyst
separately from the reactor design. It does not make sense to develop the best
possible catalyst and to use it in an unsatisfactory reactor. Both the catalyst and the
reactor should be close to perfect.

Assuming that the conceptual process design is largely agreed upon, the major
basic concerns for catalytic particle and reactors are:

e catalyst quality on a microscopic length scale (quality, number of active sites),

e catalyst quality on a mesoscopic length scale (diffusion length, loading,

profiles),

e ease of catalyst separation and handling,

¢ heat supply and removal,

e hydrodynamics (regimes, controllability, predictability),

e transport resistances (rate and selectivity),

e safety and environmental aspects (run-aways, hazardous materials,

selectivity),

e costs.

With respect to these aspects, structured reactors in nearly all respects, expect
for costs, outperform random packed bed reactors.

The potential of structured reactors in chemicals production will be illustrated by
two examples of selective hydrogenation. The results demonstrate the achievable
excellent gas liquid mass transfer at low energy dissipation (caused by the
favourable hydrodynamics) and the favourable internal diffusion properties (caused

by the favourable dimension of the diffusion length).

12
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A case study on nitrous oxide abatement for nitric acid plants exemplifies the
integrated three-level catalysis engineering approach. On the macrolevel, retrofitting
in existing plants has to be distinguished from designing new plants. In the latter case
there is more room for nitrous oxide abatement by changing the design of the reactor
for the selective oxidation of ammonia (giving nitrous oxide besides the main product
NO), allowing minimizing the formation of nitrous oxide. In existing plants such a new
design is in general not an option. Regarding existing plants, it is realistic to accept
the formation of nitrous oxide and add equipment for decomposition of the formed
nitrous oxide. It will be shown that in principle several places in the nitric acid
production plant suggest themselves for location of a nitrous oxide decomposition
unit. In fact, choosing the place in the process guides the studies at micro- and
mesolevel, as the specific place is associated with the specific reaction conditions to
be covered in the catalyst development and the reactor design. An evaluation of the
various options will be presented.
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CATALYTIC REACTION ENGINEERING OF THE REDUCTION OF
DIESEL AUTOMOBILE EMISSIONS

Dan Luss

Department of Chemical and Bimolecular Engineering, University of Houston,
Houston, TX 77204 USA

The traditional emphasis of chemical reaction engineering has been the design,
operation and control of chemical reactors operating mainly by the chemical
processing and petroleum industries. However, at present significant catalytic and
reaction engineering efforts are devoted to the development, operation and control of
chemical reactors used for the reduction of pollutants emission from automobiles.
The specification of the performance of these reactors is mandated by regulatory
agencies and public pressures in both developed and developing countries. The
scale of the associated scientific and engineering challenges and the significant
economic impact can be appreciated noting that every year about 70 million new cars
are produced and sold in the world, all equipped with catalytic after-treatment (CAT)
reactors. The CAT of gasoline driven cars is a single reactor (TWC), while that of
diesel driven cars uses a series of four reactors. My goal is to describe the
usefulness of catalytic and reaction engineering tools and methodology to develop
these reactors in an environment of continuous tightening emissions regulations. |
shall concentrate on issues related mainly to the emission control of diesel driven
cars, as most current research and development efforts are conducted in this area,
while the gasoline CAT catalyst and engine technologies already approach near zero
emission.

The two most challenging technological tasks are the reduction of the emission of
particulate particles (PM), which is conducted by diesel particulate filters (DPF) and
the reduction of the NOx emissions, which is conducted by either one or two catalytic
reactors depe nding on the type of vehicle. The PM emissions are known
carcinogens, adversely affect visibility in cities and contribute to global warming. To
establish suitable health counter measures we need to know the responsible
sources. Until recently most regulations limited the emitted mass of particles smaller
than 2.5 um (EURO6 < 10 mg/km). Recently it was discovered that very small
insoluble metal oxides (10-500 nm) attached to the PM are the most likely toxic
species. This led to establishing a Particle Number (PN) limit (EURO6 < 6*10'%),

14
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which is equivalent to 0.2 mg/km, or 50 times stricter the allowed PM limit in the USA.
Until 2007 PM and PN were not regulated in cars in which gasoline was injected by a
carburetor to the engine due to their very low emission. Because of the current shift
to Direct Injection (DI) of gasoline to the engine (to reduce CO, emissions) it emits
PM and a novel engineering challenge is to limit the PN of these emissions. Thus,
EUROG6 set limits on PM and PN of diesel driven cars that are equal to those of
diesel driven ones. Current research attempts to develop fuels that lead to lower
combustion temperatures which will eliminate the need for a DPF.

Ceramic patrticulate filters (DPF) are used to remove | of the particulate matter.
The filter consists of thousands of parallel square channels, with the opposite ends of
adjacent inlet and outlet channels being plugged. The PM which accumulated in the
inlet channels is periodically combusted. A surprising destructive transient
temperature rise sometimes forms following a rapid shift to idle which can destruct
the expensive DPF. This counter intuitive behavior can be explained by its similarity
to the wrong-way behavior of packed bed reactors. Mathematical modelling enables
prediction of which changes in the operating conditions and DPF structure can
decrease the maximum temperature rise.

The NOx emitted by Heavy Duty Diesel (HDD) vehicles is usually removed by
selective catalyst reduction (SCR), which is a well-established technology.
Mathematical models predict how the temperature window over which a high
conversion is obtained can be increased by use of a bilayer catalyst. The NOx
emitted by Low Duty Diesel (LDD) vehicles is removed either by periodic operation of
a Lean NOx Trap (LNT) or by a combinations of an expensive LNT and a less
expensive SCR. The need to compromise between the cost of the catalyst and the
NOx reduction efficiency require the application of novel reactor and catalysts
configurations. Mathematical modelling predicts how the NOx conversion can be
optimized either by use of a sequence of blocks of the two catalysts or of a bilayer
catalyst. Moreover, it shows that use of a non-uniform catalyst deposition profile can
increase the NOx conversion and reduce the required expensive precious metal
catalyst. This enables a decrease of the price of the catalyst.

| shall conclude with comments about the current development of novel reactors

that satisfy the stricter upcoming regulations.
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KINETICS OF CHEMICAL REACTIONS: DECODING COMPLEXITY

Guy B. Marin', Gregory S. Yablonsky?

'Ghent University, Ghent, Belgium, Guy.Marin@UGent.be
2Saint Louis University, Saint Louis, USA, gyablons@slu.edu

The analysis of complex reaction networks can be performed in two
complementary ways. Insight in the chemistry of the investigated process can be
translated in so-called chemical rules. The latter can be implemented as algorithms in
computer codes allowing to generate “automatically” reaction networks consisting of
several thousands of elementary steps. Data bases, based either on experiments or
on quantum chemical calculations of model reactions, provide the corresponding
thermodynamic and kinetic parameters. Numerical integration techniques or kinetic
MonteCarlo simulations allow, e.g. via a sensitivity analysis, to assess the
significance of the considered elementary reaction families and the effects of reaction
conditions on the latter. Alternatively, so-called minimal reactions networks or
mechanisms can be the starting point (Marin and Yablonsky, 2010). This will be the
topic of the lecture.

Applying graph theory a general, but thermodynamically consistent, rate equation
can be constructed. For linear reaction mechanisms this rate equation consists of a
driving force, the cycle characteristic for a single-route mechanism, ensuring
thermodynamic consistency and a resistance, the inverse of the total weight of the
node spanning trees of the graph corresponding to the reaction mechanism. This
resistance can be measured as the ratio of the driving force and the reaction rate.
The analysis of the concentration and temperature dependence of the resistance
provides rather direct information on the nature of the elementary steps involved in a
reaction mechanism. For non-linear reaction mechanisms an implicit equation for the
reaction rate can be conveniently used to obtain insights. This so-called kinetic
polynomial is a generalization of the well-known Langmuir-Hinshelwood-Hougen-
Watson (LHHW) rate equation for linear reactions mechanisms. Indeed, the
thermodynamic branch of the solution of the kinetic polynomial, i.e. the branch which
contains the point where the rate equals zero, can be expressed explicitly as a four-
factor overall reaction rate equation. The first three being the same as for a LHHW
rate equation: kinetic factor, adsorption term and driving force. The fourth factor can
be expressed as a series expansion of the driving force and equals unity for linear
mechanisms.
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Transient response techniques are particularly effective for analyzing complex
reaction networks because the rates of the elementary steps constituting the catalytic
cycle are not equal during transient experiments. The Temporal Analysis of Products
(TAP) reactor was designed to that purpose and allows to overcome the limitations of
conventional steady-state kinetic testing devices such as continuously stirred, plug-
flow, or recycle reactors (Gleaves et al., 2010).

The new generation TAP-3E apparatus is a fully automated transient and steady-
state reactor set-up that allows experiments to be performed over a wide range of
reaction conditions. It allows for Knudsen pulse response experiments, pump-probe
experiments, vacuum and atmospheric pressure Temperature Programmed
Desorption, vacuum pulsed Temperature Programmed Reaction, Steady-State
Isotopic Transient Kinetic Analysis, continuous-flow experiments at atmospheric
pressure, and pulse-transient experiments. TAP pulse-response data can be
transformed in a kinetically “model-free” manner into net production rates by the so-
called Y-procedure (Yablonsky et al., 2007). Such type of state-defining experiments
can be considered as chemical calculus i.e. implementing of infinitesimal
perturbations. Software developed at Ghent University can be used to estimate
kinetic and other physico-chemical parameters by regressing these experimental
TAP pulse responses (Roelant et al., 2007, 2008).

Finally, some non-trivial properties of classical chemical kinetic schemes will be
highlighted.
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Process intensification is key to biology and life in general. Within the constraints
posed by the environment, the following properties are needed: scalability (in organs
and organisms), efficient transport across length scales, the emergence of robust
and resilient operation by collective processes (in a cell, amongst cells, amongst
organisms and their environment), and more. When resources are scarce, efficiency
and sustainability are the only choices for survival.

It goes beyond saying that all these features apply equally to industrial catalytic
processes. However, current processes and materials are often designed using
bottom-up principles, matching constraints a posteriori, using empirical patching up,
while applying rational design principles at individual length scales only. Thinking
about processes as “systems” is inherent to chemical engineering, but dynamics (the
dimension of time) are often treated as a complication that needs to be controlled
rather than utilized, and a priori systems engineering is rare. There is also a
significant divide between chemistry and nano-materials discovery on the one hand,
and device, product and process engineering on the other hand.

Discovering and applying the principles behind desirable traits in natural systems,
like scalability and efficiency, may serve as a guide to process intensification in
chemical processing and the design of novel catalysts. We believe that there is
tremendous potential in this “nature-inspired chemical engineering” (NICE) approach
if it is applied in a non-dogmatic manner in which (1) fundamental mechanisms
omnipresent in nature (hierarchical transport networks, force balancing, dynamic self-
organization) are utilized rather than “biomimetic” imitation of a single feature and (2)
these mechanisms are properly translated within a technological context, i.e.,
cognizant of the different degrees of freedom in technological versus natural systems
(different time scales, and different ranges in temperature, pressure and materials).

My presentation will focus on how the NICE methodology can be concretely

applied to chemical reaction engineering. At the nanoscale, | will talk about how we
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can harness the subtle balance between various forces (electrostatics, steric
confinement) to obtain high performance in catalysis. | will also discuss the design
and synthesis of hierarchically structured catalysts, which optimize the balance
between catalytic kinetics and transport phenomena. The example of lung-inspired
fuel cells directly demonstrates nature-inspired process intensification. This involves
structuring the catalyst at multiple levels, as well as additive manufacturing of the

flow distribution and collection system in the bipolar plates.
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Dense gas-particle flows involving momentum, mass and heat transfer are
frequently encountered in industrial processes involving granulation, coating and
polymerization. In dense gas-particle flows both (effective) fluid-particle and
(dissipative) particle-particle interactions need to be accounted for because (the
competition between) these phenomena to a large extent govern the prevailing flow
phenomena, i.e. the formation and evolution of heterogeneous structures. These
structures have significant impact on the quality of the gas-solid contact and as a
direct consequence thereof strongly affect the performance of the process. Additional

complexities arise due to enhanced dissipation due to wet particle-particle collisions.

Due to the inherent complexity of these multiphase flows the authors have
adopted a multi-scale modeling approach in which both fluid-particle and particle-
particle interactions can be properly accounted. The idea is essentially that
fundamental models, taking into account the relevant details of fluid-particle
interaction (DNS) and particle-particle interaction (DEM), are used to develop closure
laws to feed continuum models (TFM) which can be used to compute the flow
structures on a much larger (industrial) scale. In this presentation recent advances in
the DNS of dense gas-particle flows will be highlighted with emphasis on coupled
mass, momentum and heat transfer. In addition, areas which need substantial further

attention will be discussed.
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The theme of this talk is Process Intensification by combining adsorption and
reaction in a single unit in order to overcome thermodynamic limitations of conversion
in reversible reactions. These processes are also called Sorption-Enhanced Reaction
Processes (SERP). Two topics will be discussed: i) the synthesis of acetals (DEE,
DBE...) in liquid phase using Simulated Moving Bed Reactors® (SMBR) where the
acid ion exchange resin is the catalyst and also a selective adsorbent and ii) the
production of hydrogen by methane or ethanol steam reforming coupled with CO,
adsorption. Chromatographic reactors have been subject of research for a long time.
In this framework, two interesting technologies can be spotted for the sustainable
production of oxygenated compounds: the Simulated Moving Bed Reactor (SMBR)
and the Simulated Moving Bed Membrane Reactor (PermSMBR).

The SMBR concept: The SMB concept was patented in 1961 by UOP and
commercialized for p-xylene recovery as an example. It is a set of fixed beds
arranged in a closed circuit and packed with adsorbent/catalyst. In the SMBR there
are two inlet streams (feed and desorbent) and two outlet streams (extract and
raffinate); these ports are shifted periodically one column in the direction of fluid flow,
simulating the solid movement. If the feed contains reactants (A and B), in which, A,
is also used as desorbent, and the reaction products are C and D (where D is the
more adsorbed species) then a mixture of D+A is obtained in the extract and a
mixture of C+A is obtained in the raffinate. The inlet/outlet streams divide the unit into
four sections, each one with specific role.

The PermSMBR concept? It is a hybrid technology that combines the SMBR
with membranes; in the PermSMBR, each column contains a set of tubular
membranes permeable to one of the reaction products — integrated PermSMBR or
each SMBR column is followed by a membrane module — coupled PermSMBR.
Depending on the configuration, the adsorbent/catalyst particles are packed in the
membranes (integrated PermSMBR) or in the columns (coupled PermSMBR). The

permeate is rich in the product for which the membranes are selective.
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The process development® involves: i) batch runs to obtain the equilibrium
composition, equilibrium constant and reaction enthalpy and the evolution of
concentration of species to get a kinetic law; ii) fixed bed adsorption experiments with
non-reactive pairs, from which adsorption parameters are obtained; iii) fixed-bed
adsorptive reactor experiments to validate the model; iv) operation of the SMBR.

SERP for hydrogen production: It involves the use of hydrotalcites or modified
HTLs (K-promoted) for CO, sorption in combination of a catalytic material in steam
methane reforming® or ethanol steam reforming>®(SE-SRE). For SE-SRE
homemade hybrid materials with nickel and copper as active phases and hydrotalcite
sorbent as support have been prepared and tested. The process study has been
carried out to develop a continuous hydrogen production operation from SE-SRE. For
this purpose, homogeneously packed columns with two sub-sections have been
simulated, and a four-step pressure swing cyclic process has been used to achieve a
continuous operation, where hydrogen with high purity can be produced
continuously.
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The concept of chemical looping reactions has been widely applied in chemical
industries. Fundamental research on chemical looping reactions has also been
applied to energy systems. Fossil fuel chemical looping applications were used with
the steam-iron process for coal processing from the 1900s to the1940s and were
demonstrated at a pilot scale with the HYGAS process and Carbon Dioxide Acceptor
process in the 1970s. There are presently no chemical looping processes using
carbonaceous fuels in commercial operation. Key factors that hampered the
continued use of these earlier processes were the inadequacy of the recyclability and
economic viability of the looping particles and their associated reactor system
operation. With the CO, emission control now of great concern and the need for the
development of high efficiency operational processes, interest in chemical looping
technology has resurfaced for its unique ability in generating a sequestration-ready
CO, stream with efficient and versatile process applications.

Chemical looping technology is a manifestation of the interplay among all the key
elements of particle science and technology including particle synthesis, reactivity
and mechanical properties, flow stability and contact mechanics, gas-solid reaction
engineering and particulates system engineering. This presentation will describe the
fundamental and applied aspects of modern chemical looping technology that utilizes
fossil and other carbonaceous feedstock. Specifically, it will discuss the reaction
chemistry, ionic diffusion mechanisms, metal oxide synthesis and thermodynamics,
reactor configurations, and system engineering along with energy conversion
efficiency and economics. The Coal-Direct Chemical Looping Process and Syngas
Chemical Looping Process being developed at Ohio State University at a pilot level
will be illustrated. Further, the CO, emission control using the chemical looping
technology will be compared with other CO, capture methods. Selective oxidation in
the production of fuels and chemicals, solar based chemical looping technology and

various process application options will also be discussed.
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The use of molecules from biomass for the production of chemicals and fuel
components is a big global research trend. We are shifting from relatively simple
molecule structures appearing in crude oil and natural gas to the very complex ones
in biomass. Molecules originating from biomass are, typically polyfunctional
macromolecules, such as cellulose, starch, hemicelluloses and lignin fractions. On
the other hand, a typical biomass, for instance woody biomass is a well-organized
entity, consisting mainly of cellulose, hemicelluloses and lignin. Chemical reaction
engineering plays a key role in this green transformation.

There are three principal ways of chemical treatment of biomass: gasification,
pyrolysis and low-temperature treatment. Gasification leads to syngas formation,
while the main product of pyrolysis is pyrolysis oil and gas. The low-temperature
treatment, often called the sugar platform is based on bio-chemical conversion
processes of biomass.

Several problems have to be solved to make the sugar platform working well in
industrial practice. One of the key issues is the catalyst development. In order to
obtain platform chemicals from cellulose and hemicellulose, the glycosidic bonds
between the sugar units should be broken by hydrolysis. Several catalysts have been
proposed, such as homogeneous mineral and organic acids, heterogenized acid
catalysts on carbon support, cation exchange resins as well as enzymes. The
hydrolysis kinetics in the presence of several catalysts will be presented, particularly
a self-accelerating phenomenon in the hydrolysis of hemicelluloses on resin
catalysts. A new kinetic model will be presented, based on the change of the
reactivity along the macromolecule chain. The model is applied on the hydrolysis of
wood hemicelluloses, such as O-acetylgalactoglucomannan.

From the mild-temperature hydrolysis process, valuable monomeric sugars are

obtained: besides glucose, i.e. polyfunctional molecules, such as arabinose,
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galactose, mannose and xylose are obtained. These molecules can be used as such,
or refined further, e.g. by hydrogenation, oxidation, isomerization or esterification. A
process intensification approach starts with catalyst selection and optimization,
kinetic studies, investigation of physical properties as well as mass and heat transfer
phenomena. The interaction of chemical kinetics and internal mass transfer effects in
the pores of solid catalysts plays a crucial role in the transformation of molecules
from biomass. In many cases, catalyst deactivation interferes with kinetic and mass
transfer effects. Mathematical models for these phenomena will be presented and
applications of continuous structured reactors in the transformation of sugars to
value-added molecules are demonstrated. A general research strategy is presented:

from reaction kinetics to reactor design.
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New requirements for ultra-low sulfur content (10 ppm) in liquid motor fuels
demand novel approaches for ultra-deep desulfurization. The gas phase oxidative
desulfurization (ODS) of motor fuels with air or oxygen, initially proposed for
desulfurizing petroleum fractions, may become a new promising technology for
removal of refractory sulfur compounds [1]. A number of oxide catalysts based on Cr,
Fe, Mo, Cu, Ce, Zn and Al oxides or their mixtures have been prepared by
precipitation or by incipient wetness impregnation with subsequent calcination at
500 °C. The catalysts were tested at 300-400 °C in ODS of thiophene,
dibenzothiophene (DBT) and dimethyl dibenzothiophene (DMDBT) dissolved in
octane or toluene, and the optimal catalysts were also studied in ODS of straight-run
diesel fraction. The reactivity of different sulfur containing molecules in ODS over
catalysts increased in the sequence: thiophene<DBT<DMDBT. The main sulfur
containing product of oxidation of these compounds was SO,. During the ODS
reactions, carbon and sulfur accumulated in the catalyst. A method for catalyst
regeneration at 300-500 °C was developed. Thus, the gas phase oxidative
desulfurization of refractory sulfur compounds of motor fuels with air was shown to be
feasible at atmospheric pressure and moderate temperatures: 350-400 °C, which can

offer better economic solutions and incentives in fuel desulfurization [2-5].
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Alternative energy forms and transfer mechanisms have dramatic intensification
effects on chemical processes. The present lecture focuses on application of
induction heating and ultrasonic cavitation in conventional and microstructured
reactors. The combination of microstructures and sonication is a new and emerging
area. Such a combination is technically feasible and often leads to synergistic results.
Propagation of an ultrasonic wave in a medium generates the cavitation bubbles,
which itself behaving like microreactors, are the centers of a high-energy
phenomenon leading to intensified reaction conditions. The product yield in many
(radical) reactions increases further at higher frequencies as compared to that
obtained with the common 20-kHz probe. Novel applications of sonochemistry will be
reviewed, paying attention to the latest developments and showing future directions.

Radiofrequency (RF) heating is used as yet another way of delivering thermal
energy in a flow reactor which often allows to eliminate heat transfer limitations,
temperature hot-spots, and to minimize energy losses [1-3]. Under radiofrequency
field, composite magnetic catalysts (CMCs), containing a magnetic and a catalytic
component, provide fast and efficient energy transfer to the active sites. For an
RF-heated reactor bed, the rate of volumetric heat generation inside the packed bed
reactor strongly depends on the magnetic properties of magnetic material. Therefore
it is of importance that both catalytic and magnetic properties of the two components
in CMCs can be optimised independently. The use of nickel ferrite nanoparticles
embedded in a mesoporous framework provides a high degree of control over
volumetric heating. Relatively uniform heating can be achieved with RF even for
large packed bed reactors if an appropriate CMCs and geometry of the packed bed
reactor are chosen.

Combined with the inherent advantages of high heat and mass transfer in
microstructured chemical reactors, RF heating opens up new possibilities for

transient operation under fast temperature excursions. This mode of operation allows
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to increase or decrease the surface coverages of reacting species as compared to
their steady-stare values, which in turn could increase the product yield in many
competitive reactions. On the other hand, cyclic RF irradiation allows to avoid
excessive energy accumulation in the catalyst, which could lead to its overheating
and unwanted changes in its morphology. To this end, the integral concept of

RF-assisted microreactors will presented in this lecture.
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Various chemical processes in multiphase reacting and nonreacting systems are
widely presented in industries. The choice of the multiphase contactor depends on
the field of application and being affected by specific process requirements such as
residence time, required number of stages, desired throughput capabilities, ability to
treat specific liquids or operate under high pressure, the necessity to handle with
corrosive/flammable substances and etc.

There are many different thoroughly studied conventional multiphase contactors
utilized for carrying out the multiphase processes: mechanically stirred vessels,
centrifugal and jet mixing apparatuses, packed and sieve-tray columns, static or
pipeline mixers, fluidized bed reactors and many others purposefully developed to
meet the specific process requirements. Along with many advantages, all types of
conventional contactors also have some well-known shortcomings. For different
kinds of devices they derive from either maintaining the rotating machinery, or high
cost, or slow mass-transfer and sufficient dimensions, or non-uniformity of multiphase
medium or large residence time and so on. For instance the large dimensions of
packed or sieve-tray column make it unsuitable for modularization and substantial
efforts may be required to put up the column and to make the connections. Moreover,
the capabilities of further intensification of interphase exchange processes quite often
are limited by the stability loss problem arising at enhancing the physical impact on
treated medium with subsequent multiphase chemical system structure disruption.

Although the substantial efforts continue to be applied in studying and improving
existing technologies, the development of the new designs of multiphase contacting
equipment is still welcome. The new approaches for process intensifications are very
desirable to be studied and discussed with developing the new devices on their basis
that may be compact and provide the high performance.

Turbulent confined swirled or vortex flows are widely encountered in chemical
practices and being developed both for applications in nonreacting and reacting

systems. The performance of these devices relies on exploitation of some
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advantages and peculiarities of swirled flows: regulable field of centrifugal forces
excessing the gravity by many times, the turbulent and high shear stressed flow
patterns facilitating the dispersing/mixing and interphase surface renovation with
dramatic accelerating the exchange processes, elongation of particle trajectories with
comparison with linear translation movement, achievement of high values of slip
velocities for particles motion in fluid environment and high values of velocity
difference at the gas-liquid interfaces leading to their efficient contacting, some
another special features of vortex flows. The one of the main advantages consists in
the possibility of over intensification of interphase exchange processes due to the
stabilization of the multiphase system in the vortex flow field giving the chance to
sufficiently enhance the value of energy introduced into and dissipated inside the
system.

The following well-known applications of confined vortex flows and the variety of
practical devices on their basis are being the subjects of only short mentioning in the
current presentation and include the cyclones, high-gravity ultrasound and vortex
tube separators, spraying and jet devices, various combustion systems, agitated
flows used for mixing.

The main topic of present lecture is devoted to review and discuss the various
approaches for making contact in multiphase chemical environment and intensifying
the interphase exchange processes with utilizing the strained confined swirled flows
produced in vortex chambers and in the rotating devices in various processes. Vortex
chamber basically is a substantially cylindrical shell having the top and the bottom
with fluid flow entering the body via a swirler located at the periphery. Swirler typically
consists of a ring with multiple tangential speeding up slots or nozzles designed to
convert the pressure energy to rotational motion.

Special attention will be paid to the survey of intensification approaches for gas-
liquid processes including the using of the vortex contactors and vortex plates for
packing columns, for carrying out of gas-solid processes including the drying devices
and the discussion of the new data and ideas for industrial processes intensification
in fluidized bed layers, for liquid-liquid contacting for extraction and another
applications, for sophisticated liquid-solid-gas mixtures treatment including the bio-
chemical applications and etc.
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The catalytic processes in flow represent an important alternative in comparison
with batch processes in terms of efficiency, safety, waste processing, purification,
energy consumption and provide a significant contribution to the sustainability of
processes with long-term production of chemicals. A very interesting family of
materials, unconventional monoliths with hierarchical porosity (macro-/mesoporosity)
has been discovered in 1991 by Nakanishi [1] and have shown remarkable properties
of mass transfer in high performance liquid chromatography. In the present study, the
potential of these monoliths in liquid phase heterogeneous catalysis processes in
flow is highlighted for several reactions: Knoevenagel condensation, Diels-Alder
reaction, Friedlander reaction and selective hydrogenation reaction [4-11]. Silica,
alumina and titania monoliths with hierarchical porosity were obtained by sol-gel
process and spinodal decomposition between a oxide-PEO phase and water [1-5].
The monoliths were then functionalized by versatile catalytic phases: organic (NH>),
alumina deposition, in-situ synthesis of MOF (CuBTC) and Pd nanopatrticles.
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Fig. 1. SEM and Hg porosimetry of hierachical macro-/mesoporous silica monolith (MonoSil).
Productivity of NH,-MonoSil for the base catalysed Knoevenagel condensation in function of reactors
types (batch and packed-bed experiments are performed with crushed and sieved monoliths)

A pseudomorphic transformation of the silica skeleton of the monolith into MCM-
41 and zeolites (SOD, LTA) was also performed by adjusting the rate of silica
dissolution to the rate of zeolites or MCM-41 formation. These monoliths used as
microreactors increase importantly the efficiency and the productivity of reactions in
comparison with more conventional systems such as patrticle beds (packed-bed) and
batches (Fig. 1-2). These monoliths have demonstrated significant benefits by
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allowing the improvement of fluid dynamics with a higher mass transfer, low pressure
drop, and higher control of contact time and open up the way to more process control
and selectivity of reactions. Their stability and long-term productivity has been
demonstrated. Their further development in catalysis but also in other flow-through
processes as wastewater treatment (radioactive effluent) [12] or pollutants removal

from oil [13] will contribute to process intensification for sustainable development.
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Fig. 2. Versatile functionalization techniques over hierarchical monoliths
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Microwave fields have been investigated for some decades as an alternative form
of energy for process activation. The main benefits attributed to microwave activation
are fast and selective heating. In this presentation, some research highlights on
microwave technology application to various reaction and separation processes
including liquid-phase organic syntheses, gas-solid catalytic reactions,
polymerizations, distillation, crystallization and adsorbents regeneration/dehydration
will be presented.

Further, the research approach of development of specialized equipment that
adequately integrates the application of electromagnetic fields with chemical
processes will be discussed, as this approach can enable fundamental studies on
microwave-chemistry/catalyst interactions under precisely defined electromagnetic

and temperature conditions, process optimization and reliable scale-up.
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The pressure that the chemical industry is facing from new markets and
increased environmental restrictions, places a demand for innovative and knowledge-
based activities to enable more efficient catalytic processes and faster development
times to plant commissioning. Catalyst and reactor design can be facilitated by
continuous flow microfluidic technology that allows for rapid manipulation of reaction
conditions, fast response times, precise control of the hydrodynamic environment,
minimal consumption of reagent and catalyst. The transport intensification inherent to
microstructured reactors makes them useful laboratory tools so that even fast, highly
exothermic reactions can be performed isothermally and in the absence of mass
transfer limitations. This allows not only the study of intrinsic reaction kinetics but also
investigation of reactions under more extreme conditions (e.g. high
temperature/pressure, solventless, flammable regime). Furthermore, microchannel
reactors can be easily integrated with spectroscopic tools to gain insight into catalyst
operation. Various examples will be presented that demonstrate the capability of
microreactors to simplify kinetic data acquisition, expand the operational space and
allow exploration of demanding reaction conditions to enable acquisition of the true
intrinsic kinetics of reactions. Some processes can potentially be simplified by
microreaction technology, through the use of undiluted feeds and single pass
reactions without compromising yields and selectivities. Examples of integration of in-
situ spectroscopy tools for gas/solid catalytic systems will be presented. The
extension of such tools to gas/liquid/solid reaction systems is more demanding.
Furthermore, there is increasing evidence that multiphase flow in small channels
demonstrates different behaviour than in the macroscale due to the dominance of
surface forces. Differences that need to be understood for successful microreactor

design will be discussed.
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The search for novel conversion routes of biomass to biobased products like
biofuels and biobased chemicals and materials is high on the global research
agenda. The catalysis and chemical engineering disciplines are expected to play
important roles in these development trajectories. In this presentation, our latest
developments in this field will be highlighted.

The first part of the presentation will deal with the use of novel catalysts for the
upgrading of fast pyrolysis oil and fractions derived thereof to products with improved
stability and application potential. It will be shown that the use of advanced supported
Ni-Cu catalysts allow the synthesis of stabilized pyrolysis oils that are suitable for co-
feeding in FCC units. In addition, the use of novel Cu based catalysts for the
upgrading of the sugar fraction of fast pyrolysis oil to a mixture of low molecular
weight alcohols will be highlighted. Finally, the use of certain carbon supported
catalysts for the upgrading of the pyrolytic lignin fraction to aromatics and
alkylphenolics will be reported.

The second part of the presentation deals with the use of advanced catalyst for
the synthesis of biobased chemicals, with an emphasis on hydrogenation strategies
for 5-hydroxymethylfurfural (HMF) to high added value derivatives like diols
(1,6-hexanediol and HMF-diol). The first is an already existing building blocks in the
polymer industry, HMF-diol and derivatives have potential for the synthesis of novel

biopolymers.
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The processing of uncoventional hydrocarbon feedstocks is the key challenge for
fuel and petrochemistry industry in the world. The conversion of such uncoventional
resourse as natural gas to sinthetic oil, middle distilate or chemicals requires
significant improvement in the term energy efficiency and use of carbon. The
processes for transformation of heavy cride oils and residues to distillates are
characterized not satisfactory yields, selectivity and catalysts stubility. The increasing
of unconventional feedstocks production leads to the development of new
approaches for design of processes and catalysts.

We will present the overview of new gas and heavy-oil processing technologies
that have been developed in the last several years in Russia with the participation of
A.V. Topchiev Insitute of Petrochemical Synthesis [1-4]:

— The process of the conversion of tars, heavy residues, bitum and heavy oils in
blacking (slurry) reactor using nanoheterogeneous catalysts under pressure
< 10 MPa and temperature <450 °C. The dramatic improvements have been
achieved using nano