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Figure 23: Degree of freedom vs. integration level of multifunctional reactors

the optimum degree of integration and the possibilities for reaction regime and is by no means an unknown approach
implementing it are major challenges in the design of multi- in conventional reactor technology, for example in the semi-
functional reactors. batch reactor process. However, dynamic reactor operation

must not interfere with the steady-state operation of the re-
Local structuring of the reaction space or of a heterogeneous maining plant items. By periodically modulating the liquid

catalyst often offers extensive potential for im-
proving reactor operation. Thus, by diluting the
catalyst in the region of the hot spot, a better
harmonization between the reactive heat gen-
eration and heat removal by reactor cooling can
be achieved. Owing to a non-uniform distribution
of the catalytic activity in the catalyst core, deac-
tivation phenomena can be retarded. Novel cata-
lyst structures, such as catalytic sponges (see Fig.
24), permit a deliberate adjustment of mass and
heat transfer characteristics with low pressure
loss. Although the optimization task appears to
be very complex in structuring measures, it often
leads to simple asymptotic solutions.

Figure 24: Ceramic sponge impregnated with SCR catalyst (left: sponge structure, top
right: catalyst layer, bottom right: TiO, (spherical particles) and V,0, (needles). (source:
be interpreted as a temporal structuring of the  Engler-Bunte Institute, Division Gas, Oil, and Coal, Karlsruher Institute of Technology (KIT))

The dynamization of the reactor operation can
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feed into a trickle bed reactor, the accessibility of the catalyst
surface for the gas phase, and thus the conversion rate, can
be significantly enhanced. Similar advantages can be gained
by using a rotating liquid distributor. By pressure pulsation,
diffusive transport processes can be considerably accelerated
by convective contributions. Furthermore, a cyclic reactor pro-
cedure utilizes storage effects and can thus realise tempera-
ture and concentration conditions, which cannot be achieved
in steady-state operation, as in the case of the reverse-flow
reactor for oxidative waste gas treatment. The exact manipu-
lation of the concentration and temperature profiles in mi-
croreactors should facilitate the technical implementation of
dynamic operation.

Novel reaction media, such as supercritical fluids, perfluori-
nated solvents and ionic liquids, enable a made-to-measure
design of the reaction environment, a targeted influence on
the activities of individual reaction partners and improved
transport properties compared to conventional reaction sys-
tems. In addition, they often offer environmental benefits
over conventional organic solvents. On the other hand, they
are usually more expensive and can involve costly equipment,
e.g. due to high pressure operation. So-called “rich” opera-
tion methods without inert diluents or solvents are regarded
as promising, albeit ambitious reaction technology targets,
which could significantly reduce the extent of downstream
processing. However, issues of safety engineering or product
quality have to be clarified in advance.

For alternative energy supply, plasma reactors, e.g. for acety-
lene production, are already state- of-the-art. The volumetric
energy input by means of microwaves or shear forces does
not require temperature gradients and is therefore particular-
ly suitable for temperature-sensitive liquids and solids. The
use of ultrasound is especially appropriate for mass-transfer
limited reactions or for heterogeneous catalysis, because
the reactive surface can be kept fresh by cavitation. Such un-
conventional energy forms are, of course, complex, and the
uniform energy input on a larger scale is regarded as prob-
lematic. By means of centrifugal fields, a countercurrent flow
of two fluids can be achieved, even in very finely structured
packings, which may help overcome a substantial shortcom-
ing of microreactor technology.

It can be seen that process intensification measures often
complement one another, but this considerably increases the

complexity of the reaction management or the reactor design.
The use of continuous instead of batch operation at relatively
low production capacities, as well as fast and flexible reaction
management according to the market demand by process in-
tensification measures, can effectively achieve a rationaliza-
tion of the entire production process. Furthermore, process
intensification opens up new horizons for direct synthesis and
local process monitoring and control.

While many of the aforementioned process intensification
measures have been successfully demonstrated in research
projects, the task now is to exploit these findings and results
on a broad basis in industrial processes. For this purpose, it
is necessary to be able to evaluate the various options for
process intensification even in an early phase of process de-
velopment. In order to get from the current approach based
on specific examples to such a generalizable model-based
methodology, however, further specialised fundamentals are
required. The goal is to put the process intensification on a
theoretically sound foundation and to evaluate the suitability
of process intensification measures by means of systems-an-
alytical methods in the integrated plant environment.

Research Needs
1. Universal methodology for integrating process intensifi-
cation measures in process synthesis and process devel-

opment

2. Development of reliable parallelization strategies for mi-
croreactor technology

3. Development of a suitable microprocess technology to
supplement microreactor technology

4. Development of systematic approaches for the spatial
and temporal structuring of different functionalities in the
reaction zone

5. Development of low-noise dynamic reactor systems

6. Improved scale-up capability for novel energy sources

7. Robust catalyst: development of catalysts which are sta-

ble against biobased, water containing feedstocks and
against high fluctuations in throughput.
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E SYSTEMS ENGINEERING APPROACHES FOR
REACTOR ANALYSIS, SYNTHESIS, OPERATION
AND CONTROL

Reactor analysis in a process-wide context

Each chemical reactoris embedded in a complex chemical pro-
duction process consisting of many other process units, such
as separators, mixers, heat exchangers and compressors (see
Fig. 25). Thus, the reactor cannot be designed, analyzed and
optimized as an isolated component, but should be consid-
ered as a unit which is linked by many functional connections
to the overall production system. The reactor communicates
with the other process units via the mass and energy fluxes.
In particular, the reactor output defines the inlet conditions of
the sub-sequent downstream processes. Non-converted reac-
tants must be separated in the downstream process section
and recycled back to the reactor. Recycle loops may enrich

the levels of undesired by-products in the process, which can
lead to severe operational problems both in the reactor itself
and other parts of the plant. It is thus imperative to analyze
the reactor-separator-recycle systems rather than just the
stand-alone reactors. In some cases, recycling of intermedi-
ates formed during the reaction can have a positive effect
on the productivity and selectivity. Moreover, analyzing the
reactor-separator-recycle (RSR) is very important, because
the effort for separating the reactor outlet mixture depends
on its composition. In particular, the existence of azeotropic
mixtures makes vapor-liquid separations difficult and thus
must be considered carefully before stipulating the reac-
tor performance. Furthermore, the thermal management of
the reactor and its thermal integration with the downstream
separation processes require a systems perspective, particu-
larly with respect to the optimal design of the heat exchange
network (HEN). The temperature and pressure levels of all
units, including the reactor, must be set optimally in order to
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Figure 25: Flowsheet of the Lurgi MegaMethanol production process system. The two-stage reactor section has multiple interactions via the mass and
energy fluxes to and from the feed pretreatment section and the downstream separation section. a) Turbine for synthesis gas and recycle compressor;
b) synthesis gas compressor; c) trim heater; d) combined converter system; e) final cooler; f) methanol separator; g) recycle gas compressor;

h) expansion vessel; i) light ends column; j) pure methanol pressurized column; k) atmospheric methanol column.

(Reprint from Ullmann’s Encyclopedia of Industrial Chemistry, 2012, with permission by Wiley-VCH, Weinheim)



5 REACTOR DESIGN AND PROCESS DEVELOPMENT

maximize the energetic efficiency of the process as a whole.
In doing so, not only performance indices, but also process-
wide safety aspects must be taken into account.

Reactor synthesis

While the above-mentioned aspects are classical questions
of Process Systems Engineering (PSE), the translation of a
detailed microkinetic reaction network into the optimal reac-
tor configuration belongs to PSE research at the interface to
Chemical Reaction Engineering. Classical reactor synthesis
methods, such as the Attainable Regions (AR) approach, are
usually based on simplified reaction kinetic expressions. With
the advent and extensive use of computational chemistry
tools, much more detailed kinetic information becomes avail-
able at the level of elementary reaction steps. Using this in-
formation for optimal reactor design is a must for identifying
ground-breaking reaction engineering solutions for challeng-

ing problems, particularly in the context of chemical energy
conversion and sustainable production processes. Detailed
microkinetics enables the rational design of reactors featuring
sophisticated feed dosing and product extraction strategies
for the species involved in the underlying reaction networks.
The best design solutions can be determined by solving dy-
namic optimization problems for material elements moving
through the reactor, where the mass and energy fluxes are
used as controls for guiding such elements along the optimal
trajectory in the state-space (see Fig. 26). The ideal pathway
can be approximated by means of a continuous process unit
network. This can be achieved by means of (Mixed Integer)
Nonlinear Programming techniques (MINLP/NLP) whereby
the best reactor system configuration is identified from a su-
perstructure of process units (reactor stages, mixers, sepa-
rators, heat exchangers, compressors/expanders). In the
context of sustainable reaction engineering, multi-objective
optimization (MOO) is becoming an increasingly important
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Figure 26: Results obtained from dynamic optimization of the trajectory of material elements passing through a hydroformylation process of 1-octene.
The optimal trajectory can be approximated via a segmented tubular reactor equipped with staged dosing of syngas and octane. This design leads

to (a) higher selectivity and (b) higher space-time-yield (green symbols) compared to a CSTR (orange symbols) operated at optimal conditions. The
optimization accounted for the recycling conditions of the solvent, catalyst and unconverted reactants.

(Reprint from Peschel et al., 2012, Chemical Engineering Journal; with permission by Elsevier)
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tool for generating Pareto-optimal sets of reactor configura-
tions in order to find the best compromise between economic
and ecological performance criteria. In other words, the evalu-
ation of innovative reactor design solutions should always be
done as part of the Sustainability Analysis and Life Cycle As-
sessment (LCA) of the overall chemical production process.

Integrated molecular and process synthesis

Another important future direction is the integrated design of
reactor systems and reaction auxiliary agents (solvents, cata-
lysts) in a process-wide context. The ultimate goal is to com-
bine computer models for molecules and process units, in
order to formulate optimization problems in terms of i) binary
variables for molecular and process structures, and ii) con-
tinuous variables for all other decision variables (pressure,
temperatures, fluxes). This approach is denoted as integrated
Computer-Aided Molecular and Process Design (CAMPD). One
of the challenges here is to find global solutions for large-
scale MINLPs resulting from CAMPD. Another big task is the
formulation of validated molecular models for describing the
thermodynamic and kinetic properties of pure substances
and mixtures in terms of molecular group contributions (GC).
GC-based methods are also required for modeling the EHS-
relevant (EHS: environmental, health & safety) properties of
molecules in a reaction process. For mathematical optimiza-
tion purposes, first-principle molecular models are often not
the best suited. Thus, surrogate models should be derived to
cut the computational effort and time. Artificial neural net-
works (ANN) and Kriging models represent the most popular
classes of reduced model formulations.

Reactor operation and control

In the first step, the evaluation of the reactor performance
within a chemical production process is often primarily based
on the conversion-selectivity characteristics and the catalyst
aging profile. However, for the fast modification of production
targets to market dynamics, load changes occur more fre-
quently than in classical continuous reactor operation. Hence,
the operational flexibility becomes an additional performance
criterion in reactor optimization. In this context the stability of
temporally attained steady-state operational points, trajecto-
ry planning for load changes and real-time optimization (RTO)
are also aspects of increasing importance. Advanced control
strategies must thus to be developed and implemented for in-

dustrially important reactors. To contribute effectively to en-
hanced process performance, such control strategies should
be fed with a large amount of in situ operational data with
reasonably high resolutions in time and space. Such data
can be harvested via modern sensor networks installed in
chemical reactors and other process units. This is part of the
Process Industry 4.0 scenario, in which data-driven process
control and operation is of paramount importance for smart
chemical production. With this development, it is foresee-
able that networks of decentralized processes and different
production sites of enterprises will communicate with each
other via the Internet of Things. This will lead to a qualitative-
ly higher complexity of chemical production systems that can
only be handled with the help of new data-driven computer
models. Such models must be rapidly calibrated in real-time
and used in a very flexible manner for optimal process opera-
tion and control.

Research Needs

1. Advanced methods for model-based reactor analysis and
optimization within process systems, accounting for perfor-
mance, flexibility, parametric sensitivity and uncertainties.

2. Rational design of chemical reactors based on detailed
microkinetics of the underlying elementary reaction
mechanisms.

3. Advanced superstructure approaches for synthesis of op-
timal multistage reactor networks and reactor-separator
networks.

4. Integrated design of reactors with reaction solvents and
catalysts by use of advanced molecular models and com-
putational chemistry tools.

5. Methods and tools for the operation and control of con-
tinuous reactors for frequent load changes and under dy-
namic conditions for use of fluctuating renewable energies
and biomass as feedstocks with variable composition.

6. Data-driven approaches and tools for optimal operation
and control using advanced sensor technologies.
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CASE STUDY 1: THE ENVINOX® PROCESS
Background

The EnviNOx® process developed by ThyssenKrupp Indus-
trial Solutions (formerly Uhde) removes the environmentally
harmful nitrogen oxides NO, and N,O from the tail gases of
chemical plants, in particular from nitric acid production
plants47. During the manufacture of nitric acid based on the
combustion of ammonia according to the Ostwald process,
5 to 10 kg N,O per tonne of nitric acid are typically formed,
which would then be emitted to the atmosphere without ex-
haust gas cleaning. In light of a global yearly nitric acid pro-
duction of about 6o million tonnes and the fact that nitrous
oxide has a global warming potential 265 times higher than
that of carbon dioxide, measures for emissions reduction
are inevitable. In the EnviNOx® process, N,O and NO, are al-
most completely removed in a reactor containing special iron

zeolite catalysts48, which are marketed by Clariant under the
brand names EnviCat® N,0 and EnviCat® NO,. Depending on
temperature and tail gas composition, the removal of N0 is
either accomplished by catalytic decomposition to N, and O,
(process variant 1) or by catalytic reduction with hydrocar-
bons (process variant 2, see Fig. 27). NO, removal is effected
by selective catalytic reduction with ammonia and can run in
parallel to the N,O abatement. The EnviNOx® plants built by
ThyssenKrupp so far have already cut CO,-equivalent emis-
sions by more than 12 million tonnes per year.

Contribution through reaction engineering

The EnviNOx® reactor involves several different reactions with
complex kinetics, some of which are extremely fast. As a con-
sequence, significant concentration gradients occur in the po-
rous structure even if small catalyst particles or thin layers are
employed. Therefore, measured data from laboratory reactors
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Figure 27: EnviNOx® process variant

47 M.C.E. Groves, A. Sasonov, Uhde EnviNOx® technology for NOx and N20 abatement: a contribution to reducing emissions from nitric acid plants, J. Integr.

Environ. Sci. 7 (2010) 211222, dx.doi.org/10.1080/19438151003621334

48 S. Brandenberger, O. Krocher, A. Tissler, R. Althoff, The State of the Art in Selective Catalytic Reduction of NOx by Ammonia Using Metal-Exchanged Zeolite
Catalysts, Catal. Rev. 50 (2008) 492-531, dx.doi.org/10.1080/01614940802480122
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can only successfully be evaluated with the aid of appropriate
reactor models49. These models may be formulated dynami-
cally in order to describe time-dependent phenomena such as
start-up and shut-down of a reactor>°.

Reaction engineering also permits the design of suitable
catalytic reactors for the EnviNOx® process. The catalyst ex-
trudates currently available are preferably employed as a
randomly packed bed in radial flow reactors in order to mini-
mize pressure drop in the large nitric acid tail gas streams5™.
It has also been shown that honeycomb monolith catalysts
are attractive alternative geometries because they allow both
better utilization of active material and the design of more
compact reactors.

CASE STUDY 2: REDOX-FLOW BATTERIES

Background

Redox-flow batteries (RFB) are promising systems for the
storage of electrical energy. Although their energy density is
too low for mobile applications, these batteries are an excel-
lent option for stationary storage given their high efficiency,
durability, and flexibility regarding independent adjustment
of energy content and power5253, RFB consist of a cell stack
which is built up similar to the one of fuel cells (see Fig. 28).
While the stack area determines the battery power, the energy
content is given by the amount of redox-active species, which
are typically dissolved in aqueous solutions in the two stor-
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Figure 28: Scheme of a redox-flow battery stack with core components. Core components of the cell are the bipolar plates which are typically made of
carbon-filled polymers, the porous electrodes which are also based on carbon as electrochemically active surface, and a membrane or separator that
prevents the positive (V4*/V5*) and negative (V2*/V3*) electrolytes from mixing while providing sufficient ionic conductivity.

49 V. Bacher, C. Perbandt, M. Schwefer, R. Siefert, S. Pinnow, T. Turek, Kinetics of ammonia consumption during the selective catalytic reduction of NOx over an iron
zeolite catalyst, Appl. Catal. B 162 (2015) 158-166, dx.doi.org/10.1016/j.apcatb.2014.06.039

50 M. Colombo, I. Nova, C. Ciardelli, E. Tronconi, V. Schmeisser, M. Weibel, Mathematical modeling of cold start effects over zeolite SCR catalysts for exhaust gas
aftertreatment, Catal. Today 231 (2014) 99-104, dx.doi.org/10.1016/].cattod.2013.01.044

51 C. Perbandt, V. Bacher, M. Groves, M. Schwefer, R. Siefert, T. Turek, Kinetics and Reactor Design for N20 Decomposition in the EnviNOx® Process, Chem. Ing.

Tech. 85 (2013) 705-709, dx.doi.org/10.1002/cite.201200163

52 A.Z. Weber, M.M. Mench, J.P. Meyers, P.N. Ross, J.T. Gostick, Q. Liu, Redox flow batteries: a review, J. Appl. Electrochem. 41 (2011) 1137-1164, dx.doi.org/10.1007/

$10800-011-0348-2

53 M. Skyllas-Kazacos, M.H. Chakrabarti, S.A. Hajimolana, F.S. Mjalli, M. Saleem, Progress in Flow Battery Research and Development, . Electrochem. Soc. 158

(2011) R55-R79, dx.doi.org/10.1149/1.3599565
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age tanks. Many different redox pairs have been suggested
and successfully tested in RFB. Among these possibilities, the
so-called “all vanadium” system containing vanadium ions
in valence states between V2* and V5* is presently the most
promising option, although alternative organic redox species
are under developments.

Contribution through Reaction Engineering

Since the RFB system, consisting of a cell stack connected
with electrolyte tanks, can be regarded as an electrochemical
reactor in recycle mode, reaction engineering obviously plays
a decisive role during the further development and optimisa-
tion of these batteries. The following research areas can be
identified:

» Electrode and cell configuration: In contrast to fuel cells
with gaseous reactants, diffusion of ions in the liquid elec-
trolytes is slow, which is the main reason why the carbon
electrodes in RFB have been until now usually employed in
flow-through mode. However, for RFB much larger than the
presently available systems with about 0.1 m2 cell area, this
would lead to an unacceptably high pressure drop. There-
fore, new flow designs are required for industrial RFB55:56,
Moreover, at a high current density significant mass trans-
fer resistances occur during RFB operation which lead to
higher over-voltages and reduced overall efficiency. For
optimisation of the electrode utilisation, appropriate reac-
tor models must be developed57 and validated through spa-
tially resolved measurement techniques>®.

» Membrane and system optimisation: The separator in the
RFB is the component with the highest ohmic losses, espe-
cially if ion-selective membranes are employed. In addition,

a certain cross-over through the separator of vanadium
species and also water cannot be prevented. This phenom-
enon partially discharges the battery and may also lead to
quite significant shifts of volume and species concentra-
tions in the two electrolyte tanks over prolonged operation
with repeated charge and discharge. Side reactions such as
hydrogen evolution also contribute to capacity losses.59 For
these reasons, better membrane materials with reduced
cross-over, appropriate membrane transport models® and
also strategies for electrolyte management®* are required.

CASE STUDY 3: ON-BOARD DIAGNOSTICS FOR
AUTOMOTIVE EMISSION CONTROL

Background

On-board diagnostics (OBD) in automotive vehicles is under-
stood as the vehicle’s self-diagnostic and reporting capabil-
ity. OBD systems give the driver and the repair technicians
access to the status of the various vehicle subsystems. Today,
OBD is required in every automobile for controlling the status
and the performance of the exhaust-gas after-treatment. On
one hand, the status (temperature, the amount of stored oxy-
gen or nitrogen oxides) of the catalysts experiences changes
within seconds due to the continuously varying raw emis-
sions (mass flow, temperature, raw exhaust gas composition)
caused by the driver’s actions. On the other hand, the cata-
lysts age, i.e. loss of activity, over the years of operation. Both
phenomena have to be covered by on-board diagnostics to
efficiently control the emission reduction and to signal failure
of the exhaust-gas after-treatment, respectively. Technically,
OBD is today realized by an interplay of sensors, e.g. for the
measurement of concentration of oxygen or nitrogen oxides

54 K. Lin, R. Gdmez-Bombarelli, E.S. Beh, L. Tong, Q. Chen, A. Valle, A. Aspuru-Guzik, M.). Aziz, R.G. Gordon, A redox-flow battery with an alloxazine-based organic
electrolyte, Nature Energy 1 (2016) 16102, dx.doi.org/ 10.1038/nenergy.2016.102

55 D. Reed, E. Thomsen, B. Li, W. Wang, Z.M. Nie, B. Koeppel, V. Sprenkle, Performance of a low cost interdigitated flow design on a 1 kW class all vanadium mixed
acid redox flow battery, J. Power Sources 306 (2016) 24-31, dx.doi.org/ 10.1016/j.jpowsour.2015.11.089

56 G.D. Polcyn, N. Bredemeyer, C. Roosen, D. Donst, P. Toros, P. Woltering, D. Hoormann, P. Hofmann, S. Kéberle, F. Funck, W. Stolp, B. Langanke, Flow Type Electro-
chemical Cell, WO 2014/033238 A1

57 A.A. Shah, M.). Watt-Smith, F.C. Walsh, A dynamic performance model for redox-flow batteries involving soluble species, Electrochim. Acta 53 (2008) 8087-8100,
dx.doi.org/10.1016/j.electacta.2008.05.067

58 M. Becker, N. Bredemeyer, N. Tenhumberg, T. Turek, Polarization curve measurements combined with potential probe sensing for determining current density
distribution in vanadium redox-flow batteries, ). Power Sources 307 (2016) 826 — 833, dx.doi.org/10.1016/j.jpowsour.2016.01.011

59 S. Rudolph, U. Schréder, I.M. Bayanov, On-line controlled state of charge rebalancing in vanadium redox flow battery, . Electroanal. Chem. 703 (2013) 29.37,
dx.doi.org/10.1016/].jelechem.2013.05.011

60 M. Paidar, V. Fateev, K. Bouzek, Membrane electrolysis - History, current status and perspective, Electrochim. Acta 209 (2016) 737-756, dx.doi.org/ 10.1016/j.
electacta.2016.05.209

61 K. Wang, L. Liu, J. Xi, Z. Wu, X. Qiu, Reduction of capacity decay in vanadium flow batteries by an electrolyte-reflow method, ). Power Sources 338 (2017) 17-25,
dx.doi.org/10.1016/].jpowsour.2016.11.031
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in the exhaust, and mathematical models (see Fig. 29). With
increasing complexity of the catalyst materials and the entire
emission control system with usually several catalysts and
even addition of further chemicals such as reducing agents
for NOx removal, simple models are not able anymore to pre-
dict the complex interactions of chemical kinetics and mass
and heat transport in the real system. However, more detailed
models are time consuming and therefore inadequate for inte-
gration into the control strategies. Therefore, the use of dual-
layer catalysts introduced a further challenge for the models.

Dual-layer architectures allow the combination of the func-
tionality of two different washcoats in one single catalyst.
One example of such a multifunctional catalyst is the ammo-
nia oxidation catalyst that contains a Pt-layer for NH3 oxida-
tion and a SCR (Selective Catalytic Reduction) layer for the
reduction of NO by NH362v63. However, the numerical simula-
tion of a dual-layer catalyst is numerically demanding, since
at each axial location the reaction- diffusion equations for the

two washcoat layers need to be solved. Due to long computa-
tion times, model application becomes impractical for many
purposes, especially for applications that require vast quanti-
ties of simulations such as kinetic parameter fitting or auto-
mated optimization of ammonia dosing.

Contribution through reaction engineering

In a joint effort between industry and academia, a model ap-
proach was developed to numerically simulate the processes
in the catalyst with a dual-layer washcoat within a sufficiently
short computing time®45, For the solution of the radial mass
balances, each washcoat layer is represented by a single vol-
ume element and the diffusive mass fluxes into and within
the washcoat are computed based on the concept of the in-
ternal mass transfer coefficients. The comparison of the new
simulator with a reference simulator that fully resolves the
concentration profiles in the washcoat showed only small, ac-
ceptable differences. With the new simulator, the 1800 s of
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Figure 29: Example for model-based on-board diagnostics in automotive emission control

62 A. Scheuer, W. Hauptmann, A. Drochner, ). Gieshoff, H. Vogel, M. Votsmeier. Dual layer automotive ammonia oxidation catalysts: Experiments and computer

simulation. Appl. Catal. B 111-112 (2012) 445-455.

63 M. Colombo, I. Nova, E. Tronconi, V. Schmeisser, B. Bandl-Konrad, L.R. Zimmermann. Experimental and modeling study of a dual-layer (SCR+PGM) NH3 slip
monolith catalyst (ASC) for automotive SCR after treatment systems. Appl. Catal. B 142-143 (2013) 337-343.
64 B. Mozaffari, S. Tischer, M. Votsmeier, O. Deutschmann. A one-dimensional modeling approach for dual-layer monolithic catalysts. Chem. Eng. Sci. 139 (2016)

196-210.

65 ). Rink, B. Mozaffari, S. Tischer, O. Deutschmann, M. Votsmeier. Real-time simulation of dual-layer catalytic converters. Topics in Catalysis (2016) 1-5.
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a transient driving cycle can be simulated within 53 s on a
standard laptop, 30 times faster than real time. The new sim-
ulator for dual layer catalysts was implemented and its per-
formance was demonstrated using the example of the dual-
layer ammonia oxidation / SCR catalyst®5. Applying detailed
understanding of reaction engineering, here the interaction
of chemical kinetics and mass transport, supports the de-
velopment of improved exhaust-gas after-treatment systems
leading to ultra-low emissions of pollutants from automobile
vehicles.

CASE STUDY 4: SIMULATION-BASED PRODUCT
DESIGN IN HIGH-PRESSURE POLYMERIZATION
TECHNOLOGY

Background

The rising importance of plastics and polymers becomes ap-
parent when looking at commodity products in daily life as
well as specialty applications. A growing polymer market
points out the need for further development and improve-
ment in this sector as well as its future potential. Emulsions
and coatings are an important example of large-scale prod-
ucts, which are usually produced via solution or emulsion po-
lymerization. Another interesting but unique polymerization
process is the high-pressure ethylene polymerization which
yields mainly packaging material such as films and bags.
But also specialty needs can be addressed: highly pure LDPE
(low-density polyethylene) is utilized in medicinal products
and waxes can be used as flow improvers.

Whenever treating polymeric materials, one has to keep
in mind, that an ensemble of macromolecules with varying
chain-length and topology is present. These characteristics
determine processability and application properties of a prod-
uct. Designing processes to meet desired product properties
is thus a main task in the field of polymer reaction engineer-
ing. In this context reaction engineering proves a powerful

tool, as trial-and-error methods as well as high-throughput
experiments are unsuitable for high-pressure processes -
mainly because high-pressure experiments in mini-plants
are time-consuming and extremely expensive. While in the
1970s and 8os conversion and molecular weights were calcu-
lated®®67 using numerous simplifications and assumptions,
the frontiers have been pushed further. Improvements were
made due to a growing understanding of the process with its
underlying kinetics and improved methods for the determi-
nation of rate coefficients such as the PLP-SEC method®8:%9,
but also thanks to a drastic growth of computational power
as well as enhanced mathematical models. A drastic improve-
ment of reactor modeling can be found in the complete field
of polymerizations7°.

Contribution through reaction engineering

In order to perform process optimizations as well as product
design successfully in the field of high-pressure polymeriza-
tions a careful analysis of the underlying kinetics as well as
thermodynamics of the system is essential. If these have
been determined sufficiently precise, new reaction controls
and product designs can be introduced via computer-aided
simulations.

Main challenges in the high-pressure polymerization field are
dealing with the heat balance, complex reaction networks —
especially when looking at copolymerization — and polydis-
persity of the system simultaneously. Moreover, multi-scale
modeling as well as computational fluid dynamics (CFD) gain
more and more attention especially when structure-property-
relationships and fluid dynamics are investigated.

Simulation-based product design in high-pressure polymeri-
zation technology utilizes a toolbox of modeling approaches:
mass and heat balance, the detailed microkinetics as well as
polymer properties (such as mean values and the molecular
weight distribution) are calculated numerically, for example
employing a customized software such as Predici®”. The re-

66 ). Villermaux and L. Blavier, Chemical Engineering Science 1984, 39(1), 87-99.

67 S. Goto, K. Yamamoto S. Furui and M. Sugimoto, J. Appl. Polym. Sci: Appl. Polym. Symp. 1981, 36, 21-40.

68 0. F. Olaj, I. Bitai and F. Hinkelmann, Makromol. Chem. 1987, 188, 1689-1702.

69 M. Buback, R. G. Gilbert, R. A. Hutchinson, B. Klumperman, F.-D. Kuchta, B. G. Mandersd, K. F. O‘Driscolle, G. T. Russello and J. Schweer, Macromol. Chem. Phys.

1996, 196, 33267-3280.
70 C. Kiparissides, Chem. Eng. Sci. 1996, 51(10), 1637-1659.
71 M. Wulkow, Macromol. React. Eng. 2008, 2, 461-494
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action coefficients for the detailed kinetics are derived from
independent laboratory experiments and the corresponding
polymer samples were characterized thoroughly with respect
to molecular weight distribution, branching and functional
groups. This makes it possible to use the resulting determin-
istic model to describe various reactor types ranging from
mini-plant to world scale.

The special feature and challenge within the free radical
high-pressure (ethylene) polymerization are the resulting
(randomly) branched macromolecules, because branching
structure (topology) and distribution influence processabil-
ity and product properties dramatically. Thus, the interest in
modeling branching degree and distributions is high72. When
it comes to distinct branching structures and macromolecu-
lar topology, Monte Carlo techniques proved to be a powerful
tool. Both, full Monte Carlo simulations?3 as well as hybrid
stochastic approaches?4#75 have been developed and applied
successfully®. (Hybrid) Monte-Carlo simulations yield the to-

pologies of individual macromolecules and thus give a better
and deeper understanding of branching structure (see Fig.
30).

In the next step the molecular topologies produced in Monte
Carlo simulation can be used to model the rheological behav-
ior of the respective product and thus hint at possible appli-
cation properties”?. In that way, the full range of model based
design from process conditions, reactor configuration and
operation to polymer characteristics and finally to application
properties of products is accessible.

Performing reactive CFD simulations of the system provide
temperature distributions and the forces that act on the
polymer chains. This can in return help to deepen our under-
standing of the microkinetics such as the mechanical scission
of polymer chains. Another example is the investigation of
boundary layer phenomena: in wall-near areas product with
high molecular weight is produced, which is responsible for

-

| Ethylene + CTA o

N

)

Figure 30: Schematic illustration of high-pressure polymer reaction engineering: with the help of process data deterministic simulations coupled
with a hybrid Monte-Carlo approach yield polymer properties and molecular topologies which can be used to predict polymer physics and application
properties (1: with kind permission of I. Vittorias, World Congress on Chemical Engineering, Montreal 2009).

72 P.D. ledema, M. Wulkow and H. C. J. Hoefsloot, Macromol. 2000, 33, 7173-7184.

73 H. Tobita, J. Polym. Sci. Part B Polym. Phys. 2001, 39, 391-403.
74 D. Eckes and M. Busch, Macromol. Symp. 2016, 360, 23-31.

75 S. Fries, D. M. Castafieda-Zaiiga, ). Duchateau, P. Neuteboom, C. Toloza Porras and M. Busch, Macromol. Symp. 2016, 360, 78-86.
76 A. L. Brandao, ). B. Soares, J. C. Pinto and A. L. Alberton, Macromol. React. Eng. 2015, 9(3), 141-185.
77 D.).Read, D. Auhl, C. Das, ). Den Doelder, M. Kapnistos, I. Vittorias and T. C. McLeish, Science 2011, 333(6051), 1871-1874.
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the so-called fouling of the reactor. Investigating the underly-
ing kinetic and diffusional effects is important to understand
and avoid this unwanted heat-transfer-limiting effect7475,

This toolbox gives a consistent picture and thus makes it
possible to perform reverse-engineering, so that both prod-
uct properties and process conditions can be optimized and
predicted by performing the corresponding simulations. How-
ever, it has to be highlighted that employing rational-predic-
tive methods is crucial for reliable and successful simulation-
based process optimizations and product design.

CASE STUDY 5: CONTINUOUS SYNTHESIS OF
ARTEMISININ AND ARTEMISININ-DERIVED
MEDICINES

Background

Numerous continuous reaction processes have been de-
veloped in the last century to produce the large amount of
bulk chemicals and commodities required. These processes
allow production under steady sate conditions, which offers
extensive use of automation and provides improved product
quality compared to batch operation. The current technolo-
gies to produce ethylene, propylene, methanol and ammonia
provide just a few examples for the application of continu-
ously operated reactors. In contrast, batch-wise operation
is still prevailing in the area of producing fine chemicals and
specialties. However, batch processes are significantly more
labor-intensive, they require often solvent removals and pu-
rifications of intermediates following each reaction step. Also
in chemical synthesis intensive efforts were made in the last
decade to develop “Flow Chemistry”78. The use of potentially
dangerous reagents, such as oxygen or sodium borohydride,
becomes possible in flow and allows for new reaction path-

ways. The ability to combine and interchange different reac-
tion modules allows for the production of a variety of APIs.
Continuous and modular concepts possess attractive scien-
tific and conceptual implications for the synthesis of small
molecules. To develop and implement continuous manufac-
turing processes requires beyond the reaction steps the im-
plementation of continuously operated separation and purifi-
cation processes”?. Also in this area significant progress has
been achieved in the last years exploiting e.g. the potential of
Simulated Moving Bed (SMB) chromatography and dedicated
crystallization processes8-8182,

Contribution through reaction engineering

A demonstration of the power of a fully continuous multi-step
synthesis regime combined with a continuous three-stage
purification method was recently given for the production of
artemisinin based antimalaria drugs.

The Chinese scientist Tu Youyou received in 2015 the Nobel
Prize in Physiology or Medicine for the discovery and investi-
gation of the antimalarial activity of artemisinin, a secondary
metabolite of sweet wormwood (Artemisia Annua).

Since the amount of artemisinin produced from plants is not
sufficient to treat the worldwide malaria cases, an effective
semisynthetic method was developed that is capable of pro-
ducing artemisinin from dihydroartemisinic acid (DHAA) ob-
tained as a byproduct during the extraction of artemisinin
from plant leaves. The essential step is a photocatalytic reac-
tion to convert continuously DHAA into a precursor of arte-
misinin exploiting a tubular reactors3.

A subsequently developed continuous, divergent synthesis
system which is coupled to continuous purification and capa-
ble of producing four anti-malarial APIs is described in8. The

78 Kirschning A. (Ed.), Chemistry in flow systems, Thematic Series in the Open Access Beilstein Journal of Organic Chemistry.
79 Mascia, Heider, Zhang, Lakerveld R. , Benyahia, Barton P., Braatz R. , Cooney, Evans, Jamison, Jensen K., Myerson A., Trout B., End-to-end continuous

manufacturing of pharmaceuticals, Angew. Chem. Int. Ed., 52, 2013, 12359.

80 O’Brien A.G., Horvath Z., Lévesque F., Lee J.W., Seidel-Morgenstern A., Seeberger P.H., Continuous synthesis and purification by direct coupling of a flow reactor
with simulated moving-bed chromatography, Angew. Chem. Int. Ed., 2012, 51, 7028-7030.
81 Lee ).W., Horvath Z., O’Brien A.G., Seeberger P.H., Seidel-Morgenstern A., Design and optimization of coupling a continuously operated reactor with simulated

moving bed chromatography, Chem. Eng. J., 2014, 251, 355-370.

82 Kaemmerer H., Horvath Z., Lee J.W., Kaspereit M., Arnell R., Hedberg M., Herschend B., Jones M.J., Larson K., Lorenz H., Seidel-Morgenstern A., Separation of
racemic bicalutamide by an optimized combination of continuous chromatography and selective crystallization, Organic Process Research and Development,

2012, 16, 331-342.

83 Kopetzki D., Lévesque F., Seeberger P.H., A Continuous-flow process for the synthesis of artemisinin, Chem. Eur. )., 2013, 19, 5450-5456.
84 Gilmore K., Kopetzki D., Lee J.W., Horvath Z., McQuade D.T., Seidel-Morgenstern A., Seeberger P.H., Continuous synthesis of artemisinin-derived medicines,

Chem. Comm., 2014,50, 12652-12655.
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system is comprised of three linked reaction mod-
ules for photooxidation/cyclization, reduction,
and derivatization. A fourth module couples the
crude reaction stream with continuous purifica-
tion exploiting dilution/filtration, gradient chro-
matography and crystallization8485 (see Fig. 31).

The possible synthesis of the four anti-malarial
APIs described here illustrates the applicability
of the general principle. With this example of cou-
pled divergent, multi-step continuous synthesis
and purification processes, many efficient routes
to provide drugs can be envisioned.

Module 1 .Q'zg Module 2
Photooxidation
Arlarmisa

Purification
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Figure 31: Overall production scheme of anti-malaria APIs from dihydroartemisinin and
artemisinin obtained by traditional extraction from Artemisia annua using four module
system for the continuous synthesis and purification of four artemisinin based APIs
(marked in red): dihydroartemisinin (combined with piperaquine in Eurartesim, Artekin
and Duo-Cotecxin), B-artemether (combined with lumefantrine in Coartem), B-arteether
(Artemotil), and a-artesunate (combined with amodiaquine in Coarsucam and ASAQ-
Winthrop)84.

85 Horvath Z., Horosanskaia E., Lee J.W., Lorenz H., Gilmore K., Seeberger P.H., Seidel-Morgenstern A., Recovery of artemisinin from a complex reaction mixture
using continuous chromatography and crystallization, Organic Process Research and Development, 2015, 19, 624-634.
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In a globally integrated world with a growing world popula-
tion, the demand for sufficient accessibility of high quality
drinking water and food as well as living space and energy is
increasing. In addition, local individual customer needs are
changing with increasing wealth in developing and emerging
countries. This opens up many opportunities for new prod-
ucts, technologies and markets. Consequently, the chemical
industry is facing a variety of challenges to deliver to social
and economic “market pulls” for novel products whilst meet-
ing environmental standards and new regulatory constraints
(see Fig. 32). Alternative process routes will be required. In
Europe, the objectives of the German Federal Ministry for
the Environment, Nature Conservation, Building and Nuclear
Safety regarding renewable energies are a pioneering exam-
ple for novel technological requirements. Furthermore, the
rapid changes in society and industry through digitalization
and other enabling technologies foster innovation and will
determine the future chemical engineering toolboxes.

The finite nature of fossil resources together with the in-
tended reduction in the emission of greenhouse gases are the

main drivers to develop processes for renewable feedstocks,
preferably utilizing renewable energy. Research fields cur-
rently emerging from this undertaking are the Power-to-X-
technologies (PtX), the utilization of biomass and of CO,. PtX-
technologies aim to store the increasing amounts of electric
energy available from renewable sources in chemical com-
pounds. While electrochemical and photochemical routes
are, in principle, capable of achieving the energy conversions
sought, the challenges of implementating them into indus-
trial processes are still high and call for further research.

The reduction of the CO, footprint of the chemical industry
can be tackled by developing more energy efficient processes
and competitive process technologies for biomass and CO,
conversion. Carbon-Capture-and-Utilization concepts might
further contribute to the reduction of the CO,-footprint and
provide a new Ci-platform. All these technologies have in
common that the appropriate approaches will be locally di-
verse, depending on the boundary conditions of the region
and production site.

Figure 32: Key trends and future challenges for Chemical Reaction Engineering.
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The changing raw material situation and ongoing environ-
mental pollution concerns have been the subject of much at-
tention over the last decades. Growing customer awareness
and the demand for sustainable products have motivated
calls for novel bio-derived chemical routes as well as waste
stream utilization strategies. Holistic process design along
the whole value chain is a key factor in the bid to achieve a
“circular economy”. Heat and mass integration in such more
diverse process landscapes, zero liquid discharge concepts
and recycling of urban waste streams into the chemical in-
dustry will form the future focuses of academic and industrial
research and development.

The above-mentioned transformation in economy and ecol-
ogy necessitate production concepts, which are able to pro-
cess new raw materials and can utilize renewable electricity.
Both these inputs are of a fluctuating nature, implying an ad-
ditional need for unsteady state operations. The utilization of
electricity as alternative energy source (or as ultrasound, mi-
crowave, plasma, light, etc.) means a switch from convention-
al dedicated and optimized processes to robust arrangements
suitable for dynamic operation. As a novel design paradigm,
such tolerant processes both offer and demand high flexibil-
ity through original plant designs or operational innovations.

Modular, transportable plants enable one to increase pro-
duction locally and flexibly and thus shorten project lead-
times for the global production footprint. Modular plant
design based on intensified processes with hybrid and multi-
functional equipment ensure process efficiency together with
process robustness through technological flexibility. Such
plant concepts also permit multi-purpose production in a con-
tinuous operation mode.

In heterogeneous catalysis, fundamental developments of
forgiving process technologies or novel robust catalysts are
essential. Unsteady state operations, bio-based products, in-
creased demands for higher selectivity and reduced energy
consumption as well as REACH regulations are all predicated
upon innovative solutions for catalytic materials, supports,
reactors and operational strategies.

New advanced materials with specially tailored qualitative
characteristics and functionalities are enablers for e.g high
performance batteries or lightweight construction materials
for cars and airplanes. Technical solutions are not based on

chemical compositions alone. They also have to be combined
with structural features, e.g. composites including nano-scale
particles or tubes. Microreaction technology and large-scale
additive manufacturing processes offer new opportunities to
manufacture innovative products. The field of advanced mate-
rials clearly highlights the importance of interaction between
material science and engineering disciplines in the develop-
ment of industrially scalable processes.

The impact of digitalization on manufacturing industries,
including the chemical industry, is growing steadily. Indus-
try 4.0 will drastically affect the interaction of industry with
customers, and the availability of data, but will also unlock
novel process design and optimization tools. Two main fields
of relevance for chemical processing can be identified: the
development of advanced process control systems and the
management of “big data”. Both fields can be applied to
the optimization and intensification of chemical processes,
but the largest impact can be expected on the development
of the next generation of production processes from scratch,
making intense use of digital technologies and linking plants
along the value chain with one naother. New fields of educa-
tion, research and development are required, such as “data”
engineers or chemists, who will handle and analyze the huge
amounts of data involved. A new kind of research is essen-
tial to ensure the correct interpretation of the insights and
correlations to be gained from Big Data. The benefit will be
especially significant if the data for entire production sites is
networked and fluctuations, e.g. in energy, can be compen-
sated for by high-level control of all production plants based
on real-time data. The link between IT and chemical engineer-
ing is becoming a key factor for success.

The development, design, optimization and scale-up of chem-
ical processes are premised upon reliable models. In most
cases, a detailed understanding at multiple scales — from
the catalyst up to the whole plant - is a prerequisite for the
development of these models. Thus, multi-scale modeling
approaches from different fields, such as quantum mechan-
ics, computational fluid dynamics, reaction engineering and
fluid separation technology need to be combined. The shift
towards forgiving processes mentioned above, further raises
the bar for model development (e.g. dynamic process mod-
els) and significantly increases the need for robust models.
Model reduction methods therefore need to be developed,
which can serve as a basis for conceptual process design, e.g.
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with limited property data. In addition, such models can cut
the numerical effort for optimizing a process considerably by
identifying unfeasible operating conditions and by narrow-
ing down the range of operating parameters prior optimiza-
tion with more detailed models. Furthermore, the continuous
improvement in the reliability of the process models calls for
methods that facilitate model adaptations and refinements
based on the comparison of the measurement data (“big
data”) available from plant operation with the model predic-
tions. Hydrid models amalgamate deterministic modeling
with data-driven approaches, like artificial neuronal networks
or nonlinear statistics.

Opportunities from the changes in global markets combined
with demands for innovative products, raw materials, tech-
nologies, energy supply and legislation entail new research
activities based on highly interdisciplinary approaches for
fundamental and applied research. Industrial and academic
research has to become more closely entwined. The devel-
opment of PtX-technologies, processes for CO, capture and
utilization as well as biomass conversion offer textbook ex-
amples. Close cooperation between material science, bio-
technology and chemistry as well as process, reaction and
polymer engineers is required. Future chemical engineers re-
quire a thorough training in chemical engineering fundamen-
tals complemented by interdisciplinary courses with special
focus on the above-mentioned topics. The education should
emphasize the synergy between experiment and model as
well as the importance of holistic thinking, to enable the next
generation of engineers to master the challenges they will
encounter. Innovation will take place more and more at the
interface between disciplines.
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