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MULTI-SCALE AVERAGING METHODS FOR CHEMICAL 
REACTORS AND REACTING FLOWS

Vemuri Balakotaiah

Department of Chemical and Biomolecular Engineering, University of Houston, Houston, Texas 
77204-4004

Due to the fact that the length and time scales associated with continuum models of chemical 
reactors and reacting flows vary from the molecular scale to the macro scale, for most cases 
of practical interest, even with the present day computational power, it is impractical to solve 
such detailed models consisting of several nonlinear partial differential equations (PDEs) 
and explore all the different types of solutions that exist in the multi-dimensional parameter 
spaces. Accurate reduced order models that retain the multi-scale physics and expressed in 
terms of measurable variables are desired for the purpose of design, control and optimization 
of these systems. 

We have recently shown that the Liapunov-Schmidt (L-S) technique of classical bifurca-
tion theory is an excellent multi-scale averaging technique for diffusion-convection-reaction 
(DCR) models described by coupled nonlinear PDEs. This procedure starts with detailed 
models based on the fundamental laws and takes advantage of the separation of the length 
or time scales (expressed in terms of one or more small parameters in the dimensionless 
form of the model) to reduce the spatial and/or temporal degrees of freedom and to obtain 
multi-mode multi-scale low-dimensional models in terms of measurable quantities (such as 
cup-mixing temperature/concentrations). This procedure is rigorous and is equivalent to the 
McClaurin series expansion of a more detailed model in terms of the small parameters rep-
resenting separation of length/time scales. The multi-mode averaged models derived by such 
an expansion have not only low-dimensional state spaces (due to elimination of the local 
degrees of freedom associated with smaller length/time scales) but also a smaller number of 
effective/lumped parameters characterizing the system behavior, while including the physi-
cal phenomena occurring at the smaller scales.

In the first part of this talk, we discuss the theoretical/mathematical aspects of the L-S 
reduction with focus on how to include the initial/inlet/boundary conditions in the averaging 
procedure, proper scaling of the model and the use of multiple small parameters or extension 
to multi-phase averaging with multiple-zero eigenvalues. In the second part, we present spe-
cific examples of low-dimensional models from the areas of multiphase reaction engineering, 
transport in porous media and coupled homogeneous-catalytic reaction systems. By compar-
ing the solutions of the full PDE models with those of the low-dimensional models derived 
by the L-S method for some selected cases, we show that the low-dimensional models are 
robust and accurate with practically acceptable error, speed up the calculations by several 
orders of magnitude, and can be used for real time (and faster than real time) simulations of 
many physical systems with infinite number of degrees of freedom. The limitations of the 
averaged models in capturing the solutions of highly nonlinear systems with fine scale spatial 
and time scales will also be discussed.
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FROM REGULATORY NETWORK TO MATHEMATICAL 
MODELS: APPLICATIONS TO CANCER BIOLOGY

Laurence Calzone1,2,3,4

1 Computational and Systems Biology of Cancer, Institut Curie, Paris, France
2 PSL Research University, Paris, France
3 Institut National de la Santé et de la Recherche Médicale U900, Paris, France
4 Mines ParisTech, Paris, France

Mathematical models serve to explain complex biological phenomena and provide predic-
tions that can be tested experimentally. They can provide plausible scenarios of a complex 
biological behaviour when intuition is not sufficient anymore. The process from the defini-
tion of a biological hypothesis to the construction of a mathematical model is challenging. 

In this talk, I will discuss a possible workflow that describes the steps that can be taken 
starting from biological experimental data to the construction of a mathematical model using 
the appropriate mathematical formalism (ordinary differential equations vs. logical rules). 
The model can then be used to identify the driver genes, anticipate the impact of individual 
or combinations of gene alterations in the cell fate decision, and predict the effect of drugs 
on a particular patient. 

I will illustrate the workflow with a logical model of the early steps of metastasis. The 
model recapitulates published experimental results of known gene perturbations on local 
invasion and migration processes, and predict the effect of not yet experimentally assessed 
mutations. Using a modelling tool, MaBoSS1, that simulates continuous or discrete time Mar-
kov processes applied on a Boolean network, we have systematically explored the single 
and double mutant landscape to identify the alterations that favour the most metastasis. In 
particular, we have shown that the double mutation Notch gain-of-function and p53 loss-
of-function has the highest probability to acquire metastasis, which is in agreement with a 
recent published experiment in a mouse model of gut cancer2,3. The model predicts new gene 
perturbations that affect the early steps of metastasis underlying potential intervention points 
for innovative therapeutic strategies in oncology.

References
1.	 Stoll G., Viara E., Barillot E. and Calzone L. “Continuous time Boolean modeling for 

biological signaling: application of Gillespie algorithm”. 2012. BMC Systems Biology 
6:116

2.	 Chanrion M., et. al. “Concomitant Notch activation and p53 deletion trigger epithelial-
to-mesenchymal transition and metastasis in mouse gut”. 2014. Nat Commun. 5:5005.

3.	 Cohen DP., Martignetti L., Robine S., Barillot E, Zinovyev A., Calzone L. “Mathematical 
Modelling of Molecular Pathways Enabling Tumour Cell Invasion and Migration”. PLoS 
Comput Biol. 2015 Nov 3;11(11):e1004571.
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MODELING THE STRUCTURE FORMATION PROCESS OF TWIN 
POLYMERIZATION

Karl Heinz Hoffmann1 
1 Institut für Physik, Technische Universität Chemnitz, D-09107 Chemnitz, Germany, e-mail: 
hoffmann@physik.tu-chemnitz.de

Polymer hybrid materials, i.e. materials combining organic polymer structures with inorganic 
components on the nanoscale, play an important role in reinforcing, coating and barrier mate-
rials. The production of such nanostructured polymer hybrid materials is a challenging task, 
since two different components must be merged together, while suppressing phase separation 
processes on the molecular level. The established way is either a simultaneous polymeriza-
tion of two different monomers in one procedure or the chain (or step-growth) polymeriza-
tion of heterobifunctional monomers, where each polymerizable functional group of these 
monomers polymerizes independently and by another mechanism. 

In recent years a more elegant technique called twin polymerization [1] has been de-
veloped to synthesize these hybrid materials with organic and inorganic structure domains. 
Twin polymerization is a special process that utilizes twin monomers containing differently 
polymerizable groups in one molecule, where only one initialization step is necessary to start 
the process. 

Due to the intrinsic coupling of different structure elements a special feature of the poly-
mers obtained by twin polymerization is that the inorganic and the organic structure do-
mains have a defined size of 0.5 to 3 nm. Thus, polymer hybrid materials structured on the 
nanoscale can be created. Then, just a simple post-treatment, like combustion of the organic 
phase or HF treatment of the inorganic phase is necessary in order to obtain nanoporous 
carbon or oxide. 

The theoretical understanding of the overall twin polymerization process and especially of 
the structure formation of the composite material is still at the beginning. After introducing 
the basic concepts of twin polymerization, I will show different modeling approaches for the 
complex reaction mechanism of twin polymerization. The utilized methods range from den-
sity functional theory (DFT) calculations [2] via reactive molecular dynamics simulation [3] 
to reactive Bond-Fluctuation-Models (rBFM). I will present and discuss obtained results and 
validate them with experimental results. Doing so insights to the structure formation process 
on different levels of length scale can be obtained.

References
1.	 S. Grund, P. Kempe, G. Baumann, A. Seifert and S. Spange, “Zwillingspolymerisation: 

ein Weg zur Synthese von Nanokompositen”, Angew. Chem., 119, pp. 636–64, 2007
2.	 Tchernook, J. Prehl, and J. Friedrich, “Quantum chemical investigation of the counter 

anion in the acid catalyzed initiation of 2,2'-spirobi[4H-1,3,2-benzodioxasiline] polym-
erization”, Polymer, 60, pp. 241–251, 2015

3.	 T. Schönfelder, J. Friedrich, J. Prehl, S. Seeger, S. Spange, and K.H. Hoffmann, K. H. 
“Reactive force field for electrophilic substitution at an aromatic system in twin polym-
erization”, Chem. Phys., 440, pp. 119–126 (2014).
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SYNCHRONIZATION ENGINEERING: DESIGN OF PATTERN 
FORMATION WITH OSCILLATORY CHEMICAL REACTIONS 
USING EXPERIMENT-BASED PHASE MODELS

István Z. Kiss1 
1Department of Chemistry, Saint Louis University, 3501 Laclede Ave, St Louis, MO 63103, USA
e-mail: izkiss@slu.edu

Description, control, and design of weakly interacting dynamical units are challenging tasks 
that play a central role in many physical, chemical, and biological systems. Phase models 
have been shown to be an efficient way of description of complex dynamic structures that 
can handle hierarchical complexities and predict emergent, system-level properties. In the 
presentation, we show the use of experiment-based phase models for engineering the syn-
chronization properties of nonlinear oscillator populations. 

External signals can be used to control the behavior of complex rhythms, both to tune es-
sential behavior, such as by heart pacemakers, or to alter pathological behavior, such as by 
deep-brain “antipacemakers” in tremors or Parkinson’s disease. In such applications, a mild 
control is desired so that the system can be tuned to a desired behavior without destroying its 
fundamental nature. A methodology is presented that applies phase models to describe and 
tune complex dynamic structures to desired states; weak, nondestructive signals are used 
to alter interactions among nonlinear rhythmic elements. Experiments on electrochemical 
reactions on electrode arrays are used to demonstrate the power of mild model-engineered 
feedback to achieve a desired response. Applications are made to the generation of cluster 
states1, restoring rhythmicity in diffusively coupled dynamical networks2, and to the design 
of rotating waves in regular rings and small-world type networks. Finally, phase model anal-
ysis is combined with calculus of variation to derive a waveform with which robust or fast 
entrainment of an oscillator is achieved with minimum power, area, and magnitude forcing 
signal3. The theory is tested in electrochemical entrainment experiments in which sinusoidal 
and higher harmonic nontrivial optimal waveforms are obtained depending on experimental 
conditions. The proposed method will give a convenient way to obtain optimal waveform for 
entrainment (e.g., in design of cardiac pacemakers and injection locked electronic oscillators) 
and could test the optimality of current waveforms used in many applications.

References
1.	 A. Zlotnik, R. Nagao, I. Z. Kiss, and J.-S. Li, “Phase-selective entrainment of nonlinear 

oscillator ensembles,” Nat. Commun., 7, p. 10788, 2016. 
2.	 W. Zou, D. V. Senthilkumar, R. Nagao, I. Z. Kiss, Y. Tang, A. Koseska, J. Duan, and J. 

Kurths, “Restoration of rhythmicity in diffusively coupled dynamical networks.,” Nat. 
Commun., 6, p. 7709, 2015. 

3.	 H.-A. Tanaka, I. Nishikawa, J. Kurths, Y. Chen, and I. Z. Kiss, “Optimal synchronization 
of oscillatory chemical reactions with complex pulse, square, and smooth waveforms 
signals maximizes Tsallis entropy,” Europhys. Lett., 111, p. 50007, 2015.
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SELF-ORGANIZED REGULATION RESULTING FROM LOCAL 
CONTACTS

Daishin Ueyama

Department of Mathematical Sciences Based on Modeling and Analysis, School of Interdisciplinary 
Mathematical Sciences, Meiji University, 4-21-1 Nakano, Nakano-ku, Tokyo, Japan  

 e-mail: d.ueyama@gmail.com

One of the fundamental problems in biology concerns the method by which a cluster of organ-
isms can regulate the proportion of individuals that perform various roles or modes as if each 
individual is aware of the overall situation without a leader. In various species, a specific ratio 
exists at multiple levels, from the process of cell differentiation in multicellular organisms to 
the situation of social dilemma in a group of human beings. This study determines a common 
basis for regulating collective behavior that is realized by a series of local contacts between 
individuals. In this theory, the most essential behavior of individuals is to change their internal 
mode by sharing information when in contact with others. Our numerical simulations with a 
cellular automata model regulate the proportion of individuals in either of two modes. Us-
ing theoretical analysis and numerical calculations, we show that asymmetric properties in 
local contacts are essential for adaptive regulation in response to global information such as 
group size and overall density. Furthermore, a discrete system is crucial in allowing flexible 
regulation in no-leader groups, and the critical condition that eliminates overlap with other 
individuals (the excluded volume effect) also affects the resulting proportion at high densities. 
The foremost advantage of this strategy is that no global information is required for each indi-
vidual, and minimal mode switching can regulate the overall proportion. This simple mecha-
nism indicates that proportion regulation in well-organized groups in nature can be realized 
through and limited to local contacts, and has the potential to explain various phenomena in 
which microscopic individual behavior results in orderly macroscopic behavior.

Reference
1.	 Iwamoto, M., & Ueyama, D. (2015). Basis of Self-organized Proportion Regulation Re-

sulting from Local Contacts. arXiv preprint arXiv:1504.05292.

QUENCHING ANALYSIS OF SMALL-AMPLITUDE CHEMICAL 
AND BIOCHEMICAL OSCILLATIONS NEAR A SUPERCRITICAL 
HOPF BIFURCATION

Vladana Vukojević

Karolinska Institutet, Department of Clinical Neuroscience (CNS), Center for Molecular Medicine 
CMM L8:01, 17176 Stockholm, Sweden

Experimental studies of detailed kinetic mechanisms underlying complex chemical and bio-
chemical reactions are often limited by our capacity to simultaneously monitor changes in 
the intensity of a handful of dynamical variables. New experimental approaches are therefore 
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needed, which yield quantitative results that can be interpreted in terms of quantities closely 
related to the kinetics of the investigated reactions. One such method is quenching analysis, 
also known as quenching of small amplitude oscillations, a perturbation analysis technique 
that relies on controlled addition of chemical species to determine the amplitudes and phases 
of the oscillatory parts of the concentrations of these species [1–3].  

Quenching is an instantaneously induced perturbation of an oscillating chemical system 
by which limit cycle oscillations around a supercritical Hopf bifurcation are temporarily sus-
pended. For the oscillations to stop by the addition, the change in concentration of the species 
added and the phase at which the addition is made must each have a unique value, so that the 
state of the system is shifted from a point on the limit cycle to a point on the stable manifold 
of the saddle focus that exists near the centre of the nearly elliptical limit cycle. The result 
of an experimental quenching analysis is a set of quenching concentrations and quenching 
phases for each investigated species. Such a set of data is closely related to an important dy-
namical property of the system at the operating point, the left eigenvector of the Jacobi matrix 
corresponding to the oscillatory mode [1–3]. 

In my talk, I will first introduce the theoretical background behind quenching analysis 
and present its application for the study of detailed kinetic mechanisms of complex chemi-
cal reactions [1–3]. Thereafter, I will discuss the potential of this method for understanding 
the behaviour of a complex neuroendocrine dynamical system, the Hypothalamic-Pituitary-
Adrenal (HPA) axis, under normal physiology and in response to internal and external stimuli 
[4–6].

References
1.	 Hynne F, Graae Sørensen P. Quenching of chemical oscillations. J. Phys. Chem. 1987 

91:6573–6575
2.	 Vukojević V, Graae Sørensen P, Hynne F. Quenching Analysis of the Briggs-Rauscher 

Reaction J. Phys. Chem. 1993 97:4091–4100.
3.	 Vukojević V, Graae Sørensen P, Hynne F. Predictive Value of a Model of the Briggs-

Rauscher Reaction Fitted to Quenching Experiments. J. Phys. Chem. 1996 100:17175–
17185.

4.	 Jelić S, Čupić Ž, Kolar-Anić Lj, Vukojević V. Predictive Modelling of the Hypothalamic-
Pituitary-Adrenal (HPA) function. Dynamic Systems Theory Approach by Stoichiomet-
ric Network Analysis and Quenching Small Amplitude Oscillations. Int. J. Nonlin. Sci. 
Num. 2009 10:1451–1472.

5.	 Marković VM, Čupić Ž, Maćešić S, Stanojević A, Vukojević V, Kolar-Anić Lj. Model-
ling cholesterol effects on the dynamics of the hypothalamic-pituitary-adrenal (HPA) 
axis. Math. Med. Biol., 2016 33:1–28 pii: dqu020. (PMID: 25332212)

6.	 Čupić Ž, Stanojević A, Marković VM, Kolar-Anić L, Terenius L, Vukojević V. The HPA 
axis and ethanol: a synthesis of mathematical modelling and experimental observations. 
Addict Biol. 2016 doi: 10.1111/adb.12409.
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NUMERICAL CALCULATION OF TIME-RESOLVED LIGHT 
REFLECTANCE FROM BIOLOGICAL TISSUE USING THE 
RADIATIVE TRANSFER EQUATION

Hiroyuki Fujii1 – Yukio Yamada2 – Yoko Hoshi3 – Shinpei Okawa4– Kazumichi Kobayashi1 – 
Masao Watanabe1

1Division of Mechanical and Space Engineering, Faculty of Engineering, Hokkaido University, Kita 
13 Nishi 8, Kita-ku, Sapporo, Hokkaido 060-8628, Japan, e-mail: fujii-hr@eng.hokudai.ac.jp

2Brain Science Inspired Life Support Research Center, University of Electro-Communications, 1-5-1 
Chofugaoka, Chofu, Tokyo 182-8585, Japan 

3Preeminent Medical Photonics Education and Reseach Center, Hamamatsu University School of 
Medicine, 1-20-1 Handayama, Higashi-ku, Hamamatsu, Shizuoka 431-3192, Japan 

4National Defense Medical College, 3-2 Namiki, Tokorozawa, Saitama 359-8513, Japan 

Numerical modelling of light reflectance (and/or transmittances) at boundary of biological 
tissue is crucial for in-vivo determinations of the optical properties of biological tissue by 
model-based inverse analysis1. Among the optical properties, recovery of absorption and 
scattering coefficients of a target organ is a basis for optical imaging such as diffuse optical 
tomography2 because they have relations to chemical components and structural properties 
of biological tissue. For the accurate determination, short source-detector distances are desir-
able to measure less scattered light including rich information over diffused light and to sup-
press effects of other tissue surrounding the target tissue. Meanwhile, this condition requires 
an accurate light propagation model in turbid media with highly forward-peaked scattering 
like biological tissue and an accurate treatment of refractive index mismatching at boundary 
between tissue and air. The radiative transfer equation (RTE) provides accurate descriptions 
of light propagation in turbid media, but the RTE usually needs high computation loads be-
cause of the integro-differential form in the phase space. 

In this presentation, we construct a numerical model of light reflectances at boundary of 
the three dimensional and highly forward-peaked scattering media using the time-dependent 
RTE under the refractive index mismatched boundary condition. The RTE is numerically 
solved by the finite difference and discrete ordinates methods, and highly forward-peaked 
scattering is treated by the first order renormalization approach of the phase function, which 
is recently developed by the authors3. The numerical schemes developed in this study are 
verified by comparing the numerical solutions of the RTE with the approximated analytical 
solutions of the RTE for semi-infinite media. Influences of numerical aperture and source-
detector distance will be investigated. 
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OPTIMAL ENZYME ALLOCATION IN KINETIC METABOLIC 
NETWORKS

Stefan Müller1

1RICAM, Austrian Academy of Sciences, Linz, Austria, e-mail: stefan.mueller@ricam.oeaw.ac.at

When a cell optimizes rates of specific metabolic target reactions, it must appropriately par-
tition enzymes to reactions, since enzyme abundance determines reaction velocities. Since 
total enzyme is limited, this becomes a constrained enzyme allocation problem. Understand-
ing the optimization of rates (rather than yields) helps in making sense of important adaptive 
scenarios. It also is significant from a biotechnological perspective.

In our modeling approach, we combine bioengineering and theoretical biology. In math-
ematical terms, we build on dynamical systems theory and combinatorial optimization. This 
repertoire enables us to go beyond studying optimality with linear methods such as flux 
balance analysis (FBA). We explicitly consider kinetic information, leading to a nonlinear 
optimization problem with a surprising result.

In fact, for arbitrary kinetics, solutions that optimize rates are elementary flux modes 
(EFMs), representing minimal metabolic pathways. This is surprising precisely because such 
flux modes only depend on stoichiometry and yet they show up as optimal states for arbitrary 
enzyme kinetics, including arbitrary allosteric regulation. Most importantly, our result pre-
dicts discontinuous metabolic switches and explains the occurrence of low-yield pathways as 
observed in the Crabtree and Warburg effects.
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Multiscale modeling

QUASI-HARMONIC AND SPIKY OSCILLATIONS IN A HARVEST 
MODEL WITH EQUABLE RESOURCE SUPPLY

Almaz Mustafin
1Department of General and Theoretical Physics, Kazakh National Research Technical University, 22 
Satbayev St., Almaty, 050013, Kazakhstan, e-mail: butsuri123@gmail.com

We study a model for the population of autotrophs fed on an abiotic resource with constant 
rate of supply. The population is subject to harvesting, or to consumption by a holozoic 
predator. Model equations are: dS/dt = a − (b/Y) S N − d S, dN/dt = b S N − h H(N), where 
S is the substrate concentration, N is the species density, a is the resource influx rate, b is 
the population specific growth rate (the substrate is supposed to be taken up with a simple 
mass-action functional response), Y is the yield constant, d is the substrate dilution rate, h is 
the maximum possible harvesting rate, H(N) is the functional response of the harvester. We 
assume the intake function be of Holling’s type II, H(N) = N/(K + N), where K is the half-ve-
locity constant, although the precise form of the relationship is not important, provided H is 
a monotonous increasing function of N, with a limiting value. Employing the algebraic func-
tional response actually means that the harvester relaxes much faster to its quasi-stationary 
value than the substrate and the species. Upon a proper scaling, the model is brought to the 
nondimensional form: ds/dτ = 1 − s((1 − δ)n + δ), dn/dτ = γ n(s – (κ + 1)/(κ + n)). The times-
cale parameter, γ = b(h – a Y)2/(a(b K – d Y)2), is a key property of the model showing to what 
extent the dynamics of the population is faster as compared with that of the substrate. It has 
been found that sustained oscillations are possible through a Hopf bifurcation. Depending on 
the value of γ the system may operate in two qualitatively different oscillatory regimes. At 
γ ~ 1, the population density executes sustained quasi-harmonic fluctuations about a single 
positive equilibrium. In this case, for ε = γ/(κ + 1) – 1 << 1, close to the Hopf bifurcation, an 
analytical solution could be obtained in the second approximation of the Krylov-Bogoliubov-
Mitropolski technique. At γ >> 1, when the substrate is “slow”, oscillations are characterized 
by high-density pulses separated by long time intervals, where the density is almost zero. Be-
tween successive spikes, the substrate concentration slowly increases exponentially. For high 
values of the timescale parameter, when the system is singularly perturbed, the approximate 
limit-cycle solution could be constructed using two separate approximations: the low density 
approximation and the high density approximation. It is believed that the described phenom-
enon could be reproduced experimentally in a chemostat-like system. The short pulse widths 
and the giant peak output biomass densities could be found interesting for applications in 
microbiology and biotechnology.

The present results are part of the research project 0116RK00250 performed under the aus-
pices of the Ministry of Education and Science of the Republic of Kazakhstan.
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COMPARATIVE STUDY OF ADSORPTION AND SCATTERING 
TECHNIQUES TO DETERMINE THE SURFACE FRACTAL 
DIMENSION OF NANOSTRUCTURED MATERIALS

Dániel Sebők1 – László Janovák1 – Ágota Deák1 – Dániel Kovács1 – András Sápi2 – Imre 
Dékány1,3

1Department of Physical Chemistry and Materials Science, University of Szeged, 1 Rerrich square, 
H-6720 Szeged, Hungary, e-mail: sebokd@chem.u-szeged.hu

2Department of Applied and Environmental Chemistry, University of Szeged, Szeged, Hungary
3MTA-SZTE Supramolecular and Nanostructured Materials Research Group, University of Szeged, 
Szeged, Hungary

In this study small-angle X-ray scattering (SAXS) and N2 adsorption techniques are com-
pared as appropriate methods for the characterization of the surface roughness of different 
type nanostructured materials [1]. The surface roughness can be quantitatively characterized 
by a well-known mathematical concept, namely the non-integer dimensions or fractals. In 
this work three different types of materials were investigated: 

1) TiO2/Hydroxyapatite(Hap) nanocomposites, 2) mesocellular and hexagonally ordered 
SiO2 supports and 3) ZnO2 and ZnO nanoparticles (NPs) synthesized by different methods. 
The catalytic properties of a semiconductor particle may be significantly influenced by the 
physical (not only the chemical) surface properties, so this study attempts to look for correla-
tion between the surface fractal properties and catalytic activity. 

Fig 1. Double logarithmic plot of the adsorption isotherm (A) and the SAXS curve (B) of TiO2/HAp nano-
composite for the determination of the surface fractal dimension (2<DS<3), and the Porod plot of the SAXS 
pattern (C) to calculate the surface roughness

Acknowledgments
The authors are very thankful for the financial support from The Hungarian Scientific Re-
search Fund (OTKA) PD 116224. The work was also supported by the János Bolyai Research 
Scholarship of the Hungarian Academy of Sciences of SA. 

References
1.	 M. Szekeres,  J. Tóth, I. Dékány, “Specific Surface Area of Stoeber Silica Determined by 

Various Experimental Methods”, Langmuir, 18, pp. 2678–2685, 2002



Oral presentations: Stochastic kinetics and simulation 

MaCKiE 2017 • 25–27 May, 2017	 13

Stochastic kinetics and simulation

EXPERIMENTAL AND MODELLING OF NO REDUCTION ON 
SILVER AND GOLD CATALYSTS

Anupam Abha1 – Vishnu S Prasad2 – Preeti Aghalayam3*

1Department of Chemical Engineering, Indian Institute of Technology Madras, Chennai, e-mail: 
ch15s014@smail.iitm.ac.in

2Department of Chemical Engineering, Indian Institute of Technology Madras, Chennai, e-mail: 
ch14s021@smail.iitm.ac.in

3Department of Chemical Engineering, Indian Institute of Technology Madras, Chennai, e-mail: 
preeti@iitm.ac.in

*Corresponding author

Nitrogen oxides are one of the most toxic pollutants causing several health and environmental 
hazards. Among various sources, automobiles are the biggest contributors to the emission of 
nitrogen oxides. Automobile exhausts need treatments which can simultaneously reduce emis-
sions of NO as well as other major pollutants such as carbon oxides, unburnt hydrocarbons 
etc. One of the most effective methods is selective catalytic reduction (SCR) using a reductant 
(CO, HC, NH3 etc.), where NO selectively gets reduced to N2 by a reductant on a catalyst.

Here we propose to perform experimental and modelling studies of selective catalytic 
reduction of NO using CO as a reductant over Au/Al2O3 and Ag/Al2O3 and compare the per-
formance of the catalysts.

We have already developed the microkinetic model for NO-CO consisting of 16 elemen-
tary reactions in our group for Pt/Al2O3 [1], which is further extended to silver and gold 
catalysts by incorporating modifications in the reaction parameters (activation energy and 
pre exponential factor). The activation energy of each reaction on Au/Al2O3 and Ag/Al2O3 is 
calculated using a semi empirical method, UBIQEP (unity bond index quadratic exponential 
potential) [2]. The pre-exponential factors for the respective reactions are maintained at an 
approximate value as per the transition state theory. The packed bed reactor simulations are 
done using a commercial software CHEMKIN PRO, incorporating the micro-kinetic model.

To validate the modelling results on both Au/Al2O3 and Ag/Al2O3 catalysts, lab scale ex-
periments will be performed. In the experimental setup we have three inlet gases (NO, CO, O2) 
which are passed through a pre-heater followed by a packed bed reactor placed within a quartz 
glass tube inside the furnace. The temperature is varied from 200°C to 650°C and the exhaust 
gases from the packed bed reactor are passed through a chemiluminescent detector which de-
tects the reduced NO emissions from the catalytic reactor. Furthermore we will be studying the 
effect of oxygen and hydrocarbons on the catalytic performance of silver and gold catalysts. 
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STRONG APPROXIMATIONS OF STOCHASTIC MODELS OF 
REACTION NETWORKS

Enrico Bibbona

For large values of the volume of reaction stochastic models of mass-action chemical kinet-
ics converge  to deterministic systems of differential equations (Kurtz, 70). Moreover for 
moderate V they can be approximated trajectory by trajectory by paths of a diffusion process 
(Kurtz, 76).

We will review such approximations and discuss a case where they fail.
Indeed when the state space is bounded (e.g. because concentrations cannot be negative 

or because conservation of mass prevents concentrations to become arbitrarily large), if the 
process visits the boundaries with non-negligible probability both the deterministic and the 
diffusion approximation fail.

We present a strong approximation by jump-diffusion processes which is robust to this 
event (joint work with colleague at University of Torino).

HYBRID MODELS: USING KRIGING TO IMPROVE ODE-BASED 
KINETICS 

Valentin Dallerit1 – Benoit Celse1 – Victor Costa1

1Reaction and Reactor Modelling Department, IFP Energies Nouvelles – Lyon,  Rond-Point de 
l’Echangeur de Solaize, 69360 Solaize, France, e-mail: victor.costa@ifpen.fr

Catalytic hydrocracking is used to convert heavy Vacuum Gas Oil (VGO) residue to more 
valuable middle distillate and/or naphtha cuts. Hydrocracking of VGO residue is performed 
in a two-step process: a hydrotreatment (HDT) section followed by a hydrocracking step in 
a separate reactor. Models are mainly developed to optimize process design and operating 
conditions to maximize desired cuts and product characteristics. Historically, ODE-based ki-
netic models were used to predict the nitrogen content in the output of the HDT section1. The 
advantage of these models is the ability to insure known experimental trends. However, many 
phenomena are not taken into account due to incomplete description of the entire physico-
chemical system. This leads to inaccurate predictions. Recently, new modeling approaches, 
such as Kriging2, allow to increase precision using advanced mathematics. Unfortunately, 
these models lack in robustness and cannot ensure known trends.

The goal of this study is to develop a hybrid model which preserves the advantages of both 
methods while moderating the inconvenient.

Prior to this study, an ODE-based kinetic model was developed to represent well-known 
trends. The idea is to use this model as a predictor and then correct the output using a Krig-
ing model. The correction should represent the lack of knowledge about reactivity. For this 
reason, it is applied as a multiplication factor on the prediction: Y(x) = F(x). K(x) where Y 
stands for the outlet nitrogen content, F is the ODE-based kinetic and K: the Kriging model. 
It is imposed that the correction is stronger near the calibration database. To do so, when x is 
far from experimental data, K(x) tends to 1.



Oral presentations: Stochastic kinetics and simulation 

MaCKiE 2017 • 25–27 May, 2017	 15

This methodology was applied to 114 experimental data points acquired in a fixed-bed 
pilot plant at IFPEN using a commercial HDT hydrocracking catalyst and 13 VGO feed-
stocks from different geological origins. Feedstock characteristics (SIMDIS, sulfur/nitrogen 
content, aromatic carbon content etc.) are known. Experimental data covers a wide range of 
operational conditions (reactor temperature, liquid hourly space velocity…). A validation set 
was created using 25% of the available points by random selection. 

Results show an important improvement on the learning set evolving from 70% of the 
points in the experimental uncertainty range (±15%wt) to 100%. The overall robustness is 
preserved since the quality of the simulations on the validation set stays similar when com-
pared to the original ODE-based system (about 82%). This shows that it is possible to im-
prove traditional models accuracy using hybrid approaches without losing precision, even 
outside the leaning database (extrapolation). 
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STOCHASTIC THERMODYNAMICS OF REACTIVE SYSTEMS: 
AN EXTENDED LOCAL EQUILIBRIUM APPROACH 

Jean-François Derivaux1,2 – Yannick De Decker1,2 – Grégoire Nicolis1

1Center for Nonlinear Phenomena and Complex Systems (CENOLI), Université libre de Bruxelles 
(ULB), Campus Plaine, C.P. 231. B-1050 Brussels, Belgium, e-mail: jderivau@ulb.ac.be

2Nonlinear Physical Chemistry Unit, Université libre de Bruxelles (ULB), Campus Plaine, C.P. 231. 
B-1050 Brussels, Belgium

In small systems, the relevant physical quantities are subjected to fluctuations. Over recent 
years, progress in experiments along with new theoretical developments led to the emergence 
of a new field known as stochastic thermodynamics. The aim of this framework is to try and 
generalize the laws of thermodynamics to small systems.

Not long ago a novel approach to stochastic thermodynamics was introduced [1], which 
is based on the extension of the local equilibrium hypothesis to state variables in mesoscopic 
systems. Starting from macroscopic non-equilibrium thermodynamics, the approach enables 
to derive Langevin equations for thermodynamic variables of interest such as heat or entropy.

In this talk, we will show how this formalism can be applied to single variable and mul-
tivariate chemical reactions in small networks [2]. More particularly, we will focus on the 
fluctuating entropy production of those systems. The probability distribution of entropy pro-
duction was analytically derived in different states of the network: at equilibrium, in non-
equilibrium steady states or near a criticality. In each case, the shape of the probability fol-
lows a specific law. Moreover, the different statistical moments can be related to the macro-
scopic parameters of the network. Furthermore fluctuations theorems for entropy production 
were derived and compared to other existent theorems. The non-linearities in the network 
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coupled with fluctuations are also shown to modify the mean of the entropy production com-
pared to the deterministic predictions. Numerical simulations reinforced the analytical results 
discussed.
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THE INTERPLAY BETWEEN TOPOLOGY AND FLUCTUATIONS 
IN THE THERMODYNAMICS OF CHEMICAL NETWORKS 

Matteo Polettini – Artur Wachtel – Massimiliano Esposito

Complex Systems and Statistical Mechanics, University of Luxembourg, 162a avenue de la 
Faiencerie, L-1511 Luxembourg (G. D. Luxembourg) 

Large chemical networks subtend complex biochemical processes crucial to life, such as 
metabolism, respiration, and signal transduction. All such processes operate thermodynamic 
cycles far from equilibrium that transform environmental resources into valuable products, 
at the expense of high-entropy waste. While the chemistry of an Avogadro’s number of mol-
ecules is well described by macroscopic rate equations, at the cellular level the number of 
molecules involved might be small, allowing for significant fluctuations that are better de-
scribed by means of the Markovian Chemical Master Equation. It is now well-understood 
that certain topological properties of the network, such as the deficiency, play a crucial role 
for chemical dynamics. 

In this talk we analyze chemical networks under the light of Stochastic Thermodynamics, 
a rigorous theory of the thermodynamics of nonequilibrium systems subject to fluctuations. 
Assuming that closed macroscopic chemical networks “in a box” abide by elementary laws 
of physics (the second law of thermodynamics, mass conservation, the mass-action law), we 
provide a framework to describe open chemical networks subjected to the influx of chemo-
stats, chemical species steadily provided by the environment [1]. We describe the effect of 
chemostats on the topology of the network, in particular on cycles that support thermody-
namic transformations of the free energy differences. We discuss the effect of topology on 
efficiency and conservation laws. We then consider small numbers of molecules, showing 
that at steady states the surplus production of entropy due to fluctuations is related to the 
deficiency of the network [2]. 
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Reaction-diffusion systems

A NOVEL SOLUTION STRATEGY FOR THE SIMULATION OF 
BULK RAFT POLYMERIZATION 

Nils De Rybel1 – Paul H.M. Van Steenberge1 – Marie-Françoise Reyniers1 – Dagmar R. 
D’hooge1,2 – Guy B. Marin1

1Laboratory for Chemical Technology (LCT), Ghent University, Technologiepark 914, B-9052 Ghent, 
Belgium

2Centre for Textiles, Science and Engineering, Ghent University, Technologiepark 907, B-9052 Ghent, 
Belgium

Reversible addition fragmentation chain transfer (RAFT) polymerization allows to synthe-
size polymer products with a well-defined microstructure within comparable reaction times 
as Free Radical Polymerization. Using the pseudo steady state assumption a novel deter-
ministic approach is presented to calculate the concentrations of all individual macrospecies 
in RAFT polymerization, using chain length dependent apparent rate coefficients to fully 
account for the impact of diffusional limitations.[1] For RAFT polymerization of styrene initi-
ated by 2,2’-azobis(2-methylpropionitrile) and 2-cyano-2-propyl dodecyl trithiocarbonate, 
this solution strategy is successfully applied to model experimental data over a broad range 
of conditions. The changes in dispersity profiles for less controlled conditions can be better 
understood by focusing at the fraction of short macroradicals. Additionally when comparing 
FRP with RAFT polymerization it is clear that the impact of the differences in chain length 
always result in a rate retardation of the latter. The solution is compared to the conventional 
(extended) method of moments in combination with an a priori assumed Poisson or Flory-
Schulz distribution to calculate average properties of the polymer product.[2] For polymeriza-
tions with a strong gel-effect (e.g. methyl methacrylate) it is demonstrated that a full kinetic 
model taken into account all chain lengths explicitly is needed to accurately represent the 
RAFT polymerization kinetics. 
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NEW, SIMPLE METHOD OF DETERMINING NECESSARY 
CONDITIONS OF DEAD ZONE FORMATION

Grzegorz Król1 – Mirosław Szukiewicz1 
1Department of Chemistry, Rzeszow University of  Technology,  Av. Powstancow Warszawy 6, 35-
959 Rzeszow, Poland, e-mail: ich_gk@prz.edu.pl

The great majority of practical heterogeneous catalysts are solids and the great majority of 
reactants are gases or liquids. Heterogeneous catalysis is of paramount importance in many 
areas of the chemical and energy industries. It is worth to notice that diffusion of reactants 
into catalyst pellet affect overall rate of these production processes as well as reaction rate. 
If intrinsic diffusion is much slower than reaction rate, concentration of reactant inside pellet 
decreases rapidly. For sufficiently strong diffusional limitations concentration in the pellet 
can even vanish to zero. Then in a pellet centre zone without reaction (so called `dead zone`) 
is formed. Fundamental investigations on dead zone were carried out already by Aris (1975).  

Dead zone is a central part of catalyst pellet where chemical reaction does not occur. 
As a consequence, the pellet is not fully utilized and efficiency of catalytic process de-

crease. Conditions of dead zone formation still have not been fully formulated. Usually, in 
literature, there are presented the types of kinetic equations for which such zone could appear 
(i.e. necessary conditions of dead zone formation). To meet them is insufficient to be sure that 
dead zone appears in the pellet. Additionally diffusional limitations must be sufficiently large 
i.e. Thiele modulus value should be larger than critical Thiele modulus.

Extensive investigations on necessary conditions of dead zone formation were done by 
Andreev (2013). He applied Lagrange theorem to mass- and thermal-balance equations of 
catalyst pellet. In this way he obtained procedure of determining necessary conditions based 
on calculations of two appropriate function limits. Results of applying his method to few well 
known reaction systems with Langmuir-Hinshelwood and power law kinetic equations were 
summarized in (Andreev, 2013).

For simple kinetic functions Andreev’s algorithm work well, but for more complex ones 
particular cases could be easily omitted. We present a new method of determining necessary 
conditions of dead zone formation (Król and Szukiewicz, 2016). The new method is based 
on simpler mathematics and is more intuitive than presented formerly. It allows to find the 
necessary conditions for commonly used in biochemistry kinetic equations (yet undiscussed 
in literature) as well as to find and fill some gaps in already published results, e.g. for two-
reagent reaction system (Andreev, 2013). 
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EXPLORING THE FUNDAMENTALS IN CATALYTIC PARTIAL 
OXIDATION OF METHANE: THE INTERACTION BETWEEN 
DIFFUSION AND REACTION IN A PACKED BED REACTOR

Songjun Liu1 – Ana Obradović1 – Joris W. Thybaut1* – Guy B. Marin1

1Laboratory for Chemical Technology, Ghent University, Technologiepark-Zwijnaarde 914, 9052 
Gent, Belgium, *email: joris.thybaut@ugent.be

Catalytic partial oxidation of methane (CPO) on Rh is a promising route for syngas produc-
tion. Its high reactivity and short space time operation offer interesting opportunities, yet, 
simultaneously present significant challenges. E.g., in the reactor design irreducible diffusion 
limitations caused by high surface reactivity dramatically impact on the reactor performance. 
A heterogeneous packed bed reactor model explicitly accounting for internal and external dif-
fusion limitations was used to obtain inter- and intra-particle species and temperature profiles 
along the reactor axis in the following range: Ptot = 0.1‒1 MPa, Tin = 773‒1273 K, W/FCH4,0 = 
0.774 kg s mol-1, V/Ftot,0 = 1.73·10-4 m3 s mol-1, CH4/O2/N2 = 2/1/4 (v/v/v), dp = 0.4‒1.2 mm. 
Microkinetics for CPO on Rh and methane homogeneous combustion were employed.1 The 
model was validated by comparing the simulation results with the literature reported experi-
mental information. On the pellet scale, external and internal gradients for both reactants and 
products were observed indicating that the reaction was highly limited by diffusion at typical 
CPO operating conditions. Increasing the Rh active surface area shifted the reactor behaviour 
from hybrid to transport control regime in the entrance zone. A further increase had little 
impact on O2 profile along the reactor length, while it slightly increased CH4 conversion due 
to slow steam reforming. Increasing the catalyst pellets diameter strongly reduced the reac-

tor performance because larger 
catalyst pellets and larger void 
space between these pellets en-
hanced diffusion limitations. 
Particularly for these larger 
catalyst pellets, homogeneous 
combustion reactions become 
very important at elevated 
pressures, i.e., a true ignition 
is observed at about 1/3 of the 
total bed length for catalyst of 
1.2 mm at 1 MPa, see (Fig.1).

Fig. 1. Gas and solid temperature profiles along the reactor length for different particle size. (Ptot = 1 MPa, 
Tin = 773 K, W/FCH4,0 = 0.774 kg s mol-1, V/Ftot,0 = 1.73·10-4m3 s mol-1, CH4/O2/N2 = 2/1/4 (v/v/v))
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MODELLING OF THE HYDROGENASE FRONT REACTION

László Gyevi-Nagy1 – Emese Lantos1 – Ágota Tóth1 – Dezső Horváth2

1Department of Physical Chemistry and Materials Science, University of Szeged, Aradi vértanúk tere 
1, H-6720 Szeged, Hungary, e-mail: atoth@chem.u-szeged.hu

2Department of Applied and Environmental Chemistry, University of Szeged, Rerrich Béla tér 1, 
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Hydrogenases are natural metalloenzymes that catalyze the reversible reaction between mo-
lecular hydrogen and hydrogen ion. It was shown experimentally1 that the hydrogen oxida-
tion of HynSL hydrogenase from Thiocapsa roseopersicina proceeds through autocatalytic 
steps. Furthermore, carrying out the reaction in thin layer in the presence of reduced benzyl 
viologen yields reaction fronts propagating with constant speed. The reaction is unique, since 
the autocatalyst is inside the enzymatic cycle and the autocatalyst and the intermediates are 
different forms of the enzyme. The reaction also exhibits different pH dependence in oxida-
tion and reduction directions.2 

A chemically realistic model is constructed to corroborate the experimental findings. The 
model not only describes the enzyme and electron acceptor concentration dependence of the 
front velocity, but also reproduces the experimental values within the experimental error. The 
critical enzyme concentration, where the reaction front disappears, is explained considering 
the stability of the reactant state, while the nearly constant front velocity at low electron ac-
ceptor to enzyme concentration ratios is associated with the change in the shape of the front 
in this region. The pH dependence of the enzyme activity is also reproduced both in the acidic 
and in the basic regions.

Acknowledgement 
The financial support of the Hungarian Science Foundation (K84090) is gratefully acknowl-
edged. 

References
1.	 G. Bodó, R.M.M. Branca, Á. Tóth, D. Horváth and Cs. Bagyinka, “Concentration-de-

pendent front velocity of the autocatalytic hydrogenase reaction”, Biophys. J., 96, pp. 
4976–4983, 2009

2.	 Cs. Bagyinka, G. Pankotai-Bodó, R.M.M. Branca and M. Debreczeny, “Oscillating hy-
drogenase reaction”, Int. J. Hydrogen Energy, 39, pp. 18551–18555, 2014



Oral presentations: Reaction-diffusion systems 

MaCKiE 2017 • 25–27 May, 2017	 21

 AN ANALYTICAL METHOD FOR OPTIMIZING THE PORE 
NETWORK ARCHITECTURE OF LITHIUM-ION BATTERY 
ELECTRODES

Xinkuan Song – Guanghua Ye – Xinggui Zhou*

State Key Laboratory of Chemical Engineering, East China University of Science and Technology, 
Shanghai 200237, China, e-mail: xgzhou@ecust.edu.cn

With advantages of high energy density, long cycle life, and environmental benignity, lithium 
ion battery (LIB) has been widely used in consumer electronics since it was firstly commer-
cialized by Sony in 1991. At present, an emerging application of LIB is to power the electric 
vehicle that demands LIB with higher energy and power densities to extend its driving range 
and speed range. Among the various approaches to improve energy and power densities, 
optimizing the pore network architecture of electrodes is very effective, attracting attention 
from both academy and industry. In most of these studies, numerical methods are used to 
investigate the effects of pore network architecture on the performance of LIB. However, 
these numerical methods are inefficient in terms of optimizing the pore network, because the 
structural variables for optimization are large in number, including pore size, porosity, thick-
ness etc. Therefore, an analytical method is needed to effectively optimize the pore network 
with various structural variables. 

In this contribution, an analytical method is proposed to optimize the hierarchical pore 
network of LIB electrodes. This analytical method is based on the 2D Newman model [1], 
which describes the coupled processes of Li+ diffusion in electrolyte and active material, elec-
tron conduction, and electrochemical reaction. An effective tortuosity is introduced to reflect 
the overall Li+ diffusion resistance in an electrode, and subsequently to correspond to the 
performance of the electrode. To obtain the analytical expression of this effective tortuosity 
that includes all the structural variables, the parallel resistor principle is applied to integrate 
the Li+ diffusion resistances in the hierarchical pore network [2]. This analytical method is 
validated by comparing the analytical solutions with the numerical ones calculated by using 
COMSOL. Finally, employing this analytical method, the pore network architecture of a 
commercial LIB, i.e., Sony UP383562, is optimized. The volumetric power density increases 
by 60% with a favourable energy density for the electrode with a low thickness (61 μm); 
while the energy density increases by 110% at 0.2 C for the electrode with a high thickness 
(305 μm).
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Chemical reaction networks and chemical reactor network theory

EXISTENCE, UNIQUENESS, AND STABILITY OF STEADY 
STATES OF MASS-ACTION SYSTEMS

Balázs Boros1 
1Johann Radon Institute for Computational and Applied Mathematics, Austrian Academy of Sciences, 
Linz, Austria, e-mail: balazs.boros@ricam.oeaw.ac.at

We give an overview on the existence, uniqueness, and stability results on the steady states 
of mass-action systems. The theory goes back to Feinberg, Horn, and Jackson, they started to 
derive general results on chemical reaction networks in the 1970’s. In the last two decades, 
a renewed attention has been paid to the theory, and significant results have been developed. 
We touch the Deficiency-Zero- and Deficiency-One Theorems, the Deficiency-One Algo-
rithm, the Global Attractor Conjecture, the Deficiency-Zero Theorem for generalized mass-
action systems, and other famous results.

KINETIC INTERSECTIONS AS A SOURCE OF INFORMATION 
ON RATE COEFFICIENTS

Daniel Branco P.1,* – Gregory S. Yablonsky2 – Guy B. Marin3 – Denis Constales1

1Department of Mathematical Analysis, Ghent University, Building S-8, Krijgslaan 281, B-9000, 
Ghent, Belgium

2Parks College of Engineering, Aviation and Technology, Saint Louis University, 3450 Lindell Blvd., 
Saint Louis, MO 63103, USA

3Laboratory for Chemical Technology, Ghent University, Technologiepark 914, B-9052 Ghent, 
Belgium

E-mails: Denis.Constales@UGent.be (D.C.); gyablons@slu.edu (G.Y.); Guy.Marin@UGent.be (G.M)
*Author to whom correspondence should be addressed; E-Mail: Daniel.BrancoPinto@UGent.be; Tel.: 
+32-09-264-4952; Fax: +32-09-264-4987

New results in extracting kinetic parameters of complex reactions based on the intersections 
of kinetic CSTR-dependences are presented. A general type of mechanism is described, as-
suming that it is possible to extract the rate coefficients from the CSTR-kinetic dependences.  
This mechanism has two parts bridged by a special step. The concept of the gateway sub-
stance is introduced. Different types of kinetic intersections are categorized. Special attention 
is paid to the so-called end intersection, i.e., the intersection between the concentrations of 
chosen substance and product concentration.

In accordance with the property theoretically discovered, all possible intersections of 
chemical species in a single sequence of reactions occur at values of space time which de-
pend only on the kinetic parameters of the sequence itself. Requirements are formulated for 
the chemical mechanisms and corresponding initial compositions. A mathematical method is 
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proposed to obtain numerically the kinetic parameters from the values of space time related 
to the intersection points. The approach is illustrated by examples of complex reactions, 
especially of typical consecutive and parallel reactions, and complex reactions of catalytic 
synthesis as well. This approach is a further development of concepts of joint kinetics origi-
nated in 2011 [1–7].
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GLOBAL KINETIC MODELLING AND REACTOR ANALYSIS OF 
LEAN NOX TRAPS CATALYSTS 
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Lean NOx traps (LNT) are one of the after-treatment techniques used for NOx abatement in 
lean burn gasoline engines. The challenge in the exhaust gas treatment of lean burn engines 
is to selectively reduce the ppm levels of NOx in the presence of percentage levels of oxygen. 
Traditional catalytic converters like TWC fail to yield good NOx reductions at these condi-
tions. The reactions that take place in LNT are not well established. The aim of this work is 
to develop a generic kinetic model for LNT and use it to design and analyse the LNT reactor 
for NOx after-treatment. In this work, we propose an overall reaction scheme consisting of 
16 global reactions that are modelled using LHHW Kinetics. 
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They can be categorised as oxidation reactions, NOx reduction reactions, Barium oxide-
NOx storage reactions and Ceria-oxygen storage reactions. They are a simplified version 
of the model proposed by [1]. The reactor considered is a monolith channel for which a 1D 
Heterogeneous model is used. The proposed model is validated against experimental data in 
literature [1–3]. It is demonstrated that the model is capable of predicting the performance 
of several catalyst formulations including Pt/BaO/Al2O3, Pt/Rh/BaO/Al2O3 and Pt/Rh/BaO/
Al2O3/ce2O3 with only a slight modification of parameters. Next the contribution of each of 
the proposed reactions in the scheme to the overall observed phenomena is analysed in order 
to determine the important steps. 

A complete reactor level analysis is performed to look into the ways of extending the time 
scale of lean phase, reducing the time scale of rich phase and reducing the dimensions of the 
reactor. The major aspects taken into consideration for analysis includes improving the fuel 
efficiency, reducing NOx emissions to meet the upcoming stringent emission standards and 
cost reduction by reducing the dimensions of the reactor which in turn reduces the amount 
of catalyst used. Analysis is done by varying the dimensions (length, diameter and cpsi) and 
operating conditions (temperature and flow rate) from the base set of conditions within a 
certain range.
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OPTIMAL CONTROL PROLBEMS FOR GROUNDWATER 
STRESSED BY AGRICULTURAL FERTILIZERS

Éloïse Comte1 
1Laboratoire MIA, Université de La Rochelle, 23 Avenue A. Einstein BP33060, 17031 La Rochelle, 
France, e-mail: eloise.comte@univ-lr.fr

The talk is devoted to a problem driven by contrasted time scales (fast reaction time scale, 
medium transport time scale, short-term profit and long-term environmental policies).

An optimal control problem of underground water contaminated by agricultural pollu-
tion is considered. The spatio-temporal objective takes into account the economic trade-off 
between fertilizer use and cleaning costs. It is constrained by a hydrogeological model which 
consists in a parabolic partial differential equation which is non linearly coupled through the 
convection term and the dispersion tensor with an elliptic equation, in a three-dimensional 
domain.
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The model of pollutant transport is fine-tuned, defining the dispersion operator depend-
ing nonlinearly of the velocity of the fluid which itself derives from another unknown of the 
problem giving the flow potential. To take into account long run consequences of the optimal 
policy, we consider the economic objective on an infinite time length. 

The model is the following:
subject to:

 with reaction term r, initial and boundary conditions that we choose in a wide variety. 
Taking into account the low-concentration of the pollutant in the underground, we derive 

rigorously the appropriate upscaled model and prove the existence and the uniqueness of its 
solution using singular perturbations and asymptotic analysis.
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DYNAMICS AND THERMODYNAMICS OF OPEN CHEMICAL 
NETWORKS

Massimiliano Esposito

Université du Luxembourg 

I will present a rigorous nonequilibrium thermodynamic description for open chemical reac-
tion networks of elementary reactions described by deterministic rate equations with mass 
action kinetics. The most general framework considers open networks driven by time-depen-
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dent chemostats. I will establish the energy and entropy balance and introduce a nonequi-
librium Gibbs free energy. The difference between this latter and its equilibrium form will 
be shown to represent the minimal work done by the chemostats to bring the network to its 
nonequilibrium state. It is minimized in nondriven detailed-balanced networks (i.e., networks 
that relax to equilibrium states) and has an interesting information-theoretic interpretation. 
The importance of the network topology (algebraic properties of the stoichiometric matrix) 
on the thermodynamics will be emphasized.
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HYDROTREATMENT OF C6 KETONES AND SECONDARY 
ALCOHOLS OVER SULPHIDED NIMO CATALYST: FIRST-
PRINCIPLES SUPPORTED MICROKINETIC STUDY

Brigita Hočevar1 – Miha Grilc1 – Matej Huš1 – Blaž Likozar1

1Department of Catalysis and Chemical Reaction Engineering, National Institute of Chemistry, 
Hajdrihova 19, 1000 Ljubljana, Slovenia, EU, e-mail: brigita.hocevar@ki.si

Using renewable feedstock for production of platform chemicals has recently been a topic of 
wide scientific research efforts. Cellulose and its monomer unit glucose is a promising com-
ponent of biomass for conversion into platform chemicals, due to high amount of oxygen-
containing functional groups.1-3 

Hydrotreatment of ketones (2-hexanone, 3-hexanone) and alcohols (2-hexanol, 3-hexanol) 
as a biomass model compounds was investigated in the presence of sulfided NiMo/ γ-Al2O3 
catalyst and hydrogen atmosphere in the temperature range between 225 °C and 275 °C. 
Hydrotreatment of ketones proceeded through alcohols and olefins into alkene. Different iso-
mers of olefins (1-hexene, cis-2-hexene, trans-2-hexene, trans-3-hexene and cis-3-hexene) 
were identified and quantified, showing the same selectivity regardless of the initial func-
tional group position. Experiments were performed in a cylindrical 300 mL batch stainless 
steel autoclave, reactants, intermediates and products were analysed by gas chromatograph 
and gas phase was analysed by FTIR analysis. Furthermore a microkinetic model for three-
phase slurry reactor was developed based on mass transfer from dispersed bubbles to the 
bulk liquid, mass transfer from bulk liquid to the catalyst surface, adsorption and desorption 
kinetics and surface reaction kinetics and fitted to the experimental data in order to obtain 
the corresponding parameters. Ab initio quantum chemical calculations were performed to 
complement experimental data. Density functional theory (DFT) calculations were used to 
calculate the activation energies and equilibrium constants for comparison with calculated 
values from modelling and in turn for explanation of reaction mechanisms, which were com-
pared with their values from microkinetic modelling, showing remarkable agreement. 
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OSCILLATIONS IN THE LOTKA-FARKAS REACTION

Josef Hofbauer

Department of Mathematics, University of Vienna, Austria, e-mail: Josef.Hofbauer@univie.ac.at

The simplest chemical oscillator goes back to Lotka. 
Farkas and Noszticzius (1985) and Dancso et al (1991) considered generalized Lotka reac-

tions with power-law kinetics and provided a local stability and bifurcation analysis as well 
as first integrals.

We continue their investigations. In particular we solve the center problem: For which 
Lotka-Farkas systems is the unique positive equilibrium surrounded by periodic orbits only? 
As a byproduct we obtain systems with two limit cycles.

This is joint work with Balazs Boros, Stefan Müller and Georg Regensburger. 
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BIFURCATION ANALYSIS OF DETAILED COMBUSTION 
MECHANISMS

Istvan Lengyel 

SABIC Tehnology and Innovation, Sugar Land, TX

Performing bifurcation analysis of complex detailed chemical mechanisms that are used for 
simulation of combustion systems is a computationally difficult task. The difficulty arises 
from the fact that species concentrations in these non-isothermal systems may span 10–20 
orders of magnitude.  It is general that many of the species that are important at certain con-
ditions may become irrelevant at different ones along a solution branch. Nevertheless, the 
continuity of the solution demands that the relevant species be present for the whole solution 
branch. Handling these species numerically becomes a very difficult task during computa-
tion of both steady states, and eigenvalues that are used for detecting various bifurcation 
points. Here we present a general methodology that enables us to reliably perform numeri-
cal bifurcation analysis on these systems. The method is based on easy to adopt coordinate 
transformations that utilizes numerical algorithms’ built-in handling of machine precision. 
The method is tested on combustion mechanisms consisting of up to 250 species and over a 
thousand reactions.  The method also allows us to simplify complex mechanisms to the most 
relevant species and reactions that replicates the bifurcation behavior of the more complex 
mechanism as redundant species along solution branches can be identified and eliminated 
subsequently. Examples are shown for partial oxidation of hydrocarbons.

MOLECULAR POTENTIAL ENERGY SURFACES AS 
FRAMEWORKS FOR REACTION KINETICS

Paul G. Mezey

Canada Research Chair in Scientific Modeling and Simulation, Editor, Journal of Mathematical 
Chemistry, Department of Chemistry, and Department of Physics and Physical Oceanography, 
Memorial University of Newfoundland. 283 Prince Philip Drive, St. John's, NL, A1B 3X7 
CANADA Tel.: 1 709 749 8768 Fax: 1 709 864 3702; e-mail: paul.mezey@gmail.com; http://www.
mun.ca/research/chairs/mezey.php 

Potential energy hypersurfaces, where the energy functions belonging to a given stoichiom-
etry are dependent on the nuclear coordinates, provide a general framework for the study 
of chemical reactions, molecular rearrangements, and conformational changes. These hy-
persurfaces are typically of high dimensions where visualization is difficult, however, their 
mathematical properties provide useful shortcuts, simplifications, and important rules on the 
interrelations among reaction mechanisms, including an algebraic structure, the Fundamental 
Group of Reaction Mechanisms, derived from the algebraic topology of such hypersurfaces. 
Alternative group-theoretical properties are exploited in the symmetry-conservation relations 
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along reaction paths and two generalizations of symmetry, syntopy and symmorphy, serve as 
tools for identification of optimality conditions in a family of reactions occurring along these 
hypersurfaces.
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THE MODEL OF “MINIMAL OSCILLATOR” OF THE 
H2O2  – NASCN – NAOH – CUSO4  DYNAMICAL SYSTEM

Mikołaj Jędrusiak1 – Albin Wiśniewski1 – Marek Orlik1 
1Faculty of Chemistry, University of Warsaw, ul. Pasteura 1, Poland, e-mail: morlik@chem.uw.edu.pl

Oscillatory chemical reactions are usually characterized with complicated kinetic mecha-
nisms. However, the essential source of the oscillations can often be reduced to only a few 
reaction steps providing the alternative domination of the positive and negative feedback 
loops. In an extreme case such a reduction leads to the so-called “minimal oscillator”. In our 
work we studied the H2O2  – NaSCN – NaOH – CuSO4 homogeneous oscillator, discovered 
by M. Orbán [1]. Our aim was to reduce significantly the original mechanism proposed by 
Luo et al. [2] and engaging 26 intermediates as dynamical variables. In a series of recent pa-
pers we have described the nine-variable [3], five-variable [4] and the three variable mecha-
nisms [5], the latter one considered by us a minimal oscillator for this dynamical system. The 
methodology involved intuitive analysis of the reaction mechanism, supported by numerical 
calculations of the reaction dynamics, linear stability analysis, as well as comparative spec-
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trophotometric measurements. The proposed minimal oscillator model includes the autocata-
lytic loop involving X species and negative feedback caused by competitive interaction of 
X with Q, produced from R formed together with X (the so-called “coproduct autocontrol”). 
The model includes also the adjustable stoichiometric parameter m that controls the presence 
of autocatalysis and determines the Hopf bifurcation limits. Finally we show that the three-
variable model is really a minimal oscillator since its further reduction to two-variable vari-
ant by adiabatic elimination of one more dynamical variable is not possible.

X
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INHERITANCE OF BISTABILITY IN MASS ACTION REACTION 
NETWORKS

Casian Pantea1 – Murad Banaji2 
1West Virginia University
2Middlesex University London

This talk focuses on the question of bistability, or existence of multiple (stable) positive 
equilibria, a dynamical property that underlies important cellular processes, and a recurring 
theme in recent work on reaction networks. Namely, we consider the question: "when can 
we conclude that a network admits multiple stable positive equilibria based on analysis of its 
subnetworks?” We identify a number of operations on reaction networks that preserve bista-
bility as we build up the network, and we illustrate the power of this approach on the much-
studied Huang-Ferrell MAPK cascade. Work in this direction is an essential step towards a 
rigorous theory of “motifs”, a central theme in systems biology. 

SYSTEMATIC DESIGN OF REACTION SYSTEMS WITH 
PRESCRIBED BEHAVIORS: DETERMINISTIC AND 
STOCHASTIC METHODS

Tomislav Plesa1,* – Konstantinos Zygalakis2 –  David Anderson3 – Radek Erban1

1Mathematical Institute, University of Oxford, United Kingdom
2School of Mathematics, University of Edinburgh, United Kingdom 
3Department of Mathematics, University of Wisconsin – Madison, United States
*Talk given by Tomislav Plesa.

In this talk, I will discuss methods for systematic design of reaction systems with desired 
dynamics. Two types of dynamical models of reaction systems will be considered: (i) the 
deterministic model, taking the form of the kinetic ordinary-differential equations, which 
govern the time-evolution of the species concentrations, and (ii) the stochastic model, taking 
the form of the chemical master equation, which governs the time-evolution of the species 
copy-numbers distribution, and which is consistent with the Gillespie stochastic simulation 
algorithm. The methods presented may play an important role in the growing field of syn-
thetic biology, where the designed systems may be physically realized (for example, using 
the so-called strand-displacement DNA computing).

Relatively simple reaction systems with exotic dynamics will be constructed. More pre-
cisely, I will present reaction systems whose deterministic models display multistability and 
oscillations (e.g. multiple oscillating solutions), and undergo specific bifurcations (e.g. a ho-
moclinic bifurcation). I will then present the so-called noise-control algorithm, which struc-
turally modifies any given reaction network under mass-action kinetics, in such a way that (i) 
the deterministic model is preserved, and (ii) controllable state-dependent noise is introduced 
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into the stochastic model. The algorithm will be used to redesign some of the exotic reaction 
systems at the stochastic level, in order to achieve noise-induced multistability, and noise-
induced oscillatory monostability. 

GLUCANS MONOMER-EXCHANGE DYNAMICS AS AN OPEN 
CHEMICAL NETWORK

Riccardo Rao1,A – Massimiliano Esposito1

1 Complex Systems and Statistical Mechanics, Physics and Materials Science Research Unit, 
University of Luxembourg, L-1511 Luxembourg, Luxembourg

A e-mail: riccardo.rao@uni.lu

We describe the oligosaccharides-exchange dynamics performed by so-called D-enzymes 
on polysaccharides. To mimic physiological conditions, we treat this process as an open 
chemical network by assuming some of the polymer concentrations fixed (chemostatting). 
We show that three different long-time behaviors may ensue: equilibrium states, nonequilib-
rium steady states, and continuous growth states. We dynamically and thermodynamically 
characterize these states and emphasize the crucial role of conservation laws in identifying 
the chemostatting conditions inducing them.
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SOME COMPUTER ALGEBRA TOOLS FOR INVESTIGATION OF 
BIOCHEMICAL  MODELS DESCRIBED BY SYSTEMS OF ODES

Valery G.  Romanovski 1,2,3 

1Faculty of Electrical Engineering and Computer Science, University of Maribor, Smetanova 17, 
Maribor, Slovenia, e-mail: valerij.romanovskij@um.si

2Center for Applied Mathematics and Theoretical Physics, University of Maribor, Mladinska 3, 
Maribor Slovenia

3Faculty of Natural Science and Mathematics, University of Maribor, Koroška cesta 160, Maribor, 
Slovenia

We give an introduction to algorithms of the elimination theory and methods for solving 
of polynomial systems and show how they can be used for the qualitative investigation of 
autonomous systems of ordinary differential equations arising in modeling of biochemical 
networks. An application to the study of the May-Leonard system, which models some eco-
logical and chemical processes, is considered in more details. Some first integrals and peri-
odic solutions in the system are found.  Hopf bifurcations are discussed. 
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POSITIVE LINEAR ELIMINATION OF SPECIES

Meritxell Saez1* – Elisenda Feliu1  – Carsten Wiuf1 
1Department of Mathematical Sciences, University of Copenhagen
*e-mail: meritxell@math.ku.dk

The steady states of a chemical reaction network with mass-action kinetics are solutions to 
a system of polynomial equations. Even for small systems, finding the steady states of the 
system is a very demanding task and therefore methods that reduce the number of variables 
are desirable. In [1] the authors give one such method, in which so-called non-interacting 
species are eliminated from the system of steady state equations. 

We extend this method for the elimination of what we call reactant non-interacting species 
and give some conditions that ensure the positivity of the elimination obtained, that is, for 
positive values of the reaction rate constants and the non-eliminated species, we ensure that 
the eliminated species are positive as well. In particular, if enough species can be eliminated, 
then this method provides a parametrisation of the positive part of the steady state variety.

References
1.	 E. Feliu and C. Wiuf. Variable elimination in chemical reaction networks with mass-

action kinetics. SIAM J. APPL. MATH., Vol. 72, No. 4, pp. 959–981, 2012.

PARAMETER FITTING IN MODELS OF COMPLEX 
REACTIONS TO EXPERIMENTALLY OBSERVED 
OSCILLATORY DYNAMICS USING REACTION NETWORK 
THEORY

F. Muzika – V. Radojković, L. – Schreiberová – Igor Schreiber

Department of Chemical Engineering, University of Chemistry and Technology, Prague, Technická 5, 
166 28 Prague 6, Czech Republic

Oscillatory enzyme reactions frequently have complex mass action based mechanisms. A 
model based on such a mechanism has the problem of difficult identification of rate coef-
ficients that would provide dynamics consistent with experimentally observed oscillations. 
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The rate coefficients of elementary steps are typically unavailable, instead, equilibrium con-
stants for some of the reversible steps may be known. One way of overcoming this difficulty 
is to reduce the model using quasi-steady-state assumption resulting in a simplified enzyme 
mechanism for which some parameters, such as maximum rate, Michaelis constant and vari-
ous inhibition constants may be obtained by fitting to measured data. We adopt a different 
approach based on the mass action kinetics that makes use of stoichiometric constraints and 
the theory of stability of reaction networks. For a system where oscillatory dynamics were 
experimentally observed, the mass action mechanism is formulated and the corresponding 
network is decomposed into subnetworks. The original parameters – the rate coefficients 
– are replaced by convex parameters – the weights of the convex combination of the subnet-
works and steady states. Next, oscillatory subnetworks are identified, which implies preferred 
choices for the steady state concentrations, and a convex combination of all the subnetworks 
is sought such that a suitable oscillatory subnetwork is dominant. By varying the extent of its 
dominance, a Hopf bifurcation is eventually found and the rate coefficients of all the reaction 
steps are determined from the convex parameters. This formulation requires certain con-
straints implied by known data either from literature (some kinetic or equilibrium constants) 
or from the experiment (inflow rates of reactants, some measured steady state concentra-
tions) to be satisfied. We have been able to find kinetic parameters for oscillatory conditions 
in models consistent with experiments for the catalase-hydrogen peroxide-glucose-oxidase-
glucose system and for the urea-urease system.

FLATNESS-BASED MODEL SELECTION  
OF A BENZALDEHYDE LYASE CATALYSED BIOCHEMICAL 
REACTION NETWORK

Moritz Schulze1,2 – René Schenkendorf1,2

1Institute of Energy and Process Systems Engineering, TU Braunschweig, Franz-Liszt-Straße 35, 
38106 Braunschweig, Germany, e-mail: r.schenkendorf@tu-braunschweig.de

2Center of Pharmaceutical Engineering (PVZ), TU Braunschweig, Franz-Liszt-Straße 35a, 38106 
Braunschweig, Germany

Profit margins in the highly competitive pharmaceutical industry have been constantly de-
clining over the last decades because of increasing research and development costs [1]. In the 
development and production of active pharmaceutical ingredients (APIs) biochemical path-
ways play an important role. Mathematical models have been proven beneficial to optimal 
bioprocess design and to system understanding. Biochemists, however, often face a plurality 
of mathematical models that attempt to describe the complex biochemical reaction network 
of an experimental outcome. The identification of the best model candidate, that reproduces 
closest the physical process, is a crucial task for identifying the underlying system mecha-
nisms and predicting its behaviour – in particular in the strongly regulated pharmaceutical 
market. Conducting model-revealing experiments, in turn, is in general time-intensive and 
expensive. In this work, we analyse a benzaldehyde lyase catalysed reaction network with-
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in the framework of optimal experimental design (OED) for an improved model selection 
outcome. We falsified improper models from a set of model candidates by 1) showing that 
the individual models satisfy differential flatness conditions and 2) solving an optimisation 
problem that makes use of the flatness property and its mathematical basics. Flatness-based 
methods have been widely applied in nonlinear control problems since the introduction of 
differentially flat systems by Fliess et al. in the 1990s, especially in the field of mechanics 
[2], and were recently introduced for model calibration problems of (bio)chemical systems 
[3]. Flat outputs of a dynamic system parameterise its states and control functions entirely, 
thus, enabling straightforward analytic trajectory planning and controller design. We suc-
cessfully transferred the mathematical principles of the flatness concept to a model selection 
problem and a model-revealing optimal experimental design framework, respectively. We 
analytically obtained the best available model candidate without the limitations of linearising 
or integrating non-linear differential equations, and derived optimal experimental conditions 
for subsequent validations at the same time. Moreover, we used this concept as an analysis 
tool to measure limits and applicability of the different models leading to an analytic insight 
where and how well the models had been defined in state-space.
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Chemical reaction network models in the form of ordinary differential equations are widely 
used in the modeling of (bio)chemical processes or other nonnegative systems such as eco-
logical, disease or even transportation dynamics [1,2]. It is known that important dynamical 
phenomena occurring in nature or in technological systems can often be explained in a sat-
isfactory way by using explicit time-delays in the equations. To support the computational 
treatment of delayed models, it is common to approximate the original system’s dynamics 
by a set of ordinary differential equations through introducing auxiliary state variables. One 
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popular approach for doing this is the so-called chain method [3] for which there exist use-
ful results on the quality of approximation depending on the non-linearities and the number 
of additional approximating equations [4]. In this contribution we define and study a class 
of delayed reaction network models derived from classical mass action kinetic systems by 
allowing different (but constant) delays corresponding to certain reactions of the network. 
More precisely, we assume that the source and product complexes of delayed reactions con-
tain exactly one species, while there are no constraints on the source and product complexes 
of non-delayed reactions in the network. Applying the modified chain method [4], we show 
that the approximating ODE of the delayed reaction network remains kinetic (i.e., it is always 
a mass action model), and therefore it is straightforward to obtain its reaction graph. The ap-
proximation involves n new state variables which correspond to n additional complexes in 
the reaction graph, where the positive integer n is a design parameter determining the preci-
sion of the approximation. We show that the approximation preserves the number of linkage 
classes, deficiency and weak reversibility of the original network. Additionally, we define 
the notion of complex balance for delayed kinetic systems. As a main result, it is shown that 
the proposed approximation preserves the complex balanced property of the system for any 
finite number of n.
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DISSIPATION IN NOISY CHEMICAL NETWORKS:  
THE ROLE OF DEFICIENCY
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In the interior of biological cells, various chemical reactions take place fulfilling tasks like 
energy transport and transduction, sensing, information storage and processing, as well as 
regulation tasks and production of biomass. These reactions can be considered complex 
chemical reaction networks since they involve hundreds to thousands of chemical species 
and thousands of reactions. The dynamics of these systems is typically modelled either on the 
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microscopic level with stochastic processes including all the intrinsic noise, or on a coarse-
grained level using deterministic rate equations thus neglecting any noise or correlations. On 
both levels there is a natural thermodynamic description. We study the effect of the micro-
scopic noise on the thermodynamic balances in these processes and compare the stochastic 
to the deterministic description from a thermodynamic perspective.

For reaction networks one defines a topological quantity known as structural deficiency, 
which is known to determine the possibility of complex behavior such as multistability and 
oscillations. We show that this quantity also characterizes the entropic balance. In particular, 
when the deficiency is zero the average stochastic dissipation rate equals that of the corre-
sponding deterministic model. [1]

At steady state the topological cycles in the network play a key role in quantifying the 
thermodynamic dissipation in terms of the entropy-production rate [2]. We give a classifica-
tion of cycles based on the two concepts of deficiency and dissipation. Thus capturing their 
dynamic and thermodynamic contributions to the steady state of the system without the need 
to explicitly calculate the steady state.

We illustrate our findings with a toy model for cellular metabolism, allowing us to briefly 
comment on the implications on linear response close to equilibrium. While it was known 
in the literature that coarse graining typically underestimates dissipation, we show that for a 
class of systems including our toy model dissipation is systematically overestimated when 
performing the large scale limit. This phenomenon highlights that there is a close interplay 
between deficiency and the activation of new dissipative processes at low molecule numbers.
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AND CHEMICAL ENGINEERING
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In chemical kinetics and chemical engineering, it is crucial to solve problems related to dis-
tinguishing linear and non-linear behavior:
1.	 to distinguish a linear process from a non-linear one based on experimental data;
2.	 to determine the linear domain of a non-linear process based on computational or experi-

mental data
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Presently this differentiation is made only statistically using model discrimination.  
For typical chemical reactors, ideal (CSTR and PFR) and non-ideal, we propose proce-

dures, experimental or computational, that are special sequences of different experiments, 
parallel or consecutive, in particular experiments of type “one step forward – one step back”. 
It was found that in linear cases the linear combination of non-steady-state concentration 
dependences gives a simple time invariance.  Such an invariance is a rigorous fingerprint for 
distinguishing a linear model or the linear domain of the non-linear model from non-linear 
ones.

In a batch reactor (BR), for linear kinetic models of reversible transformations, the ratio 
of special non-steady-state dependences that start from symmetrical initial conditions, “Y 
produced from X” / “X produced from Y”, provides a thermodynamic time invariant (equi-
librium-like constant) [1–3] This invariant is proposed as a fingerprint of linear models in the 
setting of reversible chemical reactions. 
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A SKELETAL KINETIC MECHANISM FOR  
THE “SOx-NOx-O2-H2O-CO2” SYSTEM AT ELEVATED PRESSURES
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Pressurized oxy-combustion (POC) is a promising technology that can significantly reduce 
the energy penalty for CO2 capture in coal-fired power plants. In pressurized oxy-combus-
tion, coal is burned in the mixture of oxygen and recirculated flue gas, by replacing air, at 
high pressure. Such a condition results in much longer residence time and higher SOx and 
NOx partial pressures 1. This tends to enhance the production of strong acid gases, including 
SO3 and NO2, aggravating the corrosion threat during flue gas recirculation (FGR); on the 
other hand, the strong interaction between SOx and NOx at high pressure enables integrated 
SOx/NOx removal. However, the mechanism of SO3 and NO2 formation during POC process 
is not well understood. In this study, after validating the ‘full’ mechanism, which includes 
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nitrogen and sulphur chemistry based on GRI 3.0, and 72 species and 428 reactions, the 
formation of SO3 and NO2 was kinetically evaluated under representative conditions for the 
POC process. Sensitivity analysis and rate of production analysis (ROP) were conducted to 
demonstrate the formation pathway of SO3 and NO2 and develop a skeletal mechanism for 
the “SOx-NOx-O2-H2O-CO2” reaction system. Finally, the skeletal mechanism was coupled 
with a computational fluid dynamics (CFD) model to evaluate the formation of SO3 and NO2 
in a new concept for POC. Previous results identified the regions of 700-1100oC as the critical 
temperature window.  Sensitivity and ROP analysis in this region indicate that for the “SOx-
NOx-O2-H2O-CO2” system at elevated pressures, there is a ‘strong’ cycle which consists of 
three reactions HO2+NO=NO2+OH, SO2+OH+M=HOSO2+M, HOSO2+O2=HO2+SO3 with 
the global reaction NO+SO2+O2→NO2 +SO3. The radical HOSO2 can be considered as a qua-
si-steady state intermediate. This cycle is the major route for the formation of both of SO3 and 
NO2 at elevated pressures, while the reversible reaction SO2+NO2=SO3+NO can be treated 
as in equilibrium. There are also two ‘weak’, non-negligible cycles of NO2 consumption and 
SO3 formation: (A) NO2+M=NO+O+M, SO2+O+M=SO3+M and (B) NO2+M=NO+O+M, 
NO2+O=NO+O2 with global reactions NO2+SO2=NO+SO3 and 2NO2→2NO+O2, respective-
ly. Neglecting these two ‘weak’ cycles results in a maximum error of SO3 and NO2 formation 
by no more than 25%. Two skeletal mechanisms of 10 or 6-steps have been developed. Re-
sults of modelling of POC furnace using CFD model coupled with the reduced kinetic model 
agree well with calculations based on the ‘full’ mechanism.
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Abstract: Propylene is an important chemical intermediate in the chemical industry, which 
is conventionally produced either as a co-product to ethylene in steam crackers or byproduct 
in refineries. With the increase in exploration of shale gas, new cracker projects for ethylene 
production are based primarily on ethane feedstock, which yield almost no propylene [1,2] . On 
the other hand, the demand for propylene worldwide is growing by 5-6 % each year, so that 
on-purpose propylene production technologies such as propane dehydrogenation (PDH) have 
been proposed to fill the supply-demand gap. PDH has been successfully commercialized, 
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and the catalysts used in industry are platinum- or chromium oxide-based catalysts. However, 
Pt is precious and Cr6+ has harmful effects on environments. Therefore, searching for novel 
non-precious metal alloy catalysts with increased catalytic activity and improved selectivity 
for propylene production would make this process more competitive. 

In this contribution, volcano curves for the PDH process are obtained through density 
functional theory (DFT) calculations coupled with descriptor-based microkinetic analysis. 
The formation energies of CH3CH2@(111) and CH@(211) scale linearly with the energetics 
of other species involved in PDH and are found to be good descriptors to describe the reac-
tion kinetics. Among the elemental metals, Ir and Pt achieve the highest turnover frequencies 
(TOFs) for propylene production. However, if a compromise is made between catalytic activ-
ity and selectivity, Pt is the best monometallic catalyst, which offers an explanation for the 
usage of Pt in industry[3]. On the basis of the derived activity and selectivity maps, promising 
PDH catalysts can be singled out by screening a large number of metal alloys. 

Keywords: Rational catalyst design; Microkinetic modeling; Volcano curve
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Mathematical modelling has proven as a powerful tool in pharmaceutical industry for under-
standing various types of fluidized bed granulators. In this present exercise, the modelling and 
simulation of a two-compartment model, i.e., the wet zone and the dry zone of a top sprayed 
fluidized bed granulator (SFBG) has been analysed. In the wet zone, only aggregation mecha-
nism is considered whereas breakage is chosen to be the dominant mechanism in the dry zone. 
The particle mass flow between both zones is assumed to be exchange at a steady rate and 
the residence time of the particles in each compartment is defined using a mass balance. For 
solving the two-compartment population balance model, a new discretization scheme based 
on number distribution is proposed.  The idea of the discretization is to conserve some desired 
property such as total number and total mass of the system by introducing certain correction 
factors to the formulation. Moreover, the numerical discretization is verified using newly de-
rived analytical solutions for various moments corresponding to different combinations of ag-
gregation and breakage kernels. It is shown that the predicted numerical moments show good 
consistency with the analytical moments. In addition to this, various sizing of the compart-
ments of SFBG as well as different flow rates have been investigated to check the behaviour 
of various order moments derived from the number distribution function.
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KINETIC TRACES IN THE PHOTOCHEMICAL REACTIONS OF 
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The aqueous photoreactions of substituted 1,4-benzoquinone derivatives produce a mixture 
of  hydroquinones and hydroxy-quinones, both of which are weak acids [1, 2]. The pH of 
aqueous solutions often has a major influence on the rates of chemical reactions, thus it is 
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desirable to keep it at a controlled, constant value during a single experiment. Buffers are 
usually used for this purpose, but they frequently interfere with the studied process as well, 
which is especially a problem for photoreactions. Therefore, it is very advantageous to moni-
tor these processes without using buffers by time dependent pH-stat titrations. In this tech-
nique, a suitable automatic system continuously adds just enough base or acid to the system 
to keep the pH constant. In the photoreactions of quinones, the formation of hydroxy-quinone 
can be readily monitored by this technique. Mathematical models were set up to describe the 
pH-stat measurements, which facilitates the determination of the differential quantum yield 
of the reaction and the ratio of the two photo-products through a detailed analysis of the base 
consumption as a function of time. The parameters of the equation are practically pH-inde-
pendent, which is in good agreement with the fact that 2,5-dichloro-1,4-benzoquinone itself 
is not a weak acid or base, so its absorption spectrum does not depend on the pH of the solu-
tion. This technique and the mathematical model could be suitable for studying other photo-
chemical reactions when the reaction includes the formation or consumption of acid or base.
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In this paper, an innovatice kinetic model for the numerical interpretation of the curing be-
haviour of NR-high cis polybutadiene (PB) rubber blends is presented. 

For each rubber component, the model bases on consolidated kinetic approaches available 
in the technical literature and merged linearly in the same procedure, having demonstrated a 
linear interaction fairly good agreement with experimental evidences. In particular for NR, a 
kinetic model by Han’s and co-workers [1], which bases on the determination of three kinetic 
constants, is adopted, whereas for PB a recent kinetic scheme proposed by the authors [2] is 
utilized. This latter procedure is based on four kinetic parameters. The derived mathematical 
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model is therefore characterized by seven constants, to be estimated against experimental 
rheometer data. The benchmark blend used to assess the numerical results is a NR mixed 
with high-cis polybutadiene at variable NR-PB ratios (50–50% and 70–30%) and vulcanized 
in presence of sulphur and two accelerants (TBSS and DPG) at different concentrations and 
different temperatures. Quite good agreement is found, meaning that the approach may be 
useful for practical purposes, because expensive and cumbersome experimental investiga-
tions can be avoided. 
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Abstract: This work address the construction of slow manifold in a complex chemical re-
action based on different available routes [1] with the same decomposition techniques of 
entropy maximum along with certain constraints (lies on the manifold or given by slowest 
eigenvectors) at equilibrium point as well as measuring the variation of their eigenvalues at 
each point. The goal of this paper is to bring together different available mathematical ideas 
and methods [2-6], commonly used to transform the complex chemical problems from one 
way to the other, so as to enhance progress in understanding. For a case study the behaviour 
of the ‘four step reversible reaction’ is summarized in the form of the two (different) avail-
able routes in order to get rid of stiffness as well as complexity in the system. Together with 
nonlinear effects such as reaction rate oscillations and concentration pattern formation we ap-
ply the modern model reduction techniques to get the slow invariant manifold (SIM). Finally, 
combining and comparing these techniques, we get better estimates (dimensional curves) lies 
in the complex problems.
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In the present work, a double exponential approximating approach is described for a quite 
common kinetic model, when a mixed second order formation of an intermediate (I) is fol-
lowed by its first order decay [1, 2]:

 The kinetic curves are described under non-flooding conditions (when the initial ratio of the 
two reactants is between 1 and 10).

The exact kinetic curves predicted by the two-step model were first calculated and then 
fitted to a double exponential function. The goodness of the fits and the estimated parameters 
of the double exponential function for both I and P concentrations were determined as a func-
tion of the rate constants and initial concentrations in the two-step model. It was found that 
the fit of the double exponential function is acceptable or very good under these conditions 
despite the fact that none of the reagents is in a large excess.

Since UV-vis absorption spectroscopy is probably the most common technique to follow 
kinetic traces, we also made efforts to deal with the typical properties of monitoring the pro-
cess through UV-vis. It was found that the experimental curves can be fitted quite well with a 
double exponential function if the reagents have minor absorption compared to the interme-
diate and/or product, which is very common case. The connection between the observed rate 
constants and the rate constants of the above mentioned mechanism is also studied.
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Oxidation of HMF (5-hydroxymethylfurfural), a key intermediate of lignocellulosic biomass, 
is recognized as a promising route towards transformation of biomass into fine chemicals. 
FDCA (2,5-furandicarboxylic acid), the total oxidation product of HMF oxidation, is identi-
fied as a non-phthalate cellulosic plasticizer, capable of replacing terephthalic acid (TPA) in 
the production of polyesters [1]. In this study, HMF oxidation reaction was carried out in a mi-
cropacked bed (PTFT tubing, 0.8 mm i.d) reactor over Au/TiO2 catalyst. Preliminary experi-
ments identified the major side products and suggested the reaction pathway as a consecutive 
series reaction with FDCA as the final product. Furthermore, reactions conducted at 25-80°C, 
over varying gas (1-6 ml/min of O2) and liquid (5-15 μm/min of HMF) flow rates corrobo-
rated the existence of considerable gas-liquid mass transfer resistance. Some attempts of 
modelling the reaction kinetics under batch reaction conditions can be found in the scientific 
literature [1]. However, a precise identification of reaction kinetics can be achieved only when 
the kinetic parameters involved in the model are estimated with satisfactory accuracy. In this 
study, model-based design of experiments (MBDoE)[2] techniques are applied to the micro-
reactor platform[3] to accomplish the complete modelling description of the HMF oxidation 
in the microfluidic device. This implies: i) elucidating the complex (only partially known) 
reaction pathways; ii) understanding underlying hydrodynamics and relationship with mass 
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transport properties; iii) the precise estimation of kinetic parameters. A simulation model is 
developed in gPROMS where the micropacked bed reactor is modelled as dynamic plug flow 
reactor (PFR). The rate laws are formulated based on Eley-Rideal mechanism in which O2 
reacts with HMF adsorbed on the catalyst surface. The framework aims at eliminating unnec-
essary experimentation and modelling effort as it enables the optimal design of experiments 
for model discrimination and parameter estimation for the development of a predictive model 
of the HMF oxidation process.
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APPLICATION OF PARTIAL LEAST SQUARES REGRESSION 
FOR UNDERSTANDING AND PREDICTION OF FOULING IN THE 
TRANSFER LINE HEAT EXCHANGER OF A STEAM CRACKER
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– Marin, B. Guy1

1Laboratory for Chemical Technology, Ghent University, Technologiepark 914, Belgium, e-mail: 
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Advanced data analysis is crucial to identify hidden information in complex data. Multi-
variate techniques, such as Partial Least Squares Regression (PLSR), are the preferred data 
analysis techniques for dimensionality reduction and compression of data structure [1]. The 
mathematical concepts of PLSR method is able to handle highly correlated (collinear) and 
noisy data even when the number of measurements highly exceed the number of samples, 
thereby enabling quantitative multivariate linear modelling. To illustrate the capabilities and 
limitations, PLSR has been applied for evaluation and prediction of fouling tendencies of gas 
condensates during steam cracking. The latter is governed by their chemical composition, 
however, establishing the relation between molecular composition and observed fouling is a 
challenging task due to the vast amount of compounds in these mixtures. Gas condensates are 
characterized using two-dimensional comprehensive gas chromatography (GC×GC) indors-
ing the high separation power of the technique. Furthermore, pixel based analysis of GC×GC 



Oral presentations: Other 

MaCKiE 2017 • 25–27 May, 2017	 47

data enabled a direct unbiased approach for chemical evaluation without loss of information. 
The large amount of data prevents easy interpretation of variations between the samples 
and correlating the composition with the experimental observation, i.e. fouling in the steam 
cracker transfer line heat exchange (TLE). The initial PLRS model is build using complete 
characterization matrix for seven gas condensate samples and consequently seven pilot scale 
steam cracking fouling measurements. However, evaluation of root mean square error of 
cross-validation showed that the model did not give promising predictions. The model fo-
cused on describing fouling through correlations with the most abundantly present paraffinic 
molecules that are not recognized as fouling precursors. By scaling the chromatography data 
by inverse within-sample standard deviation, the regions with a large amount of random 
variation have a reduced influence whilst the impact of regions with chemical differences 
between samples is increased. Next, the regression vector was used as a variable selection 
method on a logarithmical transformed chromatography and fouling data, providing a predic-
tion model with 20% of error on average. Variable selection indicated that elution regions 
of aromatic compounds, monoaromatic and naphthenic compounds with a long alkyl chains 
bonded and paraffin compounds with high boiling point are the best TLE fouling predictors.                            
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The connection between rate constants and free energy landscapes is discussed in a context 
that brings in explicitly a time scale of interest. The free energy of activation is seen to de-
pend crucially on this time-scale. The example of Holliday junction resolution is used to 
illustrate the arguments. 
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FINITE VOLUME APPROXIMATION OF TWO-DIMENSIONAL 
AGGREGATION POPULATION BALANCES ON TRIANGULAR 
MESH

Mehakpreet Singh1,3 – Gurmeet Kaur1,2 – Thomas De Beer3 – Ingmar Nopens1
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2Department of Mathematics, Indian Institute of Technology Kharagpur, Kharagpur-721302, India
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Pharmaceutical Sciences, Ghent University, 9000 Ghent, Belgium

A finite volume scheme for approximating the solution of a two-dimensional (2D) aggrega-
tion population balance equation on a regular rectangular mesh was introduced by Singh et 
al. (2016). Recently, Chakraborty and Kumar (2007) proposed a framework known as `smart 
discretization' which shows that the accuracy of the numerical scheme highly depends on the 
choice of the mesh taken into consideration. In this present work, the first application of the 
finite volume scheme for solving a 2D aggregation population balance equation on a regular 
triangular mesh is demonstrated. The triangular mesh is generated by slicing the rectangular 
mesh along the diagonal. To test the accuracy and efficiency of the scheme with the triangular 
mesh, the numerical results are compared with the sectional method namely Cell Average 
Technique (Singh et al., 2014) for various analytically tractable kernels. The results reveal 
that the finite volume scheme is computationally less expensive and predicts the number 
density function along with the different order moments more accurately than the cell aver-
age technique. Furthermore, the numerical comparison is extended by comparing the finite 
volume scheme with the rectangular mesh. It also reveals that the finite volume scheme using 
the regular triangular mesh computes the numerical results more accurately and efficiently 
than the finite volume scheme using a rectangular mesh. In conclusion, the finite volume 
scheme with regular triangular mesh shows good consistency with the exact results for num-
ber density as well as with different order moments and is computationally less expensive.
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MODELING THE ENZYMATIC HYDROLYSIS OF PROTEINS 
CONSIDERING VARIABLE PRODUCT INHIBITION 

Pedro L. Valencia1 – Alberto Mercado2 – Marlene Pinto1 – Sergio Almonacid1 
1Department of Chemical and Environmental Engineering, Universidad Técnica Federico Santa 
María, Avenida España 1680, Valparaíso, Chile, e-mail: pedro.valencia@usm.cl
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The enzymatic hydrolysis of proteins is an attractive alternative to valorising food residues 
because it generates functional properties [1]. The reaction has been characterized kineti-
cally and the main mechanisms have been unveiled. The reaction system consisted in the 
substrate salmon muscle proteins and the enzyme subtilisin [2]. The methodology involved 
initial reaction rate experiments to estimate the maximum rate (Vmax), the Michaelis-Menten 
constant (Km) and the substrate inhibition constant (KS). The product inhibition was tested 
adding hydrolysate at the beginning of reaction and the initial rate experiments repeated at 
this condition to estimate the product inhibition constants (Ki). Progress curves were car-
ried out to test the product inhibition and its variation during reaction. The mechanisms of 
uncompetitive substrate inhibition, mixed product inhibition and modulation of the thermal 
inactivation of subtilisin were verified [2]. The estimated kinetic constants were Vmax = 0.581 
mM/min (for 0.6 mAU/ml), Km = 4.39 mM and KS = 826 mM at 40 °C and pH 8.0. Estimated 
values for competitive inhibition constant K1 and uncompetitive inhibition constant K2 were 
14 mM and 85 mM when a 20 % degree of hydrolysis hydrolysate was used. The product 
inhibition was the main cause of the dramatic decreasing on the reaction rate during the batch 
reactor operation due to the low-value of the inhibition constants [2]. A variation of the Ki 
values was inferred from this results. The variation of Ki values was modelled correlating 
the inhibition constant with the degree of conversion (X) [3]. A mathematical model was 
developed and fitted to conversion curves by using least squares method for the calculation 
of linear functions of both Ki versus conversion. A significant improvement on prediction 
were achieved with the present approach using functions for both Ki. These results confirmed 
the variation of both Ki values during the hydrolysis reaction. The quality of prediction with 
this mathematical model was improved. The model can be used to characterize, evaluate and 
design the enzymatic hydrolysis of proteins in batch reactor.
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QUICK WAY TO COMPUTE THE AXIAL DISPERSION 
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The Laplace transform is applicable in many disciplines like mathematics, physics, mechan-
ics, process control, chemical engineering and biosciences. It is a useful tool of mathematics 
in solving of many problems which are described by a system of differential equations. In 
many complex cases, an analytical transform to the time domain can be difficult or even 
impossible to obtain, so numerical methods have to be used. According to literature reports, 
there are many methods for numerical inversion of the Laplace transform. According to lit-
erature reports, and authors own experience, different algorithms can be recommended for 
solution of a specific type of problem, e.g. dispersion problem [1, 2].

In this paper, we presented the application of the Laplace transform to solve the model of 
gas flow describing dispersion of a gas tracer pulse in a real measurement system. We used 
the Gaver-Stehfest algorithm of inverse Laplace transform to obtain the solution in the time 
domain. Axial dispersion coefficients DL were estimated by comparing model solution with 
recorded TCD signal (inverse method). The values of parameter DL was determined using an 
optimization procedure of the program Maple® (NLPSolve). 
The results show that the Laplace transform is very effective tool for solving the inverse 
boundary value problems associated with the diffusion equation. The axial dispersion coef-
ficients can be easily determined. The values of axial dispersion coefficients indicate that 
under operational conditions, neither plug-flow nor perfect mixing can be assumed. 
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Fig. 1. The simplified schematic representation of apparatus (Micromeritics’ AutoChem 2950HP): 1 – a 
unit called vessel, which consisting of two steel pipes, 2 – the 8-way valve, 3 – the sample loop,  4 – pipes, 
5 – the thermal conductivity detector (TCD).
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Stochastic kinetics and simulation

CHIRAL SYMMETRY BREAKING IN CRYSTALLIZATION 
EQUILIBRIUM

Rebeka Szabó – Gábor Lente 

Department of Inorganic and Analytical Chemistry, University of Debrecen, Egyetem tér 1., 
Debrecen, H-4032, Hungary, lenteg@science.unideb.hu

Chiral symmetry breaking during the crystallization of non-chiral chemicals in forming 
structures belonging to enantiomorphic symmetry groups is an experimentally detected phe-
nomenon. The best known example is the case of solid sodium chlorate. [1]

To following model was developed to model the formation of chiral crystals:
A = R1             ΔGnucl°
A = S1              ΔGnucl°
A + Rn = Rn+1   ΔGgrow°
A + Sn = Sn+1    ΔGgrow°

In this model, A is the non-chiral substance in solution, whereas Rn and Sn mean crystals of 
opposite chirality containing n units. Only two different standard free energies are used in the 
model: that of nucleation (ΔGnucl°) and that of crystal growth (ΔGgrow°). It is assumed that this 
latter energy is independent of thy size of crystal (n).

The system was fully characterized from a combinatorial point of view: the number of 
possible states and the state multiplicities were determined. Equilibrium calculations were 
carried out based on the methods of statistical thermodynamics. The expectation for the over-
all enantiomeric excess was calculated as a function of the two standard enthalpies in a small 
system where all the possible states could be handled within reasonable computation time.
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Reaction-diffusion systems

SIMULATION OF REACTION-DIFFUSION PATTERNS IN AN 
INITIALLY SEPARATED LANDOLT-TYPE PH OSCILLATOR

Brigitta Dúzs – István Szalai 

Laboratory of Nonlinear Chemical Dynamics, Institute of Chemistry, Eötvös Loránd University, 1117 
Budapest Pázmány Péter sétány 1/A, Hungary, e-mail: duzsbrigitta@gmail.com

Pattern formation in reaction-diffusion systems has been widely investigated owing to its 
theoretical and practical importance in geological and biological systems. It is known that 
the initial and boundary conditions determine the basic properties of the developing pattern. 
Now we use a general reaction-diffusion model of the well-known Landolt-type pH oscil-
lators,1 and simulate the effect of a special initial condition: namely when the reactants are 
spatially separated at the initial moment.2 Our one-dimensional calculations show the time 
development of the reaction-diffusion patterns perpendicular to the interface.

The general mechanism of the Landolt-type pH oscillators includes a positive and a nega-
tive feedback concerning on the H+ autocatalytic species. This ensures the possibility of bista-
bility and periodicity even in continuously fed homogeneous media, or in reaction-diffusion 
systems where the concentrations are fixed at one of the boundaries.1 In our setup the reaction-
diffusion system is divided into two parts, which are filled homogeneously with different 
reactants at the initial moment: the OX part contains the oxidant (the partner of H+ in the 
autocatalytic reaction) and the ACID part contains extra H+ (in bonded form). The initial con-
centrations of the other reactants are equal in both parts. There is no external reagent supply.

The initially separated reactants diffuse due to the cross-gradient of the concentrations, 
and the autocatalytic reaction results in a narrow acidic band in the counter-diffusion zone. 
In the presence of the H+-consumer species the width of the acidic band remains constant. 
Depending on the initial concentrations, the behaviour of the band changes dramatically. We 
present a phase diagram to show the following dynamical behaviours:
1) propagation of the acidic band towards the OX part or towards the ACID part;
2) damped oscillation (forming needles) at the beginning of the acidic band;
3) spatial separation of the autocatalytic region (the acidic band splits up).
We analyse qualitatively the spatial/temporal concentration profiles and the reaction rate pro-
files to understand how the diffusion and the autocatalytic reaction interact to form these 
nonlinear phenomena. We conclude that the appropriate autocatalytic kinetic is crucial for the 
oscillation, while the kinetic of the H+-consuming step has less importance.
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A REACTION-DIFFUSION APPROACH TO THE INHERENT 
INHOMOGENEITIES DURING LASER FLASH PHOTOLYSIS 
EXPERIMENTS
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Laser flash photolysis (LFP) is an experimental method for generating highly reactive in-
termediates, transient species or free radicals by a very short, high energy laser pulse. The 
concentrations of the transients reach a sufficient level to apply spectrophotometric detection.

This work presents a detailed mathematical study of the effect of inhomogeneities in LFP 
studies, which are of two different kinds: the first arises from diffusion, whereas the second 
one has geometric origins (the shapes of the excitation and detection light beams). Both of 
these are taken into account in our reported model, which uses reaction-diffusion type partial 
differential equations to describe the chemical process between sulfate ion radical and iodide 
ion using cylindrical coordinates to match the symmetry properties of the system:
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These equations were solved by a specially developed finite volume method. The results 
showed that diffusion is too slow to influence the kinetic curves on the usual time scales 
of LFP experiments. However, the use of the absorbances measured requires very detailed 
mathematical consideration and the full knowledge of the geometrical details. The pseudo-
first order approach could be used to evaluate the kinetic traces successfully even if the large 
excess condition was not met in the reaction cell locally. [1]
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A REACTION-DIFFUSION APPROACH TO MICROMIXING 
DURING STOPPED-FLOW EXPERIMENTS
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The stopped-flow technique is the state-of-the-art instrumental method for measuring the 
kinetics of reactions for processes where mixing of two solutions is unavoidable. The perfor-
mance of this method is limited by the efficiency of mixing. [1]
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In this work, a stopped-flow experiment was modelled by assuming that thin layers of 
solutions form in the cell as a result of macromixing, but then the homogeneous state is 
achieved through the diffusion of reactants (micromixing). This process is described by a 
one-dimensional diffusion-reaction equation for two substances (A and B), which react in a 
mixed second order process:

�

�

�

�

A t x

t
D

A t x

x
kA t x B t x

A

( , ) ( , )
– ( , ) ( , )�

2

2

�

�

�

�

�( , ) ( , )
– ( , ) ( , )

t x

t
D

A t x

x
kA t x B t x

B
�

2

2

A(t,x) and B(t,x) are the concentrations of the two reactants, DA and DB are the diffusion 
coefficients, whereas k is the second order rate constant.

This equation was solved numerically and attempts were also made to find approximate 
analytical solutions by Fourier transformation. It is shown that the approximate analytical 
solutions are in excellent agreement with the numerical calculations. The simulation results 
were compared with experiments done in the calibration process of the stopped flow instru-
ment. 
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DYNAMICS OF PH OSCILLATORS IN A TWO SIDE FED 
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Pattern formation in chemical reaction−diffusion systems with positive and negative feed-
back serve as a prototype of non-equilibrium self-organization. Hydrogen ion autoactivated 
systems with appropriate negative feedback, pH oscillators, are preferably used to study re-
action-diffusion phenomena.1 These systems are capable to show a wide range of spatiotem-
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poral phenomena from spatial  bistability and oscillations to the formation of stationary pat-
terns. The experiments are typically performed in open spatial reactors, which allow to feed 
all space points of a porous material (e.g a hydrogel) in order to maintain the system far from 
equilibrium, without introducing macroscopic fluid motion. The feed can only be made by 
diffusive exchanges of matter with the environment at the boundaries of the system. The spa-
tiotemporal dynamics of pH oscillators have been mostly explored in one-side-fed-reactors, 
where all reagents are fed through a unique continuous-flow stirred tank reactor (CSTR) and  
the feed composition at the CSTR/gel boundary relies on the chemical state of the CSTR. 
Here, apply a  two side fed reactor  (TSFR) geometry, where complementary sets of chemi-
cals are provided at opposite faces of the gel. This configuration induces cross composition 
ramps of the chemicals between the feed boundaries. This asymmetric feeding mode avoids 
the development of the temporal instabilities in the feed tanks and allows us to study pattern 
formation in presence of cross gradients. It is widely accepted,  that the graded distributions 
of morphogens play important roles in biological pattern generation.2 By using numerical 
simulations with a general model of the pH oscillators we observed spatial bistability and 
oscillations in a presence of counter gradients of the chemicals. The nonequilibrium phase 
diagram of the system shows a typical cross shaped topology. Two types of spatiotemporal 
oscillations have been found, one with large and the other with small amplitude. The interac-
tion of them leads to the formation of mixed mode oscillations. We discuss the role of gradi-
ents of the chemicals in the development of the observed phenomena.
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Chemical reaction networks and chemical reactor network theory

ANALYSIS OF BIOCHEMICAL ADAPTATION

Saeed Masroor

Eindhoven University of Technology

We study two specific measures of quality of chemical reaction networks, Precision and Sen-
sitivity. The two measures arise in the study of sensory adaptation, in which the reaction net-
work is viewed as an input-output system. Given a step change in input, Sensitivity is a mea-
sure of the magnitude of the response, while Precision is a measure of the degree to which 
the system returns to its original output for large time. High values of both are necessary for 
high-quality adaptation. We focus on reaction networks without dissipation, which we inter-
pret as detailed-balance, mass-action networks. We give various upper and lower bounds on 
the optimal values of Sensitivity and Precision, characterized in terms of the stoichiometry, 
by using a combination of ideas from matroid theory and differential-equation theory. Among 
other results, we show that this class of nondissipative systems contains networks with arbi-
trarily high values of both Sensitivity and Precision. This good performance does come at a 
cost, however; since certain ratios of concentrations need to be large, the network has to con-
tain many species and reactions, or the network should show strongly different time scales.

UNCERTAINTY QUANTIFICATION  
FOR QUANTUM-CHEMICAL MODELS  
OF COMPLEX REACTION NETWORKS

Jonny Proppe – Tamara Husch – Gregor N. Simm – Markus Reiher*

ETH Zürich, Laboratory of Physical Chemistry, Vladimir-Prelog-Weg 2, 8093 Zürich, Switzerland
 
For the quantitative understanding of complex chemical reaction mechanisms, it is, in prin-
ciple, necessary to accurately determine free energies for all elementary processes, and to 
solve the corresponding continuous-time reaction-rate equations, which are generally highly 
coupled and spread over several time scales. It is computationally hard to fulfill these two re-
quirements. However, it is possible to approximately address these challenges in a physically 
consistent way. On the one hand, it may be sufficient to consider approximate free energies if 
a reliable uncertainty measure can be provided. On the other hand, a (quasi-)continuous-time 
evolution may not be necessary to still determine quantitative fluxes in a reaction network if 
one is interested in specific time scales.

Here [1], we present discrete-time kinetic simulations for a coarse-grained state space 
taking free-energy uncertainties [2] into account. The method builds upon thermo-chemical 
data obtained from electronic-structure calculations in a condensed-phase model. Our ap-
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proach supports the analysis of complex chemical reaction networks [3] spanning multiple 
time scales, which is here demonstrated at the example of the formose reaction. An impor-
tant application of our approach is the detection of regions in a reaction network which re-
quire further investigation, given the uncertainties introduced by both approximate electronic 
structure methods and kinetic models. Such cases can then be studied in greater detail on the 
basis of more sophisticated first-principles calculations and reaction-rate theories. 
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In this poster we consider reaction networks with intermediates (as described in [1]), with 
enzymes (as described in [2]) and networks with toric steady states (as considered in [3]). 
Specifically, given a core reaction network and an extension of it obtained by adding inter-
mediates or enzymes, we study how the Gröbner bases of the steady state ideal of the core 
reaction network relate to the Gröbner bases of the steady state ideal of extended networks. 
We use this to (1) find Gröbner bases of large networks from Gröbner bases of simplified 
versions of them, thereby reducing substantially the computational cost; (2) infer when ex-
tensions of networks with toric steady states also have toric steady states; (3) pinpoint what/
whether intermediates can be target as responsible for multistationarity.
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Controlling chemical reactions is important both for chemical engineering, pharmacology 
and in some other parts of chemistry, as well. Studying strong reachability is necessary to 
decide if we can have any effect on the states (described by the vector of concentrations) of 
the system. As a first step we have chosen temperature and the inflow rates of some species as 
control input. The analysis is based on the Lie-algebra generated by the vector fields related 
to the induced kinetic differential equation of the reaction.

First we give conditions for strong reachability with temperature input. It turned out that 
the chemical reactions are strongly reachable on a subspace that has the same dimension as 
the number of independent reaction steps in every point except where the concentration of 
reactant species is zero. Next we analysed the continuously stirred tank reactors. We have 
shown that the same result holds for these cases, as well. Finally, we analyse a simple model 
of polymer electrolyte membrane fuel cells, using the inflow rates as control. 

References
1.	 D. A. Drexler, E. Virágh, J. Tóth, “Controllability and reachability of reactions with tem-

perature and inflow control, under review
2.	 D. A. Drexler, J. Tóth, “Global controllability of chemical reactions”, J. Math. Chem., 

54, 6, 2016
3.	 P. Érdi, J. Tóth, Mathematical Models of Chemical Reactions. Princeton University 

Press, Princeton, 1989
4.	 A. Isidori, Nonlinear Control System. Springer Verlag, London, 1995
5.	 P. W. Atkins, Physical Chemistry. University Press, Oxford, 1990



Poster presentations: Other 

MaCKiE 2017 • 25–27 May, 2017	 61

Other

TIME-PROGRAMMED SELF-ASSEMBLY 

Gábor Holló1 – Eszter Tóth-Szeles1 – Judit Horváth2 – Rózsa Szűcs1 – Hideyuki Nakanishi3  

– István Lagzi1

1Department of Physics, Budapest University of Technology and Economics, Budafoki út 8., 
Budapest, H-1111, Hungary, hollo88@gmail.com

2Institute of Chemistry, Eötvös Loránd University, Pázmány Péter sétány 1/A, Budapest, H-1117, 
Hungary

3Department of Macromolecular Science and Engineering, Graduate School of Science and 
Technology, Kyoto Institute of Technology, Kyoto 606-8585, Japan

We present a general concept to drive the self-assembly of various building blocks from mo-
lecular level to nanoscopic level by combining a pH clock reaction and lactone hydrolysis in 
a closed system. The time scale separation of these two processes (fast pH jump provided by 
the clock reaction and a delayed decrease of pH by lactone hydrolysis) ensures the existence 
of a transient alkaline state. This chemical system can be used to control and drive autono-
mously the self-assembly of pH switchable self-assembling components: fatty acid mole-
cules, carboxyl group terminated gold nanoparticles and amine functioned polymer chains in 
a network. We demonstrated that the proper control over the electrostatic interaction between 
the building blocks can govern and induce reversible transformation of vesicle-to-micelle, 
dispersion/aggregation of nanoparticles and contraction/reswelling of gel filaments.
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The reaction between variously substituted quinones and sulfite ion in water is a special 
type of the quinone-bisulfite addition reactions.[1] The kinetics of the reaction was investi-
gated under slightly acidic conditions (pH 3.8 and 4.5 in acetate buffer). Both the rate and 
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the stoichiometry of the reaction depend on the substituents of the quinone derivative. This 
process clearly involves intermediates[2], the existence of which can be proved by UV-vis 
spectroscopy.

The observed absorbance-time traces showed a very fast (stopped-flow time scale) absor-
bance increase and decrease in a wide wavelength region (380-500 nm) for 2,5-dichloro-1,4-
benzoquinone (Q). The kinetic traces can be fitted well to a double exponential function in a 
wide concentration range: c(2,5-dichloro-1,4-benzoquinone) = 0.5 mM, c(SO3

2-) = 0.02-50 
mM. The kinetic traces measured at 420 and 320 nm were simultaneously fitted to the follow-
ing mechanism using the multipurpose program package ZiTa:[3]
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The acidic aqueous solutions of Ce(IV) salts give Ce(III) and dioxygen gas when illuminated 
by polychromatic light, even if it comes from the detection beam of a diode array spectro-
photometer (total photon flux of 1.7×1015 s–1).[1] This reaction is part of the photocatalytic 
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water splitting cycle which gives O2 and H2 gas when an acidic aqueous Ce(III) solution is 
illuminated by UV light.[2]

The rate of the photoreaction and also the spectrum of the reactant and product Ce com-
plexes depend on the chemical identity of the strong acid. A detailed mathematical evaluation 
was developed to interpret the experimental findings in perchloric acid of different concen-
trations, based on the general quantitative description of photoreactions assuming a single 
initial excitation process, which leads to the following differential equation:

In this formula, ξ is the extent of reaction (i.e. the reaction coordinate), Φ is the differen-
tial quantum yield, qP,λ is the spectral photon flux at wavelength λ, c0 is the sum of the initial 
concentrations of cerium(III) and cerium(IV), V is the volume, Aλ is the initial and final ab-
sorbance at wavelength λ, Adet is the absorbance at the wavelength of detection and β is the 
ratio of the path length of illumination and detection.

The rate of the reaction in the absence of light is also investigated using not only diode 
array but also scanning double beam spectrophotometer (total photon flux < 1% compared to 
a diode array spectrophotometer).
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PRODUCTION FROM CATALYTIC STEAM REFORMING OF 
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In the latest years, the environmental problems derived from useful energy generation sources 
and from the increment of fossil fuels prices, have enhanced the development of new technol-
ogies for energy production. Steam reforming of methane produced by biomass gasification 
is one of the most employed processes to produce hydrogen and synthesis gas. Synthesis gas, 
constituted by different quantities of carbon monoxide and hydrogen, can also be used to pro-
duce high purity hydrogen streams and chemical products. In this research, experimental and 
theoretical studies of steam methane reforming reactions with different amount of hydrogen 
sulfide in the feed gas are presented. A two dimensional pseudo-heterogeneous model is de-
veloped to simulate methane steam reforming reactions in a packed bed tubular reactor. This 
model is based on mole and energy balance equations for the catalyst and the fluid phases. 
Attention is given to the analysis of sulfur negative effects on methane conversion when Ni-
based catalysts are used. A parametric study is done and effects of different steam to carbon 
ratios, space velocities, temperatures on methane conversion and temperature distribution 
within the reactor are investigated. The results are verified comparing to the experimental 
results. It is shown that even presented in the gas at very low concentration levels (ppm), 
sulfur drastically decreases the conversion of methane. The obtained results play a key role 
in design and optimization of an actual reactor.
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Fullerols, derivatives of fullerenes with hydroxyl group, possess number of extremely im-
portant properties, such as: antioxidant [1], antimicrobial [2] and anti-cancer [3] activity. It is 
well-known that physical, electronic and functional properties, as well as reactivity of a ful-
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lerols are strongly dependent on number of hydroxyl group attached per surface [4]. Thus, it 
is important for one to develop methods by which fullerol with certain number of OH groups 
can be obtained. With that in mind, we investigated non-isothermal kinetics of C60(OH)27 
dehydroxylation. Fullerol dehydroxylation thermogravimetric curves were recorded at dif-
ferent heating rates ranging from 5 K min-1 to 25 K min-1. Dependence of energy activation 
on dehydroxylation degree was calculated by Vyzovkin’s method [5], from which it is clear 
that investigated reaction has complex kinetic mechanism consisting of a few reaction steps. 
Reaction rate curves were further decomposed by Suzuki-Fraser method [6] and two reac-
tion steps were distinguished. It has been concluded that in reaction step which dominates 
at lower temperatures 14 OH groups leave fullerol surface, whereas dehydroxylation of the 
rest of OH groups takes place in other step (i.e. one which dominates at higher temperatures) 
and that temperature program by which fractions with high content of fullerol with desired 
number of OH groups may be designed. 
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