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PREFACE

Welcome to the Graduate Schools Yearbook of 2015. In this book, most of the PhD students of DTU
Chemical Engineering present their projects. Some of the students have just initiated their work whereas
others are close to writing their thesis. The work of our PhD students is of utmost importance to fulfil the
mission and vision of our department.

Mission
Being responsible for research, education and innovation, DTU Chemical Engineering will develop and
utilize knowledge, methods, technologies and sustainable solutions within:

e Chemical and biochemical process engineering and production.

e Design of chemical and biochemical products and processes.

e Energy and environment.

Vision
DTU Chemical Engineering:
e Isacknowledged as a world leading chemical engineering department.
e Isan attractive partner for university departments and research-based industry.
e Helps to retain, develop and attract knowledge-based national working places.
e Supports development of sustainable solutions in the fields of chemistry, biotechnology, food,
pharma and energy through research and research based consultancy.
e Isattractive as a place to work for ambitious and technology-passionate staff members.

We hope you will find the Yearbook interesting and we invite all readers to contact us for further details:

Yours sincerely

Kim Dam-Johansen Peter Szabo & Aliff H. A Razak
Professor, Head of Department Editors
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A soft and conductive PDM S-PEG block copolymer asa compliant electrode
for dielectric elastomers

Abstract

Conductive PDMS-PEG block copolymers (Mn = 3 — 5 kg/mol) were chain-extended with PDMS to give extended
copolymers (M, = 30 — 45 kg/mol). Subsequently, the extended copolymers were mixed with a conductive nano-filler
(multi-walled carbon nanotubes — MWCNTS) in order to enhance conductivity. The combination of soft chain-
extended PDMS-PEG block copolymers and conductive MWCNTS results in a soft and conductive block copolymer
composite which potentially can be used as a compliant and highly stretchable electrode for dielectric elastomers. The
addition of MWCNTSs into the PDMS-PEG matrix not only increases the conductivity, but also increases mechanical
strength by reinforcing the network. However, incorporating MWCNTSs into the PDMS-PEG matrix is challenging
due to strong van der Waals forces between the MWCNTS. In the present study, MWCNTS were dispersed in organic
solvent (N-methyl pyrrolidinone) with 1 wt% of surfactant (Triton X-100). The conductivity of 4 phr MWCNTSs is 10
3 S/cm compared to 10"t S/cm of a reference conducting silicone elastomer (LR3162 from Wacker), which loses
conductivity upon stretching. Furthermore, PDMS-PEG block copolymer with 4 phr MWCNTSs (Young’s modulus,

Y =0.26 MPa) is softer and more stretchable than LR3162 (Y = 1.17 MPa).

Introduction
Dielectric elastomers (DESs) require inherently soft and
highly conductive compliant electrodes for optimum
performance. The conventional compliant electrodes,
loose carbon black or carbon grease, are easy to apply on
both top and bottom surfaces, but they lack adhesion to
the elastomer®. Alternative compliant electrodes have
been extensively explored such as silver nanowires?,
ionic hydrogels®, single-walled carbon nanotubes
(SWCNTs)* and polymer-carbon conductive
composites®. These alternative electrodes have good
adhesion to the DEs and long lifetime as well as
mechanically softness corresponding to the elastomer.
Polydimethylsiloxane-polyethyleneglycol (PDMS-
PEG) is a promising conductive polymer. The
combination of soft and stretchable PDMS and
conductive PEG in the block copolymer results in
conductive properties, nearly 10 S/cm, as reported by A
Razak et al.® However, this conductivity is relatively low
compared to other conductive polymers used for DE
electrodes. Due to their conducting nature, the soft
PDMS-PEG block copolymer can be further loaded with
conductive nano-fillers such as multi-walled carbon
nanotubes (MWCNTs) and silver (Ag) particles,
incorporated in the PDMS-PEG matrix above the
percolation threshold.

MWCNTs possess good mechanical properties,
excellent electrical and thermal conductivities, which are
suitable for many electronic applications’. However,
strong van der Waals forces between the tubes cause
MWCNTSs to be greatly entangled and bundled. Such
high interaction energies and entanglements of
MWCNTs result in poor dispersibility and weak
interfacial interactions with polymer matrices. Therefore,
MWCNTSs need to be treated either mechanically or
chemically so that they are well-dispersed in the polymer
network to achieve high conductivity. Treatment of
MWCNT’s surfaces using non-ionic surfactant does not
change the structures or intrinsic properties of MWCNTSs
compared to other mechanical and chemical methods.

Here, conductive elastomers were prepared by
extending short chain vinyl-terminated PDMS-PEG
copolymers with telechelic hydride functionalized
PDMSp=23, (n = numbers of repeating dimethylsiloxane
units) to obtain long chain copolymers (Si3PEG_H25)
with  telechelic hydride-terminated. Subsequently,
conductive PDMS-PEG copolymers were cross-linked
with vinyl crosslinker via hydrosilylation with an
addition of surface-treated MWCNTs at different
concentrations.



Results and Discussion

Due to low molecular weight of the block copolymers,
they were chain-extended with PDMS232 (M, = 17200
g/mol) as a chain-extender, in the presence of 30 ppm Pt
catalyst and speedmixed at 3000 rpm for 4 min at 23 °C.
In order to obtain good dispersion of MWCNTSs,
MWCNTs were dispersed in N-methylpyrrolidone
(NMP) with 1 wt% of Triton X-100 using a mechanical
shaker at 180 rotations/min for 30 min and later was
ultrasonicated in water bath for 6 hours.

The conductivity increased of the order of 10* from 1
phr to 2 phr of MWCNTS in chain-extended PDMS-PEG
matrices as presented in figure 1. The reference sample
of chain-extended PDMS-PEG without MWCNTS shows
conductivity of 102 S/cm coherently with a previous
study®. The highest conductivity achieved by 4 phr of
MWCNTSs in PDMS-PEG matrix is 10 S/cm, which is
lower the order of 10> compared to the reference
conducting silicone elastomer (LR3162).
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Figure 1: Conductivity for chain-extended PDMS-PEG
copolymer with different concentration of MWCNTSs at 23 °C.

Dielectric losses for chain-extended PDMS-PEG
copolymers with 2 to 4 phr of MWCNTSs are of the order
of 10* to 108, which are lower than the dielectric loss of
LR3162 (figure 2). On the other hand, relative
permittivity for chain-extended PDMS-PEG with 2 to 4
phr of MWCNTS is nearly identical to that of LR3162.
Meanwhile, both chain-extended PDMS-PEG with 1 phr
MWCNTs and the reference elastomer with no
MWCNTs have almost identical relative permittivity
(~10). They also possess low dielectric loss (102 and
below).

The increased storage modulus (G”) by adding 1 phr
of MWCNTSs in PDMS-PEG copolymer indicates that
MWCNTSs give filler-effect by reinforcing the polymer
network. The elastomer shows a softening effect with the
addition of 2 phr MWCNTs as the elastomers is
destroyed. However, the elastomer shows brittle
behaviour due to a weak network when adding above 4
phr of MWCNTSs. The reference chain-extended PDMS-
PEG without MWCNTSs (G’ = 107 MPa) is stiffer than
LR3162 conducting elastomer (10° MPa) as shown in
figure 3. The modulus loss for all samples remains low
(tan (delta) < 0.3).
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Figure 2: Relative permittivity and dielectric loss for chain-
extended PDMS-PEG copolymer with different concentration
of MWCNTSs at 23 °C.
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Figure 3: Storage modulus and modulus loss for chain-
extended PDMS-PEG copolymer with different concentration
of MWCNTSs at 23 °C.

Conclusion

The cross-linked conductive PDMS-PEG copolymers
were successfully prepared with addition of different
MWCNT concentrations. The conductivity of the chain-
extended elastomers increases nearly to 10 S/cm, which
is lower than the conductivity of commercial conducting
polymer (LR3162) — 10! S/cm. The mechanical
properties of chain-extended PDMS-PEG copolymers
with MWCNTSs (< 3 phr) indicate soft networks with low
modulus losses. The conductivity of soft chain-extended
PDMS-PEG copolymers with MWCNTs can be
improved by adding silver nanoparticles in the system if
properly designed.
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Design and evaluation of multi-enzyme processes

Abstract

In recent years, much interest has been shown in the application of enzymatic cascades as a useful tool in organic
synthesis. Such enzymatic cascades can provide added value to a synthetic scheme by starting from cheaper raw
materials or making more valuable products. Despite this interest, the feasibility study of many enzymatic cascades
has not been reported and therefore difficult for process design and improvement of multi-enzyme processes.

Introduction

To date, numerous multi-enzyme processes have
been developed as a tool for the synthesis of many
interesting chemical compounds. Several of the schemes
have been proposed to produce a valuable chemical
such as, a chiral amine from a cheap starting material,
an alcohol. This is particularly interesting as in general,
there is no enzyme that able to directly convert an
alcohol into an amine, as the approach taken in nature in
metabolic pathways.

Artificial multi-enzyme networks for the asymmetric
amination of alcohols have been first developed by
Wolfgang’s group'. The artificial systems consist of
three to five redox enzymes that provide a way to
convert the alcohols to their corresponding amines. One
of the schemes is shown in Fig.la. Interestingly, the
introduction of alanine dehydrogenase (AlaDH) in the
cascade serves as dual purposes. Besides recycling the
co-factor and co-substrate in situ, AlaDH reaction is
energetically favourable that is also used to shift both
unfavourable reactions (oxidation of alcohols as well as
the amination of ketone) achieving a high conversion.
However, the major challenge in this cascade is to run
the oxidation and amination steps simultaneously, as it
is known that amine transaminase reaction is often
hindered by an adverse equilibrium position,
particularly using alanine as the amino donor”™", giving
a low conversion.

Alternatively, a redox-neutral two-enzyme cascade
process for the preparation of chiral amines from
alcohols has been recently constructed (Fig. 1b)’°. Here,
the alcohols are oxidized by an alcohol dehydrogenase
to ketones and subsequently aminated by an amine

dehydrogenase (AmDH) to produce the corresponding
chiral amines. Interestingly, this approach only requires
ammonia as the amino donor and water as the by-
product without the addition of alanine and an external
reducing agent as in Fig la.
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Fig. 1: Enzymatic toolbox of self-sufficient redox cascades.
(a) ADH/®w-TA/AlaDH and (b) ADH/AmDH coupled system.
ADH: alcohol dehydrogenase, o-TA: o-transaminase, AlaDH:
alanine dehydrogenase, AmDH: Amine dehydrogenase.

Besides numerous enzymatic cascades available in
scientific literature, a feasibility study to develop such
cascades has not been reported. The guideline to assist
the combination of enzymes into a synthetic scheme as
shown in Fig. 1 as well as the effective approach in
reaction engineering however is not known. Therefore,
in this study, the feasibility of multi-enzyme cascades is
investigated in order to search for process improvement
and implementation. In order to achieve this objective,
case studies as mentioned above are used in order to
highlight the applicability of the multi-enzyme



processes. Here, we have determined how the oxidation
of alcohol and amination of ketone could be made
thermodynamically feasible by the use of enzyme
coupling and also how the kinetics helps to achieve a
favourable conversion at a sufficient rate.

Process evaluation

In order to improve the conversion of an otherwise
thermodynamically limited reactions, the unfavourable
reactions are coupled with an energetically favourable
one (e.g. AlaDH in Fig. la). Such conversion can be
determined by the Gibbs free energy and equilibrium
constant K’ of the overall reaction. Thus, we have
determined and compared the properties of the standard
Gibbs free energy of reaction AG)° given by the group
contribution method (a predictive tool) with the
experimental data (Table 1). The AG) value was
calculated based on the experimentally-determined
concentration-based equilibrium constant K~ as in Eq. 1.
AG” =-RTInK’ (Eq. 1)
The equilibrium concentrations were determined by
allowing the reactants to reach equilibrium from both
directions. Here, the synthesis of (S)-phenylethylamine
(PEA) from (S)-phenylethanol (PhEtOH) as the scheme
in Fig. 1a was used. All reactions were carried out in at
a 3 mL scale incubated in a thermoshaker (HCL,
Bovenden, Germany) at 30°C, pH 7 with constant
agitation (400 rpm). The analysis was carried out as
described previously’.

Table 1: The AG/° for the synthesis of PEA using | -ala as the

amino donor as the scheme in Fig. 1a.

Enzyme reaction  Group Experimental
contribution® data (kJ/mol)
(kJ/mol)

ADH +9.25 +46.78+0.32

o-TA +16.78 +13.5040.15

AlaDH -36.36 —76.27+0.11

Net reaction —10.33+5.66 —12.43+0.37

It should be noticed that AlaDH reaction has a large
and negative AG) that can successfully shift the
thermodynamics of the unfavourable reactions, (o-TA
and ADH. The overall reaction was feasible where
AlaDH reaction has been identified as a driving force
that control the feasibility of the ADH/w-TA/AlaDH
coupled system. Further analysis, we explored the
feasibility of such cascade in the dependency of the K’
and the overall conversion, by simplifying the
individual reactions in the scheme into a net reaction

(Eq. 2).

[PEA]
[PhEOH|NH ! |

(Eqg. 2)

AG/ =—RTIn

Equation 2 shows that the ammonium concentration
is the key compound that controls the favourability of

the cascade and has the effect on the overall
equilibrium. For instance, without an excess of
ammonium concentration, less than 10% conversion
could be expected. However, using a 50-fold excess of
ammonium concentration could shift the overall
equilibrium position to achieve approximately 70%
conversion, assuming that the system is operated in an
efficient in-situ re-generation system (Fig. 2).

Fig. 2: Estimation of equilibrium conversion of ADH/®-
TA/AlaDH coupled system in the production of PEA. GC is
the group contribution method and exp is the experimental
data.

Despite the value of such estimation, it remains
unclear the precise effect of biocatalysts as low
conversion can also be the result of biocatalyst related
issues, such as low activity and stability of biocatalysts,
substrate/product inhibition, and/or inefficient co-
factor/co-substrate regeneration system. Therefore,
kinetics study is also important for enabling high
efficiency when running a multi-enzyme cascade,
particularly in one-pot system. An approach to measure
kinetics, by coupling with the unfavourable to
favourable reaction, is currently being done.
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CFD modeling of SNCR in cyclone reactor

Abstract
This project focuses on modelling of Selective Non-Catalytic Reduction (SNCR) of NOy inside cyclone reactors by
Computational Fluid Dynamics (CFD) by coupling fluid dynamics and chemical reactions. Cyclones have the
potentially being applied as a reactor for enhancing (because of good mixing) the conversion of reactants in short
reaction time. This potential could be targeted for different applications in the chemical industry such as cement
preheating stages and power plants based on CFB (Circulating Fluidized Bed) boilers. The developed model will be
validated by pilot scale experiments. A pilot has been designed and manufactured for this purpose.

Introduction

In recent years, NOx emission control has become
stricter worldwide. Selective Non-Catalytic Reduction
(SNCR) with reduction capabilities from 25% to 75%
over a range of industrial applications is an effective and
economic method of reducing NOx based on injecting
nitrogen agents such as NHs; into flue gas containing
NOxy at high temperatures [1]. In practice, NOx reduction
efficiencies are primarily dependent on three factors:
mixing, temperature, and residence time. Most of the
studies have been conducted on SNCR in
furnaces/kilns/boilers, and there is a massive literature
on different operating parameters and chemical
reaction/reduced kinetics to provide better reaction
conditions.

In this study the focus is put on cyclones instead of
the furnaces/kilns/boilers as a preferred reactor for
SNCR. Two studies have been carried out using cyclone
reactor for SNCR [2], [3]. However there is still need to
provide more knowledge in different aspect e.g. mixing,
residence time, particle effect and etc. to achieve better
understanding of the reaction inside the cyclone.

The lack of knowledge of the fluid dynamics and
NOx reduction inside cyclone is due to the fact that the
fluid dynamics within a cyclone is complex. Moreover,
inclusion of parameters, such as residence time, reactant
concentrations distribution, as well as other relevant
physical properties (e.g. viscosity, density, temperature
effects, rotational effects), add further complexities.
CFD simulations of the fluid and particle flows in
cyclones provide an effective tool for understanding the
details of the flow and reaction within the cyclones.

However, the system to be used for the simulations with
detail reaction scheme is very complicated and the
computation is time consuming even with powerful
computers. To reach a reasonable computational time,
the system needs to be simplified.

The main aim of this project is to map the relative
importance of fluid dynamics and SNCR with
involvement of flow pattern, transport phenomena with
reduced chemical Kinetics and to propose a
methodology for process simplification for modelling.
The results could be applied for optimisation and scale
up, e.g. in cement industry and power plants.

M ethodology
The modeling is divided into three steps: 1) Develop a
reliable fluid dynamic model, which will be validated
by experiments. 2) Implement SNCR reactions with
mass and heat transfer taken into consideration without
particle injection (to start with a basic model) inside the
cyclone reactor. Based on the obtained validated model
and the flow patterns, the SNCR of NOx will be
implemented for a high temperature system in the
second step. The model will be validated by
experimental results in a pilot plan. Experiments will be
performed in a pilot setup which is designed and
manufactured for the project. The schematic view of the
setup is shown in Figurel.

3) Study of the effect of particles in SNCR of NOy
inside the cyclone.

The developed model would then be used to predict
the performance parameters of the cyclone reactors,
such as pressure drop, efficiency, temperature profile,



NOx efficiency and ammonia slip, with respect to
variations in system properties (such as solid loading,
gas inlet velocity, gas inlet temperature, NH3s/NO ratio
and particle size).
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Figure 1. Schematic of designed pilot-plan

Progress so far
Evaluation of CFD-Cold mode is done by Hoekstra’s
experimental results [4]. Figure 2 shows the evaluation
of CFD modeling of axial velocity of cyclone at an axial
location (y=3.25D) which is solved by RSM (Reynolds
Stress Method).

The CFD model very well predicts the experimental
results for velocity profile and pressure drop. Structure
of this CFD-model such as turbulent model, boundary
conditions, grid generation will be used for the next step
of the project for the simulation of reaction in cyclone.

Figure 2: Axial velocity profile along the z-axis at
y=3.25D

Futurework

The future work will be model simulation to predict
reduction efficiency in different conditions with change
in temperature, inlet velocity, initial NOx value, and
NH3/NO ratio. Optimum position for introducing NHs
will also be investigated. The position of injection of

NHs may affect the initial degree of mixing of NHs
stream with the main flue gas stream, and the residence
time. If the NOyx reduction is the result of the
competition of these two parameters, an optimum
position exists. In addition, the optimum position may
vary with inlet gas velocity and temperature. Mapping
the optimum positions may provide valuable
information for design and operation.

The optimum NH3/NO ratio will be assessed from the
result. In general, increasing NHs/NO ratio will lead to
an increase in NO reduction. However, when this ratio
is higher than certain value, the NHs slip will increase.
This trade off on the NH3s/NO ratio will result in an
existence of the optimum value of NH3/NO ratio.
Furthermore, it is planned to develop simulations to
investigate the effect of particles on reduction. The
chemistry of SNCR may change due to possible
catalytic effect of the particles, especially when e.g.
limestone particles are present. In this project it is
planned to investigate the influence of sand (no catalytic
effect) and limestone. The validation step will be
expected to follow simulations with a set of experiments
with changing parameters. For investigating the effect
of particles, a set of experiments will be performed with
and without particles to compare the particle effect in
practice with the simulation results.

All the results and the validated model itself will
provide general knowledge about cyclone reactor and
input to scale up projects or real scale studies e.g.
providing information to an existing plant. In such
conditions many of the operating parameters are fixed.
The model would be applied to optimize the system
considering fixed parameters. In general the model
could be applied to decide on how to obtain the highest
degree of NOy reduction with lowest degree of NHs slip
when implementing SNCR in different operating
conditions.
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Predictive modeling of gas diffusion and solubility in polymersfor offshore
pipelines

Abstract

Carbon dioxide (CO>) has a crucial role in the oil and gas industry, but one of the main problematics, that is
frequently forgotten in comparison with its capture and storage, is the transportation [1]. National Oilwell Varco
(NOV) is a specialist in the manufacture of flexible pipes to transport gases at extreme conditions (e.g. supercritical
stage) from offshore locations. The design of flexible pipes encloses several layers, being the so-called inner
polymer liner the barrier to the egress of the gas being transported [2]. In order to, safely, transport supercritical
gases in these pipelines, it is necessary to measure and understand several thermodynamic and transport properties
of the polymer/gas system at different pressures and temperatures. The purpose of this work is to determine these
key properties (solubility, permeability and swelling), for the development of flexible pipeline systems, under the

direct collaboration with an industrial partner: NOV.

Introduction

Flexible pipes are used as a key component in the oil
and gas industry, especially for offshore applications.
The design of a flexible pipeline consists of different
layers of material, most of them metallic. But there are
two types of polymeric materials of crucial importance,
the first located at the outer-shell of the pipe which has
the main function of protecting from sea water corrosion
the inner metallic surfaces; the second polymeric layer
is in permanent contact with the transported fluid and
therefore reinforces from the inner side the isolation of
the metal layers. Moreover, this polymeric inner layer
needs to have special mechanical and chemical
properties compatible with the transported fluid to avoid
leakages and guarantee high safety levels. Due to its
critical importance to effective transport, the inner
polymer is the main object of this study. Inside the
pipeline the gases are transported at high temperature
and pressure, well above supercritical [2]. The critical
properties of CO; are: T, =30.98 °C and P, = 73.77 bar
[3]. There are two main issues regarding the contact of
supercritical ~ fluids  with  polymers: a swelling
phenomenon of the polymer of variable extension
depending of the type of polymer used, which could
lead to rupture of the pipeline; and the gradual
degradation of the polymer that can lead to a loss of
some key barrier properties of the polymer.

The study and optimization of the transport
properties of supercritical fluids in these pipeline
systems is an experimental challenge that requires the
acquisition of some thermodynamics and transport
properties, such as solubility and permeability. This can
be achieved using equipment, such as a Magnetic
Suspension Balance (MSB) and a 2-D permeation cell
for measuring the solubility and the permeability,
respectively. These properties are dependent on
pressure, temperature, and composition of the gas, but
also on the interactions with the chain group in the
polymer. Also, a particular matter to take into account is
the change of the polymers physical properties during
the transport at extreme conditions, such as the density,
diffusivity, swollen volume and even the free volume of
the polymers [2].

Transport Phenomena

The phenomena of gas transport through a polymer can
be decomposed into 5 steps, which can be summarized
as follows:

e Diffusion through the limit layer on the side
corresponding to the higher partial pressure
(upstream side);

e Absorption of the gas (mainly due to chemical
affinity or solubility) in the polymer;

o Diffusion of the gas inside the membrane polymer;



e Desorption of the gas at the side of lower partial
pressure;
e Diffusion through the limit layer of the downstream

side [4].

The transport phenomena can be grouped into three
transport  coefficients:  diffusion, solubility, and
permeability, where the permeability coefficient is
obtained by multiplying the other two coefficients.
Another important factor for gas transport in polymers
to be taken into account is the crystallinity. The
crystallinity fraction of polymer is attributed to the
region where the molecules are well arranged, in a
regular order. If in one hand the sorption and diffusion
phenomena take place in the amorphous regions, on the
other hand the crystalline regions act as barriers for
diffusion and are not included in the sorption process.
However, the existence of crystalline regions seems to
not influence the sorption mode in the amorphous
regions [2].

Temperature dependence

A common approach in the literature is to use an
Arrhenius equation as a descriptor of the temperature
influence in the different coefficients. For example, for
permeability the equation should be:

Pe=Pe, exp[_;f’ J 1)

Where pg, represents the limit value of permeability for
the infinite molecular agitation (T »«), E, is the

apparent activation energy of permeation, T is the
absolute temperature and R is the universal gas
constant. Through a linearization of Eq. 1 is possible to
obtain the unknown variables using the slope and the
ordinate from the trendline of the experimental data [4]-

[7]

Specific Objectives
The purpose of this study is:

1. Experimental measurements of solubility and
permeability of pure CO, and its mixture with methane
(90/10) in different types of polymers — PVDF, XLPE
and PA11 - up to 110 °C and pressures up to 650 bar;

2. Modelling the above properties based on the
equation of state sPC-SAFT. It is an objective the
inclusion of the volumetric properties of the polymer
(such as polymer swelling) in the model.

M easurements and M odeling of Solubility

The MSB can be simply described as a balance that
enables the weighing of the samples in almost all
environments at controlled temperature and pressure
conditions. The operational conditions can go up to
350 bar and 200 °C. The sample is placed in a sample
container which is connected to a permanent magnet.
Under the balance there is an electromagnet that attracts
the magnet whenever there is an electric current passing
through it. Thus, is possible to find the mass of the

polymer with the absorbed gas. The density of the gas at
the current pressure and temperature conditions is
acquired by MSB and after a buoyancy correction the
solubility coefficient is obtained. A scheme of the set-up

is represented in Figure 1.
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Figure 1: Schematic diagram of the MSB set-up.

The most versatile and successful models for
predicting and correlating the thermodynamic properties
(solubility and swelling) of gas/polymer mixtures,
especially at elevated pressures, are equations of state
[8]. In particular, the equation of state SPC-SAFT,
suitable for polymers and developed at DTU [9] has
been successfully applied to these and other similar
systems— see Figures 2 and 3.

As a main conclusion, it was observed that the
solubility is higher while increasing pressure and
temperature parameters, for both polymers.
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Figure 2: sPC-SAFT correlations for CO; solubility in
PVDF at 45, 60, 75 and 90 °C. The crystallinity of the
polymer used in the model prediction was estimated to
be 45%. The binary interaction parameter needs to be



temperature dependent in order to capture the
experimental data.
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Figure 3. sPC-SAFT correlations for CO; solubility in
XLPE at 45, 60, 75 and 90 °C. The crystallinity of the
polymer used in the model prediction was estimated to
be 50%. The binary interaction parameter reveals to be
temperature dependent.

Around 80 bar a significant increase of the solubility
is observed; one possible explanation for this
phenomena is that the swelling of the polymer (caused
by the passage of CO, from gas to supercritical stage) is
more affected — the volume of the sample contributes
for the buoyancy correction to the solubility calculation
— than the change in weight caused by the gas solubility
itself.

M easurements and M odelling of Permeability

As already mentioned, the permeability is obtained from
a 2-D permeation cell. The high pressure 2-D
permeation cell was designed and manufactured by the
Department of Chemical and Biochemical Engineering
at Technical University of Denmark. The operating
conditions of the cell are up to 150 °C and 700 bar. The
set-up of the equipment is shown in Figure 4. The cell
consists of two stainless steel chambers: a high-pressure
chamber — or primary chamber — and a low pressure
chamber — or secondary chamber.

Predictive theories for diffusion in polymers are
rare, although Vrentas and Duda [5] have proposed a
model based on the concept of free volume in a
polymer, where the free volume is divided into
interstitial free volume and “hole” free volume, where
only the hole free volume is available for solvent
diffusion. This is usually taken from a model such as
Flory-Huggins, although an equation of state such as
SPC-SAFT can also be used [6].

The effect of the temperature was studied in the
permeability coefficient between 45 and 90 °C and a
significant variation of the permeability is observed
with the increasing of temperature. These results are
expected because the increase of temperature causes
mobility of the polymer chain, resulting in an
enhancement of the gas molecules diffusion [6].
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Figure 4 - Schematic diagram of the 2-D permeation
cell set-up

Figures 5, 6 and 7 present the permeability of CO, in the
three studied polymers as function of temperature and
pressure, which allows to apply the Arrhenius equation
linearization.
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Figure 5 — Logarithm of the permeability coefficient as
function of the inverse of the temperature for CO; in
PVDF and respective Arrhenius equation for the
different studied pressures.

The variation of permeability with pressure was
observed to be dependent of the type of polymer — . For
instance PVVDF has higher permeability while increasing
the pressure (Figure 5). Contrarily to this, XLPE shows
a lower permeability with the pressure increase (figure
6), this former behavior can be explained by a
compression of the polymer chains at higher pressures,
decreasing the free space and thus limiting gas passage.
PA11 shows a peculiar behavior (see Figure 7),
attributed to the loss of mass that polymer experienced
along the measurement due to the release of the
plasticizer. The loss of mass was even more significant
for higher pressures and temperatures were it reached a
decrease of 3.5%.
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function of the inverse of the temperature for CO; in
PA1l and respective Arrhenius equation for the
different studied pressures.

Future Work

e Further experiments with MSB and 2-D permeation
cell to measure the solubility and permeability,
respectively, at different temperatures, pressures and
gases mixtures;

e Determination of the polymer swelling at different
temperatures and pressures;

e Investigate the change of the crystallinity fraction in
the studied pressures and temperatures;

e Develop of a model that combines a SAFT model
for solubility with a novel model for transport
phenomena of gases in polymers integrating the
work done before.

Acknowledgements
The author gratefully acknowledges NOV Flexibles and
DTU for funding the project.

References
1. A. Rubin, C. Wang, Qualifications of Flexible

Dynamic Risers for Supercritical CO,, Offshore
Technology Conference, Houston, USA, 2012

2. S. Almeida, Measurement and Modeling of
Supercritical CO, Solubility and Permeability in
Polymers for Offshore Applications, M.Sc. thesis,
DTU Chemical Engineering (2012).

3. REFPROP, NIST, version 8.

4. M. Klopffer, B. Flaconneche, Transport Properties
of gases in polymers: Biographic Review, Oil & Gas
Science and Technology, 56, (2001), 223-244.

5. J.S. Vrentas, J.L. Duda, Free-Volume Interpretation
of Influence of Glass-Transition on Diffusion in
Amorphous Polymers, J. Appl. Polym. Sci., 22,
(1978), 2325.

6. J. K. Adewole, L. Jensen, U. A. Al-Mubaiyedh, N.
von Solms, and I. A. Hussein, “Transport properties
of natural gas through polyethylene nanocomposites
at high temperature and pressure,” J. Polym. Res.,
vol. 19, no. 2, p. 9814, Feb. 2012.

7. B. Flaconneche, J. Martin, and M. H. Klopffer,
“Permeability, Diffusion and Solubility of Gases in
Polyethylene, Polyamide 11 and Poly (Vinylidene
Fluoride),” Oil Gas Sci. Technol., vol. 56, no. 3, pp.
261-278, May 2001.

8. N. von Solms, M. L. Michelsen, G. M.
Kontogeorgis, Prediction and Correlation of High-
Pressure Gas Solubility in Polymers with Simplified
PC-SAFT, Ind. Eng. Chem. Res. 44, (2005), 3330.

9. N. von Solms, M. L. Michelsen, and G. M.
Kontogeorgis, = Computational and  Physical
Performance of a Modified PC-SAFT Equation of
State for Highly Asymmetric and Associating
Mixtures, Ind. Eng. Chem. Res. 42, (2003), 1098.

10



Phone:
E-mail:

Supervisors:

PhD Study
Started:

To be completed:

Amata Anantpinijwatna
+45 4525 2912
amatana@kt.dtu.dk

Rafiqul Gani
John M. Woodley

August 2013
July 2016

Generic model-based tailor-made design and analysis
of biphasic reaction systems

Abstract

Biphasic reacting systems have a broad range of application in chemical, pharmaceutical, and agro-bio industries.
The systems contain two immiscible liquid phases, in which reactants and catalysts (including also biocatalysts and
enzymes) can exist in different liquid phases, allowing novel synthesis paths, higher yield, and faster reaction rate,
as well as, making the separation tasks easier by manipulating process condition after reaction. A mathematical
model which collectively describe reactions, mass transfer, and equilibrium of heterogeneous species can be a
powerful tool for improve and innovative design of the systems. In this work, the predictive qualities of the model
together with the improvements in the predicted design and operation of reaction with biphasic systems are
highlighted. Also, applications of problem-specific models for selecting improved design alternatives based on

different design targets are presented.

Introduction

Biphasic reacting systems have a broad application
range from organic reactions in pharmaceutical and
agro-bio industries to CO, capture [1,2]. In these
systems, phases are created by two immiscible liquids
where reactants, catalysts (including biocatalysts and
enzymes), and products can exist in different liquid
phases, allowing novel synthesis path. As well as
enhancing selectivity and conversion through regulating
phases composition with solvent selection or operation
conditions.  Moreover, by manipulating reactor
conditions, reactants, catalysts and products may end up
in different phases, leading to lessening the separation
tasks. In order to efficiently develop, design, and
analysis the process, mathematical modelling which
collectively describe physical and chemical equilibrium,
reaction mechanism, and unit operation is generated
with a framework for modelling of the biphasic reaction
system [3].

A new predictive electrolyte model based on group
contribution method (e-KT-UNIFAC) [4] has been
incorporated into the framework. This new model has
been successfully applied for alkali-halide salts in
aqueous and mixed solvent systems and has the
capability to predict the partitioning and equilibrium of
electrolyte and non-electrolyte systems and also has the
potential to accommodate a wide range of reaction
systems and solvents.

11

Objectives

General objectives of the project are listed as followed:

- To propose a framework for modeling biphasic
reaction systems.

- To develop a model of interested biphasic reaction
systems.

- To use developed models for designing, optimizing,
and analyzing the system.

Progress

Framework and Generic Model

The systematic framework for modelling of the biphasic
reacting system consists of three modules of physical
equilibrium, kinetic and mass transfer, and balance
based on concept of extend of the reaction coupled with
generic mathematical equations (Egs. 1 - 5).

Vi
Xia P. = Xiﬁ 2
e
i~ ki o iy — 3
i KEq,j



as;

dt

N, :Nio+2vij§j +F°-F 5
j

=RV 4

Where, partition coefficient (P.) is defined as a
distribution of each species between the two co-existing
phases computed from activity coefficients (yi‘”,yi/” )
calculated with an appropriate thermodynamic model.

Reaction Kinetic (kj) and equilibrium (Kquj) are

reaction specific parameters.

Problem-specific models are then generated from
different combinations of the equations from the three
modules.

Implementation of e-KT-UNIFAC for PTC

To apply the e-KT-UNIFAC for phase transfer catalyst
(PTC) systems, 4 new ion groups for PTC have been
defined. Figure 1 shows acceptable agreement between
the measured experimental data and model predictions,
with remarkable success in displaying the formation of
micelle by the tetrabutylammonium chloride PTC.

Model-based PTC Process Design

In this section, the production of butyl bromide from
butyl chloride with tetraalkylammonium as PTC cases
study are presented. Results highlighting the application
of problem-specific models for selecting the best
combination of solvent-PTC with different design
targets.

The model is used to estimate the effect of PTC
partitioning toward the actual rate of reaction. In total,
13 solvents and 4 PTCs are analyzed. Half-life and
equilibrium time of the reaction mainly depend on the
activity coefficient of active PTC in organic phase as
shown in Figure 2. The fastest reaction is almost 10
order of magnitude higher than the slowest one.

Also, to select the proper feed amount of PTC, the
model is operated with varied concentration of PTC. As
shown in Figure 3. At the optimum range, almost all fed
PTC is converted to the active form in the organic
phase, thereby allowing the reaction to take place.
Below the optimum region, lower concentration of PTC
makes its stay as active form in aqueous phase longer,
causing slow organic phase reaction. While above the
optimum region, PTC accumulates as inactive form in
the organic phase, causing the loss of valuable catalyst.

Conclusion and Future Per spective

A biphasic reacting systems modelling framework has
been extended with a predictive constitutive
thermodynamic model (e-KT-UNIFAC), resulting in
broadening the range of applicable systems, improving
the predictive capability, as well as, reducing the need
for experimental data. Coupled with the new
thermodynamic model, a predictive reactor model with
its sub-models has been developed for phase transfer
catalyst systems for study of different operational
scenarios. The model has been successfully applied for
the design of a PTC system with the aim to improve
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Figure 1. Comparisons of calculated mean ionic activity
coefficients of Tetraalkylammonium PTC with data [5,6]
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production, reduce downstream separation, accelerate
reaction, and/or optimize operation.

Though, the framework and the model are under
constant further development and improvement, the
current version has shown that very promising results
can already be obtained for PTC based reacting systems.
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Combustion of biomassin fluidized bed reactors

Abstract

The PhD project focuses on biomass combustion in fluidized bed reactors. The major operational problems, NOx
emission and bed agglomeration, will be studied in order to understand the fundamental mechanisms, and to develop
modelling tools and countermeasures that can be applied to minimize the problems. Comprehensive experimental
analysis will be performed to achieve a systematic understanding of the influences of fuel properties and operational
parameters on NOx emission and bed agglomeration. Based on the experimental results, mathematical models will
be developed to predict and evaluate NOx emission and bed agglomeration in fluidized bed reactors. Different
countermeasures will be developed, tested and optimized through experiments and modelling.

Introduction

Fluidized bed combustion is a promising technology for
efficient and flexible utilization of biomass to produce
heat and power [1]. On the other hand, there are several
operational problems, such as NOx emission and bed
agglomeration, that can hamper a continuous and high-
efficient operation of biomass-fired fluidized bed boilers
[2,3].

Bed agglomeration can cause instable combustion in
biomass-fired fluidized bed boilers, and in extreme
cases, result in defluidization and unscheduled plant
shutdown [1]. Bed agglomeration can be induced by the
reactions of alkali species from biomass and silica bed
materials, which form a layer of molten potassium
silicates on bed particle surface. Besides, bed particles
can also attach to burning biomass particles due to the
formation of molten ash phases at the high-temperature
surface of burning particles [4]. In order to understand
and minimize bed agglomeration problems, a
systematical experimental analysis under different fuel
and operation conditions is needed. On the other hand, it
is desirable to develop modeling tools that can predict
and evaluate the processes.

Emission of nitrogen oxides (NO2, NO, N20) can
result in severe environmental problems such as ozone
depletion and acid rain. Thus strict legislation for NOx
emission has been applied to biomass-fired fluidized
bed boilers [5]. In fluidized bed combustion of biomass,
NOy can be formed from the oxidation of fuel-bound
nitrogen, and the reaction between N and hydrocarbon
radicals. The formation of NOy is influenced by many
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factors, including the fuel chemical and physical
characteristics as well as the temperature, mixing, and
stoichiometric conditions in boilers [1]. An in-depth
understanding of the effect of aforementioned factors
through experiments and modelling is needed in order to
minimize NOy emission.

Besides optimization of operation conditions in
boilers, countermeasures for bed agglomeration and
NOx emission problems in fluidized bed combustion of
biomass have been explored and tested [6,7], such as
pre-treatment of biomass, usage of additives, and co-
combustion. In order to optimize the performance of
countermeasures, extensive experimental and modeling
analysis is needed.

Specific Objectives
The PhD project focuses on fluidized bed combustion of
biomass. The objectives are to:
= Achieve a systematical understanding of bed
agglomeration and NOy emission mechanisms
under different fuel and operation conditions.
= Develop reliable modeling tools to predict and
analyze bed agglomeration and NOy emission.
= Evaluate and optimize countermeasures to
reduce bed agglomeration and NOy emission.

Approaches

The approaches of the project include experimental
studies in a laboratory-scale fluidized bed reactor and
other fixed bed/entrained flow reactors, and modeling



work using chemical engineer models and/or
computational fluid dynamics models.

A laboratory-scale fluidized bed reactor will be
established in DTU Chemical Engineering. The reactor
will be applied to study the combustion of various
biomass under well-defined experimental conditions
(temperature, excess air ratio, superficial velocity etc.),
with a focus on NOy emission and bed agglomeration
behaviors. The influences of various additives,
alternative bed materials, and fuel blending on
combustion performance will be investigated. The
experimental work will be supported by in-situ
measurements of the gas, temperature and pressure
distribution in the reactor, and by various ex-situ tools
(e.g. scanning electron microscopy coupled with
energy-dispersive x-ray spectroscopy, x-ray diffraction,
thermogravimetric analysis, inductively coupled plasma
optical emission spectroscopy) for characterization of
bed materials and the fuel/char samples.

Fixed bed and entrained flow reactors in DTU
Chemical Engineering will be used in the project to
achieve quantitative understandings of the fundamental
mechanisms of bed agglomeration, NOx formation, and
countermeasures. Experiments on simple systems, e.g.
NOx formation during different stages (pyrolysis and
char oxidation) of biomass combustion and reaction
between potassium salts and silica sand, will be carried
out under fluidized bed conditions. The experiments
will be supported by the aforementioned in-situ and ex-
situ characterization tools.

Mathematic models that can describe bed
agglomeration and NOy formation during fluidized bed
combustion of biomass will be established based on the
experimental results obtained from the fluidized bed,
fixed bed, and entrained flow reactors. Currently,
modelling of bed agglomeration is still to a large extent
based on thermodynamic equilibrium models [8]. In this
project, based on experimental input, an advanced
chemical engineering model that consider transport
processes and chemical reactions will be developed to
describe reaction-induced bed agglomeration. In
addition, simplified models for fuel conversion and NOy
formation will be developed and implemented in a
computational fluid dynamics model applicable for
fluidized bed combustion of biomass. Moreover, models
that can describe the effect of countermeasures (e.g.
additives) may be developed. The aims of developing
the aforementioned models are to facilitate the
fundamental understanding of operational problems as
well as sensitivity analysis and possible implementation
of the models on industrial scale fluidized bed boilers.
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Catalytic hydrodeoxygenation of biomass pyrolysisoil for green fuels

Abstract

Catalytic fast hydropyrolysis of biomass with downstream hydrodeoxygenation (HDO) of the pyrolysis vapors is a
promising technique for sustainable production of green fuels. This study is focused on the experimental
investigation of catalytic HDO. The scope of this project is to develop active and stable catalysts for hydropyrolysis
and downstream HDO as well as optimizing operating conditions to minimize catalyst deactivation. The project is
part of the project “H,CAP - Hydrogen Assisted Catalytic Biomass Pyrolysis for Green Fuels”.

Introduction

The H,CAP process aims at converting solid biomass
into fuel grade oil through continuous catalytic
hydropyrolysis and downstream deep HDO (see also
Magnus Zingler Stummann, pg. 165-166). Conventional
pyrolysis of biomass produces a high vyield of
condensable bio-oil at moderate temperature and low
pressure [1]. The produced bio-oil has a high content of
oxygen which must be removed (down to <1 wt%) in
order to enhance its fuel properties. The oxygen is
present as water (15-30 wt%), carboxylic acids,
aldehydes, ketones, alcohols, furans, phenols and more
[1-3]. Depending on the biomass source, the higher
heating value (HHV) of the produced oil is
approximately 16-19 MJ/kg compared to approximately
44 MJ/kg of crude oil [2]. Additionally, the oxygenates
present in bio-oil are responsible for a poor stability
upon storage and heating, immiscibility with
hydrocarbon fuels and a high acidity [1,2].

Bio-o0il oxygenates can be converted to fuel grade
hydrocarbons through HDO in the presence of hydrogen
over a suitable catalyst. HDO of condensed bio-oil is
challenged by severe coke formation upon heating.
Hence, in the H,CAP process, catalytic HDO takes
place both during pyrolysis of biomass and in a
downstream fixed bed reactor, where the pyrolysis
vapors are upgraded before condensation. The aim is to
stabilize reactive oxygenates immediately when formed
and to perform the downstream deep HDO before
condensation of the product oil to minimize coke
formation. Catalytic HDO is currently challenged by
rapid catalyst deactivation. This deactivation is caused
by coke deposition on the catalyst surface as well as
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poisoning from e.g. water and sulfur present in bio-oil.
It is therefore crucial to develop catalysts and optimize
operating conditions that enable HDO with an
appreciable activity, selectivity and stability.

The objectives of the project cover:

+«+ Preparation of HDO catalysts in the laboratory.

+» Test of prepared catalysts in a high pressure
experimental setup along with investigation of
process conditions. Different bio-oil model
compounds will be applied.

% Detailed characterization of prepared catalysts
(fresh and spent).

«»+ Selection of catalysts for hydropyrolysis and
downstream deep HDO. Investigation of
catalyst stability, reaction mechanisms and
deactivation mechanisms.

Sulfide catalysts (supported CoMoS and NiMoS) are
promising HDO catalysts due to their sulfur tolerance
and known activity in the analogous
hydrodesulfurization (HDS) reactions [2].

Results and Discussion

Experimental HDO is carried out in a Pyrolysis Qil
Converter (POC) setup consisting of a fixed bed
catalytic reactor with a typical bed volume in the range
of 5-10 cm®. The setup is capable of operation up to 120
bar and 550°C and the reactor is typically operated in
trickle flow mode. It is possible to feed five unique



gasses and two unique liquids to the reactor feed.
Liquids and gasses are separated downstream of the
reactor and are analyzed by GC-MS (FID, liquids) and
GC (FID/TCD, gasses).

The composition of bio-oil is very complex with more
than 300 different compounds present [3]. Model
compounds will thus be applied individually and in
mixtures in order to investigate reaction mechanisms of
individual compounds and interactions such as
competitive inhibition. Special attention is paid to
operating conditions (e.g. temperature, residence time
and partial pressure of H, H,O and H,S) and to
tolerance against water and sulfur in bio-oil. Especially
cellulose fragments (sugar polyols) are of interest as
these are very reactive and contribute to undesired
polymerization and coke formation reactions. Ethylene
glycol (EG) has been chosen as a simple model polyol.

HDO of ethylene glycol (EG) over NiM oS catalysts
The conversion of EG has been investigated at 50 bar
(40 bar H,, 500 ppm H,S, balance N,), and 275-295'C
over various supported NiMoS catalysts in the POC
setup. Full HDO of EG produces ethane and water with
a heat of reaction, AH,, of -128 kJ/mol at 300°C and 1
atm:

C2H4(OH)2+ 2H, = CoHg + 2 H,O

For steady state operation, carbon balances can be
closed within 90-100 %.

Full conversion of EG and 90-100% vyield of ethane
has been obtained with a commercial NiMoS/y-Al,O3
catalyst (supplied by Haldor Topsge A/S) at an EG
liquid hourly space velocity (LHSV) of 1.5 h™ and 3
mol% EG in the feed. The activity remained stable with
no deactivation for 47 h on stream. The temperature
measured at the middle of the catalyst bed however
increased during the run from a starting point of 274°C
(reactor oven setpoint 275 C) to 283°C after 0.5 h and
294°C after 47 h on stream. This behavior illustrates a
major challenge in HDO: controlling the heat
development from the exothermal reaction.

In a similar experiment conducted with a higher
LHSV of 6.75 h™ it has been possible to limit the HDO
reaction and thereby control the temperature. A time on
stream (TOS) profile is shown in Figure 1. Here it is
seen how the conversion increases from ~10% at 276 C
to ~15% at 288°C and ~25% at 301'C with the
corresponding yield of ethane being 5.3-11.3%, 9.4-
11.9% and 18.3-22.6%, respectively. Deactivation
occurred for all three temperatures. In a similar
experiment conducted at an initial temperature of 295°C,
it was seen that resulfidation could not fully regenerate
the spent catalyst. This indicated that the catalyst was
not only deactivated by surface S-O exchanges, but also
by other mechanisms. Analysis on the spent catalyst has
revealed a significant deposition of 11.8 wt% carbon.
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Figure 1 Conversion of EG (<) and yield of ethane (X) over
NiMoS/y-Al,O3 at 50 bar (40 bar H,, 500 ppm H,S, balance
N,) and LHSV = 6.75h™ (3 mol% EG in feed). The resulting
temperature at the middle of the bed is noted in the figure (at
reactor oven setpoints of 275, 285 and 295°C). Main
byproducts cover diethylene glycol, ethanol and ethylene (<
3% carbon based selectivity).

The influence of catalyst support will be investigated as
v-Al,O3 is associated with a high propensity for coke
formation due to its acidity. Instead, less acidic supports
such as MgAl,O,, activated carbon and ZrO, will be
tested. The role of H,S and H,O will be investigated in
order to understand their influence on catalyst
deactivation. In the future, other model compounds will
be investigated as well. Density Functional Theory
(DFT) calculations at Stanford University and advanced
characterization such as X-ray Absorption Fine
Structure (XAFS) at Karlsruhe Institute of Technology
will aid the understanding of the investigated catalysts.

Conclusions

HDO of bio-oil is a challenging process due to the
complex nature of pyrolysis oil. Development of active
and stable catalysts for the hydropyrolysis and
downstream HDO requires a systematic investigation
and understanding of the conversion of individual and
mixed model compounds over selected catalysts at
different operating conditions. Experiments on the
conversion of ethylene glycol, a simple model polyal,
have shown that sulfide catalysts are promising for
HDO.
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Modeling of asphaltene system with association model

Abstract

Asphaltene precipitation is calculated using Cubic Plus Association (CPA) equation of state (EoS) following self-
developed modeling approach and oil characterization. It is found that only ambient condition titrations of n-heptane
with stock tank oil (STO) at different temperature of interest is required in order to calculate model parameters.
Model is then used to predict asphaltene phase envelop for reservoir fluid with any type and amount of gas injection.
Total 15 reservoir fluids are studied and 11 reservoir fluids out of 15 have two type of experimental data to validate
model predictions. Model predictions are in agreement with experimental data. PVT properties is also calculated
with the proposed modeling approach for 14 different reservoir fluids and the calculated results conform the

experimental data.

Introduction

Asphaltene is normally present in the reservoir oil and
for industry it is analogous to “cholesterol” since its
precipitation stops the entire production and causes the
loss of millions of dollars. It is an “ill defined”
component of high molecular weight (around 500-4000
gm/mol), which is considered most polar part in the oil
compared to the other components. This polar nature of
asphaltene is believed to be imparted by heteroatoms
(O, S, N, vanadium, nickel) present in its structure.
Because of this polar nature asphaltenes associate with
each other and precipitate at certain temperature,
pressure and composition. However, prediction of these
conditions, where asphaltene precipitates, is quite
uncertain and detailed thermodynamic model and
appropriate oil characterization is required. Asphaltenes
can easily precipitates as pressure is reduced but also if
the oil is diluted by light hydrocarbons eg. gas such as
methane, CO; or nitrogen. Ever since the introduction of
enhanced oil recovery (EOR) method with gas this
problem has become even worse. Moreover, oil with
little amount of asphaltene (say, 0.1 mol %) may show
precipitation problem than the oil with moderate amount
of it (say 1 mol %) and vice versa. Different EoSs with
different modeling approach have been used to predict
asphaltene phase equilibria; however, there is no single
convincing model for industries to use.

Even though CPA EoS have been proposed earlier for
asphaltene modeling, in this work we demonstrate how
it can effectively be applied to calculate asphaltene
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onset conditions considering asphaltene phase behavior
as liquid-liquid equilibrium. We make the modeling
approach less complex using a simple fluid
characterization. This approach requires fewer
experimental measurements, and can easily be used by
industry. Modeling results are compared with different
types of experimental data of several reservoir live oils
in order to check the reliability of the model.

Specific Objective

The purpose of this project is to use EoS based on
association theory and develop an approach to predict
asphaltene precipitation at different conditions of
temperature, pressure and composition. We plan to use
CPA and Perturbed Chain Statistical Associating Fluid
Theory (PC-SAFT) EoS models to compare the results.

Discipline
Engineering Thermodynamics.

Modeling Approach

In this work we assume the same modeling approach as
presented by Arya et al [1,2]. Asphaltenes are
considered as single self-associating compounds. The
saturates, aromatics and resins are lumped into single
component named as heavy component (HC), generally
known as maltene fraction. This heavy component is
cross associating with asphaltene. Asphaltene phase is
modeled as liquid phase. For more information on the
modeling approach, refer to Arya et al [1,2].



Results and Discussion

Asphaltene Phase Envelope

Ting et al [3] prepared a model oil by dissolving 1g of
asphaltene in 100 ml of toluene. Titrating different n-
alkanes with model oil, the volume fraction of each n-
alkane was found at the onset of asphaltene
precipitation. Methane was then injected isothermally
and upper onset and bubble point pressures were found.
We assumed cross-association between toluene and
asphaltene and then calculated the cross-association
energy (¢AT) from the onset data with different n-
alkanes. Figure 1la shows that CPA is able to correlate
experimental data. We used the same parameters to
check the effect of methane injection. Figure 1b shows
that CPA is able to calculate results in agreement with
experimental data. Since the difference between the two
experimental temperatures is not large, we kept the AT
as temperature independent parameter and this results to
minor deviations in the upper onset pressure results at
339 K.
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Figure 1: (a) Volume fraction of different n-alkane at
the onset of asphaltene precipitation at 293 K and 1 bar
vs carbon number of respective n-alkane. Circles
represent experimental data from Ting et al [3] and
cross marks represent the correlation by CPA. (b) Upper
onset and bubble point pressures vs amount of methane
injected in terms of mass fraction. Symbols represent
experimental data and lines are the predictions with
CPA.

Effect of Gas Injection

Anadarko Petroleum Corporation and Schlumberger
have jointly investigated the effects of gas addition on
the Deepwater Gulf of Mexico reservoir fluid with
respect to asphaltene precipitation and deposition. Three
common EOR injection gases (N2, CO, and CH4) have
been studied experimentally. In this work, we use 0
mol% gas injection case to calculate model parameters
using two cases and then the model is used to predict 10
mole% Nz, CO;, and CHj, injection effect. In the first
case, the value of /R and ¢*"/R are calculated from
the three upper onset pressures. In the second case, the
value of AR is fixed to the default value of 3000K
and ¢*/R is calculated from the two upper onset
pressures. In both cases, P. of HC is the same since it is
calculated from the same single bubble point
information. Both cases are able to predict the different
types of gas injections effect in agreement with

experimental data as shown in Figure 2. We can also
observe that the extrapolations beyond the experimental
temperature range are different for the two cases.
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Figure 2: UOP and bubble points vs temperature for
different types of gas injections. Symbols (squares for
upper onset, circles for bubble points) represent
experimental data from Gonzalez et al [4].

Conclusion

From this work, it can be concluded that the applied
modeling approach with the CPA EoS is able to predict
the effect of different amounts and types of gas
injections after the model parameters are calculated
from a few experimental data. At least three asphaltene
onset conditions at different temperatures, covering the
temperature range of interest, and bubble point
information should be available in order to calculate
asphaltene  phase  envelope.  Higher  pressure
measurements for the asphaltene upper onset boundary
are not required with reservoir oil but relatively simple
ambient or near ambient pressure measurements of STO
with n-pentane/n-heptane precipitant are sufficient.
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Modeling of gradientsin large scale bioreactor s

Abstract

The prediction and understanding of mixing and oxygen mass transfer in fermenters and bioreactors is useful for
bioprocess improvement as these dynamics govern production rates of the biotransformation. Insufficient mixing or
differences in mass transfer coefficient throughout fermenters have shown to form gradients in process conditions,
which affect the performance of the bioreactor. These phenomena can be assessed using a combination of
computational fluid dynamics and spatially distributed sensors. The purpose of this project is to develop methods
which can quantify spatial differences in process conditions in pilot scale bioreactors using a combination of CFD

and experiments.

Introduction

A large range of industries use fermentation technology
to produce products, such as pharmaceuticals and fine
chemicals. These processes are usually carried out in
aerated stirred bioreactors of volumes in the range of
multiple hundred cubic meters. Variation in process
conditions, such as pH, species concentration,
temperature and pressure, are inevitable in these vessels
due to the fact that feeding of substrate, agitation,
aeration and cooling all take place at specific locations
in the vessel [1]. The resulting variation in process
conditions affects the performance of the given
biotransformation occurring inside the vessel.

Substrate concentration heterogeneities arise from
having one feeding position in large vessels, which
induces consumption of the substrate before it is
distributed in the wvessel [2]. The rate of
biotransformation in the bioreactor directly affects the
severity of the heterogeneities resulting in different
substrate concentration profiles throughout the duration
of a fed-batch fermentation. The dynamic behavior of
the substrate concentration profile requires adaptation of
the process during a batch, and the success of such
adaptations is based on information about the change in
production rate and hence substrate consumption.

This information can be assessed by conducting
exploratory experiments in production scale equipment
at process relevant conditions, but such experiments are
costly and reduce the capacity of the production facility.
Alternatively simulations of the bioreactor can be
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carried out to improve the understanding of the process
response to changes in operating conditions without
having to carry out costly industrial scale experiments.
For such simulations computational fluid dynamic
(CFD) investigations are suitable as they can
incorporate spatial differences in industrially relevant
conditions while determining production rates at
different operating conditions. However CFD
simulations require validation in order to be considered
representative of the biological system, and such
validation requires information of conditions at multiple
locations in the vessel. The application of multiple
sensors is suitable for this validation as they offer
information about process conditions, such as pH or
dissolved oxygen concentration, throughout the vessel.

Specific Objective

The objective of this PhD project is to develop methods
for describing heterogeneities in bioreactors using CFD.
The methods will then be tested for different reactor
technologies in pilot scale to compare heterogeneities
and energy efficiency.

Results and Discussion

The phenomena occurring in bioreactors can be divided
into three categories: Interfacial mass transfer,
convective transport and reaction. Each phenomenon
has to be characterized independently in order to
understand the complete system. This implies



conducting experiments to illustrate the impact of each
separate phenomenon.

The convective transport of species in stirred
bioreactors is directly influenced by the agitation caused
by the impeller, and usually referred to as mixing. The
mixing of a 700 | bioreactor was investigated as part of
the methodology described above. The mixing
characteristics were determined by pulse injection of
sodium chloride into the vessel resulting in an increase
in conductivity. The conductivity was simultaneously
measured at four different locations in the vessel, which
allowed the determination of the mixing time at
different agitation velocities. This data was compared
with CFD simulations using ANSYS® CFX 16. The

results are shown in Figure 1.
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Figure 1. Comparison of experimental and simulated
mixing time in a 700 | bioreactor containing water.

The representation of the mixing time indicates that the
simulations are able to capture the dynamics of the
convective transport of species, which can be utilized in
the full analysis of the system.

In order to assess the presence of heterogeneities in
substrate concentration throughout the vessel the
conversion of hydrogen peroxide to water and oxygen
using catalase was studied. The kinetics of the reaction
was investigated in a 200 ml stirred reactor. The initial
rate of reaction was determined through change in the
dissolved oxygen concentration monitored by a
PyroScience optical fiber. The kinetics of the reaction
has previously been shown to follow Michaelis Menten
kinetics [3], which can be represented mathematically
as:

_ [H20,]
= Vmax * Ko +[Hz 0] (1)

where [H202] is the concentration of hydrogen peroxide,
Km is the half saturation concentration and Vmax is the
maximum reaction rate. The results of the kinetic study
are presented in Figure 2 along with values for the
kinetic parameters.
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Figure 2. The initial rate of reaction at varying
hydrogen peroxide concentration. The solid line
represents the model prediction and the diamonds
symbolize experimental values.

The reasonable fit to experimental data is shown in
Figure 2, and forms a validation that the reaction can be
represented by Michaelis Menten kinetics, which can be
utilized to further investigate the complete system. The
investigation of substrate gradients in pilot scale
bioreactors is done by monitoring the dissolved oxygen
concentration at multiple positions in the vessel while
varying feed location and enzyme concentration.

Conclusion

The use of spatially distributed sensors and
computational fluid dynamics combined with a model
system shows considerable potential as tools to
characterize  heterogeneities in  bioreactors. The
understanding and validation of each phenomenon in
the system has to be established in order to take full
advantage of the information available in large scale
experiments.

Acknowledgements

The PhD project of Christian Bach has received funding
from the Technical University of Denmark (DTU),
Novozymes A/S and Innovation Fund Denmark in the
frame of the Strategic Research Center BIOPRO2 (BIO-
based PROduction: TOwards the next generation of
optimized and sustainable processes).

References

1. Nienow, A. W. (1998). Hydrodynamics of Stirred
Bioreactors. Applied Mechanics Reviews, 51(1), 3.

2. Larsson, G., Tornkvist, M., Stahl Wernersson, E.,
Tréagérdh, C., Noorman, H., & Enfors, S. O. (1996).
Substrate gradients in bioreactors: Origin and
consequences. Bioprocess Engineering, 14, 281-
289

3. Jones, P., & Suggett, A. (1968). The catalase-
hydrogen peroxide system. Kinetics of catalatic
action at high  substrate  concentrations.
Biochemical Journal, 110(4), 617-62

20



Joseph Asankomah Bentil

+45 5032 5190
joben@kt.dtu.dk

Phone:
Email:

Supervisors: Anne S. Meyer

Lene Lange
Anders Thygesen
Moses Mensah
PhD Study
Started: December 2014
To be completed:  June 2017

Local enzyme production in Ghana: biodiversity of multifunctional
cellulases for lignocellulose deconstruction

Abstract

This PhD study forms part of a general project dubbed ‘Second Generation Bioenergy (2GBIONRG)’
whose main goal is to generate ethanol from the bioconversion of lignocellulose materials through
innovative technological applications. The present PhD project is focused on the production of cellulase
enzymes from wild-type microbial strains that are capable of degrading cellulosic biomass effectively and
efficiently to generate high yield of monomeric sugars for subsequent bioconversion to ethanol. The
research would also explore enzymatic modification of recalcitrant lignin in order to maximize
lignocellulose bioconversion by way of efficient enzymatic cellulose hydrolysis. The final part of the
study involves development of process design for small scale enzyme production in Ghana.

I ntroduction

Cellulose is the most abundant polymer forming
30-50% of plant cell wall composition. It is
usually composed of two structurally different
forms; the highly susceptible amorphous form and
the recalcitrant crystalline form. The amorphous
form which is normally small in composition is
easily attacked by cellulases enzymes. On the
other hand, crystalline cellulose is usually
interlinked by lignin and xylans which makes it
highly difficult for enzymatic attack. The
heterogeneous nature of cellulose makes its
enzymatic hydrolysis quite complicated. This is
because three main enzymes are involved in
cellulose hydrolysis namely; endo-1, 4- B-D-
glucanase (EG) (EC 3.2.1.4), which cleaves
internal bonds of the cellulose structure, exo-1, 4-
-D-glucanase or cellobiohydrolases (CBHSs) (EC
3.2.1.91) which cleave the reducing and non-
reducing ends of the cellulose yielding cellobiose
units and B-glucosidase (BG) (EC 3.2.1.21) which
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is responsible for producing glucose units from
the dimers. For effective enzymatic hydrolysis of
cellulose, these three  enzymes  work
synergistically in proportional concentrations.
Several attempts are made to produce these
enzymes in the best proportions from single
microbial strain using molecular engineering
techniques but still a bottleneck. For instance,
Trichoderma reesei has undergone several rounds
of mutation/ selection starting from the QM6a
strain to increase its capacity to produce and
secrete cellulases in high yields (Le Crom €t al.,
2009). As a result, the engineered T. reesei
industrial CL847 strain is able to secrete more
than 100 g of proteins per liter of culture and has
been proposed to be one of the most promising
strains for conversion of lignocellulose to
fermentable sugars. However, conversion is still
not optimal due to the heterogeneous composition
of plant biomass. In addition, analysis of the T.



reesei genome has revealed a low number and low
level of diversity of enzymes likely to be involved
in biomass degradation compared with the number
and diversity in other filamentous fungi (Martinez
et al., 2008). Thus, there is a need to develop at a
significantly reduced cost more effective
enzymatic cocktails with a range of properties
complementary to current cellulase systems. The
present study seeks to explore wild-type strains of
fungi (Basidiomycetes) and bacteria (Bacillus sp.)
and identify, characterize and produce cellulase
enzymes preparations with highly thermostable
and robust characteristics capable of effective
cellulose hydrolysis. The study would also
maximize  cellulase enzymes action on
lignocellulosic  biomass by enzyme-assisted
modification of the lignin.

M ethodology

The study will make use of certain strategies to
screen for potential fungi and bacteria that can be
explored for their enzymes produced in both
submerged and solid state fermentations. The
production of enzymes from these
microorganisms would be performed at laboratory
scale using micro-fermentors such as shake flasks,
Erlenmeyer flasks and other improvised vessels.
Enzyme vyield and activity will be quantified using
standard assays such as FPase activity assay,
chromogenic assays and others. The degradation
pattern of the microorganisms especially fungi,
structural modification of substrates and enzyme
secretion in the media will be monitored using
certain microscopic applications such as Scanning
Electron Microscopy, Transmission Electron
Microscopy and Florescence Microscopy. The
stability of the enzymes would be evaluated under
optimized environmental conditions.

Hypotheses

(i) The multi-functional cellulases can be
identified through explorative screening of
indigenous (wild-type) microbes involving
fungi and bacteria in combination with
selective enzymes from culture banks

(i) Novel opportunities exist for producing
enzymes from white-rot fungi using solid

state fermentation in Ghana
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(iti) New multi-functional cellulases may be
discovered for metagenomics studies

(iv) Different cellulase enzymes may react
differently to inhibitors produced by
herbaceous biomass

(v) Lignin-degrading enzymes produced may
enhance cellulosic degradation of biomass in
Ghana

(vi) New multi-functional enzyme complexes may
be identified for biomass pretreatment and
degradation

(vii) Enzyme preparations may be produced from
different combinations of biomasses in
Ghana
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Modelling, synthesis and analysis of bior efinery networks

Abstract

The production of fuels and chemicals is primarily based on crude oil. The use of biomass as raw material represents
a sustainable alternative. In order to establish a new industrial system on the basis of biomass, a systematic approach
to generating, evaluating and selecting biorefinery processing networks is needed. In this PhD study, a generic
computer-aided methodology for synthesis and design of different processing networks, including biorefinery
networks, is developed, along with the associated methods and tools.

Introduction

Petroleum is currently the primary raw material for the
production of fuels and chemicals. Consequently, our
society is highly dependent on fossil non-renewable
resources. Recently, renewable raw materials are
receiving increasing interest for the production of
chemicals and fuels, so a new industrial system based
on biomass is being established with sustainability as
the main driving force [1].

A Dbiorefinery is a processing facility for the
production of multiple products (including biofuels and
chemicals) from biomass, an inexpensive, abundant and
renewable raw material [2]. The optimal synthesis of
biorefinery networks problem is defined as: given a set
of biomass derived feedstock and a set of desired final
products and specifications, determine a flexible,
sustainable and innovative processing network with the
targets of minimum cost and sustainable development
taking into account the available technologies,
geographical location, future technological
developments and global market changes.

The synthesis and design of processing networks
involves the selection of raw materials, processing
technologies/configurations and product portfolio
compositions among a number of alternatives. A
common approach to the formulation and solution of
this class of decision-making problems is mathematical
programming, in which the problem is decomposed
into: (i) representation of the superstructure of
alternatives, (ii) formulation of the mathematical
optimization problem, and (iii) solution of the
optimization problem to determine the optimal design
according to the defined criteria and constraints [3].
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Specific Objectives

The objective of this project is to develop a systematic
method and associated tools to synthesize, design and
analyze innovative biorefinery networks based on
chemical and biological approaches to convert biomass
feedstock into valuable chemicals and biofuels.

The project comprises two main tasks: (i) the
development of a generic synthesis methodology for
biorefinery networks and (ii) the establishment of
generic methods and tools for synthesis, design and
evaluation of biorefinery networks and their integration
in a computer-aided framework. In the first task, the
possible biorefinery networks is represented as a
superstructure of alternatives. Each processing interval
in the superstructure is modelled with a generic model.
The complete biorefinery synthesis problem is solved to
determine the optimal network for each considered
scenario. In the second task, computer-aided methods
and tools will be developed. A knowledge base of
biorefinery raw material, processing technologies and
products has been developed where all necessary data
for the problem solution are to be stored. The developed
method is able to identify the optimal route for a given
set of biomass and products while satisfying the
sustainability criteria and taking into account the
geographical and supply chain constraints. The method
will be applied to different case studies in order to show
its application.

M ethodology and User Interface

The developed methodology for synthesis of processing
networks represents the first stage (the synthesis stage)
of the three-stage approach for sustainable process



synthesis, design and innovation [4]. The synthesis
methodology consists of three steps: (1) problem
formulation; (2) superstructure generation; and (3)
solution of the optimization problem.

Sep 1: Problem formulation

The problem formulation step consists of defining the
problem characteristics, such as the objective function,
the feedstocks that are to be converted, the products that
are to be made, the geographical location and supply
chain issues. Different types of network optimization
problems can be formulated, some of them are given in
Figure 1.

(b) (© (d) (e)
Figure 1. Problem types: (a) route selection; (b) product
selection; (c) feedstock selection; (d) simultaneous
feedstock, product and route selection; and (e) feedstock
and product selection via an intermediate.

Sep 2: Superstructure generation

To generate the superstructure, one or various databases
are used to retrieve all the necessary information (alter-
natives, connections, and data for each alternative).

Sep 3: Solution of the optimization problem

First, the mathematical representation of the super-
structure is developed. Next, the optimization (MINLP
or MILP) problem is solved. This problem includes the
user-defined objective function, subject to a series of
constraints, namely mass and energy balance
constraints, flow model constraints, logic constraints,
and other constraints [5]. The developed model is
generic and data-independent.

User interface: Super-O
Super-0O is a user interface for the synthesis of different
processing networks based on the methodology.

It allows for the reduction of the time needed for the
formulation and solution of network optimization
problems. A schematic representation of the metho-
dology as implemented in Super-O including the data
flow and tools integration is shown in Figure 2.

Begin first stage

090
User s| ec%ications —————————— N Step 1.
P Problem formulation

""-; Problem
i specifications

Step 2.

e . f’
Superstructure generation
Databases l
D 7777777777 N Step 3.
MI(N)LP solution
Model file

Output file

»

Figure 2: Schematic representation of the methodology,
and its implementation in Super-O, the interface.

Case study: Sugarcane molasses

The objective of this case study is to determine which
product(s) should be produced from sugarcane
molasses, obtained as a by-product during the
production of refined sugar from sugarcane in Mexico.

Sep 1: Problem formulation

The problem has one feedstock (sugarcane molasses),
three products (L-lysine, citric acid, and lactic acid), and
one alternative production route per product), it is
therefore a product selection problem. The problem
location is Mexico. The selected objective function is
the Gross Operating Income (GOI), defined in Eq. 1.

GOl = GREV — OPEX Q)

Where GREV is the gross revenue obtained through the
product sales and OPEX is the operating cost (including
raw materials and utilities).

Sep 2: Superstructure generation

The superstructure of alternatives is obtained from an
academic collaboration and it has been included in the
database of biorefinery-related processes. The problem
superstructure is shown in Figure 3.

Figure 3: Superstructure of alternatives for the case
study.

Sep 3: Solution of the optimization problem

The selected product is L-lysine, with an objective
function value of 19 M$/y, which includes a product
sales value of 30 M$/y, cost of chemicals and utilities of
5M$/y, and feedstock cost of 6 M$/y.

Conclusion

A methodology for sustainable synthesis of biorefinery
networks is developed. The methodology integrates the
steps with the necessary models and tools, and is
implemented in Super-O, a user-friendly software
interface, which has been tested for various cases of
varying type, size and complexity.
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Operation and design of diabatic processes

Abstract

A systematic control structure design method is applied on the concentric Heat-Integrated Distillation Column
(HIDIC) separating benzene and toluene. Optimal operation and active constraints are identified for constructing the
supervisory control layer. Later, the fundamental problem of obtaining a stabilising control structure is addressed
resulting in the regulatory control layer design, when combined, leading to a complete control structure for the given
separation. Dynamic simulation illustrates an acceptable performance of the obtained control structure.

Introduction

The heat-integrated distillation column (HIDIC) is
considered a potential alternative to the conventional
distillation column. In the HIDIC, gradual condensation
occurs along the rectifying section and gradual boil-up
occurs along the stripping section as heat is exchanged
between the sections. This can be realised by operating
the rectifying section at a higher pressure by introducing
a compression step above the feed stage. One proposal
for realisation of the HIDiIC arrangement is a concentric
HIDIC [1], in which the high-pressure rectifying section
is surrounded by the low-pressure stripping section. An
illustration of the concentric HIDIC is given in Fig. 1.
Each stage in the same vertical position (e.g. #2 and
#33) are heat-integrated such that heat is transferred
from the inner rectifying section to the outer stripping
section. Due to the gradual condensation and boil-up,
the column sections changes diameter along their
heights as indicated in the figure.

Most simulation studies consider only dual
composition control schemes with dynamic models that
assume constant pressures. Only few authors consider
pressure dynamics for control [2], despite the large
degree of interaction between column pressure and
separation performance in the HIDIC. This contribution
briefly outlines the design of a decentralised control
structure using a systematic approach [3] for the
separation of benzene/toluene.

Specific Objectives

The overall aim of this PhD project is to shed light on
the potential benefits of diabatic operation and to handle
some of the barriers for industrial application and
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acceptance of diabatic distillation columns. The project
is  divided in  three phases  concerning
modelling/benchmarking, design, and operation. The
latter phase is being outlined in this contribution.

Feed

Distillate

icat

Actuators

icaz

.. Bottoms :
i HEN
>

Fig. 1. Concentric heat-integrated distillation column
for separating benzene/toluene.



Operability is investigated by deriving and
simulating a control structure. The control structure
design procedure is given by Skogestad [3]. Heuristic
rules are collected in [4]. The procedure consists of
systematic steps applied to the concentric HIDIC.

Results and Discussion

Consider the separation of 83.3 mol s of an equi-
molar, saturated liquid mixture of benzene/toluene by
distillation. It is desired to obtain pure benzene (in
distillate) and toluene (in bottoms) with purities of
minimum 99%. A HIDIiC design of 30 stages in both
sections with all 30 stages in each section being heat
integrated with a heat exchange area of 15 m? per stage
is used (see Fig. 1). A conservative overall heat transfer
coefficient of 0.60 kW m? K is adopted. Conventional
column sizing has been employed, leading to a
gradually increasing rectifying section diameter when
moving from top to bottom, while the stripping section
diameter is gradually decreasing. As a result, the
nominal tray, liquid hold-ups vary along the column.
Ideal liquid and vapour phases were assumed for
vapour-liquid equilibrium relations.

Seven operational degrees of freedom are listed in
Fig. 1. Since three hold-ups Mcng, Mrbi, and My have no
impact on the steady-state operation (and on the cost
function), four variables are available for optimisation.
Optimal operation is defined as the solution to Eq. (1).

min J=0.50m — 1.04mp — 0.85mg
+[1.99 + 20.4(Psteam —1)*%]mMgeam + 8.0-10°mey
+ 3.89-10°E
S.t. 0.99 <xp
099<1-xg
E <500 kW
101.3 kPa < P; <600 kPa
0.01Fp < L; <200 mol s
0.01Fo < V; <150 mol s

)

Li and V; are the internal liquid and vapour flow rates at
stage i, E is the compressor duty and m is mass flow
rate. The remaining nomenclature is provided in Fig. 1.

The nominal solution of the HIDIiC has three active
constraints for xp = 0.99, Ps = 101.3 kPa, and L¢g =
0.01Fg, hence (free) DOFs = 4-3 = 1. In this case, one
variable for self-optimising control can be used, since
the active constraints must be controlled for optimum
economic performance. By evaluating the loss of
maintaining candidate self-optimising CVs constant, the
bottom composition, xs, is found to be the best
candidate as the remaining primary controlled variable
since the economic loss is the least when controlled (i.e.
kept constant).

Using the identified optimum operating point, the
supervisory control layer is derived. Design rules [4] are
used to design the stabilising control layer, leading to
the configuration: D — Mcnd, B — My, Qrol = Pstr, Qend
— AT, E = Pra, AT®' Xp, P¢®'> g, Prg™ — Pg™
using simple cascade PI controllers. An example

simulation of five different step-changes in disturbance
and set point variables is illustrated in Fig. 2.

.
¥ A

0.99

0.98

0 5 10 15 20
Time (hr)
Fig. 2. Dynamic simulation to disturbance and set point
changes.

Distillate composition |
|

Conclusions

Based on rigorous distillation column simulations of the
concentric Heat-Integrated Distillation Column (HIDiC)
separating a binary mixture of benzene/toluene, the
following main conclusions can be extracted: (i)
Deriving a stabilising control system is challenging,
however, in simulation we found that it can be operated
steadily under realistic disturbance scenarios; (ii) In
addition, under optimal optimal operation under
disturbances, weeping is predicted. Bubble-cap trays
may be used to mitigate weeping; (iii) A control
structure consisting of a regulatory and a supervisory
layer has been systematically derived and evaluated for
a separation with a more valuable distillate product,
given an acceptable performance; (iv) There are
significant interactions in all control loops, thereby
encouraging the use of e.g. multi-variable pressure
control; (v) The overall dynamics are complex giving
evidence of non-linear behavior.
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COz-hydrates - Challenges and possibilities

Abstract

Modelling the phase equilibrium of mixtures containing carbon dioxide (CO>) is a challenge with most equations of
state (EoS). One of the reasons for this is believed to be, that most models ignore the large quadrupolar moment of
COs.. In this PhD project, in an attempt to obtain a more physically consistent model, a quadrupolar contribution is
proposed and combined with the well-known cubic plus association (CPA) EoS. When the phase equilibria of binary
mixtures are considered, the quadrupolar CPA (qCPA) appear to offer a systematic improvement as compared to the
cases where quadrupolar interactions are ignored. When ternary mixtures containing CO, and hydrocarbons, water
and/or alcohols are considered, however, the qCPA appear to give results similar to the best CPA approaches.

Introduction

In recent years CO, has received a significant amount of
negative attention due to its contribution to the global
warming, and the fact that the amount of CO; in the
atmosphere continues to rise. This is believed to be
largely due to the combustion of fossil fuels. Alone in
Denmark more than 40 million tons of CO; are emitted
each year [1].

Technologies are thus needed, which can limit the
emission of CO, to the atmosphere. For example a novel
technique for CO, capture using gas hydrates has
recently been patented [2]. The operation pressure of the
technique, however, is currently too high to be
economically profitable. It is believed that this pressure
could be reduced by specific additives. Such a screening
process, however, is expensive and time consuming, and
accurate models for CO, in mixtures would greatly
facilitate this process.

Despite the importance of CO; containing mixtures,
modelling such mixtures is still a challenge for most
equations of state. One reason for this may be that CO,
has a large quadrupolar moment (i.e. a concentration of
charges at four separate points in the molecule), which
is ignored in most equations of state. The Soave-
Redlich-Kwong (SRK) EoS, for instance, treats CO, as
an inert. Even in modern equations of state such as the
Statistical Association Fluid Theory (SAFT) only
dispersive forces are usually considered. The continued
use of these models may be attributed to the fact that the
mixture behavior is (mostly) captured quite well when
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the model is adjusted with a relatively large interaction
parameter (Ki).

To model mixtures containing CO, more accurately
with association models, pragmatic approaches which
treat CO as a self-associating (hydrogen bonding) or

solvating molecule may be employed [3]. Such
procedures often work well resulting in better
correlations with smaller interaction parameters.

Unfortunately the improvement is obtained at the cost of
additional pure component parameters and, in some
cases, an extra parameter for the binary mixtures.

Alternatively, to improve the physics behind the
model, several quadrupolar terms have been proposed
within the SAFT framework, e.g. the quadrupolar
models suggested by Gross [4] and Karakatsani et al.
[5]. These terms are mainly based on the statistical
mechanical theories for quadrupolar fluids developed by
Stell and coworkers [6-8].

Inspired by recent developments within SAFT, and
in an effort to obtain a more physically correct cubic
plus association (CPA) EoS (Kontogeorgis et al. [9]),
Bjarner and Kontogeorgis [10] have recently developed
a quadrupolar term which is directly applicable in the
CPA EoS. The resulting quadrupolar CPA (qCPA) does
not require any additional adjustable parameters
compared to CPA.

In this contribution the performance of the new
model is illustrated through predictions and correlations
of selected binary and ternary vapor-liquid equilibria
(VLE), liquid-liquid equilibria (LLE) and three-phase
vapor-liquid-liquid equilibria (VLLE). The model is



compared to the performance of CPA without the
addition of a quadrupolar term.

Specific Objectives

A molecular thermodynamic model for CO; has
been developed, based on CPA [10]. The model
includes a quadrupolar term which is based on a
modification of expressions developed from statistical
thermodynamics [6].

To evaluate the quadrupolar model several pure
compound bulk properties such as liquid densities, heat
capacities, and the speed of sound have been predicted
for CO,. The model has been evaluated for its ability to
predict and correlate binary VLE and LLE of mixtures
related to CO; hydrates such as mixtures containing
CO; and hydrocarbons, water, alcohols, glycols as well
as a few other quadrupolar compounds.

The model has furthermore been evaluated for its
ability to predict the phase equilibria of multicomponent
mixtures containing CO, and hydrocarbons, water
and/or alcohols.

Resultsand Discussion
The CPA is an equation of state, which combines the
simplicity of the SRK EoS with the association term
from Wertheim’s theory. The quadrupolar CPA is set in
the Helmholtz energy as a summation of independent
contributions from the SRK term, the association term
and the quadrupolar term respectively:

Ares — ASRK + AAwoc + Aquad (l)
In the absence of any quadrupolar interactions, the
equation reduces to the CPA.

In this contribution we compare three modelling
approaches to CO; using either CPA or qCPA; namely
when CO; is treated as either an inert species (only AS¥
in Eq. 1 is non-zero), a self-associating species using the
AC association scheme (A™*=0 in Eq. 1) or as a
quadrupolar molecule employing the new quadrupolar
term (A"°=0 in Eq. 1).

The CPA or qCPA has three adjustable parameters
for non-associating compounds (I, bo, ¢1) and two
additional parameters for associating compounds (B, €).
qCPA employs the same number of adjustable
parameters as CPA. The experimental value of the
quadrupolar moment of CO, (4.3DA) is employed in
qCPA. The pure compound parameters are fitted to
saturated liquid densities and saturated vapor pressures.
Table 1 shows the regressed parameters of the three
approaches, and Table 2 shows their deviation from
experimental data.

It is clear from Table 2 that good agreement is
obtained with all approaches. It is noteworthy that the
deviations for CO, with qCPA are lower than CPA
without association (n.a.), even though the same number
of adjustable parameters are employed. However, good
agreement between correlated and experimental pure
compound properties is not a sufficient condition for a
predictive model, although certainly a necessary one.

To evaluate the predictive capability of the
quadrupolar term the VLE of a number of binary CO»-

hydrocarbon mixtures have been predicted based on the
pure compound parameters only. That is, no binary
interaction parameter has been fitted to the experimental
data.

Table 1: Estimated pure compound parameters of the
CPA using three different approaches for CO Reduced
temperature range for the correlation: T,=[0.7-0.9].

r bofmL < B &R
TYPe 1y Jmol] k] R
CnPaA' 1550 273 077 - - 3
CECA’ 1329 284 066 257 513 3
GCPA 1284 279 068 - - 10

Table 2: Percentage absolute average deviations
(%AAD) from experimental data for CO with the CPA
using three different approaches for COs.

Type %AADInp"@ 9% AADInP®  Ref
CPA,
0.95 0.18 3
n.a.
CPA,
AC 0.10 0.07 3
qCPA 0.46 0.13 10

Using the three approaches for CO, Figure 1 and
Figure 2 compares the predicted VLEs of the binary

mixtures  COz-ethane  and  CO-propane  with
experimental data.
45 . . . .
® MSWWeletal J Chem Eng Data, 40, 726, (1685)
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Figure 1 - Predicted (k;j=0) VLE of CO,-ethane at three

temperatures (in Kelvin). Circles are experimental data

from [11].

0 0.2

It is clear from the figures that compared to CPA
without association significant improvements can be
obtained with a quadrupolar term, or by assuming that
CO- can be modelled as an associating compound. That
is, without the quadrupolar term an almost ideal Raoults
law type VLE is predicted in Figure 1, while both of the
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other approaches predict the azeotrope, although at
slightly lower pressures than experimentally observed.
35
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Figure 2: Predicted (k;j=0) VLE of CO»-propane at two

different temperatures. Circles are experimental data
from [12].
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Figure 3 - Vapor liquid (308.14K) and liquid-liquid
equilibrium (303.15K) of CO»-nonanol. Circles are
experimental data from [13-14].

It is worth noting that in both cases qCPA results in
slightly better predictions than CPA with association,
even though qCPA only employ three pure compound
parameters, compared to the five parameters in the
associating case.

A rigorous test for any equation of state is how well
it can correlate LLE. Figure 3 illustrate the vapor-liquid
and liquid-liquid equilibrium of CO,-nonanol at two
almost identical temperatures. A single interaction
parameter has been correlated to the LLE data. It can be
seen from the figure that all models correlate both the
VLE and the LLE quite well; however, an interaction
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parameter of almost zero is employed when CO; is
correctly treated as a quadrupolar fluid, suggesting that
the model can almost predict the equilibrium behavior
of the system. When CO is treated as an associating
species, however, a very large interaction parameter is
needed.

qCPA seems to perform very well for binary
systems. On the other hand all models can accurately
correlate the binary phase diagrams, if one or two binary
interaction parameters are employed. As it is common
practice to evaluate binary systems with at least one
interaction parameter, conclusions may be affected by
the adjustable parameters. That is, a more reliable
comparison of the models should be based also on
predicted multicomponent phase behavior.

Figure 4 shows the VLE predictions of the ternary
COz-methanol-water system. Interaction parameters
from the binary subsystems have been employed, but no
parameters have been correlated to the ternary
experimental data. It is clear from the figure that of the
three evaluated approaches the best predictions are
obtained when gCPA is employed. Predictions are
almost equally good if CO; is treated as an inert
compound.

.08

Water
Figure 4 — Predictions compared to experimental data
for the CO2-methanol-water VLE at 313.2 K and 100
bar. Black line: qCPA, blue line: CPA 4C, red line
CPA n.a. Circles are experimental data from [15].

Figure 5 shows the three-phase VLLE predictions
for the lower liquid phase of the ternary CO»-methanol-
ethane system compared to experimental data. Overall
the predictions are rather similar when CO2 is modelled
either as a self-associating or quadrupolar compound.

Finally, consider the ternary system CO.-ethane-
methane, which contain no self-associating compounds
(except CO; in one of the approaches). This
substantially simplifies the phase equilibria, and may
allow us to better assess the effect of the quadrupole
term. However, all models predict the VLE of the
system quite accurately when binary interaction
parameters are employed. For this reason we predict in



Figure 6 the VLE of the system without the use of any
interaction parameters (all ki = 0). It is clear that the
best predictions are with qCPA followed by CPA with
association. This corresponds well with the fact that
gqCPA needs smaller binary interaction parameters,
which effectively work as a correction term.
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Figure 5 — Predictions compared to experimental data
for the lower liquid phase of the CO,-methanol-ethane
VLLE at 298 K. symbols are experimental data [16].
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Figure 6 — Pure predictions (all kij = 0) compared to
experimental data for the CO-ethane-methane VLE at
250 K and 25 bar. Black line: qCPA, blue line: CPA
4C, red line: CPA n.a. Circles are experimental data
from [17].

Conclusions

In an effort to improve the predictive capabilities of
classic thermodynamic models for mixtures containing
CO; a novel quadrupolar term have been proposed and
combined with CPA. It has been found that the model
may significantly improve the prediction of binary VLE

for CO; containing mixtures. A very small interaction
parameter may be employed to accurately correlate the
phase equilibria of the binary mixtures.

For ternary mixtures it has been found that there is
surprisingly little difference between predictions with
the different model approaches when binary interaction
parameters are employed. Without binary interaction
parameters, however, the model seems to perform
significantly better than the other models.
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Continuous crystallization and filtration of active phar maceutical
ingredients and inter mediates for phar maceutical production

Abstr act

As a first step for the design of continuous crystallizers with improved control of the product crystal size
distribution, a continuous Mixed Suspension Mixed Product Removal unit has been used to crystallize an Active
Pharmaceutical Ingredient from ethanol solutions. Analysis of the solid phase shows that the obtained crystals have
a needle-like morphology as well as negligible amorphous content. Furthermore, the solid product has the desired
crystal structure, equivalent to that obtained fromthe industrial batch process.

Intr oduction

Crystallization is one of the most important separation
processes in pharmaceutical production, as most of the
Active Pharmaceutical Ingredients (APIs) are crystals of
organic molecules [1]. Properties of the final product
such as crystal morphology and particle size distribution
can have a significant effect on the drug’s
bioavailability. =~ Consequently,  requirements  for
crystallized APIs are usually very strict, and demand the
use of controlled crystallization units.

Despite pharmaceutical production is traditionally
taking place in batch processes, there is an increasing
interest in transition to continuous production. When it
comes to crystallization, Mixed Suspension Mixed
Product Removal (MSMPR) crystallizers are the most
common unit for small organic pharmaceuticals. This
type of crystallizer is typically preferred for its
simplicity, versatility and capacity for handling
concentrated suspensions. Several studies have been
published involving crystallization of pharmaceuticals
in single stage or series of MSMPR units [2-6].

Specific objectives
This PhD project involves the design of a versatile unit
for continuous isolation of a given set of
pharmaceuticals. Initial studies for each compound
involve two steps:
- Solvent selection and determination of a
solubility line.
- Crystallization experiments on an MSMPR unit,
including quantification of nucleation and
growth rates under different process conditions.
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The next step will be to investigate methods for
selective enhancement of nucleation kinetics. These
methods should be applied to the design of a continuous
crystallizer with improved control of the crystal size
distribution. After evaluating both units, the optimal
crystallizer will be coupled with a continuous filter.

The current contribution describes the setup and
methodology for MSMPR crystallization of a given
API. Results will later be used to study the advantages
and limitations of this crystallizer, and will serve as a
benchmark for the evaluation of future units.

Results and discussion
An illustration of the designed crystallizer can be found
in Figure 1.

Figure 1: Schematic diagram of the crystallization unit.



The system consists of two vessels coupled with
peristaltic pumps. Pl continuously delivers an
undersaturated feed solution to the crystallizer, where it
gets cooled to the studied temperature. To be able to
operate the system for extended periods of time, the
crystallization magma is recycled to the feed vessel,
where it is re-dissolved. A 0.5 pm in-line filter is placed
at the outlet to ensure that the feed stream is free of
crystals. P2 is programmed to work at full speed every
1/20" of a residence time. First, the pump removes part
of the crystallization volume until the liquid level
reaches the end of the dip pipe. Then, it pumps air for
another 5 seconds to rinse the stream from any
remaining suspension. This intermittent withdrawal
system is used to minimize classification in the removed
magma by applying high intermittent flows instead of a
constant, lower flow rate.

Chord length distributions of the solid material are
measured in-line by Focused Beam Reflectance
Measurement (FBRM), and samples of the feed solution
are taken every two residence times to ensure that no
classification is occurring in the crystallizer.

Steady state samples are taken from the solid
material, which is filtered, washed and dried. Samples
of the mother liquor are taken through a 045 um
syringe filter, and their concentrations are measured by
HPLC. The solid’s shape, morphology and crystallinity
are assessed by optical microscopy and X-Ray Powder
Diffraction.

Samples of a marketed APl have been obtained from
production in H. Lundbeck A/S, and the compound has
been re-crystallized from ethanol according to the
described methodology. As it can be seen from Figure
2, the obtained crystals have a uniform needle-like
shape, as it is also found in the industrial batch process.

Figure 2: Optical microscope picture of the steady state
crystals.

X-Ray Powder Diffraction results show that the
obtained crystals give the same diffraction pattern as the
product obtained from the industrial batch process.
Therefore, the right crystal structure can be obtained
from the continuous process. The strong baseline in the
diffraction pattern is also an indication of the high
crystallinity of the product.
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Figure 3: X-Ray Powder Diffraction patterns for the
crystals obtained from the industrial batch process
(black) and the designed MSMPR unit (red).

Bxperiments have been conducted for different
crystallization temperatures, residence times, feed
concentrations and agitation intensities. The effect of
these process conditions on crystallization kinetics will
be quantified to determine the critical parameters for
process optimization.

Conclusions

An MSMPR crystallizer has been designed and operated
for continuous crystallization of a marketed API from
ethanol solutions. Results show that the product meets
the industrial demands regarding crystallinity, particle
shape and morphology, indicating that this unit is a
good alternative for continuous production of this
compound. The unit’s ability to control the product
crystal size distribution will be compared to different
crystallizer designs in future work.
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M odel-based monitoring of bioprocessing plants

Abstract

The project focuses on the implementation of a monitoring strategy in industrial settings, exploring the development
possibilities of a cross-(bio)industry framework. A case-study focusing on the performance monitoring of a pectin
batch extraction process is conducted in a way to take advantage of the first principle dynamic models, which
describe the reactions and transport phenomena of the pectin extraction, that were developed for the considered
critical quality attributes: pectin bulk concentration, degree of esterification (%DE) and intrinsic viscosity (IV). An
integrated procedure for a full-scale monitoring is envisioned, making use of state-of-the-art state estimation
algorithms together with chemometric models, with the ultimate goal of providing the process operators with
guidelines for process optimization and a decision making tool.

Introduction

Monitoring and control strategies play a crucial role in
the various stages of a product/process life-cycle, from
process development to the optimization of an
established process. These strategies are used to address
a large number of objectives such as process
understanding, statistical process control, real-time
control actions, troubleshooting and continuous process
optimization. Currently one of the major limitations in
the biochemical industry is the multitude of
disturbances that each process is subjected to, which can
derive from processing biological feedstock or from
working with living (micro) organisms. Nowadays the
industry operates in a heuristic recipe-driven way,
dependent on rule-of-thumb experience which results
too often in batch-to-batch discrepancies. These
difficulties can be mitigated by an appropriate
monitoring strategy and model building comes as an
integral part of such a strategy as models supply a
representation of the underlying physical/chemical
phenomena, allowing prediction and subsequent control
decisions.[1]

Monitoring and control strategies applied in the
biochemical industry have not reached the same level of
maturity as the traditional bulk chemical industry, and
the use of mathematical models and online optimization
algorithms is still new. There is an opportunity to
explore state feedback algorithms combined with
process analytical technology (PAT) to develop model
predictive control (MPC) as a way to reduce process
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variations, improve product quality and lower the cost
of operation.[2][3]

Framework Formulation

The ultimate goal of the project is to develop a
methodology/framework that provides a knowledgeable
approach to bio-process operations monitoring in plants.
The work intends to provide a detailed framework for
entire  monitoring implementation strategy: from
objective definition and process risk assessment
(identifications of critical quality attributes (CQAS) and
critical process parameters (CPPs)) to modelling and
corresponding monitoring strategies capable of meeting
the process desired targets. The focus will be set on the
models, which have to be complex enough to be able to
accurately predict the dynamics of the system, but still
usable to day-to-day application of the strategies in the
plants.

Some of the major questions raised by this effort are:

1) Identifying what are currently the monitoring
strategies employed in the industry. Is there currently
any systematic logic behind the selection of a given
approach?

2) Theory vs Industry reality. What is feasible to
implement in a settled industry? What is needed from a
current process to develop a monitoring strategy? What
needs to be abdicated from a theoretical optimal
strategy, to fit with the real process possibilities?

3) Relationship between type of process and
monitoring strategy. Is there any correlation between the




type of process and a type of strategy, or is it a “case-
by-case” scenario? Is it possible to construct a decision
making tool based on the type of process, monitoring
objective, available information, etc.

This effort will be done in an iterative way and
taking into account the projected case studies. The final
goal is set on the development of a methodology,
critically re-visiting what was previously done in the
case-studies and testing it on a variety of different
scenario cases.

Case Study — Pectin Extraction

Pectin is a polysaccharide, composed of different sub-
structural entities that form a linear backbone
(homogalacturonan - sequences of a (1— 4) linked D-
galacturonic acid residues) and side-chain groups. The
constituents of the backbone can be present in an
esterified (as methylesters) and free acid form. They
may be partly or fully neutralized with cations such as
sodium, potassium, calcium, or ammonium. The ratio of
esterified galacturonic acid groups to total galacturonic
acid groups is termed the degree of esterification (%DE)
and has a vital influence on the properties of pectin.
Production comprises four core steps: extraction from
the plant material, purification of the liquid extract,
precipitation of pectin from the solution, and further de-
esterification and/or amidation of the high methylester
pectin with acid or alkali.[4]

The monitoring goals for this case-study are set in terms
of the rate of extraction and the pectin quality in order
to optimize the following batch runs. Figure 1
represents the extraction factors that impact the CQAs:
pectin bulk concentration, degree of esterification
(%DE) and intrinsic viscosity (1V).
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Figure 1: Ishikawa diagram for identification of cause-
effect dynamics in process. Raw material variability is
deemed as an important disturbance.

This project is the continuation of previous efforts to
model this process, and will try to reach plant scale
implementation of an adequate monitoring strategy.
This model should be as such that describes the
dynamics of the extraction that are immeasurable or that
are not possible to measure, in a timely manner.

Work towards model robustness is key as the
parameters that describe the models were tuned based
pilot plant data and have now to be verified to describe
production process behavior and validated to for a
variety of different raw material and conditions, to
ensure the which shows that the model is able to cope
with the discrepancies in the raw material, allowing the
product quality to hold consistently at the required
standards despite variations. To take this into account
the monitoring strategy has to be thought as whole and
every step of that leads to the process (type of raw
material, conditioning, handling, etc.) should be
considered, as well as possible hybrid approaches,
utilizing data obtained through empirical models.
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Figure 2. Possible representation of an integrated
monitoring strategy approach.

The integrated monitoring strategy will involve a
combination of first principle models with chemometric
data-driven models, supplemented with online process
measurements such as volume, temperature, pH as well
as discrete sampling for NMR analysis at-line (Figure
2).
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Optimal model-based monitoring of tubular reactors

Abstract

Achieving high quality information online is a challenge for a large range of processes in the chemical and
biochemical industry. Even if it is possible to implement online sensors on the process, it constitutes a cost which
requires the companies to optimize the sensor selection. This is especially true for processes with spatial variations
as for the concentration and temperature in tubular reactors. Such processes are examples of nonlinear processes
which require that the operator can get information of the nonlinear transient and profile in the system. Real time
information of the state of the process is paramount in terms of online optimization through control and for ensuring
product quality as well as a safe and reliable process operation.

Introduction

Modern refinery operations cover a wide and complex
variety of processes, since the crude stills are the first
major processing units, distillation processes are used to
separate the crude oils by into fractions according to
boiling point so that each of the processing units
following will have feedstocks that meet their particular
specifications. Higher efficiencies and lower costs are
achieved if the crude oil separation is accomplished in
two steps: first by fractionating the total crude oil at
essentially atmospheric pressure; then by feeding the
high-boiling bottoms fraction (topped or atmospheric
reduced crude) from the atmospheric still to a second
fractionator operated at a high vacuum.

Nevertheless, specific chemical reactions are vital for
further refining stages such as hydrotreating, catalytic
cracking,  hydrocracking,  hydroprocessing  and
hydrodesulfurization (Figure 1); terms that are used
rather loosely in the industry because, in the processes
hydrodesulfurization and hydrocracking, cracking and
desulfurization operations occur simultaneously and it is
relative as to which predominates.

Despite that, hydrotreating refers to a relatively mild
operation whose primary purpose is either to saturate
olefins, reduce the sulfur and nitrogen content of the
feed, or both. It refers to a process in which petroleum
products are catalytically stabilized and/or objectionable
elements are removed from products or feedstocks by
reacting them with hydrogen. Stabilization usually
involves converting unsaturated hydrocarbons such as
olefins and gum-forming unstable diolefins to parafins.
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Objectionable elements removed by hydrotreating
include sulfur, nitrogen, oxygen, halides, and trace
metals. Hydrotreating is applied to a wide range of
feedstocks, from naphtha to reduced crude. When the
process is employed specifically for sulfur removal it is
usually  called hydrodesulfurization. Catalytic
hydrotreatment is essential to obtain fuels with
improved quality and low polluting compounds content
(sulfur, nitrogen, aromatics). Catalytic cracking is the
most important and widely used refinery process for
converting heavy oils into more valuable gasoline and
lighter products over 1 million tons/day of oil processed
in the world [1].

In the case hydrotreating, and other large scale
processes, it is not always possible to directly measure
the important state variables online which are needed by
the operator to judge if the plant is behaving as planned
or not. If these cannot be determined by indirect
measurements, then the information can be constructed
by means of a state estimator using a process model and
the available measurements from the system. Examples
of such systems are the spatial concentration and
temperature profiles inside tubular reactors, more
specifically trickle-bed reactors that play an important
role in the overall refinery flow.

Trickle bed reactors

A unique characteristic of trickle-bed reactors compared
to other types of three-phase reactors is, in general, the
catalyst particle is filled with liquid while the outer
surface may not be completely wet or covered by the



flowing liquid which leads to a more direct contact
between the gas phase and the catalyst [2].
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Figure 1: The overall refinery flow diagram

The operation conditions of trickle-bed reactors is too
hostile or fouling for sensors to work. In such cases, the
system measurements must be made whether by
sampling and lab analysis, which results are issued with
significant delay, or using state estimators that may also
incorporate information of known disturbances from
feed mixture analysis or upstream data. For these
reasons, trickle-bed reactors are difficult to operate due
to the coupling between transfer phenomena, non-linear
kinetics and their distributed nature which can lead to
temperature hot spots in the catalytic bed or formation
of an undesired compound. In that sense, online
information of the current state of the process is
important for the operator or any model based control
algorithm for process optimization. Especially when a
system may be operated close to a process constraint or
the operator needs to avoid an unstable region which
may lead to run away or undesired reactions.

Given known process inputs the model can predict
online what the state of the process is and what the
sensors should measure. By comparison between actual
and predicted measurements, corrections in the model
predictions can be made through a systematic algorithm
which utilizes the statistical uncertainty of the
measurements. Linear state estimators such as the
Kalman filter is in wide-spread use but advanced
monitoring of nonlinear process behavior in tubular
reactors by nonlinear state estimators could reduce the

risk of having a product that does not meet
specifications significantly or conditions that reduce the
performance of the catalytic bed.

For that reason, if the reaction rate depends on the
liquid reactant, the wetting efficiency leads to reduced
global reaction rates, on the other hand, if the reaction
rate is controlled by the gas phase, the global reaction
rate is higher since the resistance to mass transfer in the
non-wetted surface is lower than in the covered surface
[3]. Figure 2 shows the concept of trickle flow.
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Figure 2: Trickle flow in fixed bed reactors

Current status

A model of the trickle-bed reactor is derived from the
mass and energy equations according to the law of
conservation to a small element of volume. The focus of
interest is the nonstationary volume element, fixed in
space, through which a fluid and gas are flowing and
chemical reactions taking place only in the solid phase.
The model of a trickle-bed reactor can be validated with
experimental data, and will allow to develop the state
estimation of representative real case studies aiming
towards the implementation of optimal model-based
monitoring.

Objectives

The aim of this project is to develop a generic optimal-
model based monitoring framework suited for a wide
range of tubular reactor applications of industrial
relevance but the results may also be extended to other
process system with similar characteristics.
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Selective catalytic reduction of NOx on ships

Abstract

The introduction of MARPOL Annex VI requires a high degree of NOx reduction for shipping within NECAs and a
global SOy reduction. Since Denmark is one of the world’s foremost shipping nations, this creates a need for new
technologies and engineering solutions that can comply with the new regulations. SCR of NOy is a well-known
technology for reducing NOx and has been applied to both stationary and mobile applications. The technology also
holds a great potential for application on-board ships, but performance is not yet optimized with respect to use in
combination with marine equipment such as waste heat boilers and sulfur scrubbers (see fig. 1). Important
considerations include optimal performance of the SCR reaction (including minimal N.O by-product formation) at
the maritime conditions (incl. elevated pressures) and the potential of flue gas SO, and SOs to react with ammonia
and form ammonium bisulfate and ammonium sulfate. The sulfates may foul heat transfer surfaces (ship boiler), and

plug the catalysts flow channels and surfaces.

Test & Training
Centre

SCR reactor

Urea storage

1.88 MW diesel engine

SOy scrubber

Heat Exchanger

Figure 1: Alfa Laval’s test facility, at which full scale measurements will be performed. Courtesy of Alfa Laval.

Introduction

Denmark is one of the world’s foremost shipping
nations, leading in cargo transport, tanker shipping,
refrigerated cargo, and offshore. Maritime transport and
shipping benefits from low CO; emissions and low
noise levels but emissions of SOx, NOy and particles are
generated. The issues related to NOx/SOx emissions are
being targeted by the introduction of NOy emission
control areas (NECASs) for new ships and global SOy
regulations, both of which are introduced through the
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MARPOL 73/78 Annex VI[1] which generates a need
for new technologies and engineering solutions on the
matter.

Selective Catalytic Reduction (SCR) of NOx using
ammonia (NHs) as reductant is a well-known abatement
technology and was first used to remove NOyx on
stationary sources such as power plants, waste
incinerators and in the cement industry[2]. Later, SCR
has been introduced for mobile applications i.e. vehicles
and ships for which urea is used as the reductant. The



injected urea spray decomposes into NH3 and isocyanic
acid (HNCO), HNCO further decomposes at the SCR
catalyst into a second molecule of NHsz. The overall
decomposition of urea can be written according to
Reaction (1)[3]:

NH,-CO-NH; + H,O — 2 NH3 + CO;, (l)

The produced NHs adsorbs on the SCR catalyst
surface and reacts with gaseous NO. The most used
catalyst is based on V,0s, doped with WO3, washcoated
on a carrier of anatase, the high surface area form of
TiO2. The SCR of NOy consists of three reactions as
shown below.

4 NHs+4 NO + 0, — 4N, + 6 H,0 )
4NHs+2NO+2NO, > 4N, +6H.0  (3)
4 NHs + 3 NO, — 3.5 Nz + 6 H,0 (4)

Reaction (2) is known as the standard SCR reaction,
since 90% of engine out NOx is comprised of NO.
Reaction (3) is known as the fast SCR and Reaction (4)
is known as the slow SCR reaction and they are
generally of low importance for ships.

The highly unwanted oxidation of SO, into SOs is
also catalyzed by the V,0s present in the SCR catalyst.
This oxidation is especially unwanted due to reaction of
SO; with water forming sulfuric acid aerosol, which can
further react with NHs and produce solid products such
as ammonium sulfate (AS) and ammonium bisulfate
(ABS). The presence of AS and ABS poses an
operational problem since they may condense and block
the SCR pores or stick on cold surfaces such as the heat
recovery systems reducing the heat transfer and hence
the overall efficiency of such systems, potentially
causing regular cleaning shutdowns.

Beside the unwanted oxidation of SO, other
unwanted reactions such as the oxidation of NHs; and
formation of emissions such as N,O are also possible
and should be avoided.

The highest activity of a SCR catalyst is achieved
around 300-400 °C[4] but depending on the load of the
engine the exhaust temperature can be fairly low
(<200°C). Therefore, for highly efficient 2-stroke
engines, which usually have low temperatures after the
turbocharger, it has been considered to place the SCR
reactor before the turbocharger. Placing the SCR reactor
before the turbocharger would both increase the
temperature and the pressure within the reactor. The
influence of pressure on both the SCR reactions and the
SO, oxidation is poorly known and hence before
introducing the SCR technology within this part of the
maritime sector a thorough investigation must therefore
be conducted to ensure stable, efficient, and competitive
SCR technology.

Specific Objectives

The first part of this project will consist of a thorough
literature survey within the use of vanadium based SCR
catalyst for NOy abatement both on stationary and

marine application. Thereafter a literature survey within
SO, oxidation across an SCR catalyst followed by the
formation, reaction and modeling of AS and ABS will
be conducted.

The second part of this project involves full scale
experiments at Alfa Laval’s test facility which includes
a 1.8 MW diesel engine equipped with an SCR reactor,
a heat recovery unit, and a wet SO scrubber as shown
in Fig. 1. The experiments will focus on the formation
of AS and ABS at various ammonia to NOy ratios
(ANR). These experiments are performed to test
whether it is favorable to operate the plant under
conditions where AS, a non-sticky by-product, is
formed instead of ABS, a sticky by-product.

Based on the experimental results a model will be
made which will be used to determine the amount of AS
and ABS formed, and furthermore, the amount that
condenses and blocks the SCR reactor and/or heat
recovery system. The model should therefore include
both the NOy reduction efficiency and the SO, oxidation
across the SCR catalyst.

The fourth part of this project is to measure the
kinetics of SO, oxidation which lead to the formation of
AS and ABS. For this, experiments will be conducted at
laboratory scale to investigate the SO, to SO3; oxidation
under ship conditions i.e. at high concentrations of SO,
and at elevated pressures. The effects of elevated
pressure on both the SO, oxidation and the SCR
reactions are unknown and hence are an essential part of
the thesis.
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Computer-aided molecular, mixture and blend design

Abstract

Design of chemical products is a multidisciplinary task and is a growing interest in the industry and academia.
Regulations, consumer and sustainability needs push the necessity for finding novel chemical products that can meet
these needs. In this research work, a computer-aided framework for chemical product design of molecular, mixed
and blended products is developed. The framework utilizes a mathematical programming formulation and solution
approach. New in this proposed framework, is the ability to integrate the process/application design and
sustainability of the chemical product through mathematical programming using two proposed solution algorithms.

Introduction

In chemical product design, molecular structures and
formulation of mixtures and blends are designed based
on desired product specifications [1]. The product
specifications are selected based on the needs and target
properties and can include several types of
specifications, such as cost, physicochemical and
thermophysical properties, environmental and safety
properties, and consumer-oriented specifications, such
as look, feel and smell. Types of chemical products that
are single molecules (and therefore require the design of
the molecular structure) include chemical products such
as solvents, refrigerants, active ingredients and
surfactants [1]. If the pure molecular chemical products
are not able to satisfy the product specifications, it is
necessary to design mixed or blended products. These
chemical products are designed by the formulation of
ingredients and their compositions to match target
product specifications. For mixed and blended products,
product specifications can be met by fine-tuning the
composition of the ingredients, as well as matching the
phase behavior at specific temperature ranges, such as
homogeneity of emulsions. Blended products differ
from mixtures in that there is a structural homogenous
mixture obtained by use of chemical additives and/or
various mixing techniques. The ingredients can be
selected based the product specifications met by pure
molecules, but may require additional ingredients to
reach the desired chemical product formulation
(blends). These additional ingredients, or additives, can
be detergents, emulsifiers and foaming agents.
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Several challenges exist in chemical
design:

products

1. How to well-define needs and translate these into
target specifications.

2. How to tackle growing need for more sustainable
chemical products.

3. How to integrate the process and application
specifications into target chemical product
specifications.

4. How to efficiently and systematically design optimal
chemical products.

In this work, a computer-aided chemical product design
framework is developed for the design of pure, mixed
and blended chemical products through a mathematical
programming approach.

General mathematical program

Mathematical programming approaches set-up the
chemical product design problem into a set of linear and
non-linear constraints and specifications into a set of
equality and non-equality constraints. A general
mathematical program is given below [1].

Fobj = max [CTy+ f(x)]

h(x) =0
h,(x) = 0
hy(x,y) =0

I <g (x)<u
,<g,(xy)<u,
I, <By+Cx<u,



The variable x is a continuous variable, such as
mixture composition; y is binary variable for selection,
such as selection of compounds or unit operation. The
equality constraint hi(x), is process design based
constraint, such as process operating pressure; hz(x),
represents model equations, such as mass balances;
hs(x,y), represents structural constraints for generated
molecules, such as maximum number of functional
groups or property models. Inequality constraint gi(x,y),
is related to process design constraints; g(X,y), is
related to environmental constraints or chemical product
design constraints, such as ozone depletion potential or
solubility. The last constraint enforces logical
conditions on binary and continuous variables that
appear in the objective function, which is an
optimization function for process or application related
target of the desired product.

Computer-aided chemical product design
framework
In this work, a generic computer-aided framework for
chemical product design (CAPD) is presented through a
systematic framework. A CAPD problem for the
generation of novel pure, mixed and blended chemical
products is formulated and solved through the
application of four sequential steps.

In step (1), the product design problem is defined
together with the process and/or application boundaries.

In step (2), the CAPD problem is formulated through
property constraints for pure, mixed and blended
products, process/application constraints and objective

and thermodynamic relations. The sustainability is
considered through product and process/application
performance, economics and environmental impact.

In step (3), the CAPD formulation is converted into
a mixed-integer nonlinear program (MINLP) by set-up
of constraints, objective and boundaries defined in step
(2).

In step (4), the MINLP is solved through a
decomposed approach [2]. The decomposed approach
breaks down the MINLP problem into a sub-set of
programs to manage the complexity: mixed-integer
linear program (MILP) for molecular generation, linear
program (LP) for property constraints, non-linear
program (NLP) for mixture/blend property constraints,
and NLP for process constraints and objective function.
This approach ensures that the optimal chemical product
can be found through systematic generation and
screening of alternatives based on the problem
definition.

Conclusion

The current developments in computer-aided framework
for design of molecular, mixed and blended products
have been presented. Current solved case studies
include solvents, surfactants, polymers, working fluids
and lubricants [2-3]. More info can be given regarding
framework and case studies by contacting the student.
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Oxygen supply methods for processes using oxidases

Abstract

Selective oxidation reactions are difficult to carry out in conventional process chemistry and it requires the use of
protection and de-protection steps to guide the addition of oxygen. In contrast, biocatalytic oxidation can be carried
out using molecular oxygen and offers high selectivity. However, implementing biocatalysis for oxidation reactions
has quite some challenges for a feasible process to scale-up since it is limited by oxygen transfer and stability of the
enzymes. This project is focused on the investigation of oxygen supply methods for oxidase-base reactions in order
to analyze and select the most efficient method for a sustainable process design, regarding the characteristics of

these type of reactions.

Introduction

Oxidation represents a significant transformation in
organic chemistry. Conventionally, oxidation reactions
are conducted with stoichiometric toxic reagents like
chromates. However, these processes are becoming less
relevant in fine chemistry comparing with catalytic
processes using environmentally favorable oxidants
such as molecular oxygen (O2) or hydrogen peroxide
(H202). Remarkable advances in transition metal-
catalyzed reactions, organocatalytic oxidations and
oxyfuncionalizations utilizing those oxidants have been
achieved. Simultaneously, biocatalysis is rising as an
additional pillar for environmentally favorable oxidation
catalysis [1].

Biocatalysis has several arguments for its application in
organic synthesis over chemical processes such as mild
reaction conditions (in terms of temperature and
pressure) and use of non-problematic solvents.
However, the major advantage consists in its exquisite
regioselectivity and stereoselectivity properties [1], [2].
Oxidases are a notable subclass of oxidizing enzymes,
which use oxygen either as oxidant or as electron
acceptor. This property make them highly attractive for
the production of chemicals. Alcohol oxidase (AOX)
converts alcohols to aldehydes or ketones (Figure
1A).During this reaction, molecular oxygen is reduced
to hydrogen peroxide. In order to avoid enzyme
deactivation, H,O, is scavenged by addition of a
catalase that converts it to H,O and O».
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Figure 1: Biooxidation of alcohols using an AOX (A).
Catalytic cycle of flavin-containing AOX (B) [3].

Flavin-dependent AOXs are enzymes where flavin
adenine dinucleotide (FAD) or flavin mononucleotide
(FMN) function as primary hydride acceptor. The stored
reducing equivalents are then transferred to O, yielding
the catalytic active flavin and H,O, (Figure 1B) [1], [3].
The outstanding property of flavin is the chemical



versatility that enables flavoenzymes to catalyze a large
variety of reactions with no need of adding a cofactor
[4].

ROBOX European project aims to develop and
demonstrate robust oxidative biocatalysis in the pharma,
nutrition, fine chemicals and materials markets.
Oxidative biocatalysis for industrial biotransformations
requires enzymes able to transforming non-natural
substrates and to operate in conditions they have not
been designed for by nature. Therefore, this can
compromise enzymes activity and stability. In order to
introduce more biocatalytic process in industry, there is
a demand for developing robust and effective enzymes
capable of dealing with different conditions from its
natural environment. Simultaneously, there is a growing
need to design efficient biocatalytic processes and
technology able to optimize the performance of these
enzymes during reactions of commercial interest.
Oxidases such glucose oxidase are fast enzymes on their
natural substrates, when high activity is achieved in
ROBOX target substrates, oxygen supply will become a
rate-limiting factor together with enzyme stability, since
it is known that oxygen supplied by air bubbles may
decrease enzyme stability. Thus, studying, analyzing
and evaluating efficient oxygen supply methods for this
type of reactions need to be investigated [5]. These
challenges are considered and explored in this PhD
project, which is integrated within ROBOX.

Specific Objectives

The purpose of this PhD project is to investigate oxygen
supply methods for oxidase-base reactions with the
intention of analyze and select the most efficient method
for a feasible process to scale-up. The reaction system
of main interest is catalyzed by a modified sugar
oxidase.

Therefore, the research is focused on reaction
systems thermodynamically favorable, where the
substrate and product are water soluble and non-volatile
compounds. The oxidation is going to be catalyzed by a
soluble and isolated enzyme with high reaction rate. The
main challenge of these type of systems is to guarantee
that the reaction rate is not limited by the oxygen supply
rate, which depends on the oxygen concentration in the
reaction medium. In this way, at the first stage of the
project, different oxygen supply methods as (1) supply
of H,O; that is degraded by a catalase to O, and H.0O,
(2) bubbling air or O, and (3) membrane aeration are
going to be experimentally studied and characterized
based on the oxygen transfer rate and compared with
industry requirements for designing a feasible process.

Furthermore, the enzyme stability will be studied
regarding that the presence of H,O- or a gas phase in the
reaction have strong influence on enzyme deactivation.
The enzymatic rate of oxygen consumption will be
experimentally studied to understand the oxygen
requirements of the reaction and the biocatalytic system
will be experimentally characterized.

Liagieh f el § g b

Figure 2: Possible downstream process flowsheets with
(A) and without (B) enzyme recycling,

Additionally, a basic concept for the process flowsheet
will be developed and bottlenecks identified (Figure 2).
In the last part of the project, the designed process will
be benchmarked against existing oxidation reactions
using a computational framework that will be developed
in the ROBOX project.
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Fractionation and enzymatic processing of biomass for biorefinery application

Abstract

In the face of diminishing fossil-based resources and the unwanted impacts of their utilization, biorefineries utilizing
lignocellulosic biomass are being established. Lignin, a major component in lignocellulosic biomass is a barrier as
well as underutilized material in most current bioprocessing setups dedicated for fuel ethanol production. This
research project aims to gain better understanding of cellulases-lignin interaction, one of the rate-limiting factors in
the saccharification of lignocellulosic biomass. Furthermore, modification of lignin is also aimed at the target of
reduced interaction and better lignin separation. The interaction of cellulases and lignin will be studied by isolating
lignin-rich residue from several biomass feedstocks pretreated at different levels. Various esterases and laccase

treatment will be used for modification of lignin.

Introduction

The prolonged use of fossil-based resources, mostly for
fuels and chemicals, has been thought to create
pollution, climate change and economic instability due
to limited reserves and uneven geographical distribution
[1]. Therefore numerous efforts have been directed to
use renewable plant biomass as the new source of fuels
and an array of chemical products, performing
equivalent function as oil refinery, thus termed
biorefinery. In light of answering the energy demand,
several large scale demonstration and/or commercial
ethanol plants utilizing agricultural waste have begun
their operation in Europe and America [2].

Currently established advanced ethanol plants are
mostly using biotechnological approach. Initially the
biomass is pretreated mechanically and then thermo-
chemically, with water steam-based treatment being
predominant method used. Subsequently, the pretreated
biomass is enzymatically hydrolyzed using commercial
enzyme preparation to produce platform sugars. In this
case, cellulases are the main components of the enzyme
cocktail which degrade cellulose, producing glucose.
These sugars are then fermented by microorganisms to
produce for example ethanol. In this current setup,
which is used for example in Denmark at the Inbicon
demonstration plant, lignin-rich residue is produced.
The residue is burnt to power up most of, if not the
entire plant operations [3].

The occurrence of lignin in the lignocellulosic
biomass, which makes it the second most abundant
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organic polymer after cellulose, presents both
opportunities and difficulties. On one side lignin can be
used as a source of valuable aromatic chemicals and
polymers such as vanillin, methanol, phenols, benzenes,
toluenes, resins and adhesives [4]. However this
potential is overlooked when lignin is burnt for energy.
This is of importance since many of the newly
established second generation biorefineries have been
focusing mostly on fuel ethanol production [2]. On the
other hand, lignin is also considered a barrier for
efficient enzymatic hydrolysis of cellulose. This is due
to the fact that lignin blocks the access of cellulose to
cellulases and also promotes non-productive adsorption
of cellulases [5].

Specific objectives

The research project aims to gain further understanding
in cellulases-lignin interaction which has been thought
to be dictated by hydrophobic effect [6]. Afterwards, the
lignin is targeted for modification in order to both
reduce the interaction between cellulases and lignin as
well as to enable better separation of lignin for use as
source of valuable products. The detailed specific aims
are as follow:

1. To understand the effect of botanical origin
and pretreatment severity towards the surface
properties of lignin

2. To understand the effect of removing residual
carbohydrates in the lignin-carbohydrate



complexes (LCCs) and laccase treatment
towards the surface properties of lignin

3. To design and evaluate an overall biorefinery
process using the previous findings to improve
hydrolysis yield and lignin separation

Outline of the research methods and goals

Several biomass feedstocks that will be used for the
study are corn stover, Miscanthus and wheat straw.
Each biomass feedstock was hydrothermally pretreated
at three different severity levels: 3.65 (190°C, 10 min),
3.83 (190°C, 15 min) and 3.97 (195°C, 15 min), thus
yielding nine materials in total. In order to study the
interaction of lignin with cellulases, the lignin has to be
isolated in order to exclude other potentially affecting
factors (e.g. carbohydrates which will also adsorb
cellulases). Isolation of lignin-rich residue is performed
by extensively hydrolyzing the pretreated biomass
feedstocks using commercial cellulase preparation for
72 hours. The resulting residue is then treated with
commercial protease preparation to remove the
adsorbed enzymes that still remain in the substrate.
CHN-S analysis will be performed in order to confirm
protein removal through the reduction of the nitrogen
content. Additionally composition analysis is performed
for the pretreated biomass feedstocks and the isolated
lignin-rich materials. The latter are then studied for
surface properties.

The surface properties to be studied include surface
hydrophobicity, surface charge and the adsorption of
cellulases. The latter will be studied using two methods.
Firstly, classical adsorption experiments to establish
adsorption isotherms will be performed by measuring
the concentration of free protein in the supernatant.
Secondly, a more sensitive and on-line method of
measuring adsorption will be used. This method is
relying on measuring adsoption into thin film using a
Quartz  Crystal Microbalance  with  Dissipation
Monitoring (QCM-D). These surface properties will be
studied again after the isolated lignin-rich materials
have been treated with esterases to remove residual
carbohydrate in the form of LCCs and laccase to
potentially modify the structure of the lignin.

Eventually, an entire process is envisioned where
additional enzymes will be included in the initial
hydrolysis of pretreated biomass. It is expected that the
addition of esterase(s) will aid in the removal of
carbohydrate residues that play role to the structural
integrity of the biomass, allowing further separation
between lignin and the carbohydrates. Addition of
laccase is expected to further enhance hydrolysis yield
by lowering the interaction between cellulases and
lignin. In the end, an increase in hydrolysis yield and
better separation of lignin is expected.
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Development of highly efficient solid oxide electrolyzer cell systems

Abstract

With the increasing amounts of renewable and fluctuating energy in the Danish energy system, efficient and high
capacity storage solutions are necessary. A solution could be Solid Oxide Electrolyzer Cells (SOEC) systems
capable of utilizing electrical energy to transform H,O and/or CO, to gas and liquid fuels. However, during
operation solid carbon might be formed. If this happens, the cells will delaminate leading to a hard failure of the

system. It is therefore of great importance to be able to predict the limits for carbon formation.

Introduction

Solid  oxide electrolyzer cells (SOEC) are
electrochemical systems capable of converting H,O and
CcOo, (Hzo -> H2+1/2 0,, CO, 2 CO+1/2 02), see
Figure 1. H,O and CO, can also be converted
simultaneously to a syngas mixture which can be used
eg to make fuels such as methanol and synthetic natural
gas. The electrolysis of CO, and H,O is therefore
interesting as a means to reduce the demand for fossil
fuels.

Carbon formed from the Boudouard reaction (CO —
CO, + C (s)) or the Heterogenous water-gas shift
reaction (CO+H, -> H,O + C(s)) can cause
delamination of the electrode-electrolyte interface [1].
Thermodynamically the formation of C(s) is prohibited
up to large CO/CO, ratios. However, in the literature
carbon formation has been observed at ratios below the
critical values and concentration and temperature
gradients within the cell material (electrodes and
electrolyte) is being suspected of being the reason [1,2].

Specific Objectives

This PhD study focusing on investigating at which
operating conditions carbon formation is taking place; if
the carbon formation can be avoided and if not, whether
the formed carbon can be removed without damaging
the solid oxide electrolyzer cells.

In this contribution, the effect of gas diffusion
limitations, as an explanation for the observed carbon
formation in the literature, will be discussed.
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Figure 1. Schematic overview of an SOEC. H,O and/or
CO;, are entering the cathode gas channel and diffuse to
the reaction zone located at the interface between the
cathode and the electrolyte, where the gas is reduced.
Formed H, and CO diffuses out of the cathode to the
cathode gas channel and flows out of the system. The
reverse water-gas shift reaction and methanation
reaction take place in the cathode.

Results and Discussion

Gas diffusion in solid oxide cells can be modelled by
the dusty gas model. In order to investigate the diffusion
limitations, a 2d model was created in COMSOL. The
dusty gas model (DGM) is currently not implemented in
COMSOL. However, it has been shown that Fick’s law
can be modified to simulate the DGM for different
geometries and operating conditions with good
acccuracy [3,4]:
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Where c is the concentration of i, P is the pressure, p is
the viscosity, D,’jf T"is the effective Knudsen diffusion
coefficient of i, Df].ff is the effective binary diffusion
coefficient between i and j, x and M are the mole
fraction and molar mass of i, respectively.

D!’ and Df].ff is estimated as described in [5]. The

electrolysis reaction and water-gas shift reaction is
included in the model using kinetics from [6]. It is
assumed that the temperature is constant through the
electrode and that the methanation reaction is
thermodynamically limited.

The simulations showed that in CO,-electrolysis the
concentration of CO increases significantly through the
cathode (Figure 2) and, that there are situations where
there is affinity for carbon at the reaction interface, but
not at the channel (T <Tg). This result explains the
observed carbon formation in [2].
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Figure 2. Concentration profiles of CO and CO,
through the cathode from the gas channel (left) to the
cathode-electrolyte interface (right) with a current
density of 0.4 (red) and 0.5 (green), respectively. The
equilibrium temperature (Tg) based on the reaction
quotient is also shown (blue) for the two cases. When
Tg is above the operating temperature of the cell (here
973 K), carbon will be formed. Simulation parameters:
€ =0.3, 7 =3, Te=973 K, Cathode depth = 385 um
and a conversion of 60 %, corresponding to the
operation parameters in [2].

In co-electrolysis diffusion limitations are also present
(Figure 3). Here the high concentration of CO and H;
and low concentration of H,O (close to zero), cause
carbon to be formed via the Heterogenous water-gas
shift reaction (Tpwes>Tcell). This result explains the
observed carbon formation in [1].

1150

. - - 1100

0304+ — 4

c ] - @ X,
£ o025 / 2 boso £
i =

E o201 T 2
@ e [
=] ~ 1000 %
= T
i

——1 950

T T T T T T T
] 50 100 150 200 250 300 350
Depth of electrode, pm

Figure 3. Concentration profile through the cathode
from the gas channel (left) to the cathode-electrolyte
interface (right). Modelling parameters: € = 0.3, T = 3,
Teen = 1148 K, Cathode depth = 385 pum, current density
=2.25 A/em? and a conversion of 67 %, corresponding
to the operation parameters in [1].

Conclusions

The simulations have shown that diffusion limitation
can explain the observed carbon formation in the
literature. It is clear that the limitations cannot be
ignored and must be included when selecting
appropriate operating conditions, or designing new
cells.
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Characterization of microbial consortia for keratin degradation processes

Abstract

Especially in the last decade, the number of biofuels and biobased chemicals which can be obtained through
microbial fermentation technologies has continuously increased. Nevertheless, a major step towards the sustainable
and cost-effective production of such new biocommodities will certainly be the possibility to employ, to a larger
extent, cheaper and widely available renewable feedstocks such as residual biomass and organic waste materials.
This PhD project is part of a larger multi-partner research project, namely “Keratin2Protein”, where the potential of
novel process technologies will be investigated in order to efficiently convert organic agro-industrial residual
biomass into new alternative added-value products. Specifically, tailor-made microbial consortia, which can be
cultivated in an industrial process for keratin degradation, will be employed to valorize slaughterhouse keratin-rich
by-products for production of protein-enriched feed. In particular, the PhD project will focus, on the one hand, on
the development and optimization of fermentation protocols to cultivate microbial consortia for efficient keratin
biodegradation and, on the other hand, on the implementation of mathematical, deterministic, models describing

microbial interactions within these synthetic ecological webs.

Introduction

A large part of the research efforts for the production of
fuels and chemicals from renewable resources have
focused on the identification and engineering of single
microbial cell factories in order to utilize complex
substrate mixtures. Nevertheless, microbial species
living in a large variety of naturally occurring
environments have, after billions of years, evolved
towards the formation of highly efficient consortia in
which they perform multiple tasks in a synergistic
manner. In particular, at the community level, this
cooperation gives rise to higher-order properties such as
improved stability, optimized use of the available
nutritional and energetic resources, enhanced substrate
degradation rates etc. Within this context, microbial
communities can be defined as complex adaptive
systems [1] which dynamically adjust their structure and
function in response to external stimuli — that is to
changes in the environmental conditions.

One of the major challenges in developing models
capable to predict the structural and dynamic behavior
of a microbial consortium is the complex relationship
describing the inter-specific interactions that are
established both in between community members and
with respect to their local environment and the resulting
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physiological phenotypes expressed by each individual
species.

This PhD project will focus on the development of
mechanistic models which will be used as simulation
platforms to obtain a more clear insight into the
interplay between different consortia members. In
particular, these models will be employed to design and
optimize synthetic microbial consortia for the efficient
degradation of keratin-rich residual biomass.

M ethodology

Kinetic characterization of each possible consortium
member will be performed at bench-top fermenter scale,
and optimal conditions for efficient cultivation of these
keratinolytic microorganisms will be determined. In
particular, by means of pure culture experiments, the
effect of Kkeratin-rich substrates, medium composition
and environmental conditions (i.e., temperature, pH,
dissolved oxygen, agitation speed, etc.) on microbial
growth and keratin degradation kinetics will be studied.
In order to optimize both medium composition and
cultivation parameters using a reduced number of
experiments, statistical methods such as Plackett-
Burman design and response surface methodology
(RSM), or more specifically Box-Behnken design, will
be employed [2].



Experimental information obtained in the fermenter
for each keratinolytic strain tested will be employed to
formulate and implement, in the MATLAB-Simulink
programming environment, mathematical models
capable to describe the effect of keratin-rich substrates,
culture  medium  composition and  selected
environmental conditions on microbial growth and
keratin degradation kinetics. In order to represent the
biochemical transformations occurring in keratin-rich
residual biomass degradation through some simplified
process descriptions, mechanistic models, inspired by
those typically used to represent microbial wastewater
treatment processes [3], will be developed. Thereafter,
kinetic models of pure cultures developed for optimal
growth conditions will be adapted to suboptimal,
common growth, conditions for co-cultures of interest.

To gain a better understanding about the interactions
between different consortia members, the range of
application of the deterministic models previously
developed will be extended to the case of mixed
microbial cultures. Subsequently it will be possible to
apply these models in simulating Kkeratin substrate
degradation for a variety of consortia constellations in
order to verify their potential as simplified tailor-made
consortia that could be easily cultivated in a bioreactor.
In more detail, the effect of medium formulation and
environmental conditions on the behavior of the mixed
population will be simulated, providing guidelines for
further process design and optimization.

Cultivations in bioreactors of simplified consortia
consisting of predicted optimal combinations of selected
pure cultures will be established. Experimental
information and model predictions will be used to
evaluate dynamics between consortia members and the
stability of the consortia itself. For some of the best
performing co-cultures a more detailed quantitative
characterization, involving enzyme profiling, analyses
of substrates and microbial biomass will be performed
in  combination with omics profiles. Data from
cultivation experiments will then iteratively be used for
model validation and to improve model predictions.
Finally the mathematical model will be used to support
the design of the best reactor configuration: in particular
a Cell Recycle Membrane Fermenter (CRMF) will be
developed. With such a cultivation system the
suspension containing nutrients, cells and products will
be continuously filtered, and microbial mass, non-
hydrolyzed keratin particles and Kkeratinolytic enzymes
will be repeatedly returned to the cultivation vessel
while low-molecular weight products (that is, peptides
and free amino-acids) will be constantly removed.

Importance of the M echanistic M odel

In Figure 1 all the main steps involved in defining a
quantitative description of a fermentation process are
summarized. In particular, deterministic models used to
describe fermentation processes involving microbial
communities should be able to:

= describe, in a quantitative manner, fluxes through

pathways for nutrient resources and energy,

= identify and quantify the effect of interactions of
consortium members with each other and with the
surrounding environment on the overall community
performance,

= infer on the system’s higher-order properties.

Therefore, during each phase of the PhD study, the
model structure will be continuously and iteratively
updated. First of all, the structured model will be fitted
to experimental data collected during both pure and
mixed culture experiments; if the model structure will
not permit an accurate description of the data after
parameter estimation, the model structure will need to
be updated, and parameter estimation will be repeated.
Model analysis tools, such as uncertainty and sensitivity
analyses, will also be used to direct experimental
efforts. In particular, ranking of parameters via
sensitivity analysis will allow to direct experimental
efforts only towards the most significant parameters [4].

Cellular Model ' Reactor Model

|
Specify model complexity
|

Stoichiometry

! MODEL
Mass balances

I |
!
Estimaie parameters

}

Simulate fermentation process

Revise model

Figure 1. Main steps involved in the quantitative
description of a fermentation process [5].
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M odel-based optimization of an industrial wastewater treatment plant
combining a full-scale granular sludge reactor and autotrophic nitrogen
removal

Abstract

This PhD project consists of two parts. In the first part, the IWA Anaerobic Digestion Model No. 1 (ADM1) is
calibrated to the full-scale granular sludge reactor of Novozymes A/S in Kalundborg, Denmark, in order to use the
model to investigate future optimization of the biogas production. In the second part, the applicability of
Autotrophic Nitrogen Removal is studied, as a means to remove the nitrogen from the outflow of the anaerobic

reactor.

Introduction

Biogas production is one of the methods to convert
waste into energy, as biogas can be converted into
electricity. The production is performed in an anaerobic
reactor, where carbon rich wastewater enters the reactor,
and micro-organisms degrade the organic carbon to
hydrogen, carbon dioxide and methane (biogas).
However, these types of reactors do not remove any
nitrogen, which cannot remain in the wastewater if it is
to return to the environment. The most common
nitrogen removal process is via activated sludge
reactors, where nitrification and denitrification take
place in order to convert ammonium (NH,") to
subsequently nitrite (NO,), nitrate (NO3), and nitrogen
gas (Ny) (Figure 1). This requires a high energy and
oxygen consumption. Furthermore, organic carbon is
needed for this process. Another possibility is to remove
the nitrogen via autotrophic nitrogen removal, where
partial nitritation and anaerobic ammonium oxidizers
(anammox) convert the ammonium to nitrite and
nitrogen gas (Figure 1). The anammox organisms
consume inorganic carbon, and use nitrite as electron
acceptor, to convert ammonium directly to nitrogen gas.
This requires less energy, oxygen and organic carbon.
The possible application of autotrophic nitrogen
removal at industrial scale will mean that more organic
carbon can be redirected to biogas production, and
fewer costs will be associated with nitrogen removal.
Two models will be used in this study; i) the Anaerobic
Digestion Model No. 1 (ADM1) [1]; and, ii) The
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Complete Autotrophic Nitrogen Removal
Model [2].

(CANR)

C-source

! \
N/ :

Figure 1: Schematic overview of the nitrogen cycle,
where the reaction from NH," to NO, represents
nitritation, the reaction from NO, to NOjs represents
nitratation and the reaction from NOs to N, represents
denitrification. The anammox reaction is represented by
the two interconnecting arrows from NH,* and NO, to
No.



Specific objectives
The objective of this study is to develop a plant-wide
wastewater treatment model of an industrial treatment
facility (Novozymes A/S, Kalundborg, Denmark),
combining a full-scale granular sludge (biogas) reactor
and autotrophic nitrogen removal. This involves the
following steps:

1) Calibration of the ADM1, which includes extensions
to the full-scale granular sludge reactor. This step
involves a sensitivity analysis, to find the parameters
which need to be calibrated to the system, as well as
an influent characterization.

2) Process optimization. Various scenarios will be
tested to study the influence of specific operating
variables on the biogas production.

3) Study the applicability of the Autotrophic Nitrogen
removal through modelling and experimental work.
To connect the ADM1 with the CANR model, a
suitable interface will need to be developed.

Modelling appr oach

As mentioned, two models will be used in this study.
The first one, the Anaerobic Digestion Model No. 1
(ADM1) [1] is supplemented with several extensions,
namely phosphorus [3], sulfur [4], and multiple mineral
precipitation [5, 6]. The phosphorus extension describes
the transformation of phosphorus into
polyhydroxyalkanoates (PHA) by phosphate
accumulating organisms (POA). The sulfur extension
describes sulfate reduction through sulfate reducing
bacteria. These bacteria compete with the bacteria that
produce biogas. Furthermore, hydrogen sulfide (H,S) is
produced, which inhibits bacteria at high concentrations
[5]. Lastly, multiple mineral precipitation is important,
as this process on the one hand can extract important
minerals for growth from the water, and on the other
hand can work as a means to remove high
concentrations of ions, such as phosphorus.

The second model, the Complete Autotrophic
Nitrogen Removal (CANR) model, has previously been
published by Vangsgaard et al. (2012) [2]. It describes
the removal of nitrogen from wastewater through partial
nitritation and anammox, which take place in granules.
The model contains both bulk liquid equations as well
as biofilm equations.

The CANR model will be calibrated with
experimental data from the lab, in which wastewater
from the effluent of the full-scale granular sludge
reactor will be used as influent. Model validation will
then be done at pilot scale, on the site of Novozymes
AJS.

Conclusions

The goal of this project is to increase the biogas
production from an industrial full-scale granular sludge
reactor. In order to achieve this, the reactor will be
modelled, and optimization strategies will be studied.
Furthermore, the potential application of an autotrophic
nitrogen removal reactor is researched, which can

further increase the sustainability of the wastewater
treatment plant.
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Micro scale reactor system development with integrated advanced sensor
technology

Abstract

Process development and optimization is a costly and time-consuming process involving the optimization of
relevant process parameters tested at different process scales. Differences between phenomena across scales (e.g.
mixing) often result in attaining less than optimum process parameters which may lead to a selection of suboptimal
strains and/or process conditions, thus affecting process productivity. These differences are usually not detected due
to insufficient process control at smaller scales [1],[2].

The main goal of this research project is to develop a commercially viable and interesting microbioreactor
design, capable of performing multiple simultaneous biocatalytic reactions and/or fermentations in a highly
controlled and automated manner. Different types of sensors (Optical, Electrochemical (EC), Near-Infra Red (NIR))
will be considered and evaluated in terms of applicability and design integration. The development of such new
integrated device, with simultaneous monitoring, quantification and control of metabolites, besides physical

parameters, will allow to decrease considerably the bioprocess development costs and time.

Introduction
Bioprocess optimization and development requires the
study of relevant process parameters, their influence and
interaction, in a reliable and scalable way. This is, often
due to a high number of variables, very expensive and
time-consuming [1]. High-throughput (HTP)
technology, in the form of parallelized controlled
reactions, allows reducing the cost and duration of
industrial bioprocess development and scale-up. This is
achieved by enabling the simultaneous study of several
process parameters, such as temperature, pH, oxygen
transfer, mixing, culture mode, media composition, type
of cell or strain, available vectors, among others [3],[4].
Microbioreactors (MBR) offer the potential to find
a balance between process control and cultivation
throughput in  order to turn HTP cultivation
economically and practically feasible [3]. Some recent
commercial approaches integrate already sensors in
cultivation chambers (e.g. Biolector system from m2p
labs [4]; SensorDishes® from PreSens; ambrTM from
TAP Biosystems [1]), with fluid handling equipment for
automatic small volume sampling or inocula or medium
addition. However, most of so far developed MBR
systems lack online sensors for the most significant
parameters (such as pH, O, cell viability, product
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concentration and quality, glucose, antibody, reaction
metabolites, etc.) [6].

This PhD project, performed within the European
Network for Innovative Microbioreactor Applications in
Bioprocess Development (EUROMBR) project, aims to
develop a HTP MBR setup with integrated sensors for
relevant reaction constituents and physical parameters.
Three types of sensors will be considered and evaluated
in terms of applicability and design integration: Optical
NIR luminescent polymer patches [7], amperometric
electrochemical sensors [8] and miniaturization of a
conventional NIR setup for MBR integration. Further, a
new design for a MBR setup will be developed starting
from an existing platform configuration with the
intention to integrate the sensors in an easily operable,
reliable and scalable way.

Specific Objectives

1. Literature review of relevant metabolites in
bioprocesses currently not monitored.

2. Development and optimization of sensors for
desired application.

3. Design of a MBR setup for integration of
chosen sensors. Pump assisted addition and sampling of
fluids will be included, as well as, control of
temperature, pH, mixing/DO and feeding.



4. Determination of the sensor’s detection limits
and sensitivity in the MBR setup for all chosen process
applications.

5. Final validation (proof-of-concept) of the
complete MBR setup and comparison with results from
benchtop setup for all process applications.

Resultsand Discussion

A microfluidic channel (received from iX-factory,
Dortmund, Germany) was chosen as first approach since
it simplifies the sensor integration for reaction
monitoring and control. Near-Infrared (NIR) emitting
indicator-based polymeric oxygen sensors (developed at
TU Graz, Austria), were integrated in the microfluidic
channel. A valve chip (from Microfluidic ChipShop,
Jena, Germany) was coupled to the microfluidic channel
to test further the sensors dynamic response. They have
been applied for on-line monitoring of the glucose
oxidase and catalase reactions (serving as a proof-of-
principle).

NIR oxygen sensors present a fast response to
changes in oxygen concentration (< 10s). This response
was used to monitor a glucose solution pulse
(introduced with the valve system) in the microfluidic
channel. The obtained signal was similar to the one
obtained for the same reaction parameters but static
condition. With these sensors it was observed that inside
the microfluidic platform, as expected, oxygen partial
pressure decreases with increasing substrate (glucose)
concentration and increasing reaction time. Also, using
the relation between one of the sensors and the output
residence time, as presented in Figure 1 (b), a
correlation between oxygen concentration predicted
from sensors’ signal and HPLC measurements was
found (Figure 1(a)). These sensors thus possess the
ability to monitor more than one parameter
simultaneously, as long as the reaction kinetics are
known.
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Figure 1 - Comparison of sensor output and HPLC
glucose measurement of reaction samples (a)
Schematics of sampling and residence time comparison
for correlation between oxygen sensors’ output and
HPLC glucose measurements (b).

Glucose and Pyruvate amperometric disposable
sensors are under development in collaboration with

Oulu University, Finland. A microfluidic platform
(Figure 2) for these sensors’ integration has also been
developed and the first test performed successfully. This
platform will be connected to the previously used
microfluidic platform in a modular form.

Figure 2 — SolidWorks 3D deS|gn of microfluidic
platform (a) and fabricated microfluidic platform with
integrated electrochemical sensors.

Conclusions

A microfluidic platform for biocatalytic reaction
screening was used to characterize and monitor a
glucose oxidation reaction using integrated oxygen
sensors. Another microfluidic platform was developed
for disposable electrochemical sensor integration. Both
platforms can be coupled using a modular approach to
each other, as well as, to micro-valve systems and other
microfluidic channels.
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Experimental determination of the solubility of exotic scales at high
temper atures— zinc sulfide

Abstract

“Exotic” scale materials, such as Zinc Sulfide (ZnS), Lead Sulfide (PbS) and Iron Sulfide (FeS), come as a new
challenge in HP/HT reservoirs. This has led to the development of more advanced tools to predict their behavior at
extreme conditions. Solubility data for ZnS are scarce in the open literature. In order to improve the available data,
we study the experimental behavior of ZnS solubility at high temperatures (up to 100°C). The aqueous solution is
analyzed using Inductively Coupled Optical Emission Spectrometry (ICP-OES) as analytical technique. The aim of
this work is to develop a method for measuring the solubility of sulfides and measure the solubility at high
temperatures. The experimental data are intended to be used for parameter estimation in the Extended UNIQUAC

model.

Introduction

The increasing need for fossil fuels has accelerated the
process in search for new oil reservoirs. New
explorations are focused now in reservoirs that are at
deeper locations and at more extreme conditions (i.e.
temperature and pressure) that the conventional ones.
With these new characteristics the developing of new
technologies is on the rise as the new reservoirs are
characterized by high pressures and high temperatures.
These reservoirs represent a challenge in terms of
safety, drilling equipment, durability of materials and
operating conditions, among others (Ahmad et al. 2014;
Daniels et al. 2014).

Among those challenges the deposition of minerals
is one of the most difficult to address. Scaling is mainly
caused by changes in pressure and in temperature during
the production of oil. Changes in pressure and
temperature alter the equilibrium conditions of the
formation water that contains different ions. When the
equilibrium is altered this will cause the minerals to
precipitate.

Initially the risk of calcium carbonate (CaCQ3) and
sodium chloride (NaCl) deposition was identified in
HP/HT reservoirs, but later after years of production in
the Elgin/Franklin field another type of obstruction was
identified as zinc sulfide (ZnS) and lead sulfide (PbS)
(Orski et al. 2006). These types of scaling materials
have been also identified in wells in the Gulf of Mexico
and in the North Sea fields and Norwegian sector (Berry
et al. 2011; Orski et al. 2006)

53

M ethodology

The determination of the solubility of ZnS is carried
out at temperatures up to 100°C. The set-up is shown in
Figure 1. Zinc sulfide in powder form of purity 99.99%
(from Sigma-Aldrich) and 10 um as particle size. The
sample is prepared at reduced oxygen concentration in a
sealed box which is flushed with nitrogen (purity
99,999%) until reaching a value of 0% in an oxygen
detector. The solid is equilibrated adding ultra-pure
water (resistivity ~18.2 MQ), degassed with nitrogen
(purity 99,999%) until reaching a dissolved oxygen
value less than 0.01 mg/L.

For runs above 40°C, a layer of silicon oil is added
to the solution in order to avoid vapor formation of the
solution. The solution is placed in a 30 mL
polypropylene vial and stirred continuously using a
magnetic stirring bar. The vial is immersed in a glass
flask filled with glycerin and connected to a
thermostatic bath until equilibrium is attained.

The suspension is filtered at the same process
temperature and diluted immediately with ultra-pure
water. The samples are acidified adding 1% of nitric
acid (65%) for analysis using Inducted Coupled Plasma
(ICP) as analytical technique.

Resultsand analysis

The solubility data are presented in Table 1. The error
presented in Table 1 corresponds to the error estimated
of the equipment determined using a standard solution
of zinc. The results of the equilibration time for ZnS are



presented as molality of the zinc ion (Zn?*) and total
sulfur in Figure 2. The equilibration time reported in
literature differs between authors.

Figure 1Experimental set-up for measurements of
solubility at temperatures up to 100°C. Stirring plate
(1), equilibrium cell (2), screw (3), sampling hose (4),
filter chamber (5), porous body (6), side-arm flask (7).

Table 1Solubility data of zinc ion (Zn?*)

Time(h) Runs Points  Average(m) sD Error

46 2 4 1,0E-05 2E-07 -2,7%
96 2 3 1,0E-05 1E-07 -8,7%
143 2 4 1,7E-05 7E-06 -5,4%
166 2 4 7,1E-05 2E-05 -9,2%
192 2 4 2,0E-05 2E-06 -9,4%
216 2 4 2,6E-05 5E-06 -9,4%
238 2 4 4,1E-05 6E-06 -6,3%

According to Barret and Anderson (1982; 1988) the
equilibrium is reached in less than 4 days. What we
have observed in our experiment is different. The runs
have been extended up to 407 hours (17 days) since
changes in the concentration are observed at short times.
No significant differences for the solubility of ZnS are
observed at 40°C and 70°C. The equilibrium time is
calculated based on the smallest value of the standard
deviation obtained between runs at times between 216

hours and 410 hours (in which a “plateau” is observed).
It can be said that the equilibration time for ZnS at 70°C
is above 216 hours and the value of the solubility is
2.8x10°° mol of Zn?*/kg water (molality).
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Figure 2 Solubility of ZnS at 70°C

Conclusions

The results shown for the determination of the
solubility of zinc sulfide using the set-up explained in
this manuscript and using the ICP-OES as analytical
technique to measure the concentration of zinc in
aqueous solution have shown a promising combination
to determine the solubility of sulfides or sparingly
soluble salts. The error estimated for the experimental
data varies from 3 to 10%. The standard deviation
calculated for each run shows a very good precision of
the methodology implemented.
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Sustainable process design with processintensification

Abstract

Increased need for sustainable practices has resulted in a push for research and development in emission reduction.
This is particularly prevalent for carbon dioxide emissions. In order to help address this concern, a methodology has
been developed to design sustainable carbon dioxide utilization processes with carbon capture. The methodology
follows a three-stage approach: process synthesis, process design, and innovative and sustainable design. Within
these stages, a detailed methodology that focuses on the first stage, process synthesis, is necessary. Here, the details
of the methodology for the first stage, from problem formulation to solution, are described in detail. Then, the
application of the entire three-stage methodology is illustrated for a small case study.

Introduction

Growing concerns about the state of the environment
are spurring efforts to develop sustainable practices,
especially to address global warming. Global warming
is attributed to the increasing amount of greenhouse
gases in the atmosphere and carbon dioxide (CO,) is the
largest constituent of these gases (IPCC 2007).
Therefore, a large amount of research is focused on
developing long-term  CO, emission  reduction
techniques. Carbon capture and storage (CCS) and
utilization by conversion are the primary methods being
discussed and investigated. Carbon dioxide utilization is
a unique opportunity for sustainable emission reduction
as it takes the emissions, creates products for further
use, and generates revenues. However, there is a need to
evaluate developed technologies systematically in terms
of CO; reduction and economic potentials.

As part of these efforts in CO, utilization, this
paper presents an adopted methodology (Babi et al.
2015), containing three stages: process synthesis,
process design, and innovative and sustainable design.
This methodology implements process synthesis
methods and tools to generate a network of CO;
conversion pathways, which are analysed to determine
the more sustainable alternatives. The sustainable
solution is not just a CO, reducing process, but also a
non-trade-off  solution with respect to various
performance criteria, including economic and other
sustainability indicators.
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M ethodology

The adopted methodology of Babi et al. (2015) involves
three stages: process synthesis, process design, and
innovative and sustainable design. This is illustrated in
Figure 1. In addition, each of the sub-steps within the
methodology incorporates methods and tools.
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Figure 1. lllustration of the adopted methodology for
sustainable synthesis-design of CO: utilization processes.



A systematic approach to the sustainable process
synthesis problem has been developed to approach the
first stage. In this methodology, a superstructure-based
approach (Quaglia et al. 2015) is used to develop a
network of CO; utilization processes. This task is
performed using a series of steps: problem formulation,
superstructure  development and  superstructure
optimization. The problem formulation involves setting
the objective function, raw materials and products, and
any other additional elements of the problem. For CO,
utilization via chemical conversion, it is first necessary
to determine all the possible reactions for the problem
formulated. For this, a network is developed using a
reaction path synthesis method and software tool
(Cignitti 2014). Then, a database created using a
specific ontology is searched to obtain all the data for
the network so that it can be formulated as a
superstructure. For any data not available in the
database, a literature search must be performed and the
data added. From this formed network and the data from
the database, the superstructure is generated, which
enables the linkage of the raw material (CO) and
products via processing paths. Carbon capture can be
included as a pre-processing step for the conversion
process taking the raw material to the necessary
composition for the reaction step. Finally, the
superstructure is optimised using a mathematical model
(Quaglia et al. 2015). The result of this stage is the
generated processing path or a set of processing paths.

The processing path or set of processing paths that
result from Stage 1 are then designed in detail,
producing a detailed design of the process
corresponding to the selected processing path (Stage 2:
Process Design). In addition, the targets for the next
stage (Stage 3: Innovative and more Sustainable
Design) are set. These targets are set through analysis of
the process in terms of economic and environmental
factors, including net CO, emission. Where these
factors indicate a poor performance, improvement
targets are set. In the final stage, process alternatives
that match the areas (targets) for improvement are
identified. From this stage, the possibility for
determining innovative and more sustainable process
designs exist, because by definition, if the targets for
improvement are met, the resulting process design
alternatives also become more sustainable. In addition,
how the new process design may be realised in an
industrial setting is investigated here in terms of
implementation strategies.

Results and Discussion

The developed methodology has been applied to an
illustrative case study. The objective is to highlight the
application of the methodology including the necessary
methods and tools. In addition, this case study shows
the sustainability and innovative possibilities for CO;
utilization.

First, a network is developed targeting smaller carbon,
hydrogen and oxygen containing compounds. Using the
reaction path synthesis tool, a network of over 50
reactions is generated. Then, data is required. For this,
an ontology-based database has been developed. The
necessary data is then retrieved so that the network is
defined by a mathematical model. Using mathematical
programming, this can be optimised. For a small
superstructure for the production of dimethyl carbonate
this has been performed. Additionally, logic-based
screening has been used to narrow the list of alternatives
for the case of methanol synthesis. Rather than perform
mathematical optimization, this small list of alternatives
is taken directly to Stage 2 for detailed design.

For the case of methanol synthesis, there are two
promising processing paths from Stage 1: combined
reforming of methane to syngas followed by methanol
synthesis and direct hydrogenation to methanol. These
two are taken to detailed design where analysis shows
that these are competitive with existing methanol
facilities and are able to reduce the CO, emissions.
Then, innovative implementation strategies are
described for each process: either replacement of
existing methanol plant processes or new units to offset
emissions with a product that can also produce revenue.

Conclusions

While there is a need for further development of the
network and database of utilization processes, there is
great promise, as illustrated by the case studies, in CO;
utilization. The methodology developed enables the
systematic design of sustainable and innovative CO;
utilization processes, inclusive of carbon capture. It has
been applied to illustrative case studies, including for
methanol synthesis and dimethyl carbonate production.
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