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PhD students solving present and future challenges

| am proud to present the DTU Chemical Engineering Graduate School Yearbook 2023 that highlights the
important work of our PhD students.

At DTU Chemical Engineering, we host just over 100 PhD students from all over the world. They create a
valuable international environment at the department and play a key role in shaping our future in an
international research environment with high ambitions.

In this year’s edition of the yearbook you will gain an insight into the numerous and varied research areas
covered at DTU Chemical Engineering. Some of the PhD students have just initiated their work, whereas
others have nearly finished their thesis.

Common to them all is a focus on sustainability supporting the Danish climate goals and the UN
Sustainability Goals. Hence, the PhD students have selected the most relevant goal for their project.

This is a part of a wider effort at DTU. We want to highlight the importance of the technological
development to support future sustainable growth. For this purpose, we need to have a very wide and
strong focus on sustainability — and it is obvious that many of the environmental challenges we face today
can be solved only by using science and technology.

Consequently, at DTU Chemical Engineering we develop and utilize knowledge, methods, technologies,
and sustainable solutions within:

* Chemical and biochemical process engineering and production
+ Design of chemical and biochemical products and processes
* Energy and environment

Sustainable growth asks for clever solutions and requires the ability to think big and innovative — and for
that, we believe in our PhD students. Their work is of utmost importance and contributes to shaping future
development not only in Denmark, but around the world.

Kim Dam-Johansen

Professor, Head of Department
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Modeling of Particle Conversion during Calcination

(March 2023 — February 2026)

13 i

Development Goals

the cement industry.

9 Contribution to the UN Sustainable

This project is aligned with the 13" UN SDG for a climate action. The
knowledge obtained during this PhD Project will give insights towards
the design and optimization of calcined clay plants. The use of an
increased amount of calcined clay in cementitious materials will reduce
the CO2 emissions from one of the biggest greenhouse gas emitters:

Nicolas
Carro
necac@kt.dtu.dk

Supervisors: Peter
Arendt Jensen, Hao Wu

Abstract

Calcined Clays are one of the main candidates in the substitution of clinker in Portland Cement. While
the manufacture process of clay flash calcination is known, it has many challenges such as clay
composition geo-diversity, optimal reactor temperature and humidity conditions, residence time, etc.
which makes its design and optimization a difficult task. This project aims to study and predict clay
calcination at the microscale level by developing a particle model that is valid for different reactor
conditions and clay types. Further development to couple the model with reactor scale simulations will
bridge the gap between the micro and macroscale, therefore allowing to predict real-scale plants while
using a minimal amount of experimental data in its parametrization.

Introduction

The manufacture of Ordinary Portland Cement
(OPC) is estimated to generate 5-8% of all CO2
global emissions, estimated to increase to 10-15%
by the year 2050 [1]. Sixty percent of these
emissions come from the limestone calcination
performed during the cement production process
and forty percent comes from combustion of fossil
fuel [2].

As current combustion technologies approach the
thermodynamic limit efficiency [2], Calcined clays
promise to be the next step in further CO:
reduction. Clay mainly releases water during its
calcination, its a globally available raw material,
and it is already proven as an efficient
Supplementary Cementitious Material (SCM) [3].

Calcined clay synthesis is mainly done in two
ways. In soaking methods, the material is left in a
kiln for relatively long times over moderate
temperatures to minimize the recrystallization of
the active pozzolanic material into inert crystalline
phases. However, temperature nonuniformity
inside the kiln may create gaps in which material
does not react. To avoid this, in flash calcination
the material is suspended in a gas current. The
material is then exposed to higher temperature
sources over short periods of time and is then

quenched to avoid recrystallization. This makes
flash calcination an attractive process to produce
calcined clay. However, this process is not without
difficulties: Particle size and composition
unevenness can lead to big particles that have not
reacted fully and small particles that have
recrystallized. High heating rates modify the
kinetics of the main reaction, making low heating
rate-based predictions inaccurate. If the gas
composition is not controlled, the water vapor
released from the main dehydroxylation reaction
may impair the clay activation rate. At high
temperatures, particles can experience partial
melting. This allows them to stick to the reactor’s
walls and produce blockages, and agglomerate
between themselves, therefore requiring further
grinding after the quenching process.

All the previous issues need to be taken into
consideration when designing a flash calcination
reactor.

Objectives

To help understand clay calcination and its
behavior in different flash calcination conditions,
this project aims to build a particle model that can
predict accurately the influence of these external
factors into a particle-scale conversion and that is
able to be incorporated into bigger scale

simulations (e.g., CFD simulations) to design and
optimize flash calciners.

Modeling Strategy

The model consists of a spherical porous particle
with an initial diverse mineral composition. The
particle is immersed in a gas film with averaged
properties dependent on the ambient conditions.
The model accounts for the influence of heat
transfer, gas transport and kinetics of the
calcination process. There is transfer between the
gas film and the particle: both convective and
radiative heat transfer, and convective mass
transfer. Inside the particle, the transient balances
that describe conservation of all quantities (mass,
energy, efc.) are used:

%x + div(pux) = div(l}, (x)Vx) + S, (x) (1)

In Equation 1, p is the phase density, u is the
phase velocity, x is the variable of interest, T, is
Fick’'s diffusivity of x, and S, is the
generation/consumption term of the conserved
quantity related to x. For gas momentum transfer,
Darcy’s Law is used due to the low gas Reynolds
number inside the particle. The gases are treated
as an ideal gas mixture, an approximation that
holds for gases at high temperatures and standard
pressures.

-— & o il atward patale

Figure 1: Schematic representation of the particle
model. CV — Control Volume, SCV — Staggered
Control Volume.

The system of equations is discretized with the
Finite Volume Method (FVM), as shown in Figure
1. Advection and diffusion are modeled with
upwind and central differencing schemes,
respectively. The model implementation and
discretization are validated by comparing it to
analytical models. The system is numerically
solved using the Method of Lines (MOL).
Comparison with experimental data is done to
assess the model accuracy.

Results and Discussion

Convergence analysis on the temperature and
solid phase concentrations at the center and
surface of the particle was conducted initially to
determine the number of discretized models. After
simulating the system for the different ambient
temperatures while keeping other properties
constant, it was determined that the results do not

change after the number of volumes is N = 40, in
accordance with similar studies [4].

Table 1: Degree of dehydroxylation for kaolinite
samples: Different experimental setups vs model.
Particle diameter — 26 pm, residence time — 1 s.
Experimental data source: Anastasia

Koutsouradi.
T [K] Drop Tube [%] Model [%]
1023 65.43 98.17
1123 68.44 99.99
1223 86.24 99.99
1323 98.62 100

From Table 1 we can observe that although the
preliminary version of the model correctly predicts
the trend of kaolinite conversion with temperature,
it overestimates its magnitude. This might be due
to many factors: the full particle size distribution
and agglomeration effects needs to be
considered, the kinetic parameters used were
obtained from low heating rate experiments and
from other sample, the model considers that the
heating rate is “infinite” and there is uncertainty on
the measurements of the particle residence time
in the system.

Conclusions

A particle model has been implemented and
tested to study the influence of flash calciner
operating conditions on the clay conversion. In the
current stage, the model can represent the
changes in conversion qualitatively. Further
comparison with experimental data is needed for
assessing the capabilities of the model and the
parameter refining process.
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Cleanable Cargo Hold Coatings

(April 2023 — March 2026)

Contribution to the UN Sustainable

Development Goals

By improving cargo hold coatings for the shipping industry, this project
aligns with the United Nations Sustainable Development Goal 7:
Affordable and Clean Energy. It promotes sustainability by reducing the

need for frequent and energy-intensive cleaning processes and the use Elahe
of chemicals, and lowering maintenance costs, contributing to more

affordable and clean energy solutions in the industry.

Abstract

Adibzadeh
elaad@dtu.dk

Supervisors: Sgren Kiil,
Narayanan Rajagopalan,
Stefan Mgller Olsen, Zoi
Lamprakou.

This project aims to enhance the performance and sustainability of cargo hold coatings in the shipping
industry. These coatings are essential for protecting both cargo and vessels from the harsh marine
environment. However, the frequent cleaning of these coatings often involves strong chemicals, risking
damage to the coating film and leading to increased dirt accumulation. To address this, the project will
go through three main phases: a comprehensive literature review, surface property characterization,
and innovative technology design. By achieving these objectives, the project seeks to advance the
state-of-the-art in cargo hold coatings, reducing maintenance costs and improving sustainability in the

shipping industry.
Introduction

Coatings for cargo holds are an integral
component of the shipping industry as they
safeguard both the cargo and the vessel against
the harsh marine environment. However, the
surfaces of these coatings often require frequent
cleaning to maintain their integrity, which can
involve the use of strong chemicals that pose a
risk of damaging the coating film. This can lead to
an increased accumulation of dirt on the surface,
resulting in a cycle of more frequent cleaning and
overconsumption of cleaning chemicals.
Therefore, the surface properties of these
coatings are crucial in determining their
performance and service life. By incorporating
easy-to-clean surfaces, the performance and
longevity of these coatings can be enhanced,
resulting in longer utilization of the coated asset
and extended periods between maintenance.
Improved coating cleanability can also enhance
the sustainability profile of the coated asset,
reduce costs, and minimize the use of strong
chemicals during cleaning processes. Hence, the
incorporation of easy-to-clean surfaces is a
significant area of research and innovation in the
field of cargo hold coatings, contributing to
improved safety, efficiency, and environmental
sustainability in the shipping industry [1]-[4].

Cargo holds containers environment

Cleaning is a crucial aspect of bulk carrier
operations, consuming over 120 days during a
five-year period. This emphasizes the vessel's
maintenance and the economic significance of
maintaining optimal condition. Port slot limitations,
leading to congestion and downtime, result in
substantial financial losses. Costs associated with
cleaning, crew, and sea stock expenses can far
exceed those for dry-docking and paint
application. Inadequate coating selection can lead
to the replacement of up to 1000 tons of steel,
underlining the importance of surface preparation,
paint quality, and performance. Cargo
contamination poses significant risks, making the
availability of flexible and resistant coatings
imperative for the carriers' longevity and economic
viability[5]-{71].

Regrettably, industry practices do not always align
with ideal recommendations. Surface preparation
is often compromised to save time and money,
and generic coatings with low impact resistance
and cleaning tolerance are widely used. Cleaning
methods, including the application of alkaline and
acids, contribute to coating deterioration and the
need for more extensive maintenance. Quick-fix
touch-ups on rusty and damaged surfaces fail to

address underlying issues and diminish long-term
durability and performance [8]. 1

In conclusion, the world of bulk carriers presents
various challenges and decisions with profound
implications. Prioritizing sustainable practices,
high-quality coatings, and performance, is
essential for the success and earnings of these
vessels. This approach can help the bulk carrier
industry navigate complex waters with greater
efficiency and profitability.

Specific objectives

The specific objective of this project is to develop
advanced technologies that enhance the
cleanability properties of organic coatings tailored
for cargo hold applications. To achieve this, the
project will focus on three key phases:

e Characterization phase: involved a
comprehensive literature review to
comprehend cleanable coatings and their
evaluation methods. This phase aimed to
establish a foundation for the project by
delving into the current state-of-the-art in
cleanable coatings, ultimately enabling a
profound understanding of existing
technologies.

e Surface property characterization phase. In
the second phase, the project will concentrate
on characterizing the surface properties of
coatings through a series of tests and
measurements, including contact angle,
surface profilometry, and mechanical and
chemical resistance tests. The primary goal is
to gain a deeper understanding of these
properties to enhance coating performance in
cargo hold applications.

e Innovative technology design phase: The final
phase will focus on designing innovative
technologies based on the knowledge
acquired in the previous phases. These
technologies will be specifically aimed at
reducing cleaning time, lowering costs, and
minimizing environmental impact. The
objective is to potentially revolutionize the field
of cargo hold coatings, making industry
operations more efficient and sustainable.

By achieving these objectives, the project seeks to
advance the state-of-the-art in cargo hold
coatings, providing innovative solutions with far-
reaching benefits for the shipping industry,
including reduced maintenance costs, improved
sustainability, and minimized environmental
impact associated with cleaning processes.
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Redispersible Powder Coatings

(December 2021 — November 2024)

13 Aonn

Development Goals

Contribution to the UN Sustainable

The maijority of coatings are currently transported and stored in liquid
form. This project aims to investigate the specifics of transforming
polymer dispersions and liquid paints into powder form. In this way,
significantly higher amount of products can be transported and stored in Okan
powder form compared to liquid form. Consequently, the efficient
transportation and storage of products has a great potential to reduce
the emissions. Furthermore, removing the water from the paint bucket
eliminates the need for biocides throughout the supply chain.

Aggez
okaag@kt.dtu.dk

Supervisors: Kim Dam-
Johansen, Saren Kiil,
Narayanan Rajagopalan

Abstract

The transition from solventborne coatings to waterborne coatings brought many advantages. But is there
a way to make it even better—more cost-effective, sustainable, and regulation-free? This project focuses
on eliminating the water content and exploiting the advantages it brings along the supply chain such as
low transportation costs and elimination of biocides. The objective is to transform the polymer
dispersions into powder form, the so-called Re-dispersible Polymer Powders (RPPs), by utilizing well-
known drying processes. Ideal powders should be capable of reforming the original dispersion when
mixed with water, without sacrificing any of the original properties. Following that, the formulation of
powder coatings will be explored utilizing the created RPPs and other solid raw materials such as

pigments, fillers, defoamers, and rheology additives.

Introduction

Waterborne paints and polymer dispersions are
produced, transported, stored and sold in water as
solvent. In fact, approximately half of the can is
usually water. However, water is only required
when applying paint and evaporates after the
application. In addition, because there is water in
the paint bucket, biocides are required to stop the
microbial growth [1], [2]. Considering these
factors, eliminating the water content along the
supply chain would provide great benefits
including, decreased transportation and storage
costs [3], removal of biocides [2], reduced waste,
label-free products [4].

The so-called RPPs may provide solutions to
these problems. RPPs have been mainly used in
the cement industry. However, the RPPs have not
been widely utilized in the paint industry. It is only
in recent years that RPPs are introduced to the
architectural coating industry and referred to as
dry-mixed coatings (DMCs) [3], [5].

The production of RPPs is commonly done by
spray drying. In the spray drying procedure, the
polymer dispersions are fed to the spray drier and
water content is evaporated at high temperatures.
Evaporation of water is fast due to the increased

surface area of droplets by the atomization
process. For this reason, the drying process is
also quite fast. After the evaporation of water in
the spray cylinder, powders are collected in the
product collection vessel. Powders produced by
the spray drying of a polymer dispersion can be
seen in figure 1. Also, residual monomers are
eliminated during the spray drying, preventing any
potential post-monomer emissions during paint
application [3] [6].

Figure 1. An acrylic dispersion (on the left side)
and its powder form produced by the spray drying
process at the CoaST DTU Chemical Engineering
Laboratory.

The preferred approach is mostly spray drying
since it enables the powder to be acquired
immediately at the correct particle size without
having to go through the grinding stage. On the
other hand, heat causes the coalescence and
agglomeration of particles during the spray drying
procedure and consequently the redispersibility of
the polymer powders are negatively affected.
Researchers have been focusing on the core-shell
structure. Soft polymers are introduced to the
core, hard and water-soluble polymers to the shell
composition [3].

Furthermore, to prevent the coalescence of the
polymers and ease the redispersibility, protective
colloids are incorporated into the original
dispersion before the spray drying process. Poly
(vinyl alcohol) (PVA) is commonly used for this
purpose.

Approach

Spray drying is the method by which redispersible
polymer particles are manufactured in our project.
Once the powder has been manufactured, the
process yield must be determined and powder
characterization techniques, such as particle size
measurement and film formation capability, must
be controlled. The evaluation of packaging and
transportation will subsequently follow. Finally, the
redispersion of powders in water as well as the
application technique should be monitored. The
methodology is depicted in Figure 2.

B

Polymer
powders

ij ,r.
L B

Redispersion
and application

Polymer

dispersion Spray drying

e o

Transportation Packaging

Figure 2. Proposed approach for the redispersible
powder coatings

Moreover, the aim of the project can be
summarized in four steps,

e  Optimization of spray drying parameters
e Optimization of feed parameters
e Performance evaluation

e Life cycle assessment

Future Work

Produced powders show promising results for the
application of redispersible powder coatings.
Formulation and performance evaluation of wall
paints will be carried out in the future.
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Novel intumescent coatings for passive fire protection

(April 2022 — April 2025)

Development Goals

Contribution to the UN Sustainable

Next generation intumescent coatings for steel protection with an
improved health and sustainability profile can provide an innovative
solution to the passive fire protection industry. Replacing toxic
components and the release hereof are expected to aid the applications
within residential buildings. More inorganic natures of intumescent
coatings may provide sustainable and cheap protection of structures to
ultimately preserve property and life in the event of fire. In general, they
are to become the favorable solution for passive fire protection of open
areas such as bridges, train-stations, off-shore platforms, and industrial
facilities, and closed areas such as residential, high-rise buildings.
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Abstract

The demand for improved passive fire protection is increasing, making intumescent coatings a critical
focus of research and development. This study emphasizes the significance of bridging the gap between
laboratory-scale experiments and industrial tests in the development of novel intumescent coatings. The
testing of a commercial intumescent coating and a novel inorganic intumescent coating in both small-,
pilot-, and industrial-scale furnaces revealed different fire protection efficiencies exemplified by
differences in protection time, expansion behavior, and morphologies after fire exposure. The initial
comparisons underscore the challenges of transitioning innovative concepts to real-world applications.
Based on the applied test methods, several critical test parameters have been identified and suggested
to be standardized to obtain more reliable test methods in the development phases.

Introduction

The fire protection of constructions is a paramount
safety concern, morally, legally, and economically
[1]. An innovative solution using intumescent
coatings for passive fire protection (PFP) of load-
bearing construction materials is increasingly
used due to its lightweight nature allowing easy
application and maintenance with a low total cost
[2]. Herein, they appear as decorative paint at
ambient conditions. Their working mechanism as
passive fire protection is activated at higher
temperatures due to char formation and
expansion, which creates a thermal barrier with
low thermal conductivity as seen in Figure 1.
These can keep structural steel below its critical
temperature, defined as the temperature steel
weakens with the risk of collapse, for up to three
hours in case of fires [3].

Their organic nature leads to drawbacks such as
the release of smoke and toxic gasses during a
thermal decomposition followed by a relatively
fragile char. Moreover, many traditional
intumescent coatings incorporate toxic species
such as boron and epoxy. With the proven fire
protection technology of these coatings making
them the desired solution for PFP, significant
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Figure 1: Schematic illustration of an organic-
based intumescent coating when exposed to fire.

improvement or novelty is needed to overcome
the drawbacks. Therefore, increasing research on
intumescent coatings is reported covering both
traditional organic-based and alternative inorganic
or hybrid intumescent coatings [4].

Results and Discussion

Recently, a novel inorganic-based intumescent
coating revealed superior fire protection
performance in an in-house, small-scale furnace
compared to a commercial intumescent coating.
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Figure 2: Temperature profile of a commercial
organic-based and an inorganic-based
intumescent coating exposed to the UL1709
hydrocarbon fire standard in a laboratory furnace.

The performance was evaluated by the critical
time of 500 °C during a hydrocarbon fire standard
as seen by the significantly longer time in Figure
2. Despite a critical time of more than 80 minutes
compared to about 45 minutes for the organic-
based, the developed inorganic coating did not
exhibit the same performance in the industrial
furnace applying the same fire standard as
illustrated in Figure 3. Moreover, completely
different expansions and char morphologies were
obtained between the tests.

While the organic coating showed slight
differences in surface morphology and structural
integrity of the char, the inorganic coating
produced very different characteristics. A char
comparison stated very high expansion in the
laboratory furnace but little to no expansion in the
industrial furnace. The superior adhesion,
mechanical strength, and flame retardancy
properties during the test were maintained in the
industrial furnace.

The distinctions between the laboratory and
industrial furnaces can be summarized as follows:
The heating source varies with electrical heating
and gas-fired, respectively. Herein, a more severe
environment is obtained in the gas-fired furnace
with a higher initial heating rate, the presence of
water vapor, and turbulence. Moreover, the design
and scaling lead to variations in furnace geometry,
sample installation, insulating, and heating source
location.

It is by now evident that major differences are
found in the test conditions despite following a
similar heating profile given by local and global fire
standards. Ultimately, the gap between the test
methods must be minimized to effectively evaluate
and develop better intumescent coatings. The first
step will be to address the discrepancies before
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Figure 3: Temperature profile of a commercial
organic-based and an inorganic-based
intumescent coating exposed to the UL1709
hydrocarbon fire standard in an industrial furnace.

developing improved small-scale furnaces to
simulate test conditions closer to the industrial
standards. This is a crucial aspect in intumescent
coatings research to prevent misleading
indications of sample behavior as suggested by
the presented example.

Conclusions

The development of new systems requires large
sample volume testing. Time- and cost-savings
are critical in this phase. Therefore, the reliability
of small-scale furnaces must be improved. Herein,
the understanding and development of test
methods ranging from laboratory scale to
industrial scale representing fire standards are of
great importance to ensure a similar working
mechanism of intumescent coatings.
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Mathematical modelling of fermentation processes
(April 2023 — March 2026)
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Advances in technology are an important part of societal development " 1,,_4
since they can make industrial processes more efficient and e 1

be faster and less laborious.

sustainable, namely regarding raw material and energy consumption.
The use of models for prediction and control of fermentation processes,
as is the aim of this research project, will allow for optimized processes.
These models can be used for an enhanced scale-up strategy, that will
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The research project aims at using mathematical modelling techniques to better understand and
optimize fermentation processes. For well-established processes, real-time simulation and optimization
is the way to achieve meaningful improvements in process performance. The fermentation process
discussed in this publication is an aerobic Aspergillus oryzae fed-batch fermentation, which is typically
rate-limited by the oxygen transfer rate. The results presented show the characterization of the process
both at production and pilot scale, since process understanding through data collection is necessary to
develop adequate and valuable process models. The data can be used to investigate 1) the possible
scale difference between pilot and production processes, 2) how to use scale-sown models to improve

the large-scale process.

Introduction

Industrial fermentation processes for enzyme
production have long been wused in the
biotechnology industry, however there is little
literature available reporting data from such big
scales, most often due to confidentiality issues.
For this reason, it is hard to improve said
processes based on scientific publications, since
most studies concern small-scale reactors. At the
same time, there is an urge to make these
processes more digitalized and automated.[1]
Modelling is then an essential tool to transform
process data towards relevant predictions of
variables.

When it comes to fermentation processes, a key
topic studying the scale-up, from lab to production
scale.[2] It is important to understand the
differences across scales. For aerobic
fermentations, oxygen-transfer rate is usually rate-
limiting, so together with yield, these are the most
important parameters to align, when changing
scales.

Specific objectives

1) Use a scale-down model at pilot scale to study
large-scale process;

2) Develop a model for oxygen transfer across
scales;

3) Develop a model to be used for real-time
optimization and control.

Process characterization across scales
Industrial scale

The motivation to investigate this specific process
was the large variance in yield (around 35%)
observed at production-scale. Considering this is
a high-volume product, an uniformization of the
yields would lead to great savings.

Figure 1 - Activity evolution over fermentation
time for 44 industrial batches.

The batches were grouped by tank type, which
differ in size and agitation control, to investigate if
this was a factor that explained the variance.
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Figure 2 - The final activity grouped by

fermentation tank, and tank type (L, LS and S),
with ANOVA test. For the test, a F-value of
0,0503>0,05 means that there is significant
variation between groups.

Even with a limited amount of data to assume that
the value obtained for this test is statistically
significant, it is an initial indication simply using a
different tank influences the resulting activity titer.

Scale-down to pilot scale

The process was scaled-down to pilot-scale where
the goal was to match the titer and oxygen transfer
of the industrial-scale process.
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Figure 3 - Activity evolution over fermentation
time, for the two executed pilot batches, as well as
for seven industrial scale batches. The “reference
pilot batch” refers to a scale-down of the same
industrial process that was previously conducted
with good results. The data are normalized.

Figure 4 - Oxygen uptake rate (OUR) over
fermentation time scaled by initial weight and
normalized.

From figures 3 and 4 we can conclude the scale-
down has been successful. Even though the titer
could have been more satisfactory in the pilot trial,
it is still within the range of the industrial-scale
results. The same can be said regarding the
oxygen uptake rate.

Modelling framework

The data presented in the previous section
provides a solid knowledge base for developing
process models. These can be mechanistic, data-
driven or a combination of both. For this project, it
is desired that the model which is developed is
easily adaptable to other relevant products and
that including adaptations to external parameters
such as the electricity cost. This results in model
being able to run on different optimization modes,
such as e.g., ‘sustainability’ or ‘productivity’.

Conclusions

The work done so far on the project provides as
good base to develop different types of models,
namely a combination of data-driven and
mechanistic models that can then be used for on-
line optimization and model-predictive control.
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High temperature synthesis of functional pigment

(November 2022 — November 2025)

Development Goals

human health.

Contribution to the UN Sustainable

The project aims to synthesize a new pigment that could improve the
performance of anticorrosion coatings. An improved performance of
anticorrosion coating will contribute to a longer lifetime of it, which
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Abstract

Zinc-rich epoxy paints have been utilized to prevent corrosion of offshore and marine steel structures since
the 1940s. To improve the utilization efficiency of zinc powder and improve the protection performance,
researchers have incorporated various carbon-based conductive materials such as carbon nanotubes,
graphene, and carbon black in anticorrosive coatings. The addition of these materials creates additional
electroconductive pathways between zinc particles, improving their anticorrosive performance. The aim of this
project is to synthesize, evaluate, and optimize a high-performance pigment containing zinc and carbon

materials.
Introduction

Zinc-rich  primers are extensively utilized in
aggressive environments such as offshore and
industrial settings due to their distinctive ability to
protect the metal. When formulating a zinc-rich
primer, the zinc content should be more than 80% by
weight. This is because the sacrificial action of zinc
only begins when there is continuous contact
between the zinc particles, forming what is known as
a percolation path [1]. However, the oxidation of zinc
particles creates non-conductive zinc oxides that
hinder the galvanic effect, making the unreacted zinc
dust inactive. Consequently, they only act as a barrier
to protect the substrate against invasive elements. To
address this, carbonaceous and polymer conductive
additives such as carbon black (CB), conductive
graphite (CG), multiwalled carbon nanotubes
(MWCNT), and polyaniline (PANI) have been
introduced to partially replace zinc dust in these
primers [2].

Lv et al. [2] explored how four different conductive
additives (Carbon black, MWCNT, conductive
graphite, and PANI) influenced the corrosion
resistance of a coating. They suggested that these
additives acted as a bridge between zinc particles,
thereby enhancing electron pathways. This
enhancement would improve galvanic protection and
make the zinc more active. The results of salt spray
and electrochemical impedance spectroscopy (EIS)
tests indicated that the carbon black coating
outperformed the others. This was due to the
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presence of nanosized spherical carbon black, which
provided more electron pathways and had a better
interaction with the epoxy matrix, resulting in a more
durable coating. When it came to conductive graphite,
it offered a superior barrier effect compared to an
unmodified coating but still did not match up to carbon
black. Furthermore, conductive graphite displayed
weak chemical bonding with epoxy. Multi-wall carbon
nanotubes, on the other hand, yielded the least
favorable results among the samples. This was
attributed to their high oil absorption, which led to
increased clumping and excessive conductivity within
the coating. Therefore, this accelerated the corrosion
of zinc, even when it was not directly in contact with
the substrate, as illustrated in Figure 1.

Marchebois et al. [3] investigated the effect of addition
of carbon black on corrosion behavior of zinc-rich
powder coating. They compared two coatings, one
containing 2.1% carbon black by weight and the other
containing 5%, alongside their zinc content, with a
coating consisting of 50% zinc alone. Higher CB
content leads to a higher porosity, but it also leads to
a better percolation between pigments. Therefore,
while the electrolyte reaches the substrate more
rapidly, a greater amount of zinc is exposed to the
electrolyte and in contact with the substrate that can
act as sacrificial pigment and provide enhanced
protection to the substrate. So, they suggested this
addition is not beneficial whatever the carbon content
is.

Figure 2: Schematic representation of anti-
corrosion mechanism in conductive additive

modified zinc rich epoxy coatings [2].

Wei et al. [4] mixed carbon black with fusion-
bonded epoxy coatings to generate a series of
formulations with 0.5-4% by weight of carbon
black. A significant rise in the glass transition
temperature (Tg) (about 5°C) of the coatings
occurs when the concentration of carbon black
(CB) exceeds the percolation value (here it is 3
wt.% of carbon black). This indicates that the
continuous CB phase hinders the movement. of
polymer chain segments, thus reducing the rate
at which water and ions can diffuse into the
polymer. Furthermore, the excellent protective
qualities could be attributed to the formation of a
CB network through a phase transition. This
densely packed CB network within the co:#ir:\g
enhances its ability to act as a barrier agdnst
corrosive substances.

The existing literature has explored the
incorporation of conductive additives with zinc-
rich primers, both as an addition to zinc dust and
as a potential substitute for a portion of the Zinc
content. It is well-established that achieving a
percolation network with conductive additives
like carbon black is crucial to establisi. a
conductive pathway connecting the zinc dust
and the substrate. However, there remains a gap
in the literature regarding the optimal amount of
zinc required in such formulations. It is
conceivable that utilizing a lower zinc content
might still yield the desired performance, since
there is only 20% of zinc content participate in
corrosion protection by sacrificing themselves.
Additionally, there has been limited exploration
of the simultaneous production of zinc and
carbon particles and their application, as well as
their overall performance within the coating
system. This aspect presents an opportunity for
further research and investigation.

Specific objectives

This project aims to a systematic evaluation of
the effect of mass percentage of zinc and carbon
black and their properties on the anticorrosion
coating performance. In addition, an innovative
pigment that can serve as either a full or partial
substitute for zinc dust in anti-corrosion coatings
will be developed.

Methodology

An epoxy coating with CB content above its
percolation threshold with different ratios of zinc will
be formulated, characterized, and compared with
conventional zinc rich coatings.

For the development of innovative pigment, a
simultaneous production of carbon black and zinc will
be explored through a novel high-temperature
process. Subsequently, the generated pigment will be
characterized using SEM, Raman spectroscopy, and
more. Following characterization, we will incorporate
this new pigment into a coating formulation. The anti-
corrosion performance of this innovative coating will
then be evaluated and compared against that of
traditional coatings.
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corrosion and marine biofouling on the structures. Evaluating and

The goal of coating marine structures and vessels is to prevent \
assessing biofouling, is still being done subjectively. This project aims ‘

to monitor and evaluate biofouling developments underwater and Joshua
provide a standardized evaluation technique towards upholding Goal 14
of the UN SDGs to protect life below water and maintain biodiversity. Anani
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Abstract

Developing a standardized method for marine biofouling assessment is critical for formulating new effective
and environmentally friendly antifouling coatings, optimizing hull cleaning, and monitoring invasive species.
While guidelines for evaluating fouling exist, they are subjective and open to different interpretations.
Agreeability among experts is also rare due to the unavailability of a standardized method of evaluation.
Computer vision using an underwater camera and Artificial Intelligence can provide an evaluation method
devoid of bias and with high repeatability and help understand the different cycles of marine biofouling over

long periods.

Introduction

Marine biofouling is a major problem in the
shipping industry and for offshore structures,
accounting for the increase in ship fuel
consumption and consequently high CO:2
emissions. It also poses a threat to biodiversity
through the transportation of invasive non-
indigenous species to new environments through
ship hulls and ballast water[1].

Current evaluation of marine biofouling relies on
subjective techniques and expert opinions to
classify and quantify the degree of fouling. While
standards such as the Naval Ships’ Technical
Manual (NSTM), European Chemical Agency
(ECHA) and American Society for Testing and
Materials (ASTM-D3623) exists, towards guiding
assessment and evaluation of marine biofouling,
interpretation of them and agreeability among
experts vary. Repeatability of evaluation is
therefore affected by the lack of a standard
evaluation technique[2]-[5].

This PhD project investigates the use of cameras
underwater to monitor the growth and attachment
of biofouling organisms and collect data on the
attaching organisms over a long period. These
datasets are then carefully cleaned and trained to
identify biofouling species towards an automated
machine  learning-based  classification  of
biofouling species. The long-term goal involves

using computer vision from the cameras to make
informed decisions on the degree and type of
fouling species on the fouled substrates.

Specific Objectives
The specific objectives for this project are:

e Long-term evaluation of biofouling cycles
at all lightening conditions using
underwater camera setup

e Repeatable, objective image analysis,
processing, and classification of fouled
panels

e Machine learning-based instant image
segmentation and analysis of fouling
organisms and their coverage of the
panels

Preliminary Results

Error! Reference source not found. shows the
waterproof IP camera mounted on the CoaST raft
at Hundested. The setup is equipped with LEDs
to account for different ambient light conditions
and night-time image capture. A filter is also part
of the camera set-up to capture fluorescence of
some biofouling organisms.

Python scripts and cronjobs automate the
capturing of sets of images at different times and
at different conditions. The camera can be

controlled remotely to adjust camera settings. A
servo motor powered wiper is also attached to the
camera and automated to clean the lens and LED
screens at intervals to prevent the accumulation
and fouling the camera setup.

Figure 3: Long term underwater camera
mounted on the CoaST raft at Hundested with
different colored LEDs, a fluorescence filter, and
a servo motor wiper to prevent fouling
accumulation.

Images are captured at different exposures, gain,
and other camera conditions as well as light
conditions. High dynamic range (HDR) images
are also captured by taking pictures at very
low, normal, and high exposure times and
merging the images

Anr~niinti

together, while

Figure 4: Night-time underwater image of panels
with illumination from white LEDs from the
underwater camera

Error! Reference source not found. shows i
mages taken from the camera at night with LEDs
for illumination. Larger fouling Mollusks can be
observed as well as some flora and floating
jellyfish. Further tuning and optimizing of camera
conditions is required to obtain better quality
images.

It is expected that long-term image dataset
acquisition will help provide understanding of

marine biofouling cycles and provide a
visualization of the process.

The project will also use the datasets obtained
from the camera to train machine learning models
to accurately identify species of marine biofouling
organisms on the panels. Instant image
segmentation, identification, and analysis of the
degree of biofouling coverage on panels as well
as the classification of the severity with high
repeatability of the classifications is another
objective of this PhD project.

Conclusion

Marine biofouling continues to pose significant
challenges in the marine industry. The
classification, quantification, and evaluation of this
phenomenon are subjective, and existing
standards are subject to varied interpretations.
Employing underwater cameras for extended
observation and data collection under diverse
conditions will enhance our understanding of the
formation cycles of marine  biofouling.
Furthermore, this approach will facilitate the
creation of datasets suitable for training machine
learning models. Such models aim to establish
automated classification and evaluation methods
that are both highly repeatable and free from bias.
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Understanding the film formation of waterborne coating
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systems for high and extreme corrosivity

(April 2023 — March 2026)

Contribution to the UN Sustainable

Development Goals

This project aligns with several UN Sustainable Development Goals
(SDGs). By reducing the use of volatile organic compounds (VOCs)

during coating application and developing sustainable protective

coatings, this project mainly contributes to the sustainability of cities by

Abolfazl

extending the lifespan of structures on land and reducing the

maintenance needs. Furthermore, the project's development of robust
helps alleviate the
environmental impact of corrosion on underwater structures.

waterborne (WB) anti-corrosive coatings
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Despite the wide range of environmental benefits of WB coatings, the conventional solvent-based
coatings still offer superior performance, especially in higher corrosivity categories (defined in 1ISO
12944-2). WB systems are much more sensitive towards the coating application conditions compared
to their respective solvent-based counterparts. The goal of the project is to understand film
formation/coalescence in WB systems to ensure lower sensitivity towards the coating application
conditions. Having better film formation under a broader range of conditions (low temperature, high
humidity) and ability to understand key parameters driving coalescence in film formations will ensure
the integrity and performance of the resulting WB coatings.

Introduction

WB anti-corrosive coatings are a specific type of
protective coating that is formulated with water as
the primary solvent instead of traditional organic
solvents. These coatings are designed to prevent
corrosion by forming a durable and protective
barrier on surfaces, primarily metals. They offer
several advantages, including lower levels of
VOCs, reduced environmental impact, and
improved safety for workers during application [1].
WB anti-corrosive coatings are commonly used in
various industries to enhance the longevity and
durability of metal components, thereby
contributing to sustainability by reducing VOC
emissions and promoting environmentally friendly
practices.

WB systems are much more sensitive towards the
coating application conditions compared to their
respective solvent-based counterparts. This
sensitivity originates largely from their multi-step
film formation mechanism, requiring all of the
processes to be completed successfully to have a
rigid, uniform coating at the end [2]. WB coating
systems applied and cured in controlled lab
conditions tend to perform on par with solvent-
based coating system alternatives. However,
necessary application and drying conditions for

WB coatings are very narrow and are difficult to
replicate in real life industrial conditions, especially
in areas with harsh environments.

Having better film formation under a broader
range of conditions (low temperature, high
humidity) and ability to understand key
parameters driving coalescence in film formations
will ensure the integrity and performance of the
resulting WB coatings. These processes are
heavily related to the change in the ratio of volatile
components (water, coalescence agents and
solvents) over time during the curing process
under various conditions, hence, following the
change in the system's ability to solubilize coating
components as a function of time and curing
conditions is essential [3]. As a result, achieving a
more comprehensive understanding of the film
formation of WB coatings and the determinative
factors, is essential to better understand the
problem and come up with further efficient
solutions to solve the problem of these coating in
high and extreme corrosive environments.

Specific objectives

» Understand the film formation/
coalescence mechanism and how this process
is disrupted during different application

conditions. What are the different steps in the
process? How does the ratio of volatile
components change in the film as a function of
time, humidity, temperature, etc.?

. How does cure conditions and curing time
influence solubility parameters of the system
depending on varying rates of evaporation of
solvents/coalescent agents and water?

. Come up with appropriate test/analysis
methods to use for following/detecting the
microscopic and molecular level of the
coalescence film formation to ensure deep
understanding of this process.

. Propose and test potential chemical
strategies to avoid or limit the film formation
problems of coalescence agents. How to
prevent/control rapid evaporation of coalescence
agents?

. Develop a mathematical model to
simulate the physicochemical interactions at a
molecular scale, to further understand the effects
of different applications and environmental
conditions.

. Based on the above, explore different
approaches to improve film formation using
various co-solvents and/or coalescence agents.

Methodology

To achieve the main objectives of this project, a
multi-step plan is considered. The successful
accomplishment of each step is necessary to
proceed through the planning process. First, a
new hypothesis should be proposed based on a
comprehensive literature review on the film
formation of WB coatings. For example, the effect
of the substrate on the film formation of WB
coatings is illustrated in Figure 1, which is a
hypothesis provided by Mesic et al. [4] Then,
using different techniques, the film
formation is investigated to validate different
hypotheses on this process, considering
different application conditions. Fabrication of
a WB coating with improved performance is
the final step. Using a novel coalescing agent is
the main solution to aim this goal. However, it may
be considered based on the further results and
findings to consider other procedures.

Uow bulle and diffuvne eapormtion Slow bulk and d#fusive evaporation
of water phaie of water phase
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Figure 1. Schematic representation of the latex
film formation model on two different substrates;
(a) non-absorbent and (b) porous [4].

Acknowledgement

Financial support from the Hempel Foundation to
CoaST (The Hempel Foundation Coatings
Science & Technology Centre) is gratefully
acknowledged.

References

M. Faccini, L. Bautista, L. Soldi, A.M. Escobar, M.
Altavilla, M. Calvet, A. Doménech, E.
Dominguez, Environmentally Friendly
Anticorrosive Polymeric Coatings, Applied
Sciences 2021, Vol. 11, Page 3446. 11 (2021)
3446. https://doi.org/10.3390/APP11083446.

D. Juhup, Y. Wangb, M.A. Winnik, F. Haley ),
Influence of a coalescing aid on polymer diffusion
in poly(butyl methacrylate) latex films, Die
Makromolekulare Chemie, Rapid
Communications. 14 (1993) 345-349.
https://doi.org/10.1002/MARC.1993.030140604.

J.L. Hall, A. Pérez, E.L. Kynaston, C. Lindsay,
J.L. Keddie, Effects of environmental conditions
on the micro-mechanical properties of formulated
waterborne coatings, Prog Org Coat. 163 (2022)
106657.
https://doi.org/10.1016/J.PORGCOAT.2021.1066
57.

B. Mesic, M. Cairns, L. Jarnstrom, M. Joo Le
Guen, R. Parr, Film formation and barrier
performance of latex based coating: Impact of
drying temperature in a flexographic process,
Prog Org Coat. 129 (2019) 43-51.
https://doi.org/10.1016/J.PORGCOAT.2018.12.0
25.

27



28

Digitalization and automation of the CoaST Maritime
Test Centre

(November 2022 — November 2025)

Development Goals

Contribution to the UN Sustainable

Integration of digitalization and automation enhances performance and
accuracy in the industry. Conducting on-site evaluations for coatings is
notably labor-intensive and time-consuming. This project aims to address
this challenge by developing methods for the automated on-site
experiments. Experiments will be fully or partially automated, reducing the
reliance on manual labor. The gathered data will undergo analysis using
an Al-based algorithms aligned with the principles of Industry 4.0,
ensuring more efficient and data-driven decision-making.
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Abstract

CoaST, the Hempel Foundation Coatings Science and Technology Centre, is at the forefront of a digital
revolution in coating research. Since 2017, the focus has been on developing cutting-edge and
sustainable coating solutions, particularly in the domains of anticorrosion and antifouling coatings. What
sets CoaST apart is its integration of digitalization and automation technologies, revolutionizing how
experiments are conducted. The Maritime Test Centre in Hundested Harbour, Denmark, serves as a
testing ground for these innovations, allowing researchers to remotely conduct and monitor experiments,
ushering in a new era of efficiency and precision in coating research.

Introduction

Surface properties are enhanced by coatings, with
a critical emphasis on corrosion protection.
Hempel Foundation Coatings Science and
Technology Centre (CoaST) focuses on
anticorrosion, antifouling, and intumescent
coatings. Real-world insights are provided by on-
site experiments at the Maritime Test Centre in
Denmark. Efficiency in research is ensured by
integrating  digitalization and  automation,
particularly in remote locations.

Coatings

A coating is a surface application intended to
enhance appearance and properties, with primary
emphasis on surface protection. Particularly vital
for metal surfaces to curb corrosion, coatings
include three main layers: primer, intermediate
and top coat. Primer prevents corrosion [1],
intermediates add thickness and shield the primer,
while the topcoat ensures the desired appearance
and protects against environmental conditions [2].
Protective coatings, crucial for safeguarding
surfaces from corrosion, wear, weathering, and
chemicals, are crafted from diverse materials like
polymers, pigments, fillers, rheology agents etc..
Selection depends on the application and surface;
for instance, epoxy coatings offer durability,
chemical resistance, and versatility, while
polyurethane coatings excel in abrasion

resistance and UV stability. Powder coatings,
applied dry and cured for hardness, and ceramic
coatings, prized for high-temperature resistance,
are also common. Coatings, with roots in ancient
civilizations, underwent a transformative phase
during the Industrial Revolution, evolving from
natural substances to synthetic chemicals and
polymers. Recent advancements, notably in
nanotechnology, contribute unique properties like
super hydrophobicity. Ongoing research aims to
enhance adhesion, durability, scratch resistance,
and UV protection, extending coatings'
applications across vehicles, buildings,
electronics, and medical devices.

CoaST

The Hempel Foundation Coatings Science and
Technology Centre (CoaST) has been actively
conducting research on coatings since 2017 [3],
with a focus on developing innovative and
sustainable solutions for the coatings industry.
The centre’s research efforts have primarily
focused on areas such as: Coating formulation
and production principles, anticorrosion coatings,
antifouling coatings, intumescent coatings,
functional coatings and sustainable raw materials
for coatings.

One of the key aspects of CoaST's research is its
emphasis on both laboratory experiments and on-
site experiments. This allows the researchers to

study the performance of coatings in a variety of
real-world environments and conditions. For
example, the centre is currently conducting on-site
experiments on antifouling coatings and
anticorrosion coatings on a raft at the Maritime
Test Centre, located in the Hundested harbour,
Denmark. This unique testing environment allows
the researchers to evaluate the performance of
coatings in a marine environment, where fouling
and corrosion can be a significant issue.

To facilitate its research efforts, CoaST is also
exploring the use of digitalisation and automation
technologies. These technologies enable
researchers to conduct experiments more
efficiently and effectively while also providing
remote access to the experiments. This is

particularly important for the Maritime Test Centre,
which is located in a remote location.
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Figure 5: Structure of the remote access system

Corrosion

Corrosion is the natural process of oxidizing
metals in the environment, which deteriorates the
material. This leads to loss of the material and a
reduced strength. The global cost of corrosion is
estimated to be US$2.5 trillion, which is equivalent
to 3.4% of the global Gross Domestic Product
(GDP? (2013) [4].. Given the wide-spread use of
steel for construction, iron is the metal that mostly
gets corroded. Applying corrosion control coating
is one of the main methods of reducing corrosion.
In the experiments of corrosion control coating
research, the corrosivity of the electrolyte and the
corrosion rate of a certain surface should be
measured. There are several methods of testing
these parameters offline such as Corrosometer [5]
and Electrochemical Impedance Spectrometry
(EIS) [6]. Corrosometer is mainly used to measure
the corrosivity of the electrolyte and EIS is used to

measure corrosion rate of a surface. However, it
is not clear how representative these idealized
laboratory experiments are compared to corrosion
in real environments. Online measurements of
corrosivity and corrosion rate in the natural
environment could be a solution but is very
challenging because of chaotic and changing
environmental parameters. Developing an online
corrosion monitoring method will help the
researchers to understand onsite corrosion
behaviour.
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A global surge for infrastructure leads to a growing market trend for the
cement sector. Yet, 8% of global anthropogenic CO2 emissions is

caused by the cement manufacturing industry. Switching the role of

fossil fuels with synthetic fuels is essential to reduce the CO:2 footprint
of the cement industry. Pyrolysis is one way to convert various
feedstocks into a combination of solids, gas and liquid products that can
be used as fuels. In this project, a pyrolysis process integrated with a
cement plant is investigated. The char and gas will be applied to supply
energy for cement processes, while liquid fuel can be sold to external

customers.
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As a result of rapid urbanization and economic development across the world, cement production has
increased thirtyfold since 1950 resulting in a significant amount of CO2 emission. A newly developed
fluid bed pyrolysis technology owns advantages of reducing the CO2 emissions of the cement sector by
delivering fuel with a low CO2 footprint. With the knowledge that has been gained from cold model
measurements, the cement raw meal showed challenges in a fluid bed and required detailed
optimization of pulsation parameters. Oil producing conditions with optimized pulsation parameters,
different feedstocks are being further tested in the hot model pyrolysis reactor which covers a major part
of the current study. From pyrolysis measurements, the use of a shorter residence time and optimized
liquid collection system were the most critical parameters for obtaining a high liquid product yield.

Introduction

As a key input into concrete, the most widely used
construction material in the world, cement
production is a major contributor to climate
change. The calcination of CaCOs and thermal
combustion processes involved in the production
of cement are a large source of CO2 emissions.
According to the International Energy Agency
(IEA), the cement industry generated around 2.9
billion tons of CO2 in 2021 [1]. The sector is
expecting significant expansion at a time when its
emissions need to fall fast. From a technical
perspective, there are several solutions for
reducing the emissions associated with cement
production; all meet under a single roof of
decarbonization. The focus of this PhD project is
reducing the dependence on fossil fuels and
replacing them with alternatives. A newly
developed pyrolysis reactor has the potential to
produce pyrolysis liquids based on the energy
supply from hot raw meal on cement plants. The
further development and optimization of this
technology are being done within the CircFuel
project with respect to liquid yield and oil quality
aiming to provide efficient pyrolysis units, which
can be applied on cement plants.

Biomass and waste can be sources for synthetic
liquid fuel production, and globally large amounts
of waste are available that is presently being

landfilled on a global scale. The use of the cement
manufacturing operation to convert organic waste
into valuable hydrocarbons will not only pave the
way for a replacement fuel in the transport sector,
but also a transition from commonly referred
techniques such as waste disposal and
incineration of wastes. A high quality and yield of
pyrolysis liquid oil can be obtained with the right
choice of feedstock and operational conditions.
For this reason, impact of feedstock choice as well
as the pyrolysis temperature, heating rate, particle
size, residence time of the feed material and the
applied bed material are highly linked regarding
their effect on the end-product distribution, oil
product properties, and main components in the
oil product. In the scope of the CircFuel project,
while the specifications for optimizing the pyrolysis
reactor technology and operation conditions are
being studied; the transition of this technology to
the industrial scale application shall be
investigated.

Materials and Methods

In this study, a recently constructed laboratory
fluid bed pyrolysis reactor that can simulate the
conditions in a cement plant pyrolysis reactor was
applied for experiments with different fuel types. A
diagram for the pyrolysis reactor is shown in
Figure 1. The experiments include changes in
reactor residence time and outline of product

collection system. Further development and
optimization of the system is being done aiming to
optimize the liquid yield and quality, and future
experiments will include studies on the influence
of using cement raw meal as bed material and the
use of different waste fuel types. The experimental
work was initiated with the study of beech wood

with sand as an inert bed material.
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Figure 3 Diagram of DTU hot model continuous
feeding pyrolysis reactor

The pyrolysis experiments were performed on the
fluid bed pyrolysis reactor at 500 °C with constant
operating conditions after a detailed search in the
literature and fine-tuned commissioning phase to
obtain a smooth feeding aiming more than 300 g
of the feedstock. Nitrogen was used as a carrier
gas. Feed and bed materials were pre-dried
overnight at 100 °C and 60 °C, respectively. The
experiments using beech wood proceeded
smoothly and proceeded for more than an hour of
fuel feeding time.

Liquid, gas, and solid products from different parts
of the downstream product collection system were
individually analyzed to achieve product balances
for each experiment.

Results and Discussion

The pyrolysis experiments on the laboratory scale
fluid bed pyrolysis reactor of the beech wood were
carried out by keeping the pyrolysis temperature
at an adequate level of 500 °C to fully decompose
the biomass and having a residence time of 4 — 5
seconds in the reactor to ensure limited cracking
reactions of the tar compounds.

Results of two experiments are listed in Table 1
showing promising and repeatable results. In
terms of produced liquid yield, more than 60 wt.%
on a dry basis has been achieved with gas yields
being around 30 wt.% and a slight difference in the
solid yield. While reasonable mass balance
closures were established for both experiments.
The average water content in the produced liquid
products  demonstrated identical  values.

Moreover, the residence times were very similar to
each other due to similar gas yields.

Table 2 Detailed results from pyrolysis
experiments with beech wood and sand

Parameter Experiment A | Experiment B
Total fed weight (g (dry) 310 465
Laguad: &0 Lagquid: 63
Yield (wt. %) Solid: 17 Salid: 11
Gas: I8 st 30
hiass balance closure (wi.%a) 105 103
Carbon balance closure (wi%) 100 100
Average Water content (*s) 34 a2
Residence fime (sec) 4.67 4.64

During several repetitions of the experiments, pre-
drying the feed material and shortening the
residence time spent in the reactor at a pyrolysis
temperature of 500 °C improved the liquid product
yield from 40 wt.% to 63 wt.% and average water
content in the produced liquid yield was decreased
from 60% to 32% when the results are compared
to previous experiments. Mass balances were
improved from 70 wt.% to 100 wt.% by improving
the recording of fed material weight and char
content evaluation by the burnout process.

Conclusion

In the present study, the operating conditions
required for the maximum pyrolysis oil yield and
quality from the laboratory scale fluid bed pyrolysis
reactor were investigated. In this regard, pyrolysis
product distributions are an important criterion to
systematically identify the correlations between
adjusted operational conditions and their
corresponding product yields. The experimental
results presented here were obtained by doing an
optimization of the reactor conditions and the
product collection system. Results were
satisfactory and repetitive for beech wood and
sand experiments with more than 60 wt.% liquid
yield with approximately 32% water content.
Research is ongoing with the use of different feed
materials such as plastics and refused derived fuel
(RDF) and with cement raw meal as a bed material
to establish the most efficient operation conditions
for a cement plant-based pyrolysis oil system.
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The development of an effective and feasible corrosion mitigation method \

for the offshore wind turbines will lead to an increase in their life
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expectancy. As a result, the required materials for production, installation

and corrosion protection for the offshore wind turbines will be reduced,
combined with a simultaneous decrease in the use of fossil fuels for their
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Corrosion poses a significant challenge to the longevity and safety of steel monopiles in the offshore
wind industry. With the industry’s expansion, there is an increasing need to ensure structural integrity
against the harsh marine environment. Organic coatings, when coupled with cathodic protection, present
a promising solution to this challenge. This project aims to investigate experimentally, the environmental
factors influencing monopile corrosion and assess the combined impact of cathodic protection and
coating solutions on corrosion mitigation, while focusing on identifying offshore corrosion parameters
and developing a novel corrosion mitigation method, simulating real-field exposures, evaluating the
efficacy of integrated cathodic protection-coating methods. The expected research results are the
development of a high efficiency corrosion mitigation method, and better understanding of the
environmental factors affecting internal monopile corrosion.

Introduction

Monopiles pose as the main foundation type for
offshore wind turbines, due to their simple design,
cost-effectiveness, and suitability for waters up to
30 m [1]. One of the most significant challenges
faced by offshore wind turbines is corrosion,
primarily due to the harsh marine conditions, like
high  salinity, oxygen concentration, pH
fluctuations, and temperature variations [2]. This
has led to the need for optimized, efficient, and
long-lasting corrosion control, as foundation
installation and maintenance accounts for a
significant portion of a wind farm's total cost [3].
Offshore monopiles face distinct internal corrosion
challenges due to near-stagnant conditions and
minimal external ventilation influenced by tidal
seawater movements, while incomplete sealing
results in limited ventilation and anaerobic
conditions lead to the formation of corrosion
products within the monopiles, and oxygen leaks
from breaches further intensify corrosion by
creating acidic conditions [4-6]. This has
necessitated the integration of coatings combined
with cathodic protection in future designs, to
address corrosion post-coating damage, despite
increased costs as their implementation for the

internal part is considered optional [7]. Effective
internal corrosion protection requires strategic
anode selection to prevent acidification and
hydrogen sulfide formation ensuring a protective
calcareous layer formation [8]. To ensure
corrosion resistance, integrating coatings with
cathodic protection is crucial for both internal and
external monopile sections, ensuring longevity
and structural integrity [9]. The coating needs to
be compatible with cathodic protection to maintain
its properties and prevent issues like delamination
and adhesion loss [10].

Specific Objectives

This research seeks to comprehensively study the
corrosive effects of the marine environment on
these monopiles and provide a holistic solution to
the corrosion challenges faced by the offshore
wind industry and extend the lifespan of steel
monopiles. The  research  focuses on
understanding the environmental parameters
affecting corrosion on offshore wind turbines, as
well as enhancing corrosion resistance for the
monopiles with the utilization of organic coatings
and Impressed Current Cathodic Protection

(ICCP). Existing coating technologies will be
evaluated for their efficacy, limitations, and
challenges. To ensure the practical applicability of
these solutions, laboratory and field tests will be
conducted, to evaluate the combined performance
of coatings-ICCP and existing technologies will be
compared. Firstly, a lab-scale investigation, set
within controlled parameters, will be compared
against real-field investigations, to gain insights
into the effect of varied environmental conditions
on corrosion rates. Additionally, these studies will
evaluate the effectiveness of the proposed
corrosion mitigation methodologies. The project
aims to ensure robust and comprehensive study
that can contribute meaningfully to the field.

Conclusions

The offshore wind industry faces significant
challenges due to the aggressive marine
conditions that accelerate corrosion rates,
compromising the service-life of offshore wind
structures. This research underscores the
importance of selecting optimal corrosion
mitigation strategies to ensure the structural
integrity and longevity of these structures. The
synergy of coatings and cathodic protection offers
a plethora of advantages. However, the full
potential of their combined effect, especially in
terms of resistance to chemical attacks and overall
performance, remains an area of active research.
Particularly for the monopile's internal part,
research is needed to pinpoint the most effective
corrosion mitigation strategy, considering various
factors like water chemistry, chemical attack
severity,etc.. This project's overarching goal is to
design, implement, and test a corrosion
prevention system for offshore wind monopile
foundations, leveraging coatings and cathodic
protection.
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In order to ensure a more sustainable future, society must transition
from fossil fuels to more sustainable sources of hydrocarbons. In this
project a new PtX-technology for cleaning biogas of sulfur is presented.
This technology will increase the feasibility of converting biogas into
methane for use either in heating or for conversion into biofuels. In this
way the reliance on fossil fuels can be minimized and full utilization of
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Abstract

A new Power-to-X H2S removal technology for use in biogas cleaning has been developed. This
technology is cheap, highly adaptable and consumes no chemicals during operation. A laboratory
parameter analysis has earlier been performed at DTU and a pilot scale test unit is currently doing
experiments at a biogas plant in Denmark. The results show that up to 100 % of the H2S present in
biogas can be removed by this new cleaning technology. Furthermore, results show, that several other
components may also be removed by the scrubbing process, which is a further advantage when

compared to conventional cleaning methods.
Introduction

Climate change is becoming an increasing
concern and alternatives to traditional energy
sources are becoming continuously more
important.

While green electricity sources, such as wind,
hydro and solar will continue to grow in the future,
there will still be a market for hydrocarbons for use
in heating and fuel production.

Biogas offers an alternative to traditional fossil
sources for hydrocarbon fuels and the biogas
sector is therefore expected to grow rapidly over
the next decades [1]. Biogas is a hydrocarbon gas
produced by anaerobic fermentation of biological
material (typically waste). It consists mainly of
methane (CH4) and carbon dioxide (COz2), but also
contains several impurities, most of which are
unwanted.

Especially interesting among these impurities is
hydrogen sulfide (H2S) as it is especially abundant
in the gas where the concentration can be up to
several thousand parts per million (ppm). It is
important to remove the H2S from the biogas,
since it is highly poisonous to the catalysts, which
are used to further react the biogas into biofuel.

Several technologies for desulfurization of biogas
currently exists, but they are generally fairly
expensive. Furthermore the current technologies

are not able to quickly adapt to changes in H2S,
which may be seen when the feed biomass is
changed.

In this project a new Power-to-X (PtX)
desulfurization technology is developed, which is
both cheaper and more adaptable, than the
currently used technologies. This technology
utilizes an oxidative agent, which reacts with the
H2S in a scrubber tower to form elemental sulfur
[2]. The spent oxidative agent is then regenerated
in an electrochemical cell after which it can be
reused. In this way no chemicals are spent and the
overall reaction of the system is:

H,Sg) + Electrical power — S + Hy(g)

In this way no chemicals are expended and the
process consumes exclusively electricity.

Specific Objectives

The objectives of this project is to further examine
the capabilities of this new technology. The impact
of different process parameters will be tested both
on a laboratory scale as well as a pilot scale.
Furthermore, the possibility of removing other
pollutants with the technology will be examined.

Results and Discussion

Earlier a laboratory analysis of the process has
been done at DTU and a basic parameter analysis
has been performed.

The process has now been moved to the pilot
scale, and experiments are being performed with
a mobile test unit at a biogas plant near Slagelse
in Denmark. A picture of the mobile test unit can
be seen in figure 1.
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Figure 1: The mobile test unit used for pilot scale
tests at a biogas plant near Slagelse

Initial results are very promising and show that up
to 100 % of the H2S in the biogas can be
removed using this process. The removal
depends linearly on the amount of current applied
to the electrochemical cell. A figure showing
removal as a function of current can be seen in
figure 2.
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Figure 2: Fraction of H2S removed as a function
of the current applied to the electrochemical cell.

While the graph seen in figure 2 is approximately
linear, the line does not intercept the y-axis at
(0,0). This is interesting, since it might suggest that
some power is consumed by other reactions than
oxidizing H2S to elemental sulfur.

One possibility is, that power is consumed by
oxidizing some of the other impurities present in
biogas. Besides H2S, biogas contains significant
amounts of terpenes, ketones and mercaptans as
well as several other components as can be seen
on figure 3.
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Figure 3: Some of the other impurities in biogas,
that may be removed by the BE Clean scrubbing
process.

Some of these impurities may be removed by the
scrubbing process, which would be an added
advantage when compared to conventional
cleaning methods, since this would result in a
higher purity end product.

Conclusions

A new desulfurization technology is being
developed in the BE Clean project. It has been
shown that the technology is capable of removing
H>S down to non-detectable levels. Furthermore,
the change of liquid flow rate was found to have a
negligible effect on the process.
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Plastic pollution in the world’s oceans has been a known and growing
problem for marine wildlife. Particularly, microplastics have received a
lot of concern from both society and the scientific community. Amongst
other sources, fouling control coatings on ships have been found to
generate microplastics. How these microplastics are formed and how
much of the coating gets emitted to the ocean as microplastics is Bork
currently not fully understood. By gaining more knowledge on these
microplastics, the groundwork will be laid for future solutions.
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Abstract

Microplastics are a persistent and ubiquitous contaminant in the marine environment. Amongst the
various sources are ship fouling control coatings. These coatings employ biocides and self-polishing
polymer matrices combat biofouling thereby maintaining engine efficiency and reducing additional fuel
consumption and CO2 emissions. In recent microplastic surveys, microscopic particles likely originating
from ship paints have been discovered. This project aims to gather information on release rates and
gain a better understanding of the release mechanisms and properties of microplastics from fouling
control coatings. This will be done by performing controlled laboratory experiments, simulating ship hulls
with different types of ship coatings and analyzing the generated particles.

Introduction

Submerged artificial structures experience the
attachment of a wide variety of organisms to their
surfaces. This is called biofouling and causes a
variety of problems, for ships this is primarily the
increase of drag and accelerated deterioration of
the ship hull. To compensate for the increased
drag resistance, a ship needs to use more fossil
fuel to maintain the same speed, resulting in more
harmful emissions. Modern ships make use of
fouling control coatings on the hull to combat
biofouling [1].

Fouling control coatings can be classified based
on the mechanism used to combat biofouling. The
main categories are antifouling coatings,
employing biocides to deter organisms, and foul
release coatings, using surface hydrophobicity to
prevent the attachment of organisms. Antifouling
coatings contain biocides (often Cu20) which react
and dissolve in seawater to form Cu?*, which is
toxic to biofouling organisms [2]. The release of
these biocides is controlled by the erosion of the
coating surface. This erosion is in turn controlled
by several components of the paint, primarily the
polymeric binder used which can in turn be
classified based on their control mechanisms.
Controlled depletion polymers are water soluble

polymers, such as rosin, which slowly dissolves as
the coating is submerged in seawater. Self-
polishing coatings use acrylic copolymers which
are initially water insoluble, however through
hydrolysis of hydrophobic functional groups they
become hydrophilic and eventually water soluble

[3].

It has thus far been assumed that self-polishing
and controlled depletion coatings dissolve and
pose little further harm to non-target organisms,
aside from the emitted biocides. However, in
recent oceanic microplastic surveys, microplastics
likely originating from antifouling coatings have
been found, seemingly challenging this
assumption [4].

Microplastics are microscopic insoluble solid
anthropogenic polymer particles and are a
ubiquitous contaminant in nearly every natural
environment. In the marine environment they pose
a great threat due to their potential toxicity to
marine life and continual poorly reversable
accumulation [5]. While microplastic surveys have
been ongoing since their rise in popularity 20
years ago, only recently have paint particles been
found to make up a significant part of the total
microplastic count. They have not been detected
much before due to their high metal and pigment

content compared to other plastic products. This
causes the particles to be significantly smaller and
have a higher density, resulting in unintended
omission from microplastic surveys as size
exclusion and density separation are some of the
main principles used for collection and separation
of microplastics [6].

As with many other types of microplastics found in
the marine environment, the exact mechanisms of
the formation of these microplastics are unknown.
Through controlled laboratory experiments and
specialized analysis techniques, a more compre-
hensive understanding of the generation and
nature of fouling control coating microplastics can
be found.

Specific Objectives
The specific objectives of this project are:

1. Develop a robust testing methodology for
microplastic release from fouling control
coatings.

2. Quantify microplastic release from fouling
control coatings and compare different
coatings.

3. Understand and compare the properties and
release mechanisms of fouling control
microplastics.

Experimental Setup and Pre-Study Results

The experimental setup consists of a simulation of
a ship hull coating including the seawater
conditions and sailing speeds it might experience.
From this, particles are extracted and can be
analyzed through various techniques.

From initial experiments it has been found that
microplastics from fouling control coatings can be
generated through this technique, though whether
this is representative of real conditions remains to
be explored.

An example of microplastics extracted from
laboratory experiments can be seen in Figure 1.
From the initial tests it has been found that most
of the paint microplastics are smaller than 100 um
in diameter and sophisticated techniques will be
required to fully analyze and understand these
particles.

Figure 1: Light microscope image of some
microplastics from antifouling coatings generated
under laboratory conditions.
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Multi-phase modeling of electrolyte systems

(December 2020 — November 2023)

Development Goals

Electrolyte solutions are integral to many systems, e.g., lithium-ion
batteries, chemical production processes, or even human bodies. To
better understand or characterize systems containing electrolytes,
However, developed
thermodynamic models are limited to simple systems and are not
accurate in some cases. This project aims to improve the property
predictions of electrolyte solutions with thermodynamic models. As a
result, it facilitates the digitalization of industrial processes.

thermodynamic models are essential.
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Abstract

The main objective of this project is to shed light on the concept of ion-pairing from the thermodynamics
modeling point of view. lon pairing can be studied from both experimental and theoretical points of view. In
this study, we investigate ion pairing by simultaneous analysis of the mean ionic activity coefficient and
electrical conductivity of electrolyte solutions. To this aim, a new implicit solvent model has been developed

based on the Debye-Huckel theory and RCA.
Introduction

The modeling of electrolyte solutions is crucial in
various scientific and engineering fields, including
chemistry, materials science, and biophysics.
These solutions play a vital role in natural and
industrial processes like energy storage,

chemical synthesis, and biology. Accurate
thermodynamic models are essential for better
understanding and designing processes and
materials [1]-[3].

To predict electrolyte solution properties
accurately, we need to understand ion-ion
interactions. Two commonly used theories for
these interactions are Debye-Hlickel and Mean
Spherical Approximation theories. They assume
charged hard spheres in a solvent with a finite
static permittivity. However, it's been shown that
full electrolyte dissociation doesn't always apply,
so considering ion-ion association is essential for
accurate predictions in specific systems or
conditions.

Developing a more accurate equation of state
(EOS) for charged hard sphere fluids is crucial for
understanding complex systems like ionic liquids
and electrolyte solutions. This improved EOS
better represents ion-ion association, a critical
factor in electrolyte solution thermodynamic
properties.

In this study, we formulated a novel equation of
state (EOS) for a charged hard sphere fluid,
accounting for ion-ion association. To develop this

model, we have used the Wertheim two-density
formulation (total (p?) and unbounded number
densities (p; = a;p!)) for association which has
proven to be effective in modeling hydrogen
bonding (eq. (1)).

‘BAAssoc 3 Z plp [ 1— ai]
Niot B : Ptot na) + 2 (1)

In this equation, B, Nio:, Pior» @; are the are the
Boltzmann factor (1/ksT), total number of charged
hard spheres, total number density, and fraction
unbounded ions. A455°¢ s also the contribution of
ion-ion association to the Helmholtz free energy.
Moreover, we have employed the reference cavity
approximation suggested by Stell et al. to
calculate the fraction of unbounded ions. In this
approach, the number density of ion pairs is
calculated from eq. (2 ).

N M
Prmn = KonVimed [p% - Z pml] lpﬁ - Z pm] (2)
l l

. fn 2q
Ky = 4-1Tf T2 exp (—) dr (3)
Omn r
In this equation, K,,, represents the association
constant at infinite dilution between cation m and
anion n (eq. (3)), N is number of anions, and M is
number of cations in the solution. In e€q.3, g,,,
stands for the contact distance between ion pairs
and [,,,, is the distance from the center of ions
where counter-ions are considered as ion pairs.

yrel is the reference cavity function between

cation m and anion n calculated from eq. 30 in ref.
[4].

The reference cavity function comprises two
components: an electrostatic contribution and an
excluded volume contribution (g5 (o,,,)) , Which
represents the hard-sphere radial distribution
function between ion pairs at the contact distance.
Um, My > and pp,(Lnn)l,, o are the residual
chemical potentials of cations, anions, and ion
pairs, respectively, resulting from electrostatic
interactions in the absence of association. For
ions, these values are calculated using the Debye-
Huckel theory. However, for ion pairs, the residual
chemical potential is calculated using the Debye-
Hickel theory (if |Z,,| #|Z,]) and ion-dipole
interactions based on the Kirkwood equation. The
function gZ5 (0,,,) is also determined using the
hard-sphere models developed by Boublik and
Mansoori et al. Finally, after obtaining the number
density of unbound ions from equations (2) and
(3), the residual Helmholtz energy of the charged
hard sphere fluid can be calculated using eq.4:
BA" B
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Figure 1. Schematic representation of the
contributions to the Helmholtz free energy used
in the BiDH theory [4].

In this equation, A7S, APH  A4ssoc represent the
contributions to the residual Helmholtz energy
from hard-sphere interactions, Debye-Huckel
interactions, and ion association (eq. (1)),
respectively. The thermodynamic properties of
charged hard sphere fluids can then be
determined by taking mole number, volume, and
temperature derivatives of the residual Helmtolz
energy.

Results and Discussion

To validate the new EOS, we compared its
predictions of mean ionic activity coefficient and
osmotic coefficient for various electrolyte ratios
(1:1, 1:2, 2:2, and 3:1) with Monte Carlo (MC)
simulations from Lamperski (L1-L5), Gutiérrez-
Valladares et al. (G1-G3), and Abbas et al. (S1-
S104). The results confirm the new EOS's
accuracy in predicting system thermodynamic
properties. Additionally, we compared the model

with  Mean Spherical Approximation, Binding
Mean Spherical Approximation, and Debye-
Huckel models, showcasing its superior predictive
capability for charged hard sphere fluids.

In summary, this study significantly advances our
understanding of the thermodynamic properties of
charged hard sphere fluids and highlights the
effectiveness of the developed EOS in accurately
predicting their behavior. These findings have
important implications for improving current
equations of state for electrolyte solutions,
benefiting the design and optimization of chemical
industry processes.

Figure 2: Comparison of predicted IIAC by the
BiDH model against the MIAC from the MC
simulations [4].

Figure 3: Comparison of predicted MIAC by the
BiDH model against the MIAC from the MC
simulations [4].
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Application of state-of-the-art data science to the field

of coatings

(December 2022 — November 2025)
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Contribution to the UN Sustainable

Development and optimization of coatings involve intricate interaction
due to the numerous raw materials required, making these processes
resource-intensive and time-consuming. This project aims to apply
advanced machine learning techniques to the field of coatings through
moder Design of Experiments. The efficiency and predictive capabilities
of this approach will be compared to traditional methodologies to identify Boss
and address potential limitations, with the goal of promoting wider
adoption of Al-based development and optimization strategies.
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Abstract

This project leverages advanced data science and machine learning techniques to minimize resource waste
and maximize desired coating properties. These techniques will be studied using a basic polyurethane
system as a case study. Effects of various catalysts and their optimal combinations and ratios will be
meticulously investigated using multiple methodologies to identify limitations of data-driven approaches and

possible remedies.
Introduction

Coatings are everywhere in daily life offering
protection of buildings, products, and infrastructure
[11[2]. However, the path to creating these coatings
is a labyrinth of intricate interactions among raw
materials. With modern coatings featuring a
multitude of ingredients, traditional experimentation
can be time-consuming and resource-intensive.

Mastering machine learning for intelligent design
of experiments

Traditional approaches to coatings development
typically involves conducting a multitude of
experiments, each time tweaking a few parameters,
which can be a laborious and time-consuming
endeavor. This method can be painstakingly slow
and can still result in suboptimal solutions. But with
active learning for design of experiments, this
strenuous task can be circumvented. At the heart of
the approach are Gaussian processes and Bayesian
optimization.

Gaussian  Processes  (GPs) represent a
sophisticated and probabilistic method for modeling
complex functions [3]. They empower researchers
with a more efficient means of predicting outcomes.
What sets GPs apart is their ability to provide a
nuanced understanding of the system, offering not
only predictions but also a quantification of the
uncertainty surrounding those predictions. This
enhanced reliability significantly contributes to the
quality of findings.

Working in tandem with GPs, Bayesian Optimization
plays a pivotal role. This technique functions as a
guiding compass in the search for optimized coating
formulations [4]. Bayesian Optimization harnesses
the predictive capabilities of GPs to intelligently
select experiments. Instead of relying on brute-force
experimentation, active learning, driven by Gaussian
Processes and Bayesian Optimization, assists us in
pinpointing experiments with the potential to yield
significant insights into the true nature of the coating
system.

By expanding the traditional experimentation
strategy to encompass these advanced data science
techniques, it will be possible to make more informed
and efficient decisions about coating formulations
and their performance. This approach minimizes
resource waste, optimizes product quality, and
streamlines the development of coatings.

A closer look at polyurethane systems

Polyurethane systems, the focus of the case study,
are the result of polyols and di- or triisocyanates,
resulting in a polymer containing urethane links.
Polyols can be either polyesters or polyethers, and
the resulting systems are utilized as topcoats,
providing  protection  against  environmental
conditions while also contributing to the visual
aesthetics of the coating [5].

A robust polyurethane topcoat must withstand a
variety of challenges. This includes UV radiation,
cyclic temperatures, humidity, time itself and

mechanical strain — anything that might lead to
degradation. As an iterative experimental process is
desired to optimize the coating, long-term tests are
initially avoided. The tests/equipment listed in Error! R
eference source not found. will be used as a
compromise between time and understanding of the
coating performance. Both drying time and pot life
are also included, as these are crucial to ensure the
optimization does not take the formulation into a
direction where it becomes impractical and
unsuitable for real-world applications.

Table 1: Polyurethane tests.

Property Test/equipment
Drying time Drying time recorder
Pot life Rheometer
Mechanical Scratch

property

Hardness Konig pendulum
Glass transition DSC

temperature

Cracking Visual inspection

At a later stage, these tests may be expanded upon
if needed.

The specific polyurethane system chosen for the
project is a widely used standard formulation, making
it an ideal candidate for the investigation.

Exploring catalyst combinations

It is common practice to apply catalysts for PU
systems. The roles of catalysts are threefold:

e Increase reaction rate

e Balance isocyanate-polyol reaction and the
isocyanate-water reaction (foaming
reaction)

e Ensure completion of reaction and
adequate cure

In this project, a variety of catalysts will be explored,
each with unique characteristics. The widely used
DABCO 33-LV and DBTDL catalysts will be explored
along with a selection of catalysts from King
Industries with the aim of understanding the
synergies that can be achieved by different catalysts.
This exploration holds the key to more sustainable
and efficient coating formulations.

Currently, the previously mentioned catalysts (8 in
total) have been used for the PU-coating in an effort
to define the limits of the system. The approach was
to use each of them at the high and low end of their
recommended dosage levels (16 experiments in
total) to test their individual catalytic activities by
recording the resulting potlife and drying times.

Database development for efficient data
management

To ensure efficient data management throughout the
project, a SQL database dedicated to storage of all
experimental results as well as formulation and raw
material details is under development. The database
will play a crucial role in the research and enable
streamlining of the entire experimental process from
formulation design to data collection and analysis.

The SQL database is designed to facilitate the
principles of Design of Experiments (DoE) and
Machine Learning (ML) to achieve intelligent
experiment design. By centralizing data storage,
information can be readily accessed, managed and
related to the various coating formulations,
ingredients, mixing methods, and experimental
results.

The development of this SQL database is a
fundamental part of the project, as it provides a
robust foundation for active learning in the field of
coatings. It helps us manage the complexity of our
formulations and accelerates the process of data-
driven decision-making, ultimately contributing to the
success of the project.
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Unveiling the water-energy nexus for water utilities
wastewater reuse for district heating applications
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wastewater for energy purposes.
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Wastewater treatment plants (WWTP) significantly impact energy,
climate, and water, making these facilities a major contributor to
environmental challenges and climate change. This project aims to
transform WWTPs into resource recovery facilities by converting
wastewater into an energy resource and contribute to Denmark's goal of
achieving carbon neutrality by 2050, assessing the potential to reuse
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Abstract

and Xavier Flores-Alsina

This PhD project focuses on developing and evaluating wastewater heat recovery (WWHR) systems
for district heating in Scandinavia. By harnessing thermal energy from wastewater, these systems
improve energy efficiency and reduce greenhouse gas emissions. The research involves data
collection, mathematical modeling, and optimization to assess system performance and achieve

sustainability goals.

Introduction

A WWTP plays a significant role in the water
industry's greenhouse gas emissions, accounting
for approximately 3% of the global energy demand
[1]. This makes them a substantial contributor to
environmental challenges and climate change,
particularly due to their high energy consumption
compared to other sectors. Considering the
interconnections between energy, climate, and
water, the efficient management of WWTPs
becomes crucial for sustainable development and
mitigating environmental impacts.

Wastewater, whether originating from households,
industrial processes, or businesses, carries a
valuable and often overlooked resource: thermal
energy. This thermal energy is a byproduct of
various factors such as heating, cooling, and
chemical reactions. By harnessing the thermal
energy present in wastewater, we could not only
reduce energy consumption but also effectively
mitigate greenhouse gas emissions.

Advanced wastewater heat recovery (WWHR)
systems, such as heat exchangers and heat
pumps, can effectively capture and utilize thermal
energy from wastewater. These technologies offer
not only energy efficiency and cost savings but
also have applications in various sectors,
including residential, commercial, industrial, and

district heating networks. By adopting these
innovative solutions, we can transform wastewater
from being considered waste into a valuable
resource, contributing to a more sustainable
future.

Objectives of the project

The primary objective of this project collaboration
between Skanderborg Forsyning, DTU, and VIA
University College, is to develop and evaluate the
feasibility and effectiveness of wastewater heat
recovery (WWHR) systems tailored for district
heating in the Scandinavian region. The research
focuses on developing and testing mathematical
models in two distinct locations: Skovby (a small
WWTP belonging to Skanderborg Forsyning) and
Dgjsevej (the main WWTP in Skanderborg),
bridging engineering and mathematical models
with the obtained data set and assessing potential
heat recovery model options using process
simulations/scenarios.

WASTEWATIR

Figure 1: Conceptual schematic of the project

Data collection and model development

The initial stages of the research project involve
gathering comprehensive data on various
aspects, including wastewater characteristics,
environmental conditions, WWTP configurations,
operational conditions, and district heating
infrastructure both in Skovby and Skanderborg.
This data plays an essential role in validating and
fine-tuning the mathematical models employed in
the project. After the data collection phase, the
research will progress to the development of
sophisticated mathematical models. These
models are designed to accurately capture the
complex dynamics of heat transfer phenomena
within the WWTP but also with WWHR. They
consider different system configurations and
wastewater sources, allowing for precise system
design and optimizations. The optimization
process considers factors such as heat exchanger
sizing, heat pump efficiency, heat transfer rates,
and different experiments. In the experimental set-
up, the water will undergo filtration before being
directed to the heat exchanger, allowing for
investigations into the effects of temperature and
seasonal changes.

Particularly important is the strategic placement
of WWHR systems to assess their impact on
overall treatment performance. The ultimate
objective of the research is to evaluate the
improvements in energy efficiency and potential
reductions in carbon emissions achieved through
the implementation of the WWHR systems, in
comparison to conventional district heating
systems. This assessment extends a
comprehensive cost-benefit analysis and the
implications of WWHR for utilities, municipalities,
and end-users.

In addition to optimization, the developed tools
serve a wider purpose in addressing decisive
questions. These include exploring the effects of
centralization on system performance, assessing
the impact of temperature reduction on the
nitrification process, determining adjustments
required for reactor capacity, and evaluating the
resilience of infrastructure under uncertain climate

scenarios. The scenario analysis helps in
understanding the potential challenges and
opportunities associated with the implementation
of WWHR systems in different contexts.

Outcomes of the project

Anticipated outcomes of this research encompass
various aspects, including the development of
advanced mathematical models that can be
customized for WWHR and WWTP systems
specially tailored for the Scandinavian region; an
in-depth understanding of the thermal and
economic advantages offered by WWHR
technology, providing valuable insights for
decision-making processes. Furthermore,
recommendations will be made for the optimal
design and a clear understanding of the scalability
potential and environmental impact of WWHR
systems, with a focus on Skanderborg's utility.

Conclusions

This project is a ground-breaking endeavor in the
field of water and energy, evaluating and
optimizing the recovery of heat from wastewater.
Presenting a roadmap for a greener energy future.
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This research project has a direct impact on the Climate Action Y A
Objective, a key component of the UN's Sustainable Development

Goals. The project is part of a solid oxide electrolysis cell (SOEC)

development by Topsoe. Recently, Topsoe has initiated the
construction of a dedicated SOEC manufacturing facility in Denmark.
This facility is projected to produce electrolysis modules with an annual dgbr@kt.dtu.dk
capacity of 500 MW. As a result, the project has a direct impact on the
transition towards green fuels. The project’s focus is to extend the
lifetime of these systems, thus making them competitive for large-scale
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Abstract

My research activities are carried out in the Power-to-X department at Topsoe, a company with the
vision to be recognized as the global leader in carbon emission reduction technologies by 2024. Their
strategy is centered on the development of energy-efficient solutions that can generate fuels like
ammonia, methanol, and hydrogen in a sustainable way. This project will have its main impact on
Topsoe’s solid oxide electrolysis cell (SOEC) development, in turn affecting the green hydrogen
production. The project aims to understand the detrimental effect of different impurities in the SOEC
system, as this is one of the well-known reasons for degradation and limiting the lifetime of SOECs. This
understanding of the role of impurities and their reaction with the cell is going to be used to mitigate
these problems and improve the lifetime of the SOEC.

Introduction

This PhD project is an industrial PhD based on the
collaboration between DTU Chemical Engineering
and the Power-to-X department at Topsoe.

The project’s overall goal is to contribute to the
change from fossil fuels to sustainable fuels,
thereby reducing the total emission of greenhouse
gases (GHG). This is because these fuels are
produced using GHG effectively removing as
much GHG as the fuels emit. The combustion of
fossil fuels in 2021 resulted in the emission
exceeding 34000 MtCO2eq [1], highlighting the
significant impact that the shift to sustainable fuels
would have.

Topsoe has the vision to be recognized as the
global leader in carbon emission reduction
technologies by 2024. To achieve this, a range of
different energy-efficient solution are being
developed, to produce sustainable transportation
fuels such as ammonia, methanol, and hydrogen.
To develop these solutions Topsoe is using its
eight decades of experience in heterogeneous
catalysis and its industrial chemical application.

An important technology for this shift to a
sustainable solution is the solid oxide electrolysis
cell (SOEC) technology, which is acknowledged
as the most energy-efficient among the
electrolysis solutions. SOECs work at an elevated
temperature of 600-850 ‘C, which is one of the
reasons for it to have a higher energy-efficiency
due to thermodynamics. Because of the high
temperature operation point, it can be integrated
with a synthesis loop making the overall efficiency
higher. [2]

This is the area where Topsoe’s expertise in
heterogeneous catalysis plays a crucial role in
ensuring the downstream catalytic conversion of
SOEC products such as H2 and/or CO into
sustainable fuels and chemicals.

To tackle climate change at the necessary pace, it
is a requirement to establish industrial application
of the SOEC in a large-scale.

A large-scale SOEC manufacturing facility is what
Topsoe has started constructing in Herning
Denmark. This facility will be able to produce
electrolysis modules with the capacity of 500 MW
per year. The facility is planned to be in operation
in 2025[3].

This PhD is a part of this large development that
Topsoe is having in the field of SOEC technology.
The project is going to investigate the different
impurities affecting the lifetime of the system. One
of the failure mechanisms of the SOEC is in fact
the cell degradation, which is heavily influenced by
the adsorption of impurities on the active sites of
the electrode, a mechanism also called cell
poisoning. These impurities will be the focus of the
project and aim to understand how to mitigate their
negative effect.

The operation of SOEC can involve various
reactant gases, which would lead to different
impurities. However, this project will primarily
focus on water as reactant gas. Postmortem tests
documented in the literature have identified
several possible impurities such as Si, Cr, Al, Na,
K, Ca among others [4,5]. These impurities can
potentially affect the cell performance and
consequently its lifetime, by binding itself to the
cell’s active site.
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Antifouling coatings keep ship hulls clean and therefore, reduce fuel
consumption, CO2 emission and prevent spreading of invasive species
from foreign countries in local waters. All that is possible because
these coatings release toxic ingredients, which threaten all kind of
aquatic life. Sustainable fouling control means developing coating
technologies that significantly reduce or even eliminate the release of
these substances to preserve biodiversity in our oceans.
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Abstract

Sustainable fouling technologies that are investigated during this project are among other things,
fouling control technologies that form a hydrogel on the coating surface. The technology has been
effective in field experiments at the CoaST Maritime Test Centre (CMTC) in Hundested harbor,
Denmark. Alone, the hydrogel didn't deter fouling effectively, but combined with cuprous oxide, its
performance improved. During the field tests, concentration of cuprous oxide use could be reduced by
50 % without sacrificing effectiveness. This was due to the hydrogel's ability to retain Cu?* on the
surface for a longer time. The gel's strength improved when combined with konjac mannan, but its use

on moving ships poses challenges.

Introduction

There is a huge tradeoff in the field of antifouling
coatings. The shipping of goods as we are used to
today is possible by a large amount thanks to
antifouling  coatings. They reduce fuel
consumption, CO2 emission and maintenance of
ships. However, they also release toxic
substances that pollute our oceans and threaten
aquatic life. Therefore, it is important for our
environment to develop sustainable fouling control
coating solutions that are still effective but pollute
our oceans less [1]. This PhD project investigates
fouling control technologies that significantly
reduce or even eliminate the release of toxic
substances to our oceans.

Hydrogel coating to make the biocide release
more efficient

Hydrogel coatings have already reached the
commercial market of fouling control coatings [2].
However, the technology relies on silicones, which
makes it more expensive, susceptible to
mechanical damage and difficult in handling [3].
Non-silicone based hydrogel coatings are
formulated by adding hydrogel additives to an
acrylic-rosin model coating system. The coating
production process is very easy and can be
implemented immediately in every coating
company around the world. Immersion of the

coatings leads to the immediate formation of a
hydrogel layer on the coating surface.

The fouling control performance was assessed at
the CoaST Maritime Test Center (CMTC) in
Hundested harbor (Denmark).

Specific Objectives
The objectives of this project are:

¢ Identification of sustainable fouling control
mechanisms.

e Formulation of sustainable fouling control
coatings.

e Investigation of the fouling control perfor-
mance in a real environment.

Results and discussion

Xanthan gum (XG) is used in the coating as
hydrogel forming agent. The coatings form a
hydrogel on the surface due to dissolution of the
Xanthan gum molecules and consecutive
formation of a physical network through hydrogen
bonding.

Figure 1 shows the fouling control
performance of coatings with  different
concentrations of Xanthan gum. Already the
addition of small concentration of Xanthan
improved the fouling control performance. Neither
storage stability nor the mechanical properties of

the coatings were compromised. The addition of
biocides is still necessary to see a positive effect,
however the biocide concentration could be
significantly reduced while maintaining the same
performance.

Hydrogel coatin
2 vol.% 12 vol.%

Figure 1: Fouling control performance of
hydrogel coatings. Left hand side: reference
panel without hydrogel agent, middle: 2 vol.% of
agent, right hand side: 12 vol.% of agent.

Figure 2 shows Cu?* measurements in the gel.
Coatings that lacked hydrogel showed no
accumulation of Cu?* on their surfaces, which was
expected due to the absence of a gel layer,
confirming the test's validity. In contrast, the
xanthan gum hydrogel coatings did show
significant accumulation of Cu?* ions in the gel
layer. Concentrations of 1 mg/l were observed for
coatings with 2 wt.% cuprous oxide, and 2.5 mg/I|
for those with 6 wt.%. For perspective, the US
Environmental Protection Agency has set an
acute toxicity threshold for Cu?* in aquatic
organisms at roughly 5 ug/l [4]. The
concentrations found in the gel exceed this
benchmark by 200 to 400 times.

Rheological characterization revealed that the gel
strength is relatively low. However, by introducing
konjac mannan, another polysaccharide, a
synergistic effect was observed which significantly
improved the gel strength. The xanthan/konjac
mannan mixture demonstrated a remarkable
460% increase in gel strength compared to
xanthan alone. Yet, even with this substantial
improvement, the hydrogel's yield point remains
below the wusual cruising speed of ships.
Nonetheless, this enhanced gel strength might
prove beneficial for stationary marine applications.

Conclusion

The presented hydrogel coatings offer a potential
solution for developing eco-friendly antifouling
coatings in marine applications by minimizing
copper emissions. The process of creating these
coatings using xanthan gum particles is both
simple and feasible.
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Figure 2: Cu?* ion concentration within the
hydrogel layer, varying with xanthan gum and
cuprous oxide concentrations in the coating.

Additional research will be necessary to refine this
technology for various uses. There seems to be a
cooperative interaction between xanthan and
konjac mannan that might assist in enhancing the
coating's attributes, prolonging its durability, and
ensuring its efficiency in stationary applications.
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Ensuring access to sustainable energy and modern fuels for all requires
substituting fossil fuels by other alternatives. Residual

biomass from agricultural and industrial processes as well as plastic

waste might be one such alternative. Using catalytic flash pyrolysis, fuels
and chemicals can be produced from these solid feedstocks. However,
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the initial quality of the pyrolysis oils is poor due to a high water and

oxygen content and therefore the oils must be upgraded.
Understanding and improving the catalytic upgrading process of
pyrolysis oils will help pave the way for a sustainable use of wastes as
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resources and decrease consumption of fossil-based fuels.

Abstract

Waste streams are currently an underutilized energy source and are believed to have high potential in being
a sustainable source of carbon in a fossil-free future [1]. Liquid fuels and chemicals can be produced by flash
pyrolysis of biomass and waste plastic. Being part of the project CircFuel, this work aims to stabilize the
pyrolysis vapors from a catalytic flash pyrolysis unit and transform them into a fuel for ship engines using
multi-stage catalytic upgrading. Depending on the quality of the oil after pyrolysis different upgrading steps

are investigated.

To evaluate the initial performance of catalysts like calcium oxide and calcined cement raw meal (CaO/SiO:2
mixture) the model compound furfural was processed with different catalytically active materials in a slurry
reactor. Calcined raw meal, calcium oxide and calcium hydroxide showed high reactivity with furfural and
might therefore be promising materials for cheap catalysts in pyrolysis oil upgrading.

Introduction

Primary pyrolysis oils of biomass suffer from multiple
bad properties, including low heating value, high
oxygen and water content as well as high corrosivity
[2]. Using plastic waste as a co-feed introduces a
hydrogen-rich material into the system and co-
pyrolysis of the two feedstocks is described to have
synergistic effects on the oil properties [2].

Before the primary pyrolysis liquids can be used as
fuels the properties have to be improved,
nevertheless [1]. Using mild and cheap catalysts like
calcined cement raw meal (cCRM), calcium oxide or
activated kaolinite, the most reactive species in the
primary oil can be transformed and the properties
can be enhanced. In the pyrolysis of biomass, the
macroscopic structures like cellulose get destructed
and break down into smaller compounds as can be
seen in Figure 1.

Model compounds like guaiacol or furfural are often
used to simulate these fragments [3].
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Figure 1: The thermochemical breakdown process of ceIIuIbse
leading to furfural with further potential oligomers.

In this study 50 g of furfural is converted in a batch
reactor together with 10 g of different catalytic
materials at temperatures between 200 and 300°C
and nitrogen atmosphere of 1 bar.
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Figure 2: The simplified scheme of the process and it's
conditions in the slurry reactor.

Results of furfural model compound study

Using activated basic forms like CaO and Ca(OH)2
an cCRM temperatures above 225°C led to the
formation of a solid and gas phase, the latter
amounting to up to 35% mass based, as seen in
Figure 3. In these experiments also a thermal
runaway is observed. Non activated forms like raw
limestone and cement raw meal do not show
significant activity in this temperature range.
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Figure 3: Product balance applying different conditions
in temperature and used catalyst.

Figure 4 shows the composition of the gas phase
after the experiments where it was produced. It
mainly consists of carbon monoxide and dioxide in
all cases with small amounts of methane and ethane.
CaO leads furthermore to small amounts of C3+
compounds.
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Figure 4: Gas composition in the experiments with gas
formation based on gas GC-MS.

Finally, a GC-MS analysis of the liquid phase at low
temperatures gives insight into the mechanism of the
reaction. The peak of unreacted furfural is clearly
visible, furthermore two peaks assigned to furfural
dimers can be observed. Both dimers are products
of the condensation of furfural monomers under
removal of CO and COs..
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Figure 5: Analysis of the liquid organic phase of furfural
conversion with Ca(OH)z at 200°C with GC-MS.

Conclusion

Basic activated forms of calcium like CaO, Ca(OH):
and cCRM show strong catalytic activity in the
conversion of furfural as a biomass model
compound. Oligo- and polymerization is catalyzed in
their presence under separation of CO and CO.. This
mechanism leads to an effective removal of oxygen
from the organic phase though coking and
deactivation of the catalysts seem to be major
drawbacks though recirculation of the spent catalyst
can solve this issue.

Calcined cement raw meal can be a cheap and
active material to convert the most reactive species
in primary pyrolysis oils and stabilize it. The
application of cCRM and other catalysts like pure
CaO will be investigated further in an in-line fixed bed
upgrading reactor of a pilot scale pyrolysis unit.
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By providing tailored learning solutions that take into account the
strengths and weaknesses of each student to aid their learning and
enhance their engagement, the project aims to have a positive impact on
SDG 4 "Quality education". Moreover, the open-source nature of the
platform strives to enable equal access to educational content (access to
chemical engineering education in countries with limited access or no
labs) and therefore to reduce inequalities among students (i.e. students
that don't have the possibility to attend university).
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Abstract

In times when developments in digital transformation and online education are moving fast due to the
push of the Fourth Industrial Revolution and the Covid-19 pandemic, Education and Digitalization are
becoming increasingly intertwined. These recent events have proved the necessity for engineers to
adapt by acquiring new technical skills. This PhD project aims to explore the use of various digital tools,
such as Atrtificial Intelligence (Al), to educate future engineers for Industry 4.0. Moreover, a series of
Python programming courses will be implemented and embedded in the educational system. The aim
of this initiative is to improve Chemical Engineering students’ learning experience by providing

stimulating material and gamification.

Introduction

In these times of educational disruption, where,
according to UNESCO [1], never have so many
students been out of school, drastic changes in
education have been accelerated, resulting in
significant advances in adopting digitalization
strategies [2, 3]. In this transformation climate,
engineers should be adequately educated to face
the challenges and acquire the new skills imposed
by the Fourth Industrial Revolution, coupled with
the new learnings from to the Covid-19 pandemic.
In this scenario, virtual laboratories (VL) offer a
solution to provide inclusive learning opportunities
[2]. At the same time, digital tools such as Artificial
intelligence (Al), Virtual Reality (VR) and virtual
tutors are becoming an integral part of new
educational platforms. These tools have the
potential to answer the needs of both educators
and learners by providing stimulant material and
helping increase engagement and participation
among students.

Specific Objectives

To do this, my PhD project aims to explore the
enrichment of BioVL [4] (available at
www.biovl.com), an educational virtual laboratory
to teach (bio)chemical processes, through various
digital tools.

The initiatives that will be explored in this PhD are:

1. The introduction of digital tools in Education
such as Al-powered virtual tutors in courses
taught at DTU;

2. To teach coding and online simulations
through interactive learning (gamification
strategy) through two Python courses tailored
to (bio)chemical engineers: (i) Python in
Chemical Reaction Engineering, and (ii) Intro
to Artificial Intelligence for Chemical
Engineers;

3. Al in educational computer-aided tools:
Adaptive and personalized learning through
the introduction of Al in BioVL [4].

Results and Discussion

One of the objectives of the PhD project is to
implement a virtual tutor able to train students
attending the Good Manufacturing Practice (GMP)
and quality in pharmaceutical, biotech and food
industry course. Currently, students have to take
part in an audit exercise as part of the course. In
this exercise, they pretend to be an auditor
inquiring a company, represented by the teachers,
about their good manufacturing practice observed.
The teachers’ role is to give both accurate and
misleading responses, leaving the students to
reflect upon the company’s behavior. After a few
years of participating in the aforementioned audit
exercise, the teachers have agreed to investigate
the replacement of the physical teacher with an Al-

powered virtual tutor, named ChatGMP. The
virtual tutor is trained on the data collected in two
years of the course, where around 35 audit
exercises were recorded. The model is deployed
in BioVL and is accessible to everybody.

The virtual agent aims to provide an
interactive tool that will hopefully be engaging for
the students and will simultaneously allow
substantial time-saving for the teachers.
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Figure 15: ChatGMP pipeline.

As another initiative, the project aims to introduce
Python  programming into the Chemical
Engineering curriculum at DTU. The series of
courses implemented, sPyCE, seeks to teach both
the basics of Python programming as well as more
in-depth knowledge by providing real use cases
and applicable/practical tools. The first course,
Python in Chemical Reaction Engineering,
covering topics such as stoichiometry, design of
chemical reactors, and mass and energy
balances, is being tested in the B.Eng. course
28342 - Chemical Reaction Engineering (fall
2022). The second course, Artificial Intelligence
for Chemical Engineers, contains comprehensive
explanations and examples of machine learning,
including supervised and unsupervised learning,
classification and regression, with tutorials on how
techniques used in natural language processing
and image processing can be applied to
(bio)chemical engineering problems.

P o ma Ao rd
[T p— e T

......... Frikaa bt
T

s mmias mnara iy e Ao wmaaada:

W Irra o Arteul mbelapeecs ke Bojermalagrees

Figure 16: sPyCE summary.

Finally, the PhD project aims to use Al to
implement adaptive learning inside BioVL [4], a

computer-aided educational platform for chemical
engineering students. This educational method
delivers customized resources and continuous
feedback to address the unique needs of each
learner. The Al tool is built to assess the learnings
of the students based on a series of incrementally
difficult exercises and to provide personalized
feedback and recommendations for
improvements. This initiative aims to allow the
student to revise previous lectures and enhance
their understanding of the subject.

Conclusions

The aim of this initiative is to improve students’
learning experience by providing stimulating
material and gamification. Our hypothesis is that,
with these tools, students will learn by having fun,
leading to higher engagement and, therefore,
better performance. Therefore, we expect all
these initiatives to aid the students’ learning.
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The production of the main chemicals that are then used to manufacture
our widely-used commodities is based on non-renewable resources.
Therefore, developing production processes of these bulk chemicals
from renewable materials is needed to reduce the environmental Ana
footprint of many of our daily used products, as well as making them
more accessible. Production of chemicals from sugars using
microorganisms is a promising alternative to achieve this goal.
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Abstract

Currently, commodity chemicals are mainly produced from fossil fuels, and therefore their scarcity is forcing
us to find alternative production routes. One of these chemicals is 3-hydroxypropionic acid, whose production
by biological routes have been studied but not optimized in the last few years. The purpose of the project is
to evaluate the microorganism Corynebacterium glutamicum as production host, and to contribute to the

development of a strain for industrial scale production.

Introduction

The depletion of fossil fuels together with the
increase of environmental awareness has
highlighted the need to develop renewable
alternative production methods of chemicals and
fuels. Among the different molecules that are
expected to increase its production through
biorefinery-based strategies, 3-hydropropanoic acid
(3-HP) holds an important position, as it was
recognized by the United States Department of
Energy (DOE) [1]. 3-HP is a platform chemical that
can be used in bioplastic production and as a
precursor of acrylic acid, acrylamide and bioplastics
[2]. With the aim of replacing the petrochemical
manufacturing route by a more sustainable process,
3-HP production through fermentation has attracted
the interest of the scientific community. Several
microorganisms can produce 3-HP, but efficient cell
factories designs are yet needed in order to move the
production process towards commercialization.
Aspects such as product toxicity, product yield, titer,
productivity, and materials cost should be assessed.

The workhorse microorganism Corynebacterium
glutamicum has been engineered to produce 3-HP
through fermentation, achieving relevant product
titers at laboratory scale [3]. However, full pathway
characterization and optimization has not been
performed, which is needed to achieve industrially
competitive yields and ensure a robust strain design.
The aim of the PhD project is to characterize the
pathway for the conversion of glucose into 3-HP via
glycerol and to use that information to design an

optimized strain. The stability of C. glutamicum in the
presence of high concentrations of 3-HP, expected
in industrial processes, will also be tested.

Specific objective of current work

One of the issues that arise when aiming to produce
high amounts of 3-HP is microorganisms' tolerance.
Many compounds, such as organic acids, can be
harmful to microorganisms when present in high
concentrations.

The microorganism C. glutamicum is a promising
host to produce 3-HP, since it is a widely study
microorganism that has already been used in
industry, especially in amino acid production.

In this work we want to study the metabolic changes
triggered in C. glutamicum in the presence of high 3-
HP concentrations.

Methods

To study how the presence of high concentrations of
3-HP affects C. glutamicum growth, a biolector
experiment was carried out, where concentrations
from 0 to 120 g/L of 3-HP were tested in CGXII
minimal medium. There were triplicates (three wells)
for each concentration, and the biolector settings
were 30°C, 1400 rpm and 800 ul of culture per well,
to ensure sufficient oxygen supply.

Results

As expected, increasing amounts of 3-HP in the
growth medium result in a lower maximum specific
growth rate. The presence of 10 g/L of 3-HP causes

a slight delay in growth, which keeps slowly
increasing as the 3-HP concentration increases to 60
g/L (data not shown). From 60 g/L on, each increase
in 3-HP concentration causes a significant delay in
growth. However, it can be seen from Figure 1 that
C. glutamicum can grow in the presence of up to 80
g/L of 3-HP without significant losses in its final
biomass value.

Previous studies on Escherichia coli tolerance to 3-
HP report growth up to 27 g/L of the wild type strain
and up to 36 g/L after adaptative laboratory evolution
[4]. By addition of yeast extract to the minimal
medium, tolerance can go up to 72 g/L with a
measure specific growth rate of 0.11 h-1. These
results show how promising C. glutamicum is as a
host for 3-HP production: wild type C. glutamicum
can grow up to 80 g/L in minimal medium with a
maximum specific growth rate of 0.120 h-1, and
tolerate up to 120 g/L with limited growth. That is,
wild type C. glutamicum overcomes adapted E. coli
in 3-HP tolerance: it grows in presence of higher
amounts (80 versus 72 g/L), in minimal medium and
without any previous adaptation experiment.
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Figure 1: Growth (represented by backscatter
measurements) of C. glutamicum in the presence of
different concentrations of 3-HP. The experiment
was run for 140 hours. For simplicity, only the first 65
hours are shown.

Interestingly, the pH profile throughout the
fermentation was maintained over the range 0-50 g/L
of 3-HP. However, then growing in presence of 3-HP
concentrations higher than 50 g/L, the observed pH
profile changed: no pH decrease was observed
during the exponential growth phase, but rather
during stationary phase (data not shown). This points
to a possible adaptation mechanism activated by C.
glutamicum in presence of this high concentrations,
which also matches the fact that significant growth
delays start arising in presence of 60 g/L of 3-HP and
more.

Understanding which adaptation mechanisms are
switched on by C. glutamicum to cope with high
concentrations of 3-HP is essential to design a stable
strain which can be used in industrial production.

Conclusions

e C. glutamicum shows a high natural tolerance to
3-HP, which makes it a promising host for
industrial-scale production of this commodity
chemical.

e The control and understanding of the adaptation
mechanisms behind tolerance can lead to
advances in strain engineering.
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With a steep increase in world population and the resulting industrial
boom, global warming has been a matter of serious concern in the
recent years. In the wake of increased energy demand, there has been

atmospheric pollution. The current Ph.D. project is an important
component of one such endeavor to decarbonize the shipping industry
and thus, contributes to the 13" UN Sustainable Development Goal.
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a worldwide push to do away with conventional carbon-based fossil Rishav
fuels and instead utilize carbon-free alternative fuels. This would result
in lower CO2 emissions and address the issues of global warming and Chand
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Abstract
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According to the International Maritime Organization (IMO), present shipping activities are responsible
for ~2.5% of global GHG emissions and this contribution is expected to increase in the coming years
due to increasing global trade. To decarbonize the shipping sector, it is imperative that we come up with
an alternative, carbon-free fuel. Ammonia (NHs) is one such promising candidate for fueling ship
engines, but it leads to enhanced flue gas concentrations of NOx, N2O and unburnt NHs, which need to
be managed by using a dedicated Exhaust Aftertreatment System. Among the flue gas species, N2O
has a concerning potential for global warming and its removal via novel catalytic technologies is the

primary objective of the present Ph.D. work.

Introduction

N20 (nitrous oxide) is known to be ~300 times
more potent to cause global warming than CO2 on
a per mass basis (1). In addition, N2O can react
with oxygen in the atmosphere to form nitric oxide,
which is one of the contributors of ozone layer
depletion (1, 2). Anthropogenic sources are
responsible for ~35% of N2O emissions and the
N20 concentration in the atmosphere has
increased at an alarming rate of ~0.2-0.3%/year
in the last century (2). N2O emissions can be
countered by either direct catalytic decomposition
into N2 and O2 or selective catalytic reduction
(SCR) into N2 and H20/CO:2 depending on type of
reductant (3). CosO4 based catalysts are known to
assist N2O decomposition at relatively low
temperatures with low cost. CosO4 has an optimal
structure due to its high redox ability and weak
metal-oxygen bonds which make it highly active
for catalytic decomposition of N20. The N0
decomposition activity can be further improved by
introducing dopants such as potassium and/or
using other metals alongside Co to change the
metal environment (4) or increase the surface
area, which is the strategy that is investigated in
the present work.

Materials and Methods

Catalytic experiments were carried out in a quartz
U-tube reactor using cobalt-based catalysts in the
range of 150-500 °C. 250 mL/min of gas mixture
comprising of 250 ppm N20, 5% Oz, 2.5% H20 (if
used) and balance N2 was passed through a bed
of 50 mg of catalyst having particles in the size
range of 150-300 pm. Co/TiO2, Co/CeO2, Co/ZrO2
and Co/MgAl204 catalysts were synthesized via
incipient wetness impregnation (IWI), and CoZro.1
(Zr/Co=0.1), K-CoZro1 (K/Co=0.1), CoCeo.1
(Ce/Co=0.1) and K-CoCeo.1 (K/C0=0.1) catalysts
were prepared by co-precipitation, followed by IWI
in case of K doping. For the metal oxide-supported
catalysts, catalytic decomposition of N20O was
carried out in the absence of water. The co-
precipitated catalysts were examined both in the
presence and absence of water.

Results and Discussion

From the catalytic tests (Fig. 1), it was found that
the 1 and 10 wt. % Co/TiO2, 1 and 5 wt. %
Co/Ce0O2, 1 wt% Co/ZrO2 and 1 wt %
Co/MgAl2Os catalysts showed poor N20
conversion (<10 %) even at temperatures as high
as 500 °C. On the other hand, 10 wt. % Co/ZrO>
and 10 wt. % Co/MgAl204 catalysts exhibited

relatively good conversion (~25 %) at the same
temperature.
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Fig. 1. N2O conversion over supported cobalt catalysts.
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Fig. 2. XRD spectra of 1 and 10 wt. % Co/ZrO2 catalysts.

The XRD data (Figs. 2, 4 and 5) clearly shows the
formation of crystalline Co3O4 in the 10 wt. %
Co/ZrOz, ColTiO2 and Co/CeO2 samples
compared to the 1 wt. % samples, while its
presence in the 10 wt. % Co/MgAIl204 sample was
not as distinctly seen because both the Co304 and
the MgAl204 phases have similar peak positions
(Fig. 3). However, the impregnated cobalt is
unlikely to form a spinel with the MgAI204 support
as it is a spinel itself and hence, cobalt is expected
to be present as CosOa4 over the support.
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Fig. 3. XRD spectra of 1 and 10 wt. % Co/MgAl204
catalysts.

The co-precipitated CoZro.1 and CoCeo.1 catalysts
showed much better conversion than the
supported catalysts, both in the presence and
absence of water (Fig. 6). Overall, the CoZro.1
catalyst performed the best among all the tested
catalysts at temperatures below 350 °C.
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Fig. 4. XRD spectra of 1 and 10 wt. % Co/TiO2 catalysts.
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Fig. 6. N2O conversion over co-precipitated cobalt
catalysts.

For CoCeo.1 catalysts, K doping had a positive
influence on the catalytic activity. The presence of
water resulted in lower conversions below 350 °C
and higher conversions above it. For CoZro.
catalysts, K doping had a negative impact on the
catalytic activity. In the presence of water, lower
conversions below 350 °C and higher conversions
above it were observed for the undoped CoZro.1
catalysts. However, for the K-doped catalysts,
water clearly seemed to have an inhibitory effect
on the catalytic activity.
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Functional Coatings
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improve the impact on climate change.
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Traditional organic coatings are manufactured from petroleum-based products
and consist of higher volatile organic content. These coatings do not have any
biodegradability and contribute to the pollution by increasing carbon footprint. The
aim of this project is to replace fossil fuel-based products fully or partially with more
sustainable bio-based products. Due to this replacement, the dependency on the
fossil fuel-based product will reduce and this will impact on the reduction in the
carbon footprint. This way the coating produced will be more sustainable and
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Abstract

Lignin is the second most abundantly available biopolymer, after cellulose. Lignin consists of a complex
aromatic structure with different chemical functional groups like phenol, alcohol, and carboxylic acid.
Because of the presence of these functional groups, it can be modified into many value added products
for polymer, biomedical, water treatment and coating applications. In coatings, lignin is generally
modified and used as a resin component but its use as a functional pigment is a relatively grey area.
Due to its extensive array of functional groups in its molecular structure, lignin provides a broad spectrum
of opportunities for chemical and surface modifications. The goal of this project is to functionalize lignin
for its application as an inhibitive pigment in anti-corrosive coatings.

Introduction

The extensive use of petroleum-based resources
in the twenty-first century has resulted in concerns
with  biodegradability, carbon footprint, and
environmental damage, and there is a need to
develop alternatives. In this search, scientists
have explored various biomaterials, which are
derived from renewable resources. In polymer and
coating application, vegetable oil, cellulose,
starch, sugars, lignin [1], and their derivatives
have been explored. Out of these resources, apart
from cellulose, lignin is the second most prevalent
biopolymer available in nature.

Lignin consists of polyphenolic structure with
different aromatic building blocks of
phenylpropanoids units viz. p-coumaryl, coniferyl
and sinapyl alcohols. Figure 1 shows the structure
of phenylpropanoids units. These alcohols are
backbone of basic lignin structure, forming
monolignols like guaiacyl (G), syringyl (S) and p-
hydroxyphenyl (H). The structural heterogeneity
and rigidity of lignin is because of these
monolignols units.

Lignin, with its extensive array of functional
groups, offers a versatile platform for various
chemical and surface modifications. In this
context, our objective is to introduce phosphate

functional groups onto the lignin structure. The
presence of hydroxyl groups within the lignin
molecular framework enables this functionalize-
tion to be achieved effectively.

Notably, the inherent barrier properties of lignin,
stemming from its aromatic structure, coupled with
the inhibitive characteristics of the introduced
phosphate functional groups, anticipates the
development of a dual synergistic mechanism for
the creation of anticorrosive coatings.

Consequently, the primary objective of this project
is to develop a functional inhibitive pigment
(referred to as KLP) based on lignin, aiming to
enhance the effectiveness of anti-corrosion
coatings.

Specific Objectives
The specific objective of the project is:

1. To formulate a coating by partially or
completely replacing filler or pigment (the
solids) with lignin.

2. To prepare coatings with lignin phosphate,
unmodified lignin and zinc phosphate based
commercial coating.

3. To test the developed lignin-phosphate-based
coatings keeping commercial zinc-phosphate
based coatings as a reference and compare
their inhibitive efficiencies.

4. To examine the inhibitive mechanism of lignin
phosphate and zinc phosphate based
commercial coating.

Monolignols

Corniferyl alcohol
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Figure 1: Structure of phenylpropanoids units forming
monolignols in lignin.

Experiments

Two different epoxy coating formulations, each
containing unmodified, and modified lignin,
independently, were prepared. Subsequently,
these two coatings were applied on sandblasted
steel panel of dimensions 150 x 75 x 3 mm, using
a film applicator. The panels were placed inside
ventilation chamber at a temperature of 24+2°C
for a duration of 2 weeks to ensure complete
curing. Salt spray testing was performed
according to ISO 9227 and three scribed panels
from each coating were placed into salt spray
chamber spraying 5% NaCl solution at
temperature of 35°C for 1000 hours. After salt
spray exposure, the rust creep of all the panels will
be measured.

Results

Lignin was chemically modified and figure 2
illustrates the unmodified and modified lignin. Two
different epoxy coatings i.e., modified lignin-based
coating, and unmodified lignin-based coating were
exposed to salt spray test (SST) for 1000 hours.
Figure 3 shows the epoxy coating panels before
SST test. Salt spray test results are awaited.

Uamodifled Medified
Lignin Ligein
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Figure 2:Unmodlified lignin on left and modified lignin
on the riaht.

Figure 3: Modified, unmodified lignin-based coating,
before salt spray exposure.

Conclusion

Modified lignin was synthesized successfully.
Modified Lignin and lignin-based coating panels
were prepared and exposed for a 1000-hour Salt
Spray Test (SST). After salt spray test, creep
resistance of all panels will be carried out to
understand anti-corrosive performance of coating.
In the future, corrosion products will be examined
using X-ray Photoelectron Spectroscopy (XPS)
and Scanning Electron Microscopy (SEM) to gain
insight into the inhibitive mechanism of the
modified lignin.

Acknowledgements

We are grateful to Hempel Foundation for its
financial support to CoaST (The Hempel
Foundation Coating Science and Technology
Center)

References

[1]1 D.S. Bajwa, G. Pourhashem, A.H. Ullah, S.G.
Bajwa, A concise review of current lignin
production, applications, products and their
environment impact, Ind Crops Prod. 139
(2019) 111526.

[2] S.R. Yearla, K. Padmasree, Preparation and
characterisation of lignin  nanoparticles:
evaluation of their potential as antioxidants and
UV protectants, J Exp Nanosci. 11 (2016) 289—
302.

[3] B.M. Upton, A.M. Kasko, Strategies for the
conversion of lignin to high-value polymeric
materials: Review and perspective, Chem Rev.
116 (2016) 2275-2306.

57



58

Recyclable Silicone Elastomers from Natural Phenols
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Contribution to the UN Sustainable

This project aligns with UN Sustainable Development Goal 12 by
developing an eco-friendly method for recyclable silicone elastomers.
By doing so, we aim to reduce the massive energy consumption linked
to traditional silicone production and mitigate environmental damage
caused by tons of silicone waste. This initiative promotes responsible
consumption, resource efficiency, and sustainable manufacturing
practices, contributing to a more sustainable future.
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Abstract

This study focuses on producing sustainable silicone elastomers (SSEs) by introducing hydrogen bonds
into the elastomer network structure, enabling easier recycling. Initially, novel chemical processes,
primarily using natural phenols, are introduced to address the issue of SSEs being excessively soft and
mechanically weak. In addition, classical model phenolic compounds are explored to establish a
comprehensive property database. Subsequently, a simple and effective recycling methodology is
devised for sustainable silicone elastomer products. This research represents a significant advancement
in sustainable silicone elastomer recycling, contributing to waste reduction in industrial contexts.

Introduction

Due to their outstanding thermal and oxidative
stability, low glass transition temperature and
biocompatibility, polysiloxanes, also known as
silicones, are among the most important classes
of polymers economically [1].

Thermoset polymers have many covalent bonds
to link their linear molecular chains within their
structure. A significant quantity of silicones is
offered for sale as resins or elastomers. These are
thermosets and challenging to recycle, similar to
other solid, crosslinked polymers [2]. The
increase in plastic pollution and its harmful
effects on the environment and human health
requires efficient  waste management
techniques. Recycling is an important
component of waste management techniques,
promoting environmental sustainability and
resource conservation. When materials reach the
end of their useful lives, the non-covalent bonds
should be easier to break down in a recycling
process than covalent bonds.

Due to the energy-intensive procedure used for
producing silicon from sand, silicone elastomers
are not easily regarded as sustainable materials
[3]. Utilizing non-covalent bonding such as
hydrogen bonds, -1 associations, ionic
linkages, or dynamic bonding interactions within
the structure of thermoplastic elastomers makes

these materials thermally reprocessable, enabling
reuse, repurposing, and ultimately recycling [2].

In a typical silicone elastomer, there are covalently
connected polymer chains. These bonds,
particularly the Si-O bond, are quite strong and
provide the structural integrity of the polymer
backbone [4]. In the literature, some examples
exist in which the bonding structure in elastomers
is changed to non-covalent bonds [5], [6]; hence,
the recycling potential is enhanced. Wang et al.
(2022) prepared elastomers having dynamic
iminium bonds with tetraphenylene derivatives
modified with aldehyde groups [5]. With the help
of dynamic covalent bonds, they could recycle the
prepared elastomers.

The main idea of this project is to produce
degradable and sustainable silicone elastomers
that are cross-linked with natural and model
phenols and hydrogen bonding without sacrificing
the elastomers' electro-mechanical properties.
Developing an effective recycling methodology for
the synthesized materials is also aimed.

Phenol, or benzenol, is an aromatic organic
compound with the molecular formula CsHsOH.
The molecule comprises a phenyl group (—CsHs)
bonded to a hydroxyl group (—-OH). Naturally
occurring phenols are natural products containing
at least one phenol functional group. They are
produced by plants and microorganisms [7].

In this project we want to utilize the hydrogen
bonding of hydroxyl group and amino group of a
phenol and  aminopropyl-ended  silicone,
respectively. The bonding type between hydrogen
and nitrogen atoms is known as the hydrogen
bond which is a non-covalent, attractive (dipole-
dipole) interaction. The structure of the reaction
product is expected to be in Figure 1. The bonding
in the structure is expected to be between the
hydroxyl group of a phenolic compound and the
amino group of the silicone material.
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Figure 1. The expected structure of the product.
Specific Objectives
The objectives of this project are:

1. To establish a green chemistry methodology by
utilizing natural phenols that enable the production
of a new class of recyclable silicone elastomers.

2. To develop a recycling process for the
synthesized sustainable silicone elastomer
products. As a result of recycling process, the
energy-intensive process of converting sand to
silicon can be eliminated.

Experimental

Pre-determined masses of  aminopropyl-
terminated PDMS, phenolic compound, and
solvent will be added to a 100 mL flask. The
mixture will be stirred using a magnetic stirrer until
it is a homogeneous solution.

Solutions will be placed in an oven at 60 °C to cure
the samples. Cured samples will be placed on
Teflon sheets and processed using a heat press
to provide samples having nearly 1 mm thickness.
Samples will then be cut to give samples for
tensile tests.

Project Plan

The idea of the project is to introduce non-covalent
bonds by using phenols as crosslinker entities.
According to the literature [3], the number of [-OH]
groups in the phenolic compound and the molar
ratio of [-OH] to an amino group in the silicone
material plays an essential role in the mechanical
and thermal properties of the resulting material.

Hydrogen nuclear magnetic resonance (H-NMR),
silicon nuclear magnetic resonance (Si-NMR), and
Fourier transform infrared spectroscopy (FTIR)
characterization techniques will be used to obtain
information about the bonding structures.

Mechanical properties, such as stress-strain
behavior, Young's modulus, and elongation at
break, will be tested and compared with
traditionally the covalently bonded elastomers.

Conclusion

In conclusion, this study focuses on developing
sustainable silicone elastomers (SSEs) by
incorporating hydrogen bonds into their network
structure, thereby enhancing their recyclability.
The study also aims to develop an efficient
recycling methodology as well.
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Development of novel silicone materials for soft
wearables

(March 2023 — February 2026)
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The project focuses on developing soft and high-energy-density materials
with various applications within exoskeletons and haptics. Current
exoskeletons are designed to have rigid joints and execute a limited
number of constrained movements, thus making them not compliant with
everyday life. Introducing lightweight and high-force exoskeletons will lead
to an improvement in the quality of life for disabled individuals and the
elderly population. It will also allow a faster recovery from injuries.
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Abstract

The first part of the project will explore the development of highly stretchable elastomers by synthesizing
a ring network. Different synthetic routes were followed, such as ring-opening polymerization in
emulsion. Polymers with masses between 40 kg/mol and 100 kg/mol were obtained. The polymerization
reaction was favored by changing the surfactant and initiator concentration in the emulsion. At the same
time, the size exclusion chromatography method was employed to analyze the resulting polymers. The
main challenge remains to promote the condensation reaction, which favors the intermolecular

interaction and formation of rings.

Introduction

Soft robots possess properties similar to biological
systems compared to their more rigid
counterparts. This includes flexibility in
movements, non-geometric constraints, and
lightweight nature. Furthermore, they are
composed of soft and elastic materials that can
deform and absorb energy from an impact [1].

Due to their inherent flexibility, robustness, and
high electrical insulation, silicone elastomers are
regarded as state-of-the-art elastomers for soft
robotics. Various strategies have been developed
to create soft and stretchable elastomers. This is
mainly done by employing different network
architectures using polydimethylsiloxane (PDMS),
such as creating bottle brush structures, polymer
structures with high entanglements, and semi-
interpenetrated networks. However, most of these
synthesized materials do not possess stable
mechanical properties upon repeated deformation
[2].

Goff et al. [3] reported the synthesis of silicone
networks that can stretch to 5000 % of their
original length and recover 82% of their strain after
undergoing 10 cycles of deformation. Since the
system was not covalently crosslinked and due to

its significant ability to recover its original shape, it
was suggested that the mechanical properties
resulted from a concatenated network formation
[4]. Which is a network consisting solely of
interconnected polymer rings with no cross-
linking.

Tran et al.[5] obtained isolated silicone rings by the
hydrolysis and condensation of a,w-hydride-
terminated polydimethylsiloxane in highly diluted
conditions. This approach produced ring polymers
with molar masses of 5000 g/mol. Highly diluted
conditions were necessary to obtain these rings,
which involved using large amounts of solvent.

In this study, we propose an alternative route to
make silicone rings with higher molar masses. The
process involves the cationic ring-opening
polymerization in emulsion, followed by the
condensation of the linear chain inside a polymer
particle.

Specific objectives
The specific objectives of the project are:

1. Obtain silicone polymers by ring-opening
polymerization in emulsions.

2. Explore various strategies that promote
cyclization of polymers.

3. Develop highly stretchable elastomers by
synthesizing a ring network.

Methods

Hexamethylcyclotrisiloxane (D3) was added to a
mixture of deionized water and dodecylbenzene
sulfonic acid (DBSA) (0.1-1 wt.%), which acted as
both catalysts and as surfactant, until complete
dissolution. The mixture was emulsified at room
temperature for 5 minutes using an ultrasonic
processor (UP 200s, Hielscher Ultrasonics
GmbH). After the emulsion was formed, the vial
was stirred for 24 hours at room temperature. The
reaction was neutralized by adding NaOH, and the
polymer was separated and collected using a
rotary evaporator.

Cyclization strategies

As seen in Figure 1, the monomer is polymerized
in the first step of the reaction. Most reactions,
such as initiation, propagation, termination, and
backbiting, occur at the droplet-water interface.
However, inside the droplet, the primary reactions
are polycondensation and intramolecular distribu-
tion.

Various strategies can be used to enhance the
reaction inside the droplet, including conducting
the reaction at lower temperatures and increasing
the droplet size. Additionally, introducing a non-
polar solvent into the system can help hinder the
permeation of water into the droplet.
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Figure 1: Graphical representation of PDMS
cyclization in emulsion.

Results and discussion

A series of microemulsions were prepared with
different amounts of catalyst (0.1, 0,5, and wt. %
DBSA, respectively). In the first 5 hours of the
reaction, the monomer was found at the surface of

the reaction flask, and it was slowly incorporated
into the emulsion. The solid monomer was
consumed faster, with the increasing amount of
the catalyst added to the reaction. Due to its
hydrophobic chain, DBSA acts as a catalyst and
initiator in the reaction. Thus, the monomer
powder will be incorporated faster in the emulsion
due to the wetting property of the surfactant.

Table 1: Effect of the catalyst on the molar mass
and polydispersity index.

Reaction DBSA Mn PDI
no- [%] [kg/mol]

1 0,1 42 2,63

2 0,5 57 2,25

3 1 98 1,66

The molar mass and polydispersity index of the
polymers resulting from the reactions at different
initiator concentrations are presented in Table 1.
The molar mass increased with the amount of
catalyst while the polydispersity index (PDI)
decreased. The increase in DBSA content results
in stronger acidity and increases the number of
oligomer active centers. Thus, the rate of
polymerization increases. Furthermore, since
DBSA acts as a surfactant, more micelles and
active centers are formed, decreasing particle size
and PDI.

Conclusion

Polymers with different masses were synthesized
using ring-opening polymerization of D3 in
emulsion. The results presented represent the first
step in achieving silicone rings. In the next steps,
parameters such as temperature, non-polar
solvents, and surfactant will be varied to promote
polycondensation inside the polymer droplet.
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Manufacturability and production of
novel biological products

(November 2022 — October 2025)
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Biomanufacturing is a key driver for replacing fossil fuels with bio-based
resources while making use of processes that are less energy-intensive
than chemical synthesis. To benefit from these sustainable biosolutions
in different areas such as health, food or agriculture, tools are required
to support and accelerate the process development and optimization.
This project aims to contribute with the collection of relevant data from
bioprocesses by evaluating various monitoring technologies.
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Abstract

The aim of this project is to investigate methods besides current well-established sensor technologies
that add value through real-time collection of high-quality data in bioprocess development, optimization,
and scale-up. Preliminary experimental results show that dielectric spectroscopy is a promising tool in
bioprocesses for gathering continuous data of biomass growth and cell viability but requires careful
correlation. While imaging technologies can provide an insight into cell morphology, practical
implementation together with suitable image analysis algorithms is challenging.

Introduction

The biomanufacturing industry offers a wide range
of sustainable solutions. The advancements in
digitalization offer great potential to further
increase the impact of biobased production
processes on sustainability efforts [1]. The
requirement for the application is the collection of
high-quality =~ datasets during bioprocess
development, optimization, and upscaling. Current
well-established sensor technologies that can
provide continuous data do not cover the full range
of potential process parameters. Current at- or off-
line technologies targeting the missing parameters
of interest require manual sampling that limits the
information to a few time points and poses an
additional risk of process failure due to
contamination. Furthermore, sample processing
causes time-delays in data acquisition and
evaluation that hinder fast decision-making and
direct process control.

Expanding the current toolset of established
sensor technologies is of particular interest for
bioprocesses with filamentous fungi. They exhibit
high productivity and the ability to secrete the
product facilitates downstream processing. These
microorganisms form various morphological
structures that offer an additional source of
information [2].

In this work, sensor technologies were adopted to
identify and monitor relevant parameters
regarding the growth, viability, and morphology of
fungal cells during cultivation.

Specific Objectives

For an in-depth process understanding sensor
technologies are experimentally investigated in
lab- as well as pilot-scale stirred tank reactors
(STR).Dielectric spectroscopy (DS) is
implemented to follow biomass growth and
changes in cell viability throughout the process
duration.

Non-invasive image acquisition and analysis
technology are applied and evaluated regarding
potential correlations with process performance
indicators, for example productivity.

Sensor Technologies

Two different sensor technologies are under
investigation:

A DS probe is integrated into the bioreactor setup.
It can be applied in-line in the bioreactor or at-line
in a separate vessel filled with samples taken from
the bioreactor. The probe creates an electric field
at different frequencies and the interaction with the

capacitive properties of intact cell membranes are
detected.

The second technology is a confocal microscopy
device that allows imaging of cultivation samples.
It can be installed on-line with a flow-cell in a
bypass or manually used in an at-line
configuration.

Results and Discussion

The described sensor technologies were applied
in trial runs of fed-batch cultivations with
filamentous fungi at lab-scale. The signal of the
DS probe displayed good correlations with off-line
measurements of biomass growth. This
correlation was not valid towards the end of the
cultivation. It indicates the expected accumulation
of cell debris which is not detected by the DS
signal but the off-line method. An advanced
correlation method has to be applied to asses the
viable cell content [3].

Furthermore, the DS signal (permittivity [pF/cm])
increased when agitation and aeration were
stopped (0 rpm, 0 vvm) at the end of the process
while no other changes were made to the broth
(Figure 1). This observation is in agreement
with findings from a separate experiment with
pure culture medium (Figure 2) and was been
shown for cultivations with C. glutamicum [4]. It
is most likely caused by air bubbles in interfering
with the permittivity measuremens.
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Figure 1: Preliminary results from in-line installed
DS probe. Comparison of data

from fed-batch cultivation of filamentous fungi
in STR (initial filling volume: 3.2 L)

and pure culture medium at different
process conditions.

The imaging technology was used with manually
taken cultivation samples to get a first overview of
the fungal morphology (Figure 23). Morphological
structures were identified that can be used for
further characterization of the process.
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Area
Figure 2: Image
of filamentous fungi.

Conclusions

The applicability of the dielectric spectroscopy
probe for monitoring biomass growth of
filamentous fungi cultivations is demonstrated.
Effects from operational process conditions
(agitation, aeration) must be investigated further.
Experiments regarding correlations for cell viability
will follow.

Imaging and corresponding image analysis can
serve as tools for assessing valuable process
performance indicators through cell morphology.
Additional efforts are necessary for developing
correlations and on-line implementation of the
device.
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Advanced simulation of large-scale Bioreactors

(December 2021 — November 2024)

Development Goals

the potential to highly impact the industry.

Contribution to the UN Sustainable

This research aims at improving the operation and design of large-scale
fermentation processes, based on state-of-the-art monitoring and
modeling. The development of advanced monitoring and control
systems is critical for bioprocesses to become more efficient in terms of Johan
resources and energy consumption, but also to compete against the
traditional chemical industry. As the utilization of bioprocess is expected
to further increase over the next decades, innovations in the area have Carfort
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Abstract

This research project, carried out in collaboration with UNIBIO A/S, aims at improving the design and
operation of large-scale bioreactors. The basis of this research is that at larger scales, material transport
limitations start having an impact on the process dynamics and it needs to be considered for accurate
modeling of the system, as well as in the development of digital twins. To achieve this, one must include
the two main phenomena involved in material transport in bioreactors: liquid phase mixing and interfacial
mass transfer. The objective of the project is therefore to include these two phenomena in real-time
bioreactor models. The models can be used for optimizing the design and operation of bioreactors.

Introduction

Fermentation has become an increasingly
important chemical process in a wide range of
applications, from pharmaceutical to bulk
chemical and biofuel productions [1]. Despite its
increasing use in industry, many fermentation
processes are run as batch operations at low
technological level, lacking measurement-based
control [2]. With the scope of up-scaling
bioprocesses, to allow economies of scale and
competitiveness against traditional chemical
processes, automation and optimization of
bioprocesses is essential. Operating industrial
scale fermentations comes with its own set of
challenges, mainly related to the inhomogeneous
mixing conditions and the mass transfer
limitations, both related to the fluid dynamics of the
system. Thus, understanding and accurately
modeling the fluid dynamic behavior of the system
is a key element for predicting the overall behavior
of the fermentation process. The main challenge
with modeling fluid behavior in large-scale
equipment originates from the complex and
chaotic nature of turbulent flow, which limits the
accuracy of deterministic models in macroscopic
simulations.

Computational fluid dynamics (CFD) has
improved the understanding of turbulence by
modeling equipment at a very high resolution and
has become a wuseful tool for investigating
hydrodynamic conditions in multiphase systems.
This numerical study of gas-liquid hydrodynamics
is carried out in collaboration with UNIBIO A/S,
specializing in the production of Single Cell
Protein using methane gas as carbon source.
Being an aerobic fermentation, and using a
gaseous substrate, mass transfer between the
phases is of crucial importance to the process, and
a thorough understanding of the multiphase
mixing is essential. To this purpose, the company
has developed an alternative bioreactor design,
the so-called “U-loop” design, which greatly
improves volumetric mass transfer due to
differences in the hydrodynamics and pressure
profiles. However, the contribution of each
phenomena to the enhanced mass transfer has
not yet been identified.

Modeling

One aspect of this research project is to include
fluid dynamics in the modeling of fermentation
processes, to account for material transport
dynamics. The typical approach is to use

Conversion of plastic waste to synthesis gas

(March 2023 — February 2026)

Development Goals

Contribution to the UN Sustainable

This research could significantly contribute to the achievement of more
sustainable consumption and production patterns, aligning with the
SDG 12. The overall objective of this project is to develop a carbon-
neutral technology for converting plastic waste to methanol. The
technology is designed to accept the plastic waste which cannot
currently be recycled. Its implementation will reduce the amount of
plastic waste sent to landfills and incineration plants, and lead to a
decline in traditional carbon-based methanol production.
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Abstract

With the growing problem of plastic waste, there is an urgent need to find sustainable solutions for its
disposal. This research project, in collaboration with SemperCycle, focuses on converting plastic waste into
methanol with minimal CO2 emissions. The technology is based on a two-step process: fluidized bed
gasification and partial oxidation (POX) for removing the tars. The syngas produced is subsequently cleaned,
treated, and converted to methanol. The PhD project involves study the effects of plastic type and process
conditions, design and optimize the POX reactor, assess the influence of the important parameters, and

provide insights for upscaling the process
Introduction

Plastic pollution stands as a paramount
environmental concern, driven by the exponential
surge in disposable plastic production,
overwhelming the world's capacity for managing
these products.

As of 2015, the world generated approximately 6,300
Mt of plastic waste. Of this total, merely 9%
underwent recycling, 12% was subjected to
incineration, while a staggering 79% found its way
into landfills or the natural environment. Should the
existing patterns of production and waste
management persist, an estimated 12,000 Mt of
plastic waste will be residing in landfills or the natural
environment by the year 2050 [1].

The pressing issue of plastic solid waste (PSW)
demands immediate attention, as its problem
continues to escalate. One approach is chemical
recycling, which converts plastic waste into valuable
resources through processes such as pyrolysis and
gasification [2]. Gasification provides a remarkable
degree of flexibility compared to pyrolysis, as it
allows for the valorisation of plastics with different
compositions or mixtures. Waste plastics possess
specific traits, such as low thermal conductivity,
sticky behaviour when heated, high volatile content,
and significant tar formation, which make it difficult to
treat them using conventional gasification
technologies, posing a considerable challenge to the
implementation of the process [3]. Fluidized beds
can avoid these problems and have been used in

plastic gasification for uniform process conditions
due to their excellent mixing properties and the
capability to feed various fuels simultaneously. It can
also operate with or without a bed catalyst, use
different fluidizing agents, add reagents along the
reactor height, and feed fuels in various positions of
the reactor [3-5].

One of the foremost difficulties encountered during
the gasification of PSW is the formation of tar. Tar
tends to condense at lower temperatures, which can
lead to blockages and fouling of process equipment.
There are two approaches for reducing tar formation
and removing tar from syngas obtained during
gasification: primary methods that treat the gas
inside the gasifier and secondary methods that
perform hot gas cleaning after the gasifier [6].
Although secondary methods such as thermal or
catalytic tar cracking and mechanical methods have
proven effective in some cases, they can be complex
and not always cost-effective, especially for lower tar
content requirements. On the other hand, primary
methods such as optimizing operating parameters,
using appropriate bed additives or catalysts, and
modifying gasifier designs are gaining attention in
solid waste gasification as they may eliminate or
significantly reduce the need for downstream
cleanup.

There is a general scarcity of studies on gasification
of plastics, and minimal attention has been given to
assessing operational issues as bed agglomeration.
The success of chemical recycling of plastic waste
through gasification lies in finding the optimal
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balance between the added value of the products
and the process capability of dealing with highly
variable and contaminated feedstocks [3].

Specific objectives

The PhD project is part of a collaborative effort with
the company SemperCycle, aimed at developing
and demonstrating a sustainable process for
converting waste plastic to methanol using
renewable electricity with minimal carbon dioxide
emissions. The project involves developing a novel
gasification technology to convert plastic waste to
synthesis gas, which will be studied in detail.

The primary focus is to optimize the process of
producing synthesis gas through a combined
pyrolysis, gasification, and partial gas oxidation
process. The majority of the work will be conducted
experimentally using a fluid bed reactor system at
the Department of Chemical Engineering at DTU.
The fluidized bed reactor is shown in Figure 1. The
project will particularly emphasize improving our
understanding of the effects of feedstock and
operating conditions on plastic gasification in a two-
step process. The first step refers to a bubbling
fluidized bed gasification reactor operating at a
temperature between 800 and 900°C. The second
step concerns a partial oxidation (POX) reactor,
working at a temperature of 1100-1300 °C, to convert
tar and lighter hydrocarbons to mainly CO and H2
while avoiding soot formation.

The research encompasses the following aspects:

e Conducting an experimental analysis using well-
defined plastic samples in a laboratory-scale
fluidized bed reactor.

e Executing experimental assessments with real-
life mixed plastic waste in the same experimental
setup.

e Analyzing the influential factors affecting product
distribution and determining optimal conditions
based on experimental findings.

e Identifying crucial parameters for the
development of a demonstration setup.
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Figure 1: Schematic diagram of the fluidized bed
reactor.
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Computational Fluid Dynamics (CFD), coupled
with biokinetic models to calculate the resulting
concentration profiles over space and time. The
geometry of a typical U-loop reactor is shown in
figure 1.

However, for a model to be used in real time
applications, it should be solvable in real time. This
limits the use of complex CFD models to develop
Digital Twins. Therefore, computationally lighter
models need to be developed, that contain the
material transport dynamics, as well as the
reaction kinetics. The approach taken in this
project is to use the information from the CFD
models to build simplified mixing models, e.g. CFD
based compartment models.

Finally, the models are to be implemented as
Digital Twins on an industrial scale U-loop
bioreactor at the DTU Pilot Plant. Here, the
objective is to continuously update the model
parameters based on process measurements and
assess the prediction capabilities and control
performances of the different models.

(A)

(B)

Figure 1: lllustration of a U-loop bioreactor (A)
Degassing unit, (B) U-shaped section, (1)
circulation pump, (2) inlets, (3) static mixers, (4)
heat exchanger, (5) gas outlet.
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Figure 2: (Left) Shadowgraphic image of
bubbles rising in water, with contour lines and
velocity vectors of the bubbles (Right) Resulting
bubble size distribution based on the image data.

Accurate monitoring of the process is essential for
the development of digital twins: for model
validation and for real time model update. For
model validation, fluid dynamic measurements of
the liquid phase (Laser Particle Image
Velocimetry) and the multiphase structures
(Shadowgraphy) are performed on the modelled
process.

Moreover, in-line monitoring of the process is used
to update the model parameters, for the model to
be aligned with the process.
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Alternative green downstream routes for the extraction

and separation of polyhydroxyalkanoates

(November 2021 — November 2024)

Development Goals

Contribution to the UN Sustainable

Historically plastics have been produced from petrochemical and fossil
resources with a large environmental impact both in terms of CO:
emissions and plastic waste. More recently the production of the
bioplastic polyhydroxybutyrate (PHB) from genetically modified
Pseudomonas putida is being explored. However, the extraction and
purification of PHB traditionally utilizes toxic solvents and large amounts
of energy. Hence this project aims to develop an effective
environmentally friendly technique to extract PHB from pseudomonas
by integrating unit operations and using novel green solvents.
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Abstract

To ensure efficient extraction of PHB we want to use hypotonic buffers as well as enzymes to disrupt
the cell wall and membrane of the Pseudomonas putida cells, instead of using high pressure
homogenization or ultrasonication, which can be quite energy intensive. For the extraction of PHB we
want to use less toxic and biodegradable/green solvents like ethyl acetate and more novel approaches
like deep eutectic solvents. The extraction is carried out different temperatures with the goal of ensuring
efficient extraction of PHB. To enable fast and efficient precipitation of the PHB after extraction anti-

solvents are used, either methanol or ethanol.

Introduction

The last few decades have shown a willingness
from both the private industry and public to reduce
dependency on oil-based products. This includes
plastics, both due to environmental concerns (bio-
toxicity due to microplastic proliferation, limited
bio-degradability, etc.) and to reduce CO:2
emissions. However, most of the technologies we
use on a daily basis are based on plastics as
essential materials, as the huge range of physical
and chemical properties that plastics possess
make it extremely useful in a large variety of
applications. Hence, eliminating plastics entirely is
all but impossible and substitutes have to be
developed to replace oil-based plastics with more
environmentally friendly alternatives. This is
where polyhydroxyalkanoates (PHAs) come into
play. PHAs are bio-polyesters produced by
bacteria such as Pseudomonas putida through
fermentation and, unlike traditional polyesters,
they are fully biodegradable. Therefore, PHAs
could replace traditional plastics in consumer
goods and medical applications, goods that
require high safety standards. However, the high
cost of fermentation based PHA production,
extraction and purification currently precludes

their widespread adoption across industries.
Especially downstream processing of PHAs, with
a high energy demand and significant use of oil
derived chemicals and solvents, is one of the
current bottlenecks. Optimization of downstream
processing to reduce energy usage and
application of harmful chemicals shows great
potential in making PHAs attractive materials for a
sustainable bio-economy.

Objective

Some bacteria, including Pseudomonas putida,
can produce polyhydroxyalkanoates (PHAs) as
carbon storage polymers in response to
environmental stress. However, these bacteria
can also be engineered in order to produce PHAs
containing alternative chemical substituents,
which are otherwise not produced naturally. One
such case is that of fluorinated PHAs (FPHAs) that
have a high economical potential due to the known
physicochemical properties of fluorinated
polymers. FPHAs display emergent features (e.g.
piezoelectric properties) that make them attractive

to develop novel materials with improved
insulation and electrical properties.

One of the factors hindering the development of a
large-scale industry based on production of both
PHAs and FPHAs is the lack of a consolidated
downstream strategy that enables recovery,
separation and purification of such products in an
economically viable and green manner. FPHAs
(like their non-fluorinated counterparts) are
intracellularly produced and accumulated, thus the
extraction of such compounds is a crucial pre-step
that determines not only the overall economy of
the process but also the quality of the final
products. Chlorinated and other oil-derived
solvents, harsh chemicals and other energy
intensive strategies have been used for extraction
of such compounds from cells at the cost of a huge
environmental impact. Hence, eliminating the use
of such methods and replacing them with ones
that are more viable like the use of greener
solvents and Deep eutectic solvents (DES) may
present an opportunity in the quest for
biodegradable and sustainable plastics.

Results and discussion

The amount of cell disruption after treatment with
lysozyme, hypotonic buffer and sonication was
indirectly quantified with Bradford assay before
the extraction experiments were conducted. It was
determined that the vast majority of cells had been
disrupted at 3 mg/ml lysozyme, after 30 min of
incubation. An experiment was carried out to
determine the maximum extraction at 56.12
mg/ml. However, increasing the incubation time
from 20 to 30 min did not seem to increase the
yield considerably.

After the disruption step direct extraction with the
green solvent ethyl acetate and a deep eeutectic
solvent were carried out successfully. An
experimental design was developed to test
extraction time, temperature and solid-solvent
ratio to try to optimize the extraction. The best
extraction yields obtained after optimization are
shown in figure 1.

Chlorclorm Cihgl Acatsis A 1Y

Figure 1: Yields and purity of the best solvents
(ethyl acetate, and a deep eutectic mixture of
menthol and acetic acid) after extraction
optimization.

Ethyl acetate performed very similar to the
standard chloroform. While the deep eutectic
solvent showed lower yield and purity but overall
showed promise because it is synthesized from
natural materials and the solvent isn’t volatile.

Future work will includes recovering and recycling
the solvents used in the process by membrane
processes as well as scaling up the process to
pilot scale. Other new deep eutectic solvents will
also be tested to contribute to the fundamental
understanding of these new solvents.

Conclusions

The work so far demonstrates that PHB can be
extracted efficiently with green solvents using our
novel extraction procedure. Both yield and purity
were high, but further work on other solvents as
well as scaling up the production will be attempted.
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Influence of acid wash on gas purification in post-
combustion capture

(February 2023 - January 2026)

13 Jeror

Development Goals

Global warming is linked to the increasing concentration of CO:2 in the
atmosphere. Amine-based carbon capture processes are the most
developed technology to mitigate the carbon emissions being released.
A challenge of using amines as a capture solvent is the oxidative and
thermal degradation byproducts, which are formed due to the presence
or oxygen or the high operation temperatures. These components are
highly volatile and can cause damage to human health and the
environment. This project contributes to mitigate the emission of amine
degradation byproducts by utilizing a packed-bed acid scrubbing column.

@ Contribution to the UN Sustainable
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Abstract

Amine-based chemical absorption is the most developed state-of-the-art technology, currently being tested
in high TRL post-combustion capture pilot plants. However, amine solutions are susceptible to degradation
and are corrosive to metal surfaces!. The byproducts of amine degradation are highly volatile and are
emitted with the CO2 lean gas to the atmosphere2. Several methods have been developed to treat post-
combustion CO2 lean gases, such as catalytic combustion, membrane separation, activated carbon
filtration, among others. One of the more promising developing methods is the packed-bed acid scrubbing

method, reaching impurity removal efficiencies up to 90%32, which is studied in this Ph.D. project.

Introduction

In recent years, there has been a strong interest
in carbon capture technologies with the aim of
mitigating climate change and reaching climate
neutrality in the next decades. Amine-based
carbon capture processes are considered to be
the most developed state-of-the-art technologies
for CO2 capture. However, it is widely known that
amines degrade through oxidative and thermal
pathways.

Most of the byproducts produced from the
degradation of amines are very harmful to the
environment and human health. Due to their high
volatility, they escape the system mainly with the
COz2 lean stream. In recent years, there has been
an increase interest in the development of
technologies to treat these components before
they escape into the atmosphere, with the most
promising one being the installation of an acid
wash scrubbing column.

Figure 1: The mobile capture plant being
commissioned at Aalborg Portland.

This study investigates the effect of pH on amine
byproduct capture efficiency and aims to
determine the effects on the operation of the
carbon capture unit (seen in Figure 1), from a set

of parametric changes in the operation of the acid
wash.

Experimental work

The experiments were carried out using DTU’s
carbon capture plant, located in Aalborg Portland
cement plant, Denmark. The flow diagram of the
pilot plant is illustrated in Figure 2. The amine-
based CO2 capture pilot plant is equipped with an
acid wash tower, following the absorption column,
through which the treated flue gas passes. The
solvent blend used for CO2 absorption was an
aqueous solution of 2-amino-2-methyl-1-propanol
(AMP), promoted with piperazine (PZ). AMP/PZ is
a promising absorption liquid alternative to mono-
ethanolamine (MEA), having lower energy
requirements for solvent regeneration, less
corrosion and less amount of degradation
compared to MEA%.
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Figure 2: Process flow diagram for an
absorption-desorption capture unit with an acid
tower.

The efficiency of a packed-bed acid scrubbing
tower in reducing the amine-based contents in the
treated gas stream of a post-combustion carbon
capture pilot plant was evaluated. We use a high-
resolution multi-component Fourier transform
infrared (FTIR) gas analyzer to determine the
amount of degradation products. The pH levels of
the acid wash varied, and tests were performed

while changing the operating parameters of the
pilot plant.

The FTIR gas analyzer is connected to the pilot
plant through four sampling positions. As shown in
Figure 2, samples from five different gas streams
were analyzed: 1) the inlet gas, 2) after the blower,
3) before the acid wash tower, 4) after the acid
wash tower (CO2 lean gas stream) and 5) Product
gas (COzrich gas stream).

Conclusion

The current work concludes that the acid wash
successfully reduces amines and solvent
degradation compounds. The performance of the
wash section is influenced by the change of acid
concentration, the different flow rates and
operation parameters of the thermal driven carbon
capture plan.
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Process Design, Simulation and Costing of Carbon

Dioxide Conditioning Plants
(May 2021 — May 2024)

13 lenov
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Development Goals

Carbon dioxide capture, utilization and storage (CCUS) offers a route
towards the reduction of carbon dioxide emissions from large point
sources. Therefore, the development of the technology is key to
mitigating climate change. This project focuses on the simulation and
optimization of the carbon dioxide conditioning process for pipeline
transport. The study has the potential to reduce the energy consumption
within the CCUS value chain, and further improving the economic viability
of the process.
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Abstract

Carbon dioxide capture and utilization (CCUS) forms part of the key strategies towards the mitigation of
climate change. However, the conditioning of captured carbon dioxide streams is an energy-intensive
process, leading to the reduction in overall energy efficiencies of power plants, or increased electrical
consumption of industrial processes. The current study is aimed at the simulation and the optimization of
the carbon dioxide compression process for pipeline transport focused on capital cost and energy
consumption minimization. The 3D Carbon Capture Project is utilised as a case study.

Introduction e Concept 2 - involves the delivery to the
Kollsnes, Norway CO2 terminal (part of
the Northern lights project). This has a
distance of 1,100 km from Dunkirk, and it
is only considered for ship transport.

e Concept 3 — involves the delivery to a

CCUS presents a key pathway towards the
reduction of direct emissions. CCUS has four
value chain components, which involve the
capture of carbon dioxide from fuel combustion
and industrial processes, conditioning of the ) . .
captured stream, its transport via ship or pipeline, CCUS Dutch PFOJeCt’ with a dlst._ance (_)f
and finally its utilization in other industrial 2.00 km. The final pressure delivery is
processes or long-term isolation from the fixed at 100 bar.

atmosphere [1]. The conditioning process, which

accounts for about 8% of energy consumption of -

the capture process, involves the removal of minor

impurities, and compression or liquefaction of =t
captured carbon dioxide to conditions required for

transportation, utilization or storage [2].

The current research forms part of the 3D Project, ]
which is aimed at demonstrating the DMX™ 1
carbon dioxide capture technology at a steel R,

production facility in Dunkirk, France. In the plvY
project, three concepts are considered for the e NI 7 RN
transport of carbon dioxide, which are illustrated in “-' —-
Figure 27. These, are namely, " -

e Concept 1 —is a standalone concept with
injection into a depleted oil and gas
reservoir, with a distance of 300 km from  Figure 27: Carbon dioxide transport concepts for
Dunkirk. The delivery pressure of the  the Dunkirk 3D Project.
conditioned CO:2 will be ramped from 50 to
120 bar over the storage site’s lifecycle.

Specific Objectives
The objectives of the research area are:

e Simulation and optimisation of carbon
dioxide conditioning processes.

e Assess the influence of impurities on the
carbon dioxide conditioning process.

e Evaluate the accuracy and impact of
various thermodynamic models on
various conditioning process parameters.

Methodology

Aspen HYSYS is employed in the simulation of the
carbon dioxide conditioning process, as well as
pipeline transport. A thermohydraulic approach is
used to simulate the pressure profile across
pipelines. Figure 28 presents the optimisation
algorithm, which considers two pressurization
routes: gas compression, and liquefaction and

pumping.

e | - e
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Figure 28: Carbon dioxide conditioning
optimisation algorithm, adapted from [5].

Results and Discussions

The global rise and adoption of carbon dioxide
capture will require the design of pipelines that can
accommodate current and future pipeline capacity
[3], [4]. The design of pipelines in this way,
increases the economies of scale of pipeline
transport, providing significant investment returns,
and reduces the cost of transport from various
carbon dioxide sources.
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Figure 29: Power requirements of pressurization
routes for different pipeline mass flowrate
scenarios, adapted from [5].

The carbon conditioning process will need to be
flexible to accommodate changes in the pipeline
mass flowrate. Error! Reference source not f
ound. shows that the liquefaction process offers
significant flexibility relative to gas compression,
across all pipeline mass flow rate scenarios.

This work has also explored the modelling of
impurities, which are usually associated with COa:.
The recent work in this area explored the
thermodynamic modelling of sulphur containing
compounds relevant to CCUS [6].
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Figure 30: SO: solubility in water, considering
different SOz association schemes [6].
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Solvation Phenomena in Electrolyte Solutions
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Solvation constitutes a major topic of research in electrolyte solutions, with
applications in electrical power storage, water processing, protein
engineering and more. Despite the development of many models and the
computational assessment of solvent-solute interactions, the current
description of more complex systems is limited in terms of accuracy. This
project aims to gather and develop experimental methodologies in IR
spectroscopy for the estimation of useful properties in solvation modelling.
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Abstract

Aqueous electrolyte solutions are omnipresent in the industrial, bioengineering and environment fields.
In particular, the addition of electrolytes in water can modify its already peculiar thermodynamic
behavior, primarily due to their influence on hydrogen bonding. Hydrogen bonding can be studied
through the observation of the oscillatory motion of OH groups. A promising probe for understanding the
nature of hydrogen bonding is the IR spectroscopic study of the non-ideality of binary alcohol/water
solutions through the application of spectra modelling techniques and excess spectroscopy notions.

Introduction

The excess spectroscopy framework defines
spectra of binary solutions of chromophores in an
identical manner to thermodynamic excess
properties. Considering the spectrum & of a binary
solution expressed in extinction coefficients, the
excess spectrum &F can be defined as [1]:

e =eg—xe —x8

where x; and x, are the molar fractions of
constituents 1 and 2 and &1 and &; are the spectra
of the pure constituents respectively. Given that
spectra are reflections of the interactions of IR
active groups, the extraction of excess spectra
can unveil information about the additional effects
that substances experience when in solutions.
The literature lists a number of spectroscopic
studies where excess spectra were utilized for the
observation of the interesting microscopic picture
of hydrogen-bonding solvents, such as the
existence of microheterogeneity in water/propanol
solutions of various concentrations [2]. The
application of data processing methods such as

principal component analysis (PCA) and
multivariate curve resolution — alternating least
squares (MCR-ALS) allows for the isolation and
identification of the primary effects that dictate the
form of excess spectra while simultaneously
quantifying their contributions. These studies can
be extended to include simple salts in binary
mixtures of hydrogen-bonding substances by
means of determining the influence of electrolytes
on the excess effects, leading to the construction
of a definite ion series that elucidates the
Hofmeister-type effects manifested in aqueous
protein systems as well as viscometric and
interfacial properties of electrolytic solutions [3, 4].

Specific Objectives

e The identification of a consistent observable in
IR excess spectra for the expression of non-
ideal effects.

e The systematization of the ranking of specific
ion effects with correlation to Hofmeister-type
phenomena.

Early Results and Discussion

ATR-IR fundamental spectra were measured for
room temperature solutions of ultrasound-
degassed MilliQ water and dry ethanol. All the
measurements are carried out in a Shimadzu™
IR-Tracer 100 FTIR spectrometer equipped with a
KBr beam splitter. After conversion to extinction
coefficients, the excess spectra (Fig. 1) are
constructed with the procedure stated below.

16"
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Figure 1: Smooth excess spectra of water-
ethanol solutions at room temperature.

The next step is to apply advanced regression
methods in order to identify patterns in the
evolution of excess spectra with respect to the
composition of the mixture. These methods
include PCA and MCR-ALS. Figure 2 illustrates
the outcomes of this analysis.
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Figure 2: Water-ethanol excess spectra model
components produced by the MCR-ALS method.

A quick overview of the band shapes of the excess
spectra components reveals some information
about the state of the mixture. By examining the

3100-3650 cm™' region that corresponds to OH
stretching activity, two components are identified.
Component 1 seems to correspond to the creation
of hydrogen bonds, whereas Component 2 seems
to correspond to the breaking of strong hydrogen
bonds. Component 2 presents a higher
contribution coefficient than Component 1, and the
maximum difference between the two occurs
approximately at the equimolar ratio.

This study is planned to be expanded with more
solvent systems in order to confirm the relation of
excess spectra to mixture non-ideality, as well as
the addition of salts in order to study their effect on
the hydrogen bonding network through the
analysis of the excess spectra components of
solvent 1 + solvent 2 + salt solutions.
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Scaling-up of Trickle Bed Bioreactors for high-rate gas

fermentation
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Surge in the consumption of natural gas due to exponential increase of
energy demand and incineration or degradation of organic waste

i
B

leading to release of CO and CO: into the atmosphere have driven

researchers to venture the production of alternative renewable energy Sambit
source. Syngas fermentation technology aims to create a biobased
circular economy for conversion of 2n generation lignocellulosic Dutta

biomass and other recalcitrant organic wastes to biofuels such as
biomethane which can be directly supplied to the natural gas grid and
reduce greenhouse gas emissions derived from usage of fossil fuels.
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Gasification of lignocellulosic biomass and other recalcitrant organic wastes and subsequent syngas
fermentation are promising technologies for producing biofuels like biomethane. Trickle bed reactors
(TBR) are efficient bioreactors for syngas fermentation allowing for higher concentration of microbial
cells and very efficient mass transfer due to high surface to volume ratio. The current study aims at
developing a tool to simulate volumetric gas-liquid mass transfer coefficient in a TBR as a function of

operating conditions and reactor geometry.
Introduction

Syngas biomethanation involves the conversion of
syngas, a mixture of Hz, CO and CO2 produced
from biomass gasification, into methane through
syngas fermentation. The process has already
reached a TRL of 5 using an efficient trickle bed
bioreactor (TBR) based on mixed microbial
cultures [1]. The technology is very efficient in
transforming syngas into methane and has also
shown promising results in producing other
valuable liquid products such as alcohols and
organic acids [2].

Biomethane, derived from syngas fermentation in
TBR, holds immense potential as a sustainable
energy source. Although lab and pilot studies are
very encouraging, optimization and scaling-up are
crucial for successful continuous operations [3].
The TBR configuration ensures optimal
distribution of gaseous substrates and nutrients to
the responsible microbial cultures for the
conversion process [4], but it comes with a
significant challenge. That is simulating the
intricate mixing of gas and liquid within the reactor
and the transfer of gaseous substrates into the
liquid phase. The mass transfer coefficient,
denoted as kua, is pivotal here. A higher kLa value
enhances reactor performance by increasing

substrate availability to microbes, boosting
reaction rates, and maximizing syngas utilization.
Precise determination of k.,a is pivotal for
designing and scaling up efficient syngas
biomethanation.

Specific Objectives

o Experimental determination of volumetric
mass transfer coefficient for CO, Hz and CO2
in a trickle bed reactor with co-current gas and
liquid flow.

e Developing a dimensionless correlation of the
coefficient with the operating conditions and
structural characteristics of the reactor to
predict mass transfer coefficient of the gases.

e Finally, development of a kinetic model to
simulate the experimental data from the mass
transfer experiments.

Results and Discussion

The experimental determination of volumetric
mass transfer coefficient was carried out in a lab
scale TBR with continuous flow of gas and water
(Fig. 1). The experimental data obtained was fitted
with a dimensionless correlation (Eq. 1) and the
parameters were estimated [5].

_ DefrLg 0.7436 —1.444
(kpa)y = 4z Q*Xg * Rey, *

WeLl * SCL3.2919 * 92.0977 (1)
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Figure 1: lllustration of volumetric mass transfer in
lab scale trickle bed reactor for co-current flow of
gas and liquid.

Fig. 2 illustrates the variation of experimental
values and model-predicted values of kLa with ReL
at syngas flow rates of 6.11 ml/min and 3.7 ml/min.
It was observed that the model accurately fitted all
three gases, with an R? value greater than 0.99 for
each of them.

Figure 2: Comparison
of experimental (Exp)
and Model (MdI)
estimated values of
kia vs ReL at syngas
flowrates of 6.11 and
3.7 ml/min.

Following the experimental determination of kLa
and developing a dimensionless equation (Eq. 1)
able to predict the kLa values at different gas and
liquid flowrates, a kinetic model was developed to
simulate the data obtained from the mass transfer
experiments in the TBR. The developed model
was used to predict the concentration of gas
components in the gas and liquid phase of the
TBR. There was an excellent quantitative
agreement between the model predictions and the
measured concentrations of Hz, CO and COz in
the gas and liquid phase of TBR. Fig. 3 shows the
high conformity of gas concentrations in the gas
and liquid phase of TBR between experimental
(Exp) and model (Mdl) predicted values at gas and
liquid flowrate of 6.11 and 3.4 ml/min respectively.
The dynamics of CO:2 dissociation was also
included in the kinetic model.
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Figure 3: Comparison of Exp and Mdl predicted
values of concentration of Hz, CO and CO:z in gas
phase and liquid phase for TBR.

The kinetic model was also validated for pilot scale
TBR and for gas and liquid Reynolds number less
than 1 and 15 respectively.

Conclusions

A dimensionless correlation for determining the
volumetric mass transfer coefficient in TBR was
developed. The correlation is a function of gas and
liquid flowrates, physical properties of gas and
liquid, reactor geometry and reactor configuration.
The developed kinetic model based on the
dimensionless correlation can be used for
simulating variable mass transfer rates of gas
components in a TBR. The mass transfer model
will further be incorporated into a biotic model that
will consider microbial growth and biofilm
formation and be used as a tool for process
design, optimization, and up-scaling.
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An artificial skin membrane for drug permeation will increase innovation in
the health sector by facilitating easy screening of new pharmaceutical
formulations. More screening can be done, enabling pharmaceutical Sofie
optimization, and inventing new pharmaceuticals. The high variation
between ex vivo skin samples is a big challenge in transdermal drug
delivery. Using an artificial skin membrane will decrease variation, enable
comparison between formulations, and circumvent ethical considerations
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Abstract

This project will focus on creating an artificial skin membrane to test and screen new pharmaceuticals
and formulations. The membrane will consist of a layered skin substitute made of polyether sulphone
with varying porosities. The permeability of different drugs through the membrane is currently being
investigated. In addition, photo-responsive hair fibers made of liquid crystals have been fabricated. The
responsive hairs imitate a shortcut pathway by allowing drugs to permeate trough the cavity around the
hair fiber thereby circumventing the tough barrier of the skin. Moving the hairs will mix drugs deeper into

the cavity and increase permeation of drugs.
Introduction

The transdermal route for drug delivery offers
better patient comfort than injections due to
trauma-free delivery. The skin pathway provides
local delivery compared to the oral route, which
lowers the dose needed since the drug doesn’t go
through the first-pass metabolism in the gut. Skin
consists of three layers: Epidermis, dermis, and
hypodermis. Adding to the complexity, the skin
also contains vasculature, sweat glands, and hair
follicles. To replicate the total permeation of the
skin, the three main pathways through the skin
must be simulated. The pathways are the
intercellular pathway (zigzag through the lipid
matrix), the intracellular pathway (Direct route
through corneocytes and lipid matrix), and the
short cut route through the shunt pathways
(through sweat channels and hair follicles) [1], [2].
This project will focus on the creation of a three-
layered artificial skin membrane including photo-
responsive hair fibers for studying permeation
properties.

Specific Objectives
Permeation

The permeation of membranes is investigated with
a Franz cell setup, as shown in Figure 1. The

setup consists of a receiver solution, the test
membrane, and a donor solution. The drug for
which the permeation is tested is in the donor
solution compartment. The donor can, e.g., be a
solution, a patch, or a cream. The membrane is
located between the donor compartment and the
receiver solution as a barrier. Samples are taken
from the receiver solution through the tube, and
the permeated amount can be determined.

Figure 1: lllustration of Franz cell setup.
Hair fibers

The pore around hair fibers is filled with oil from
the skin. The idea is that by moving the hairs the
drug dissolves in the oil. The drug can then be
mixed down in the cavity by moving the hair fiber,

thereby circumventing the epidermis barrier. The
movement was created by changes in the
molecular aligned oligomer units which the fiber
consists of. The mechanism of bending is
illustrated in Figure 2. 1/10 of the oligomer units
have a trans bond. lllumination with light of 365 nm
changes the trans bond to a cis bond thereby
pushing neighboring molecules upright. This
results in an extension of the fiber. The trans
bonds will be converted with a gradient since the
light is absorbed in the fiber. The fiber therefore
only extends in one side creating the bending
movement. The cis bond is converted back to the
trans bond and the relaxed stage by light
illumination at 455 nm [3].

i Y
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Figure 2: Mechanisms for fiber bending. Trans
bonds are converted to cis bonds, resulting in the
bending of the fiber.

Results and Discussion

Permeation

The permeation through different thicknesses of
the polyether sulphone membranes has been
investigated. Here illustrated by the permeation of
caffeine
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Figure 3: Permeation of caffeine through
polyether sulphone membranes.

The permeation of caffeine through the
membranes is lower than the literature values of
caffeine through human skin [4]. However,
permeation in the artificial membrane may be

increased with incorporation of sweat ducts or hair
follicles. More drugs are to be investigated, the
hair fibers are to be included, and the membrane
parameters need to be optimized.

Fiber bending

The hair fiber was fabricated by heating the
oligomers until they started to flow. The viscos
mixture was contacted with a plate and the plate
was pulled up thereby aligning the oligomers and
forming the fiber (like chewing gum between
plates). The fiber was cured between the plates
whereafter one side was cut free. The fiber can
bend approximately 40° reversibly, as shown in
Figure 4. The bending mechanism takes approx.
60 seconds and the bending back around 10
seconds.

Figure 4: Bending of a fiber. A) before light, B) and
D) after light at 365nm, C) after light of 455nm

Conclusion

Permeation of the membrane without hair follicles
is currently being investigated. The permeation of
caffeine through the membrane is lower than
literature values, however, permeation may be
increased by adding hair follicles to the
membrane. Photo-responsive hair fibers have
been fabricated. The hair fibers bend
approximately 40° in 60 s when exposed to light at
365 nm. The fibers bend back in 10 s when
exposed to light of 455 nm. The permeation of
more drugs needs to be investigated and the hair
fibers should be incorporated in the membrane.
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Characterization and modification of pore size

distribution in epoxy intumescent chars
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Intumescent coatings serve as passive fire protection systems for steel
structures used in buildings and offshore platforms. Ensuring a correct
performance of these coatings is essential for safeguarding people’s
security since they can significantly extend the structural steel’s load-
bearing capacity during a fire incident. The heat-insulation properties of
the intumescent char rely heavily on its internal porous structure.
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Gaining a deep understanding and control of the internal morphology of

the char will aid in the creation of reliable products which can contribute

to build safer places for society.
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Previous experimental research studies show that physical morphology of intumescent chars is a key factor
on the insulation properties of the material, even more than the expansion ratio. In this project, fluorescent
microscopy is employed to record the internal structure as it has been proved to be an effective image-
recording method for intumescent chars. Results will be compared with other techniques such as Scanning
Electron Microscope and Computed Tomography. Based on the acquired images, pore size and pore shape
distribution can be quantified along the char thickness. This analysis provides an insight into how char
develops under varying conditions and helps identify the ideal porous structure. The ultimate objective is to
exercise control over the pore size distribution through a formulation testing approach.

Introduction

One of the major risks during a fire is the collapse of
buildings and other platforms. Steel beams
supporting a structure can lose about 40 to 60% of
its load bearing capability when exposed to
temperatures above 500 °C. Hence, it is important to
establish an effective fire protection measure for the
structural steel to enhance its resilience in the event
of afire. This, in turn, can help prevent further losses
of lives [1]. Intumescent coatings are one of the most
interesting solutions. When they are exposed to high
temperatures, they swell and expand due to a series
of chemical reactions. As a result, the coating
transforms into a highly porous char that insulates
thermally the steel beam [1].

It was earlier believed that what provides insulation
properties to the intumescent coatings was the
expansion ratio. However, recent studies show that
the internal morphology of the char plays a more
significant role. Zeng et al. [2] showed that a char
with dense and compact structures insulates better
than light and highly expanded porous chars. The
authors suggested, from a qualitative perspective,
that the reason behind it relies on how the different
pores are distributed along the char thickness.

Depending on the heat transfer mechanism, certain
types of pores and porosities are ideal for an optimal
insulation [3]. Achieving the ideal char appears to
involve finding a balance between pores size,
porosity, and expansion.

The goal of this project is to quantify the porous
structure of intumescent chars, to obtain a deeper
knowledge on how intumescent chars grow. The
research output would provide valuable insights into
achieving the optimal balance between pore size,
porosity, and char expansion. Furthermore, this
information would offer guidance on effectively
controlling char growth.

Methodology
Simulation of fire scenarios

The intumescent coatings in this project are exposed
to standardized heating rates which replicate specific
types of fire. Examples of this are the UL-1709 or the
ISO 834 standard fire curves. Additionally, the
coatings are exposed to non-standard heating
curves.

For this purpose, the CoaST fire set up, developed
by CoaST group in DTU is used. A more detailed
explanation can be found in the paper written by

Jochen et al. [4]. Lab-scale electric furnaces are also
employed in this project. The CoaST group adapted
an electrical furnace, which can achieve
standardized heating curves.

Characterization of the porous internal structure

Image recording techniques are proposed to map
and quantify the internal structure of intumescent
chars. For this purpose, fluorescent microscopy is
proposed as it has been proven to be an effective
method [5]. Results will be compared with other
image recording techniques such as Scanning
Electron Microscope and X-Ray Tomography.

To quantify the internal structure, the images
obtained from X-Ray tomography, S.E.M and digital
microscope were processed in an open-source
interactive machine learning code and by an
automated pore size and porosity measurements
program.

Results and discussion

A commercial epoxy-based intumescent coating was
exposed to UL-1709 curve in the CoaST fire set up.
The char was analyzed by fluorescent microscopy.
Figure 1 shows the pore size map of a portion of the
char sample in contact with the steel substrate (y=0
mm).

Figure 1: Pore size distribution map of intumescent
char. It shows the portion directly in contact with the
steel substate.

The structure displayed in Figure 1 shows a typical
“compact” porous structure. It is a dense structure
composed of small-circular pores. Nonetheless, the
structure is not uniform, and larger elliptical-shaped
pores become more prominent when moving to the
right along the x-axis. Pore size varies from 120 ym
to 5 ym. The porosity calculated in this portion of
char was 56 %.

However, the most significant variations were
observed when comparing distinct regions located at
various positions along the char thickness (y-axis).
Figure 2 shows the pore size distribution of region
y=0 m (bottom layer) and another region at y=5 mm
(top layer)

Figure 2: Pore size distribution at different positions
in the char thickness. Top layer (red) and bottom
layer (blue lines).

It can be observed that considerable bigger pores
are found in the y-position close to the char surface
i.e., higher y values. Also, porosity varies. In the top
layer a porosity of 70.1 % is obtained meanwhile in
the bottom layer a porosity of 54 % was found. These
disparities arise due to differences in how heat
transfers across the different layers.

Conclussion and future work

The porous structure within intumescent chars
exhibits non-uniformity, with variations in pore size
and porosity occurring both across the thickness and
horizontally. These discrepancies can be attributed
to variations in heat transfer and intumescent
activation within distinct layers, subsequently
affecting the way bubbles develop and influencing
the overall expansion ratio.

To delve deeper into this phenomenon, char growth
at different heating rates will be examined and the
results will be compared with the coatings'
rheological behavior.
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Digitalization of downstream process design and

development
(May 2022 — May 2025)

Development Goals

continuous chromatography can be realized.

Digitalization of downstream processes can yield significant reductions
in production costs and utilities as it can enable state-of-the-art process
concepts such as real-time optimization and model predictive control. It
can also ease implementation of more complex continuous processes.
One area where the potential of continuous proccesses has not been
reached is chromatography. Being an essential unit operation in the bio-
pharmaceutical industry, most chromatography units are run in batch-
mode despite the many benefits from running in continuous mode, eg.
reduced utilities. This project aims to show how digitalization of
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Abstract

In the bio-pharmaceutical industry, chromatography is a workhorse unit operation. Chromatography is
typically operated in batch mode, although there are many benefits when transitioning to continuous
operation. A particular challenge with implementing continuous chromatography such as simulated
moving bed (SMB) is the design of the operation [1]. In this work, a generic design method has been
developed for the design of SMBs and gradient SMBs. The method has been verified through numerical
simulations of the underlying partial differential equations. A numerical method for solving
chromatography models has been implemented to solve the partial differential equations faster.

Introduction

In the bio-pharmaceutical industry, chromatogra-
phy is commonly found as a downstream unit
operation. Chromatography is typically operated in
batch mode, although there are many benefits
when transitioning to continuous operation such
as reduced CAPEX, higher capacity utilization, a
better controlled process, reduced utility
consumption, higher purity and higher yield [1].
One of such continuous operations is the
simulated moving bed (SMB), shown in figure 1.

%, it
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Figure 1: A schematic of a SMB.

For batch chromatography, applying a gradient
can increase productivity and enable complete
separation. This concept can also be transferred
to SMB, called gradient SMB. The idea is that in
zone 1 and zone 2, where desorption takes place,
a low-affinity zone is introduced to lower the
affinity of the components to the resin, whereas in
zone 3 and 4, a high-affinity zone is introduced.
For liquid chromatography, the most common
gradient SMB is based on altering the modifier
concentration in the feed and desorbent.
Comparing gradient SMB to isocratic SMB, there
are many advantages such as increased
productivity, reduced eluent consumption,
reduced production cost, increased product
concentration both in closed-loop configuration
and open-loop configuration [2]. The design of a
SMB is typically performed by determining the
dimensionless flowrate ratios, m;, of a True
Moving Bed (TMB). The flowrate ratios are
determined in such a way that they ensure
complete separation of desired components. The
advantage of designing a TMB is that a TMB has
steady state solutions whereas a SMB has cyclic
steady state solutions. The results from the TMB
are then converted to SMB flowrates.

Objectives

The main objective of this project is to investigate
how to design complex chromatography units
such as SMB. So far in this project, a flexible
design method for isocratic and gradient SMB for
multicomponent systems has been developed.
The method has been verified with numerical
SMB simulations.

Methodology

The developed design method is based on
designing a TMB and then converting the
dimensionless flowrate ratios to SMB flowrates.
Design conditions for the dimensionless flow rate
ratios are determined by combining differential
mass balances, constraints and overall mass
balances. The TMB steady state solutions to the
quasi-linear first order partial differential mass
balance equations are combined with constraints
for each section. The constraints ensure complete
separation of the desired components. The results
can then be converted to SMB flowrates [3], [4]. A
design method has been developed and verified
numerically. The method can not only be used for
isocratic SMB and gradient SMB but also other
variants of the SMB.

The method has been compared to more
comprehensive chromatography models which
were solved numerically using Finite Volume
method.

Future challenges

The developed design method can be used to
design different continuous operations.

The comparison between the design method and
the more comprehensive model shows that the
design method should be used with care. Some
general aspects are captured with the design
method and the design method give a good initial
guesses for an optimization with a comprehensive
model but solely basing a SMB design on the
shortcut method can result in incomplete
separation.

Hence, to design SMB, one should set up an
optimization problem using a comprehensive
model. However, the computational time for
solving this problem is very long when the partial
differential equations (PDE) are solved using the
Finite Volume methods. To circumvent this time-
demanding problem, we are investigating how to
numerically solve the PDEs faster using more
novel approaches. More specifically, we are
implementing a Discontinuous Galerkin Spectral
Element Method (DGSEM) in the programming
language Julia. In short, in the DGSEM, the

domain is discretized into cells wherein the
solution of the PDE is approximated using sum of
products between polynomials and polynomial
coefficients. The DGSEM is specifically useful for
stiff systems which are present when solving
chromatography models. Using the Finite Volume
method for solving PDEs, if one doubles the
number of elements, the error is quartered i.e., the
order of convergence is second order. For
DGSEM method, the error converges specitrally
i.e., 4-5" order convergence can be obtained. That
means the solution can be approximated
accurately using fewer elements which results in
significantly decreased computational time. This
can enable complex optimizations such as
designing SMBs. The implementation can be
found in https://qgithub.com/jespfra/ CADET-Julia.

Conclusion

A design method has been developed to design
continuous chromatography operations. However,
the design method should be used with care. A
DGSEM implementation has been implemented to
decrease computational time for solving
comprehensive chromatography models.
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Liquid coatings without the use of solvents
(April 2022 — March 2025)

Development Goals

Contribution to the UN Sustainable

Ships are coated with protective coatings to prevent corrosion from the
saline environment in the sea. It is required, due to the ships’ large surface
areas, that the coating formulations are sprayable, thus the coatings
contain volatile organic solvents (VOC). When the coating dries, the often-
toxic VOCs evaporate into the environment. In this project we are proposing
a strategy where low viscosity cyclic silicones are added to silicone
coatings, to lower the viscosity without using VOCs. The cyclic silicones will
be a part of the dried coating and not be emitted to the environment.
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Abstract

Classical network theories predict that the product is a viscous, very long linear polymer chain if two
difunctional polymers are reacted. In this work, dihydride-terminated silicone and divinyl-terminated
silicones are mixed with a platinum catalyst, and the product is an elastic material, contradicting network
theories. The best explanation for this phenomenon is that the product is a network of interconnected
silicone rings. These ring networks were found to be more stretchable and softer than classical chemical

crosslinked silicone elastomers.
Introduction

Cyclic polymers or ring polymers are, as their
name suggests, polymers without chain ends.
This endless structure dramatically changes the
dynamic of the cyclic polymers compared to their
linear counterparts. For linear polymers,
movement of the end groups, called reptation, is a
significant factor for their mobility. Cyclic polymers
cannot reptate, which significantly changes their
mobility and results in interesting properties [1].
These unique properties include lower viscosity
and lower hydrodynamic volume [2,3].

Silicone polymers are generally liquid and can be
chemically crosslinked to achieve a network
structure and, thereby, an elastic material called
an elastomer. A very interesting prospect of cyclic
polymers is what type of networks they can be part
of. One can imagine a network solely consisting of
cyclic polymers, where the polymers are
crosslinked by the physical restrictions that occur
from the concatenation of rings, see Figure 1.
Furthermore, a network where linear and cyclic
polymers are mixed, and the linear polymers
thread the rings can also be envisioned. The last
decades, it has been debated how incorporating
cyclic polymers into an elastomer will affect the
properties of the resulting network structure.
Cyclic polymers can only be produced in small
quantities; thus, experimental research on this
topic has been minimal [4,5].

Figure 1: A concatenated ring network.

According to classical network theory, making a
network solely from difunctional polymers is
impossible because difunctional polymers cannot
be crosslinked but only chain extended. However,
when P. Hu et al. [6] mixed a monovinyl-
monohydride-terminated silicone with a platinum
catalyst and obtained a material with elastomeric
properties. A possible molecular structure that
would explain this observation is end-to-end
coupled polymers, as shown in Figure 2. The
obtained material would, in this way, be
crosslinked by the physical interconnections

between the rings.

M :5H M :-CH=CH, /\./\\-/\ :Silicone

Figure 2: Ring formation by a platinum-catalyzed
reaction of a monovinyl-monohydride-terminated
silicone.

There are few commercially available monovinyl-
monohydride-terminated silicones; therefore, it is
limited how much this particular system can be
altered. In this work, we explored the possibility of

achieving an elastomeric network based on
siloxane rings by mixing dihydride silicones with
divinyl silicones. Due to the many commercially
available divinyl- and dihydride-terminated
silicones, tuning the «cyclic network by
investigating various starting materials is possible.

Specific Objectives

The objectives for this project are:

(1) Develop a method to produce elastomers
using cyclic silicones.

(2) Investigate the resulting properties of silicone
networks containing cyclic polymers.

(3) Optimise the silicone elastomers for use in
coatings.

Results and Discussion

A linear vinyl-terminated silicone and a linear
hydride-terminated silicone were mixed with a
platinum catalyst, cast in a mold, and left in an
oven overnight at 80 °C. Just as the system with
monovinyl-monohydride-terminated silicone, the
system cured, and an elastic material was
achieved. In Figure 3, the proposed reaction
scheme is shown.

NN\ a s g NN P (:)
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Figure 3: Ring formation by a platinum-catalyzed
reaction between dihydride-terminated silicone
and divinyl-terminated silicone.

The ultimate elongation was determined from
tensile testing to compare the obtained ring
network to a classical chemical crosslinked
network. Figure 4 and Table 1 show that the ring
networks can be stretched larger than a classical
cross-linked network. It was possible to produce a
ring network stretched more than 2000 %. An
explanation for why ring networks are much more
stretchable is that the concatenated rings are
more dynamic and mobile and not restricted by
chemical bonds. Furthermore, when comparing
Young’s moduli of the two types of networks, the
ring networks are softer than the classical
network.

Table 1: Data from tensile testing of a network
with cyclic silicones and a classical linear
elastomer.

Type of Young’s Maximum
network Modulus elongation [%]
[MPa]
Classical 0.207 150
Ring 0.073 2260

Classical network
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Figure 4: Stress-strain curve for a ring elastomer
and a classical chemically crosslinked elastomer.

Conclusion

In conclusion, it has been shown that it is possible
to produce elastomers consisting solely of cyclic
silicones by reacting difunctional hydride-
terminated silicones with difunctional vinyl-
terminated silicones. When comparing the
properties of the ring elastomers to those of the
classical elastomers, the ring networks are softer
and much more stretchable.
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Prediction of solid-liquid equilibria in electrolyte

solutions
(January 2022 — December 2024)

Contribution to the UN Sustainable

Development Goals

In this project we seek to enable prediction of thermodynamic properties
that are essential for modelling stability and equilibria for electrolyte
systems and materials where crystalline solids occur. This will
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contribute to efficient, well-informed and innovative developments in

these fields. It is especially relevant to enabling better models that

Fromsejer

facilitate sustainable and cost-effective development in the energy

sector, where information about solids is needed in a host of areas
including heat and energy storage, carbon capture and storage,
geothermal energy and novel nuclear fission reactors.
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Thermodynamic stability is commonly quantified by the enthalpy (H) and Gibbs free energy (G). Despite
the fact that knowledge of these properties is essential to many disciplines, literature data are often
absent or incomplete for many solids. We present a method for prediction of H and G at constant volume
and pressure in the harmonic approximation, through first-principles phonon calculations. We
demonstrate that this model accurately describes the temperature-dependence of H and G at
significantly reduced computational cost compared to conventional methods [1]. Moreover, we present
and evaluate an approach that allows for accurate prediction of the formation enthalpy (ArH) based on

reaction networks.
Introduction

Experiments to determine formation enthalpy
(AsH) and Gibbs free energy of formation (AsG) are
often difficult to perform for solids, especially
across wide temperature ranges. Consequently,
although these properties are essential to
prediction of e.g. solid-equilibria, they are
unavailable for many salts. For several decades,
numerous methods have been proposed for
prediction of ArH and ArG but many of them are
only applicable to a limited range of compounds
and/or temperatures [2]. Electronic structure
methods, based on quantum mechanics, provide
extensive applicability and generality but the
conventional approaches to calculate AsH and AsG
are computationally costly [3]. We propose and
explore a modification on these conventional
approaches,  which  significantly  reduces
computational time with little to no loss of
accuracy.

Specific Objectives
The main objectives include:

e Increase predictive capability of
thermodynamic models for systems
containing solids.

e Develop easy-to-use and computationally
inexpensive methods that enable predictions
of the thermodynamic properties of solids.

e Use predicted properties to model physical
phenomena, particularly in electrolyte-
containing systems.

Results and Discussion

Often, time-consuming calculations are carried out
using density functional theory (DFT) to assess
the effect of thermal expansion of the crystalline
structure on the thermodynamic properties. We
show that, if the effects of thermal expansion are
neglected by adhering to the harmonic
approximation, we still observe very good results
for the prediction of thermodynamic formation
properties. Fig. 1 illustrates this for A:G for a
number of compounds. The thermodynamic
properties were obtained from phonon
calculations carried out using DFT with the PBEsol
functional [4]. This model is only “semi-predictive”
in the sense that its current implementation
requires an externally sourced, accurate reference
value/parameter for AsH or AsG (either is sufficient)
at a single temperature to accurately predict AsH
and AfG. For numerous compounds it is possible

to obtain such values in the literature. However,
for many other compounds these values are not
available or trustworthy.
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Figure 1: The error in predicted AsG for a number
of compounds relative to experimental data from
NIST-JANAF. Predictions were applied a
correction using experimental data for AsH at 298
K obtained from NIST-JANAF [5]. MAE = mean
absolute error, MARE=mean absolute relative
error, N=no. of compounds.

In order to bridge the gap between “semi-
predictive” and fully predictive, we have developed
and employed a reaction network approach,
based on DFT calculations and literature data, to
predict AfH at 298.15 K. Figure 2 shows the
performance of our predictions using this
approach. Overall, the performance is very good
compared to current methods available in
literature, although chemical accuracy is still not
achieved.
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Figure 2: Parity plot of enthalpy of formation
predicted using a reaction network compared to
literature [5][6] for 1682 compounds.

Conclusions

By assuming no thermal expansion for solids we
demonstrate that there is nonetheless excellent
agreement with experiment for the thermodynamic
formation properties. This assumption allows for
significantly reduced complexity and resource
requirements in calculations. Furthermore, we
have shown that we are able to quite accurately
predict the enthalpy of formation using a reaction
network. Consequently, these findings and
methods may help improve prediction of
thermodynamic properties of solids and advance
applications that rely on these properties.
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Syngas Fermentation to CO.-Neutral Chemicals

(November 2020 — November 2023)

Development Goals

usage and land use for biomass growth.

Contribution to the UN Sustainable

Organic commodity chemicals are currently being produced through
petroleum refining or ad hoc biomass fermentations, while organic César
waste tends to be burned for heat and electricity or degraded in
wastewater plants with waste gases, such as CO3, being released into
the atmosphere. Microbial electrosynthesis technology aims to create a
circular model merging waste management with chemical production,
reducing thus greenhouse gases emissions derived from fossil fuels
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Abstract

Microbial electrosynthesis holds the potential to produce fuels and commodity chemicals from CO2 and
renewable energy. For the past years, there have been intense research efforts to expand the product
portfolio. This project targets the production of C4 (butyric) and C6 (caproic) organic acids from COg;
especially caproic acid has a higher value and lower extraction costs than shorter volatile fatty acids.
This study found that both the addition of acetic acid as a chain elongation precursor, as well as the
operation at lower pH, contributed to improving the yield of butyric and caproic acid production in

bioelectrochemical systems.
Introduction

To limit cumulative CO2 emissions and climate
warming the world economies must at least reach
an average carbon neutrality. Models predict the
1.5°C temperature increase (triggering irreversible
climate changes) to be reached before the end of
the century, while models limiting the temperature
increase to this boundary imply immediate CO:2
emissions reduction [1]. The chemical industry
sector has a great potential to contribute to carbon
emissions reduction, since most chemicals are still
produced from fossil fuels [1]. Microbial
electrosynthesis is one of the technologies that
could aid in the decarbonization of the chemical
industry, as it uses renewable electricity to convert
CO2 emissions into chemicals with low-carbon-
footprint.

So far, acetic acid is still the main product of
microbial electrosynthesis, but significant efforts
have been made in the last decade to expand the
product portfolio and target higher value
compounds [2]. Our project aims at studying two
of the main parameters affecting the conversion of
CO:z2 into butyric (C4) and caproic (C6) acid using
bioelectrochemical systems (BES): the chain
elongation precursor used, and the operation pH.

Specific Objectives

e Todesign continuous, pH controlled, BES and
enrich syngas fermenting communities.

e To study how carbon source and pH
conditions shape the microbial community
and its performance.

Results and Discussion

In this study, two H-type BES systems were used
to investigate strategies to enhance the production
of butyric and caproic acid from CO2 and acetic
acid. The BES were run with constant supply of
fresh catholyte and gas flow, and controlled cell
voltage, catholyte pH, and temperature. They
were first run on CO2 as the chain elongation
precursor, and after reaching a steady-state acetic
acid was also added. Fig. 1 shows how the
addition of acetic acid improved greatly the
elongation to butyric and caproic acid.

The systems were subsequently switched to an
operational pH of 5. Fig. 2 shows how lower pH
operation enhanced the elongation to butyric and
caproic acid, probably by improving the conditions
for ethanol production as a necessary
intermediate reaction.

Hariklia N. Gavala, loannis
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Figure 1: Butyric and caproic acids titers, in g L,
in the two BES, using CO2 and CO2 + acetic acid
as a chain elongation precursor.
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Figure 2: Butyric and caproic acids titers, in g
L, in the two BES, at pH 6 and pH 5 operation.

Moreover, using SEM analysis, two different
bacterial communities were seen to populate the
cathode biofilms: a constrained consortia was in
contact with the cathode, covered by layers of a
more diverse community (Fig. 3).

Conclusions

This study showed how both the addition of chain
elongation precursors (acetic and butyric acid)
and the reduction of pHto 5 favored the production
of longer chain fatty acids, while decreasing the
COz2 consumption. At the end of the study, the
SEM analyses of the cathode biofilms at pH 5
revealed two distinct communities present in the
biofilm: a community of solely rod-shaped bacteria
in contact with the cathode covered by a highly
diverse bacterial community.

Figure 3: Visible biofilm in the surface of the BES1
graphite cathode (A) and pictures of the fixed
biofilm taken by the scanning electron microscope
(B-H). From left to right and top to bottom, 20x
magnification picture of the cathode, where the
cracks in the biofilm can be seen (B), bacteria on
the graphite surface (C and D), bacteria on top of
biofilm surface (E and F), and pictures were both
the graphite surface. and the biofilm surface
distinct communities can be seen (G and H).
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Process studies of electrically heated clay calciners
(September 2022 — August 2025)
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The cement industry is looking for ways to significantly reduce its CO2
emissions. One step is to substitute some of the limestone with clay, as
clay does not emit CO2 when processed. Another step is to substitute the Roohangiz
combustion of fuels with high temperature electric heaters. Combining
both steps enables the fossil-free production of cement, resulting in a
significant reduction of CO2 from the cement industry. If the CO2 emitted
by the limestone is stored, concrete becomes carbon negative. Therefore, Supervisors: Peter
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Abstract

This study explores strategies to reduce CO2 emissions in cement production by utilizing calcined clays and
electrical heating for clay calcination. Electrically heated hot gas is introduced into a flash calciner to activate
kaolinite clay. A simulation of the electrically heated clay calcination process is developed in Aspen Plus to
provide a comprehensive understanding of the process and investigate the impact of process parameters
including the clay reaction kinetics, kaolinite content, and gas/solid ratio on critical process performance.

Introduction

The cement industry emits as much as 8% of global
CO2 emissions [1]. The main contributors to CO:2
emissions from cement production are the
calcination of limestone, and the use of fossil fuel on
the cement plants [2]. The substitution of calcined
clays as supplementary cementitious materials
(SCMs) provides an opportunity to reduce cement
production's carbon footprint [3]. Furthermore,
electrification of the heat supply for the clay
calcination process is an effective way to avoid fossil
fuels and reduce CO2 emissions [4]. In the current
study, electrically heated hot gas is introduced into a
flash calciner to provide the energy for calcining
kaolinite clay.

Specific Objectives
The objectives of this work are to:

e develop a process model of the electrically
heated clay calciner system.

e establish mass and energy balances in the
system.

e investigate different configurations of the clay
calciner process on process performance.

e Study the influence of process operating
conditions on energy efficiency.

Process Description

The diagram of the process is illustrated in Figure
1. The clay feed is introduced into the preheating
cyclones. The preheated clay enters the calciner,

where hot gas is introduced to supply the energy for
clay dihydroxylation. The product

Calcen

Figure 1: Block process diagram of electrically
heated clay calcination process

and hot gas are separated in cyclone stage 3,
whereby the hot gas returns to the preheating
cyclones. The gas is cooled in a heat exchanger in
case the gas temperature is too high, then passed
through a bag filter and a fan before being recycled
to the hot gas generator.

Modeling Method

An Aspen Plus model is developed to simulate the
clay calcination pilot plant. This model consists of

main unit operations connected by flows of gas and
particles. Additional units are incorporated to
simulate specific conditions not directly supported by
Aspen, such as the dihydroxylation reaction in
cyclones. Reactors are then utilized before
preheating cyclones to replicate this reaction.

Result and Discussion

The model establishes energy and mass balances
for the process and yields information on equipment
parameters like calcination degree, which indicates
how much clay converts into calcined clay. The
impact of key process parameters such as clay
dehydroxylation activation energy, kaolinite content,
and gas/solid ratio on calcination degrees in
preheating cyclone stages and the calciner is
investigated. It is seen in Figure 2.a that lowering the
activation energy enables the reaction to occur at
lower temperatures, which leads to increased
dihydroxylation in the cyclones. Figure 3.b
demonstrates that an increase in kaolinite content
results in a minimal change in the temperatures
affecting the calcination degree in cyclones. Figure
3.c illustrates that raising the gas/solid ratio
increases the hot gas in cyclones, elevating
temperatures and promoting dihydroxylation.

Conclusions

Table 1 provides a numerical insight into how
alterations in activation energy, kaolinite content,
and gas flow rate affect the energy efficiency of the
clay calcination process, offering valuable
information for process optimization. Changing
properties of clay feed, such as a 10% increase in
activation energy and kaolin content, or adjusting
process parameters, like a 10% increase in gas flow
rate, results in increases in energy demands.

Table 1: The table text is placed above the table.

Required energy per kg of calcined clay
(kJ/kg)

Reference case 1692

10% increase in activation energy 1706
10% increase in kaolinite content 1791
10% increase in gas flow rate 1699
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Figure 2: Influence of a) dihydroxylation kinetic
b) kaolinite content c) hot gas flowrate
on calcination degree in cyclones and calciner
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Novel inhibitive pigments for anti-corrosive coatings

(March 2023 — March 2026)

Development Goals

Contribution to the UN Sustainable

This project, focusing on the development of advanced materials for
corrosion protection, contributes significantly to United Nations
Sustainable Development Goal 9: Industry, Innovation, and
Infrastructure. By addressing challenges in material protection through
creative solutions, it fosters sustainable industrial practices and
encourages innovation in various sectors. Through research and the
application of cutting-edge methods, this project not only ensures the
durability of infrastructure but also promotes the growth of inclusive,
innovative, and sustainable industries, aligning with the broader global
agenda of fostering resilient economies
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Abstract

Corrosion-induced failures in metallic materials present significant challenges, demanding the
development of effective protection methods. Although organic coatings are widely used, their efficacy
is compromised by defects in production and application. To address this, integrating active corrosion
inhibitors into coatings shows promise. However, challenges like interference with the curing process,
potential inactivation, and uncontrolled consumption hinder direct addition of inhibitors. Recent
advancements have focused on utilizing nanocontainers for storing corrosion inhibitors. In this project,
a multifunctional zinc-based metal-organic framework (ZIF-8) nanocontainer with a high specific surface
area of ~ 1800 m?/g was developed and modified to load the benzotriazole corrosion inhibitor, aiming to
protect mild steel. The electrochemical impedance spectroscopy (EIS) results revealed high inhibition
efficiency for the benzotriazole-loaded modified ZIF-8 containing salt solution after 24 h of immersion.

Introduction

Organic coatings represent a conventional and
straightforward approach for safeguarding steel
against corrosion. Among these, epoxy coatings,
known for their commendable chemical and
mechanical attributes, as well as their strong
adhesion to metal substrates, stand out as one of
the most extensively employed coatings. These
coatings act as protective barriers, shielding
substrate beneath from corrosive environments.
However, achieving high-performance anti-
corrosive coatings often requires innovative
materials and technologies. Researchers have
undertaken innovative strategies to enhance the
performance of epoxy coatings. A noteworthy
advancement in this realm has been achieved by
incorporating specialized nanocontainers
possessing unique capabilities such as barrier
properties and high specific surface area into
epoxy formulations. Incorporating corrosion
inhibitors into specialized containers can offer
coatings a multitude of advantages. These
benefits include safeguarding the corrosion
inhibitor from premature and uncontrolled release,
preventing interference between the corrosion

inhibitor and the curing reaction, and ultimately
enhancing the overall performance and durability
of the coating [".

As a new class of nanocontainers, metal organic
frameworks (MOFs) have emerged as a highly
promising class of materials with diverse
applications, thanks to their unique properties.
MOFs are crystalline porous materials comprising
of metal ions or clusters and organic ligands,
which can be synthesized with precise control
over their structure and composition 4. The tunable
morphology, ultra-high porosity, and well-exposed
functional sites make MOFs highly attractive for
various applications, from gas adsorption to
catalysis and energy storage B4l. In the field of
corrosion protection, MOFs have shown great
potential due to their high specific surface area,
abundance  of functional  groups, and
supramolecular characters. While MOFs have
traditionally been employed as corrosion inhibitors
for metal protection, recent research has explored
their use in constructing corrosion-resistant
coatings. Unlike traditional nanomaterials, MOFs
offer a versatile platform for developing adaptive
materials with multiple modes of corrosion

protection, enabling the protection of metallic
substrates from diverse corrosive agents [°1.

Specific Objectives

This research project aims to explore the use of
modified ZIF-8-based pigments with multi-
functional properties for producing high-
performance epoxy coatings. The goal is to
investigate the loading capacity, release
mechanism, dispersibility, and corrosion inhibition
efficacy of corrosion inhibitor encapsulated
modified ZIF-8, while understanding the
adsorption mechanism and evaluating the anti-
corrosion behavior of the coatings.

Results and Discussion
Characterization

The successful synthesis of ZIF-8, modified ZIF-8
(INO1), and benzotriazole loaded INO1 (INO1-
BTA) was confirmed through  various
characterization techniques. The results obtained
from the X-ray diffraction (XRD) analysis revealed
prominent diffraction peaks corresponding to ZIF-
8, such as (011), (002), and (112). Upon
modification, these peaks exhibited reduced
intensity and some even vanished, indicating a
shift towards a more amorphous structure in
comparison to pure ZIF-8.

The results of the XRD are consistent with the field
emission scanning electron microscopy (FE-
SEM) images (Figure 1). Furthermore, the size
of the modified pigments is larger than ZIF-8.

According to BET results, the specific surface area
of ZIF-8 decreased from ~2000 m2/g to ~800 m2/g
and ~200 m?jg for INO1 and INO1-BTA,
respectively, indicating the successful
modification and loading corrosion inhibitors.

Inhibition action of pigments in solution

The corrosion inhibition of 3.5 wt. % solution
without and with 2 g L' ZIF-8, INO1, and INO1-
BTA was investigated using EIS analysis. The
value of impedance at the lowest frequency (0.01
Hz) which is related to corrosion resistance,
showed that the higher value is related to the
steel submerged in INO1-BTA containing
solution followed by INO1, ZIF-8 and the
solution without pigment after 24 h.

— - | - . &

Figure 1. FE-SEM images of ZIF-8 (a), INO1 (b),
and INO1-BTA (c).

Conclusions

In this project, innovative inhibitive pigments
derived from ZIF-8 were synthesized. The
successful synthesis of these pigments was
characterized  using  various  techniques.
Additionally, their corrosion protection capabilities
were thoroughly examined through EIS analysis.
The results demonstrated the significant potential
of these synthesized pigments for application in
epoxy anti-corrosion coatings.
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The ANAEROBIc treasure trunk - ANAEROB

(January 2022 — December 2024)

Contribution to the UN Sustainable

Development Goals

Anaerobic systems, drawing inspiration from natural processes, play a
pivotal role in rejuvenating ecological cycles for the betterment of both the
environment and society. Their application in recycling organic waste
streams aligns with the goals of achieving a circular economy. The
upcycling of wastes and agricultural residues to generate materials,
biochemicals, and energy emerges as a promising strategy for mitigating
greenhouse gas emissions and alleviating poverty, thereby fostering a
more sustainable approach to energy production and consumption.
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The conventional cultivation approach falls short in isolating anaerobic microorganisms within complex
microbial communities. Isolating microbes with specific metabolic characteristics is crucial for advancing
mixed culture production in waste management. Live Fluorescence In Situ Hybridization with molecular
beacons facilitates the isolation and cultivation of viable species. Incorporating conductive materials
expedites anaerobic processes by enhancing direct interspecies electron transfer, overcoming the slow
diffusion rates of common electron shuttles. This project integrates multiple technologies to develop a
platform for synthetic mixed microbial communities in anaerobic digestion systems, augmented by

conductive materials.
Introduction

Anaerobic digestion (AD), a intricate network of
biologically mediated processes, relies on a
diverse  microbial community with  varied
physiological and metabolic characteristics [1].
Traditional top-down approaches are commonly
employed for studying microbial communities,
involving the manipulation of environmental
variables to ecologically select microbiomes
conducive to desired biological processes [1]. This
selection phase is followed by mathematical
modeling to analyze mass balances of chemicals,
relevant microorganisms, and simulate rates of
chemical and biochemical transformations [3].
While macro-scale processes like wastewater
treatment and bioremediation have seen success
with conventional top-down designs [4], limitations
arise due to insufficient attention to the metabolic
networks established within the microbial
community and processes dependent on intricate
interactions among community members [3,4].
The recognition of mutualistic synergies, such
as interspecies hydrogen transfer (IHT) and the
more recently described direct interspecies
electron transfer (DIET), highlights their crucial
roles in providing chemical energy to
microorganisms in low redox environments [5].
Metabolic exchange relations, where electron

flows sustain microbial community metabolism,
are expected to significantly contribute to the
resilience and dynamics of these communities.
The lack of understanding of these metabolic
networks and interspecies transfers underscores
the need for comprehensive investigation,
encouraging  exploration  through different
approaches.

Recent advancements in metagenomics and
microfluidics offer opportunities to adopt bottom-
up approaches, focusing on the engineering of the
microbiome's metabolic network [3]. A bottom-up
design approach holds the potential to leverage
the complexities of anaerobic microbiomes for the
development of innovative platforms for
bioconversion processes involving waste biomass
and agricultural residues. This approach
specifically aims to reconstruct microbial
communities, exploiting DIET to enhance
methane production in anaerobic digestion.

Specific Objectives

The main objective of the project is the
development of a platform for the isolation and
cultivation of anaerobic microorganisms that are
non-cultivable with traditional techniques. The
target is to use the isolated micororganisms to
build synthetic micorbial consortia for enhanced

biomethane production in the presence of
conductive materials.

Results and Discussion

Initially, batch culture systems were established
utilizing four distinct carbon sources (acetate,
methanol, propionate, and H2/CO2) to simplify the
intricate microbial community of the anaerobic
digestion  (AD) inoculum and enhance
methanogen  enrichment.  Three  different
conductive materials, namely magnetite, activated
carbon foam, and polyaniline-coated plastic,
underwent testing to determine the optimal
performer. Cyclic voltammetry and metagenomic
analyses were conducted across all cultures to
evaluate DIET processes and to identify the
prevalent species. Metagenomic data pertaining
to the most abundant methanogens were
employed to formulate Fluorescence In-Situ
Hybridization Transcript Annealing Molecular
Beacons (FISH-TAMB) probes. These probes,
designed for the live-FISH technique, enable the
targeting of specific microbes while preserving cell
viability—a departure from the conventional FISH
technique. The FISH-TAMB probes were utilized
to label methanogens in selected cultures and
subsequently isolated using the B.SIGHT single-
cell dispenser (Figure 1).

Figure 1. Methanogens labeled with FISH-TAMB
probe (fluorophore 5’-6-FAM, quencher Dabcyl-3’)

The methanogens are presently co-cultured with
randomly isolated microorganisms from the
original cultures to investigate potential syntrophic
relationships. Subsequently, nuclear magnetic
resonance (NMR) will be employed to identify the
metabolites underlying cross-feeding in the
established syntrophies. These findings will inform
the selection of specific combinations for
constructing the synthetic microbial community
and developing a flux balance analysis (FBA)
model for the synthetic microbial consortia [6]
(Figure 2). Following the FBA model, adjustments
will be made to the initial selection, and the

synthetic  microbial community  will be
reconstructed for model validation.

et . A
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e

Figure 2. Example of expected FBA model to be
used for the synthetic microbial consurtium
reconstruction.
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Sustainable Chemical Production using drop-in

biocatalysis
(May 2022 — May 2025)
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Development Goals

Contribution to the UN Sustainable

The majority of fine and commodity chemicals produced today are
based on fossil fuels. To be able to switch to sustainable production
routes based on renewable feedstocks, we need new technologies such
as bioconversion. Here reactions are carried out by enzymes or
microbial cells. They can be made from renewable materials, are
inherently biodegradable, and can be easily tailored to different
applications. In the commodity and fine chemical sector, they are still
underutilized mainly because they are often not cost-efficient. My Ph.D.
project focuses on investigating cheap-to-make whole-cell biocatalysts
and cell lysates for relevant bioconversion reactions.
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Abstract

The ability to oxidize 5-hydroxymethulffurfural (HMF) to 2,5-diformylfuran (DFF) is interesting for the
transition from fossil-fuels to renewable feedstocks. DFF is a product with possible applications in dyes,
resins, fungicides, and pharmaceuticals. For the bioconversion of HMF to DFF oxidases can be used.
One example is galactose oxidase (EC 1.1.3.9). A previously engineered galactose oxidase, which was
optimized towards high catalytic efficiency, was used for this study. We were able to produce the
galactose oxidase in E.coli BL21 (DE3) grown on minimal media successfully in our laboratories.

With the biocatalyst now available in our laboratories, we can conduct tests to see which biocatalyst form

is the most feasible option for this type of reaction.
Introduction

In industry the most common bioconversions are
utilizing either growing microbial cells in a
fermentation or pure enzymes. Both approaches
work extremely well for pharmaceutical and food
production. However, to use them in commodity
and fine chemical production they are often not
cost efficient enough due to low productivity,
yields, specific yields or a combination of the
three. One possible solution to make them more
cost efficient is to use cruder forms of biocatalyst
such as resting cells or cell lysates. They are
usually cheaper and can be more efficient than
growing cells or pure enzymes [1]. After the initial
enzyme production, the cells can be concentrated,
minimally processed and then used for the
application in a subsequent bioconversion.

One type of bioconversion that is of great interest
to the chemical industry is the oxidation of
chemicals. For this type of reaction
oxidoreductases can be applied. In this project we
chose a previously engineered galactose oxidase
(EC 1.13.9) M7-2A [2] to convert 5-
hydroxymethylfurfural (HMF). This substrate, 5-
hydroxymethylfurfural (HMF) is a potentially

important platform chemical for a biobased
chemical industry [3]. Once it is produced from
renewable materials through the hydrolysis of
biomass and the subsequent dehydration of
sugars, it can be further converted to a wide
variety of derivatives which are shown in Figure 1.

g
Eormia = %
[T
Toclaton Brtahasor
© a na o
%, < P o H e
= "
; ) L ;.\ %4
PR vl I o A
3 rocA
0 “ i
R N % - 1 !
i L. ~y
= T s
: past
A
5 Fi £ &
\ A ! \ 5 ! 5
- o L o
i 7 P X 7 N
(' ) (A, -
F BHUTHF o

L e ©

Figure 1: Overview of derivatives that can be
made from 5-hydroxymethylfurfural.

These derivatives have potential applications in
the production of dyes, alternative plastics, resins,
fungicides and pharmaceuticals [3][4]. If oxidized
HMF is converted to 2,5-diformylfuran (DFF), 5-
hydroxymethylfuroic acid (HMFCA), 5-formyl-2-
furan carboxylic acid (FFCA), and furan-2,5-
dicarboxylic acid (FDCA). For a chemical catalysis
it is challenging to only produce one of the
oxidative products from HMF, but galactose
oxidase is able to produce DFF with a high
selectivity [2].

Specific Objectives

Create a crude biocatalyst that is able to convert
HMF into DFF with high selectivity under relevant
conditions.

Results

In this project we have successfully expressed a
previously engineered galactose oxidase (EC
1.1.3.9) in E.coli BL21 (DE3) in our laboratories.
This enzyme variant, M7-2A, is supposed to have
better catalytic properties under low oxygen
concentrations as they are likely to occur at
production scale [2]. Figure 2 shows schematically
the initial growth phase of E.coli BL21 (DE3),
leading up to the induction phase were 0.5 mM
IPTG is used to produce the enzyme.
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Figure 2: Procedure for the production of GOase
M7-2A in E.coli BL21.

The SDS page confirms that galactose oxidase
could efficiently be produced, showing a strong
band at 68 kDA, the expected molecular weight for
our enzyme. This could be shown for three
independent cultures all showing an increased
band intensity with a higher sample loading of the
gel (4 pL, 8 pL or 16 pL).

Discussion
After successfully expressing GOase in E.coli
BL21 (DE3) it has to be shown that the enzyme is

in fact active and able to convert HMF into DFF.
This bioconversion reaction needs to be tested

under process relevant conditions such as high
substrate loadings as well as aeration and stirring
for a higher oxygen transfer rate. It needs to be
investigated whether vyield (gorr g 'substrate),
specific yield (gorr g'Biocatalyst) and production rate
(gorr L' h') of the biocatalyst are higher than in
previously reported work [2] and match the
desired target metric for chemical production [6]. It
needs to be investigated what the different
limitations of crude cell lysates and whole-cell

Culture 1 Culture 2 Culture 3

 —

WL|16 UL 4uL |8 pL |16 L

biocatalysts are and if :[Fey confer advantages
over using a fermentation or enzyme.

Figure 3: SDS gel (10 — 20%) of cell broth from
three different cultures after enzyme production.

Conclusion

The production of GOase M7-2A was successfully
established in our lab. This gives us a basis for
investigating different forms of biocatalysts for the
conversion of HMF to DFF.
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Microbially assisted syngas biomethanation to
renewable natural gas standards

(January 2023 — December 2025)

Contribution to the UN Sustainable

Development Goals

Methane produced from renewable sources such as dry waste biomass
from agriculture or forestry is an attractive alternative to fossil natural
gas. Waste feedstocks are cost-effective, the process is scalable, and
its implementation can be decentralized. It can also be used as a Power-
to-X application, where excess electricity during peak production from
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renewable sources is used to produce hydrogen. This hydrogen can

then be used to achieve higher methane purity while storing the energy
in a stable and flexible energy carrier for which transport and use

infrastructures are already in place.
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Syngas biomethanation offers the opportunity to convert a variety of waste feedstocks into a stable and
flexible energy carrier. Syngas composition is a major indicator of biomethane quality, but the proportion
between the gases that compose it (CO, Hz, CO2) have different impacts on process performance. While
the process is relatively insensitive to an increase in CO supply, it is remarkably sensitive to even small
excesses of Hz. This is highly relevant in Power-to-X applications where exogenous Hz from excess
renewable energy is supplied to the syngas biomethanation process to achieve high biomethane purity.

Introduction

Energy from dry, woody biomass is generally
recovered by thermochemical processes
(pyrolysis, gasification), which are more energy-
efficient than combustion [1]. The results are
biochar, bio-oil, and syngas (synthesis gas).
Syngas is a mixture of carbon monoxide (CO),
carbon dioxide (COz), and hydrogen (Hz), and its
composition depends on feedstock and process
parameters. Syngas requires downstream
processing to convert it into a recoverable,
storable product, such as methane (CHa).

The transformation of syngas to CH4 can be
carried out by mixed microbial consortia (MMC)
through interconnected biochemical reactions [2].
Although the proportions of CO, CO2 and Hz in
syngas are generally not conducive to high CH4
purity, it has been proposed that with exogenous
H2 addition, syngas can be converted to CH4 with
a purity comparable to natural gas [3], [4]. This Hz
can be supplied from water electrolysis during
high production periods from renewable energy
sources (wind, solar) and allows this otherwise
“excess” energy to be stored in a stable carrier,
CHa, for which transport and use infrastructures
are available [3]. This would make syngas a more
flexible energy source than the current practice of
burning it on-site for heat and electricity
generation.

Specific Objectives

The variable nature of syngas composition and the
possibility of adding exogenous H: raises the need
to study the effects of syngas composition on
biomethanation performance. This study aims to
assess the effects of exposure to high CO and H:
proportions in the inlet gas on the MMC’s
capability to transform the syngas. Both conditions
are hypothesized to have a negative impact, since
CO is inhibitory to many members of the MMC and
high partial pressures of Hz could also have an
inhibitory effect on CO consumption under
thermophilic conditions [4], [6]. The study was
performed using an MMC in a trickle bed reactor
at 55 °C.

The composition is expressed in terms of the
syngas quality index (SQI). The SQl is the ratio of
the content of electron donor (H2 and CO) and
electron acceptor (CO and COz) in the syngas [4].
It has been proposed as an indicator for
biomethane quality as a function of syngas
composition. The SQI value that gives highest
methane purity is 4 [4]. SQI decreases with
increasing CO and CO:2 content and increases
with increasing Hz content. In this study, three SQl
values were compared, representing the inlet gas
compositions in Table 1.

Table 1: Experimental conditions, syngas
compositions, and corresponding syngas quality
index (SQI) of those compositions.

Condition Syngas composition (%) SAQl
H: N: CO CO;

Control 65 5.2 16.7 131 2.7
High CO 32 9 38 21 1.2
High H: 743 51 12 86 4.2

Results and Discussion

Outlet gas composition as a function of SQlI (Fig.
1) shows that minimal effect on process
performance was observed under high CO supply
(SQl 1.2). CO was generally fully consumed (with
the exception of some instances of process
instability), and the methane content was coherent
with the theoretical. This indicates that the MMC
was not inhibited by the unusually high CO supply.
CHg4 content slightly above the theoretical content
can be explained by CH4 produced from acetate
accumulated in the medium during previous
operation.
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Figure 1: Gas composition (CO, CHs and H) as
a function of the syngas quality index (SQl), the
ideal SQI value of 4, and the theoretical CH4
content as a function of SQlI.

In the control (SQI 2.7), the reactor shows its best
performance, consuming both H2 and CO
completely. Nevertheless, it is clear that more H2
supply is necessary to convert the remaining CO2
and reach maximum biomethane purity.

The addition of Hz to syngas should be cautious,
as the theoretical CH4 content is expected to drop
when supplying excess H2 (SQI>4; Fig. 1).
However, the results under minimal Hz excess
(just above the ideal composition) show severe
inhibitory effects, leading to a CHa4 content well

below the theoretical, and large proportions of Hz
and CO unconverted. This gap between
measured and theoretical CH4 content is likely due
to a thermodynamic inhibition of CO consumption
by high partial pressures of Hz [4]. This results in
insufficient CO2 generation through CO oxidation
ultimately limiting the CH4 content in the off-gas.
This phenomenon has previously been described
at an SQI of 4.78, but this study shows the risk of
severe inhibition even when supplying a minimal
excess of H2. Exogenous H2 addition to syngas
thus presents a challenge and should thus be
carefully tuned to avoid process failure, as syngas
composition will have small variations even at
steady state in real processes.

Conclusions

Even though syngas composition is a major
indicator of biomethane quality, its impact on
process performance can vary. This study shows
that an increase in CO supply does not negatively
impact process performance to the degree that an
increase in H2 does. Below an SQIl of 4,
biomethane quality increases due to Hz addition,
but the process is very sensitive to even
small excesses of Hz (SQI 4.2). This results
in poor biomethane quality and unconverted H2
and CO, and eventually process failure.
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In many production processes, catalysts are required in order for
substrates to react to form a product. A biocatalyst in form of an
enzymes can catalyze reactions under milder, more sustainable

scale reactors, which will allow for the implementation of more
sustainable production processes of valuable products.

conditions compared to chemical catalysts. The challenge is to use Caroline
these less harmful catalysts at large scale. This project will aid in
smoothening the way in scaling a process from lab reactors to large Hamelmann
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Abstract

Biocatalysts have a great potential to replace ordinary catalysts as the environmentally friendly
alternative. However, as this is still an emerging technology, more research is required in order to
successfully use biocatalytic reactions in large scale production processes. More precisely, insight is
needed in the effect of gradients in large scale reactors on the biocatalyst, gaining this insight is the

purpose of this work.
Introduction

Biocatalytic reactions are reactions catalyzed by
an enzyme, which, similar to chemical catalysts,
are not used up or altered during the process.
However, biocatalysts have the great advantage
of requiring only mild reaction conditions, being
highly specific in their catalytic function and having
a fast reaction rate [1]. Additionally, biocatalysts
can be modified by, for example protein
engineering to better fit their purpose. Due to
those abilities, the industrial interest in such
reactions is rising and the need is created to
increase the production scale [2].

However, an increase in scale usually results in
the occurrence of gradients throughout the reactor
as non-ideal mixing is occurring [3,4]. Those
gradients will expose the biocatalyst to extreme
conditions, which most likely have a negative
effect on the biocatalyst itself and the reaction it is
catalysing [5]. Many studies have been conducted
on the effect of such gradients on fermentation
processes [3,4]. Yet, this topic is unexplored for
biocatalysts, even though the effect of gradient
formation is more extreme as the reaction rates
are faster compared to fermentations [2,5].

In order to find a solution to minimize these effects,
they need to be better understood, which is what
this work aims to do. More precisely, small scale
experiments are being executed to understand the
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impact of gradients on the biocatalytic reaction of
interest and to determine its kinetics within the
gradient range.

The kinetics of interest are the Michaelis-Menten
kinetics, a model which can be used to describe
the reaction rate (v) by being equal to the
maximum reaction rate (Vmax), multiplied with the
quotient of the limiting substrate concentration
([S]) and the product of the Michaelis constant
(Km) and limiting substrate concentration ([S]), see
Equation 1 [6].
[s]
Km+ [S]

v =Vmax *

Equation 1: Michaelis-Menten kinetics, with
reaction rate (v), maximum reaction rate (Vmax),
Michaelis  constant (Kw) and substrate
concentration ([S])[6].

Furthermore, the enzyme activity will be measured
using enzyme activity assays, which will be used
to determine the deactivation constant (Ky).

In this work two model reactions will be used to
understand these effects further. The first
biocatalytic reaction is the hydrolysis of ethyl
acetate (CsHsO2) to ethanol (C2HsO) and acetic
acid (CH3COOH) by the enzyme Candida
antarctica lipase B (CALB), see Scheme 1 [7].

C4HgO2 + H2O — CH3COOH + C2HesO

Scheme 1: Hydrolysis of ethyl acetate to acetic
acid and ethanol by the lipase CalB [7].

As can be seen in Scheme 1, the reaction
produces an acid, which will accumulate in
the reactor and cause the pH to drop and most
likely denature the enzyme, or at least alter the
kinetics. Therefore, a base is added to the tank to
buffer the effect of the produced acid. The base
will enter the reactor through a dosing point and
will then be spread in the reactor through the
mixing by the stirrer. At a large scale with
insufficient mixing this will lead to base gradients
throughout the reactor [3].

The second reaction of interest is the oxidation of
propanol (C3HsO) with hydrogen peroxide (H2032)
to propaldehyde (CsHesO) and water (H20), using
the enzyme unspecific hydrogen peroxygenase
(UPQ). Here the co-substrate hydrogen peroxide
is deactivating for the enzyme, which is why the
substrate gradient formation has a negative effect
on the biocatalysis.

The kinetics from the model reactions will then be
implemented in a CFD (computational fluid
dynamics) simulation, to mimic the effect of
gradients at a 200L pilot plant reactor.

Experimental set-up

The experiments are being executed in a 250 ml
applicon reactor with two Rushton turbines. The
model reactions are run under different
environmental conditions (pH and substrate). The
control unit of the reactor is used to control and
observe the temperature, pH and stirrer speed.

Figure 1: Set-up of the 250ml applicon reactor,
in which the experiments are being executed.

The enzyme activity of the CalB and UPO will be
determined using a pNPB and ABTS activity
assay respectively. The substrate and product
concentrations in each reaction will be determined
using GC.

Expected results

For the ester hydrolysis, it is expected to see a
lower Km and a higher Ky when the reaction is
executed outside of the optimal pH value of 7.

When investigating the alcohol oxidation utilized
by the UPO, it is expected that a higher substrate
concentration will result in a lower Kmand a higher
K.
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Ammonia is an essential component in the production of synthetic
fertilizer. Approximately half the global population is supported by

synthetic fertilizer. Hence, it is important to keep developing ammonia .

synthesis to secure the global food supply. By studying the synthesis of Simon Ingeman
ammonia in detail and improve the understanding of the reaction Hansen
mechanism, it might become possible to design better catalysts, which sinhan@kt.dtu.dk

would allow for operation at milder conditions, thus leading to
decentralized production sites, where the fertilizer is needed.
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Ammonia is one of the most produced chemicals globally with an annual production of 180 million tons.
Today, the majority of ammonia is produced using the Haber-Bosch process, which was developed a
century ago. However, the process is not fully understood although it has been studied since its invention
and applied on an industrial scale. This study examines the reaction mechanism of ammonia synthesis
in an attempt to get a better understanding of the process. Such understanding is crucial when designing
improved catalysts, which are needed for a less energy-intensive ammonia production.

Introduction

The synthesis of ammonia has been called the
most important invention of the twentieth century,
since the global food supply relies on ammonia,
which is an essential component of synthetic
fertilizer. As can be seen from Figure 1,
approximately half of the global population is fed
by food produced from synthetic fertilizer [1].
Ammonia also serves other purposes and it has
potential to become an important energy storage
vector in Power-to-X. Moreover, it has potential to
become a carbon-free fuel for the shipping
industry [2].
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Figure 1: The development of the global
population since the beginning of the 20" century.
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Ammonia is produced using the Haber-Bosch
process, where it is synthesized directly from its
components, nitrogen and hydrogen. The overall
reaction is described in equation (R1)

N2 + 3 Hz > 2 NH3 (R1)

The process is carried out at high pressure (150-
300 bar) and temperature (350-500 °C) on an
industrial scale [3]. These high pressures are
required to shift the equilibrium towards the
product side, but also makes the process very
energy intensive. In fact, the synthesis of
ammonia consumes approximately 2 % of the
global energy consumption and constitute 1 % of
carbon emissions globally [4]. The most widely
applied catalyst is iron, although ruthenium is
known to be a better catalyst. However, the price
and scarcity of ruthenium makes iron the
dominating catalyst.

Specific Objectives

The objectives of this research is to improve the
fundamental understanding of the reaction
mechanism of ammonia synthesis. The overall
reaction as described in equation (R1) appears
relatively simple, but the detailed mechanism
involves several elementary reaction steps. The
breaking of the N=N triple bond is widely accepted
as the rate-limiting step of the reaction. However,
this bond can be broken through either an

associate or dissociative reaction step as
illustrated in Figure 2. The difference between
these two possible mechanisms is whether
hydrogen interacts with adsorbed molecular
nitrogen before the N=N bond is broken
(associative) or the bond is broken before
subsequent hydrogenation (dissociative).

Dissociative Mechonism
N, NH,

N, H N‘H)
N N H HH HHH
N N N N N N

Figure 2: Illustration of an associative and
dissociative reaction mechanism.

The dissociative mechanism is generally
considered to be the true reaction mechanism.
However, an H2/D2 isotope effect has been
reported in the literature [6, 7], where the presence
of D2 leads to an increased reaction rate. This
observation is of great interest as Hz is not part of
the suggested rate-limiting step in the dissociative
mechanism. This indicates that the reaction
pathway of ammonia synthesis is not fully
understood and hence the scope of this project is
to illuminate the mechanism in order to achieve an
improved understanding of this vital reaction.

Results and Discussion

The first step was to investigate the rate of
nitrogen adsorption on a commercial iron-based
catalyst. The experiments are performed through
timed adsorption carried out at 400 °C and
atmospheric pressure with a gas flow of 100
NmL/min (25 % Nz, balance Ar). This is followed
by quench cooling of the reactor and subsequent
temperature-programmed desorption (TPD). The
outlet gas composition is monitored using mass
spectrometry and is used to quantify the surface
concentration of adsorbates. Examples of the TPD
results are shown in Figure 3.

The blank TPD experiment shown with yellow in
Figure 3 indicates that some intercalated nitrogen
is present in the catalyst as no nitrogen has been
adsorbed on this sample, yet a distinct desorption
peak is still observed at 575 °C. This intercalated
nitrogen needs to be accounted for when
modelling the kinetics of adsorption. A small peak
at higher temperatures (>625 °C) is also observed,

but the amount is insignificant compared to the
total desorbed amount of Na.
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Figure 3: TPDs performed after timed adsorption
to analyze the concentration of N-adsorbates on
an iron-based catalyst.

The results from the TPD studies have shown that
the rate of nitrogen adsorption is significantly
slower than the rate of ammonia synthesis when
performed at similar conditions. Hence, more
experiments are required to obtain a better
understanding of these surface phenomena
including adsorption studies with hydrogen
present in order to observe whether this results in
an increased adsorption rate.

Conclusions

The rate of nitrogen adsorption on a commercial
iron-based catalyst cannot account for the rate of
ammonia synthesis. Thus, a yet unidentified re-
action pathway must exist to account for the rate.
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resulting in reduced raw material consumption, minimized waste
production, and enhanced operational productivity.
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Multilayer coating systems require large quantities of raw materials and m

entail time-consuming and complex application procedures, which are

particular evident in the shipping industry during dry-docking operations. Luis
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automatically forming multiple layers in a single application step, Heller
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Abstract

Coating systems applied to commercial ships typically consist of multiple layers ensuring the required
protective properties. However, when applying such multilayer systems during dry-docking, valuable
time is lost in which the ship cannot operate. Self-stratifying coatings, coatings spontaneously forming
multiple functional layers, hold great potential to bring significant ecological and economic benefits to
the shipping industry. Due to this unique property of this technology, the coating application process
becomes more time and material efficient, and overall improved lifetime-extending properties can be
expected. This research focuses on the formulation of self-stratifying coatings while also exploring their
underlying mechanisms. Additional aspects include the detection of self-stratification, the examination
of interlayer adhesion properties, and field-tests of developed coatings.

Introduction

Seagoing ships encounter various environmental
impacts, including harsh corrosive conditions and
the growth of marine organisms on immersed
surfaces, known as marine biofouling. The most
common method to protect the ship from these
impacts is the application of functional organic
coatings [1]. State-of-the-art coating systems
comprise an anticorrosive primer, an adhesion-
promoting tiecoat, and a topcoat that prevents
marine biofouling [2].

Commercial merchant ships must be frequently
dry-docked (usually at five-year intervals) for
additional hull cleaning and repairs or for the
replacement of the entire coating [2]. During these
periods, the ship is out of water and thus loses
valuable operation time in addition to the dry-
docking related costs [3]. The coating process can
often be the time-determining factor for the whole
proceeding, as between the application of each
layer a certain waiting time must be complied with
before overcoating is possible. Unfortunate
weather changes or other logistical issues can
further delay the process [3]. Therefore, a
potential reduction of time needed for the coating
application is of high interest.
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A self-stratifying coating spontaneously forms
multiple, usually two layers once the coating is
applied to the substrate (ship hull) [4]. This
distinctive characteristic offers significant advan-
tages compared to conventional multilayer coating
systems. The time and labor required for the
application process can be significantly reduced.
Additionally, it has been suggested that gradient-
shaped interfaces are formed between the
stratified layers, potentially making the coating
less prone to interlayer adhesion failures [5].

The comparison between conventional multilayer
coating systems and the approach of self-
stratifying coatings for ship hull coatings is
schematically illustrated in figure 1.

Figure 1: Schematic illustration of conventional
multilayer coating system (left) and the approach
for self-stratifying coating system (right) for ship
hull coatings.

The implementation of self-stratifying coatings in
the shipping industry has the potential to
substantially decrease the dry-docking duration
and eliminate the need for an adhesion-promoting
tiecoat. This, in turn, would lead to a reduction in
the quantity of raw materials needed.

Specific objectives

The formulation of self-stratifying coatings and the
building of a fundamental understanding of their
underlying mechanisms are key points for this
research. This also requires the exploration of
suitable characterization methods to detect self-
stratification in-situ and of the final coating
samples.

Moreover, additional focus lies on the interlayer
adhesion properties of self-stratified coatings and
field-testing of developed prototypes in the CoaST
Maritime Test Centre, Hundested.

Results and discussion

An epoxy and silicone-based binder combination
were chosen for the development of self-stratifying
coatings to be used as ship hull coatings. The
former binder type is commonly employed in anti-
corrosive primers [6] whereas silicone compounds
being the main component of current fouling
release coatings [3]. Therefore, the epoxy binder
is intended to form the anticorrosive primer
(bottom layer) and silicone the top layer during
self-stratification to achieve the desired fouling
resistance properties.

Figure 2 shows preliminary results of scanning
electron microscopy studies of a developed self-
stratifying coating based on the binder
combination mentioned above.

Top layer (silicone)

Figure 2: Scanning electron microscopy image of
a developed self-stratifying coating. Epoxy formed
the bottom layer and silicone built the top layer of
the coating.

For the self-stratifying coating, epoxy formed the
bottom layer and silicone the top layer.

Conclusions

The technology of self-stratifying coatings offers a
more sustainable alternative to conventional
multilayer coating systems. The key advantages
lie in the time and material savings during the
application process and the potentially improved
interlayer adhesion properties.

Initial experiments have shown the feasibility of
formulating self-stratifying coatings that form
coating layers in the desired order. Subsequent
work will focus on the effect of different formulation
parameters on self-stratification, the underlying
mechanisms, and explore different detection
methods.
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The instability of enzymes under operational conditions is a significant
bottleneck in making biocatalytic production sufficiently efficient to
surpass and replace synthetic chemical approaches. By understanding
what causes enzymes to destabilize at interfaces, enzymes with higher Christoffer
stability can be engineered, reducing the effective cost of the process
by a large margin. This can allow us to produce a wide variety of
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Abstract

Biocatalytic production is a growing field with a rich variety in products that can be produced as well as
substrates to be used. While enzymes are amazing molecular machines, they are complex and their
interactions with their surroundings are thus challenging to assess. Enzymes are already being
optimized on many different properties, but a growing concern is the instability of enzymes in operational
conditions imposed by the presence of interfaces, be it the surface of the container, the liquid-liquid
interface in a biphasic system, or the gas-liquid interface. To this end, interface interactions of various
enzymes will be assessed on a molecular level to understand what happens to enzymes at interfaces
and what structural components are significant in these interactions.

Introduction

Enzymes are incredible and versatile catalysts
with a huge potential in a variety of applications.
[1] The growing environmental issues with our way
of manufacturing have imposed on us the need for
more  environmentally  friendly  production
strategies. Currently chemical synthesis produces
large amounts of waste, uses high amounts of
energy, and requires starting material from non-
renewable sources. This red chemistry needs to
be replaced to ensure a green future for the
coming generations. In this regard biocatalysis is
expected to play an integral role in moving towards
more sustainable manufacturing strategies with
low environmental impact because of the low
waste generation, low energy usage, and often
renewable starting materials. While biocatalysis
possesses incredible potential in chemical
synthesis applications, there are currently many
limitations holding back the field from replacing
red chemistry in large scale manufacturing.
Specifically, the current cost of enzymes, their
relatively low space-time yields (productivity), and
their poor stability need to be addressed to make
it the first choice for manufacturers where the high
specificity of enzymes is not sufficiently valuable.

106

The goal of this project is to increase the
understanding in an underdeveloped aspect of
protein stability, namely the interface-induced
destabilization. While different strategies for
covalent linkage and strong chemisorption of
enzymes to solid supports for heterogenous
catalysis are widely applied to increase
operational stability, the interface denaturation is
not the result of a predictable chemical linkage or
chemisorption, but rather an agglomerate
behavior of the whole protein to ubiquitous
components of the bioreactor. The interface
adsorption leads to tertiary changes to minimize
the interface energy and, in most cases, maximize
hydrophobic interactions between the protein and
the interface. Thus, through adsorption to the
interface, tertiary structure changes are expected
to take place, and in some cases secondary
structure changes and quaternary structure
changes. This can lead to the denaturation of the
adsorbing enzyme, reducing the amount of active
enzyme in the reactor. Furthermore, as the
enzymes adsorb, the surface becomes packed,
leading to the formation of a viscoelastic film,
which can hinder gas transfer rates, and at
sufficient concentrations often result in multilayer
formation. In this multilayer, the enzymes are not

adsorbed as strongly, and protein-protein
interactions dominate, which can lead to the
formation of aggregates. These aggregates can
then act as a nucleus for the dissolved proteins,
which can lead to rampant aggregation and
protein loss. Many of these insights have been
shown in small scale reactors but while the issue
is apparent across many fields, our knowledge is
not yet sufficient to solve it.[2] To bridge this gap,
this PhD Project will revolve around the study of
enzyme adsorption and the concomitant
processes, such as denaturation or aggregation,
with analysis focused on molecular level insights.
By analyzing the structural changes and
properties of the protein films, it is expected that a
higher degree of understanding of the factors
leading to adsorption, denaturation, and
aggregation can be achieved, guiding the rational
engineering of enzymes exhibiting higher
operational stability.

Specific Objectives

To measure and understand the dynamics of
protein adsorption at the molecular level, several
techniques will be employed. While the gas-liquid
interface is the one causing most problems in
sparged bioreactors, there are only few
techniques capable of analyzing this with high
enough resolution and quality information on the
structural dynamics of the enzymes at the
interface. As the equipment required for this is
exceedingly hard to gain access to for extended
periods of time (Synchrotron, Spallation source,
SFG spectroscopy, Lattice light sheet microscopy,
etc.), the primary analytical methods will therefore
be based on the study of the solid-liquid interface.
While the solid-liquid interface is very different and
adsorption to this leads to different structural
dynamics, it is still a good model system to study
enzyme adsorption, as the solid phase can be
tuned to different chemistries, allowing for a
thorough investigation of what causes an enzyme
to have a high surface-activity as well as a high
interface-induced aggregation propensity. In this
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Figure 1: Diagram of self-assembled monolayer QCM-D
technique. Different modes of adsorption can be inferred
from thickness and viscoelasticity.

project the primary techniques include Quartz-
Crystal Microbalance with Dissipation Monitoring
(QCM-D), Circular  Dichroism (CD), and
simultaneous nano-Differential Scanning
Fluorometry  (nanoDSF),  Dynamic  Light-
Scattering (DLS), and Turbidimetry stability
analysis. QCM-D allows the analysis of enzyme
deposition on the solid gold sensor, which are
functionalized with self-assembled monolayers to
provide different chemical characteristics (see
fig.1). This deposition is measured at high
temporal resolution with ng/cm? sensitivity, and
through dissipation monitoring, the viscoelastic
properties and thickness of the hydrated protein
film can be found. From this, an understanding of
the orientation, multilayer formation, lateral
protein-protein interactions, and layer densities
can be achieved. CD will be measured both on the
free enzyme in solution and on the enzymes
adsorbed to nanoparticles with different surface
groups. In this manner, the adsorption-induced
secondary structure changes can be assessed for
mature films and the effects that the surface
chemistry has on the native structure of the
enzymes. The simultaneous nanoDSF, DLS, and
Tubidimetry analysis provides insights into
structural fluctuations, thermal stability,
aggregation propensity, particle-size distributions,
and pH- and salt-dependent changes in stability in
a high throughput low volume format. In addition,
nanoDSF can also be applied to enzymes
adsorbed to nanoparticles, where changes in
melting point have previously been reported.
Furthermore, the change in particle size-
distribution, melting points and aggregation-
induced precipitation can be monitored on enzyme
solutions that have experienced sparged
conditions. Finally, the gas-liquid interface
adsorption will be measured directly by
tensiometry and correlated to the solid-liquid
experiments using various computationally
derived protein parameters to gain a better
understanding of the structural parameters to be
tuned to achieve a framework with which enzymes
can be optimized to lower surface activities.
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Enzyme stability studies for biocatalysis
(April 2021- March 2024)

Development Goals

This project aims to answer fundamental research questions regarding
enzyme stability, which positively impacts more sustainable industrial
processes. Enzymes hold a great potential to replace the conventional Host
chemical catalyst used in the industry, as enzymes are a more eco-
friendly and less toxic approach due to enzymes being exquisite
selective and active under mild conditions, leading to more responsible
and efficient consumption and production of resources.
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Abstract

Despite the many advantages of implementing enzymes into industrial processes, stability remains an
issue, particularly under harsh industrial process conditions. While compromised conditions such as pH
and temperature are known, the effect of mixing and oxygen supply is often overlooked, despite the
common use of these conditions in industrial applications. A better understanding of the enzyme stability
under these conditions can lead to the more sustainable production of a wide range of desired products,
including chemical building blocks, bio-plastics, and pharmaceuticals.

Introduction

With an increased focus on the environment and
sustainability, the demand for safer and more
selective industrial processes for chemical
production grows. Biocatalysis is one avenue
being pursued by chemists, biotechnologists and
chemical engineers to develop new sustainable
chemical processes [1]. Enzymes are active under
mild conditions, meaning that the reactions require
less water and less energy and less waste
generation, as the reaction steps will be reduced
[1,2]. Moreover, enzyme-based reactions are a
highly selective approach to achieve excellent
yields, thus making enzyme-based reactions of
great interest to many fields within chemistry.

However, despite the many benefits of
implementing enzymes into chemical processes,
a significant drawback for enzymes is their poor
stability under industrial process conditions.
Exposure to harsh environments compromises the
structural conformation, causing enzymes to
unfold and lose their function and activity. Today,
technologies to stabilize the enzymes , where the
enzymes are immobilized on a surface, are
available. Immobilization enables the recovery
and recycling of the enzymes from the product
stream [1,3]. However, immobilization comes with
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several disadvantages, including a lowered
enzyme activity and challenges related to the
scale-up of the production [1]. In addition, a
lowered enzyme activity means that the reaction
would require a significantly higher amount of
resources than free enzymes. Thus, it is essential
to understand enzyme stability, which can
potentially extend the enzymes' lifetime.

Specific objectives

A particular target for this work is to investigate the
stability of several enzymes using a scale-down
approach to understand the effect of process
conditions at an industrial scale.

Hypotheses

Numerous enzyme-based reactions require a
sufficient gas supply to produce the desired
product. The oxygen is supplied via sparging,
creating a gas-liquid interfacial area, which is
excellent for mass transfer but causes enzymes to
lose their activity and function. Thus, investigating
the gas-liquid interface is especially interesting
when working with oxidases, as they use
molecular oxygen as an electron acceptor. In
addition to an oxygen supply, agitation is required
to ensure a homogenous reaction and sufficient
gas transfer into the liquid. The agitation is done

by mechanical stirring, which breaks the sparged
bubbles and prevents coalescence. By breaking
the bubbles, the size of the gas-liquid interfacial
area will increase. Thus, stirrer speed can also
significantly affect the rate of enzyme deactivation.

However, operating in a bubble column, where the
bubbles contribute to the mixing, thus no
mechanical stirring is required, enables the
possibility of solely investigating enzyme
deactivation caused by the presence of the gas-
liquid interface.

Materials and method

A stability study for NADH Oxidase (NOX) has
been performed. NOX catalyzes the oxidation of
the co-factor NAD(P)H to NAD(P)+, in a coupled
system with a reduction of oxygen to either
hydrogen peroxide or to water.

The experiments are performed in a bubble
column, as wused in [4] with an enzyme
concentration of 0.5 mg/L in potassium phosphate
buffer with a pH of 7.00, where no reaction occurs.
All process conditions are kept constant.

The activity is measured by a volumetric enzyme
assay that measures the initial rate based on the
consumption of NADH, measured at 340 nm.
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Figure 1: Schematic drawing of bubble column
setup.

Results

A two-stage deactivation trend similar to previous
work from the group [4] is observed. Additionally,
increasing the ionic strength by increasing the
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Figure 2: Deactivation course of NOX at 21°C in
a bubble column gas flow 25 mL/min A) | = 0.92
M, bubble column 100 mM potassium phosphate
buffer pH = 7.00 B) | = 0.09 M, bubble column 10
mM potassium phosphate buffer pH = 7.00

Conclusion

By understanding enzyme stability better,
including the cause of long-term stability loss, the
stability can be improved to move the enzyme-
based reactions into new applications, targeting
the production of lower-priced chemicals.

Acknowledgement

This project is funded by the European Research
Council (ERC) under the European Union's
Horizon 2020 research and innovation program
(Grant Agreement No. 101021024), and partly by
the Sino-Danish Center for Education and
Research (SDC)

References

1. R.A. Sheldon and J.M. Woodley, Chem. Rev.
118 (2) (2018) 801-838.

2. R.A Sheldon and D. Brady, ChemSusChem
12 (13) (2019) 2859-2881.

3. J.M. Woodley, Topics in Catalysis 62 (20)
(2019) 1202-1207.

4. S.R. Andersen, Bommarius, B.R, Woodley,
J.M, Bommarius, A.S. Chem. Eng. J. 417
(2021)

109



Catalytic upgrading of bio-oil for high quality fuels

(October 2021 — March 2025)

Contribution to the UN Sustainable

Development Goals

Research in thermo-chemical conversion of biomass into liquid fuels
can speed the transition from fossil fuels to renewable fuels and thereby
mitigate climate change. Pyrolysis and catalytic hydrotreatment are
simple and affordable technologies for converting biomass into bio-oil
and bio-char, that can be used as substitution for fossil fuels in the
transportation sector and for carbon sequestration in soil. Cheap ligno-
cellulosic waste biomass from agriculture can be used for this purpose,
so research in this area contributes to clean and affordable fuels for the

future.
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Bio-oil from a fixed bed updraft pyrolysis process was hydrotreated with the aim of upgrading the bio-oil
to fulfill the marine fuel standards. The results showed that the upgraded bio-oils improved density,
viscosity, deoxygenation and hydrogenation with hydrotreatment 340-350°C and 70-100 bar.
Objectives: Updraft pyrolysis, bio-oil upgrading, catalytic hydrotreatment, renewable liquid fuels.

Introduction

Pyrolysis converts biomass into bio-oil, syngas
and bio-char and is therefore a promising
method for substitution of fossil fuels, carbon
sequestration and reduction of
greenhouse gases - necessary to mitigate
climate change. Fast pyrolysis processes are
considered the most efficient methods for bio-oil
production due to high oil yields [1] [2] and most
studies are made on woody biomass [1]. Only
few studies are made on hydrotreatment of bio-
oils from wheat straw and slow pyrolysis bio-
oils. Slow (conventional) pyrolysis has lower liquid
yields and higher char yields than fast pyrolysis
processes. However, it can be argued that a
higher char yield is preferred because it can be
used as an effective method for carbon
sequestration in soil and is known to enhance soil
fertility [3] [4].

Bio-oils has a high concentration of oxygen-rich
organic compounds (oxygenates) that are
thermally and chemically unstable and can
cause bio-oils to change over time. They are
immiscible with hydrocarbon fuels and
corrosive [5] and therefore cannot be used
directly as fuel for transportation but needs
upgrading. Upgrading is mostly done using
catalytic hydrotreatment (hydrogenation and
hydrodeoxygenation (HDO)) at elevated
temperature and pressure. The preferred
choice of catalysts for hydrotreatment of bio-
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oils are sulfided Co-/NiMoS, catalysts [1] due to
high performance (yield and stability) combined
with low costs. The Co-/NiMoS:2 catalysts are
well known from conventional hydrotreatment of
crude oil [1] and earlier literature on catalytic
hydrotreatment of bio-oils [2].

This EUDP funded SkyClean project combines
updraft-pyrolysis of waste biomass with catalytic
hydrotreatment of bio-oil to create a flexible and
innovative system at pilot and demonstration scale
for sustainable fuel production. The vision is to
provide a system that from a variety of ligno-
cellulosic feedstocks is capable of delivering
stable, storable, high energy density products.
The PhD project focuses on: 1) optimizing the
pyrolysis process for a bio-oil with a low oxygen
and water content, and 2) upgrading the bio-oil to
marine  fuel standards using catalytic
hydrotreatment.

Results and Discussion

This section shows some of the preliminary results
from the pyrolysis and hydrotreatment
experiments that have been made. The pyrolysis
oils are produced on a 200 kW fixed bed updraft
pyrolysis plant at DTU campus Risg. Only the
process temperature are noted in Table 1, but
changes in bio-oil compositions are the results of
other process optimizations. The hydrotreaments
are done in a 300 ml autoclave at the process
conditions noted in Table 1. Most of the

experiments were done with a stabilization step for
one hour (temperature 1) to avoid polymerization
in the oils, followed by a hydrotreatment step for 2
hours (temperature 2). Measurements of water
content, density and kinematic viscosity at 40 °C
are shown in Table 1. Results from elemental
analysis are presented in a Van Krevelen diagram
in Figure 1.

Table 1: Process conditions and physical
properties of the bio-oils from pyrolysis and
hydrotreatment of Qil 3.

Smp. Process Water Den- Visc.
conditions sity (40°C)
°C/°Clbar % wt. g/ml mm?/s
Oil 1 550 6.6 1.21 -
Oil 3 550 204 115 200
Qoil 7 540 0.0 1.1 631
Hyd 3 150/340/70 6.3 1.01 80
Hyd4  250/100 - - >3000
Hyd 5 150/250/100 - - >3000
Hyd 6 150/300/100 - - >3000

Hyd 7 150/350/100 6.1 1.03 619

The pyrolysis oils have very different properties.
Oil 1 had the lowest water content and highest
density, and appeared very viscous (pending
analysis). Oil 3 has the highest water content and
a low viscosity and was for practical reasons used
for the hydrotreatments, but it has a low H/C ratio
(on dry basis) compared to the other pyrolysis oils.
The marine fuel standards (DS/ISO 8217_2017)
state that the fuel should have a kinematic
viscosity <700 mm?/s, a density <1010 kg/m? and
a water content <0.5 %vol. Oil 7 is close to
reaching those requirements and as can be seen
with Hyd 3 and Hyd 7, the density can be lowered
with hydrotreatment. The hydrotreatment results
show that a temperature of 340 °C and pressure
of 70 bar so far shows the best result in terms of
H/C and O/C ratios, density and viscosity. It is
unclear if the effect is caused by the different
temperature or hydrogen pressure. According to
Dabros et. al [1], hydrogenation becomes
unfavorable at higher temperatures and the
effects of temperature is very dependent on the oil
composition where even small increases can have
big effects on HDO and yields, i.e. there will
probably be an optimum temperature for each
type of oil. Otherwise, the results from Hyd 4-7 is
similar to other studies, e.g., the results of Wang
et al. [6], that kept roughly the same H/C ratio but
decreased the O/C ratio with higher temperatures
and a fixed starting pressure.
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sl + oD OHyd6
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0O/C ratio

Figure 1: Van Krevelen diagram of SkyClean
pyrolysis oils and different hydrotreatments of Qil
3. The molar ratios are calculated on dry wt.
basis.

Conclusion

The results show that hydrotreatment at 340-350
°C at 70-100 bars can be applied to upgrade bio-
oil to higher quality fuels and potentially be used
for marine fuel. Further research is needed on
optimizing the hydrotreatment of slow pyrolysis
oils.
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A Sustainability model for coating systems

(October 2021 — October 2024)
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Abstract

The developed sustainability model is used to make Life Cycle Assessment (LCA) based quantitative
evaluations on the impacts caused by the coating system on the environment. This model is a valuable
tool for the industry because it allows us to understand these environmental impacts. With this knowledge,
it will be possible to set directions for future research and development and by then develop sustainable

products, prove sustainable claims and take sustainable decisions.

Introduction

In recent years, there has been a noticeable
change in the business world's priorities. In the
past, the main focus was on making money and
profits, but now, we're placing a much greater
emphasis on  sustainability and taking
responsibility for our future [1]. This shift has been
driven by growing concerns about global warming
reaching a critical point. Sustainability has
become a concern not only in our homes but also
in the corporate boardrooms. This change in
mindset also applies to the coatings industry,
which is eager to contribute to a cleaner and more
sustainable future for society through responsible
development. To make this happen, companies
need to adopt a sustainability-focused approach at
every level of their operations. The first step is to
incorporate sustainability into their company
strategies. This sends a clear message to all
stakeholders that thinking about sustainability
must be an integral part of daily activities and
decision-making [2] .

Sustainable development depends on how a
company behaves in terms of society, the
environment, and the economy. All three of these
aspects need to be considered to determine if a
company is heading in a sustainable and healthy
direction. However, in this project, we're focusing
solely on the environmental aspect.
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Figure 1. Sustainable development is carried by
the three pillars: The Social, The Environmental
and The Economical.

The model we're creating uses the Life Cycle
Assessment (LCA) method to measure the
environmental effects of coating systems. This
information is crucial for coating companies to
create plans and put sustainable practices into
action.

Model

The basis for the model is the life cycle from cradle
to grave for the coating system. This includes the
raw-materials for the individual coatings, the
manufacturing, use, and also the substrate the
coating is applied on. The remaining part of the life
cycle is the ‘end of life processes’ including reuse
and recycling if possible.

The inputs to the model is data describing the
materials, chemicals and energy used in the
processes. These data are typically proprietary

data owned by individual companies. It is possible
to obtain average industrial data from existing Life
Cycle Inventory (LCI) databases for most of the
processes, but these are often opaque and
contain uncertainties making them difficult to use.

The mass balances and flows connecting the
process are all calculated using standard LCA
software adding up the total element flows from
the processes to the environment. By use of a
proper LCA methodology it is possible to compile
the flows into impact categories which all have
effects on the human health, the environment and
the use of resources.

Examples on relevant impacts categories are
‘global warming’, ‘resource depletion’,

‘ecotoxicity’, ‘human toxicity’, ‘land use’,
‘eutrophication’, ‘ozone depletion’ etc.

Global warming

In the world today ‘global warming’ is by many
considered the most important impact category,
as it draws the highest attention due to the global
climate crises recognised by most nations under
UN. The model can be used to calculate the
impact on global warming from coatings and
coating processes as shown in the following
examples.

Example 1

14.00
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8.00
6.00
4.00
2.00
0.00

CO2-eq.

TMS Solvent based
Zinc Epoxy

Figure 2: Global warming contribution from two
alternative coating systems - one using TMS as
primer coat - the other use zinc epoxy.

In Figure 2 two alternative coating systems
for a wind turbine tower has been
compared in relation to the global warming
category.

One system use Thermal sprayed metal as
primer coat and the other use Zinc epoxy. The
system where TMS is use as primer create an
emission of 12.42 kg CO:2 equivalents pr. m?
surface coated. This is more than double of the
5.13 kg created when using zinc epoxy [3].

Example 2

Figure 3 illustrates the proportional contributions
of various processes to the comprehensive
carbon

footprint associated with the production of 1m? of
an offshore wind turbine tower. Notably, the
coating system is responsible for a relatively minor
fraction, constituting less than 2% of the total
carbon emissions. In stark contrast, the
preeminent share, accounting for a substantial
94,4 %, emanates from the steel tower's
construction process [3].
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Figure 3: The carbon footprint from producing
1m? wind turbine tower. It can be seen that the
coating system account for just 1.4% of the total
CO2-eq. emission.

Results

Based on the two examples shown above it is
possible to take sustainable decisions such as:
From a global warming perspective it will be better
to use zinc epoxy for thermal sprayed metal, but
only if the durability of the systems is sufficient to
protect the steel tower throughout its designed
lifespan as it is much more expensive, on the
environmental scale, to replace steel, compared to
coat it with the best available coating system from
the start.
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80% of people with diabetes live in low- or middle-income countries.
Here the disease is often poorly treated, one reason being the high cost

cheaper and better products for the over 300 million people with
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Abstract
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This project explores spectroscopy and mathematical modelling as process analytical technologies
(PAT) for use in pharmaceutical manufacturing. The work in the last year has focused on multivariate
statistical process control (MSPC) using spectroscopic data on a fermentation and crystallization
process, as well as monitoring of critical quality attributes (CQA’s) and mass balance modelling of the

crystallization process.

Introduction

Process Analytical Technologies (PAT) has the
potential to improve product quality, ensure faster
product release and earlier fault detection in
pharmaceutical manufacturing through better
process understanding, process optimization and
process monitoring [1]. This project explores the
use of Raman spectroscopy in combination with
other process variables for multivariate statistical
process control (MSPC) for two different
processes: a penicillin fermentation and a protein
crystallization. Furthermore, Raman spectroscopy
is combined with chord length distribution (CLD)
and turbidity measurements for monitoring two
critical quality attributes (CQA’s) process as well
as modelling the kinetics of the mass balances of
the crystallization process.

Specific Objectives
The project’s objectives are:

1. Investigate the use of spectroscopic data in
combination with other variables for MSPC
for fault detection and diagnosis for two
different case studies.
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2. Develop in-line monitoring tools for protein
crystallization that can be utilized both for
CQA monitoring and kinetic modelling.

Results and Discussion

MSPC can be used for fault detection and
diagnosis during manufacturing. A statistical
model is built on batches that are categorized as
normal operating conditions (NOC). The goal is to
be able to identify abnormal operating condition
(AOC) batches, which will have one or more
variables deviating from its trajectory in the NOC
batches, which might affect the product quality.
The advantage of early fault detection is either the
ability of a control action to prevent the fault from
affecting product quality or to scrap the batch
before more value is added to the product during
processing. MSPC models can be evaluated using
accuracy, which balances the fault detection rate,
i.e. number of AOC batches detected as AOC, and
the false alarm rate, i.e. number of NOC batches
falsely detected as AOC. In this work, it was
investigated whether the addition of spectroscopic
data can contribute to increased accuracy or
better fault diagnosis for two different data sets.

Combining different data types is known as data
fusion (DF) and two types were investigated: low-
level (LL-DF), where all variables are
concatenated together and mid-level (ML-DF),
where some feature extraction is performed first.
The hyperparameters of the different models are
then tuned for maximum accuracy.

Many interesting conclusions can be drawn from
the study. For example, for the penicillin data set,
the accuracy of a model built only on the Raman
spectra, increased from 77% to 96% if the fault
detection rate was based on AOC batches where
the product quality was known to be out of
specifications compared to basing the fault
detection rate on all AOC batches, regardless of
whether the product quality was on or off-
specification. Furthermore, both the LL-DF and
ML-DF scheme were able to achieve 100%
accuracy for the crystallization data set. Looking
into the fault diagnosis abilities, it was evident that
while the LL-DF does not provide direct root-cause
analysis, it still provides more clues than the ML-
DF.

In suspension products, crystalline insulin
particles are administered and dissolution at a
controlled rate is used to achieve sustained drug
release. Currently the verification of the
crystallization is done post-production by visual
inspection using light microscopy, which is a
manual process subject to personal bias since
only a handful of crystals are viewed. Moreover,
the current crystallization time is validated to take
three times longer than what preliminary data
show is the actual crystallization time for one of
the highest volume products on the market. This
is suboptimal at the production sites since there is
no in-line process monitoring of the crystal growth,
i.e., the entire crystallization operation is a black
box.

Spectroscopy, turbidity, and chord length
distribution (CLD) can all be measured in-line and
thus obtain information about the crystallization
dynamics for monitoring and optimization. This
project has explored Raman spectroscopy
specifically and combined with both the turbidity
and CLD, it is possible to create Partial Least
Squares (PLS) regression models predicting the
fraction of crystallized APl and the fraction of
dissolved API during the crystallization process.
The regression for the crystalline fraction uses
reference values from small-angle X-ray
scattering measured on-line and the model for the
dissolved API uses reference values from high-
performance liquid chromatography (HPLC).
Applying the regression models to new batches
allows to follow the dynamics of the crystallization
process. A model of a two-step nucleation process

is then fitted to these predictions. Figure 1 shows
both the fitted and experimental values, as
predicted by the PLS regressions, for the different
mass fractions of the crystallization process. From
the figure it is evident that there is an excellent
agreement between the model fit and the data.
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Figure 1: Predicted values from the PLS
regression models and fitted values of the mass
balances for the crystallization process.

Conclusions

Raman spectra can be used for MSPC of
biopharmaceutical manufacturing processes, both
alone and in combination with other variables, with
fault detection rate and low false alarm rate.
Furthermore, the Raman spectra in combination
with CLD and turbidity measurements can be used
for PLS regression to predict the mass fractions
during a crystallization process and the
predictions are in good agreement with the kinetic
model of the process.
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enabled process optimization can positively contribute to SDG 8
“Decent work and economic growth” through profit maximization or pjras@kt.dtu.dk
minimization of utility and raw material consumption.
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Abstract

Key themes in the 215t century include Big-data, Artificial Intelligence, and smart technology. In industry,
the introduction of smart sensors, 10T technology, improved data storage, and data-informed decision-
making marks the emergence of the Fourth Industrial Revolution (Industry 4.0). With improved sensor
technology, algorithmic improvements, and increased computing power the opportunities for including
data in the modeling of process systems are greater than ever. In this project, different methods for
including process data in modeling (bio)chemical processes are investigated with a special focus on
combining physical/chemical process knowledge and Machine Learning into hybrid Al approaches.
Depending on the modeling objectives hybrid Al offers opportunities for developing adaptive models for
optimization and control of complex processes, or for identifying interpretable symbolic equations to gain
fundamental knowledge regarding unknown phenomena in (bio)chemical processes.

Introduction

Data has been included in modeling applications
for (bio)chemical processes for decades through
Kalman filters, empirical models, and parameters
in first-principles models fitted to process data.
Since the 1980s efforts have been made to include
data in process modeling by combining Atrtificial
Intelligence (Al) with process engineering — this
has been enabled by improvements in
computational speed and data acquisition [1]. The
combination of first-principles models and data-
driven models into semi-parametric hybrid models
was proposed in the early 1990s [2] and has over
the last 30 years gained interest [3].

Through semi-parametric  hybrid modeling,
uncertain or unknown phenomena in a given
process can be modeled using data-driven
models, while well-known phenomena are
modeled using first-principles models. Typically,
the first-principles part of a semi-parametric hybrid
model consists of material- and energy balances,
while the data-driven part is used to model
reaction kinetics, mass transfer rates, or heat
transfer rates.
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Al can also be used for discovering symbolic
equations for (bio)chemical processes by
combining symbolic Al with Machine Learning
(ML) approaches [4]. The models discovered
through symbolic Al have increased
interpretability compared with semi-parametric
hybrid models and can thereby improve the
fundamental understanding of a given process.

Specific Objectives

In this project, the use of data-driven modeling in
process system simulations is investigated. Both
semi-parametric hybrid models and symbolic Al
approaches are introduced, examining the
strengths and weaknesses of each method. The
performance of the models is quantified through
case studies using both simulated data, pilot scale
data, and full-scale process data.

Results and Discussion

The robustness of semi-parametric hybrid models
towards measurement noise and sampling
frequency was investigated through a simulated
case study considering a CSTR in which a first-

order exothermic conversion of A to B occur
(Figure 1) [5]. In the CSTR case study the reaction
kinetics were considered as being the unknown
phenomenon in the system and modeled both
through the introduction of a neural network and
Cas K. Ty

Data-driven model First-principles model

Figure 1: Semi-parametric hybrid model
structure used for modeling a simulated CSTR
with first-order exothermic conversion of A to B

[5].

by fitting parameters in a stochastic grey-box
model.

Both modeling methods showed robustness
towards measurement noise, while the semi-
parametric hybrid model was less robust to
measurement frequency compared to the
stochastic grey-box model. In the semi-parametric
hybrid model, the mathematical structure of the
reaction kinetics was “learned” by the neural
network, while the stochastic grey-box model had
to be provided with an appropriate model structure
before good modeling performance was achieved.
Due to this, the semi-parametric hybrid model
required a measurement frequency that was high
enough to show the system dynamics. However,
the semi-parametric hybrid model had lower
requirements for process knowledge compared to
the stochastic grey-box model.

Symbolic Al was used to discover symbolic
equations for predicting the dissolved oxygen
concentration in a pilot-scale bubble column
(Figure 2) [6].
e

Figure 2 Pilot-scale bubble column modeled
using symbolic equation discovered using
Symbolic Al [6].

Using the AI-DARWIN algorithm [4] two different
models with high prediction accuracy were
discovered  for  predicting the  oxygen
concentration 1) without MgS0, in the bubble
column and 2) with MgS0, in the bubble column.
The discovered models were found to contain
terms that could also be explained from physical
understanding of the system. Additional terms in
the discovered models were either accounting for
unknown phenomena in the system or overfitting
the symbolic equation to the training data.

Conclusions

Data-driven modeling methods have been shown
through two case studies to account for unknown
phenomena in the process at hand. Depending on
the objective of the modeling, ML can both be
used directly in semi-parametric hybrid models
and to discover symbolic equations to gain more
fundamental knowledge for the process. The use
of data-driven modeling methods has higher
requirements for the process data compared to
traditional  first-principles-based  approaches,
however, the requirements for process
understanding are reduced. In the future, data-
driven methods can enable the modeling and
understanding of complicated processes for which
the current process understanding is limited.
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Pilot demonstration of advanced process
configurations for CO2 capture in biogas upgrading

(October 2020 - September 2023)

13 S

@ Contribution to the UN Sustainable

Development Goals

Despite the implementation of new green technologies, the majority of
today’s energy is still relying on utilizing fossil fuels. Carbon capture and Jens Kristian
storage (CCS) technologies are necessary to limit the increase in the
average temperature to well below 2 °C above pre-industrial levels. This Jorsboe
project focuses on reducing costs associated with carbon capture o

technologies thus potentially enabling a world-wide use of CCS. A pilot jekjor@kt.dtu.dk

plant will be used to capture 1 ton CO: per day from i) flue gas to reduce Supervisors:

emissions and ii) biogas to achieve a potentially carbon-negative fuel. Philip L. Fosbagl, loannis V.
Skiadas, Jens Abildskov

Abstract

Amine-based chemical scrubbing using 30 weight percent monoethanolamine (MEA) is one of the most
developed carbon capture technologies. However, this technology requires an exceedingly high energy
consumption. This project investigates the effects of new solvent additives to the conventional 30 wt% MEA
system. Modelling is compared to experimental results obtained from a newly constructed pilot plant (Figure
1). Experiments will be conducted with industrial providers of flue gas or biogas. The project aims to reduce
the energy consumption of the 30 wt% MEA system with up to 45 % through optimization of solvent and
advanced process configurations.

Introduction

Biogas upgrading technologies utilizes carbon
capture to remove CO:2 from raw biogas. The
upgraded biogas can be distributed of biogas on
the national gas grid and can potentially provide
society with a carbon-negative fuel that uses
existing infrastructure.

Chemical scrubbing using amines, such as mono-
ethanolamine (MEA), is commonly used for biogas
upgrading. The chemical scrubbing technology is
illustrated in Figure 2. The technology consists of
two columns:

1) Absorber: Gas containing COz2 is sent through
the column from the bottom. The solvent flows
from the top of the column and absorbs the CO:
upon contact with the gas.

2) Desorber: The solvent rich in CO2 has to be
regenerated to be used again in the absorber. The P
CO:2 in the solvent is desorbed by heating it to 120 '
°C at 2 bar.

Figure 1: The newly constructed mobile test unit
for biogas upgrading raised at Mglleavaerket A/S.
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This project aims to reduce operation costs of the
conventional chemical scrubbing technology using
30 wt% MEA for biogas upgrading. The operation
costs are envisioned to be reduced by up to 45 %
through use of i) vapor reductive additives (VRA)
and ii) advanced process configurations. This is
investigated both through experimental work and
modelling.

Experimental work

The experimental work is done in i) lab-scale to
investigate the mass transfer and reaction kinetics
in the MEA-CO--H.O-additive system and ii) pilot-
scale. The pilot-scale experiments will be done
using a mobile test unit (MTU) shown in Figure 1.
Firstly, the MTU will be used to demonstrate the
simultaneous production of pure CH4 and CO: at
pilot scale. Secondly, the MTU will be used to
demonstrate the reduction in energy consumption
by using advanced process configurations studied
in literature [1] and VRA. These process
configurations include absorption intensification,
heat integration and heat pumps.

Methane BioCO2

.

F 3

=

Absorber

[ Desorber

.@}
NILE:

Biogas Energy

Figure 2: Amine-based chemical scrubbing for
biogas upgrading. Coloured lines represent
examples of advanced process configurations.

Modelling and simulation

The vapor reducing additives are expected to
decrease the energy consumption in the desorber.
Figure 3 illustrates the effect of VRA simulated

using Aspen Plus and parameters for the
conventional 30 wt% MEA system from literature
[2]. The conventional loading of 0.2 mol CO2/mol
amine can be obtained by using 3.6 — 4 MJ per kg
of CO2. The additives do not improve the energy
consumption for achieving this loading but allows
for reducing the lean loading to below 0.1 mol
COz2/mol amine. This corresponds to an increase
of 33 % in solvent capacity thus enabling more
efficient operation of CO:2 capture units. The
additives are expected to reduce costs for all
water-based solvents.

In
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Figure 3: Effect of vapor reduction additives
(VRA) on specific reboiler duty (SRD). VRA is
simulated with NaCl.

Conclusion and Outlook

The current work concludes that it is possible to
achieve more efficient operation of CO2 capture
units through the use of additives in conventional
solvents. A newly constructed mobile pilot plant
will demonstrate the effect of additives and
advanced process configurations for CO2 capture
in both biogas upgrading and post-combustion
capture.
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Clay calcination process optimization and reactor
technology

(July 2022 — October 2024)

13 ienov

Development Goals

cement production.

@ Contribution to the UN Sustainable

The concrete industry is responsible for 5-8% of the worldwide CO:2
emissions. Of this percentage, 95% is caused by the production of
cement alone. Moreover, the developing urban structure in emerging

countries causes the cement demand to increase, making concrete the Anastasia ]
second most consumed product after water. Therefore, a shift from Koutsouradi
conventional cement production to alternative technologies becomes anakou@kt.dtu.dk
vital. Suppl_ementary C_em_entitious Materials (SCMs) were intr(_)duced to Supervisors: Peter Arendt
enhance clinker substitution, and thereby reduce CO2 emissions from Jensen, Anne Juul Damg,

Wilson Ricardo Leal Da
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Abstract

Clays are abundant materials worldwide, have high pozzolanicity after thermal treatment (calcination),
and can substantially contribute towards decreasing the CO2 emissions associated with the cement
industry by reducing the clinker factor in cement as Supplementary Cementitious Materials (SCMs).
Although many investigations have focused on this technology, not many are studying the calcination
processes and how these affect the properties of calcined clays. The present study investigates two of
the most commonly found clay minerals: Kaolinite and Montmorillonite, including calcination studies of
those in a laboratory-scale oven, a pilot-scale rotary kiln, and a drop-tube reactor, operated at different

temperatures.

Introduction

The cement industry is responsible for 5-8% of the
worldwide CO2 emissions, making it the second-
largest source of anthropogenic CO2 emissions,
while the constantly developing urban structure
causes the cement demand to increase. To
overcome that, Supplementary Cementitious
Materials (SCMs) were introduced to enhance
clinker substitution, with clays representing a
widely available candidate. When thermally
treated, clays acquire pozzolanic reactivity and to
date, clinker replacement of up to 40% is
reported and successfully implemented. Rotary
kilns and flash calciners are currently used to
produce calcined clays. However, limited studies
focus on comparing these technologies. The
present work emphasizes both soak and flash
calcination  methods on  Kaolinite  and
Montmorillonite while varying the calcination
temperature. The calcination methods used
include a laboratory muffle furnace, a pilot-scale
rotary kiln, and a drop-tube reactor for flash
calcination. A thorough characterization of the
calcination products follows, leading to a broad
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overview of how clay calcination conditions affect
the properties of the two clay minerals.

Materials and Methods

The two raw and calcined laboratory-grade clays
were characterized by Thermogravimetric
Analysis (TGA) and the R® bound water method
(ASTM C1897-20) to assess the pozzolanic
reactivity of all calcined samples. The
dehydroxylation degree was derived from the DTG
curves, while the quantification was conducted
using the tangent method. For soak calcination, a
laboratory muffle furnace and a pilot-scale rotary
kiln  were used. For flash calcination, the
investigations are carried out in a pilot-scale drop-
tube reactor, with a residence time of ~1s. The
tested clays were calcined under soak conditions
at 450, 750, and 950°C while maintaining a stable
heating rate (2°C/min) and residence time
(30 min). For flash calcination and due to the short
residence time in the reactor, the temperatures
chosen are slightly higher than those of the soak
calcinations, at 950, 1050, and 1150°C.

Results and Discussion

The dehydroxylation degrees deriving from the
TGA mass loss for the temperature interval of 350-
900°C are presented in Table 1, while pozzolanic
reactivity results are presented in Figure 1 for all
calcined samples. Both clays represent very
similar behaviour when comparing the two soak
calcination methods, muffle furnace and rotary
kiln, with the only exception concerning Kaolinite
calcined at 950°C, which seems to have a
relatively high reactivity. Moreover, the optimal
soak calcination temperature for both clay
minerals is at 750°C.

As for the flash calcined samples, the optimal
calcination temperature for Kaolinite is 1050°C,
while for Montmorillonite it is at 950°C. The latter
showcases a drop in reactivity already at 1050°C,
while Kaolinite enters the recrystallization stage at
1150°C, indicating that Kaolinite can handle the
highest operating temperatures that occasionally
occur in flash calcination.

Table 1 - Calcined samples dehydroxylation
degrees (MF: Muffle Furnace; RK: Rotary Kiln; F:
Flash).

Kaolinite

Calcination Dehydroxylation degree

temperature (%)
(°C) MF RK F
550 82.3 87.8 -
750 96.6 971 -
950 99.7 100 86.2
1050 - - 94.8
1150 - - 100

Montmorillonite

Calcination Dehydroxylation degree

temperature (%)
(°C) MF RK F
550 453 494 -
750 77.5 79.3 -
950 98.5 95.9 87.9
1050 - - 94 .4
1150 - - -

Note that in Table 1 (Montmorillonite) and Figure
1b, no results are presented for the highest flash
calcination temperature of 1150°C. This is
because the material could not be collected in the
reactor's collection chamber due to depgpsit
formation. This tendency may be associated with
the highest temperatures needed due to the short
residence time in the system or with the fine
particle size of the clays. Complemen@ary
research is in progress in order to clarify these
aspects.
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Figure 1 - R® bound water reactivity of all
calcined samples: (a) Kaolinite and (b)
Montmorillonite.

Conclusions and Future work

Calcination technologies such as soak and flash
can be applied to successfully activate Kaolinite
and Montmorillonite clays. The optimal soak
calcination temperature for both clays was found
to be at 750°C. Flash calcination, on the other
hand, required higher operational temperatures to
achieve optimal dehydroxylation of both clay
minerals due to the short residence time (1s), with
the optimal temperature for Kaolinite and
Montmorillonite standing at 1050°C and 950°C.

Acknowledgments

The authors would like to thank INNOVANDI and
GCCA for the support during the execution of the
partner project 29.1 (2021-2022) and core
projects 5-7 (2021-2024).

References

1. K. Scrivener, F. Martirena, S. Bishnoi, and S.
Maity, Cement and Concrete Research 114,
(2018)

2. M. Sharma, S. Bishnoi, F. Martirena, and K.
Scrivener, Cement and Concrete Research 149,
(2021)

121



Catalytic stabilization and upgrading of biomass

pyrolysis oil to fuels for heavy transport and aviation

(August 2022 — July 2025)

Contribution to the UN Sustainable

Development Goals

Access to affordable, reliable, and modern energy means that it is
necessary to find greener alternatives to fossil fuels. Fuels produced
from biomass constitute a promising alternative. Pyrolysis of biomass
produces a high yield of crude bio-oil. However, this oil contains a high
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amount of oxygen-rich compounds, that need to be hydrotreated before Krebs
the biofuel can be used instead of conventional fossil fuels.
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Biomass-based fuel is a promising alternative to conventional fossil fuels. Conversion of biomass by
fast pyrolysis produces a high yield of crude bio-oil. This product is however highly unstable, corrosive,
and has a poor heating value due to a high oxygen content. This oxygen can be removed by catalytic
hydrotreatment, but the process remains to be fully understood, and challenges, like catalyst
deactivation and reactor plugging, still need to be overcome.

Introduction

Fossil fuels are known to be major contributors to
the world’s current high carbon dioxide emissions,
and therefore greener alternatives are needed. In
terms of heavy transport and aviation, fuel of high
volumetric energy density is needed [1].

Liquid hydrocarbons have a relatively high
volumetric energy density and are therefore well
suited as fuel for these purposes [1]. Liquid
hydrocarbons from biomass can be produced by
fast pyrolysis of biomass, which is known to
provide a high oil yield (up to 80 wt.%) [1].

Unfortunately, the resulting crude bio-oil from the
fast pyrolysis has a high concentration of oxygen-
rich compounds, resulting in a lower heating
value, a corrosive nature, immiscibility with
conventional petroleum oils and poor thermal and
chemical stability [1]. Thus, there is a need for
removal of the oxygen from the oil.

Deoxygenation can be done as a catalytic process
in the presence of excess Hz gas at elevated
temperatures [2]. Attempts have previously been
made at performing this hydrotreatment in a single
step, resulting in significant catalyst deactivation
and plugging of the reactor [3].

Due to these problems, it has been suggested that
the deoxygenation of the bio-oil could be
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performed in a two-step process: first catalytic
stabilization of the oil at low temperatures followed
by a hydro-deoxygenation step at elevated
temperatures. The purpose of dividing the process
into two steps is to prevent polymerization, which
can happen when the oil is heated to a higher
temperature in its unstabilized form [4].

Thus, the addition of a stabilization step at lower
temperatures (<250°C) is likely to be the best
approach. At this step, the unstable components
in the oil will be hydrogenated to more stable
compounds, e.g., aldehydes and ketones will be
converted to alcohols [5, 6].

Specific Objectives

The objective of this project is to develop a fixed
bed reactor based process and catalyst for
stabilization and subsequent hydrodeoxygenation
of the pyrolysis oil. This understanding was
obtained through a literature study followed by
catalyst screening experiments, leading to
identification of both the most promising
catalyst(s) and the most reactive species in the
pyrolysis oil. Furthermore, the project will include
participation in setting up and performing
experiments on a high pressure two-stage trickle
bed reactor setup for the two-step process.

Since the project is part of the bigger Innovation
Fund Denmark (IFD) project, HyProFuel,

collaboration with project partners will also be an
important part of the PhD project.

Results and Discussion

A series of batch experiments using different
catalysts were conducted in a 500 mL batch
autoclave at 180 °C, and 90 bar H2 for 60 min.
Furfural (50 g) was used as reactant and the
experiments were performed both with and
without sulfur added to the feed (0.37 g
dodecanethiol). Since bio-oil contains 45-1153
ppm of sulfur [7], which is commonly known as
catalyst poison, it is important to investigate the
sulfur sensitivity of the catalysts. The conversion
of furfural obtained in these experiments can be
seen in Figure 1.
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Figure 1: Conversion of furfural at 180 °C, 90 bar
H2, 60 min for different catalysts. Blue is pure
furfural, and yellow is w. sulfur added.
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From these experiments, it could be concluded
that sulfur has a significant influence on the activity
of most of the tested catalysts — mostly negative.
The positive impact on the activity of the Ni-Mo-
S/Al20s can be explained by the fact that the
catalyst needs to be sulfided to be active.
However, the higher activity of the Pt/C catalyst in
the presence of sulfur remains to be understood.
However, as the conversion of furfural using this
catalyst is quite poor regardless, further
investigation was not prioritized.
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Fusfurnl Furfuryl aloohal

Scheme 1: Hydrogenation of furfural to furfuryl
alcohol.

As previously stated, the purpose of the
stabilization step is to hydrogenate aldehydes and
ketones to alcohols. Therefore, the primary
desired product of the above experiments is
furfuryl alcohol, as seen in Scheme 1. Therefore,
it is also interesting to look at the selectivity
towards this product. This is shown in Figure 2.
Here it is shown that the catalysts with a high
activity for converting furfural do not necessarily
have a high selectivity towards the desired

product, furfuryl alcohol, but instead catalyzed
further reactions towards other products e.g.,

tetrahydrofurfuryl alcohol or tetrahydrofuran.
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Figure 2: Furfuryl alcohol selectivity at 180 °C,
90 bar H2, 60 min for different catalysts. Blue is
pure furfural, and yellow is w. sulfur added.

It can also be seen that the addition of sulfur
increased the furfuryl alcohol selectivity for some
of the catalysts. However, this may be caused by
a deactivation of the catalyst before it could
catalyze any further reactions. This is an
interesting question and will be possible to look
more into on a continuous setup.

Conclusions

It can be concluded that the catalysts tested in the
catalyst screening experiments were significantly
impacted by the addition of sulfur to the feed. In
most cases, this impact was negative.
Furthermore, it can be concluded that the high
conversion of furfural often comes at the cost of
selectivity towards the desired product. For the
majority of the tested catalysts, the furfuryl alcohol
selectivity increased with an addition of sulfur,
signifying that the sulfur inhibits the activity of the
catalyst.
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Plasma-assisted conversion of sugars and biomass

derivatives to value added chemicals

(April 2021 — March 2024)

Development Goals

Many traditional processes rely on heat from fossil fuel sources as the
energy input which results in the emission of greenhouse gasses. Non-
thermal plasma technology utilizes electrical energy input. Thus,
plasma-assisted processes can serve as a greener alternative in the
production of chemicals and help preserve resources assuming the
electricity originates from renewable sources such as solar or wind
power. This project deals with developing non-thermal plasma
applications for the conversion of biomass derivatives.

Contribution to the UN Sustainable
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Abstract

Bogaerts

Non-thermal plasma technology has the potential to replace current processes relying on fossil fuels. Since
non-thermal plasma-assisted reactions have solely electricity as the energy input, this can come from
sustainable sources such as wind or solar power. This will reduce emissions of greenhouse gasses and
contribute to the preservation of natural resources. Non-thermal plasma can occur by applying a high
voltage drop over a fluid, and the resulting reactive environment can consist of a large variety of species
such as electrons, heavy ions, radicals and excited species. This project is in collaboration with PLASMANT
group at The University of Antwerp and the company Topsoe and investigates the use of non-thermal
plasma techniques in the conversion of sugars and other biomass derivatives both through experiments
and modelling. Focus will be on liquid phase reactions, and catalysts will be implemented to study plasma-

catalytic synergistic effects.
Introduction

Due to the major environmental challenges,
sustainability has become a key factor that is
highly prioritized in today’s society, and many
processes traditionally used in industry need
renewing in order to limit the negative impact on
the environment. A large number of chemical
processes rely on fossil fuels as energy source,
which results in the emission of greenhouse
gasses and exhausts the natural resources. The
fossil fuel is used to create heat to overcome
energy barriers. However, in the next couple of
decades, there will most likely be a transition to
more sustainable processes circumventing the
usage of fossil fuels. In order to do so, modern
society still needs technological development, and
research into greener alternatives is therefore
crucial. Non-thermal plasma has the potential to
be a sustainable method for chemicals production
since the energy input can be entirely electrical. In
combination with the implementation of renewable
energy sources such as solar and wind power
non-thermal plasma can serve as a step towards
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eliminating the use of fossil fuels. This Ph.D.
project deals with non-thermal plasma reactions
occurring in liquids. More specifically, the
conversion of sugars and other biomass
derivatives will be investigated. Initially, research
will be put into the conversion of ethanol since this
is a bio-derived molecule that is easily converted
and can thereby act as a proof-of-concept
molecule. Then the conversion of glucose will be
investigated since thermal cracking of glucose has
previously proven successful in producing
glycolaldehyde. Glycolaldehyde can act as a new
sustainable platform chemical for further
producing a variety of products including ethylene
glycol [1]. The utilization of non-thermal plasma in
the production of chemicals represents a novel
emerging field where further research is needed to
explore the potential of this technology.

Non-thermal plasma

Plasma is often referred to as the 4™ state of
matter and essentially consists of an ionized gas.
Non-thermal plasma is a system which can consist

of electrons, heavy ions, radicals, excited and
neutral species where the electrons have
temperatures in the order of 10,000 °C.
Meanwhile, the heavier molecules can exist at
ambient temperature [2, 3]. This results in an
extremely reactive mixture where many species
are very short-lived. Non-thermal plasma can be
achieved by applying a high voltage to a fluid
releasing electrons. Plasma species can prompt
liquid phase reactions in several ways. Generally,
these can be divided into three different
categories; plasma in a gas over a liquid, plasma
in a gas mixed with a liquid (e.g. by bubbling gas
through a liquid), or by plasma discharges directly
in a liquid [4, 5]. Figure 1 illustrates these three
different types [5].
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Figure 1: Different setup types carrying out
plasma-assisted liquid phase reactions. (a)
plasma discharges directly in a liquid, (b) plasma
in a gas over a liquid, and (c) plasma in a gas
mixed with a liquid [5].

Energy can be transferred to the liquid by transport
of electrons and other species through the
plasma-liquid interface, collision or reaction at the
interface, and even by emission of UV-light [6]. In
aqueous solutions the most common reactive
species formed via plasma are OH, H-, H202 and
dissolved electrons. The combination of plasma
and catalysis is widely studied, and in many cases
synergistic effects have been observed by
combining the two technologies. The catalyst can
enhance the electric field of the plasma.
Furthermore, the plasma can increase adsorption
probabilities on the catalyst and even change
surface reaction pathways [7].

This project deals with the investigation of non-
thermal plasma technologies by conducting
experiments using a bubble reactor, where
plasma is formed inside bubbles in the liquid
reactant mixture, as well as through modelling of
the plasma environment. The combination of the
thermal chemistry and the high electric field
resulting in a wide variation of electron reactions
means that non-thermal plasmas are very difficult
to model mathematically. However, the
PLASMANT group at The University of Antwerp
are experts on this, and thereby the collaboration

with professor Annemie Bogaerts group is
expected to lead to useful information on main
reaction pathways through modelling.

Specific Objectives

This project is very explorative, and specific
outcomes are therefore difficult to predict. The
overall objective is to evaluate the potential of non-
thermal plasma in the conversion of sugars and
other biomass derivatives such as ethanol,
methanol, and glycerol

Positive outcomes could e.g. include production of
glycolaldehyde from glucose and highly efficient
reforming of ethanol into H2 and CO.

e Initial proof-of-concept investigation of
glucose conversion

e Reforming of liquid ethanol

e Investigation of other reaction conditions
(residence time, electrical conductivity
etc.)

¢ Investigation of methanol

e Investigation of glycerol
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Plasma Catalytic Conversion of Methane and Carbon
dioxide to Value Added Chemicals

(April 2021 — April 2024)

Contribution to the UN Sustainable

Development Goals

Currently, periods of surplus production of renewable electricity are
already occurring. They are expected to increase in the future due to
increasing production capacities—however, the intermittent nature of
electrical energy imposes a substantial need for efficient energy

Toke Larsen

storage. Plasma-assisted catalysis utilizes electricity as the energy

input and can thereby preserve renewably produced electricity into
value-added chemicals equalizing the imbalance between energy
supply and demand. From this perspective, this project's research

outcomes contribute to the 12th UN SDG.
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The detrimental consequences of greenhouse gas emissions have forced the global society to change
its emphasis on developing greener energy solutions. In non-thermal plasma-assisted catalysis,
electrical energy, which can originate from wind or solar power, is utilized to produce bulk chemicals
nominating this process as an alternative and sustainable production approach for the future.
The central research objective of this Ph.D. project is to investigate whether plasma catalysis might be
a valuable alternative to the existing conventional thermo-catalytic processes and other novel gas
conversion technologies. The project is carried out in collaboration with Topsoe A/S and focus will be
directed towards understanding the fundamental plasma dynamics of oxidative and non-oxidative
reactions pathways of methane in plasma assisted catalysis.

Introduction

From a historical perspective, the thermo-catalytic
production of chemicals has been based on
utilizing fossil resources both as chemical
feedstock and as the energy resource. However,
such processes are expected to undergo major
modifications in the future due to the aggravating
legislative regulations on CO2. A promising new
technology field that could overcome the
environmental concerns is plasma-assisted
processes [1]. This type of process utilizes
electrical energy, which can be produced from
solar photovoltaics and wind power, appointing
plasma-assisted processes as an alternative and
sustainable production approach [1-2].

In particular, a specific type of plasma called cold
atmospheric plasmas or non-thermal plasmas
(NTP) is currently subjected to extensive
research. The application of such electrical
discharge plasmas has numerous advantages
compared to many conventionally exploited
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thermo-catalytic processes. The fundamental
distinction point is that in an NTP, the electrons of
the feed stream are selectively activated rather
than the entire feed stream, as seen in the thermo-
catalytic approaches. In this respect, the plasma
system is in a non-equilibrium state where the
overall gas kinetic temperature of the partially
ionized gas is close to or equivalent to ambient
conditions but still contains exceedingly high
energized electrons [1-6]. The temperature
difference  between the plasma species
establishes the non-equilibrium conditions, which
potentially enhance and enable the initiation of
difficult thermodynamic reactions under mild
operating conditions. However, the nature of such
NTP is unselective, meaning product distributions,
including desired and unintended by-products, are
obtained. Therefore, combining NTP systems and
catalysts has been suggested to obtain the hybrid
technology, named plasma-catalysis [7]. The
concepts of plasma-catalysis revolve around the
activation of the feed gas under mild conditions by

the plasma followed by selective recombination of
the activated species at the catalyst's surface to
yield desired products [1, 5]. One characteristic of
plasma catalysis that is frequently highlighted and
considered one of the most important features is
that this technology holds the ability to produce
enhanced process outcomes that cannot be
achieved by plasma or catalysis separately.

Such surplus effects are often termed as
synergistic effects originating from the complex
interplay between the effects of the plasma on the
catalyst and vice versa, the effects of the catalyst
on the plasma [1]. However, this seemingly simple
technology involves underlying complexities that
need clarification to achieve further advances.
Despite the significant number of papers
published since the year 2000 addressing the
fundamentals of plasma-catalysis, little progress
has been made in this science field. Most research
dealing with the development and optimization of
plasma catalytic setups, e.g., reactor design,
process conditions, and choice of catalytic
material, is currently based on a trial-and-error
approach [1, 5].

NTP in a Dielectric barrier discharge.

One of the most common ways to generate a NTP
is in a dielectric barrier discharge (DBD). The DBD
is based on the same principle as a regular
capacitor, where two electrodes are separated by
a dielectric material. Ignition of the plasma occurs
when the potential difference between the two
electrodes becomes sufficiently large to initiate the
gas breakdown generating the reactive mixture of
ions, radicals, and vibrationally exited species [1].
Figure 1 illustrates an ignited plasma in a
cylindrical DBD configuration.

Figure 1: Ignited Ar plasma seen in filamentary
mode generated in a cylindrical DBD in the
experimental plasma reactor at DTU in the
department of Chemical and Biochemical
Engineering.

The geometry of such DBD reactors can vary from
planar to cylindrical configurations, however the
cylindrical design is the most common for the
purpose of conducting plasma assisted catalysis
as illustrated in Figure 2.

Figure 2: A 3D illustration of the cylindrical DBD
configuration.

Project Scope

This project is an explorative study on the
combined arrangement of a NTP and catalytic
packing materials for the production of value-
added chemicals.

- Firstly, the non-oxidative reaction pathways
of methane to more valuable chemicals,
hereunder higher hydrocarbons preferably
unsaturated is targeted, and will be
investigated.

- Secondly, the oxidative reaction pathways of
methane will be investigated. Herein
processes such as dry reforming of methane
with and without steam will be investigated as
well as the single-step conversion to
methanol.

Focus will be directed towards a detailed

understanding of the fundamental plasma/catalyst

dynamics occurring in the combined system.
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Bio-based anti-corrosive coatings for the heavy duty

industry

(September 2021 — August 2024)

Development Goals

Large steel structures, such as ships, wind turbine towers and oil rigs,
are protected by multi-layer anticorrosive coating systems to avoid

Contribution to the UN Sustainable

structural failure. However, these anticorrosive coatings are based on Tejasvi

fossil fuels. Therefore, replacing fossil-based materials with bio-based .
alternatives in the life cycle of coatings, while lowering the carbon Laxminarayan
footprint and process waste, is a responsible way of consuming tejlax@kt.dtu.dk
resources.
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Abstract

High performance anticorrosive coatings are applied on large steel structures to provide protection
against corrosion in harsh environment. However, there is a growing demand to replace these fossil-
fuel derived anticorrosive coatings with bio-based materials to create a sustainable future. The project
aims at developing novel coating formulations with bio-based materials and matching its service time
with the existing hydrocarbon-based epoxy anticorrosive coatings. The performance of the developed
bio-based coatings will be evaluated via accelerated exposure and chemical resistance testing,
adhesion and hardness tests, thermogravimetric analysis, rheological measurements, and microscopic

analysis.

Introduction

Heavy-duty industries, such as marine, oil and
gas, and wind turbine, widely use anticorrosive
coatings in order to avoid detrimental effects of
corrosion in aggressive environment. Anti-
corrosive coatings are generally multi-layered,
consisting of a primer, one or several intermediate
coats and a topcoat [1]. A primer is a preliminary
layer of coating applied prior to the topcoat to
ensure better adhesion and to provide
anticorrosive properties, whereas a top coat
provides aesthetics and resistance to weather
conditions, sunlight and chemicals. An epoxy-
polyurethane system is commonly used for high
performance applications, where epoxy resin is
used as a primer and polyurethane resin is used
as a top coat [2].

However, these epoxy resin primers are typically
produced from fossil-based feedstocks such as
oil, coal and natural. Specifically, Bisphenol A
(BPA) resins, one of the raw materials used for the
synthesis of epoxy resins, dominate the heavy-
duty coatings [3]. However, fluctuating oil-prices,
increasing VOC emissions, stringent government
regulations and consumer awareness are creating
a strong demand for incorporating sustainability
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into the life cycle of coatings. Significant efforts are
therefore directed towards the development of
environmentally-friendly polymeric coatings where
renewable raw materials, such as vegetable oils,
cellulose, lignin, tannin, chitosan, and protein, are
incorporated in coating formulations [4]. This may
ultimately enable the coatings industry to
formulate more sustainable products with a lower
carbon footprint.

Lignin, due to its low cost, high aromaticity, and
availability, is considered as a potential alternative
to replace petroleum-based epoxy binders in the
coating. However, the heterogeneous and
complex structure, as well as the high
polydispersity and poor solubility in aqueous and
organic solvents, are some of the challenges
limiting the application of technical lignin for high
value-added materials and products [5].

To reduce the heterogeneity and improve the
reactivity and solubility of lignin, one of the most
common strategies is to solvent fractionate and
selectively modify the functional groups of
technical lignin (mainly aliphatic hydroxyl groups,
phenolic, and carboxylic acid groups) [5].
However, the additional costs associated with
solvent fractionation and chemical modification of

technical lignin on an industrial scale are factors to
consider. Consequently, an approach for direct
incorporation of unmodified lignin particles into
epoxy coatings, in place of pigments and fillers,
would be of great interest.

Specific objectives

The project focuses on replacing part of the fossil
fuel-based ingredients in coatings with bio-based
materials, derived from plants or trees, including:

e Partial/complete replacement of fossil-based
ingredients of a coating with biomaterials
e Mechanical and accelerated exposure testing
of bio-based coatings
e Sustainability evaluation of the developed bio-
based coatings
e Upscaling from lab- to commercial-scale
production of bio-based coatings
Methodology
Lignin-epoxy novolac coatings (L-EN) were
formulated by mixing the base components, i.e.,
epoxy novolac resin and softwood Kraft lignin
powder with an aliphatic polyamine curing agent,
meta-xylenediamine  (MXDA)-adduct at a
stoichiometric ratio (SR) (amine/epoxy) of 0.90
and a pigment volume concentration (PVC) of
20%. The final formulation was applied to grit
blasted mild steel panels with dimensions of
75x150%x3 mm. A neat coating (i.e., particle-free)
was prepared by mixing epoxy novolac resin with
MXDA-adduct in an SR of 0.90. Iron oxide-based
novolac (I0-EN) coatings were formulated with a
PVC of 10%. For reference, a commercial (COM)
anticorrosive coating from Jotun was prepared. All
the coated samples were applied using a bar
applicator to a dry film thickness (DFT) of 300+10
pm and cured for at least 7 days at ambient
temperature.
Results and discussion
To evaluate the corrosion resistance of the
coatings, all samples were exposed in a salt spray
chamber and the performance was compared with
epoxy novolac coatings containing either iron
oxide pigment, no pigment (neat epoxy novolac),
or a range of pigments (i.e., a commercial
anticorrosive coatings). Samples prior to and after
70 days (1680 h) of salt spray exposure test are
shown in Figure 1 and 2.

: L-EN :: Neat- :l :: 10-EN f

Figure 1: Samples prior to salt spray exposure
test.

Neat-EN | COoM I 10-EN

:

Figure 2: Samples after 70 days of salt spray
exposure test.

No surface defects (i.e., a blistering degree of 0
(S0) and rusting degree of Ri 0) were observed for
any of the coatings except for blisters and rust
seen on the neat-EN (i.e., degree of blistering 1
(S2) and rusting Ri 1). The corrosion spots on neat
EN are most likely due to pinholes formed during
coating application.

Conclusions

The present study investigated the effects of size-
fractionated technical lignin particles as a
structure-reinforcing  component in  epoxy
coatings. For all samples, exposed up to 70 days,
salt spray resulted in no surface defects. However,
compared to the commercial coating, the L-EN
coating showed a superior rust creep resistance.
Thus, chemically unmodified lignin fines (i.e.,
sieved particles) can be incorporated in epoxy
novolac coatings (up to 25 vol%), thereby
providing a bio-based alternative to pigments and
fillers in heavy duty coatings.
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Development of Digital twIinS to optimize chemical
addition on inTegrated uRban watEr SystemS
(DISTRESS)

(April 2023 — April 2026)

Development Goals

Contribution to the UN Sustainable

In recent years, the issue of greenhouse gas (GHG) emissions in
wastewater treatment plants (WWTPs) has become increasingly
concerning, primarily due to the production of nitrous oxide (N20). This

of WWTPs, contributing to a more sustainable future.

project uses plant-wide modelling approach to predict the operation Tianyu
costs and GHG emissions of wastewater treatment systems. The model
will serve as a valuable tool for optimizing the processes and operations Lei
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Abstract

Damien Batstone

The upcoming change of legislation in some European countries like Denmark where wastewater
facilities will start to be taxed based on direct greenhouse gas (GHG) emissions will force water utilities
/ industries to take a closer look at nitrous oxide (N20) production. In this project, a set of mathematical
tools are developed together to (dynamically) predict N2O emissions in a full-scale industrial wastewater
treatment plant using a plant-wide model. The model will support verifying hypotheses about the
fundamental mechanisms of N20 production and emissions and will serve as a valuable tool for

optimizing the processes and operations of WWTPs.

Introduction

N20 is a major contributor to GHG emissions in
WWTPs, with a global warming potential 296
times greater than that of CO2. The industrial
partner in this project, Novozymes A/S, is currently
facing challenges in reducing GHG emissions
from  their  industrial WWTP.  Accurate
measurement and accounting of N2O production
in Novozymes A/S' industrial WWTP are essential
for developing effective strategies to mitigate
emissions and improve plant performance.

Objectives

The objective of this project is to focus on the
development of digital twins (DTs) that serve as
virtual replicas of the full-scale industrial WWTP.
Through the creation of accurate models that
capture the N20 production pathways / processes
and the identification of key factors influencing
N20 production, this project aims to enhance
understanding and provide a mathematical
description of N20 production in the industrial
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WWTP. By leveraging the insights gained from the
DTs, process operators / engineers will be able to
conduct in-silico experiments, enabling them to
make informed decisions regarding the operation
and optimization of GHG emissions reductions.

Furthermore, the accurate description of N20
pathways provided by the DTs can enable their
applicability to other WWTPs with appropriate
modifications. This broader utilization of the DTs
can contribute to carbon-neutral goals on a global
scale and make a significant impact in the broader
context of sustainable wastewater treatment.

Plant Configuration

A plant-wide model has been developed to
comprehensively depict the design and
operational conditions of the WWTP under
examination, as shown in Figure 1. Flow diagram
and model parameters are adjusted to reproduce
the influent, effluent, and process characteristics.

RS Qeerotnfinll .

1 .
B porea®  aTE

T e 3 (T Wi
el = lo s b

Figure 1: Flow diagram of the WWTP under
study. Black/White arrows are inputs/outputs to
the whole system [1,2].

Model Structures

This plant-wide model integrates three key
components:

1) biological models,
2) physio-chemical models, and
3) model interfaces

The biological model (BM) encompasses two
critical aspects: an anaerobic digestion model
(ADM) and an activated sludge model (ASM). The
ADM accounts for influent conditions and
processes in anaerobic lines, while the ASM
covers the aerobic lines. Within the ASM, N20
biological pathways are explicitly considered,
including the NH20H oxidation pathway (NN
pathway), AOB nitrifier denitrification pathway (ND
pathway), and heterotrophic denitrification
pathway (DEN pathway). The physio-chemical
model (PCM) includes an aqueous phase plus
precipitation model and a gas transfer model.
Interfaces are used to connect those models
[1,2,3].

Data Collection and Analysis

A five-week measuring campaign was conducted
to compare full-scale measurements and model
predictions. Sensor data monitors high frequency
dynamics within the ASR. Data was dynamically

reconciled using a four-steps methodology based
on:

1) definition of the identity matrix,

2) curation, processing, cleansing and data
analysis,

3) estimation of the missing fluxes, and

4) calculation of optimal flows using Lagrange
multipliers.

Conclusion and Expected Outcomes

Regarding the expected outcomes, the model will
be able to predict the key aspects during operation
conditions under different time resolutions. The

model will undergo further calibration and
validation with the high-resolution dynamic data
from both aqueous phase and gas phase N20
sensors and new measurement campaigns.
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Photochromic hydrous TiO2 glycerol-PDMS
elastomer

(December 2020 — November 2023)

Development Goals

are potentially sustainable.

Contribution to the UN Sustainable

90% of information is recorded on paper and always discarded after
single use. Paper consumption is a key contributor to deforestation by
relying on forest wood for production, thus negatively impacting the v
environment. To improve sustainability, in this project, we developed a Chonghui Li
photochromic film with the potential to replace traditional paper. The film chongli@kt.dtu.dk
enabled reversible ink-free printing upon UV irradiation. Information
could be printed, erased, and reprinted on the film without loss in
resolution, these properties are promising for rewritable paper, which
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Abstract

Photochromic materials, which can change color with ultraviolet (UV) light, are sought-after in optical
devices. Herein, photo-induced color-changing films were prepared by incorporating inorganic
photochromic compounds (hydrous titanium dioxide, hydrous TiOz2) into droplets of glycerol-PDMS films.
With the presence of an alcohol (i.e., glycerol), the film exhibited a remarkable photochromic ability. The
film displayed rapid color changes from white to blue with UV light. When the film was exposed to
ambient air, the color faded back due to the presence of oxygen. Multiple patterns could be photo-printed
on the film, erased, and reprinted without noticeable losses in resolution.

Introduction

Chromogenic materials can change color
reversibly with external stimuli like stress, light,
electric,c and magnetic fields. Photochromic
materials can change color by light (ultraviolet, UV
light) and are widely applied in numerous
industrial applications, such as construction
materials, optical data storage media, cosmetics,
and anti-counterfeiting.[1] Photochromic materials
are generally prepared by introducing
photochromic compounds into polymer matrices.
Photochromic compounds are divided into organic
materials (spiropyrans, diarylethene, azobenzene,
etc.) and inorganic materials (titanium dioxide,
tungsten oxide, silver halide, etc.).[2] Compared
with organic materials, inorganic materials are
low-cost and avoid using toxic organic solvents.
Titanium dioxide (TiOz2) is a commonly used
inorganic photochromic compound; particles turn
blue when exposed to UV light due to the
formation of Ti®*, and color will fade back when
particles are in contact with air due to oxidation.[3]
It also reported[4] that alcohol may enhance the
photochromic  performance as the hole
scavengers accelerate the proton propagation.
Recently, researchers in photochromic films
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consisting of TiO2 particles have focused on
mixing TiOz2 with polyvinyl alcohol (PVA).[5]
However, PVA lacks water resistance and is
therefore unstable in ambient air.
Polydimethylsiloxane (PDMS), which is
hydrophobic, chemically inert, and has excellent
mechanical properties, is a better candidate than
PVA.

In this work, we incorporated hydrous TiO:2
particles with great photochromic ability into the
droplets of the glycerol-PDMS film to obtain a
photochromic film. When prepared at high shear
forces, the glycerol-PDMS film possesses a
closed-cell structure, wherein glycerol may act as
both a reservoir and a hole scavenger.

Specific Objectives

e To prepare hydrous TiO2-embedded glycerol-
PDMS photochromic films.

e To Investigate the structure of photochromic
films.

e To photoprint various patterns on
photochromic films.

Results and Discussion

Photochromic films were developed by dispersing
hydrous TiO2 particles (20 wt%, in glycerol) in
glycerol to obtain a homogeneous suspension,
followed by speedmixing the 40 phr (parts per
hundred rubbered) hydrous TiO2 glycerol
suspension with PDMS.

1. Structure of photochromic film

The morphology of the photochromic films was
investigated using a scanning electron
microscope (SEM), as shown in Figure 1a. After
speedmixing the hydrous TiO2 glycerol
suspension with PDMS, the cured films exhibited
a closed-cell structure. Furthermore, energy
dispersive spectroscopy (EDS) was applied to
detect the elemental composition of the film.
Figure 1b indicates the distribution of Ti (red dots)
in the photochromic film, demonstrating that
hydrous TiO2 particles have been successfully
incorporated into the droplets of the glycerol-
PDMS film.

Figure 1. (a) SEM images of the cross-section of
the hydrous TiO2 glycerol PDMS film; (b) EDS
spectra of Ti (red dots) in TiO2 glycerol PDMS film.

2. High-resolution pattern photo-printing

The photochromic films were exposed to UV light
through chrome photomasks to print various
patterns. As illustrated in Figure 2, patterns were
successfully printed on the films, the exposed area
turned blue, and the block area remained white.
The photo-printed patterns were displayed at high
resolution. The printed quick response (QR) code
could be scanned by mobile devices to open our
group’s website. Meanwhile, the film also showed
reversible color changes. When exposed to
ambient air, the pattern disappeared due to the
presence of oxygen, in which Ti3* was oxidated to
Ti4*. Using this, various patterns were printed,
erased, and reprinted on the film. The photo-
printed figures underwent neglectable losses in
resolution after repeating cycles. The successfully
demonstrated reversible photo-printing processes
suggest the potential of the films in optical fields,
particularly as a rewritable film.
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Figure 2. Digital images of reversible photo-
printed patterns on a hydrous TiO2 glycerol PDMS
film. Scale bar: 1 cm.

Conclusion

Stable photochromic films were developed by
introducing hydrous TiO2 particles into glycerol
droplets in PDMS elastomers. With the presence
of glycerol, hydrous TiO2 exhibited great
photochromic ability, resulting in an excellent UV
light-induced photochromic film. The hydrous
TiO2-containing film rapidly changed color from
white to blue after exposure to UV light and faded
back when exposed to ambient air. Using this,
patterns could be printed, erased, and reprinted
on the film without noticeable loss in resolution.
The hydrous TiO2 glycerol PDMS photochromic
films are believed to be potential candidates for
innovative optical applications.
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Delamination of paint coatings from thermally sprayed
metal (TSZ) substrate: correlation between accelerated

laboratory testing and real field-testing

(November 2021 — November 2024)

Development Goals

Contribution to the UN Sustainable

The worldwide economic impact of corrosion is approximated at $2.5
trillion USD, and zinc coatings are extensively employed for the
protection of steel structures, owing to their exceptional galvanic

characteristics. Existing zinc coatings necessitate substantial quantities Ziyou Li

of metallic zinc, and conventional laboratory screening assessments

may not accurately simulate their real-world performance. This project's ziylia@kt.dtu.dk
objective is to enhance the performance of zinc coatings, assess the Supervisors:
deterioration mechanism, and optimize accelerated testing Kim Dam-Johansen,
methodologies. Huichao Bi

Abstract

Thermally sprayed metal (TSM) duplex coatings have demonstrated excellent performance in highly
corrosive environment applications. The ISO 12944-9 cyclic aging test was developed for the
assessment of their performance under practical conditions. However, significant disparities were
observed in the degradation characteristics of TSM duplex coatings when compared to real-world
exposure outcomes. A critical examination of the current testing method was conducted in this study.

Introduction

The escalating demand for renewable energy
stimulated the deployment of offshore wind energy
devices (OWEAs). The aggressive corrosion
conditions and the difficult-to-access nature of the
OWEAs require higher durability of the protective
coating system.

Thermally sprayed metal (TSM) duplex coatings
have achieved extensive adoption for the
protection of offshore structures. In contrast to
paint systems with comparable thickness, TSM
duplex coatings have been substantiated by
numerous real-world instances. A synergistic
effect between these two coating systems resulted
in an extension of service life by 1.5 to 2.3
times[1]. For instance, the Vilsund Bridge was
coated with TSM duplex coatings in 1979, and the
TSM layer remained in sound condition during a
patch paint repair in 2013, after 34 years of service
in the splash zone. Another example is the
Vindeby wind farm, which was coated with 120 pm
TSM and 475 pym of Epoxy/polyurethane, the
inspection showed that the coatings are still in
excellent condition after 24 years of service[2].

Despite the observations mentioned above,
coating manufacturers still need to conduct
laboratory tests to evaluate the performance of
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TSM duplex coatings. ISO 12944-9 is designed for
this purpose and is widely accepted as the
standard, which consists of 3-day
UV/condensation exposure, 3-day exposure to
neutral salt spray, and 1-day freezing, as shown in
Figure 1.

Day 1 Doy 2 Dy 3 Dy 4 Day 5 Dey & Day 7
UV/condensation — IS0 LA74-1 Newtral calt spray — 0 4227 Lowdemp
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Figure 1 1ISO 12944-9 cyclic ageing test [3].

However, severe delamination was found during
this cyclic ageing test, which differs from the
findings from samples under real condition
exposure.

Aims and Objectives

The project aims to explore the underlying causes
behind the accelerated delamination of TSM
duplex coatings during the cyclic ageing test.
Meanwhile, discussions about the applicability
and limitations of this standard testing method is
provided.

Results and Discussions

S235 carbon steel (150 x 75 x 5 mm, Sa 2'2) was
used as the substrate. ZnAl15 alloy (85 wt.% Zn

and 15 wt.% Al) was thermally sprayed (electric
arc spraying) on the substrate with a nominal
thickness of 60, 80, 100, and 150 uym. Three
commercial coating systems were selected and
prepared, as presented in Table 1. All samples
were cured at ambient temperature for 30 days
before exposure.

Table 1: TSM duplex coatings: S1, S2, and S3
are three different commercially available
systems.

System TSM Duplex coatings
thickness
(um)
S Mist Coat: Two-
component epoxy
s2 27 Coat: Two-
60,80,100,150 component epoxy
31 Coat: Two-
S3 component
polyurethane

Figure 2: An illustration optical image of the
rust-creep measurement from a sample with 60
pm TSM and coating S1 after 25-week ISO
12944-9 cyclic ageing test.
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Figure 3: The rust-creep measurement (M value)
of TSM duplex coatings after the 25-week cyclic
ageing test. where each contains system 3 to 6
replicates.

Based on the observations and measurements as
shown in Figure 2 and Figure 3, the most severe
delamination took place on coatings with a 60 pm
TSM layer, and two out of three risks not meeting
the standard criteria. Moreover, an increase in
TSM layer thickness leads to a significant
decrease in rust creep. Particularly, samples with
100 um TSM or above had a notably reduced rust
creep.

Conclusion

The cyclic ageing test is devised to evaluate the
long-term performance of TSM duplex coatings
with a significantly reduced time and cost.
However, the discrepancy between it and real
environment exposure results raised concerns
regarding the applicability and limitations of the
method.

Based on this study, severe delamination was
observed on samples with 60 ym TSM, and the
delamination severity demonstrated an inverse
correlation with TSM thickness
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Abstract

This work focusses on the important problem of capacity and production planning in pharmaceutical
manufacturing. A framework is proposed for developing and solving optimization problems to provide
decision support in deterministic and stochastic settings. Novel mixed-integer linear programming
models are proposed for tactical and strategic capacity planning. The model outputs define the system
capacity requirements which must be resolved to supply demands continuously and it provides
production plans based on the capacity expansions. Multiple case studies are used to illustrate the

framework and models.
Introduction

The pharmaceutical industry is responsible for the
consistent delivery of life-saving medicines to
patients. Careful planning determines how to use
and expand existing manufacturing resources [1]
but the planning complexity is high due to resource
sharing and demand volatility. The complexity has
been tackled successfully with mathematical
programming to determine campaign plans across
networks for active pharmaceutical ingredient
(API) manufacturing [2] and capacity expansions
in new [3] and existing [4] facilities. This work aims
to integrate capacity and production planning in
industrial scale APl manufacturing networks for
tactical and strategic decision making support.

Specific objectives
The project seeks to develop

e Frameworks for decision making support
in capacity and production planning

e Novel mixed-integer linear programming
(MILP) models for deterministic and
stochastic problem settings

Results and discussion

The first phase of the project focused on
developing a framework that could take a planning
problem as an input, extract the manufacturing
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features relevant for solving the problem and
convert these into a set of algebraic equations
which form a mathematical model. The goals and
KPIs are converted to objective functions and the
optimizations problem is created by combining the
model with the objective functions. The problem
parameters can be determined using industrial
data and the solution of a problem instance with
parameter values is used to support decision
making on the use and expansion of the
manufacturing system [2]. The framework was
applied to an industrial size network where it was
used to determine the size of tactical capacity
expansions as a function two uncertain
parameters: the minimum campaign length and
the rebuild time needed to retrofit the process
(Figure 1).
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Figure 1: Required capacity expansions

The second project phase focused on the
consequences of uncertainty and how to address
this problem with limited information on the
distribution of the uncertain data [4]. The objective
was to determine what facilities to build and retrofit
on a strategic time horizon. Deterministic and
stochastic programming models were developed
to tackle the problem and exogenous uncertainties
in demands and objective function costs were
included. A 4-step framework was presented for
handling uncertainty. In step 1, a deterministic
model is solved with the expected parameter
values followed by a sensitivity analysis in step 2
to determine the subset of uncertain parameters
that impacts the solution. These parameters are
included in a stochastic program in step 3 to find
the optimal capacity expansion decisions subject
to uncertain parameter values sampled from their
expected probability distributions. In step 4, the
distribution assumptions are challenged by
performing a sensitivity analysis on the distribution
type, mean and standard deviation. A case study
was presented with a 3-stage network producing
six final products. The results in Table 1 for
framework step 2 show that the required capacity
expansions are sensitive to demand uncertainties
for products B, C and F and to the expansion costs
at demand increases of 20%.

Table 1: Capacity expansions dependent on
product demand increases and expansion costs

Product

Demand Base Cost "B C F
factor cost exponent _——

Expansion, %
+10% 150 0.8 10 10 0
+10% 125(-25) 0.8 10 10 0
+10% 175 (+25) 0.8 10 10 0
+10% 150 0.7 (-0.1) 10 10 0
+10% 150 0.9 (+0.1) 10 10 0
+20% 150 0.8 10 20 0
+20% 125(-25) 0.8 10 20 10
+20% 175 (+25) 0.8 10 20 0
+20% 150 0.7 (-0.1) 40 20 10
+20% 175 (+25) 0.9 (+0.1) 10 20 0

The results from framework step 4 are shown in
Figure 2. They are summarized in terms of the
total capacity expansion required in the network
as a function of the demand mean and standard
deviation across products B, C and F. The results
for normally and uniformly distributed demands
are identical in 23 of the 27 scenarios which shows
only a small sensitivity to the uncertainty on the
distribution type. As expected, larger expansions
are needed for larger mean demands but larger
demand volatilities as measured by the standard
deviation are also observed. The results of the 4-
step framework show that demand increases for
products B, C and F should be monitored.

Different capacity expansions are required
dependent on the type of demand increase but the
possible locations in scope for expansion have
been identified. The output from the model can
therefore be used as an input to process retrofit
design which will identify which projects to
implement depending on the demand that
materializes.
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Figure 2: Total capacity expansion for uniform (o)
and normal (x) demand distributions at different
demand means and standard deviations.

The third phase of the project is currently ongoing
and aims to expand the applicability of the
framework to systems where multiple capacity
expansions must be identified and scheduled with
the remaining production.

Conclusions

This work present frameworks and mixed-integer
linear programming models for use in decision
making support on capacity and production
planning in deterministic and stochastic settings.
Several case studies have been solved and
presented to showcase the ability of the
frameworks to solve industrially relevant problems
on tactical and strategic capacity expansions.
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Elastomers are used in various applications and environments, from
heavy mining industries to medical devices inside human bodies. Some
examples are seals and gaskets, tires, conveyor belts, implants and

recycling processes for elastomers can close this loop in a fulfilling
manner. This project investigates solutions to this problem.

catheters, footwear, and roofing membranes. To find efficient ways of Sofia
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consumption and the production. However, as of today, no such Lindstrom
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Abstract

The producers of crosslinked elastomers are facing a significant challenge with regard to finding efficient
recycling processes for their products. Although there are substantial developments in the field, the
difficulty of regaining the original properties of the polymers remains an obstacle for larger industrial
applications. This project aims to investigate how the diffusion properties of crosslinked elastomers can

be utilized to recycle this complex class of materials.

Introduction

Crosslinked elastomers (or rubbers) have a
network structure formed by chemical and
physical crosslinks between the polymer chains.
The density and type of crosslinks will determine
the characteristic mechanical properties of the
system. Typically, elastomers with chemical
bonds as crosslinks are called thermosets, while
elastomers with crosslinks from physical
interactions, such as crystallites in a partially
crystalline polymer, are called thermoplastic
elastomers. Thermoplastic elastomers are often
re-processable due to the temporary nature of
their crosslinks.[1]

However, recycling thermoset elastomers is a
complex task due to the crosslinks being
constituted of irreversible chemical bonds.
Additionally, many chemically different polymers
are used in elastomer systems, as well as many
chemically different ways to crosslink them.
Furthermore, each elastomer system contains
various additives, such as accelerators, waxes,
processing aids, and fillers. Despite the complex
polymer matrix, there is some progress in
thermoset elastomer recycling.[1], [2]

Suppose a rubber material is ground by different
means into a powder. In that case, there is a
possibility to use the rubber powder as a filler in
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either a polymer blend or in concrete or bitumen.
Rubber material can also be recycled by breaking
parts of the polymer network to obtain a low-
modulus thermoplastic material that can replace a
virgin polymer material. This type of recycling can
be done using different methods as described
below:

- Using a co-rotating twin extruder at
cryogenic, ambient, or elevated
temperatures.

- Using microwave technology that
relatively selectively breaks polar parts of
the network with the heat generated.

- Using ultrasound technology combined
with the heat and pressure inside an
extruder.

- Exposing the elastomer to organic and
inorganic compounds to break parts of the
network using chemical reactions.

- Using microbes that can attack specific
parts of the network.

- Anaerobically heat the elastomer in a
pyrolysis process.

- Using a combination of the above
techniques.

The problem with all the existing recycling
processes is that the recycled material is not
identical to the virgin material, which complicates

the re-processing and re-use of it. Usually, the
recycled elastomer can only replace parts of the
virgin material. Introducing dynamic covalent
chemistry to the network is an alternative method
to impart recycling properties to thermosetting
elastomers. The dynamic, exchangeable bonds
can arrange and re-arrange upon external stimuli,
which gives the system recycling properties while
maintaining the properties of a crosslinked
system. These networks are often called vitrimers.
Examples of such chemistries include
transesterification, transalkylation of C-N bonds,
olefin methastesis, and trans-oxyalkylation
reactions of silyl ether linkages.[2], [3], [4]

Specific objectives

The overall objective of this project is to widen the
knowledge of how to recycle -crosslinked
elastomers. Specifically, the project aims to
develop an understanding of how the diffusion
behavior of different solvents and reagents in a
crosslinked polymer network can be utilized to
enable the recycling of them. The first part of the
project focuses on an elastomer system with silyl
ether crosslinks.

Experimental methods

A small study has been conducted where the
swelling behavior of two differently crosslinked
polydimethylsiloxane (PDMS) elastomers in
tetrahydrofuran (THF) has been analyzed. One of
the PDMS elastomers has crosslinks constituted
of silyl ether bonds, while the other PDMS
elastomer, Sylgard 186, has siloxane as
crosslinks. The latter is used as a reference.

The difference in swelling was monitored by
placing PDMS samples of thickness 2 mm and
masses around 20-40 mg in vials with THF and
following the mass change of the elastomer
samples at different time intervals. The samples
were held at room temperature. The mass was
measured by removing the samples from the vials
with a tweezer, dabbing the samples on paper
tissues to remove any surplus solvent from the
surfaces, and measuring the samples’ masses
using a lab scale. The samples were put back into
their previous vials after the measurements. The
swelling was then calculated using Eq. 1.

% Swelling = "2 100% (1)
1

Where my is the mass of the sample after
swelling, and myis the mass of the sample before
swelling.

Results and discussion

The PDMS with silyl ether crosslinks showed a
swelling of >200% after 20 hours and >400% after
6 weeks. Sylgard 186 swelled >200% after 20
hours and stayed at >200% swelling after 6
weeks. The results indicate that the relatively large
swelling of the elastomer with silyl ether crosslinks
can be utilized by different means to develop a
recycling process, for example, by combining it
with suitable reagents. The reason for this is that
a high percentage of swelling is thought to open
up the network sufficiently for reagents to
penetrate it. If the reagents can penetrate the
network, they are more likely to reach the
crosslinking points where chemical reactions
could break the crosslinking bonds.

Conclusions

An initial study has been conducted where the
swelling behavior of two differently crosslinked
PDMS elastomers in THF was analyzed. An
elastomer with silyl ether crosslinks showed a
swelling of >200% after 20 hours and >400% after
6 weeks. A reference, Sylgard 186, reached its
maximum swelling of >200% after 20 hours and
stayed there until 6 weeks had passed. The idea
of the project is to utilize the knowledge of the
swelling of polymer networks in different solvents
to, in combination with suitable reagents, enable
the recycling of the crosslinked elastomer.
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Abstract

The production of sustainable aviation fuel (SAF) based on the methanol to jet-fuel process consists of
the following steps: Conversion of methanol to medium length olefins, oligomerization of the olefins to
the targeted chain length and finally hydrogenation to jet fuel. The process step of oligomerization
which is enabled and controlled through different catalytic means is the focus of this project. A
promising reaction path is given by acid site catalysts; however, the resulting process remains to be
fully understood with regards to activity, selectivity and catalyst deactivation.

Introduction

Aviation represents a relatively small industry,
however its impact on the climate system is
disproportionately large, accounting for 4-9 % of
the total climate change impact [1]. Even though
the demand for aviation dropped significantly
during the COVID-19 pandemic, the sector has
recovered fully with GHG emissions exceeding the
previous amounts with continuous expected
growth and while evolutionary and operational
improvements to aircrafts and flights will reduce
emissions, the major contributor is projected to be
SAF as the replacement for fossil fuels with a
required high energy density [1], [2].

The Methanol to jet-fuel (MTJ) process offers a
promising path to SAF due to the efficient and
flexible production of methanol, which can be
synthesized from a wide range of feedstocks,
including biomass, waste and natural gas as well
as through Power-to-X in times of low electricity
costs [1], [3].

With the focus on sustainable aviation fuels from
green methanol, the overall process can be
divided into three subsequent steps consisting of
1) Methanol conversion to olefins in the range of
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C4-Cs; 2) Oligomerization of these olefins to
hydrocarbons in the jet fuel range (Cs — C1s) with
linear and branched structures; 3) Hydrogenation
of long chain olefins to the final drop-in jet-fuel [3].

While the methanol to light olefins and methanol
to gasoline processes are well-established and
commercially integrated, for example by the Mobil
Oil MTG process or the Topsoe improved gasoline
synthesis (TIGAS) [4], [5], selective production of
medium olefins and oligomerization of these
olefins towards jet-fuel range hydrocarbons
remains a challenge [5].

Oligomerization of olefins is constituted most
frequently by metal catalyzed 1,2-insertion and
acid-catalyzed carbenium ion chemistry. This
study is focusing on the latter reaction path due to
the overall advantages, both economical and
practical [5].

The fundamental reaction mechanism for acid-
based catalysis is the carbenium ion mechanism,
depicted in Figure 1. Initially, the bulk phase olefin
interacts with an acid site, resulting in the
formation of a carbenium ion. This carbenium ion
can subsequently engage in further reactions with
additional olefins, leading to the formation of larger

hydrocarbons. Alongside chain growth, olefins
undergo processes such as isomerization,
alkylation and cracking which is accompanied by
cyclization and hydrogen transfer reactions [5], [6].
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Figure 1: Carbenium ion mechanism, describing
the initiation, propagation and termination of
olefins in acid catalyzed oligomerization [5].

The final product distribution of acid catalyzed
reactions is determined by the initiation and
propagation of the carbenium ion mechanism,
which in turn is tailored by operating conditions, as
well as catalyst properties [6].

Specific Objectives

This project’'s central objective is to improve the
understanding of the oligomerization of medium-
length olefins, by investigating the catalytic
properties which are influencing activity, selectivity
and deactivation in the carbenium ion mechanism,
as well as process parameters such as
temperature, pressure, space velocity and feed
composition. The goal is to identify which
catalyst/feed combination can provide optimal jet
fuel selectivity and yields.

Therefore, a comprehensive literature study is
conducted, which aims to identify promising
catalysts and reaction conditions. This is followed
by the procurement of commercial catalysts and
the synthesis of novel catalysts, which will be
characterized using state-of-the-art techniques.

Experiments will be conducted in a high-pressure
flow setup studying the effects of different process
parameters and applying those, first on ideal and

later to real feed compositions from the methanol-
to-olefin process.

The study will be concluded by developing a
kinetic model for the described oligomerization
process.

Progress and Future Work

From the literature study, two major catalytic
properties have been identified: the acidity,
described by the strength of the acid site and their
distribution, heavily influencing the activity of the
catalyst, and the pore properties consisting of the
porosity and pore structure which strongly impact
the selectivity and product distribution as well as
the deactivation due to pore blockage and induced
transport limitations.

On this basis, commercial catalysts (u-H-ZSM-5,
n-H-ZSM-5 and AI-MCM-41) acting as a
benchmark, have been procured and a first batch
of promising novel catalysts synthesized (Al-SBA-
15). All catalysts have been analyzed with state-
of-the-art characterization methods, screening the
key structural properties.

The next stage involves the evaluation of the
catalysts in a pressurized flow setup. All catalysts
are initially screened under uniform conditions to
identify their advantages and disadvantages.
Further evaluation will involve subjecting the
catalysts to different process conditions as well as
feed compositions, starting with individual olefins
and later by combinations, replicating real-world
feed compositions.

Based on these findings the structural properties
of the catalyst will be adjusted and optimal process
parameters detected to obtain a high jet-fuel
quality and yield.
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Continuous enzyme cascade processes for
pharmaceutical synthesis

(May 2021- April 2024)

Development Goals

By letting nature’s working bees, the enzymes also known as
biocatalysis, into the industrial scale production of chemicals and
pharmaceuticals, the immense footprint this industry has on the climate

change could greatly be alleviated.

If these are combined in complex networks, as nature has done since
the beginning of time, the production of essential molecules will become
more sustainable and environmentally friendly overall. Thus, this
contribution will help realize the shown UN SDG.

Contribution to the UN Sustainable
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Abstract

To overcome the rapidly increasing climate change, it is essential to convert the current chemical production

This project aims to scale this gap by combining
enzyme cascade development in the laboratory
with flow systems designed to fit the industries
wants and desires. To ensure perfect alignment
between academia and industry, the project is a
collaboration with a Danish pharmaceutical
company, which does not utilize biocatalysis in
their current production.

The overall scope of the project is to develop a
versatile flow system in which enzyme cascades
can be converted in an efficient manner. For this
purpose, a complex model substrate will be used
and a three-enzyme cascade will be set up and
optimized in batch. Here, commercial soluble
enzymes will be used to limit the requirement of
enzyme engineering and in-depth immobilization
technique research, as this could hinder the
versatility of the resulting system.

After optimization in batch, the cascade will be
converted to a flow system at laboratory scale
before further upscaling to pilot scale production.

The cascade itself will be developed one enzyme
at a time and will be based on reactions which are
commonly difficult to perform with chemical
methods, such as transamination, which will be
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Figure 2: Reaction scheme for transaminase by
means of PLP as co-factor and an amine donor.

ensure as low cost of the production as possible
for future large-scale implementation.

As of yet, the plan is to combine the transaminase
with an alcohol dehydrogenase to produce the
pro-chiral ketone required for the transamination

methods to sustainable and environmentally friendly methods. One such is the use of biocatalysis, which
exhibit mild reaction conditions and high selectivity of otherwise difficult reactions. An example is
transamination, which produces toxic intermediates and require harsh reaction conditions if produced
chemically. In this project, enzymatic cascades will be developed, in which multiple enzymes will be used
to produce a complex model pharmaceutical. This will be done in a versatile flow system with commercial
enzymes to fit the current interest in continuous production with limited enzyme engineering at industrial

one of the enzymatic steps in the cascade. The  from a simple alcohol by means of NAD* as
enzyme used for this purpose will be described in  ¢ofgctor. After  completed combination,
detail as follows. optimization, and conversion to a flow system, a
subsequent amidation step with a lipase is

Enzymatic Transamination !
planned to complete the three-step enzymatic

scale.
Introduction

One of the greatest contributors to the current
environmental crisis is the increasing production
of chemicals and pharmaceuticals due to the
increasing world population. As these are often
produced using common chemical methods by
mean of fossil fuels, either incorporated directly in
the synthesis or used for heating to high
temperatures etc., the resulting overall production
can be very damaging to the surrounding
environment. To overcome these challenges, the
conversion  to more sustainable and
environmentally friendly methods is of the
essence.

One such method is the use enzymes, also known
as biocatalysis, which is nature’s way of
overcoming essential but thermodynamically
unfavorable reactions. As enzymes are known for
their high selectivity at mild reaction conditions,
such as low temperatures and ambient pressures
in aqueous media, these are perfect candidates
for pharmaceutical production where selectivity is
crucial [1]. Moreover, as different enzymes often
have similar reaction requirements, it is more often
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Substrate ™ Intermediate ——>

Figure 1: Linear cascade system with two
enzymes for sequential reaction without
intermediate separation.

than not possible to run several reaction steps
simultaneously in linear cascade systems as
illustrated in Figure 1. Thus, intermediate
separations would not be required, and, by
extension, the number of reaction steps required
overall would be severely reduced.

However, despite the many benefits of enzymatic
cascade systems, the majority of all research
published within the field is limited to laboratory
scale batch systems, which are not feasible for
industrial production.

Moreover, with the great interest in continuous
production in industry, there is currently a large
gap between enzyme cascade development at
small scale and the requirements set by the
industry.

One of the challenges of the common chemical
method for amine production used in industry is
the overall lack of selectivity in addition to the
harsh reactions conditions required and the
production of toxic intermediates. However,
amines are key building blocks in most
pharmaceuticals produced currently, which make
their production crucial [2].

For this purpose, the enzyme transaminase (EC
2.6.1.X) could be used together with the cofactor
PLP and an amine donor, one of which could be
isopropylamine or alanine, depending on the
specific enzyme requirements.

The reaction itself if performed in two half-
reactions as seen in Figure 2 (as adapted by [3]),
in which the amine group from the amine donor is
transferred to the cofactor PLP in the first half-
reaction, creating a ketone co-product and PMP.
This amine group is subsequently transferred to
the pro-chiral ketone substrate in the second half-
reactions, resulting in the amine product and the
regeneration of the cofactor [3].

As isopropylamine is a very cheap amine donor,
which could potentially be removed by simply
evaporation, this will be used in this project to

cascade.
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Electro-membrane processes for bio-succinic acid
extraction from fermentation broth

(January 2021- December 2023)

Contribution to the UN Sustainable
Development Goals

Biorefinery is a promising alternative to overcome the dependency from
fossil fuels and addressing at the same time several problems:
environmental issues, the depletion of petroleum resources, human
sustainability, waste management and political concerns. This project
aims to improve and intensify the bioprocesses to produce key building Malanca
block products, such as succinic acid. This can be achieved though | Kt dtu.dk
process intensification, by combining membrane technology, alanma@kt.dtu.
electrochemical cells, and fermentation. Supervisor: Manuel
Pinelo, Hariklia N. Gavala,

Jianquan Luo, loannis V.
Skiadas, Seyed Soheil
Mansouri

Alina Anamaria

Abstract

The production of succinic acid from fermentation is a promising approach for obtaining building-block
chemicals from renewable sources. However, the limited bio-succinic yield from fermentation and the
complexity of purification has been making the bio-succinic acid production not competitive with petroleum-
based succinic acid. Membrane electrolysis has been identified to be a promising technology in both
production and separation stages of fermentation processes. This work focuses on identifying the key
operational parameters affecting the performance of the electrolytic cell for separating succinic acid from
fermentation broth through an anionic exchange membrane.

Introduction electrolytic cell to generate molecular hydrogen
and hydroxide at the cathode compartment and
molecular oxygen and hydrogen ions at the anode
chamber.

Nowadays, worldwide efforts are being made to
produce chemicals via biological routes. In this
regard, succinic acid is widely recognized as a key
building block for deriving both commodity and ] };
specialty chemicals. However, despite efforts to -] "
make bio-succinic acid economically competitive,
most of succinic acid is still produced from [ (
petrochemical derived sources. The major i
challenges lie in the low productivity associated
with fermentation due to product inhibition, and the 2 H 2N,0 E
cost-intensive purification processes, that can | e
account for up to 80% of the total costs. Recently, ZE LI
membrane electrolysis has been shown to be a
technology that could decrease the costs i j\
associated with  both  fermentation and I
downstream processing. It consists in an

extraction technique in which electrodes are

immersed in the fermentation broth and upon the  Figyre 1: Schematic representation of succinic

application of voltage drive the succinate, a
charged acid anion, from the cathode
compartment across an anion exchange
membrane into the anode chamber. As a side
effect, the electrolysis of water occurs in the
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acid extraction in an electrolytic cell.

The main advantages of such setup are the
continuous extraction of the products, avoiding
product inhibition in the fermenter; the hydroxide

ions and the molecular Hz generated during the
cathodic electrolysis could potentially eliminate
dosing the fermentation with base, and improve
conversion yields; furthermore, protons production
during the anodic electrolysis can acidify the
succinate, decreasing the need for a further unit
operation.

Specific Objectives

While recent studies have given promising results
regarding integrating membrane electrolysis with
the fermenter, no studies have shown how to tune
the electrolytic cell for such use. Our work thus
focuses on characterizing an electrolytic cell for
bio-succinic acid extraction by analyzing the
different variables involved in the extraction rate.
These variables include the voltage applied, the
initial concentration and the distribution of organic
acids in the electrolytic cell, the membrane area,
the nature of the ions, and the batch versus the
continuous setup. The experiments were
performed in a 300 mL hand-made electrolytic cell
in batch mode with a solution of pure succinic acid.
The complexity of the solution was then increased
to a mixture of acids, a synthetic broth of A.
succinogenes, and a real fermentation broth of A.
succinogenes. Finally, a continuous extraction
was simulated by recirculating the fermentation
though a volume of 5 L of fermentation broth.

Results and discussion

We demonstrated that the extraction rate of
succinic acid in an electrolytic cell, given a
constant current, decreases with increasing
complexity of the solution, probably as a result of
the competition between the ions in solution.
However, the voltage needed to maintain the
same current in the cell also decreases because
the initial solution becomes more electrically
conductive, meaning that less energy is required.
There was no evidence that a continuous
extraction would be more advantageous for
extraction compared to a batch extraction. Other
significant advantages of continuous extraction
must be considered, however, such as the
avoidance of product inhibition and the reduced
use of buffer. Indeed, the experiments showed
that a very high pH is eventually reached in the
cathode chamber due to water electrolysis, which
could be used as a potential way to control pH.
Another advantage is the fact that the voltage
required in the continuous mode was lower than in
the batch mode.

Conclusions

The aim of this project is to characterize an
electrolytic cell with anionic exchange membrane
for the succinic acid extraction. The study is done
as a preliminary step to fully understand the

process before integrating the electrolytic cell with
a continues fermentation of A. succinogenes. The
results showed that the extraction rate is highly
dependent on the power supplied in terms of
voltage, on the concentration of ions, and on the
ions charges as predicted by Nernst-Plank
equation. If the intention is to reduce electrical
resistance and power demands, a future cell must
be designed with a larger membrane area and a
smaller gap between the electrodes. Furthermore,
membrane choice must also be carefully
investigated to ensure that the membrane is
chemically stable over the whole operational pH
range.

Even though this study focused on succinic acid,
the proposed methodology can possibly be
extrapolated to other carboxylic acids produced by
fermentation, such as acetic acid, and potentially
to other ionic products.

14
13
o 12
©
o1
<
S 10
T
o
oh 1h 2h 3h 4h
——7mA —8—36mA 96 mA 192 mA

Figure 2: pH variation in the cathode chamber as
a function of time and current for a solution of
succinic acid. The variation is the result of
production of hydroxide ions from electrolysis of
water due to voltage applied.
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Inorganic particle formation and deposition in thermal

conversion of biomass and waste

(December 2021 — November 2024)

Contribution to the UN Sustainable

Development Goals

Biomass and waste can be used in power plants as a substitute for coal.
This increases the stability and reduces the CO2 emissions for energy
and heat production. However, the increased inorganic content in

biomass and waste leads to an increased ash formation and deposition Jakob
at boiler and heat exchanger surfaces. This limits the electrical efficiency
and increases the cleaning activities. A fundamental understanding of Meister

formation and deposition processes helps finding countermeasures and
thereby supports the transition from fossil fuels to biomass and waste.

Abstract

jakme@kt.dtu.dk

Supervisors:
Hao Wu
Peter Glarborg

During combustion, the vaporizable inorganic content of biomass and waste particles is released into
the gas phase. The gaseous species cool down and condense directly on heat exchanger surfaces or
form aerosol particles which are then transported toward and stick to these surfaces. Aerosol formation
happens through nucleation when the flue gas is supersaturated. The most dominant deposition
mechanisms are inertial impaction, thermophoresis and condensation. This project aims to gain a
fundamental knowledge of the aerosol formation and particle deposition processes.

Introduction

Biomass is regarded as a renewable, sustainable
and environmentally friendly alternative to fossil
fuels. In the 2018 Energy Agreement, Denmark
sets the target to phase out coal in electricity
production by 2030 [1]. Biomass is seen as a
replacement in pulverized fuel-fired power plants.
To facilitate a successful transition from fossil
fuels to biomass fuels in combustion processes,
several challenges, including pre-preparation,
firing, and ash-related issues, have to be
addressed [2]. Ash-related issues result from the
large amount of inorganic species composed
mainly of alkali metals, silicon, chlorine and heavy
metals accumulated in biomass and waste fuels
[3]. Ash from biomass and waste leads to
increased slagging, fouling and corrosion in
boilers compared to coal ash. Deposit formation
on heat exchanger tubes due to slagging and
fouling hinders the heat transfer to the steam cycle
and thus reduces the boiler efficiency [4].
Increased cleaning activities and plant shutdowns
are the consequences. Understanding and
predicting the ash deposition helps finding
preventative measures and thereby supports the
transition from fossil fuels to biomass fuels [5]. To
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understand ash deposition several steps included
in the process have to be examined:

1. Release of critical ash-forming elements
Formation of aerosol particles

Formation of coarse fly ash particles
Transport of ash species

Sticking and rebound of ash species
Sintering, consolidation, erosion, shedding

oaRrwN

Complex interactions among fuel chemistry, fuel
particle morphology and surface properties,
conversion path, deposition mechanism, reactor
design and operation conditions make it difficult to
describe the individual steps [6]. In this work, the
focus is on the formation and deposition of aerosol
particles. In biomass and waste combustion, alkali
species that are released as vapors (e.g.
potassium chloride) act as precursors for aerosol
particle formation [7]. The most important
mechanisms for aerosol particle deposition in
biomass and waste combustion are inertial
impaction, thermophoresis and condensation [8].
The larger the particle the more dominant inertial
impaction becomes. The smaller the particle and
the higher the vaporized content in the gas phase

the more important thermophoresis and
condensation are [5,8].

Methods and Materials

The particle deposition experiments are
conducted with an entrained flow reactor (EFR,
Figure 1). A KCI particle-water mixture is
introduced at the top of the EFR during the way
down, it gets heated and evaporates. At the
bottom of the EFR the vaporized KCI particles
enter the bottom chamber where it gets cooled.
Thus, the KCI nucleates and forms nano to micro
sized aerosol particles. In the bottom chamber a
horizontal steel probe is mounted which is
exposed to the down streaming gas and aerosol
stream. The probe is air-cooled to set a specific
surface temperature.

| Particles + Water

Secondary air l

Water-cooled
| feeding probe

Preheater

Heating elements

Fumace

Air-cooled
deposit probe

Bottom
chamber

Camera

Vent

Figure 1: Schematic drawing of the EFR.

In the EFR, the probe acts as a heat-exchanger
tube in a power plant. The KCI aerosol particles
interact with deposition probe and form a
deposition layer by thermophoresis, inertial
impaction, and condensation.

Results and Discussion

Figure 2 shows the deposition layer after and
exposure time of 1 hour. The whole probe is
covered with a uniform thin white layer. The middle
of the probe a coarse white layer has formed on
top of the uniform layer. This coarse layer has a
dendrite, crystal-like structure.

Figure 2: Deposition layer on deposition probe.

The fine layer indicates that the particles are
formed by nucleation and transported towards the
tube by thermophoresis. The coarse section
indicates that this structure are formed directly on
the probe by heterogenous condensation.

Future work

The next step is to examine which influence the
probe temperature, the exposure time, and the
KCI concentration have on the formation of the
different deposit layers. Afterwards, a model is
developed to predict the deposition formation
regarding the examined parameters.
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Next generation of deNOy technology for W{E plants

(May 2023 — April 2026)

Contribution to the UN Sustainable

Development Goals

By 2050, the world is expected to generate 3.40 billion tons of waste
annually, increasing drastically from today’s 2.01 billion tons. Waste-to-

\r

energy (WtE) plants are an effective option for recovering energy from .
waste, helping the world's population to access renewable energy. = Claudia

However, when solid waste is combusted, nitrogen oxide is emitted,

Pastor Morell

becoming an environmental concern. Currently, most deNOx processes in
WLE plants suffer from environmental variability. The aim of this project is clamor@kt.dtu.dk

to develop a deNOx technology that is more resilient to these changes.

Abstract

Supervisors: Peter
Glarborg, Hamid
Hashemi, Hao Wu.

Due to the increasingly stringent emission limits, the control of nitrogen oxide emissions in waste
incineration plants has become a significant technical challenge. Selective non-catalytic reduction has
proven to be an effective strategy to mitigate NOx emissions during combustion. However, the
effectiveness of this strategy is affected by fluctuations in temperature and gas composition. In light of
this, the aim of this project is to develop a more robust NOx control technology.

Introduction

The combustion of municipal solid waste (MSW)
emits nitrogen oxides (NOx) which are a significant
environmental concern. In 2019 the European
Commission responded by implementing stricter
rules for waste incinerations, with NOx emission
limits of 120 mg/Nm?3 for new plants and 150
mg/Nm? for existing [1].

The formation of NOx in combustion processes is
based on three mechanisms: i) Thermal NOx,
which is formed by oxidation of atmospheric
nitrogen, ii) Prompt NOx, formed through the
reaction between atmospheric nitrogen and
hydrocarbon radicals from the fuel, and iii) Fuel
NOx, formed by the oxidation of the nitrogen bound
in the waste or biomass [2], [3] A simplified
reaction path diagram is presented in Figure 1.
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Figure 1: Simplified reaction path diagram of the
major steps in the NO formation [2].
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Selective non-catalytic reduction (SNCR) is an
effective strategy to mitigate NOx emissions during
combustion. Its benefits include its simplicity, the
absence of a catalyst (and therefore other
associated challenges) and the ease of installation
in existing plants. Additionally, it is applicable to all
types of stationary-fired equipment’s, has lower
capital and operating costs, and can be used in
conjunction with other NOxemission control
technologies [4]. The method of SNCR consists of
injecting reducing agents such as ammonia, urea
or cyanuric acid into the furnace, which react with
NOx to generate mainly N2 and H20.

However, the SNCR method does have a
drawback: it requires a relatively narrow
temperature range (850-1100 °C) [5]. Injecting the
reagent into a colder temperature zone results in
slow reaction rates and the accumulation of high
concentrations of ammonia in the flue gas. On the
other hand, injecting the reagent into a high-
temperature zone leads to the reaction of
ammonia with oxygen, causing the production of
nitrogen oxides instead of their reduction [6].

Efforts are currently focused on improving the
efficiency of the process. The injection of various
additives, together with urea/ammonia, has been
evaluated to extend the temperature window.
Studies have shown that substances such as
hydrogen, hydrogen peroxide, hydrocarbons,
alcohols, carbon monoxide and other additives

can shift the active temperature towards lower
temperatures. However, these additives can lead
to potential side effects such as increased CO
emissions, formation of by-products and, in some
cases, reduced optimal NOx control efficiency [7],
[8].

Further research is crucial to make the process
more robust and to successfully extend the
temperature window.

Specific objectives

The main objective of the project is to develop a
deNOx technology, which is more robust towards
the fluctuating environment in a WtE plant. This
objective will be met using alternative reducing
agents, agent mixtures or additives, capable of
shifting the process window to higher or lower
temperatures as required. To this end, flow reactor
experiments and chemokinetic modelling will be
used to investigate and evaluate new approaches
to NOx reduction.

The project is conducted in collaboration with the
company Babcock & Wilcox Renewables that
manufactures grate-fired waste incineration
plants.

Experimental set up and Modeling Approach

The experiments will be performed in a quartz
reactor, maintaining a temperature range of 800-
1200 °C in a uniform isothermal zone, and at
atmospheric pressure. The gas flow rate shall be
set at 2 NL/min, and the residence time at 92/T(K)
s. For urea, cyanuric acid and some other
alternative reducing agents, the solution will be
dosed into the reactor with an atomizer, using
nitrogen as carrier gas.

The concentrations of NO, NO2, N2O, H20, NHs,
HNCO, CO2 and CO will be continuously
monitored by on-line FTIR spectroscopy. Figure 2
shows a schematic of the flow reactor
configuration.
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Figure 2: Schematic illustration of the flow
reactor setup.

Simulations of the SNCR experiments will be
conducted in ANSYS Chemkin Pro, using a one-
dimensional plug flow reactor configuration. The
model will be based on the extensive mechanism
for nitrogen chemistry by Glarborg et al [2].

Progress and Future Work

An assessment of the efficiency of in-situ deNOx
processes and SNCR agents/mixtures and their
applicability in WEE facilities is being conducted.
Furthermore, the high temperature decomposition
of urea is being investigated, as the understanding
of this process is fundamental for the study of
SNCR processes using urea as a reducing agent.

Future work will evaluate the potential of various
additives to either inhibit or promote the reaction
within defined temperature ranges. In addition, the
NOx control potential of the most promising
candidates will be evaluated under realistic
reaction conditions, considering fluctuating
temperatures and flue gas compositions.

Acknowledgements

The project has received financial support from
the Sino-Danish Center for Education and
Research.

References

1. The European Parliament and the council of
the European Union, Official Journal of the
European Union (2019), Directive
2010/75/EU.

2. P. Glarborg, J. A. Miller, Br. Ruscic, and S. J.
Klippenstein (2018), vol. 68, pp. 31-68.

3. J. A. Miller and P. Glarborg, Int J Chem Kinet,
(1999) vol. 31, pp. 757-765.

4. M. Tayyeb Javed, N. Irfan, and B. M. Gibbs, J
Environ Manage (2007), vol. 83, no. 3, pp.
251-289.

5. J. Hao, W. Yu, P. Lu, Y. Zhang, and X. Zhu,
Chemosphere, (2015), vol. 122, pp. 213-218.

6. T.Blejchaf, J. Konvi¢ka, B. Von Der Heide, R.
Maly, and M. Maier, in EPJ Web of
Conferences, EDP Sciences, Jun. 2018.

7. V.M. Zamansky, V. V Lissianski, P. M. Maly,
L. Ho, D. Rusli, and W. C. Gardiner, Combust
Flame (1999), vol. 117, no. 4, pp. 821-831.

8. J. Cai, W. Zheng, and Q. Wang, Science of
the Total Environment (2021), vol. 772.

149



Silicone elastomers for soft robotics devices
(January 2023 — January 