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Preface

For the first time the chemical engineering
department published in 2003 a Graduat
Schools Yearbook. A new generation of

graduate students has since then initiated the
studies and the publications have become
tradition for the department.

In the yearbook our newly matriculated
graduate students present the background a
the aims that motivate their studies while the
graduate students matriculated for longer time
present the progress and the status of their
research projects. Readers of the yearbooks mag
thereby follow the progress of the individual
graduate students and their studies during the entire enrollment pedadad about
the numerous high quality research results from the department.

The present yearbook illustrates the broad spectrum of resemtivities
performed by our graduate students within chemical and biochemngineering
disciplines: chemical kinetics and catalysis, process simalaind control, process
integration and development, reaction engineering, thermodynamicseaadation

processes, oil and gas technology, combustion technology, enzyme technology

polymers science, aerosols physics, mathematical modeling, andnewly
established field of chemical, biochemical and pharmaceutical product design.

It is with great pleasure that | present to you:

The Chemical Engineering Graduate Schools Yearbook 2006

Kim Dam-Johansen
Professor, Head of Department
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CFD Modeling and Validation by Bench Scale Measureents

Abstract

The project concerns development and validatiorCBD models that can predict mixing as well as cloami
reactions in combustion processes. The primary dagfuthe project is on NO formation and destructinrthe

freeboard of grate fired boilers. Therefore a maselctor has been developed, that can reproduceotmgitions

present in the freeboard of grate fired boilers.

Introduction e To implement and verify a chemical kinetic model
Computational Fluid Dynamics (CFD) is a powerful of the formation and destruction of NO in a CFD
tool to predict mixing and fluid motion, and it hewv model.

gained increasing popularity in design and trouble
shooting industrial combustion installations. It isExperimental setup
however challenging to include detailed kinetic misd An experimental setup has been constructed to
in CFD codes. investigate the detailed chemical reactions takilage
The focus of this project is to combine knowled@e oin the freeboard section of a grate fired powenpldhe
detailed kinetic mechanisms with the prediction ogetup is designed so that the flue gas from a
mixing and local combustion stoichiometry thatsubstoichiometric natural gas flame is mixed with
commercial CFD codes can provide. additional natural gas. This gas mixture is supgdase
In particular the project focuses on modeling thgimulate the pyrolysis and primary combustion gasse
formation and destruction of NO in the freeboaremerging from a straw layer at grate firing coratiti.
section of grate fired boilers. For this purposbesmch The combustion gasses are led through a flow
scale freeboard combustion chamber has been désigsgraightner, which can be thought of as the surfaice
and constructed, that will make it possible to fiev the bed layer, and into the freeboard section, eher
well controlled and detailed measurements fosecondary gas is added to complete the combustion
verification of a CFD freeboard model. At presentyo process.

limited well controlled measuring data on combusiio The setup is an almost 3 meter long cylindrical
non swirled flames that can be applied to verifamt construction that consists of two major sectionst®a
are available in the literature. stage and a freeboard section, the diameter in the

Validation of CFD models is essential if thefreeboard section is 49 cm. (see figure 1).
modeling approach is to be the basis of research a8everal ports give entrance to the reactor andekher
design work. The initial objective of this proje@d make it possible to to perform temperature
therefore to supply reliable and relevant test data measurements and gas sampling at many different
modeling the mixing and gas phase reactions takingsitions, as well as visual access is possible_éser

place in the freeboard section of grate fired breile measurements.
Ammonia addition to the reactor is done to simulate
Specific objective fuel nitrogen — a major precursor to NQL], since
The overall objectives of this PhD study are: natural gas contains almost no nitrogen.
e To provide detailed verification data for CFD
models.

e To develop and verify a CFD based model of
freeboard processes in grate fired boilers.



CFD modeling approach
What a CFD model basically does is to predict the f
of fluid and heat in a computational domain. Thés i

Substoichiometric
primary flame

l done by solving the governing transport equatidhs,
equation of continuity, momentum and Energy
st | i) | g vt respectively:
stage 0 -
i @ 2L+@mpv)=0
Forts | at
0o, - —— =
Secondary gas 2) E(pV) =—0OQpvv)-Op+0Or
S_econdary 9 _
- (PE)+ DI V(PE+ )
Freeboard - i ot
section 1 %‘F r (3 - _
—r—"“"'—-—-."“* [—
S =0k OTY h F+(T0))+ §
— port 13 i
e wuians | T IR The CFD code will then discretize, linearize and
| | R E—— solve the_ governing transport equations includ?ng
submodel input from radiation, turbulence and cloani
To heat . . Rk reaction-turbulence interaction submodels.
exchangerand [L— For this project CFD modeling can be carried out in
slack L two steps, one that describes the general comipustio
i based on a simplified reaction scheme — for ingdhe

r(,j(r:‘IobaI reaction scheme from Jones and Lindstedt[3]:
(4) H2+1/202 g Hzo
(5) CO+ HO « CO#+H;

Complete mapping of the freeboard combustion EG) CH+H,0—-CO+3H,

chamber is being done for important parameters: 7) CH#+O,—>CO+2H _ _ _
The second step will take into consideration the

. Temperature — Shielded thermocouples provid@dvanced kinetic aspects of NO formation. These two
detailed temperature mapping in the freeboargtcPS can either be cgupled directly (Wh'(.:h will be
chamber. computationally expensive), or post-processingNiae
chemistry is possible, by assuming that the NO
processes does not affect the global combustidiowr
arameters significantly. This reasonable assumpti
akes post-process a detailed NO mechanism on an
already verified general temperature and flow field

good option.

Figure 1: Sketch of the experimental setup — a natu
gas fired freeboard simulator

* Velocity — Laser Doppler Anemometry (LDA)
measurements provide gas velocityp
measurements, using a non-intruding particl@n
tracer technique
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« Gas species concentrations - Extractive gas
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Microbial Activity in Oil Reservoirs

Abstract

A potential method for enhancing oil recovery iautdize the activity of microorganisms which ari¢éher present in
or injected into the oil reservoirs. Microbial emitad oil recovery is an emerging method for furttueploitation of
existing but non-productive oil fields to mobilireore residual oil. Another interesting area is wial treatment,
where some microorganisms can be used to outcorogiete microorganisms with an undesired activityauolgling
selected nutrients. Initially, this project is cented with inclusion of a generic model for micrabactivity in an
existing simulator.

Introduction * Reduction of oil-water interfacial tension and
The principle source of fluid fuels is and will ke alteration of wettability by surfactant production
hydrocarbon resources. However, the finite nature o and bacterial presence.
our hydrocarbon reserves has been discussed as e« Viscosity reduction by gas production or
discoveries of new oil reservoirs decrease. For the degradation of long-chain saturated
present techniques of oil recovery, a large amofiatl hydrocarbons.
remains in the reservoir when the production fiedds + Selective plugging by bacteria and their
no longer economically feasible. Methods of enhdnce metabolites.
oil recovery (EOR) have been developed, but oftery t « Generation of acids that dissolve rock improving
are economically unattractive. absolute permeability.

The biotechnology research has advanced and the oil
industry has matured to consider microorganismén MEOR is considered a potential ‘high risk, high

context of oil production. Often, the oil resen®ir reward’ process, where the high risk originatesrfiie
contain indigenous microorganisms, where bactea amany performance constraints of the process. The
the dominating organisms. Microbial enhanced olleward is that the implementation difficulties ati

recovery (MEOR) uses these indigenous bacteria gpst resemble those of water flooding than thosthef
injects selected bacteria. For bacterial growth anghemical EOR.

metabolite production, the requirements are difiere

nutrient, which are led to the reservoir. In sorases, An oil reservoir is a harsh environment, which can

the carbon source is residual oil. have high temperature, high salinity and low pH7)3-
The MEOR purpose is, like other EOR methods, tfh general, this extreme environment should be rtake

mobilize the residual oil and thus reduce its cotte jnto account when selecting bacteria and nutriesdien

and/or increase the volumetric efficiency. MEORas the reservoir conditions change from reservoir t

address the same physical parameters as chemidd| EQuservoir, an extra effort has to be put on setectind

where they are subject to the sammesitu technical geveloping suitable bacteria and nutrient mediaefach

and chemical EOR resides in the method of intrawlici microbial process economic viability.

the recovery-enhancing chemicals into the reservoir

Enhancement of the oil recovery through microbial |, the oil reservoir, toxic kS is produced by sulfate-

action can be performed through several mechané&ms equcing bacteria. $$ is corrosive, increases sulfur

follows: content in oil and gas, and may also lead to reserv
plugging. An approach to minimize bacteriabSH



production is the addition of nitrate to the inptt
water. This action stimulates nitrate-reducing bgat
which to some extent could outcompete the sulfate-
reducing bacteria.

Specific objectives

The specific objectives of this project consisttai
parts. The first part is to include microbial adtvin a
simulator, which can be either MEOR or reduction of
bacterial HS production.

The second part of the project is currently to edte
streamline simulator. The capillary force formubati
should be extended from two to three phases ar als
the compositional feature should be developed éurth

Future work

A generic model for MEOR should be set up and
included in a simulator. The modeling approach &hou
be performed in order to understand the relatiqusshi
between reservoir characteristics, operating cait
and microbial performance more thoroughly.

In the end these more or less predictive simulators
could through cooperation with the advancing
biotechnological research facilitate development of
more reliable oil recovery strategies.
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Bio-Ethanol Process Development:
Application of Enzymes during Hydrolysis of theePfreated Wheat Straw

Abstract

Large-scale application of enzymatic hydrolysislimited by lack of an effective bio-reactor for tlommplex
heterogeneous reaction and high cost of cellulades,to their inefficient action on ligno-celluloséhe central
problem related to reactor design is in inefficistitring of highly viscous reaction mixture, whiif needed to
enable efficient contact of cellulases and biom&gss is pronounced in the initial part of the réac and
especially with the reaction mixtures containingthtry matter content (>10 %) that are desired tdufie overall
process economy. The main objective of this warkoi investigate the enzymatic hydrolysis of the-peated
wheat straw and develop an improved bio-reactocepnfor efficient cellulose conversion utilizingaymes.

Introduction An alternative way to produce ethanol is from
The limitation of the reserves of the fossil-basedde secondary biomass. Secondary or ligno-cellulosic
oil, uncertainty of its supplies and constantlyimis biomass has low or no value as food (Flgure 1).
price; the pronounced green-house-gas effect and
increased governmental regulations in respect ® th
emissions, and growing fuel markets in developing
countries, are some of the main factors that hauetd :
the increased interest for the alternative souroés Figure 1: Ligno-cellulosic biomass mcludes various types of

energy. agricultural, forestry or industrial wastes
Ethanol produced from renewable sources such as
biomass is emerging as a promising transportatieh f It includes a variety of a relatively cheap agriatal

which can be used as an alternative to the fossif forestry residues, dedicated crops and diffekémds
gasoline. Ethanol produced from any kind of biomiass of waste, such as wheat straw, corn stover, wogusch
termed as bio-ethanol. etc.

Bio-ethanol is today the world’s most widely used Use of bio-ethanol, produced from ligno-cellulose,
transport bio-fuel, accounting for around 90% ofato as a renewable transportation fuel could potestiall
consumption [1], and has a central place in a né Eoffer many benefits. Some believe that, in the near
target for total share of bio-fuels (25%) by ye&3@ future, no other sustainable option for productioin
[2]. Furthermore, in the USA the bio-ethanol is afe transportation fuels will be able to match ethamaide
the main bio-fuels in research focus, which is goia from ligno-cellulosic biomass with respect to its
be further intensified, as indicated several tirre¢)S environmental, economic, strategic and infrastmadtu
President Bush speeches [3]. advantages [5]. Compared to fossil fuels, the bio-

Production of ethanol from primary biomass, i.eethanol contribution to the net emission of O© low
starch, which can be used as a food or feed, i®la w[6]. Blended with gasoline, combustion of ethamotar
established and known process [4]. However, thigngines lowers the emissions of many pollutanth sisc
process is significantly limited by the high valothis CO, volatile organic compounds and hydrocarbons [7]
kind of biomass. Furthermore, ethanol increases the octane numbiaeof

fuel [8].



Ligno-cellulose is a generic term describing the The envisaged Bio-Ethanol production process
main constituents in most of the plants, namelfrom ligno-cellulosic biomass can be divided into
cellulose, hemi-cellulose and lignin. In the ligno-several main steps: biomass transport and handling,
celulose, cellulose chains are aggregated togeétiter biomass pre-treatment, cellulose and hemi-cellulose
elementary fibrils of crystalline structure, adstin the hydrolysis, fermentation of sugars and ethanolvecp
cell wall of different kind of biomass (Figure 2h the Upon transport to the site of production, biomass i
biomass, bunches of elementary fibrils are embedidedhandled using various mechanical operations
a matrix of hemi-cellulose with a thickness of hM8Q (separation from dirt and stones, cutting, shregldin
while lignin is located primarily on the exteriof such milling, conveying, etc.) to facilitate satisfacgoheat
formed micro-fibril [9]. and mass transfer in the subsequent steps. Inrthe p

treatment, biomass is usually submitted to rapid

Ul conditions such as high temperature and/or use of
ﬁ”’ g chemical agents, in order to open the ligno-cedlido
N structure and make cellulose and hemi-cellulose
susceptible to the hydrolysis. In hydrolysis, celse
and hemi-cellulose are converted to monosaccharide
sugars using enzymes or different acids, while in
fermentation these sugars are converted by
microorganisms to ethanol. Ethanol can be further
purified using stripping, distillation, pervapoii, etc.,
to obtain fuel grade. The process also yields &taof
co-products that can be used for electricity andthe
Figure 2: Two simillar views ofligno-cellulose structure: ~ generation and feed applications, such as lignathe
cellulose micro- and macro-fibrils protected byniig and residues, proteins, vinasse, etc. which are ohdafiream

hemi-cellulose [10], [11] different operations (screw-pressing, drying,

centrifugation, evaporation, etc.).

fittlie
il

{
Na

Cellulose, in naturally occurring materials, issgby
associated with hemi-cellulose, while the carbobiglr Enzymatic hydrolysis of ligno-cellulosic biomass
rich micro-fibrils are surrounded by a lignin seldemi-  Bio-ethanol can be produced from the ligno-cellalby
cellulose is connected by hydrogen bonds to cedkilo using concentrated acid, dilute acid or enzymes.
elementary fibrils, thus forming a network that yides The enzymatic hydrolysis of ligno-cellulosic
the structural backbone to the plant cell wall [ITPhe biomass is a most promising method for productibn o
role of hemi-cellulose is to provide a linkage beén bio-ethanol. The use of enzymes to produce sugans f
lignin and cellulose. Lignin gives mechanical sg#n ligno-cellulosic biomass is a relatively recent cept
and structural rigidity to the plants, by stiffegiand [14]. Enzymatic hydrolysis is performed at mild
holding the fibers of polysaccharides together, &dab conditions (usually 40-5C and pH 4-5 [15]) and
chemical and resistance against pests and disgaes.consequently the utility costs are lower than indac
the three components presented, lignin is the molsydrolysis. Furthermore, since the enzymes ardysita
resistant to degradation [13]. Thus, the compounadin that catalyze very specific reactions, minimum loé t
ligno-cellulose is almost perfect: linear cellulos®ains degradation products are formed as well as no simmno
contribute to tensile strength, while hydrophobigroblems are associated with this reaction [16]islt
amorphous lignin brings chemical resistance anstated that enzymes have advantage in that they are

protection against water. naturally occurring compounds which are biodegréelab
One of the possible process layouts for Bio-Ethanand environmentally benign [5].
production is shown on Figure 3. However, bio-ethanol production from ligno-
cellulose has not yet been demonstrated on a
commercial scale, due to technical and economical

obstacles. A key element underlying bio-ethanol

Lo e\ Coltiose Catuose e p— processing cost reductions is improvement in the pr
cellulosic treatment + Lignin ydrolysis + Lignin ermentation . .

ponas . - treatment and enzymatic hydrolysis technology [17].
ﬂ e The use of enzymatic hydrolysis for the production

Hemi-cellulose

o of bio-ethanol from ligno-cellulose is a very diffilt
and challenging task. The large-scale applicatién o

o oatuioes — —— enzymatic hydrolysis has in general been limited by

E‘““"‘ lack of an effective bio-reactor for the complex
1] - heterogeneous catalysis, due to ligno-cellulosettre,

and the high cost of cellulose degrading enzymes-
cellulases, which arises from their inefficient iant

. . ) ) _ (application) on (ligno-)cellulose.
Figure 3: Bio-Ethanol production from ligno-cellulosic

biomass-simplified scheme




The pre-treated substrate, used for the enzymatissessable area), which are changing during theseou
hydrolysis, is highly water retaining and thus was of the reaction.
and not mixable with enzymes (Figure 4a and 4bg Th In the final part, obtained knowledge will be used
central problem associated with the bio-reactoigieis to develop an improved bio-reactor concept for aemo
in inefficient stirring of highly viscous reactianixture, efficient conversion utilizing cellulases, where i#
which is needed to enable efficient contact ofuteies desired to maximize the glucose yield and proditgtiv
and pre-treated biomass substrate. This is proralimc and minimize glucose concentration in the reactor,
the initial part of the reaction and especiallyhwthe reaction time and enzyme loading needed for the
reaction mixtures containing high dry matter comnterhydrolysis reaction. The emphasis will be on faailng
(>5-10 %DM) that are desired due to the overallhe enzyme contact with biomass, in order to improv
economy of the process. As a result, the use tie effectiveness of the cellulase applicationtenre-
continuously stirred batch reactor (CSBR) for enagim  treated ligno-cellulosic biomass. The mechanicaigte
hydrolysis reaction is inadequate. of the reactor will mainly be used for realizatiohthe
a) b) improved stirring, while operational design for ther
By B W improving the contact of cellulases with the biomas
: } F. and reducing the de-activation. The improved cotcep
‘ will be chosen from already available options, sash
_ . . q improved batch reactors, reactors with recycle of
m - e 4 8 enzymes or coupled with membranes, fixed bed,
improved SSF or will be a new type of bio-reactor.

Figure 4: Pre-treated straw with 20% dry matter content
(a, b) and its hydrolysis in CSBR (c) [18] .
Experimental methods
Furthermore, the most important reasons for th&he enzymatic hydrolysis experiments are done thieh
inefficient action of enzymes are in the crystallin Wheat straw, which is hydro-thermally pre-treatedsi
structure of cellulose, which is resistant to enagim Steps (60, 180, 196; 15, 10, 3 min, respectively) in a
attack, and de-activation of cellulases due to: ot plant operated by DONG A/S (previous Elsam).
inhibition by intermediate and final products (obliose 1he cellulase activity measurement is done using
and glucose, respectively), b) un-productive adimmp standard FPU assay [19], while biomass compositiona

to lignin and c) shear stress. analysis is performed in accordance with the NREL
To summarize, due to the problems with resistafrocedure [20].
crystalline structure of cellulose, de-activatiomda The reaction is performed at D and pH = 5,

mixing with biomass substrate, the application oSing commercial enzyme preparations Cellu€hsl
cellulases in CSBR is considered as inefficienticvh and Novozyrfi 188, produced by Novozymes A\S, with
results in a high contribution of enzymes costghte the enzyme loading of 8 FPU/Gubsrae and
overall processing costs. Moreover, the slow reacti 13 CBU/Gsusaie respectively. The reaction mixture is
rate is the additional consequence that makes tHfi§alyzed for glucose and cellobiose concentratsingu

process unsuitable for a continuous reactor system.  Dionex HPLC system. In certain cases, additional
experiments are performed with the model substrates

Specific Objectives such as pure cellulose.

The main objective of this work is to investigatee t

enzymatic hydrolysis of the pre-treated wheat staay  CUrrent work

to develop an improved bio-reactor concept for aemo !Nitial experiments done on pre-treated barleyve{is]
efficient cellulose conversion utilizing enzymesher have shown that experimental continuously stirratth
general idea is to change bio-reactor's mechafigae, "€actor (C_SBR) is highly |neff|C|ent for reaction
mixing equipment) and operational design (loadin ixtures with dry matter contents hlghgr than 10%.
strategies, stream recycles, integration with sy However, even if problematic in the first hours of
units), in order to improve mixing of enzyme andydrolysis, all samples become significantly hyyizeld
substrate, and reduce cellulase de-activation byiymt ~after 24hr of reactioft8].

inhibition, un-productive adsorption to lignin astiear The current work involves design of an
stress, experimental reactor that can process reactionurest

The first part of the work includes characterizatio With high dry matter content, which will be used fo
of the enzymatic hydrolysis reaction, e.g. examimat Investigation of different factors limiting hydralis
of the cellulose conversion with the time, detertion  @nd, subsequently, investigation of different styats
of maximal conversion and quantification of celgéa forimproved application of cellulases.
de-activation rates, in an experimental reactorcivitian
process high dry matter mixtures, since these deta
missing in the literature and are relevant for téactor
design. This is accompanied by the examination of

some the_ key _pre'treatEd biomass StructureFigureS: a-cellulose with 30%, 40% and 50% dry matter,
characteristics (particle size and shape, surface, note embedded impellers




The preliminary experiments have shown that
conventional stirring would not be possible to inél

with pure cellulose, especially for mixtures highlean 13.

20% DM (Figure 5). From the other side, they hage a
shown that a certain degree of stirring is necgstar
these mixtures, since the fixed bed systems dyietd
significant conversions.

The future work is directed towards design of ari4.

experimental reactor for processing mixtures witly d
matter content larger than 20% DM.
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Wine and Berry Fruit Juice with Improved Health Potential

Abstract

Fruits skins contribute a main part of producedtérpomaces which are a rich source of phenoligaqunemicals
compounds. Knowledge about fruits skins compositioneeded to understand how phenolics phytochédsnéca

locked inside skin cell wall polysaccharides mati8uch detailed compositional knowledge is a kespasto

upgrades the press residues wine making or valdhisefruit skin for phenolics phytochemicals protioc as

functional food additive. The overall objectivetisprovide more detailed knowledge on the use aferes in pre-
press treatments of fruits used in juices and wpresessing. This knowledge will be used to imprtherelease of
the phenolics phytochemicals having potential hela¢nefits.

Introduction: 000
It has been amply documented that phenolic

phytochemicals from fruits and berries, includingxed g 65001
extracts, juice samples, different individual flaeds = 5000/
and phenolic acids exert antioxidant activity toder &

human low-density lipoprotein (LDL) oxidatidn vitro
[1-4]. Since oxidation of LDL is a key step in theZ sooo:

y = 738.9x - 6289
R2=0.9119

(mg/!

X Enzyme Pectinex Ultra SP-L
OEnzyme Macer8 [FJ]

5500+

enol

£

y = 740.38x - 6349

pathogenicity of atherosclerosis and thus indudive &, | R2=09402
coronary heart disease, compounds exerting antoxid o
activity on LDL may exert protective, disease 409 ‘ ‘ ‘ ‘ ‘ !

. . . 14 14.5 15 15.5 16 16.5 17 17.5
preventing effects in humans. Enzyme assisted pllht Total carbohydrate (m/mi)
wall breakdown of press residues, i.e. mainly skind Figure 1: Phenolics determined

seeds, from red wine production and black curraitej as gallic acid equivalent (GAE) released when the
pressing results in improved release of phenolieg t polysaccharides in the cell wall, notably in thansk
inhibit in vitro oxidation of human LDL [5- 7], Fig. 1.  fraction, are degraded [7].

The antioxidant potency of the released phenols
varies depending on the enzyme treatment [5, @], Ei
This suggests that it may be possible to optimiee t
enzyme treatments to increase concentrations ¢diner *
potent antioxidant phenols. Enzymatic pre-press
treatments are already widely employed in the berry
juice and wine industries. A better understandihthe v»
plant cell wall degrading enzymes action on friiins
materials for release of potentially health benafic
compounds appear transferable to juice and wine \Sloweroxidaiion
processing operations. The knowledge gained can | 4————— Prolonged induclion time
therefore pave the ground for production of wines a TR Y N e
fruit juices with improved health properties.

Human LDL, 37 °C, 5 pM CuS04, Abs. 234 nm
LDL: Low Density Lipoprotein "cholesterol™

Control

Figure 2: Enzyme gives different antioxidant activity.
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Specific Objectives

found a strong relation between antioxidant capacit

The aim of the proposed Ph.D. project is to explare (lag-phase) and the content flavan-3-ols in théedsht

detail the enzyme assisted extraction of phendims
different berry and grape press residues resulftiom
juice and wine processing. As a part of this, thejget
will also provide knowledge on how the phenols are
bound in the skin polysaccharide-lignin matrix.

Prdongetion of lagdhese time

A separate aim is to expand the methods to (atvalueﬁ{':%J
possible health benefits to other effects thanoaidant
activity on human LDL oxidation.
The main hypothesis to be tested during the PhBystu
are:
a) Whether it is possible to selectively extract ant%
retain the most potent antioxidants by nove
physical and enzymatic treatments of the pre
residues.
Whether it is possible to enzymatically modify
the phenolics to optimize their health potential

b)

Results and Discussion

Practically there is sparse knowledge about th
phenolics detailed locations, and how they are Houn™
into the fruit skin polysaccharides matrix. Knowged
about skins composition is needed. As first attemgt
used grapes and apples skins as model to undeistand
relation between skin cell walls polysaccharides an
phenolics compounds. Such detailed composition@l
knowledge is a key issue to upgrades the presduesi
wine making or valorise the fruit skin for phenalic
phytochemicals production as functional food additi
Polysaccharide composition of cell walls fruitsrekare
usually determined by measuring the monosaccharides
released after hydrolysis with acid, alkaline, ozyme.
Chemical hydrolysis is simple, standardised, and
easily repeatable technique. By acid chemical
hydrolysis, chromatographic data are simplified and
interferences from undesired substances could
minimized. Trifluoroacetic (TFA) and hydrochloricid
(HCI) are commonly used as hydrolysing agents. T
difference in monosaccharides and phenolics pfile
between grape and apple skins was expected. Aisd it
simply reflects the difference in polysaccharidesl c
structures between distant plants species [8].

During enzymatic extraction higher phenolics
content was released from apples skin (Gold and Red
delicious) relative to chemical extraction of phkc®
by 60% methanol [8]. This supports the hypothesis:
phenols are bound in the skin polysaccharide-lignin
matrix and not only present in cell vacuoles. Wsoal

e

12

extracts, Fig. 3 suggesting the possibility of sty
and extracting certain antioxidants using specific
enzymes treatments.

300 -
o

250 -

200 A
e
E/ 150 ~

(=]
100 + 4 o
50 - y = 1.0055x + 8.5314
-8 2
R =0.714
[0} T T 1
[0} 100 200 300

Flavan-3-ols (catechin equivalents)

ure 3: Correlation between antioxidant capacity to
ibit human LDL oxidationin vitro and flavan-3-ol
content in Red delicious and Golden delicious peel
extracts, [8].

onclusions

better understanding of the cell walls in fruiirss is
Sneeded. We need to know more about how enzymes
iRfluence the antioxidant potency of the phenolics.
Exploring more specific and mono-active enzymed wil
help in building the right tailored enzymatic matr fit
'different propose.

References

Meyer, A. S.; Heinonen, M.; Frankel, E. N. Food
Chemistry 1998, 61 (1-2), 71-75.

Meyer, A. S.; Donovan, J. L.; Pearson, D. A,
Waterhouse, A. L.; Frankel, E. N. Journal of
Agricultural and Food Chemistry 1998, 46 (5),
1783-1787.

Frankel, E. N.; Bosanek, C. A.; Meyer, A. S.;
Silliman, K.; Kirk, L. L. Journal of Agriculturalrzd
Food Chemistry 1998, 46 (3), 834-838.

Meyer, A. S.; Yi, O. S.; Pearson, D. A,
Waterhouse, A. L.; Frankel, E. N. Journal of
Agricultural and Food Chemistry 1997, 45 (5),
1638-1643.

Meyer, A. S.; Jepsen, S. M.; Sorensen, N. S.
Journal of Agricultural and Food Chemistry 1998,
46 (7), 2439-2446.

Landbo, A. K.; Meyer, A. S. Journal of Agricultural
and Food Chemistry 2001, 49 (7), 3169-3177.
Bagger-Jorgensen, R.; Meyer, A. S. European Food
Research and Technology 2004, 219 (6), 620-629.
Anis Arnous, Rikke A. Trinderup, Manuel Pinelo,
and Anne S. Meyer. Journal of Agriculture and
Food Chemistry; (in preparation).



List of Publications:

1.

Pinelo, M.; Arnous, A.; Meyer, A. S. Trends in
Food Science & Technology; 2006, 17 (11), 579-
590.

Anis Arnous, Rikke A. Trinderup, Manuel Pinelo,
and Anne S. Meyer. Journal of Agriculture and
Food Chemistry; (in preparation).

Anis Arnous, and Anne S. Meyer. Journal of
Agriculture and Food Chemistry; (in preparation).
Anis Arnous, and Anne S. Meyer. Bioresource
technology, (in progress).

13



14



Niels Bech

Phone: +45 4525 2851 / +45 2178 4547
Fax: +45 4588 2258

E-mail: nsb@kt.dtu.dk

WWW: http://www.chec.kt.dtu.dk
Supervisors: Kim Dam-Johansen

Peter A. Jensen

Ph.D. Study
Started: September 2004
To be completed: August 2007

In-Situ Flash Pyrolysis of Straw

Abstract

Energy derived from straw remains a largely untabpgeergy resource offering a significant potentiathe cereal-
growing parts of the world. The main barrier fotroducing straw to the energy market competitivislyts higher
cost relative to fossil fuels. The thermochemicebgess Flash Pyrolysis is capable of convertingvstto an
attractive liquid fuel. This project focuses on d®ping an ablative flash pyrolysis process speailfy targeted for
the production of heavy fuel substitute Bio-oilficstraw.

Introduction Apart from the unresolved problems in handling
Bioenergy in the form of straw represents a sigaiffi combustion of raw straw, the expense associateld wit
energy source on a world-wide scale but is todeyelg  logistics €.g.baling, storage and transport) is the single
unutilized. According to FAO [1], the aggregate ldor largest barrier for utilizing straw efficiently in
production of cereals including barley, mixed ggin competition with fossil fuels under free market
oats, rye sorghum, triticale and wheat amounte81t® conditions. Access to an uninterrupted supply &l fa
million tons in 2003 of which wheat constituteds#dato also of importance to energy consumers and
70%. Geographically, the most significant wheaaccordingly, expenses arising from long-distance
production areas were Western Europe (17%), Nortinansport of straw-derived energy need to be
America (16%), India (12%) and the former USSRnsignificant compared to the value of the fueklitsn
(12%). Assuming a straw/grain ratio equivalent te t order to market the product successfully.
Danish average for 1994-1996 of 40% [2] and straw
availability for energy to be 50%, these areasmitaly = Specific Objectives
have a virtually untapped energy reserve equivalent Flash pyrolysis is a thermochemical process which
40 mill. tons (approx. 215 mill. barrels) of heafyel under conditions of medium temperature and short
originating from wheat. For 2003, this amount oéeyy residence time converts organic materials to ctar,
corresponded to 8 days of OPEC crude oil producticend gas. Tar, a homogeneous mixture of organics and
(27 mill. barrels/day) [3] or a market value cldee$13 water commonly referred to as Bio-oil, is a highly
bill. For the net energy importing arease( North compressed energy carrier and may be used in the
America, Western Europe and India), utilization ofxisting combustors and distribution systems fasio
straw for energy production is thus a g£Q@eutral heavy fuel, while gas can be utilized for procesath
prospect to gain more independence from the For straw, the yields of Bio-oil, char and gas are
historically less stable oil exporting regions. approximately 50, 30 and 20% on dry weight bas]s [4
Unfortunately, straw does not posses the attractivetraw is a relatively inexpensive material provided
properties that crude-oil products do such asativelly baling and transportation are not needed. Thisiaspl
high volumetric energy content, good transportahili that capital cost is of higher importance for inusi
standardized specifications and simplicity in uSee conversion and the development of a high capacity
result is that utilization of straw is only praett under compact reactor system is a cardinal point. Accaiyi,
primitive conditions where it is readily availabler the main objective of the project is to identifguitable
where massive public subsidies or regulation waritan reactor system and optimize its performance.
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Reactor System which is strongly dependent on temperature suggest,
Fluid bed and ablative reactors are the two prigcip that reaction is concentrated in a relatively tkimell
technologies available for flash pyrolysis. In tbemer, near the surface. This approach is inspired bysthdy
biomaterial is introduced into a bed of hot fluigiz of Lédé [6] for slab geometry.
inert material, usually sand. Although a well-known  An expression for the movement of the surface is
technology, fluid beds do have several disadvastagebtained by setting up a shell balance for theigarto
including the requirement for a large flow of ingias obtain the differential equation:
for heat transport and fluidization, a relativelypop
capacity/volume ratio and the need for small pketic ar
size feed. Therefore, the project focuses on deimdp ) . .
and optimizing an ablative process for straw flashierev is the velocity of the retracting surface apds
pyrolysis. the rate of reaction. Integration within limits and

Figure 1 depicts the reactor which has beeﬁybstitutingrp with the Arrhenius first order expression
specifically developed for this project. Straw ietform  9IVes:
of rolled and sieved straw pellets are introducgdab ¢ t Raurt _ (2)

: . &uﬁ( ) 1 s E

screw feeder into a horizontal heated tube. Here, & =-— jr Aex;{ Jd
three-blade rotor with close clearance to the wraetll dt Rar o (r)

provides rotation to the gas phase and the straphe transient temperature distribution in the sdfd
particles. described with the following partial differentiajjeation

FEEDER COALESCER [7]

- 3
\ /7 reactor e pm:pa—T:ii(kDTSa—Tj 3)
[j(_ — . g ( BUBBLE CHAMEER ot rsor or

where s is the shape factors¥0 for plate,s=1 for
cylinder ands=2 for sphere)p is the densityg, is the
specific solid heat capacity ang is the thermal
conductivity and since these are considered constan
) }— CATCH POT \ (3) is rewritten as:

GASORYER | | compaesson : jl _ oT 1 9( soT
GAS OUTLET BID-OIL OUTLET [j CYCLONE E—ar—sa r E

Figure 1. Schematic diagram of the developed ablativgnere 1 is the thermal diffusivity (ko c,). The initial

1)

(r Sv)+r5rp =0

BIO-0IL OUTLET

(4)

pyrolysis bench reactor system. and boundary conditions for the system of diffeiant
equations (1) and (4) are:

The residence time in the reactor for the evolved,-1 . Ry (t=0) =Ry (5)
gasses is controlled by means of a recirculation urt
compressor. Liquids are condensed by passing th?CZ:T(t:O,r):TO (6)
gasses through a cool pool of tar/water mixtureraft
char particles have been removed in the catch pdt a oT (7
cyclone. Aerosols are collected to large dropletsai  BC1: ka— =h(T°° _TRsurf)
coalescer and removed by gravity. Before the gas is T lr =R
metered, it is cooled to ambient temperature ireotd
remove water. Gas for recirculation is preheated ingco: T =0 (8)
order to avoid condensation of liquid products with or |-
the reactor.

IC1 states the initial size of the particle considered,

IC2 states that the initial spatial temperature profile is
niform, BC1 states that heat transferred to the external
Urface by convection is transported into the material by
®nduction and finally BC2 states that that the particle
is symmetric around the particle centre.

The model is made dimensionless by introducing a
mber of variables selected to fit the system in the best
possible way. The dimensionless temperaflure

Modelling
When a particle undergoes pyrolysis in the ablativ
regime the degradation will take place as a pseu

transported to the surface will balance the requoéet

for heating the material to the reaction tempemrattihis

phenomenon has been modelled in order to desdrée tu

reaction temperature of the particle as a functadn

reactor parameterse(g. reactor temperature and rotor

speed), material properties and particle conversion 6= T-To 9)
Degradation of the particle is treated as a pseudo- To" =T,

surface reaction even though, strictly speaking th

reaction does not proceed on the surface. Foriablat

pyrolysis, the steep temperature gradient observed

experimentally €.g.[5]) combined with a reaction rate
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The dimensionless timg and locationx within the integration routine SIRUKE [8]. Equation (18) is solved

particle: by Gauss integration.
at (10) Due to heating the particle is decomposed into a
"R short lifetime Intermediate Liquid Compound (ILC)
which forms a film on the cylinder wall [9]. The
x=—" (11) reaction proceeds according to an irreversible first order
Rsurt (t) reaction [10, 11]:
To satisfy the symmetry boundary condition at the Cellulose 07l ILC (liquid (20)

center, (8), the variable substitution is used: In subsequent steps, competing reactions lead to the

u=x2 (12)  formation of fine char particles and vapours by
To track the position of the surface in time, ;yaporation and thermal cracking. Following the iQea (_)f
dimensionless positiom, is introduced: Diebold and quer [12], heat transfe( to the partlclg is
assumed to originate from wall-particle contact (i.e.
n= Reurt (1) (13) solid convection) only.
Ro For a rod of cellulose in contact with a rotating
disk, the heat transfer coefficient has been
based on the initial temperature: experimentally established to be pro_portional_ to the
contact pressure between rod and disk, provided the

-_E (14) relative velocity is above 1.0 to 1.5 m/s [5]. It is
RsTo assumed that particles of slab cylindrical geometry are
The dimensionless variables are introduced into thsdefinite and during conversion slabs are only
original equations (2) to (8). The conservatiorenérgy submitted to wall contact on one side, whereas cylinders

A dimensionless activation energy,is also introduced

y

in the solid particle becomes: and spheres are evenly exposed to the hot surface due to
00 on\ag %0 (15) rotation. Also, it is assumed that for cylinders and
6—/72 :2(s+1+ uqa—”)a—wua—z spheres, the contact pressure between particle and wall
T T u u

can be calculated using the area constituted by the part
with corresponding initial and boundary conditions:  of the particle submerged in TLC as basis. For slabs, all

06 1 hRsuﬁ( . )_ Bi(Rsurf)( . ) the surface area of the exposed side is considered to be
w2 k¢ )= in intimate contact with the wall. Under these
conditions, it can be shown that h is given by:
Or
26| _1hRy Bi(Ry) hzsg%rng (21)
07 = 77“"(9‘” - 9‘u=l): ,7(900 _e‘u:l) (16) (S ])
ul,m 2 Kk 2

where the usual notation is used. Table 1 contains
6(t =0,u) =0 (17) information  regarding the kinetic and physical
' properties used for the subsequent calculations with the
It is noted that the Biot number, a characteristiexception of heat of reaction which has been ignored
dimensionless group in transient heat conductioflue to the insignificance in relation to the latent heat
problems, is introduced. Generally, for non-moving12]. Particles are assumed to be converted when the
boundaries and forBi>10 particle heating can be characteristic size is reduced to 50 pm which is
assumed to be controlled by internal heat transfer agdmparable to the size of the char formed in the later
for Bi<0.1 heating is assumed to be controlled bgegradation step of ILC.
external transfer. However, for moving boundaries
caution must be taken when applying this empiricism,Table 1— Physical and chemical parameters used in
as the hot surface of the particle is consumecdthe simulation.

continuously. Finally, the movement of the surface IS parameter Value Unit Ref.

made dimensionless yielding: P 700 kg/m [13]

A 2.810" 1/s [11]

d7 _ REA % =t y (18) E 242 kJ/mol [11]

ar 2a " Ju? exp ———<——— | du c 2446 JlkglK [13]

° (1‘2-1}0(U)+1 k 0.21 WIm/K [13]

0 4H ~0 kJd/kg [12], [14]

with the initial condition: & 0.70 - [13]
n(r=0=1 (19) o 5.7610° | W/mZK* -
Discretization by orthogonal collocation is used to Ryo 9371'37 m
approximate the transient temperature profile inside tite R 50 “m -

particle. Integration of the coupled differential equation: = H

is performed using the semi-implicit Runge-Kuta
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Figure 2 depicts modeling results for the surface s

temperature of a spherical particle undergoing talgda
pyrolysis at levels of centrifugal force and reaciall
temperature obtainable in the experimental

temperature of the reacting particle will increas¢h by

applying a higher reactor temperature and forcénaga
the wall of the reactor but remains almost constant
the main part of the conversion. This effect hatiera

been demonstrated experimentally for wood by Léd

benc
reactor system, see below. Generally, the surfac
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Conversion

and co-workers [5]. They found the process to bé werigyre 3: Biot number and Thiele modulus for a

described as a melting phenomenon and assigned

Eﬂﬁuerical particle undergoing pyrolysis (reactorllwa

“melting temperature” of wood to 466 °C. Due to aemperature 600 C and centrifugal force 17,004.G's)

higher temperature of their rotating disc and ahbig
pressure applied to the wood cylinder, the resafitthe
simulation presented here will naturally be lower.
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Experimental

Crushed wheat straw pellets were treated in thetoea
system depicted on figure 1. Table 2 displays tlaénm
properties of the feed material and the static @
employed throughout the runs. Reactor wall tempegat
and centrifugal force was varied between runs dued t
influence on the yield of principal products reaeddas
reported in Figure 4. During the runs, the axial
temperature profile on the reactor pipe followee th
profile reported on figure 5, where the center
temperature is the one refereed to on figure 4nFro
figure 4 it is observed, that the yields reachatqdu for
reactor temperatures above approximately 450 °C.
Varying rotor speed and thus centrifugal force does
seem to influence the vyield distribution in the
temperature range from 480 to 620 °C. At 550 %€ th
yields of liquid, gas and char were 53, 21, ang@&30on
dry ash free (daf.) basis, respectively.

Figure 2: Surface temperature of a spherical particlg (R

317 um) with an initial temperature of 20°C
undergoing ablative pyrolysis at 4,91Brgken line}
and 17,004 G'splid lineg. Results for reactor wall
temperatures of 400, 450, 500, 550 and 600°C.

The conditions necessary to obtain ablativ
pyrolysis have by Lédé [6] and Di Blasi [10]
suggestively been defined by means of the Biot rarmb
Bi and the thermal Thiele modulugh:

Bi>1
Th>>1 (22)

The physical interpretation dh is that it gives the ratio
between a characteristic time of solid heating and

Table 2— Experimental conditions.

characteristic time of solid degradation. The abdat ¢ «
envelope is thus characterized by internal contbl =«
particle heating and that solid degradation proseet «

faster than the inward solid heating rate. As carséen
from Figure 3 the conditions studied in the simiolat
presented here can by this definition not strinlyebé
characterized as ablative. Therefore, even thoungh t
characteristic constant particle surface tempeeafar

Parameter Value Unit
Particle size (MMD) 633 micron
Ash 6.8 % db.

- Moisture 5.8 % wit.
Volatile matter 75 % db.
Solid feed rate 24 g/min
Feed Time 14 min
Gas recycle temperature 400 °C
Gas residence time 1.8-3.3 S
DS o o

\\\ ------- o i T @ x"

i R St e ctaesisa,

g o g,'f; —————————— ’ "

=3
N
3

120 220 320

Reactor Temperature [C]

420 520 620

ablative pyrolysis is approached, care must berntake:igyre 4: Experimentally determined yield distribution

when interpreting the experimental results in felato
the model.
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Figure 5. Axial temperature distribution on reactor
wall.

Discussion
In order to predict the distribution of reactioroducts, C. "Ablative char peeling”
the surface temperature of the reacting particly ba

combined with an appropriate kinetic model. Figére

displays a common kinetic model employed in flash \\ E>
pyrolysis, a modified version of the Broido-Shatie&
model [15-17], where the products have been lumpe

according to their physical properties at standarﬁ_ ;
biomass particle.

igure 8 Mechanisms for pyrolytic degradation of

conditions.
R the hot surface by vapor evaporation. The char agpe
Tar ——  Gas to be made up of pieces of cellular wall materiakien
_ R R of the reacting particle.
Biomass ——=— Active ’ The ablative mechanism constitutes an extreme
R, case of pyrolytic degradation. At the other extreime
Gas + Char the mechanism by which slow pyrolysis takes place.

¢Here, the particle will retain its shape and matewill

be removed by the forming of pores. This is obvipus
not descriptive of the process discussed here.efiwey,
Sneither the ablative nor the pore-forming mechasgism
describe the pyrolytic degradation well. A mechanis
where the tiny char particles are continuously peeif

the biomass particle as the reaction proceeds as
ngstrated in figure 8 appears more reasonable.

Figure 6. Broido-Shafizadeh model for prediction o
yield distribution.

However, in order to extent the model in thi
direction, a requirement is that the particles Ire t
experimental runs were in fact degraded by an iblat
mechanism. According to Eq. (22) and figure 3 thés
not the case, even for the most severe conditio
employed. Study of the char resulting from the run
(figure 7) seems to confirm that the biomass ditlgw
through a liquid phase (“active”) before being left

%onclusions

A bench reactor system to study the ablative pwisly
of straw has been constructed and a model to préic
fate of a particle submitted to the environmentthud
reactor has been developed. Simulation of the pifcol
degradation of a spherical wheat straw particleeats
that the conditions previously identified in theefature

as descriptive of the ablative mechanism are not
fulfilled. SEM photographs of char particles obtdnin
experimental runs confirm this. It appears reastsab
characterize the mechanism by which degradation
proceeds in the reactor as one where the contifyious
produced char are peeled away from the particle

surface.
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Module Design and Performance in
Microfiltration, Ultrafiltration, and Membrane Cont actors

Abstract

When using membranes for separation purposesuRkeften decreases to a level much below the chester flux
due to concentration polarization and membraneiriguDifferent ways of dealing with this is invegited in this
Ph.D. project in order to design and test filtratimodules with better separation performances. yehdynamic
microfiltration system has been investigated arespnted. The decoupling of high feed cross-floleaisy and
high surface shear rate by vibrations of the membdmodule leads to the possibility of filtratingvatry low cross-
flow velocity and very low transmembrane pressubgéctv reduces the pumping costs and fouling problekhshe
same time high transmission of macromolecules ssipte.

Introduction e Vibrations and rotations of the membranes or
Today membrane processes are mainly used as one or the feed solutions.
more downstream processes after batch fermentation. « Very frequent pressure pulsation and back

However, combining a membrane process directly with flushing.

a fermentation process, the system can be operated « Electrical and/or acoustic fields.

either as a fully continuous fermentation proceasasa + Using spacers and inserts with optimized
fed batch process, where the products and eventual performance.

inhibitants formed during the fermentation can be
continuously removed. Thereby the overall produttiv Regyits
of the fermentation can be increased and the foomat pecoupling of the feed flow velocity and the suefac

of byproducts might be reduced as well. Such aipet-shear rate has been done for a microfiltrationesyisby
can be regarded as a membrane bio reactor (MBR). ORtting the membrane module vibrate vertically upl a
of the main limitations by using membrane processggwn at frequencies up to ~ 40 Hz and amplitude®up
directly on fermentation broths is the possiblegdiog - 1 mm. The membrane module consists of hollow
of the membrane channels by yeast cells and bactefihers placed vertically in a bundle. Critical flek at
and the fouling of the membrane surfaces by preteiyitferent vibration degrees have been measuredhier
and other macromolecules. Possible solutions td SU§jiration of Bakers yeast suspensions [1]. Thetesys
problems are to be found and investigated in thDP \yas also able to handle solutions containing differ

project. types of macromolecules. When separating yeass$ cell
o from alpha-amylase enzymes the critical flux coli
Objectives used as a guideline flux for the constant fluxdiiion.

The possibility of decoupling the driving force tife  Below the critical flux fouling problems were redust
membrane process and the necessary cross-flQry much and macromolecular transmission above 90
velocity in the membrane feed channels has been agl was observed. Above the critical flux membrane
will be investigated. The decoupling is done ineartb  foyling increased leading to a severe increaseiitirfg
get a high mass transfer of solutes away from th@sistance and a severe decrease in macromolecular
membrane surface. Different ways of achieving thgansmission [2]. The critical flux is identifiedyb
decoupling is given here: stepwise increasing the flux and monitoring the
transmembrane pressure. From the pressure-time data
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the fouling resistance can be calculated according References/List of Publications

Darcy's law [3]. The critical flux is identified ake flux
below which the fouling resistance is kept constant
which is sketched in figure 1.

Flux Resistanc
[L/(m2%*h)] [1/m]
50 -
Flux
L] Fouling resistance 3E+11
40 - = Membrane resistanc

30 4
2E+11

20+

1E+11
10 4

60 90 120
Time [min]
Figure 1: Identification of the critical flux [4]. The
stepwise increased flux and the fouling resistaase
function of the time. The constant membrane rest&a
is show as well. Feed: 1 % alpha-amylase + 5 gésie
Vibration frequency = 25 Hz, vibration amplituded=
mm. Feed flow velocity = 0.91 cm/s.

The critical flux is increased when the vibration
frequency is increased and the critical flux varigth
the average surface shear rate as a power function
[1,2,4]. The feed flow velocity is keperylow resulting
in very low pumping costs.

Conclusion and Future Work

The decoupling of the driving force and cross-flow
velocity has been investigated in a novel dynamic
microfiltration system by use of vibrations of the
membrane module. The critical flux depends on the
surface shear rate and the feed flow composition
described by a power function expression. It was
possible to filtrate at low feed flow velocity arow
transmembrane pressure resulting in low and conhstan
membrane fouling. At the same time high
macromolecular transmission was possible whichnofte
is very difficult to achieve in microfiltration du® gel-
layer formation and pore blocking. In the future
filtrations of solutions containing other macronmites

will be investigated as well as the performancetbir
microfiltration and ultrafiltration configurationill be
investigated. At the moment new membrane materials
are tested in the vibration microfiltration systeswell

as in a back flushing cross-flow set-up. The aintois
reach a better understanding of the membrane fputin
order to reduce the problem and to improve the
separation performance in general.
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Deactivation of SCR Catalysts by Additives

Abstract

The Danish power companies are obliged to burn h&smat the central power stations. The alkali ifvact
introduced by biomass into the combustion systenesponsible for high rates of deposition and cxico at the
surface of the super-heat exchangers. To mininhieeg undesired effects, the power companies anaiptato mix

the biomass burned in their plants some additiwdéch are able to fix the alkali fraction in harséecompounds.
The objective of this Ph.D. project is to evalutte effect of the selected additives on the comrakoatalysts
employed in the SCR process.

Introduction Deposition on the heat exchanger surfaces is a
Nitrogen oxides (N¢Q) emitted from stationary sourceshighly undesired process since it decreases thé hea
can be effectively reduced by using the so-callettansport through the heat exchangers and causes
Selective Catalytic Reduction (SCR) process. Ammonicorrosion, thus affecting the overall efficiencysteam

is injected into the flue gas and reacts with th® N production. The use of additives to the fuel is

fraction according to the following reaction: considered by the Danish power companies as a evay t
minimize this undesired effect, rending the comioust
A4NH;+4NO+Q—4N,+6 HO of biomass more efficient. Preliminary tests haanty

involved compounds rich in phosphorus like phosphor
The reactor operates at atmospheric pressure aadid, mono- and di-calcium phosphate [2]. Due ® th
temperature ranging between 300 and 400°C. Tipeesence of the phosphorus during combustion, ashes
catalysts employed are vanadia-based catalysts Thaainly constituted by K, P and Ca with higher nmgjti
technology was first developed in Japan during thpoint temperatures (>1300°C) were formed.
1970s and is still nowadays the best-developed awacordingly, the deposition rate measured during
worldwide used for fossil fuel combustion procegddds addition of P-compounds was found to decrease up to

However, the application of this technology to thé0%.

treatment of flue gas from (co)-combustion of biesa However phosphorus is known to be by itself a
or secondary fuels such as sewage sludge or melat anoderate poison for the vanadia-based -catalysts
bone meal (MBM) is problematic. This is mainly doe normally employed in the SCR process. Studies about
the high rates of catalyst deactivation observed ampoisoning by phosphorus have been conducted in the
related to different compounds.§. alkali and alkaline laboratory mainly by wet impregnation with phosghor
earth metals, chlorides, etc.) introduced intoghistem acid solutions [5,[7]. The activity of the powdered
by these alternative fuels [4]. The alkali fractiohthe doped catalysts still showed up to 80-85% of the
biomass is also responsible for a higher depositiad@ original activity at P/V ratio greater than 2. Coencial
on the superheater surfaces in the boiler. In thetfly vanadia-based catalysts exposed at full-scale gurin
ash produced during biomass combustion, due to tkeo)-combustion of sewage sludge and MBM has shown
high content of alkali, has relative low meltingimto enrichment in phosphorus on the surface and the diful
temperatures. At the temperatures of the supensatethe catalysts [8].The samples presented a decrdetstd
they thus present a melted fraction which makesnthepore volume and a shift of the average pore diamete
particularly sticky. towards smaller values. Formation of surface layers

pore condensation by phosphorus was thus indiced
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Figure 1. Examples of reactions given by gaseous molecuiasghorus, introduced into the system by the additiand the KCI released
during biomass combustion. Both the products oftmgstion of the additives, and the reaction betwberadditives and the alkali fraction of
the flue gas could reach the SCR reactor and deaetit. The different mechanisms of deactivatiae tb each of these species will be studied
in this project.

the main mechanism of deactivation by phosphorus. The fresh and the spent catalysts have been
However, since the catalysts were enriched also loharacterized by Hg-porosimetry, SEM analysis and
other known poisons like potassium and arsenigas chemical composition.
not possible to directly correlate the influence tbé
phosphorus alone on the overall deactivation. Results and Discussion
The purpose of this project is to investigate wketh Particle measurements were necessary in orderriky ve
the P-additives may cause accelerated deactivatidhe formation of poly-phosphoric acids, which hagtp
what the mechanisms of the deactivation are andported to constitute one of the possible deatitiga
whether the deactivation can be inhibited or slowedgents by phosphorus [8]. These acids are formed by
down to an acceptable rate. Investigations willide condensation reactions between the phosphoric acid
both tests involving the additives, and the possibimolecules and have boiling temperatures higher than
products of the addition process as shown in Figure 800°C. The SMPS measurements confirmed the
In the present contribution the main results abodbrmation of particles during the addition of phbsgc
deactivation by phosphoric acid;PO, at a pilot plant acid even at very low concentrations. The mearighart

are presented. diameter measured at the catalyst inlet by the SMPS
was found equal to 25.4 nm when adding 10 ppm of
Experimental HsPQ,. This then increased according to the acid

The catalysts employed were commercial Haldoroncentration in the flue gas, reaching 66.9 nmnvhe
Topsge A/S DNX 3%¥0s-WOs-TiO, full-length  adding 400 ppm of acid. The small sizes of theigag
monoliths. The pilot-scale setup mainly consista &0 clearly indicate condensation of gaseous species,
kW natural gas burner, a lance for injection ofusiohs whereas the increased value at higher acid
into the flue gas, ammonia storage and additios, linconcentrations can be explained by agglomeration of
and a reactor hosting the SCR monolith. The agtivitsmall particles or condensation of gas-phase Piepec
measurements have been performed at 350°C, in tbe previously formed particles. The particle mass
presence of about 500 ppmv NO and 600 ppmv of NHtoncentration was calculated assuming a partialsite
in the pilot scale reactor. Three different mort@ihave equal to 1.864 g/cc, which is the value off)y. This
been exposed during addition of 10, 100 and 1000 ppwas found to linearly increase with the acid
of HzPOy respectively by spraying directly into the hotconcentration: up to 50% of the added acid wasdain
flue gas (T>70€C) different aqueous solutions ofthe reactor inlet. Considering both the relativghhi
HsPO,. amount of deposits found in the setup and the foama
Both the aerosol particle sizes and concentraiions of particles already at 10 ppm ok, it is believed
the flue gas have been measured by a®TSMPS. that almost all the acid present in the gas phask h
Particle measurements have been performed {07 condensed already before the SCR reactor. Dedctivat
addition in the range 0.044-1.76 g/Rimorresponding by nano-particle of polyphosphoric acid is then diméy
to HzPO, concentrations in the range 10-400 ppm on mechanism of deactivation experienced during this
molar basis. investigation.
The activity of the monolith exposed to flue gas
containing 10 ppm of §PQ, was periodically measured
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Figure 2: Relative activity of a SCR monolith exposed topgp®n of Figure 3: Activity measurements of a SCR monolith beforee$R)

H3PQ,. Activity measurement data: flow=40 Nm3/h, NO=58mv, and after (Doped — Test 1) the addition of 0.44ngB\for 38 hours.

NH3=600 ppmv, @5%v, HO>10%v. Activity measurement data: flow=50 Nm3/h, NO=500rpp NH;=600
ppmv, Q>5%v, HO>10%v. Doped —Test 2 was performed 13 days
after Doped — Test 1.

during 819 hours of exposure. In total 0.8 kg oidac the NO conversion then started to decrease witle tim
were added to the flue gas. The decrease in relativeaching a steady value only after around 25 m#afe
activity is shown in Figure 2: after 800 hours, theammonia injection. The corresponding value oftieta
catalyst lost around 10% of its original activity. activity (k/kg) in this case dropped to 42%. Based on
The addition of 100 ppmv of 4RO, was carried out for this result, it is assumed that: i) the polyphoseba
only 38 hours: already at this point the catalystt!| partially deactivate the catalyst by pore blockiagd
around 60% of its original activity. Interestingly this condensation; i) ammonia and the polyphosphates
case the activity measurements showed an influehce deposited on the catalyst surface react togethethdr
ammonia on the catalyst activity itself as shown ideactivating the catalyst. The same transient NO
Figure 2. During the first activity measurementsriesl response was obtained when the test was repeatd af
out after 38 hours of acid injection (‘Doped — Tésin  closing the NH flow for at least 1 hour. Moreover,
Figure 3), right after the addition of ammonia theepeating the test in the following days withoutliad
catalyst was still able to convert NO to a valuany acid or NH in the meantime showed a regain in
corresponding to 90% of its original activity. Hovee activity (‘Doped — Test 2’ in Figure 3): the stead{D

Table 1: SEM pictures and Hg-porosimetry results of theslirand some of the doped catalysts.

Sample

Fresh Haldor Topsge A/S Exposed to 1000 ppm of H;PO,, for Exposed to 100 ppm of H;PO,, for
monolith 91 h. 38 h.

SEM Analysis

18xm 4438 10887 pm

Hg Porosimetry

Intrusion. Vol. (ml/g): 0.744 Intrusion. Vol. (ml/g): 0.076 Intrusion. Vol. (ml/g): 0.551
Pore Area (m?2/g): 54.937 Pore Area (m2/g): 21.450 Pore Area (m2/g): 48.962
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conversion was reached faster and at higher valies. nano-particles of polyphosphoric acid have been

these facts thus indicate that: i) the productsthef formed. These particles easily penetrated the ysital

reaction between the deposited poly-phosphates awdlls and deposited on the surface physically

ammonia are in equilibrium with the NHpartial deactivating the catalyst by pore blocking and

pressure in the gas phase; ii) part of the polyphates condensation. Moreover, ammonia used in the SCR

leave the surface when exposed teanflue gas. reaction was also found to react with the deposited

The catalyst exposed to 1000 ppmv ofPBy was polyphosphates, and further deactivating the cstaly

massively covered by the polyphosphates and Id% 80 The results show that P can potentially be a very

of its original activity after only 25 hours of exgure. harmful poison, much more than previously shown by
The pore volumes of the three different monolithsvet impregnation tests.

exposed to EPO, were measured by Hg-porosimetry

and compared to the value of a fresh monolith. Thacknowledgements

relative total intrusion volume (TIV) was found edio  This project is supported by the PSO system. Supply

0.81, 0.74 and 0.10 for the monoliths exposed tdl00 the catalyst samples by Haldor Topsge A/S is guliyef

and 1000 ppm of kPO, respectively. Moreover, a shift acknowledged.

toward smaller pore diameters resulted from theepor
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Scale Up of Pharmaceutical Production of Organic Cémical Compounds

Abstract

The design of an efficient reactor system for antical reaction requires knowledge on the kinetitadalated to
the reaction. Kinetics makes it possible to sineutadw the reaction is affected by different reattionditions. This
is a discipline, which has not yet been widely usethe pharmaceutical industry. However, due teirenmental,
economical and quality considerations an increasiteyest in this field has appeared. This gives dpportunity
for investigating the possibilities for the implentation of new reactor configurations and analysishniques,
which provides a more detailed understanding oftiemical process.

Introduction production and more attention on the environmental
The production of Active Pharmaceutical Ingredientgmpact is paid.

(API) is a special area compared to other chemical An aspect, which until now has also prevented the
productions. Typically, the amounts of productpharmaceutical industry in process development and
produced are rather small, but on the other siddrdde implementation of new techniques, is the commitsent
prices on the products are high [1]. This has teduin to the US Food and Drug Administration (FDA). The
little focus on process development and optimizatioFDA is responsible for the guidelines that ensure t
from an engineering point of view. quality of the pharmaceuticals [3].

Reactions traditionally take place in batch reactor  Until August 2003 the accepted way of ensuring a
These reactors can be used for a range of reactioths product with a given quality was to describe the
in terms of documentation it is convenient to trac@roduction method in every detail and finally reeean
errors back to the source. From a scale up pointest  approval from FDA. From that stage no changes en th
batch reactors give rise to a number of challengjess approved method are allowed without preapprovahfro
of selectivity and formation of hot spots due tovel the FDA. This means that even if the productionhodt
mixing and problems with exothermic reactions duat is inefficient, it is not possible to optimize tipeocess
high volume to surface ratio [2]. This has thewithout using precious time on new approvals.
consequence that a reaction, which performs satigfy Meanwhile FDA has realized that the lack of
in gram-scale, may fail when it is performed ind@ple. optimization has resulted in excessive manufaafurin
Until now the typical way of solving these upscaleosts. Therefore the FDA has encouraged the
problems has been to change the critical reactiepss pharmaceutical industry to implement new technasgi
in the synthesis rather than finding a conveniehiton The new technologies shall ensure a more effective,
by changing from batch reactors to other reactmafe, and affordable production of pharmaceutieaid
configurations. This has the drawback that it imeti by that help the consumer to get the pharmacestical
consuming to develop a new synthesis route andait mthey need to improve their health.

result in additional synthesis steps or use ofxaess of These requirements may be met by the
chemicals, which all-together means that the tuenovimplementation of Process Analytical Technology
may decrease. (PAT) [4]. The aim of this technique is to provide

However, a number of changes in theamore elaborate understanding of the chemical proces
pharmaceutical market have made it relevant tBy using modern analysis equipment real time
investigate the possibility of optimizing or changi concentration profiles can be recorded for a chamic
some of the existing production methods. Examplprocess. Based on these profiles operating comnditio
given: The competition has increased, due to generi
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may be changed during the process and the finditgua of protection groups and with equivalent amountd of

may be improved [5]. and2, or even better with an excessAof The products
To investigate these new possibilities for thegiven in Scheme 1 have no connection to the amhctu

manufacturing of pharmaceuticals the Department gtharmaceutical, however, the coupling reaction hef t

Chemical Engineering at the Technical University oryl halide and the amine is a very important claks

Denmark and the pharmaceutical company H. Lundbeckactions.

A/S has agreed on a partnership with the main: title

“Active Pharmaceutical Ingredients”. Chemical Reaction Mechanism
The Buchwald-Hartwig amination reaction is a
Specific Objective homogeneously catalyzed reaction, which takes pface

The purpose of this project is to investigate théhe presence og a palladium complex. In the liteeait

possibilities for developing a more efficient medhfor  is reported that the formation of the N-aryl amaeeurs

up scaling organic synthesis in pharmaceuticaccording to the mechanism given in Figure 1 [9 and

production. This will require: 10]. Figure 1 is dividend into two different aredhe

« Methods to increase the understanding of chemicphthway outside the box describes the formatior of
reaction mechanisms and kinetics, this will als@nd 4 and the pathway inside the box describes the
include the efficiency of the analytical methodsl anformation of5.

apparatus.
» Efficient methods for application of mechanism ang N
kinetic to optimize and scale up organic synthesisa-+ + [/ j ArToly
to industrial pharmaceutical production. N
H

* Formulate guidelines for future synthesis and scale ﬁr Pot
up problems, which may be met in the [j H Ar-Br
pharmaceutical industry. N >/ Pd-L
|
o

Chemical Reaction L

Mono-substituted aryl piperazines are of gre At fd

importance in the pharmaceutical production [6]d an UONS [Nj L pg A
they can be produced by the Buchwald-Hartwi [ j N

amination reaction. The reaction in Scheme 1 has be E F‘!\

chosen as a model reaction for this project. LA
Pd
B’ NH

NaO-t-Bu k/N
Br b Pdba), [Nj “
. [Nj E,;“(‘QEBU N Nj . O Figure 1. Reaction mechanism for the formation N
N~ Solvent <> [N © " O aryl amide and the reduction of the aryl halide.

HO-t-Bu+NaBr

e
H N

h
The formation of3 and 4 can be divided into five
intermediate reaction steps:

1 2 3 4 5 6 » Dissociation of the ligand from the palladium
Scheme 1: Formation of aryl piperazine by the complex.
Buchwald-Hartwig amination reaction. « Oxidative addition of the aryl halide to the

palladium complex.
The Buchwald-Hartwig amination reaction is the « Coordination of the amine.

coupling reaction between an aryl halogdn énd a « Neutralization of the amine.
primary or a secondary amin@)(in the presence of a . pissociation of theN-arylated amine from the
homogeneous palladium catalyst and a base. The palladium complex.

identified products are: Mono-substituted aryl

piperazine §), bi-substituted aryl piperazine4)( The formation of the undesired reduced aryl hatidds
reduced aryl halogen5) and homo-coupled aryl yyq additional intermediate reaction steps:
halogen 6). However, it is onl\B, which is desired4, 5

and6 are unwanted side products.
So far the reaction has been carried out in batch
reactors, and the two following strategies havenbee
used in order to avoid formation df One strategy has
been to introduce a protection group, which pratecte
of the two nitrogen atoms i&[7]. Another strategy has
been to change the ratio betweleand?2 [8]. However,
from an economic point of view, it will be favorabif
the reaction can be carried out without the intiitun

e [B-hydride elimination.

« Dissociation of the reduced aryl halide and the
oxidized amine.

It has not been possible to find a reaction mecmani

which accounts for the formation 6f

Prior considerations

In the initial phase of the project it was desirexd
investigate the possibilities for creating a continsly
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operated reactor configuration for the reactionegivn  To investigate whether this unexpected high pradoct
Scheme 1. To obtain a simple reaction system it wad 5 was due to the change of solvent (from a nonpolar
attempted to create a homogenous system, where bagrotic to a polar aprotic solvent) the reactiorswiane
the reactants and the catalyst were dissolved. Tie some of the classic solvents for the Buchwald-
classic solvents employed in the Buchwald--Hartwigdartwig amination reaction i.e. a nonpolar aprotic
amination reaction are non-polar aprotic solventshs solvent. The results for the reaction done in ligkahne
asm-xylene and 1,4-dioxane. However, due to the lous displayed in Figure 3. Figure 3 shows that the
polarity of these solvents, it is not possible tesdlve formation of 5 is strongly suppressed for reactions
the base Na@Bu. Therefore it was decided to changeerformed in 1,4-dioxane compared to the reactimmed
the class of solvent from non-polar aprotic solgett in NMP. This means that the product distribution is
polar aprotic solvents, because they had a belittya affected by the type of solvent.

for creating a homogeneous system. Meanwhile,tas la

0.45

described the change of the class of solvent had y =1
significant impact on the product distribution. —o
035 ——5 |4

——

o
w

Method of Analysis

One of the challenging parts of the project was t
develop a method of analysis, which allowed th
reactants and products to be detected and quahtfie
HPLC method was developed and this gave tr
possibility for quantification of the following
compoundsi, 3, 4, 5 and6. The primary drawback of ; ol , , ‘ ‘
this method is that it was not able to det&ctvhich is * “ o = e

Time [Minutes]

due to the lack of a chromophore group. Time hae al gjgre 3: Concentration versus time for the reaction
been devoted to evaluate the possibility for th%arried out in 1.4-dioxane.

implementation of online Near-Infrared spectrometry

(NIR) as a method of analysis. This method has thenother observation from figure 3 is that reaction

advantage that it is able to det@tHowever, it Was terminates even though there are still unreactadisg
found that the properties of the reaction mixturerev aterial left in the reaction mixture. It was experced

not appropriate for NIR measurements. that by applying 2.2 eq & instead of 1.1 o2, which
are used in Figure 2 and 3, it is possible to obfall
conversion ofL (Figure 4).

o
)
i)

(=1
i

Concentration [mold]

o
o

0os

Experimental Results

The following ration between the reactants andlgstta
has been used: 1.0 eq df 1.1 eq of2, 0.05 eq of
Pd(dba), 0.075 eq of BINAP and 1.5 eq of Na@®u
dissolved in a fixed amount of solvent. In the ialit
phase of the experiments the reaction was donéen t
polar and aprotic solvent 1-methyl-2-pyrrolidone
(NMP). However, the data obtained for the product
distribution revealed that the selectivity towartte
desired product3 was low. This was due to a high
production of the undesired produgt(Figure 2). The
same tendencies were observed for another polatiapr
solvent:N,N-dimethylacetamide.

0.45

—&—1
0.4 ——3 |

—a—
0.35 ——5 |

—+—h

03

02

02

Concentration [mold]

015

a1

0os

0

L . L L I
0 &0 100 150 200 250 300
Time [Minutes]

Figure 2: Concentration versus time for the reaction
carried out in NMP.
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Figure 4: Concentration versus time for the reactio
carried out in 1,4-dioxane. 2.2 eq. of 2 were
employed.

Future Work

« A study of the effect of the different
parameters in the reaction (i.e. concentrations
and temperature) will be performed.

« Based on available reaction mechanisms in the
literature a model, which predicts the product
distribution for the reaction in Scheme 1 will
be developed.

* New methods of analysis will be evaluated for
the reaction. It is also the intention to develop a
method, which allows2 to be detected and
quantified.

Conclusion

Regarding the model reaction it has been foundttieat
product distribution is strongly dependent on theice
of solvent.

During the experimental work with the reaction, it
has been found that the bottleneck in obtaining
information about the kinetics of a reaction isatet to
the method of analysis.
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Multi-Scale Modeling of Complex Systems

Abstract

Most chemical systems can only be fully understbaded on physical and chemical property data. Popata

can not be calculated in a fully rigorous fashiNiermally semi-empirical property prediction modéBEPPS) have
been used but they are all limited by insufficieglfable data available for development. In a higtdmpetitive

climate, chemical engineers are forced to rely @éasingly on predicted data. The purpose of thigeptas to

develop a methodology for extracting maximum infation from available experimental results and plevextra
data. The project combines SQPP models with makecunbdeling to give qualified prediction of puredamixture

behavior of novel compound groups to minimize egiem experimental data generation. The method edipting

derivative properties and integrating to obtairegral properties is surprisingly accurate.

Introduction

Traditionally, process systems engineering (PSE) idethodology

concerned with the computer-aided design of praducthe main objective of this work is to develop a
and processes, and the operation and control sethanethodology for using molecular modeling results to
processes throughout their lifecycle. The overwlie¢m expand the predictive capabilities of existing SEPP
majority of all chemical systems can only be fullymodels to new chemical systems with insufficient
understood based on accurate physical and chemiexiperimental data available. The MM simulations are
property data. Such property data can not be caledl too extensive to use directly in for example a gesi

in a fully rigorous fashion, so chemical enginebave phase of a purification unit. The SEPP models are
for decades developed numerous semi-empiricareferred in the design phase because of the
property prediction models. Great emphasis has been computational simplicity resulting from their cunte
models of residual properties of pure components aranalytical form. A general approach for handlingeav
mixtures and excess property models for liquidtlass of chemicals includes five steps:

mixtures. As the materials of interest to the mader

chemical industry become ever more complex, PSE Search literature for all relevant physical propert

relies on increasingly sophisticated molecular niode

(MM) techniques for the characterization of their

properties and behavior. The use of advanced emsati
of state within mathematical process models is neai
established, as is the use of molecular modelinghie
derivation of parameters used in these equatiogshg

data (liquid densities, vapor pressure data, PVT
data, phase diagram data, mixture equilibrium data
vapor-liquid-equilibrium  (VLE), liquid-liquid-
equilibrium (LLE), solid-liquid-equilibrium (SLE),
activity coefficients at infinite dilution, excess
volumes etc.).

generation of “pseudo-experimental” data points t@.
complement real experimental data that are availabl
During the past fifteen years, theoretical and atlymic
advances along with the revolution in computing
technology have made it possible for design questio

Test existing property prediction methods (if
available) both for pure compounds and mixtures.
Test if it is possible extend the SEPP models (for
example UNIFAC) to improve predictions by
regression of parameters using experimental data

of practical importance to be addressed by MM. The collected.
advances offered by these methods will continue . Evaluate if predictive capability for the new class
make inroads in the chemical and related indusiries acceptable.

the coming decade.
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4. ldentify areas with insufficient data. Obtain —x.(H.. +H..—2H
relevant pseudo-experimental data from moleculialn le = 2( 122 12)
0X, )., 1+x%,(Hy+H,=2H,)

modeling. For developing molecular models us
known data to establish suitable potentials.
5. Combine experimental and pseudo-experiment&quation 2

data for regression of parameters for SEPP mOdeISI’he partial molar volumes and isothermal

: ... compressibility can be determined through similar
Steps 3 1o 5 are repeated until the premCtIV%]quations. Thus, FST provides a direct relationship

gig:b;gtgl e?évérgf Srggz o nm;r?c? I; n 22::/2 t;%t::rz:; Petween RDFs obtained from simulations and
P P P macroscopic measurable thermodynamic properties.

applicability. FST has been used by numerous researchers to

Steps 1 to 2 are the traditional steps taken bXvesti ate the properties of liquid mixtures. Some
engineering researchers when trying to model a ne 9 brop q X

' . .. studies extract the appropriate FST integrals from
compound group. The first evaluation of the predéct : . :

S » oo . experimental data. Fewer studies have determindd FS
capaplhty s & "stop or go” point becau_se extees'vintzgrals from computer simulations. An example
experimental work might be needed. With the abov]e lows '
procedure we now propose to proceed to the desig% '

phase of a project before any “stop or go” decidias
to be made. That makes it possible to explore mal

options qualitatively, before - experimental work Ssimulation results can provide quantitative infotima

jmulations Details
revious simulations suggest that FST analysis of

required. : X .

q concerning the thermodynamics of solutions. We

. oo e @MPlOyed the isobaric-isothermal ensemble (NPT) for
Collect experimental : Obtain missing i . L. . ;
[data J knowledge ] i different mixing ratios. The TCFIs can be deterrdine
v * i from the quantity:

Test SEPP-models . Combine pseudo -

Extend if experimental & : Tmaz . NPT

needed/possible experimental data to extend H:.: = _1__?1-],:, e I:Q;i U‘\I _ 1) dr

SEPP models. b o L, 4
N Equation 3
Predictive

Capability

s which can be extracted from MD simulation results.

We used the software package NAMD [12]. Using
periodic boundary conditions, and integration tisteps

[Semi-Empirical Property Prediction model(s) } of 1fs, the simulation box is initialized usingeariplate

for new compound group available for which contains the equilibrium positions of eachnat
process design in the molecule. In two cases studies the syste@ssi
were set to 512 molecules for simulating
ethanol/benzene and 1000 for methyl acetate/benzene
The simulation box is divided into a simple gricdahe
molecule templates are inserted at the grid poimts
Fluctuation Solution Theory accordance with the composition. Two steps are used
Fluctuation solution theory (FST) describes thdor equilibrating the system. Firstly, the system i
connection between the local composition atelaxed by a steepest descent method to eliminate
microscopic level and the macroscopic properties of atomic overlaps in the initial setup of the systérhe
fluid [1]. The key quantity is the total correlatio process is ended when the potential energy hasetbve

Figure 1: Overview of methodology

function integral (TCFI), i, given by [2]: out to a nearly constant value. Secondly, the NPT
conditions (pressure of 1 atm and a temperaturaléqu
. : . i
_ 2 VT, \ . the experimental value) are imposed and the simonist
Hij —47”3'L ! (9# ':"'J_l) dr run for 500ps to ensure that equilibrium has been

obtained. The criterion is that there is no drift the
Equation 1 radial pair distribution functions with respect tione.

wherep is the density of the system. r is the centerThe length of the production period varies depegdin

of-mass to center-of-mass distance between molkecu he composition. In most cases periods of nearlys50
: i . o . ere used. The production period increases for Ismal
of type i and j. g (r) is the radial distribution function

(RDF) in the grand canonical ensemble. The RDEOI.?hZa(;{;EgtSO'm CHARMM?27 force field has been
describes the fluctuation in the macroscopic dgraita

microscopic level. The macroscopic activity coefit applied in the  simulations. The force field is
derivatives, §In y/x,)r p are related to the TCFIs characterized by flexible bonds, a Urey-Bradley jUB

term for 1-3 interactions and a Lennard/Jones term
1-4 interactions and non-bonded interactions iregan
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In special cases a modified parameter set is umet+-4 component vapor pressures to calculate the buldte p
interactions. Coulombic forces are included usingressure curve (xP) and the vapor phase composition
charges positioned at the center of mass of thmsato (xy) at the temperature from the MD simulationseTh
where interactions are included for atoms separbhted error propagation law can then be applied to detegm
three or more bonds. The general form of the p@knt the variances of the calculated pressures and vapor

is given by: phase compositions.
UR) = ST Kp(b—t)l+ > Kp(0-0)°+3 Kyg(5—Sp)°
bonds vE Results of test systems
+ ) K (l+eosinx=8)+ Y K,(p—w) The methodology was applied to two test system: The
dihedrate _ L e first is benzene + methyl-acetate at 303.15K (FegBir
+ ¥ (e:-j (L) _g(H_j }Jr&) ( which is almost ideal, the second system is benzene
nontond i i €1r ethanol at 298.15K (Figure 4).

Equation 4

where K, Kug, Ko, K,, and K, are the bond, Urey-
Bradley, angle, dihedral angle, and improper diakdr
angle force constants, respectively; b9 Sy, ande are
the bond length, Urey-Bradley 1,3-distance, bonglegn
dihedral angle, and improper torsion angle, respelgt
and the subscript zero represents the equilibriaines
for the individual termse is the Lennard/Jones well
depth and Ry, is the distance at the minimum of the
Lennard/Jones potential. The unlike interactions ar
calculated with Lorentz-Berthelot combining rulggsis
the atomic partial chargey is the effective dielectric
constant andris the distance between atoms i and j.

200 250 300
\
!

P/mmHg

150

100

944(r)
—— = g0
or i p(n)

i X4

Figure 3: Isothermal bubble point pressure vs.
composition for benzene - methyl acetate at
] 303.15K.o are experimental points and full line and
x are predicted by method.

B F ‘ -
o
oo w‘o 1‘5 :'E: 8
r/angstrom E A
Figure 2: Example of radial pair distribution -
functions for benzene —ethanol system.
Application of FST
The following recipe is applied to every binary t&ya
where VLE data is needed: 3
1. Run MD simulations for series of compositions
at fixed T and P (NPT) X
2. Sample state every 0.5ps . )
3. Generatay;(r)'s andp Figure 4 Isothermal bubble point pressure vs.
4. CalculateH;'s anddiny,/dx, comp_osmon for benzene - ethano_l at 298.15k are
5. Fit diny./dx, data using a simple model expe_nmental points and full line and x are
6. Generate xP and xy diagram predicted.

In step S5 the derivatives of the activity coefficf 3.4 |ndustrial Fluid Phase Simulation Challenge
generated from the FST analysis of the MD simufatioThe method based on predicting derivative propertie
results are applied to determine the Modified M&8§u ;5ing molecular simulations and integrating to obta
parameters of the binary set. In tH&ahd final step the jptegral properties has proven to be surprisingly
modified Margules model is used together with purgccyrate. The IFPSC (http:/fluidproperties.orghdsy a
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biennial program for driving improvements in theresults for the training system at 283.17K are giire
practice of molecular simulation, formalizing metiso Figure 5 and the results of the challenge systeen ar
for the evaluation and validation of simulationus given in Figure 6.

with experimental data, and ensuring relevance of
simulation activities to industrial requirementsher
main activity in the project is arranging the Intisd
Fluid Phase Simulation Challenge (IFPSC). The third
challenge contain among other categories the e'Stat
Conditions Transferability' challenge testing th®lity

of computer modeling (any method) to predict the |
change in bubble point pressure of a binary mixture <, |
when temperature is changed. The ability to predict —
properties for state points that are challenging?;
inaccessible to experiment, difficult to predictthwi -
existing engineering methods or simply missingfiero
used as a justification for development of computer
modeling. The purpose of the challenge is to
test/promote/validate this capability. The challeng
system was binary mixture of ethanol and 1,1,13233,
heptafluoropropane. The contestants were allowed to
use all pure component data and already publisheee f
field parameters together with a data set for tlveure

at 283.17K. The challenge was then to predict the
bubble point pressure curve at 343.13K. X4

©

1.5%10

5x10°

Figure 6: Isothermal bubble point pressure vs.
composition for ethanol - 1,1,1,2,3,3,3-
heptafluoroproane at 343.13K.o are experimental

points and full line and x are predicted by method.

3%10°

The average relative error of the predicted bulpalimt
pressures at 343.13K was 1.52 % which was the best
result of all submissions.

RN

2x10°

P/Pa

10°

X

Figure 5: Isothermal bubble point pressure vs.
composition  for  ethanol -  1,1,1,2,3,3,3-
heptafluoropropane at 283.17K.o are experimental

points and full line and x are predicted by method. References

Our (Christensen S., Peters G.H., Hansen F.Yi J-G.Kirkwood, F. Buff, J. Chem. Phys. 19 (1951)

O’Connell J.P., Abildskov J.) entry, based on thewee 774-777. )

steps, used only pure component densities g J.P. O’Connell, Molecular Physics, 20 (1971), 27-
1,1,1,2,3,3,3-heptafluropropane to optimize a fdiekl 33.

description of that compound. Together with an txis

description of ethanol, MD simulations were made at

different mixing ratios, where a set of simulatiomsre

made at both the temperature of the training data s

(283.17K) and the challenge temperature (343.13 K).

The FST analysis was applied to both systems. The
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Reactivity and Burnout of Wood Fuels

Abstract

Wood is increasingly used as a £@utral and renewable fuel for the production ekthand power in highly
efficient suspension fired power plant boilers. @amed to coal, the most often used solid fuel, Kedge on wood
combustion is limited. In suspension fired boilexsod char oxidation is the slowest step and detegmthe degree
of burnout of the fuel, thus affecting the effiodgnof the plant. In order to enable prediction lo¢ tournout and
main heat release profile, wood char needs to beaclterized, its reactivity to oxygen has to beesssd and kinetic
data must be coupled with suitable models accognfiim transport processes and char transformatiomnngd
combustion. This project addresses these issueselays of experimental work at laboratory, pilot duitiscale as
well as modeling.

Introduction oxidation of the char is the slowest step in the
The large availability of wood, neutrality with et to  conversion of wood and thus determines the degfee o
CO, emissions and the fact that it is a renewablecgourburnout of the fuel as well as the heat releasélgnm
make it a very attractive solid fuel for combinedah the boiler, affecting the operation and efficierafythe
and power plants. A variety of wood species areédr plant.
nowadays in power plants, depending on the locaifon It is well known that pyrolysis conditions influesc
the plant, the wood-related activities in the afpalp both the yield of char and its properties, includsize,
and paper industry, sawmills, etc.) and other envoal morphology, composition and reactivity. On the othe
reasons; wood from conventional forestry, residuelsand, few works are available in literature about
from manufacturing of wood based products such atharacterization of char produced at boiler-like
bark, sawdust and off-cuts from sawmills are sorhe @onditions [1-3].
the sources of wood fuel.

The most common techniques for the combustion ¢ &
wood in combined heat and power plants are grate a4 -
suspension firing; this project deals with the datt _ % =
Suspension firing has been used for decades to bi
pulverized coal; environmental concern and legisiat =% 4
have contributed to the conversion of some of thos #
plants to wood combustion and to the building ofvne gy, o
pulverized wood power plants. Today, the world’s &
largest pulverized wood fired power plant in operat *

is in Denmark. A o b
Wood is usually delivered to the plant as wood
pellets (see Figure 1) that are opened by millingrgo Figure 1: a) wood pellets, b) pulverized wood.
entering the boiler; what is fed to the boiler g
pulverized wood, as is seen in Fig.1. In suspension boilers wood pyrolysis occurs in a

As they enter the furnace, the wood particles ar@me interval of the order of ms, whereas the sgbsat
heated up very quickly to high temperatures ancethe oxidation of the char takes up to several secodisif
release volatiles (this process in known as pyis)ys is therefore evident that the process of char diddés
leaving a solid residue called char. The subsequeiftt most relevant when the degree of burnout
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(conversion) of the fuel is to be calculated. Insth
perspective, it is vital to assess the reactivityhe char
to oxygen.

There is a well established awareness that the
reactivity of chars from wood is far higher thareth
reactivity of chars from coal [5]; neverthelessge th
dependence of char properties on pyrolysis conttio
together with the heterogeneity of wood, resultain
relatively poor agreement among published kinetitad
for the oxidation of wood char.

Specific Objectives
The overall objective of the project is to develop
tools that can be applied to predict wood fuel loutrin
suspension fired boilers.
This goal is approached by:
v' Investigation of the relation between wood
char properties and pyrolysis conditions;
v' Assessment of wood char oxidation reactivity;
v" Modeling of wood char particle combustion.

Experimental

Experimental work was carried out to investigate th
influence of high temperature pyrolysis on wood rcha
properties. Chars from different wood fuels (barida
pine) were produced at different conditions in Btpi
scale entrained flow reactor (EFR). With this reat¢he
wood particles experienced rapid heating and high
reactor temperatures, which reproduces the comditio
in a real suspension boiler and differs substdptfedm

the much lower temperatures and heating rates often
applied in pyrolysis studies. For comparison, cvas
also produced in a thermogravimetric apparatus (J.GA
The produced chars were analyzed by SEM microscopy
and their oxidation reactivity derived by
thermogravimetry.

Results and Discussion

Figure 2 shows a SEM picture of a pine particle in
which the typical fibrous structure of wood is dasi
recognized. Figure 3 to Figure 5 show chars fromepi
wood produced at different conditions. Pine pyrisyat
1373K and heating rate 10K/min in the TGA yielded a
char that retained completely the fibrous structae
seen in Figure 3.

The influence of pyrolysis conditions on char
morphology is evident when char in Figure 3 is
compared to the one in Figure 4 and Figure 5, predu
in the EFR at close-to-boiler conditions: during
pyrolysys in EFR wood particles went most likely
through a molten phase and completely lost thecafpi
fiber-like structure of wood. The char appears aps
spheres. These observations agree with results of
previous works by Cetin et al. [1] and Zolin [2]hase
studies on straw showed that straw char produced at
high temperatures and high heating rate appears as
spherical shell that has undergone plastic defaomat

36

!

iﬁﬂﬁf 'ﬂ & Py N
Figure 2: SEM picture of a pine particle.

1Bum 43139 PineSTA

Figure 3: SEM picture of a pine char
particle produced in a TGA. The
original pine was heated in JNat
10K/min to 1373K and was held at this
temperature for 30 minutes.

326 PinslBB88

Figure 4. SEM picture of a char
particle produced by fast pyrolysis of
pine wood in the EFR. Pyrolysis
temperature 1273K.

'm 4327 PinelBBs

Figure 5 SEM picture of char
produced by fast pyrolysis of pine
wood in the EFR. Pyrolysis
temperature 1273K.



EDX analyses of the chars produced in EFR showed As can be seen, all the chars produced in EFR under
a very uniform composition of the char. Indeedeems boiler-like conditions had higher reactivity thanose
realistic that combustion models for pulverized @oo produced at much milder conditions in the TGA. This
power plant describe wood char as spherical pagiof could be due to the major transformation of thetipler
uniform properties. structure during fast pyrolysis. Re-arrangementhaf

As far as char particle size is concerned, woothineral matter during pyrolysis may also contribte
particles exposed to higher temperatures resulted $ome extent to the differences in char reactivity,
smaller char particles. although we do not, at present, have clear evidémce

The oxidation reactivity of the produced wood charsupport this hypothesis.
was derived by thermogravimetry. Chars have been
oxidized in 4% Q — 96% N atmosphere, during non- i
isothermal runs; the applied heating rate was asa® 2 il s
K/min, so that transport limitations could be aezid APine TGA

A volumetric reaction model was used to analyze th
mass loss curves from TGA experiments to determin
the oxidation kinetics. The model assumes a sifigie

A

0,01

pre-exponential factor (1/min)

order reaction (SFOR). Initially both activationeegy R A

E. and pre-exponential factor were derived from the & ;4 | A A
experimental curves. In order to make comparison ¢ A
char reactivity easier Bvas then fixed at 166,28 kJ/mol

and the pre exponential factor was thus the onl "™ 1100 1250 o0 o0 1700
parameter to be derived. Pyrolysis T

As shown in Figure 6, good agreement was. . )
generally found between experimental data and DT igure 7: Summary of SFOR reactivity (pre-exponential

curves generated with the derived SFOR kinetif2ctor) of pine wood chars and bark chars derivef

parameters. This confirms that char oxidation inATG | GA experiments. All chars produced in 100% N
occurred without any transport limitation and the

obtained kinetics is the true oxidation reactivifythe ~conclusions _ . .
wood chars. Pyrolysis experiments were carried out in an Engdi

Flow Reactor (EFR) and in a thermogravimetric be¢gan
(TGA), to investigate how char properties depend on
0.04 7 pyrolysis conditions. The produced char was analyze
by SEM microscopy and its reactivity to oxygen was
- - - - Experimental DTG assessed by thermogravimetry, assuming single first
Computed DTG_fixed Ea order reaction.
So far, results have shown that:

v" wood particles subjected to rapid heating to
high temperatures do not retain the typical
wood fibrous structure;

v char particles from fast pyrolysis are spherical

o
o
@

dX/dt (mg/mg-min)
o
o
N

o
o
=

0 ; ; T ‘ and highly porous; it is thus realistic to model
550 650 750 850 950 them as spheres in combustion models;
T v chars produced under boiler-like conditions
Figure 6: DTG curves of oxidation of bark char have higher reactivity than those produced at
produced in EFR reactor at 1573K in 4%.@xidation milder conditions.

in TGA at 2K/min in 4% ©
Future work

Figure 7 shows the reactivity (pre exponential Further investigation of char reactivity in relatito
factor) of different chars, as calculated assuming pyrolysis conditions and original fuel charactecdstis
common activation energy. Some of the chars of leiguongoing; apart from pyrolysis temperature and Imeati
7 were produced in TGA by heating pine wood irrate, the effect of the presence of oxygen during
nitrogen atmosphere at 20 K/min up to the finapyrolysis will be investigated.
pyrolysis temperature and holding the sample a thi The obtained kinetic parameters will allow a more
temperature for 20 min. The other chars includethen accurate simulation of char particle combustion in
figure are produced in the EFR reactor. pulverized wood power plants and accordingly adrett

Char produced in inert atmosphere showed prediction of fuel burnout.
tendency to deactivate when the pyrolysis tempegatu
increased. For the chars produced in TGA, thersted Acknowledgements
pyrolysis temperature interval (1273K — 1373K) weher The project is funded by Energinet.dk and is cdroet
char reactivity does not vary; a similar behavioasw at CHEC (Combustion and Harmful Emissions Control)
observed for straw char by Zolin [2].
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Qualitative Experimental Design for Dynamic Modellng

Abstract

Parameter identifiability constitutes an importésgue for development of quantitative dynamic pssceodels
from experimental data. The focus of this pap@&mishe presentation of a methodology for paranmidtstifiability,
which can be applied systematically for qualitattxperimental design. An enzymatic reaction netwsnlised as a
case study to illustrate the methodological aspects

Introduction "perfect model" from first principle engineering
There is an increasing interest in producing complemethods. For this reason, in this work a grey-box
intermediates and expensive fine chemicals in thetochastic model development framework [2] is used
pharmaceutical industry using biochemical synthesislevelop a stochastic state space model.

Up to now, only one or a few biotransformation step Once an acceptable stochastic state space model has
are involved in complex synthesis problems in inidys been developed using the framework described athove
although enzymes are widely known as being specifics necessary to further calibrate and validateviéroa
fast and working under mild conditions. To devebbp wider range of states space. In this process it is
purely enzymatic synthesis for complex moleculesnfr necessary to assess the parameters identifiabllhis
completely different substrates, large reactionvoeks operation is usually done prior to the parameter
are necessary. One way to construct such a furattiorestimation step. In this work a method based on
network is the System of Biotransformations (SBT)generating series and Lie algebra was employed. By
The SBT is based on a micro-organism's metaboljgerforming qualitative and quantitative experiménta
network containing the synthesis path includingactdr  design it is possible to further assess and imptbee
regeneration reactions down to the desired produptrameters identifiability.

which most often is an intermediate in the metaboli  After introduction and demonstration of the
network. Hence expression of the enzymes catalyzindentifiability method, a systematic quantitative
reactions from this intermediate are turned ofbptio experimental design methodology is introduced based
the extraction i.e the genes are knocked-out. upon application of the identifiability analysis.

The SBT is used as cell free extract in the
production phase, combining the easy handling of @&pecific Objectives
viable culture with the advantages of vitro bio- After describing the scope of the project the main
transformations [1]. objectives of the project are defined as follows:

The general goal of this PhD study is to identifg t -to further develop the grey-box stochastic grey-bo
bottlenecks of the SBT, to describe them evenly andethodology further developed by Kristensen [2].
thereby to optimize the productivity of the selecte -to develop a grey-box stochastic model for the
reaction network. enzymatic reaction network (system of

The workhorse of the de-bottlenecking andiotransformation)
optimization process is a model describing the -to expand both the methodology and the associated
biochemical reaction network with good long-termsoftware tools for performing experimental design.
prediction properties.

Thereby, the SBT contains the relevant reactions &ackground
the glycolysis, leading to a system of high dynamsind Once a model has been formulated it is necessary to
complexity. Therefore, it is not realistic to dempela assess the identifiability of the parameters and to
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determine which should be the inputs and the ostpfit y(t,H) b=hb+Lhb+L oL ohb+ ..k ook gh j+
the experiments in order to be able to make all the

model parameters identifiable [3]. Concerning )
identifiability analysis then a parameter set cam b -

globally identifiable, which means that there isyoone ;ui (O Loy +i2:1: 4 (t)DjZ::‘) Li Ly b ohlo*
unique solution; or locally identifiable, which nrea p
that there are more than one solution; or simpl)zui(t)i
unidentifiable, in which case there is no solutionthis = =0k
parameter set. For nonlinear models, there arevatly d
few methods for assessing parameter identifiabilitye > u (1) (D’
first tool to be mentioned is the local or globeduti i=1 j=0
local) sensitivity analysis together with the coelarity o ; ——

indexes [6], which is one of the widely used, meo ?';fjef,tg?\f;']ht;; tehqi{a‘t'%ges”va“ve oh along the vector
the second method is an optimization-based approac'h ! N '

proposed recently by [4]. The theoretical-basechos Lﬁh(x(t),e) = Z f; (x( t),H) e h( @ ,g) (3)

are applicable only to some classes of models.fif$te = :

methods listed are based on differential algebrd arn eq}uation 3, nis the number of states and the index j
Grobner basis; the second methods are based onrTayhe " element of the; flunction vector. Let ) be the

or generating series [1,5]. The advantages of theefficients of the expansion given in equation 2, which
theoretical methods, are, first that they constit@ are in fact combinations of Lie derivatives. The identity
definitive test and, second, are unaffected byirsgal M(é)EM(é) translates inte(é)z g6). One can
However they are limited to some classes of mode{ﬁ fore test the identifiability of M(*) b i

and, they can only be applied for relatively smal eretore test the identimiabiity o (*) by callating
problems. The method used in this contributionhis t the number of solutions fof of the set of equations
last method described above, based on generatiegse s(@) = §8)[5]. The uniqueness of the solution is
The application of the method is limited howevettte . LA .
deterministic part of the model and assuming thie dadetermlned by solving#)=0. If the underlying
are error free. Model parameter identifiability isSystem of equations has one solution then the meam
investigated first, and then qualitative experinagnt S€t is theoretically globally identifiable; if tierare

—_——
n times derivation

(2)

M-

Lo Ly L Lyohly +

1]
o

M=

d
Lfi ij Lfk"'Lﬂ Lfohlo
= —

1=0 n-1times derivation

~
Il
o

design is applied. more solutions then the parameters at best maylye o
locally identifiable and if the system has no solutthe
Method parameters are unidentifiable. Once the Lie bracket

This section describes briefly, the theoreticahave been computed e.g., thaeé) then a system of
identifiability method based on generating seriesl a algebraic equations is obtained. The elements @ th

Lie algebra [S]. For batch models the method isilaim parameter vectod are the initial model parameters and
to the Taylor based method, but for fed-batch modeine injtial values of the states. It should be rivered

the generating series-based method is simplerhén tynat if two parameters e.g. a and b are unidebtiia
glve(n) model structurd(0) in equation 1, then a combination of the two, e.g. the sum orrti®
ax(t) _ N _ could be identifiable. As discussed in the intradog

dt f°(x(t)'g)+§qu)ﬁ' (x(9.6). ¥9)= »€)(1) section, the model under investigation is an ode
y(t.6)=h(x(1).6) representation of an enzymatic reaction network [2]
I%;[iven below, in equation 4. Initially two speciege a
measured, thus there are two h equations. The sisaly
will first focus on the batch model i.e. thgféinctions.
Since there are only two states, which are measured
only some of the parameters may be identifiablee Th
odel investigated is given in the next section.

the § functions are represented by the part of the rig
hand-side of the equations which is not affectedhsy
feed flow-rate; while the part affected by the floate
are represented by theftinctions. For a given model as
in equation 1 a series expansion can be writteadas
the Lie derivatives so that the model output can e
expanded in series with respect to inputs and {he
around an initial time denoted by sub indekhe index
m represents the number of inputs addis the

Model description and identifiabillity analysis

This section described the model under investigatio

maximum order of derivation. In the equation abgye As discu;sed above the model is a representatiam pf

indicates evaluation at=0 in hj=h(x(®))], and the enzymatic reaction network and it has been obtaln_ed

termsLyLs... LnLch(X(t), O)lo. and improved using the grey-box stochastic
=6« =10 » 10 methodology mentioned in the introductory sectibine

model equations are given below:
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9% — _p o system of equations has been solved for all the

dt 1ma + . . .
. " %Kl . combinations of 5 parameters obtained from the full
~F16B — L —_ 168 . .
ac — Mmax S r2maxg—cplss+|<21+7maﬁsaP parameter set. The analysis led to the same cdoohis
e — Cesen @ as b_efore. Finqlly, ohly 4 parameter subsets were
Tt T Tamax T e DHaplGap | 6max - DHAP considered for investigation. This time, for sevVera
dessp — Ce16 parameters subsets a unique solution was found, thu
Tdt erax CDHAPﬂsap 3mame K |ﬁNAD . . . .
Craen +Kau* the particular combination of parameters is glopall
4) p p g
Yo =y Be o Brpp~ Mama Ervr identifiable. The equations used for the last stbfhe
chAC - @ analysis are ghy, Lioha, LioLtohz, LioLoLioha.
dt 4max — PYR
d - . .
S = 20 S + 2050086 5 [Cap ~ T smalC are Table 1: Globally identifiable parameters subsets
d —
Cng = Tamax meaﬂ |]:NAD 4maxE:PYR
deeo, _ Parameter subset
d 3ma>< m:GEF’ |ENAD_*— rSmaxm:ATP Fimaz o1 Koo Teman
They are two species measured, thus there are two h Fimaz Kot K92 Tama
equathﬂS maz [\'21 2mar Tdmax
"mazx I\Ql 3maz Tdmaz
hl = CGL 5 Iimaz [\'21 I'6maz "dmazx
h2 - CD ( ) maz [\:22 2mar Tdmax
HAP I"lmazx I‘?? "3maz T4maz
The f, functions are represented by the right hand-side Mmaz Pmar Mmaz Tima

"lmaz "3maz "6maz '4max
e combinations of parameters that were foundeto b
globally identifiable are given in the table 4.cdn be
concluded that for the model given in equationsnd a
for the model output in equations 2 only four pagsens

of the equations 3. Since there are only two s,tate
which are measured, only some of the paramet
should be identifiable. The first Lie derivativesea 9
given below:

= O ~Nimaoy
Lio(h) = fom& = i ©6) could be identified globally. The results of theaBysis
(h)=f =— fmlrie g are definitive, however if the model will changelyon
Lo s Crago +K o+ DHAETOIE  TOMAX TEDHAP slightly, all the analysis has to be repeated.

They are 6 parameters occurring in equations brdier

to have a determined system of equations it isssscy Qualitative experimental design
to compute two more of the higher order derivativesThe generating series and Lie algebra introducedeb
Once the derivatives have been computed, two mocan also be used in a systematic manner to determin
parameters appeared in the higher order terms awmdhich inputs should be perturbed and which outputs
therefore two more Lie derivatives have to beshould be measured in order to be able to identifye
computed, thus the Lie derivatives up to the foorter if not all the model parameters.

have been used for this analysis. The method has aIn this report a single input was considered, thaa
drawback in the sense that there is no way to kaew feed flow-rate of the main reactant, thus the ojpema
priori how many Lie derivatives need to be compited mode moved from batch to fed-batch.

order to obtain a determined system of equatiome T , o e

following eight parameters;mays Ko, Koo, Femax Momax T"’lmax%*vm%u‘%)

K11, Famax Famax OCcUrred in the equations. The system of%e= = e B o —eraXDCmM;if;Mw—g

equations has been solved for the parameters anel mq,_

solutions were found meaning that the parametersset T
only locally identifiable. In the next step, alketheduced  dww - 5 ou B By~ £ e

G _E
=, e — — I smax C v e
2max Cr e +K21+°DHAF”3§§ 6max—" DHAP V DHAP

set of 7 parameters formed from the full parametsr e ST (7)

The analysis led to the same conclusion that th&* =i Gee Euw = ameCove™ & E e

parameters set is only locally identifiable sinceretthe  “c=y @, -£r@ .

equations system had multiple solutions. When @irth ., _ _, o £

reducing to 6, the parameters set, the analysis haen ~ * 2P 535+ 2M0mai G5 o 0o ™V smalGare™v (€ are
repeated for all the possible combinations of 6% TsmaCor Euo* amaCor =¥ Cuao

parameters obtained from the original full paramett "jfa = T B i Cpa + T E are = 5 [E g

and all the combinations proved to be only locally

identifiable. Analyzing the first Lie brackets fdre first The model equations will change slightly and are

measurement, it can be observed that there a@é/en in equation 7. It is considered that the same
dependent only ongg fmax and K. The Lie brackets compounds are being measured, thus the measurements
for the first measurement depends on|y 8N Cimax and equatlons are the same as in equatlon 5. For dsis it

Ky; and thus including extra terms will be redundantS Possible to compute mixed terms of the Lie
therefore on|y one Lie bracket Corresponding tofitrss derivatives in order to include the influence of ﬁhput
measurement, will be included. This observationtted to the process. The following Lie derivatives hépeen

an even more simplified set of only 5 equationse Thcomputed for this analysitiLnloli(hz), Lulubio(hy),
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LfOLfO(hz), Lf]_LflLfO(hz), Lf]_LfO(hz), Lf]_LfOLfO(hZ), Lf]_LfO(hl), qualitative are: GL, DHAP, ATP, LAC, F16B or GL,
Lio(h1), Li(hy) where i indicate the measurementDHAP, ATP, PYR, G3P would give the optimum
equationsh;. The derivatives obtained only from theinformation in terms of minimum measured outputd an
first term have been discarded for analysis as agthe maximum number of identifiable parameters. Thus, in
first mixed term for the first measurement and therder to also identifyrenax then measurement of the
reason explained for the model without inputs aspli product of DHAP conversion may be considered.

here as well. The system of equations formed by the

remaining six equations has been solved for theiples Discussion

combinations of 6 parameters. Among the paramébersWith respect to the general economy of the project,
be investigated the initial concentration of glueas, more information became available in terms of
has been included as well since the input to tlheges measured concentrations and more complicated models
is glucose. The glucose feed concentratigRegis a with much more parameters were developed using the
known parameter and the feed flow-rate F is theg@ss grey-box stochastic methodology. For this large eted
input. The results of the investigation showed thaind if it is to consider the grey box terms tha¢ ar
combinations of 6 parameters were globally ideaibie.  stochastic terms, the method illustrated abovédréady

By considering an input to the process, that is, bynpractical. Some of the other methods mentioned
switching from batch to fed-batch operation, sonfie aabove, like the local sensitivity analysis, has rbee
the parameters which were only locally identifiailey applied. In the next step if necessay the optirntpnat
became globally identifiable. In order to renderreno based approach [4] will be applied in order to asgbe
parameters identifiable more measurements neeble toidentifiability of the model parameters and to deti@e
included in the analysis. Since ATP is involvedriany the inputs outputs.

of the balances it was decided to include it fissiter Once it has been determined which inputs and
ATP has been included among the h functions theesamutputs to the process should be considered, thigefFi
Lie brackets were computed as for the otheinformation matrix for the grey-box stochastic misde
measurements. In the search for a system of eaquatiowill form the basis for qualitative experimentalsim.

that would make more parameters identifiable, four

combinations each with seven parameters were ftmind Conclusions

be identifiable. It has been noticed that, in patir Enzymatic reaction network models have been
Iamax and rsmay could not be identified simultaneously.investigated for theoretical identifiability using
The balance for Lactate is related only to thg.x general method based upon generating series. The
parameter and thus indicating that a measurement fineoretical identifiability analysis is subsequgntised
Lactate could help improving identifiability. Hen@ as a basis for quantitative experimental designis It
measurement of Lactate was included in the analysgdemonstrated that additional parameters can be
two combinations of eight parameters can be unjgueidentified by changing the operation mode to fettha
identified, and furthermore this time the two paedens Furthermore the effect of the inclusion of addibn
rimax @Nd rsmax Can be identifiable together with othermeasurements upon parameter identifiability is rifea
parameters. As an alternative for the Lactatdemonstrated.

measurement the Pyruvate measurement can be

considered, and the same information can be olttaindReferences
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Surface Polymerisation Methods for Optimized Adhegin

Abstract

The focus of my Ph.D. studies is on surface maodliitcn as well as surface characterization. The &into

understand and optimise the adhesion between carbghass fibres and a polymer matrix. The approiacto

modify planar models of fibres using soft plasmdyperisation with controlled surface chemistry, .especific

monomers. The surface characterisation facilitatgsunderstanding of the physical and chemical gsses taking
place, e.g. during mechanical stress.

Introduction Infrared Spectrometry (ATR-FTIR; for chemical
The Ph.D. study is part of the project “Interfacesigyn characterisation of the surface), and Atomic Force
of Composite Materials”. The project is placed la¢ t Microscopy (AFM; for measuring the thickness and
Materials Research Department, Risg Nationabughness of the film). The toluidine blue staining
Laboratory, and collaborates with DPC/DTU, Risgmethod is used to derive the amount of carboxydid a
National Laboratory, Aalborg University and Danishgroups on the surface.
industries. The main focus of the project is to lioye
the mechanical properties of composite materials fvethods
wind turbine blades, i.e. by better understandihg t The present studies are soon running to the enidedf
chemical and physical processes between the famds second year. The last year has focused on surface
the matrix. modification and surface analysis techniques. Malei
The Ph.D. study contributes to the project bynhydride and 1,2-(methylenedioxy) benzene werd use
concentrating on surface modification and surfactr pulsed plasma surface modification, and the ¢(vom
characterization of planar substrates. Glassy carb@olymer coatings (ppMAH and ppMDOB) and co-
substrates were chosen as a planar model of carbpmlymer coatings (ppMDOB/MAH) were obtained.
fibres. The surfaces are modified with an AC pulse8urfaces were modified as a function of the plasma
plasma system [1], where monomers are introduced prolymerisation power and a variation in the amooint
the gas phase. The advantage of using this teahngqu carboxylic acid groups on the surface was expef@gd
that the polymerisation process runs very close tBince maleic anhydride has the tendency of taking u
conventional polymerisation of monomers. Usingvater from the environment, i.e. hydrolysing the
plasma polymerization it is easy to test differenanhydride groups to carboxylic acid groups, the kwor
monomers including some which are not very easy woncentrated on surface analysis of ppMAH. Some
polymerise using conventional techniques. Moreoiter, samples were also sent to the Materials Research
is easy to handle the monomers, since one do reat néDepartment for fracture toughness measurements. For
the purified forms. The disadvantage of the plasmanost of the modified surfaces we observed an
process is that it is very difficult to interprétet results. improvement in the fracture toughness. Some results
In addition one is in general not able to showdRact from these mechanical tests were presented during a
structure of the polymer. conference at Risg National Laboratory in September
For surface characterization the following2006 by S. Goutianos. Detailed information abow th
techniques are used: X-ray Photoelectron Spectpyscomechanical tests can be found in the conference
(XPS), Attenuated Total Reflectance Fourier Tramsfo proceedings [3].
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. . treatment: PE, MAH 20mA 10min
Results and discussion

As mentioned above and reported previously, | hav|  z0.00
modified glassy carbon substrates with soft plasmg
Different changes in the surface layers were oleskry
according to the applied monomer or monomer mixture
The surfaces were modified at varying plasmg
polymerisation power. From AFM measurements we
found that the thickness of the modified layersngjeal
with the power for constant polymerisation time (10
min). XPS and ATR-FTIR, however, did not show any
indication of changes in the surface chemistry as 0.00
function of the power. Likewise, measurements & th
roughness after water treatment were also quitdasim
[4] ‘ reflux in 0.1M NaOH & room temperature 0.1M NaOH ‘
On the other hand, the preliminary results of th@igure 1. Concentration of carboxylic acid groups in
fracture toughness tests as well as from the twleid the surface layers of plasma modified polyethylesté
blue staining method [5] did indicate changes ie thmaleic anhydride as function of the hydrolysisibfif
structure of ppMAH as function of the plasma
polymerisation power. The plasma modified layer has The environment used was an alkaline solution
therefore been studied more carefully, startindwwite where samples were placed at room temperature and
hydrolysis of the polymerised layer under contrdlle reflux (Figure 1). Changing to an alkaline solution
conditions and the checking of the stability of e  caused the reaction to progress faster, while dhang
on the substrate. This analysis was believed tp tel temperature to reflux caused complete delaminaion
explain the high scatter in the data from the meid@ the plasma polymerised coating layer. Even at room
tests. temperature in alkaline solution delamination was
All the tests of the hydrolysis and stability werepbserved albeit at a considerably longer time scale
performed on polyethylene (PE) substrates (20x20
mn?). PE is cleaned with acetone (5 minutes), methan¢”
(5 minutes) and water (5 minutes) in an ultrasdoaith.

25.00

20.00

15.00

COOH nmol/cm”2

10.00

5.00

0 20 40 60 80 100 120 140 160
hydrolysis time, h

treatment: PE; MAH 20mA, 20min

The residuals of the solvents are then removed aith 10,00
argon gun.
After plasma modification the surfaces were ** T ¢ € ¢ ' .

measured with XPS and ATR-FTIR. Only insignificant|  so.00
changes were observed. Afterwards the samples we
placed into water and according to the ATR-FTIRadat
six hours proved sufficient to hydrolyse the plasmé
polymerised films of maleic anhydride. The samples
were then stored in air for varying amounts of time

40.00

30.00 +

COOH nmol/cm”2

20.00

10.00 4

From the toluidine blue staining method the numbe ’
of carboxylic acid groups was found to increasenilite 0.00 ; ‘ ‘ ‘ ‘ ‘
storage time. Considerable effort was thereforeimpiat 0 03 ! 15 2 25 8 35

hydrolysis time, h; NaOH 10mM, incubation with dye 40C

setting up optimal conditions for the hydrolysis of

anhydride groups, e.g. temperature and environmemiigyre 2. Concentrations of carboxylic acid groups in
The following parameters were probed: the acidity Gne surface plasma modified layer on polyethyleiité w

the environment, the water at room temperature angaH as function of hydrolysis time (10mM NaOH) in
reflux, weak and strong base at room temperatute apoom temperature.

reflux.

From staining with dye | found that neither water | the further studies 3 hours hydrolysis of
nor acid is an optimal environment for hydrolysif Oanhydride groups in soluton of 10 mM sodium
anhydride groups in the plasma polymerised filmsygroxide was used. We would like to know if the
Temperature changes did also not influence thedspke \jnetics of hydrolysis depends on the thickness of
the hydrolysis. According to measurements of the deonmerised film or the plasma power. Figure 2 show
concentration, the concentration of carboxylic acigime dependents of hydrolysis of anhydride groups i
groups increases linearly with the exposure time Blasma modified layer of maleic anhydride for 20
water (measurements not shown here). minutes. As one can observe the hydrolysis is rathe

rapid and takes less then 15 minutes. This is dise éor
films polymerised with 20 mA (0.7 W/L). Films which
are polymerised for longer time but with the same
plasma power e.g. 30 minutes are not stable in NaOH
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delamination occurs almost immediately after contael.
with sodium hydroxide (visible flakes).

Some samples were also analysed with ATR-FTIR
and XPS before and after the staining process. ATR-
FTIR recorded hydrolysis of anhydride groups after
staining treatment. XPS recorded only insignificant
changes in the high resolution spectra and atom
percentage.

Conclusions and further work
Hydrolysis of ppMAH was depended on solvent where
the extensive treatment with sodium hydroxide letads
delamination. The delamination of plasma polymerise
films depended also on the time of polymerisatiOne
possible explanation is that hydrolysis introduces
internal stresses in the coatings due to uptakeatér
(swelling). In the thicker films these internal estses
overcome the relatively weak bonding between the
coating and the substrate, and delamination occurs.
The future work on the subject would be to carry ou
experiments of polymerisation with different plasma
power in time intervals chosen so they would leathe
same coating layer thickness. | believe that iusthde
possible to see changes in the film. | would expleat
with the higher power, | have obtained films witiglrer
cross-linking/ materials with different bulk propies.
The changes could be responsible for different
behaviour during the mechanical tests.
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Development of Hyaluronic Acid-Based Nanoparticlesor Topical Delivery of
Cosmetic Actives

Abstract

The objective of this PhD project is the developtneh hyaluronic acid (HA)-based nanoparticles fopital
delivery of cosmetic actives. So far a proof of ogpt that HA can be used as a building block fer diesign of
nanoparticles to encapsulate hydrophobic ingrediers obtained. The chemical structure of HA wgasked to
impart this macromolecule new physico-chemical prtips by grafting hydrophobic pendant groups oHid
backbone. The associative properties of the resultimphiphilic HA (AmphiHA) in agueous media were
investigated and revealed that it could spontarigdasn polymeric micelles in which core the hydragbic model
compound Nile Red was encapsulated. Further claraation of AmphiHA polymeric micelles showed tlihese
were spherical, with a negatively charged surfa2é (nV) and submicronic dimensions (typically be#we30 and
150 nm). Departing from this latest knowledge we @irrently screening various strategies to forteusmphiHA-
based nanoparticles. Percutaneous penetration eladse profile of an encapsulated ingredient in KA
nanoparticles will be assessed later.

Introduction hernias, glaucoma, keratoconus, detached retinas,
Hyaluronic acid (HA) is a natural linear polymerosteoarthritis, prevention of scarring, vocal coegair,
consisting of repeated disaccharide units ab- — cartilage damage, wound and ligament healing [A. H
glucuronic acids-1,3D-N-acetyl glucosaming-1,4— is also involved in nutritional supplements andraetc

(Figure 1). care where it is considered as an efficient skin
moisturization, anti-ageing and radical-scavenging
0=, ONa OH agent. o _
O%% Most cosmetic active mg_r(_edlents are highly un&j{abl
HO o] o compounds that need specific formulation stratetpes
OH NH act efficiently on or within skin tissues. Traditial
O=<CH approaches involve protection of these by means of
8 n encapsulation in  micro/nano/multiple emulsions or
liposomes.
Figure 1: Repeating unit of hyaluronic acid Polymeric nanoparticles have recently been

proposed as an advantageous alternative to these
HA is found in most animal and human tissuessystems [3]. Indeed their “rigid” nature seems ftemn
Particularly abundant in the vitreous humor of hamabetter stability of the formulations made therenfl do
eye and synovial joint fluid it is found in its tEst improve skin uptake of their encapsulated ingremien
amount in skin tissues [1]. compared to traditional “soft” carriers. In additio
As this biopolymer serves numerous importanpolymeric nanoparticles can provide a better cdietrio
biological functions in connective tissues it hasirfd and sustained release over time to targeted organs.
applications in the prevention and treatment of
symptoms related to disorders such as: fractures,
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Specific objectives = allow the encapsulation by HA of highly hydrophobi

Due to its biocompatibility and biodegradabilitymoieties.

hyaluronic acid (HA) has become an interesting

building block for medical, pharmaceutical and We modified HA by the covalent grafting of

cosmetic applications. hydrophobic pendant groups onto HA backbone. The
The main objective of this PhD project is to deyelo structure of the resulting amphiphilic HA (AmphiHA)

HA-based nanopatrticles for topical cosmetic deliver was a comb type copolymer (Figure 2).

Whereas HA microparticles have already been devised

for drug delivery (hydrocortisone [4], nerve growth

factor [5], calcitonin [6]), very little has beeeported

on HA nanoparticles and even less about their piaien

use as delivery devices. It is our second aim twide M

an innovative technology to produce completely

Hydrophobic pendant grou

tolerated and resorbable nanoparticles conveyingAl Hydrophilic HA backbon
cosmetic properties in addition to the encapsulated
compound activity. Figure 2: Schematic structure of amphiphilic

This project has required the chemical modificatiomyaluronic acid
of HA into more processable forms towards the desig
of nanoparticles. It is currently involving the sening Surprisingly, the range of covalent grafting was no
of various strategies to formulate HA nanoparticlés highly dependent on the reaction conditions. Initaatu
will finally call for the testing of their abilityto the extent of grafting was limited by competitive
encapsulate and release cosmetic ingredients imoth reactions. In order to synthesize AmphiHA with regh

vitro andin vivo. degree of substitution (DS) we studied the inflieent
four reaction parameters on the DS of AmphiHA by
Methods implementing an experimental plan. We managed to

Hyaluronic acid (HA) was chemically modified by theuncover the most influential reaction parameterd an
covalent grafting of hydrophobic pendant groupsoontthis allowed the synthesis of AmphiHA with DS up to
HA backbone using a proprietary technology by4 % per disaccharide unit accordingtbNMR.
Novozymes Biopolymer A/S.

The structure of the resulting amphiphilic hyalumon Formulation and characterization of amphiphilic
acid (AmphiHA) was characterized by Proton Nucleahyaluronic acid polymeric micelles
Magnetic ResonancéH{ NMR) (Mercury VX, Varian). As a step towards the formulation of nanoparticsezl

The critical micelle concentration (cmc) ofencapsulating systems we studied the ability of
AmphiHA  was determined by fluorescenceAmphiHA to form polymeric micelles and encapsulate
spectroscopy using a thermostated spectrofluorameteydrophobic moieties in such simple molecular
(FluoroMax, Spex) and Nile Red as the fluorophore. assemblies.

The morphology of AmphiHA polymeric micelles  AmphiHA was mixed with the highly hydrophobic
was studied by transmission electron microscopgompound Nile Red. Besides being very hydrophobic
(EM 410, Philips). Nile Red is also a potent and extensively used

The mean size and size distribution of AmphiHAfluorophore for biological and physico-chemical
polymeric micelles were determined by multi-anglgpurposes [7] (Figure 3).
dynamic light scattering (AVL-CGS-8, AVL).

The zeta potential of AmphiHA polymeric micelles

N\
; " ; N N
was measured by electrophoretic mobility (Zetasizer Y Q\
3000HS, Malvern). O
o}
o}

Results and Discussion

Hydrophobization of hyaluronic acid

The high hydrophilicity of native hyaluronic acithA) Figure 3: Molecular structure of Nile Red
represents an obstacle for the fabrication of ddélb

carriers such as micro/nanoparticles. Indeed HAsdo&ile Red can indeed absorb light energy and restore
not form spontaneous individualized structures ithrough a process called fluorescence (Figure 4).
aqueous media. In consequence it was our firstifyrio

to render HA amphiphilic. We envisioned that the

introduction of hydrophobic groups onto HA would at

least bring two major advantages:

= ease the preparation of HA colloidal carriers by

altering HA physico-chemical properties
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3 5E+07 between 0.002 and 0.006 mg/mL. Indeed the
: hydrophobic core of AmphiHA polymeric micelles
3.0E+074 presented a more favourable environment for Nilel Re
N than the aqueous medium. We derived the critical
2.5E+07+ / Y micelle concentration (cmc) of AmphiHA at the
. o inflection point of the\ . plot as shown by Coutinho et
S 2.0E+077 o al. [9]. The cmc of AmphiHA was found at
L_U, 1 56407 / \ 0.0035 mg/mL. _
\ We therefore demonstrated that not only AmphiHA
1.0E+07- \ exhibited some affinity for hydrophobic moietiestbu
—_ Emission \ that it could also form spontaneous micellar strees
5.0E+06+ — - Excitation \ and solubilize such compounds.
0.0E+00 5 AmphiHA  polymeric  micelles were further
' ‘ ‘ characterized for their morphology, surface charge,
400 500 600 700 mean size and size distribution.
% (hm) Transmission electron microscopy snapshots of a

concentrated micellar solution (Figure 6) showedt th
Figure 4: Emission and excitation spectra of Nile RedAmphiHA polymeric micelles had a spherical shapé an
in a concentrated micellar solution of AmphiHA were rather polydisperse.

The fluorescence behaviour of Nile Red is
dependent of the polarity of its immediate enviremm
When the latter changes from polar to non-polar the
intensity of maximum fluorescence emission of Nile
Red (Ina9 increases and the wavelength corresponding
to the maximum emission (o) drops significantly [8].
Figure 5 shows the fluorescence behaviour of Ni&l R
as a function of AmphiHA concentration.

66C - 3.0E+0;
650 - 2 5E+07
640 ] - 2.0E+07~

>

= ] ]
— 6307 - 1-5E+07% Figure 6: Morphology of amphiphilic hyaluronic acid
< 1 E polymeric micelles
620 - 1.0E+07—
1 ; Two main micelle populations with mean diameters of
610} - 5.0E+06 approximately 30 and 100 nm were identified by
1 N\ comparison of several different snapshots.
600 #—#-rrermr—e-e = 0.0E+00 However the exact molecular structure of AmphiHA
0.0001 0.001 0.01 01 1 polymeric micelles could not be ascertained by this
C (mg/mL) technique. Due to the affinity of hyaluronic acidr f

agueous systems there is some probability that
Figure 5: Fluorescence behaviour of Nile Red as @&mphiHA self-associates in the form of a ball ofethd
function of amphiphilic hyaluronic acid concentoati in which the hydrophobic pendant groups are loedliz
inside the core of the ball. Such a structure &atzd
A positive value for |, was detected when C due to the low affinity of the pendant groups foet
ranged between 0.002 and 0.006 mg/mL. At the sanagueous bulk (Figure 7).
time A nax dropped from 652 to 602 nm (blue shift).
I max then increased exponentially with increasing C.
This meant that from C = 0.002 mg/mL the immediate
environment of Nile Red changed from a completely
polar environment (zero fluorescence, high,y) to a
more and more non-polar environment (increasing
fluorescence lower ns). The only mechanism that
could accommodate these observations was the érangfigure 7: Schematic representation of a potential
of Nile Red from the aqueous medium into the cdre anolecular structure for AmphiHA polymeric micelles
AmphiHA polymeric micelles upon their formation
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In Figure 7 the light-weighed lines represent HAwhich exact size could not be determined and that a
backbone whereas the heavy-weighed lines represdight scattering analysis using scattering anglebus
hydrophobic pendant groups. Such polymeric micelles9 ° was needed to quantitatively describe AmphiHA

could be formed by one or more polymeric chains. micellar systems.
The surface charge of AmphiHA polymeric micelles
in a concentrated micellar solution was negativth \ai 3.0E+06

zeta potentialg) value of approximately -25 mV. This
was in good agreement with what could have been 2.5E+06
expected from a polyanion such as AmphiHA as native

HA exhibits one carboxylate group per disacchaudi __ 2.0E+06
at neutral pH (Figure 8). 2

2

g 1.5E+06
50 o
H 1.0E+06
407 5.0E+05
— 30 0.0E+00 T T
=]
G 0 0.01 0.02 0.0z
20 q (nm)
10 - Figure 9: Diffusion coefficient as a function the
1 scattering vector modulus of amphiphilic hyaluronic
o+t LN acid polymeric micelles
-150 -100 -50 0 50 100 150 1.2C
¢ (mVv) 1
1.00 -
Figure 8: Zeta potential of amphiphilic hyaluronic acid 1
polymeric micelles 2 0.80
= ,
Light scattering experiments were performed to 5 0.601
ascertain the mean size and size distribution of & N
AmphiHA polymeric micelles. In Figure 9 the diffasi — 0.40
coefficient of AmphiHA polymeric micelles (D) was ]
followed as a function of the scattering vector miod 0.20
(q). Because g and the scattering an@)eae related to AN
each other by the simple relation q&Msin®/2) (. 0.00 +H—r—— T
being the wavelength of light in vacuum) the 0O 200 400 600 800 1000
experiment practically consisted in varyia@nd noting Dy (nm)

down corresponding D values. D remained a funation

g (0) over the whole range of @)(tested. In particular Figure 10: Size distribution of amphiphilic hyaluronic
D decreased with decreasing @).(In other words no acid polymeric micelles

guantitative size distribution of AmphiHA polymeric

micelles could be derived due to the unstabilitypof Conclusions

We nevertheless computed a size distribution uditg ~ Since the beginning of this PhD project in May 2065
from the autocorrelation function at the smalleso)] have extended the use of a proprietary technology t
available (i.e. 19 °). This value represents theddmon prepare amphiphilic hyaluronic acid (AmphiHA) with
for which the size distribution is representativietloe high degrees of substitution. We have shown that
broadest range of sizes detectable by the set-ad usAmphiHA could spontaneously form polymeric
(Figure 10). micelles and solubilize hydrophobic moieties sush a
In Figure 10 [y and | represent the hydrodynamicNile Red into the core of its own nanoassemblies.
diameter of AmphiHA polymeric micelles and the Whereas traditional methods for designing
weighed intensity of light scattered by the micelle polymeric nanoparticles rely on random collisionghe
respectively. The size distribution clearly showb@ medium, we are currently investigating innovative
coexistence of two micelle populations as confirbgd molecular techniques that could allow the design of
transmission electron microscopy (Figure 6). Howevenovel AmphiHA nanoparticles with controlled featsire
their relative abundance and exact position onRhe without using any organic solvents or surfactants.

scale could not be ascertained. In brief our resubst In a later stage we will study skin penetration and
likely show that there exist two micelle populason release of ingredient-loaded AmphiHA nanopatrticles.
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We foresee that this will involve the use of stadda 2.
robust skin models such as excised pig ear skimbtedu

on diffusion cells or modern synthetic skin sulsés
developed to mimic skin tissues. The detection of
percutaneous penetration will call for analytical
technigues such as tape stripping combined witin hig
pressure liquid chromatography and laser scannirg
confocal microscopy.
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Modelling and Simulation of Two-Phase Fluid Systems

Abstract

In order to investigate the mechanisms behind diefprmation and break-up in simple and complicdid fields
a model which combines the methods of Finite EldsméREM) and Volume of Fluid (VOF) has been develbp
and implemented. Single drop simulations carriedimsimple flow fields are used as benchmark prois in order
to validate the model. Although rigorous simulasodnave not yet been carried out preliminary resuitcate
correct behaviour of interface deformation and krep at least on a qualitative level.

Introduction shear flow cell is described. Various methods for
Emulsions are dispersed two-phase systems whidibtaining narrow drop size distributions can benidin
typically enter as process intermediates or asfitted the literature — e.g. in ref. [4] very close to men
product in a number of industries. Examples of suctlisperse drops are obtained using a double capillar
products are foods, pharmaceuticals, cosmetics amdtup. For general treatments on experimental and
various polymeric materials. The properties of esimri  theoretical work carried out on drop deformatiordan
based products are highly dependent on the micpisco break-up in various flow fields reviews are giveg.dy
morphology, i.e. mean drop size and drop sizRallison [5] and recently by Windhab et al. [6].
distribution. Understanding the dispersion procéss

therefore a key step in order to be able to cortrel In order to investigate the deformation of singteps
intermediate and final properties of an emulsiosdoh on a theoretical level at large deformations angbhd
product. Typical theoretical and experimental stgddin the point of break-up large scale numerical sinoihest
emulsion behaviour when subjected to shear arate necessary. The numerical methods used to genula
elongational stresses have been carried out usiwg f the drop behaviour need to be able to handle fiwitls
cells with simple and very well defined flow fieldsn deforming interfaces and should also be able tallean
experimental investigations drop deformation andnherging and break-up of the interfaces. The most
break-up is normally analyzed by monitoring a séinglpopular methods are the Boundary Integral Method
drop using a still or video camera. Investigatiofishis  (BIM) and Volume of Fluid (VOF) method. In the BIM
type were first carried out in the pioneering wavk method the flow field is calculated using a flowvso,
Taylor in the 30's [1,2]. Taylor carried out expeeintal e.g. a finite difference, finite volume or finitdeenent
studies on drop deformation in flow cells with eith solver and then the information from the solver is
pure shear flow (parallel band apparatus) or puneassed along to the BIM part of the code which end
elongational flow (four roll mill). Taylor was alsable the interface. This method has been used with sscce
to predict the steady state deformation in a gitew by several authors, e.g. [7,8]. The VOF methodns a
field when the surface tension (constant) and theterface tracking method, where different phases a
viscosity of the dispersed and continuous phasegs weadentified by a colour function. The deformation tbke
known. However, his analysis is only valid in theadl two phases relative to each other is carried out by
deformation region. Since the work of Tayloradvecting the colour function in the flow field. sAvas
improvements in imaging technology (e.g. digitathe case for the BIM method the flow field is céddtad
cameras) and controller systems has led to greasing a flow solver. However in this case the VOF
improvements in the experimental techniques aagorithm is coupled to the flow solver through the
demonstrated in [3] where a fully computer con&dll interfacial tension and the densities and viscesitf
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the disperse and continuous phase respectivelys Thi
method is well suited for handling break-up and
merging of drops and has been applied with sucitess

e.g. [9,10].

The main objective of this ph.d. project is to ieplent

oF

—+0OF ¥ =0 (2)
ot

In order to avoid numerical diffusion when solvikg.
2 the piecewise linear reconstruction of the irztegf is

a micro-mechanical model in order to make it pdesib Utilized using the so-called Piecewise Linear liaiee
to simulate drop break-up and merging in compli¢gateCalculation (PLIC) method, e.g. [11].

flow fields and geometries. For this purpose weehav

chosen to base the model on the VOF method coupléfie model

with a Finite Element method.

The VOF method

In order to track the interface of a two-fluid syst the
VOF method utilizes a so-called colour functienAt a

given point in space the value of the colour fumti

The flow solver is based on a finite element
discretization of the momentum balance and the
continuity equation. We assume pure Stokes flovs thu
the momentum balance is given by

Oln+pg=0 @A)

corresponds to the volume fraction of the dispeis#se wherepis the densityg is the gravitational acceleration

at that point. The interface itself is assumed dveha
finite thickness such that F varies from 1 to Orose
distance comparable with some
discretization lengthThe functionF is thus defined as

_ |1, insidedispersgphase
- 0,outsidedispersehase
0< F <linsideinterface

The orientation of the interface is characterizgdhe
surface normal which can be estimated as the gradie
of the colour function, i.e.

n=0F Q)

whereF is calculated using a discréfeoperator. On
the discrete level the domain is divided into a banof
rectangular grid cells in which the volume fractioh
the disperse phase determines the value of

0

0

Figure 1: Sketch of a 2D colour field showing how the
interface can be approximated as line segments

The interface can be approximately reconstructed

each interface cell using planes (lines in 2D). The

orientation of the planes is given hyand the position

characteristic

andrtis the total stress tensor given by

7= Ly — pl

Herep is the viscosity,y is the rate of strain tensgy,is

the pressure andis the unit tensor.

Since we are dealing with a two-phase system it is
necessary to include interfacial tension in the ehod
However, as described above the interface is rarpsh
defined, i.e. the interface has a finite thicknelksorder

to overcome this problem the interfacial tension is
incorporated as a body forég rather than directly onto
the interface. Two models are available for thigopse
the Continuous Surface Force (CSF) model [12]:

F, = okno, (4)

and the Continuous Surface Stress (CSS) model [13]:
F.=-00 =0Ho(l —nn)d,) (5)

In Eq. 4 and 50 is the interfacial tension coefficient
(assumed constang,is the interface curvature,is the
interface unit normal ands is a delta function defined
on the interface. Due to its conservative formhawe
chosen to use the CSS model which, as will be avjde

results in a nice finite element formulation. Mass
conservation is applied by requiring continuit, i.
Olv=0 (6)

herev is the velocity field.

The finite element formulation

The finite element formulation is obtained by multi

plying the momentum balance (Eq. 3) with a trial
function ¢ and integrating over the domain of interest
Q:

in

JﬂD&+me=0 @)

by the value ofF, cf. Figure 1. It is also necessary to
be able to transport the colour function in a givelRewriting Equation 7 using partial integration atine

velocity field. This is done by solving the conveat
equation:
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Gauss-Ostrogradskii divergence theorem leads to



[#(m, ~ ;) (hdS~ [0 CrdQ +

(8)
[ooda =0
Q
In Equation 8 the stress jurmily-Te) across the
interface can be written as
(mr,—m,) [h = oxn
which leads to
[p(m,~m,) MAS = [p(m,~m,) (ME,dQ =
S Q (9)

[ponné,da =~ [p0TdQ
Q Q

It can be shown that the last term in Equation ® loa
rewritten into

—Qj¢m HdQ:—Qqu)ErdQ (10)

The final model is then obtained by substituting th
surface integral in Equation 8 with Equation 10
Furthermore the continuity equation is rewrittetoiits
finite element form.

Momentum:
[0¢ r-T)dQ + [pgdQ =0 1)
Q Q
Continuity:
[¢romvdo =0 (12)
Q

In Eq. 12 ¢° is a trial function associated with the
pressure field.

Discretization
The finite element discretization of Equation 14 412
is based on

* Isoparametric hexahedral elements
Quadratic velocities
Discontinuous constant pressures

in pure shear flow fields we use the shear flow asla
test problem for our model. A measure of the stiierng
the shear flow field relative to forces arising rfrahe
interfacial tension is the capillary numk@a defined as

Ca= r0|1}11uc
g

whererg is the initial radius of the dro;M is the shear

rate, /4 is the viscosity of the continuous phase and
the interfacial tension.

Simulations of drop deformation and break-up are
shown in Figure 2 and 3. The simulation in Figuris 2
carried out using parameters corresponding to
capillary number of 0.38 while the simulation irgEie

3 corresponds t€a=0.5. All simulations are carried out
using rectangular finite elements with side length
h=0.05. Due to symmetry in thedirection only half of
the domain needs to be considered in the simukation
From Figure 2 it is seen that as time proceedgltbp
breaks up into two almost equally sized drops veith
small droplet in the centre. In Figure 3 the diep
severely elongated before it breaks up into fouradly
sized drops with droplets in between.

a

Intermediate time

25 “os
3
35 F
Pl

Using constant pressures ensures that the comtinuitigure 2: Simulation of a shear experiment with

equation is fulfilled on the element level whichdsa
advantage when advecting the colour function. Sinee
want to be able to handle arbitrary domain geomgtri
the VOF calculations are carried out on the reatéarg

Ca=0.38. Mesh with 60x20x10 finite elements was
used [1150000 unknowns) .

parent finite elements using finite element shape

functions.

Results and discussion

Due to the vast amount of available experimenta an

theoretical work carried out on single drop defotiom

55



1 Intermediate time

After break-up

ey,
;
il @
L

Ca=0.38 -

i
Ca=0.42 - 'l
Ca=045 g
Ca=0.50 *_./'

z

Figure 4: Drop size distributions from 4 different shear
flow cell simulations.

Conclusions

Figure 3: Simulation of a shear experiment with
Ca=0.50. Mesh with 80x20x10 finite elements was
used (1190000 unknowns) .

This behaviour is in agreement with ti@ga number

The 3D simulations carried out indicate that the
implemented model can be used for simulating the
morphological changes associated with interface
deformation and break-up in two-phase flows. Howeve
in order to verify the model on a quantitative leve

simulations using a domain where wall effects can b
neglected are necessary. This requires a non-gtadtt

used since a large€a corresponds to larger shearmesh and/or more computational effort. In ordegeoa

stresses relative to interfacial tension and thuarger

better description of the interface a mesh differfemm
the finite element mesh will be used for the colour

drop deformation. Figure 4 shows the drops afteak-

up for Caranging from 0.38 to 0.50. Here it is seen hovinction.

the final drop size distribution is determined Ing Ca
number. The figure also indicates how such simuesti
can be useful in determining drop size distribugiam a
given flow field.

In the simulations shown the width and heightandy-
direction) of the domain are small compared todtap 1.
radius (L=L,=1 and §=0.25) which means that wall g
effects are present. The results are thereforevapt ™
applicable for comparison between simulations and
experiments because in experiments wall effects age
usually negligible. In order to carry out more gysttic
numerical tests of the model, simulations carrietl io

a domain with L and L, much larger thangrare 5.
necessary. Furthermore the simulations shown abofe
were carried out using a relatively coarse meshckvhi
means that the interface is not very smooth. Ireotd
overcome these problems a non-structured finite
element mesh will be applied in order to concestratg
elements in the vicinity of the drop. Furthermohet o
colour function can be defined on a different amgbif

requires interpolation of the velocity field fronhet

finite element mesh onto the VOF mesh which resnlts 12.

loss of element level mass conservation. This giises
to some difficulties when solving Equation 2. We ar
addressing this problem at the moment.
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10.
mesh than the finite element mesh. However, thikl.

13.
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Production of Ceramic Catalytic Membranes by Depogion of Nano-Particles

Abstract

The deposition of nano-particles (catalytic or matalytic) on top of a porous substrate tube iehnique
developed by the Aerosol Laboratory [1,2] and affer simple one-step method for preparation of mangs,
compared to the more complex traditional sol-gehtéque. During deposition (which is done at comispessure)
the flow through the membrane is measured and ¢hanaulated flow is used in the calculation of tlepakited
mass.

The topic of enhancing the stability and adhereatehe membranes the particle deposition is stiltler
investigation, however methods of deep bed filbratby particle growth seems to help by trapping pheticles
irreversibly. As a new way of characterizing thengeated membrane a permporometry apparatus has been
constructed and allows for the determination offibee-size/volume distribution. Modelling work hasen applied
successfully to describe the various mechanismisgltine nano-particle filtration.

Introduction top of a porous substrate, but also solid-oxideicion
Porous ceramic membranes can be used for sevetahducting species such as modified zirconia or
purposes which includes particle filtration, liquid perovskites can be used. The dense layer is extyeme
gas/liquid separation or gas-separation. The ceranselective in that it only allows for the permeatioha
material assures that the membranes are resisthigh  single species. The advantage of this is extremely
temperatures whereas porous membranes based sefective membranes, but with a low permeation flux
polymeric materials are not. Futhermore, ceramibecause solid-state diffusion is much lower thaa th
membranes also have higher chemical and mechani¢aiudsen-type diffusion, which is usually the
stability than the polymeric membranes [3]. predominant type of mass-transfer in a the porous

Apart from acting as a separating layer, where theembrane [5].
difference in mass-transfer flux results in theasation
of e.g. two gasses, the ceramic membranes carbalsoProject goals
produced to include a supported catalyst. Therdvame The scopes of this PhD project are mentioned here:
types of such composite membranes: the porods Produce and characterize stabile (temperature,
catalytic membrane and the dense catalytic membrareemical and mechanically resistant) membranes avith
In the porous catalytic membrane, the membrane svorkvell-defined thichkness and controllable pore-dtie
as both a mass-transfer resistance and as a aamtaasing the existing flame-pyrolysis equipment depelb
between the reactant and the catalyst. This type afthe Aerosol Laboratory
configuration can for instance be used to allowatwh 2. Generate porous and dense -catalytically active
would otherwise be an explosive reaction to occunembranes by using suitable methods (electroless
safely as the reactants are brought to the reaztoe, deposition of Pd, co-combustion of precious metal-
due to the mass-transfer hindrance in the membrar@ecursors and Mg/Al-precursors etc.)
Another clear benifit is when the products haveghér 3. Test and compare these membranes against those
permeation flux through the membrane, which canamakmentioned in the litterature
equilibrium controlled reactions run at an evenhleig
rate, due to Le Chatelier's principle [4]. Generation of nano-particles using flame-pyrolysis

In the dense catalytic membrane a thin layer dfising the flame-pyrolysis equipment developed at th
usually metallic coating (e.g. Ag and Pd) is applem Aerosol Laboratory it has previously been showrt tha
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metal-oxide and precious metal-oxide particleshvét complete adhesion as the layer flakes or delanmsnate

controllable size-distribution, can be produced . [6]completely when exposed liquids in particular.

Lately also composite oxides with an accurate Tests have also shown that deposition of an interna

stoichiometry such as Mg#D, spinel has been filter-cake (by deep bed filtration) provides muctore

produced [2]. The equipment is shown schematidally stable composites. To do this one must first chahge

Figure 1 mechanism of deposition, which is loosely done by
increasing the particle size several orders of ritade

Deposition cell (however without sacrificing the primary particiees).

e Membrane characterization
Because the deposited layer is very thin, the degabs
pore-volume is very low. This means that traditiona
ol methods of characterization (Hg-porometry, BET
Fiow Coniral, = | meassurement etc.) can in principle not be used. We
have constructed an apparatus based on a method
known as permporometry. The flux of oxygen is
) R measured as a function of the open pore-size, wilsich
oA M e controlled by a condensing a vapour such as
' ' : cyclohexane. The relative pressure of cyclohexa&)e (
therefore determines the maximum size of the open

| Pratwarsr|

Wallia HT i pores. This size is directly expressed through the
] ] ] . Kelvin-equation:
Figure 1: Nano-particle formation and deposition o0
apparatus hS=-————
. . . ePmRT
A gas-stream of inert nitrogen is led through a

heated saturator unit, where a metal-organic comgou where ¢ is the surface tension [N/mhy, is the molar

in our case Metal-acetylacetonate (MeAcAc) islensity [mole/m| and RT is the product of the
sublimated until the gas is saturated. The cag#ris temperature and the gas-constant [J/mole]. This
then led to a mixing chamber, where is it mixedwtite apparatus is still under development.

fuel for the flame (air and methane/hydrogen). @nfe The permporometry apparatus has been tested and
arrestor accelerates the gas and assures thakathe-f verified on membranes with a known pore-size
front is stable. In the flame the organic componerdistribution. Figure 2 shows the comparison between an
(AcAc) is burned off and the metal part is oxid@the N, adsorption/desorption measurement (here made
extreme super-saturation results in the nucleatietal- possible because of the amount of membrane material
oxide moners and the formation patrticles. By adligst was sufficient) and the home-built permporometry
the flame-temperature, saturator temperature amd thpparatus.

carrier gas flow, one can control the particle size
distribution. The filtration experiments can now be
carried out under constant pressure and the floautih
the membrane is meassured on-line during the enti
filtration, which allows for the calculation of the
deposited mass (since the weight increase is twado 0
meassure directly).

Ne-measurements
B - Permporometry

08

Membrane formation
The Aerosol Laboratory has developed a simpl

method, where the particles generated in the flanee ” W

filtered off onto a porous substrate tube [1]. The .
particles form an extremely porous "filter-cake'98\% T8 - e o = = o
porosity) which constitutes a new membrane layéh w op o)

a much smaller pore size (nm) than the initial talbs . .
pore-size (im). Figure 2: Permporometry vs. Nadsorption/desorption

The deposition mechanism, which is responsible fétetermined pore-volume distribution (normalized for
the highly porous deposits, is by brownian motidbse ~€asier comparison)
of the major concerns with this method is the atlites e should also note that as the industry-buijt N
of the deposited particles on the substrate tubeel@l apparatus takes several hours to complete its
tests have been carried out at high temperaturesler  measurements, the home-built permporometry apparatus
to improve adhesiorhowever the high porosity seemsqp|y takes approximately 10 minutes per measurement
to induce some thermal mismatch which Preventspint, which yields a much smaller total measurement

time.
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Mathematical modelling

The deposition of particles starts off by cloggitig
substrate pores then proceeds into the buildinga of
filter-cake. Models have been tested out in which t
deposition only occurs by filter-cake formation
excluding the clogging, however these have not bes
able to account for the rapid decrease in relafiiove,
that occurs right after the onset of depositione Tivo
models that have been proposed are the "equilibriu
pressure-drop model" (Eqpdm) [7] and the "shrinking
pore model". In the equilibrium pressure-drop mode
the clogging is assumed to take place randomly ai
only on non-clogged pores. The flo®,) is assumed to
consists of two separate contributions: the flovotigh
the non-clogged structur&f,.,) and the flow through
the clogged structure€).

The governing equations are:

APy = AP, + AP, )
- —— ——
Totalpressurelrop ~ Noncloggedpores  Cloggedpores
t
COV part J.Qopendtl
A S = @

Es (1_5c)5c

S
Areaof cloggedpores
whereCoVyart Is the particle volume fraction contained in
the gasg; is the substrate porosity, is the porosity of
the deposit in the clogged pores aids the depth of
clogging.

Pyd,
AP, =—0°¢

gsAc DKn,c (3)

Qe

whereDy, ¢ is the Knudsen diffusion coefficient through
the clogged pores amR} is the inlet pressure.

AP, Jz

X
s~ > 4
) P A (4)

C

AP =AP; —Pygs — Po\/[

where @ and Xs are constants relating to the properties

of the substrate (see [7]). The last equation requio
solve the 5 unknowng1Ps, AP, A, Q; Qqpen iS:

s

— 2
AP =Pygs - PO\/¢5 + A - A Qopen ()
where A, is the total substrate surface area. Figure

shows a fit using the Egpdm model to a real dejoosit
experiment.
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Figure 3: Results of the Eqpdm fit. Experiment carried
out at 363°C with a particle production rate of71&g/h
(MgAl, 0, spinel). Fitting parameters are, @ 16 nm
(pore-diameter of the clogged structurg)=€0.9 andd,
=0.65um

Future work

Future work still includes improving membrane/ddpos
stability toward liquids, deposition of catalytibal
active nano-particles and testing of the entirdesysin

an membrane-reactor-separator unit. Emphasis is,
however on improving adhesion of the particles. In
January to April next year a visit to ETH in ZUrialill
hopefully provide some much needed results and
answers on this issue.
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Enzyme Recovery by Crossflow Electro-Ultrafiltration

Abstract

To reduce the problems with fouling and conceraragpolarization during crossflow ultrafiltration afidustrial

enzyme solutions an electric field is applied asrtds® membrane. A 3-7 times flux increase is oleskrat an
electric field strength of 1600 V/m. The influengicrossflow velocity and transmembrane pressueeadso studied
together with the conductivity of the enzyme salns.

Introduction

Membrane processes are widely used in the bioclemic +
industry for separation and concentration of prwei

Flux decline due to fouling and concentration O O

polarization are however mayor problems in bothroic (@) O
and ultrafiltration. Usually the flux has declined  Bulk flow o O

factor of 10 from its initial value. Large membraaeas —> O

are therefore needed to get the required production O o
capacity. During production it is also necessaryde a
high crossflow to enhance the shear rate at the
membrane surface and thereby reduce concentration
polarization. To maintain a high crossflow large
pumping capacities are required; which uses a large
amount of energy. Application of an external dectlic
force field across the membrane is another promisin
method to reduce fouling and concentration
polarization. A schematic drawing of a crossflowFigure 1: Schematic drawing of crossflow EUF.
electro-ultrafiltration (EUF) module is shown orgEre |nspired by reference [4].

1. The electric field imposes an electrophoretfecfon

the charged molecules dragging them away from the L

membrane surface. This reduces the thickness of tREECIfic Objectives o
concentration polarization layer and the flux irages. In this work crossflow electro-ultrafiltration (EQHRs

The solvent flow though the membrane is also irseda carried out with industrial enzyme solutions from
by the electroosmotic effect, but is considered!0vozymes A/S, Denmark. The aim is to investighte t
secondary. use of EUF in industrial production. Especiallyitifis

The technique has many applications. It has bedSSible to replace the need for a high crossflati an
successfully used on biomolecules [1], proteins, [2F'€ctric field.
cleaning of wastewater [3], inorganic metallic com-
pounds [4] and water soluble polymers [5].

Electrophoretic force

Convection

O o

Convection

Permeate flow

61



Theory by returning the concentrate back to the feed d¢oata
The flux improvement depends on the electrophoretithe electrolyte consists of 0.1 M M0, The UF
velocity ve: membrane is a 10 kDa surface-modified PVDF
v, =u,E 1 ETNA1OPP membrane from Alfa Laval; and the cation
exchange membrane is a RELAX-CMH membrane
from Mega (Czech Republic). The membrane area is
10x10 cm?. The enzymes used are two amylases:
mylase-F and amylase-S. The isoelectric point.5 3
or both. The solutions were diafiltrated beforeughe
pH in the experiments is adjusted with NaOH to f6r5
= 2¢,¢ the amylase-S, and 7.0 for the amylase-F.
’ 37 The experiments are carried out by increasing the
voltage stepwise from 0 V to 50 V when steady sisite
whereg, ande are the permittivity in vacuum and thereached as shown on Figure 3. After reaching 50e/ t
dielectric constant of the solution respectivelyreCof Voltage is decreased in two steps back to 0 V.rEigu
the side effects in EUF is the electrochemical tieas ~ also shows that the system is reversible, sincefltixe
occurring at the electrodes. A typical reaction igeturns to the same level when the electric fiedd i
splitting of water, where hydrogen gas togetherhwitdecreased. However the flux is at a lower level whe
hydroxide ions are formed at the cathode; and axygéeturning to 40 V; this is due to a small increas¢he

where E is the electric field strength and. the
electrophoretic mobility of the enzyme, which degen
on the{~potential of the enzyme and the viscosity of th
solutions:

U

gas and hydrogen ions are formed at the anode. conductivity during the experiment.

2H,0+2e - H,, +20H" (cathode- 083V)

2H,0 - O,,, +4H" + 4e” (anode+04V) 6ot MMASO N

—
the rate of the electrochemical reactions depenthen Nfg 30V .ﬁox
current intensity [6]. = 40 20 /P
x 0 thé)j;/pdivwv 10V
Electro-ultrafiltration Z oo 75 %Y
The crossflow EUF rig is based on a commercial 201
electrodialysis module. To prevent direct contact
between the enzymes and the electrodes the EUlscell
configured according to Figure 2. 0 : : : :
0 50 100 150 200 250

T % T Time (min)

. Figure 3: Stepwise increase in the electric field for a 24
<—®- g/L amylase-S solution.
Na}, :ﬂv Na, In the following section the results will be shoas
<_@: a function of theE, which is defined as voltage per
- - distance (channel heigh). Since the module contains
OH OH
Ancde < 91 Cathode several chambers with different conductivitiessitriot
+ > _G) : o = possible to use the applied voltage directly. It is
7N %O therefore necessary to calculate E, which is dgne b
*
é? . | 3
. E=
- KfeedA
T CiIX T UF T CIX T
whereKseeq is the conductivity of the feed,the current
Electrolyte Feed Permeate Electrolyte and A the electrode area.

Results and discussion

The flux data at O V is collected in Figure 4 fathv the
The cell consists of four chambers separated byln amylase-F and amylase-S. The experiments are @arrie
membrane surrounded by two cation exchangeut ata low crossflow of 0.07 m/s and a TMP ofiab.
membranes. The cation exchange membranes separite flux decreases when the concentration increases
the electrolyte solutions from the feed and permeatxpected, and the levels are almost the same fitr bo
solutions. Flow spacers are used to enable therdiff enzymes.

streams. The experiments are operated by full tecyc

Figure 2: Electro-ultrafiltration cell.
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Figure 4: Flux levels at 0 V for both the amylases.':igure 6: Flux improvements for amylase-S solution.

Crossflow 0.07 m/s and TMP = 1.5 bar.

Figure 5 and Figure 6 shows the relative flux

Crossflow 0.07 m/s and TMP = 1.5 bar

Figure 7 shows the effect of increasing the crogsfl

improvement when applying an electric field to thd™om 0.07 m/s to 0.13 m/s at a TMP of 1.5 bar artl 2
bar when filtering a 48 g/L amylase-S solution. Tl

amylase-F and amylase-S solutions respectively.
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Figure 5 Flux improvent for amylase-F solutions

Crossflow 0.07 m/s and TMP = 1.5 bar.

The flux improves a factor 3-7 at 1600 V/m for both Clearly the effect of
is more effective for

enzymes. The electric field

this enzyme is the smallest.
concentration effect for

concentration the flux improves

is given in absolute values.
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Figure 7: Effect of an increased pressure and crossflow

for a 48 g/L amylase-S.

increasing the TMP is

negligible, probabl ince the limitin ressure i
amylase-F compared to amylase-S, probably becaLgﬁeg 9 P y S IMfng pressure 15

There
both enzymes. At

X eady reached at this concentration. The effdct o
IS alsq fhcreasing the crossflow is more pronounced, estigci
; highyt v, Here the flux increases from around 15 to 20
relatively - more) ;any However as the electric field strengthremses

compared to the lower concentrations. This is 688%C o gifference between the two crossflows becomes

smaller; and at around 900 V/m it is no longer fues

to distinguish the curves. The same effect is deen
amylase-F. It is therefore not necessary to uségh h
crossflow during EUF, since the effect of the afect
field is the dominating force. This is in agreemeiith
results reported by Lazarova et al. [7], they even
observed a decrease in the flux if the crossflows e
high during electro-microfiltration of silicium odtée

clear when the concentration is above 40 g/L. EMilF
filtering high

therefore be very effective for

concentrated solution.
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particles.

A low conductivity is preferred in EUF, since a
higher conductivity requires a higher current irsiénto
reach the same electric field strength (see eqTBis
does not only increase the energy used to mairkein
electric field, but it also increases the amountheét



and electrolyte gasses produced at the electréide®m  References

much salt is present in the feed solution it coalsb

decrease the zeta-potential of the enzymes, be¢hasel. W. R. BOWEN, AIChE journal, 43 (1997) 959-

ions shield the enzymes. In the experiments cawigd

so far the main contribution to the conductivitythg 2.
feed solutions came from the enzymes themselvese si
the solutions have been diafiltrated. It is howeveB.
important to know the influence of the conductivity
EUF, since diafiltration may not be an option .
industrial production.

In Figure 8 the effect of conductivity for a 48 g/L5.
amylase-S feed solution is shown. Here 0.5, 1.02a6d
g/L of CaC} is added to the feed solution to gair6.
conductivities of 1.1, 1.8 and 2.9 mS/cm compard t
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Figure 8. Effect of the added CagLlto a 48 g/L
amylase-S solution.

At OV the flux deceases with an increasing
concentration of Caglprobably due to a denser fouling
layer. When the electric field is applied the flux
improvement is the same, which indicates that #ta-z
potential has not been affected by the calcium or
chloride ions up to 2.9 mS/cm. As can be seen garEi
8 the experiments at high conductivities are stdpgtea
lower electric field compared to the ones at lower
conductivities. The reason is that the maximumagst
which can be obtained with the current design is
reached at a lowdEf when salt is present. It is however
promising that it is possible to carry out EUF gher
conductivities, if a better design of the cell iad®.

Conclusions

A 3-7 times flux increase was obtained by crossflow
EUF compared to conventional crossflow UF for two
industrial enzyme solutions. The highest improveimen
was achieved at high concentration. Increasing the
crossflow and TMP did not improve the flux any
further. This means that it is possible to filteighn
concentrated enzyme solutions at a low crossflow
velocity when applying an electric field across the
membrane. Addition of calcium chloride did not affe
the flux improvement; however a low amount of $silt
desired. Since the current consumption and heat
developed at the electrodes increases with inergasi
conductivity.
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CO, Corrosion in Natural Gas Pipelines — Experiments iad Modeling

Abstract

Small amount of C®is often found in natural gas and it is corrodike O,. Produced natural gas is saturated with
water (wet gas) and it condenses at the cold pgleduring transportation. NaOH and glycol (MEG)roethanol is
injected to prevent gas hydrates and corrosion, @@solves in the water-MEG-NaOH liquid phase ahd t
electrolytes will corrode the lower peripheral patft the pipeline. Various protective corrosion puots are
produced, depending on the chemical environmenteduilibrium model of the corrosion products isrrebuilt
using the extended UNIQUAC model. The model shdwesstability of the products and the concentratamnshich
diffusion control may prevent pipe corrosion.

Introduction The pipelines which are in focus of this study
The focus of this Ph.D. project is the natural gasansport on average 4 million®matural gas/day it is
transportation lines between platforms in the N@#a. clear that a breakdown quickly ruins any business.

A crude separation of oil, gas, and water is cdroet Off-shore corrosion is observed both on rigs and
close to the wellhead and the produced naturaligassub-sea. Problems are unfortunately dealt withhay t
transported 10-20 km in 16" pipelines downstream foarise, and not prevented beforehand using know-how
processing, see figure 1. and understanding of the problems.

1o
Fe e
o e

Well head

Figure 1. Shows an overview of the gas transportation . . I
systems. Figure 2: Shows inner part of the bottom of the pipelineeTh

dots marked by arrows are corrosion due to pittiige
rgmaining area is under general corrosion.
Studies of CQ corrosion have appeared in the
rature since before the beginning of oil proiiue
rfb]. In recent years significant advances have beade
in describing the actual mechanism, [3-5].

Two types of corrosion are typically seen: Pitting
and general corrosion. Figure 2 illustrates the tyyes
of corrosion.

Process equipment is exposed to Corrosion on
daily basis and maintenance and repair cost maka U
significant part of the economy. CoorrosionCost.co
estimates that $276 billion dollars/year is lost apend
in relation to corrosion only in the US which i$% of
the gross national product. 12 $billion dollarstyese
related directly to the transportation lines of tieand
gas industry [1].
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General corrosion is caused by an electrochemical The modeling is done through correlation of the
dissolution of iron where CQOs reduced to bicarbonate experimental VLE and SLE data using the electrolyti
and iron is dissolved. The mechanism is dependent extended UNIQUAC activity coefficient model.
the concentration of chemicals in the liquid phase. The aim of this study is to describe phase equalibr
Corrosion can be diffusion controlled of kinetigall of the CQ-NaOH-HO-Inhibitor system. The activity
controlled. coefficient model will be used for modeling the

Pitting are small holes typically created by higgwf  dissolution of corrosion products and corrosion emd
conditions or local acidification. Pitting is a skastic diffusion control.
process and depends on additional properties cadpar At the moment UNIQUAC parameters are being
to general corrosion. Pitting is generally seemdsack regressed to 6 types of data for the systerirNMEG-

of spots in the pipe bottom. H,O-COu:

o Binary and ternary Solubility data
Process facts o PTxdata
Natural gas pipelines contain mainly gas, but thksp o Freezing point depression
contain a smaller liquid phase. The liquid origasat o Heat of solution
from two sources. Some is injected by the operafor o Heat excess
the platform and the rest is water condensed froen t o Heat capacity

gas. There is a controlled MEG and NaOH injectiod a It will be shown which chemical factors control the

NaOH needs to be diluted using water. MEG is igdct dissolution of FeCgfs). Further goals are to link the

to maintain flow assurance preventing gas hydratesodel into an extended model of electrochemistrg an

NaOH is injected to lower corrosion. diffusion which takes care of diffusion of G@q) to the
There is a level difference from the pipe inlet tosteel surface and surface reaction at the steel.

outlet of approximately 10 meters which causesidiqu

holdup. Results and discussion
Pipe | TC) | P(barg) L(nVday) Experimental
Inlet | 45 Approx. 65 23 Through these studies an experimental setup were
Outlet | 23 Inlet P minus Sbal 6.5 assembled. It consists of two parts, equilibrium

The table shows temperature, pressure and liquaseh chambers, A, and Qeterminatiqn of the concentration
flow from pipe inlet to the outlet. The pipe is ¢ in the saturated solution, B, see figure 3.
the seabed and temperature is almost constantm@olu
L shows the liquid phase flow. It is not zero i tinlet
due to MEG and NaOH injection. The build up arisqg
from water condensation from the gas.
The amount of water in the inlet gas phase is ve
small, only 0,1bar of the total pressure. Stillsibne of
the significant factors for controlling G@orrosion.
CO,(g) is injected at a partial pressure Ofg s
approximately 1 bar and the @@) flow is much higher ™™
than the liquid flow, up to 130 times greater. Tdees
phase acts as a storage of & to be dissolved in the
liquid phase. :
High corrosion is observed in the first part of the'
pipelines falling towards the outlet.

Figure 3: Shows the experimental equipment. A: The
thermostated equilibrium chamber. B: The titrats@tup for

Specific objectives determining solution concentrations
CO, corrosion products are the focus of this studye Th g '

reason is that the products build a diffusion learof g goiutions were mixed and thermostated while
the corrosive components and prevents iron frofyiqiad for approximately 24h, figure 3.A. Samplese
dissolving. It has been determined through X-ray:quired through filters and automatically
analysis [6] that FeC{s) is formed as a COrrosion n,entiometrically titrated using standardized 0.k
product and is the main component of the diffusiolyer 20 to 30minutes, figure 3.B. The titrationuies
barrier. . reveal the amount of Naons in the liquid phase. It is
In this work we seek to get a better understanoing jhqrtant to emphasize that the results maggive the
the CQ corrosion through experimental work andymqynt of carbonate and bicarbonate. This is dikeeto
modeling. significant dilution while titrating which changes! but

The experimental work focuses on the cOmosiofs, changes the temperature compared to equitibriu
products in the complicated GNaOH-HO-MEG-Fe  goprainemakers method, [7], was applied to caleulat
system. SLE experiments are carried out in the dhixgy o actual solubility in the liquid phase.

solvent electrolyte subsystem NaHE£®a,COs-H,O-
MEG.
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Ideal solubility of FeCO3 Corrosion
pH-stabilization is one of the main acts taken msfai roductp Diffusive layer | Turbulent bulk layer
corrosion, figure 4 shows why. Choosing the rigHtip
directly correlated to the solubility of FeGQCand
thereby to the diffusion control of corrosion.
When no pH-stabilization (NaOH) is added, the pH
is 5 and a high solubility of FeG@) is seen.
When small amounts of NaOH is added the p}
increases fast and at an addition of approxima2ély
NaOH/kg HO the pH is 7,5.

W P
c“o’)
tlav'g 2

© Carbonic acid or other corrosive component

(e}

) 4

Figure 5: The figure shows the bulk phase containing
. corrosive species. They diffuse to the steel thhoagporous
el g corrosion product layer, where they are reduceda@osion
0014 T 2 products.
0.001 %
0.0001 ~§ g The bulk phase is very non-ideal. The activities of
1563 § § the species in the liquid phase are found through t
1808 5| 'mFeCO?,(g) 11505, extended UNIQUAC model. Parameters for the model
1807 % [ ——pcoaan) | 100 are fitted to heat of solution, VLE and SLE dataod¢l
1808 o S mNOHE) | details may be found in [9]. How well data are
1809 [— reproduced is shown in the following figures.
et . ; TR - e The reaction scheme of the electrolytic phase Vvemyi
by:
Figure 4: Ideal calculation of chemical environment in the y Vapour-Liquid Equilibria (VLE):
pipes. )
H,0(g) & H,0(1) (1)
The solubility of FeCg(s) decreases rapidly in the
pH interval 5 to 7,5 from 0.1g/kgl® to 10°/kgHbO. It Co,(g)e= Ca(ag @)
is key to notice that the partial pressure of ,Gfays
almost constant in the interval pH=5 to 7,5 whit®ee Liquid phase dissociation:
pH=8 significant amounts of G@) is dissolved in the HO(N=H"+0OH" 3
liquid phase, neutralizing the NaOH and not effesdi 2 ( )<_ ®)
using it for pH-stabilization. The operating window COZ(aq)+ qu |)<ﬁ H + HCQ @
shown in figure 4 tells the engineer the correcbant ~ . -
of NaOH to inject with this amount of G(@) to prevent HCO, = H™ +CQ; (5)

iron dissolution and to keep the use of NaOH doan t
an economical level but also to prevent dissolutibn Solid-Liquid Equilibria (SLE):

CO4(g) in the liquid phase.
The ionic strength (I) is also shown in figure 4. | NaHCQ( éﬁ Na+ HC@ Q)
rises from approximately .005 up to 10 in the pH N82CQ( Q(ﬁz N& + C@ @)

interval. It tells that the solution becomes qujckbn-
ideal with the amount of NaOH. An advanced Na,CQO; HZqQﬁZNéI- CO+ H( (8
electrolytic model is required at | > 0.1 and most

existing models will not go higher then | = 6. TheNaZCQ' NaHCQ.2 H CQ ﬁﬁ

extended UNIQUAC has proven to be able to do thigng* + C(f_ + HCQ+2HO

9].
o) Na,CO,-3NaHCQ( = 5 N& CO+3 HCL(10)
Mixed solvent electrolyte system
Data of mixed solvent electrolyte systems are gdher
very sparse and often inaccurate. Luckily the dlyco
system has been partly studied by Gartner, [8juféig HCO, and CQ¢™ are linked through the equilibrium of
shows the important fluid layers next to the pip&llw carbonic acid. It includes both the heterogeneous
The bulk phase contains the aqueous phase of NaQfuilibrium of VLE ((1)-(2)) and SLE ((6)-(10)) and
and dissolved C@aq) and inhibitor (MEG). homogeneous reactions in the liquid phase ((3)-(8))
the system of NaHCENa,COs-H,O-MEG several
different phases may possibly precipitate.
The solubility of NaHCQ(Q in the mixed solvent

of MEG-H,0 is shown in figure 6.

9)

The scheme is very complicated becaus@©,,
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calc25CNaHCO3 50 2 calc80CNa2C0O3.H20 —
————— calc30CNaHCO3 \
------- calc50CNaHCO3 45
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~ + exp20CNaHCO3 \Q """" calc80CNa2CO3
35 ,
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0,
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Figure 6: shows solubility in the system of NaH&8,0-  Figure 7: shows solubility in the system of MEO,-H,O-

MEG. SLE is modeled using the extended UNIQUAC. MEG. SLE is modeled using the extended UNIQUAC and
gives precipitation of N#&ZLOs;.H,O. Dotted lines signify

The experimental data are partly from this work an@recipitation of pure, anhydrous p&O;.

partly from the work by Gartner, [8]. It is obsed/Bow

the solubility decreases by a typical salting ofieat The quaternary systenNaHCO:-Na,COs-H,0-MEG is

with increasing glycol concentration. A steep imseis shown in figure 8. The rings are experimental étare data of

observed close to pure MEG. It is at the moment ndte pure water case, while crosses are the systegnvwd%

fully described by the model and may be relatedh to 9lycol. The pure water system shows only the emisteof
complex formed between NaHG@nd MEG. NaHCG; and NaCOy10H,0, but the 3 WI%MEG system

A similar graph is shown in figure 7 for thereveals also tronaNaHCQO;NaCOy2H0. Usually a
solubility of NaCO; in the system with mixed solvent Salting out effect is observed when adding a salven
of MEG-H,0. Data were taken from [8,10]. This systenMEG_’ of lower relative permittivity (dlelectn_c catant)
is much more complicated than the correspondingUt figure 8 shows that adding the 3 wt% increabes
diagram for the solubility of NaHCOThe dotted lines Solubility in the region of < 0.5 molal NaHGOThis
near pure MEG signify that pure, anhydrous,G@ €an be explained by trona bgcommg more stable than
precipitates. At lower concentrations mono hydratéhe deca-hydrate due to the influence MEG has en th
Na,CO5.H,0, precipitates. A small offset is observedWater activity.

This may be due to the way the authors interpréteit 12 3
data. When N#Z£LO;H,O precipitates the solvent N
composition changes because some solvent preeipitat 1
as part of the mono hydrate. The data is currdrging Nﬁmm T220°C + ep2ocam
reinterpreted and the model is probably the mostect 08 X IR
in th|S Situation. \\ calc20CpureH20
™ ~ NS
8 o6 N
I N
s "
T A Na,CO;Na,CO5.2H,0
2 o4 A
= +J>
>\+\+
0.2 \
l !
] Na;C03.10H,0O
o & !
0 0.5 1 15 2 25 3 35 4
Molal Na,CO3

Figure 8: shows solubility in the system of NaH&Na,COs-
H,O-MEG. Two MEG concentrations are given at
significantly different outcome.

The phenomenon is not straight forward and probably
more work is needed to elucidate this.
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It is assumed that the vapor-phase consists only

. . 0.00 0.20 0.40 0.60 0.80 1.00
water vapor. MEG is considered to be a solut 0
equivalent to Cglaq) and N& /
Figure 9 shows the bubble point pressure of th Bt | " Model 25C ,,/4
binary system of water-MEG calculated with the mode 20 s% ~~~~Model 50C 4
and data obtained from the literature, [11-14]. Thear \g """ “E""“e'_ Gsct e s
relationship indicates that data are almost idedd a < A y Eﬁﬁj{:ﬁj&; soc N ;x"’
follows Raoults law. This also tells us, comparfigyire £ w A}:A + Experimental 65C  api
6, 7 and 9, that the non-ideality is purely relatedhe P - \; ,/g‘
addition of electrolytes. The figure shows that the § " A,,.f’/f
regressed parameters are consistent and that tdelmc¢ Y -0 * AA%’A
may also be used for describing both SLE and VLE. § o B AM/&Z'.AA
BV &
05 e : :5525 é;};’l;;
s {Re e Model 25C e “ ’A"AA a
e, ————Model 50C 100 44
. e s T ng:: zzz mol fraction MEG
03 N a  Experimental 25C . .
E o R x  Experimental 50C Figure 10: AH® of the system MEG-$D modeled using the
e 0 + Experimental 65C extended UNIQUAC model. Data taken from [15-20]
B 025 k. o  Experimental 80C
g . T Applying the activity coefficient model
3 L The newer corrosion models describe corrosion by a
S 015 \"\t* full setup of Partial Differential Equations (PDE8#)is
X5y T basically a description of the corrosive &) which
o T, R diffuses from the bulk phase to the surface by
005 e *x\%: - transportation through a thin stagnant liquid film
N A 2. __A___f_“:fx?_:w followed by diffusion through a porous corrosion
0.00 0.20 0.40 060 0.80 product layer, see figure 5. A similar steady state

mol fraction MEG

Figure 9: PTx phase diagram of the system MEGH
modeled using the extended UNIQUAC model.

To obtain the most reliable and consistent modsl it
necessary to include data of many types as possible Many of the newer corrosion models utilize this
This not only enhances the model but also stakilihe principle, [3-5]. It is unfortunately assumed in edses
fitting process. Figure 10 shows that the model wilthat the liquid phase is ideal even though our Itesu
even reproduce excess enthalpy data to an acceptasthows the opposite.
degree of accuracy at least within the extremetescat

the data.
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diffusion model follows Ficks law:

d’c

0= Deﬁ,id_xz

(11)

The activity can be used for obtaining a more
accurate description of the diffusion process. The
effective diffusion coefficient is related to thacfion

coefficient, D, , by

Der i = D, (14'%]
3 dm

through an activity coefficient model like the exted
UNIQUAC model. It is important to stress that the
diffusion coefficients are normally not dependenttbe
concentrations. But at ionic strengths of 1 anchéig
this becomes significant [21].

The ideality of the species in the liquid phase may
also influence the corrosion modeling. Huge diffiies
are often observed in modeling the FeCédrrosion
product and especially its solubility. In many case
correlation for super saturation is applied whiauld
be explained by non-ideality of the liquid phaséeT
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dissolution process of FeG@s typically described by, 9.
[22]:

10.

FeCQ(9+2H = F&+ CO( ¢+ H (13)
And the mass action law is:

_ 8 fog @0
FeCco, — 2
2":1H+

K (14)

14.

It shows how the water activity plays an important
role in the dissolution process. Rewriting the abov
equation it is even clearer how the water actisitfcts
the iron solubility:

2 16.
_ Keeco @y
B S5 (15)
fCOZaHZO 17.
MEG would typically lower the water activity and 18

thereby increase iron solubility. This contradidts
some extent the observations from the literatu28].[It

may be explained by the MEG effect on tﬁEOf_
activity which it shown in the near future.

Conclusion
Corrosion can be avoided by planning and being ater

the production site. It is important always to hae 21.

understanding of the chemicals. This project will

expand the understanding of €€orrosion. The work 22.

shows the phase equilibria of the observed systamds

the produced models will be used for making am3.

extended C@corrosion model.
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CO, Capture from Coal Fired Power Plants

Abstract

Carbon dioxide (Cg solubility in aqueous solutions of monoethanoleen(MEA) has been correlated using a
simple approach where only one chemical equilibriwaction is taken into account, and assuming idaaland
ideal liquid properties. The approach combines Hamry’s law constant and the chemical reaction ldaritim
constant for the formation of carbamate for primalkanolamines, resulting in an explicit expresdimmncalculating
the partial pressure of G@ver an aqueous MEA solution. Accurate valuesttier solubility of CQ are obtained
for a limited loading-, temperature-, and pressamege which is useful in modelling G@apture from coal fired
power plants. A rate-based steady-state model @yrabsorption into an MEA solution has been proposétlizing
both the proposed expression for the,GBlubility and the calculated values of the hdatlsorption along with an
expression for the enhancement factor and phys&oatal data from the literature. The proposed mdubed
successfully been applied to absorption of,@@ an MEA solution in a packed tower, validaseghinst pilot plant
data from the literature.

Introduction alkanolamines is the large amount of energy ne¢ded
Approximately one third of all COemissions from regenerate the absorption liquid which in turn dases
human activity come from generating electricitythe efficiency of the power plant dramatically.
Therefore CQ capture and storage from fossil fuelEfficiency reduction for coal fired power plantgdiin
power plants present an opportunity to achieveelarghe range of 7 to 12 %, depending on the alkanalami
reductions in greenhouse gas emissions withoutnigaviand the packing of the absorption tower, which giae
to change the energy supply infrastructure andhaut relative decrease in efficiency in the range frasnd 22
having to make large changes to the basic prockss% (Lyngfelt et al.) [1]. The largest contribution the
producing electricity. efficiency decrease originates in the energy needed
CO, capture from process streams is an establishélte desorption of CO
concept which has achieved industrial practice.r&he The focus of our work is to contribute to the
are different process schemes for integrating, COnodeling and simulation of both the absorption and
capture with combustion available including preasfs, desorption of CQin aqueous alkanolamines in order to
and oxyfuel-combustion. The focus of our work is ordevelop reliable tools for the design and optini@abf
post-combustion capture which means that,d® the process. The system is very complex due tdettte
removed from the flue gas; therefore the combustiotnat it contains weak electrolytes. Among the key
process is not directly affected. However, enemytiie parameters in the design process are the
CO, removal is taken from the power process, thugermodynamics associated with the phase equilidifria
lowering the net efficiency of the power production systems containing CfQvater-alkanolamines, the
There are several techniques for £€apture from kinetics of the chemical reactions involved and ress
process gas streams, of which chemical absorpsorgu transfer in the system.
alkanolamines in a packed absorption tower is thstm
commonly used. The technology is currently widelA simple thermodynamic model for MEA
used, though for applications of a scale much s@mallTo be able to develop more efficient processester
than power plant flue gas cleaning. A bottleneckhi@ separation of acid gases from flue gases,
process of capturing GOrom flue gases with agueousthermodynamic modeling of the vapor-liquid phase
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equilibrium is the first step. Most thermodynamic
models used to represent the vapor-liquid equdiloi 10 -
CO, in an aqueous solution of alkanolamines are vel N
complex and require a large amount of adjustabl ' Lo Exw 383.15K
parameters. This is due to the fact that th
alkanolamines are weak electrolytes and chemic
reactions between alkanolamine and,G®@cur in the
liquid phase. Another problem concerning the
representation of the vapor-liquid equilibria isathlthe
experimental data existing are not always plentifiadl
reliable. There is a large scattering particulaatylow
partial pressures and loadings. In this work a ver s
simple model has been developed for representiag t °
VLE of aqueous alkanolamine solutions. The chehici
equilibrium taking place in the liquid phase whe®,C

is absorbed in an aqueous solution of MEZ 1%}
(monoethanolamine) can be written with the follogvin
equilibrium equations:

partial pressure (kPa)

0 0.1 0.2 0.3 0.4 0.5

2H,00[F H,O0" + OH" €O, loading (mol CO,/mol MEA)
CO, +2H,00f H,0 + HCQ Figure 1 Comparison of model correlation results (solid

lines) with experimental data for GOequilibrium
N 0 - .
HCQ; + H,0U(# H,O + CQ partial pressures over an aqueous 30 wt % MEA
MEAH® + H,0l [ H,0 + MEA solution.

Furthermore by using the Gibbs-Helmholtz equatton t
MEACOO + H Ol MEA HCQ heat of absorption of COin the MEA solution

The reaction of C®with aqueous MEA can, given that(AHCOZ) is found to be -87990 J/mol GO

the loading (moles of dissolved @@oles of

alkanolamine) is in the region between 0.02 an8,(bé Packed Column Model

approximated by a single chemical equilibrium react Due to the nature of the process a rate based niwdel

(1) Astarita [2]. chosen, and since it is a packed column differentia

MEAH’ + MEACOO U 2 MEA Cg( a}f (1) mass and energy balances are set up. The modabkin t
work is based on the model developed by Pandya [3]

afhere the process is described by the two film theo

and utilization of the assumptions 1-7:

The reaction is fast enough to take place in the

liquid film and the bulk of the liquid is in

equilibrium.

Liquid side heat transfer resistance is small

compared to the gas phase, thus the interface

Equation (1) neglects the presence of bicarbon
(HCO;", hydroxide (OH), and carbonate (GO) ions
since the concentration of these ions will be v@nall
in the region of loading which of interest to déiserin
CO, capture from power plants fired with fossil fuels.
The concentration of the species involved in the
chemical reaction can be written in the following

manner: temperature is the same as the bulk
[MEA] =(1-26) 5, temperature.
[MEAH*] :[MEACOO] =63 3. The liquid side mass transfer resistance for the
. ) volatile solvent is negligible.
[co|o[ Heg ] oo 4. The interfacial surface area is the same for heat
The expression for the partial pressure of,@@n now and mass transfer.
be written as shown in equation (2). 5. Axial dispersion is not accounted for.
X 9 6. The absorption tower is considered to be
= Koo Xog —2 2
Peo, = Keo, Aeq (a0(1-20)) @ adiabatic.
i o 7. Both the liquid phase and the gas phase are
Where the combined equilibrium — and Henry's law assumed to be ideal.
constant is given by equation (3): The following system of differential equations che
INKeo, = A+By Caf 3) setup for the packed column based on mole andygner
T balances on a differential section, solving for heig

A, B and C are all parameters that have to be ssg® variables including mole flow, mole fraction of \eat
from experimental data. Some calculations are shiown and CQ, and temperature in both phases.

figure 1.
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dG
s :_(Nco2 + NHZO) aA
d%g _ Ncqaﬁi %q_q)+ NmoM@ ah

dz G
d)’Hzo - NHZoa'%( )’Hzo_l)"' Ncq Y0 aA

dz G
dL
a;:_NHpaA
dXeo, _ (NHQO Xeo, = NCQ) ah

dz L
dXHp _ NHQO ( X4,0 _1) aA

dz L
dT, __ ek

dz GGo
am _ (Neo,Crco, * NiyoCarnc) 3A(T= 1) gaa  (NooAHeo + Ny dAH o)
dz LG, Lc,, Lc,,

The resulting boundary value problem is solved i
Matlab 7.0 using a built in routine calléxp4cwhich
implements a collocation method for the solution o
boundary value problems. The boundary values need
are given by the conditions of the gas and liquis
entering the column. All physicochemical data neede
in the model is found in the literature. To veritiye
model it is compared with published pilot plantadan
figures 2 and 3 experimental data
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Figure 3 Temperature profiles for the liquid phase in
the MEA-CGQ system. Modeled (line) results and

formexperimental data (circles)
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proposed model.
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As it can be seen the proposed model gives a better
representation of both the G@oncentration in the gas
phase and temperature in the liquid phase along the
column.
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List of symbols
a = specific wetted area for mass transfet, m*/m
amine

a, =initial concentration of amine —
amine+H, O

A. = cross sectional area of the columr, m

¢,; = molar heat capacity of componént in the gas@h#mol (K

¢, = molar heat capacity of the liquid, J/mbl K

G = molar gas flow, mol/s

h = heat transfer coefficient in gas, WK m

ch = Henry's Law Constant for CO , BPa®m /mol

AH,, , = heat of condensatiaf H,O, J/mol

AH¢,, = heat of absorption of CO , J/mol GO

Ko, = combined Henry's law and chemical equilibriumstant for CQ partial pressure, Pa
L = molar liquid flow, mol/s

N,= Molar flux of componati, mol/nf Ts

p, = partial pressure of component in the bulk daesse, Pa

p, = partial pressure of component gas phase ieievin equilibrium with theiduid phase, P
q= heat flux, /s

T, =liquid phase temperature, K

T, = gas phase temperature, K

x = liquid phase mole fraction of componént , mo¥mo

Xco, = liquid phase mole fraction of GO  in both reacted unreacted form, mol/mol

y, =gas phase mole fraction of component , mol/mol

z = height of packing, m

6=loading M
moleamine
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Nanoporous Polymers by Living Anionic Polymerizatio and
Atom Transfer Radical Polymerization

Self-assembly of block copolymers is a novel andsatle route to prepare nanostructured polymeisciB
copolymers for nanoporous materials will be synitexs by a combination of living anionic polymerigat and
atom transfer radical polymerisation. The synthediblock copolymers and finally rendered nanopormaigmers
will be characterized by a variety of chromatogriapBpectroscopic and radiation scattering techesq his PhD
study will aim at applications where these selfeadisly polymers can serve as templates for the sgigtof other

novel materials.

Introduction

nanoscopic characteristics. However, future aptitioa

Figure 1 shows the micrograph of a nanoporousould also benefit on the potential control of
polymer which displays hexagonal features on thmorphology and functionality which is within reafdr

nanoscale [1]. It is a result of recent researcitlyshg
the versatile and predictable structures displaygthe

self-assembly block copolymers. [2-4].

Figure 1: Scanning electron microscopy image of nanosynergize their individual advantages, while eliating
porous 1,2-polybutadiene with hexagonal cavitids [1 existing limitations on the selection of chemical
monomers for the polymer blocks. Furthermore, the
This development opens for a wide range oproject will extend the present options for polyiner

technical applications which primarily depend ore th architecture and monomer combinations. It will bmeo

nanoporous polymers based on these block copolymers
Nanoporous polymers can serve as templates for the
synthesis of other nanoscopic novel materials g8je

the basis for highly selective separation membrdbks

be utilized as high surface-area supports for gstsl
[6], or be employed as carriers for drug delive®ych a
diverse set of application fields obviously demand
various methodologies of preparation of tr@noporous
polymer in order to target the proper chemical
functionality and morphology for a given use. Tadsth
end there are many significant challenges on
nanoporous materials covering a range of issuesngia
with the initial stage of the chemical synthesisd an
ending at the final stage of application in thdydEifie.

Specific Objectives

Block copolymers are traditionally synthesised iling
polymerization, mainly anionic polymerisation. The
newly developed atom transfer radical polymerisatio
offer new approaches for the design of functionatk
copolymer materials with controlled structures. SThi
PhD project will combine these two techniques and



possible to design amphiphilic multiblock copolymer
more freely and directly target the functionalitpda
morphology at specific technical applications.

Advanced analysis and characterisation of the
produced polymeric material on the molecular |eavadl
higher hierarchical structural levetge a fundamental
parts of this project. Material properties and
morphologies will be examined by techniques such as
Small Angle X-ray Scattering (SAXS), Small Angle
Neutron  Scattering (SANS), Size Exclusion
Chromatography (SEC), Nuclear Magnetic Resonance
(NMR), Nitrogen Adsorption Isotherms, Transmission
Electron Microscopy (TEM), Scanning Electron
Microscopy (SEM) and Dynamic Mechanical Analysis
(rheology).

The nanoporous block copolymer-based materials
which we intend to develop in this PhD projee
especially interesting in the light of precursars fovel
materials. The nanocavities can be used for teimglat
or moulding materials of unprecedented mechanical,
structural and dielectrical properties which holiyhh
expectations for use in diagnostics, catalysis and
electronics.
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Gypsum Crystallisation and Foaming in
Wet Flue Gas Desulphurisation (FGD) Plants

Abstract

This study consists of experimental as well as rétaral investigations of gypsum crystallisationdathe
unexpected occurrence of foaming in wet flue gasildurisation (FGD) plants. The observed nucleatgwowth
and breakage of gypsum crystals in a wet FGD pilatt will be used to validate models describing plarticle size
distribution (PSD). A survey of the gypsum qualday Danish full-scale wet FGD plants will furtherraobe
performed. The origin of the unexpected occurreatdoaming in wet FGD plants will be investigatetihe
obtained knowledge will be used to point towardshods to optimize the operation of wet FGD plants.

Introduction
A substantial part of the worlds present energy aien

SG(9) +¥2Q (9) + HO () - HSO, 1)

is based on the combustion of fossil fuels, suchoad,
oil and gas. Despite an increasing interest inrrdittve
fuel sources, the combustion of fossil fuels isextpd
to continue to yield a significant part of the websl
energy demand in the coming years (figure 1).

World Primary Energy Demand by Fuel
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Figure 1. Projected development of the world’s primary

energy demand (Mtoe = Million ton oil equivalents).

Due to the sulphur content of coals and oils, sudph

The acidification of the environment caused by the
formation of sulphuric acid in the atmosphere hasrb
associated with a number of detrimental effectshas

» Areduction of biodiversity.
* Reduced crop and forest growth.
« Damage to buildings and architectural heritage.

Emitted SQ can furthermore contribute to the
formation of aerosols in the atmosphere, affecting
human health through respiratory and cardiovascular
diseases.

In order to reduce these detrimental effects aeang
of FGD technologies have been developed and iestall
at power plants all over the world. The vast mayooif
the installed FGD capacity consists of the wet Isiceu
FGD technology [2] that either produces Ca3idge
(equation 2) or CaS@@H,O/gypsum (equation 3)
depending on the operating conditions.

CaCQ(s) + SQ(g) + ¥2 HO (2)
— CaSQ%:H,0(s) + CQ(g)

dioxide (SQ), and to a lesser extent sulphur trioxide

(S0y), will be released by the combustion of theseduel
If emitted to the atmosphere the S€n form sulphuric

acid according to equation 1.
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CaCQy(s) + SQ(g) + 2 HO(l) + ¥204(g) 3)
— CaSQR2H,0(s) + CQ(g)

Most European power plants use the gypsum-
producing forced oxidation process (equation 3),



because of the sales potential of the gypsum tbeei nucleation is the formation of “new” particles by
wallboard or cement production. The sales potemiial precipitation on particles of other species. Seaond
the produced gypsum depends on parameters subk asrucleation is the formation of new crystals by et
particle size distribution (PSD), the moisture et attrition caused by particle/particle, particle/ivalr
and the impurity content. particle/stirrer collisions.

A better understanding of the gypsum crystallisatio  The next step of the crystallisation process s th
kinetics could facilitate a more consistent gypsursubsequent growth of the formed nuclei. The crystal
quality and point to ways of manipulating the gypsu growth process consists of transport of the solute
properties. The incorporation of crystallisatiomddiics molecule to the surface, surface diffusion and
predicting the gypsum PSD into mathematical processcorporation into the crystal structure. The tyzor$ of
models is one way to obtain an increased contrdl asolute molecules to the crystal surface dependshen
understanding of the FGD process. concentration gradient and thereby the super dadara

The topography of the surface offers a range dédiht

Non-wanted and unexpected foaming in wet FGDinding sites, the most favourable ones constitutg a
plants has been observed at several Danish powamall fraction of the total number of binding sites
plants. This has caused a range of problems ligéngc Because of this even a small amount of a species
at the demister and FGD unit shut down, due to foapreferably absorbed on these sites may have a
overflow from the reactor. The origin of this significant effect on the rate of molecule incomtizn
phenomenon is unknown and will be investigated witfcrystal growth) and the resulting crystal morphylo
the aim of controlling foaming in wet FGD plants An example of the gypsum crystal morphology seen at

full-scale wet FGD plants is shown in figure 2.
Specific Objectives
The overall objectives of this PhD project are:
e Derivation of crystallisation and degradation
kinetics for the prediction of gypsum PSD. }
¢ Investigation of the origin of foaming and the
development of methods to control it in wet
FGD plants.

e The use of the obtained results to optimize thg

operation of wet FGD plants

Crystallisation

The crystallisation process describes the formatind

growth of solid crystals from a solution. Crystsdition

can be encountered in nature or it can be usq :

industrially as a solid liquid separation technique . BT
Before crystallisation can take place the solutio i ;

must be supersaturated with respect to the CrySi]aigure 2: Morpho|ogy of gypsum Crysta|3 from a full

forming species. Super saturation can be obtabyed scale wet FGD plant.

either changing the solubility of the solution or the

formation of a product with a lower solubility théhe Apart from crystal nucleation and crystal growth
reactants. The following different techniques may bthe following other processes may take place within
used: crystalliser.

e Solution cooling. e Crystal breakage.

*  Solvent evaporation. «  Crystal agglomeration.

¢ Chemical reaction. » Dissolution of small crystals and growth of

e The addition of an additional solvent large crystals (Ostwalds ripening)

(drowning out).
e Change of the pH.

The first step in the crystallisation process lig t
gathering of solute molecules into clusters (nyclei
Depending on whether the clusters are below or alaov
certain size (the critical cluster size) they mather
redissolve or grow. The critical cluster size i&iaction
of parameters such as super saturation and termperat
The process described above is known as homogenous
nucleation, however new crystal may also be foritmed
heterogeneous or secondary nucleation. Heterogeneou
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Experimental setup

The wet FGD pilot plant simulates a single vertical
channel of the packing zone in a full-scale wet FGD
plant (250 MW coal fired power plant unit). The basic
outline of the pilot plant is illustrated by figuge A 110
kW natural gas boiler and subsequent &@dition
generates the SO2 containing flue gas. The fluésgas
then brought into contact with the slurry in thesaiber
(a 7 m pipe with multiple sampling sites). The sjur
leaving the absorber is collected in a hold-up tahkre
air injection and reactant addition take place. pHeof
the holding tank is kept constant by an on/off oarf
the feed stream. A timer-controlled pump removes th
slurry that exceeds a given level, ensuring a eonst
slurry level in the holding tank. The time to reatbady
state operation is roughly a week.

S0, addition

Heat exchanger

A

AI Flue gas
Film

al distributor

- 0.5m

Natural gas burner [ 1lm

t
L]
S
g

Absorber
- 3m

- 4m

Gas samplin

Product pump

|- Sm

Subsequently the effect of parameters such as the
presence of additives and slurry saturation orrdke of
nucleation and crystal growth will be investigated.

Full scale experiments

A survey of the gypsum quality at a range of Danish
full-scale wet FGD plants will be performed. It
aim of this survey to collect and compare gypsum
quality parameters and operational parameterseof th
selected wet FGD plants. A selected FGD unit is
furthermore to be monitored during a couple of veeek
operation, in order to obtain knowledge on the aftd
operational variations on the slurry compositiod an
ultimately the gypsum quality.

The quality and operational parameters include:
« PSD.
*  Morphology.
*  Slurry saturation and composition.
» Crystal residence time.
» Density.

The campaign has been initiated by a 3 weeks
measurement series at a 250 MBanish wet FGD
plant. The processing and interpretation of theioled
measurements is still ongoing.
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Figure 3: Principal diagram of the wet FGD pilot plant

Pilot plant experiments

Initial experiments have been focused on the exdént
the mechanical crystal degradation taking plad&én
wet FGD pilot plant. Samples of gypsum slurry have
been subjected to the mechanical stresses caused by
stirring, recirculation and air injection for up 690 hrs.
The development in PSD as a function of time was
monitored by analysing slurry samples with a Matver
Mastersizer S (laser diffraction measurements). No
significant degree of degradation took place attsho
exposure times, but longer exposure times caused a
decrease in the volume fraction of particles above
approximately 25um and a corresponding increase in
the volume fraction of particles below this siz&eT
increased fraction of small particles may cause a
reduced dewatering potential of the gypsum. Various
breakage models are being tested against the
experimental data.

2.
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Synthesis of Amphiphilic Block Copolymers
by Atom Transfer Radical Polymerization

Abstract

Fluorinated copolymers have been targeted, as thage a number of desirable properties includingnulal
inertness and low surface energy. Block copolymeirsmethyl methacrylate (MMA) and three fluorinated
methacrylates have been polymerized by controléetical polymerization (ATRP). Copolymerizations geeded
in a controlled fashion and polydispersities weoav.l Kinetic experiments evidenced that the lengththe
fluorinated pendant chain did not influence thectiwity in ATRP. Controlled polymerizations of MMAvere
undertaken using a fluorinated macroinitiator, hgréncorporating fluorine in the final product by approach
complementary to copolymerization.

Introduction proton-conducting materials for applications such a
Fluorinated polymers are highly hydrophobic andéhavsolid-state electrolytes in batteries[17].
recently received increased interest due to a numbe Fluorinated compounds including commercially
unique properties including high biocompatibilithda available polymers have been used as macroinisiator
low surface energy, as well as high chemical anfbr non-fluorinated monomers to incorporate a
thermal resistance. fluorinated species in this way[18,19,20]. Focudhia
Controlled radical polymerization methods havearea has especially been on tethering brushes f no
been used to synthesize fluorinated block copolgmefluorinated polymers onto the fluoropolymer in thisy
used to prepare low energy surfaces including watebenefiting from the inertness of the parent polyaed
and oil-repellent materials[1,2]. Several fluore@t enhancing performance with respect to antifouling,
surface active compounds have been synthesized @ynduction and/or permeability[21,22,23].
controlled radical polymerizations and successfuigd
to assist polymerizations of non-fluorinated polysimm  Objective
supercritical carbon dioxide[3,4]. Biomimicking andIn our work fluorinated polymers were synthesized b
potentially biocompatible copolymers have beethe two different synthetic routesl. Fluorinated
introduced by combining inert fluoropolymers withmonomers were copolymerized with non-fluorinated
biopolymers or polymers known to circumventmonomers vyielding block copolymers.2. A
immunological rejection[5,6,7,8,9]. The chemicalcommercially available fluorinated surfactant was
inertness of fluorine has been exploited for sysiting utilized as a macroinitiator for the polymerizatioh a
fluorinated copolymers for coatings on metals foatn  non-fluorinated monomer. For both approaches atom
a corrosion-protective layer on the surface[10}f&we- transfer radical polymerization (ATRP)[24,25] was
initiated polymerizations of (co)polymer brushes orchosen as the polymerization method.
various surfaces have produced hydrophobic surfaces
[11,12] as well as materials that are tunable iSynthesis method
hydrophobicity and permeability dependant orThe strategy chosen for the synthesis of the caopety,
treatment in terms of change in pH, temperature, &TRP, is a technique of controlled/’living” radical
solvent[13,14,15,16]. A range of porous membrangsolymerization. The method involves the use of a
with three-dimensionally ordered structures haverbe transition metal catalyst (Mt), a multidentate higa(L)
prepared and some have shown great potential asd a halogenated initiator, which all interacthathe
active polymer chain (see Scheme 1). There exists
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equilibrium between an activated)JRnd a dormant (P- signal from the initiator and the signals from the
X) polymer species with the deactivation reacti@nlg polymer backbone overlap.
kinetically favoured. Ideally, this eliminates the

possibility of two activated polymer chain ends 207 LS
encountering to give termination, while in practice e, 7
termination does occur to a small extent. . Sl 7 e

Using the ATRP method polymer products with ' A0 .7 s
well-defined structures and narrow molecular weight & A
distributions can be obtained and the potentiajmpel Z 0 9'/'/ e
structures are numerous. The product of an ATRP g ,9/ e
reaction is a potential initiator for yet anotheaction, = N Rl A 80Tk, =1640°"
as it still has the halogen moiety in the growirdgio 05 4/{’,/,“/ o 90T k,=2.1*10""
end. This allows reactivation of the chain end and £y? 257 " 00Tk, =27110%"
makes ATRP especially suited for synthesizing taiio P £ 10Tk, 229107
blOCk COpOIYmerS o0 0 20‘00 40‘00 GOIDD BOIDD 1OCI)00 12CI)00
P—X + ML i. P + X— Mt/ Time (s)

Ky @ ) Figure 1. First-order plot of homopolymerizations of
e 3FM at 80 °C A), 90 °C @) 100 °C @) and 110 °C
kp R (A). [IE[Cu(l)Br]:[n-Pr-1] = 1:1:2.
Scheme 1.Mechanism of ATRP. Mt=metal catalyst, L1000 ‘ ‘ ‘ ‘ s
P=polymer chain, X=halogen, M=monomer, L=ligand. 10000 ] WAt Lo
ka ka k, and k are the rates of activation, deactivation, 9000 ] a 4 ’
propagation and termination, respectively. a000 ] A . [
a a 130

Copolymerization of fluorinated monomers and 5 Zzzz = = a0® L1253
methyl methacrylate. B soo] R [0 @

Three different fluorinated monomers were studied =* 0] 4155
in copolymerization with methyl methacrylate (MMA) 3000
(Scheme 2). Polymerizations took place in tolues@ ( 2000 [
vol-% solution) utilizing Cu(l)Br as catalyst amdH(n- 1000 1 [
propyl)-2-pyridylmethanimine (n-Pr-1) as ligand higt ot " - p " e
2-bromoisobutyrate (EBB) was used as initiator. Conversion (%)

Figure 2. Evolution of M, (A) and PDI ) for the

1 . e e T s synthesis of P3FM at 90 °C (entry II, table 1).
o — eg ) s T [IE[Cu(Br]i[n-Pr-1] = 1:1:2

CuBr/n-Pr-1 E——

Totene, 80°C cusimerd “e¢:  Table 1.Data for the homopolymerization of 3FM

Scheme 2C0po|ymerizétion of MMA with fluorinated
methacrylates 3FM, 8FM and 17FM.

Temperature Time Conversion M, PDI

49 (min) (%) SEC

Homopolymerization of 3FM I 80 °C 320 94 9,900 1.35
To study the kinetics of the reactionll 90°C 160 85 8,800 1.38
homopolymerizations of the smallest fluorinatedl 100 °C 100 82 7,900 1.34
monomer 3FM was undertaken. Reactions were run awv4 110 °C 75 79 6,200 1.28
different temperatures; 80, 90, 100 and 110 °C. The []:[Cu()Br]:[n-Pr-1] = 1:1:2.

polymerization proceeded in a controlled fashioralat

temperatures with linear first-order plots, molesul  The kinetic study exhibited a clear temperature

weights (M) increasing with conversion and lowdependency demonstrated by the acceleration of the
polydispersities (PDI) thoughout reaction. The tfirs polymerization reaction with increasing temperature
order kinetic plots for all the homopolymerizatioase Apparent rate constants of reactivit)fpﬂ ranging from
shown in figure 1, while an example of moleculan 6*10* s* to 2.9*10* s* were found, which is in good
weight evolution is given in figure 2. The resutsall agreement with the value of 1.2*10s previously
the homopolymerizations are given in table 1. Theound for MMA at 90 °C in an identical reaction
indicated molecular weights are, however, probablgystem[26]. The polymerization rate of 3FM was seen
lower that the actual values due to the differeilte to be faster than for MMA, which has also been the
molecular weight of the 3FM-unit and the MMA- gpservation for a number of fluoro-substituted shegs
standards used for the size exclusion chromatograpBompared to styrene in ATRP[27,28,29].
analysis (SEC). It was not possible to tiseNMR for The polymerization proceeded in a controlled
end-group analysis to estimate molecular weiglstshe fashion at all temperatures with molecular weights
increasing with conversion and relatively low
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polydispersities (<1.4). The activation energy bet CH,-CF; in the fluorinated methacrylat&y 4.49 (q)
reaction can be found from the Arrhenius plot shawn (monomer) andy 4.33 (polymer) as shown in figure 4.
figure 3, where the slope is equivalent tgFe. From  Similarly the conversion of MMA was determined from
this E, the activation energy, of the polymerization ighe shift of the Chtgroup froméy 3.72 (s) in the
found to be 24 kJ/mol. This is a significantly lawwkan monomer tay 3.59 in the polymer.

the one found by Haddleton et al. in the The synthesis of the block copolymers were run as
homopolymerization of MMA in toluene (25 % sequential polymerizations where the second monomer
solution); 61 kJ/mol[30]. was added at relatively high conversions of thet fir
monomer, with both monomers continuing to
polymerize after addition, as observed B{+NMR to

R N give a gradient copolymer.
-8.2 N N
—8.3- N 1.6
> | |
-&4: \\\ 1.4 -
| ~ ADDITION OF 3FM .
X g5 ST 1.2 n
£ ] N
-8.6 - \\\ g 1.0 . "
874 N o 0.8 -
71 . s
8.8 LN E 0.6 . ]
8.9 044
} 0.0[;260 ' 0.0[;265 ' O.OOIZ70 ' O.OOIZ75 ' O.OOIZSO ' O.OOIZSS ' 024 . -
UT (KH ol "
Figure 3. Arrhenius plot of the rate constants of 0 100 200 300 400 500
reactivity for the homopolymerization of 3FM at &, Time (minutes)
100and 110 °C. [Il:[Cu(l)Br]:[n-Pr-1] = 1:1:2. Figure 5. First-order kinetic plot of the synthesis of

PMMA-b-P3FM (entry IV, table 2).

Synthesis of copolymers of 3FM and MMA
The first-order kinetic plot of the synthesis of

{ b CHd W (sz CHy® W CH o H PMMA-b-P3FM (fig. 5) was linear indicating a low
] Hrea o ™ 9%.,  amount of termination. Evolution of molecular weiigh
o° g g ¢ was linear with conversion as seen in figure 6 BBd's
c' 3 . . . .
CHye iy . C/CHZ CH were low evidencing a controlled reaction mechanism
CF; s
b, e 12000 - Ny, A L1a
o PDI N
10000 AA 4
) f F13
d \ f b,e o 8000 . LA o
, ¢ o =
a / = 6000 a o [12 @
c = a a o o
a’d 40004 o o F11
A a o a -
| A
2000 o
T T T T T T T . 1.0
/ 0 10 20 30 40 50 60 70 80
\.MJ“\MV % Conversion ( ‘H-NMR)
W Figure 6. Evolution of M, and PDI for the synthesis of
T

PMMA-b-P3FM (entry IV, table 2).
L L L L

pom 60 50 “0 30 20 1o For the polymerization of MMA from P3FM a small
Figure 4. 'H-NMR-spectrum of a sample taken during induction period was observed for the initiationtbé

the polymerization of P3FNs-PMMA in toluene (only ~ S€cond — monomer.  Narrower —molecular — weight

¢-CH, & 2.34 (s) from the solvent shown). Assignmentsdistributions were obtained for the polymerizatiof
according to the structures above are indicatethey ~ 3FM from PMMA than for the converse approach, as
arrows. can be seen in table 2. This may be due to the low

solubility of P3FM in the solvent impeding further
The monomer with the lowest amount of fluorineeaction. SEC-analysis showed a bimodal distrilutio
3FM, is the most soluble and therefore studies wergr the synthesis of P3FM-PMMA (fig 7) indicating
initially  undertaken ~ with  this  monomer in that some termination took place with the additifn
copolymerization = with  MMA. Conversions were the second monomer, whereas this was not the oase f
estimated from'H-NMR-analysis using the peak for pMMA-b-P3FM (fig 8). All the distributions obtained
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are, however,

comparable with those found for thebandoned for

said monomers and only block

homopolymerization of 3FM, which indicates thatdde copolymers generated from PMMA were synthesized
are the optimal results achievable with the givestem.
The values are also comparable with those found lonversions were estimated froid-NMR-analysis as
Perrier et al.[31] in a very similar system.

0.016 -

i.e. PMMA-b-P8FM and PMMAb-P17FM.
before and the first-order kinetic plots were samito
those acquired for the synthesis of PMNSAR3FM and

were linear for both polymerizations. Evolution of

r _ molecular weight of the copolymeric products was
oo A T observed to be linear with conversion and SEC-aigly
ootz oo N ———t =498 min showed monomodal traces with low PDI’s evidencing a
Z ool L controlled reaction mechanism.
g
% 0.008 2.5 A MMA(3FM) o
o v 3FM o ©
o 0.006 & MMA(BFM) o o 2
2 ] 204| o 8FM o R
E ’ O MMA(17FM) 2 a
0.002 - | O 1TFM o &
12.0 125 13.0 135 140 145 150 155 16.0 16,5 17.0 175 18.0 g Z o
Retention time (min) E 109 © e
\4
. . o © gy °
Figure 7. SEC-curves for the synthesis of P3fEM- 05 a s .
PMMA (entry |, table 2). & L
A g o
0.0 T T T L T T T T 1
0.024 0 100 200 300 400 500
0.022 4 - — -t=75min Time (min)
o o Zemn Figure 9. Individual conversions of MMA and
T ol fluorinated monomers in the synthesis of PMNIA-
£ oo PxFM copolymers.
3 00124
S ooi0 Comparison of the kinetics of the 3 fluoromonomers
g o indicates that the fluorinated pendant chain does n
& ool \\ influence the rate of polymerization as long as the
0002 \ product is soluble under reaction conditions. fufe 9
T P AR~ I I the conversions of both MMA and fluorinated

120 125 13.0 135 140 145 150 155 16.0 165 17.0 175 180

c , monomers in the synthesis of PMMAPXFM
Retention time (min)

copolymers are shown. There are no significant
differences between the curves evidencing similar
reactivity of the monomers, thereby proving the
influence of the fluorinated segment only to be
important in terms of solubility.

Figure 8. SEC-curves for the synthesis of PMMA-
P3FM (entry IV, table 2).

Table 2. Copolymers of MMA and fluorinated
monomers, 3FM, 8FM and 17FM
Synthesis of the fluorinated macroinitiator

Copolymer M:Mj] M, PDI .

eC The surfactant Zonyl FSO-100® used previously by
| P3FMbL-PMMA 1-1 10300 133 Perrer et al[18,31] and Shemper et al.[19] was
I P3EM-b-PMMA 1:1 2900 130 converted to a macroinitiator  species by
Nl P3FEM-b-PMMA? 1:1 9200 150 transesterification according to the method by daak
IV PMMA-bP3FM  16:1 9,600 1.09 etall32](Scheme 3).
vV ~ PMMA- b-P8FM 24:1 9,300 1.18 ¢ ¢ ) TEA, DMAP
VI PMMA-bPLZTFM  46:1 10300 124 e obOh, + Mo o Mgy ko

(0]

[:[Cu()Br]:[n-Pr-1] = 1:1:2, Reaction temperatue:
80 °C.*Polymerized at 90 °C. Scheme 3Synthesis of fluorinated macroinitiator, FMI
from Zonyl FSO-100® by transesterification with 2-
Synthesis of block copolymers with 8FM and 17FM  bromoisobutyryl bromide.
While the homopolymerization of 3FM could be

monitored by*H-NMR (in CDCE), it was not possible %~ f«\/ol\")< =§= N (/\/o%

to use this technique for the homopolymerization of 40
8FM and 17FM due to low solubility of the polymeéns yoe \
the solvent. As we wished to obtain products tlatida Scheme 4. Polymerization of MMA using the
be solubilized in non-fluorinated solvents, the rggeh  fluorinated macroinitiator, FMI.

synthesizing the fluorinated segment first was

84



Polymerizations of MMA (Scheme 4) were carried

out with different initiator to monomer ratios, and

reaction kinetics were compared to the conventional

ATRP initiator EBB.

Polymerization of MMA

Three different molecular weights were targetedhie
polymerization of MMA with the fluorinated
macroinitiator, FMI: 5,000; 10,000 and 20,000 g/mol
The kinetic plots can be seen in figure 10, whilcbves
that the polymerization proceeds as a pseudodidy
reaction in all cases indicating a controlled mei$a.
Rates of polymerization also increased with dedngas
monomer to initiator ratio as expected. Evolutioh o
molecular weights were linear with conversion i al

cases (Fig. 11) and PDIs were low (<1.25) evidencinPolymerization

the “living” nature of the reactions.

Table 3.Polymerization of MMA by ATRP using a
fluorinated macroinitiator.

15

12000 -

10000 A
PDI 14

8000 -

6000 -

1ad

~
]
L
)
=
-
=
4000 4

2000 -

0+——//1 T T T 11

0 20 40 60 80

Conversion (%)

Figure 11. Evolution of M, (A) and PDI ) for the
of MMA from FMI.
[M]:[:[Cu()Br]:[n-Pr-1] = 100:1:1:2.

SEC-analysis showed monomodal curves (figure
12), however a high molecular weight shoulder was
seen for all reactions at high conversion, whichildo
possibly be due to the surfactant nature of thiaboir

Sample  [IJ:[M] M, Mo, Mo, PDI resulting in aggregation of the polymer.
theory SEC NMR
1 1:50 5000 11,100 5100 117 oo, - esomn
2 1:100 10,000 11,600 8,000 1.21  ..] — = t=140min
3 1:200 20,000 29,900 14,200 1.24 “\ — =290 min

[:[Cu()Br]:[n-Pr-1] = 1:1:2, Reaction temperatue:
90 °C.

25+

2.0

=
v
1

[y
o
Il

In([M1,/[M1)

0.5 ° o []:[M=1:50

° . A o []:[M]=1:100

oo 9 A []:[M]=1:200

A

0.0 T T T T 1
0 100 200 300 400 500
Time (min)
Figure 10. First-order kinetic plots of the

polymerization of MMA from FMI. [I]:[Cu(l)Br]:[n-P¥
1] = 1:1:2, Reaction temperature: 90 °C.

The molecular weights of the FMI-PMMA polymers
were further estimated byH-NMR using the signal
from the polyethylene glycol functionality in the
macroinitiator 6 3.62 and comparing with the signal
from the monomer at 3.58 (OCH). Due to the
adjacency of the signals the molecular weightsinbth
in this fashion are only rough estimates. The tssul
obtained by'H-NMR were lower than those found by

SEC-analysis in all cases, but showed the sanf@gure

tendencies i.e. lower molecular weight at relativel
higher concentration of initiator, which is as ecisel.
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Figure 12 SEC-curves of the synthesis of FMI-PMMA
[ML:[:[Cu()Br]:[n-Pr-1] = 100:1:1:2
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13. First-order kinetic plots of the

polymerization of MMA from FMI (O) and EBBK).
Reaction temperature: 90 °C. [M]:[l]:[CuBr]:[n-Pi-£
100:1:1:2.



Polymerization of MMA (target 10,000 g/mol) using10.

EBB showed that the reactivity of FMI was compagabl
with EBB (figure 13). Almost identical polymerizati
rates for these two initiators were found by Perge
al[18] when using the same type of system with a

slightly different ligand (pentyl vs. propylfunctialized 12.

methanimine). In that case, however an increasief
reaction rate was seen at higher conversions fer th
fluorinated macroinitiator, which we did not observ

Conclusions
Block copolymers of MMA and fluorinated
methacrylates were polymerized by controlled radica

polymerization (ATRP). It was possible to synthesiz15.

block copolymers starting from 3FM, although the
converse approach yielded better results. Wellrgefi

block copolymers of MMA and 8FM and 17FM, 16.

respectively were synthesized. Kinetic experiments

evidenced that the length of the fluorinated pethdad?.

chain does not influence the reactivity in ATRP.
Controlled polymerizations of MMA were undertaken
using a fluorinated macroinitiator based on
commercially available fluorinated surfactant. Altlgh
the macroinitiator resulted in slower reaction kice

than the conventional ethyl-2-bromoisobutyrate thé&9.

obtained results were comparable in terms of mddecu
weight distributions.
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Testing and Fabrication of All Polymer Micropump

Abstract

The main objective of the project is to fabricatel dest microfluidic pumps produced in polymersri€ntly the
main field of research is the AC electroosmotic nopzimp, which has the advantage of a simple strectoo
movable parts and low requirements to the applietergial. The AC electroosmotic micropump has been
constructed using conductive polymers (CP) withhanmel system consisting of polyurethane. Befoeegbmp
could be realised a number of new processing msthad to be developed. This has let to new knowledgput
blending of CP with non conductive polymers and rialrication methods for patterning of CP. Testirighe all
polymer micropump revealed that it exhibited a pinggharacteristic similar to pumps made with nabletals.

Introduction been performed. As a mean to optimise the geometry
The ability to control chemical processes on thaumerical simulations of the ACEO pump were
micrometer scale has many interesting perspectines therefore conducted.
is a field in fast expansion. One of the main isswlen
dealing with microsystems is the pumping of fluid.Theory
Several techniques have been used for this purmode The three governing equations when simulating the
one of the most interesting is the electroosmotimp. ACEO pump are Poisson’s equation (1), the mass
A special case of this pump is the asymmetric A@ansfer equation (2) and the incompressible Navier
electroosmotic pump (ACEOQ) first suggested by AjdarStokes equation (3).
[1]. The pump consists of an array of asymmetric The electric regime is described by Poisson’s
electrodes in a channel with an AC potential betweesquation, and simplifying the system to a monowvalen
salt yields equation (1) wherg is the potentialp is the
> space charge density ands the dielectric constant of

> the fluid, F is Faradays constant, and ¢ are the
ﬁ’ concentration of the positive and negative ions.

. -
i 7 Op= -g - E(CE_C) 1)
The flux of the charged ions is found by using the

Figure 1: The principle of an ACEO pump. The asymmetric mass transfer equation (2), whelleis the diffusion
shape of the electrodes creates an asymmetricrieldieid, coefficient, v is the flowfield with the components, v

which induces a non-zero horizontal force to thesiin the and v zis the charge of the ion ands mobility [10].
fluid. The friction between the ions and the fluideates a '
pumping effect from the small to the large elec&rod oG

SF+viDg = D% +zu0 e 0g) &)

the electrodes. This is presented in figure 1. The
advantages of the pump are the uncomplicate&
construction, no moveable parts and low potenfiab (
V) requirements. The ACEO pump has been describ
both experimentally [2-7] and theoretically [1],],[28]
[9], but no numerical simulations of the system éav

The fluid mechanical part of the system is evaldate

the incompressible Navier-Stokes equation (3a) a
b), wherepgens is the density of the fluid, p is the
cosity and p is the pressure. The last terngin(ga)

is the force caused by the moving ions.
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a - b\
pden{a—\t’+vDDVJ=-Dp+f7D2q+ZZanD<0 (3a) .o W \.\ -
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Using equation (1), (2), and (3) it has been pdssik | | '\ \ \ - .

to perform numerical simulations of ACEO pump an [\ 1\ | i WA

optimise the geometry to its maximum performance. G WA W © \ A
A T W W -
\ "-._‘___ \ A~

\ W
. X i \ -.\I \ \ ‘.\_h_"\‘\
Numerical simulation . | =
The numerical simulations revealed that especitléy \ ‘ - \‘\ § \
height of the channel is important for the pumpin ~4
properties. The propulsion of the fluid occurs hé t Figure 3: A_picture of the micropump seen from above. The
walls near the surface of the electrodes and irapn PUmP consists of gold (bright) on glass (dark). Téreall
to normal systems the pump is most efficient at lo e_Iectrodes have a size of 4 pym and the large eliztrhave a
. . . size of 20 um.
diameters. The maximum pressure delivered by tl
pump is approximately inversely proportional to theelectrode has the optimal phase shift at low fregies,
squared height of the channel. Another interestingnd the large electrode has the optimal phase ahift
perspective revealed by the numerical simulatiomas w higher frequencies. At low frequencies the small
the pumps ability to pump in both directions. Theelectrode is therefore governing causing the flovbé
reversed, whereas at higher frequencies the large
electrode takes over and changes the flow direction

The numerical simulations were followed up with
v % ] experimental work and pumps were produced using
30 v classical lithographic methods for microsystems. A
255 ] picture of a pump is presented in figure 3. The
electrodes are gold layers on glass. The produoetpp
have been tested and showed a good pumping effdct a
v the expected ability to pump in both directions.eQrf
v ] the problems with the current design and fabricatio
st % ] method is that the electrode array is damaged gtt hi
o o ve ol potentials (above 2-3 V). This problem could beved|
v v v by choosing another material than gold for the

] electrodes, because gold does not have good adhesiv

-10 - . properties with glass.

10° 10° 10 10°
Frequency (Hz)

Figure 2: A simulated frequency sweep of the micropumpConductive polymers o _
The pump is capable of pumping in the reverse timecat Recent research has shown that it is pOSSlbleddl.m:E
low frequencies. highly conducting polymer films of poly(3,4-

. L . ethylenedioxythiophene) (PEDOT) on large areas [11
pumping direction can be reversed by lowering th(gmdy with ayhighp stabi)litg/ [12]. zl'his hags let to E’:m]

frequency of the AC potential, which enhances thﬁmreasin interest in making all-polymer micropum
positive prospects of the ACEO pump. The resulaof based og PEDOT. One Ofg thepm);jor probIeFr)ns Fi)n

S|m_ulat|t())nl ser(|)e82|§ pr(Iatse_FLed It? figure Z:blln Qear utilising the reported films is the often poor aslioa of
reg||m<_a ?Owl - V% S| t;]asl_teerl possible Wina 0 conducting polymers to glass and non-conducting
analytical analysis made in the literature. olymer substrates. Aqueous environment, as redjuire

These ha\_/e however not been conducted on .t microfluidic applications, pose particular ptems:
nonlinear regime above 0.025 volts and the numlerlcqehe adhesion may be so weak that the PEDOT layer
S'm“"’?‘“ons in the ‘h'gh' potent_|al Is thereforeedsto .sometimes delaminates from the substrate upon
examine the_ properties Of. this system. The St.Ud"?ﬁ]mersion in water. A commercial product is avaiab
shown complicated correlations between the maximug

o D . . from AGFA (Agfa-Gevaert group, Mortsel Belgium)
velocity in both directions and the potential apgli ; : - :
which have not been shown earlier. The reasonher t[ls]’ which can be applied to various substratesiy

; . . . ing. However, th rf n ivi f film
reverse pumping effect is to be found in the pres# coating. However, the surface conductivity o S

. resulting from this product is significantly lowénhan
between the potential and the charge at the surfsice o et
the optimal frequency the charge is shifted 45mftbe films produced by in situ polymerisation. The metho

potential. At low potential the large and smallotlede developed permits facile application of a PEDOTelay

have the same phase shift, but at higher poteritiels onto most non-conductive polymer substrates and is
phase shifts begin to differ. This means that tmalk also demonstrated to be applicable to other commuct

polymers.
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polymer layer during the shrinkage, and due to
entanglement of the polymer chains the conducting
X /\ polymer layer is effectively integrated into thebstrate.
o o o 0 Furthermore mechanical and chemical propertiehef t
— conducting polymer/substrate surface resemble the
/o \ substrate surface. This is an advantage because the
/N mechanical stren i
gth of conducting polymers can be
s S n quite poor. In order to integrate the conductintypeer
into a substrate it is required that a solventtexighich
Figure 4: The polymerization of 3,4-ethylenedioxythiophendS capable of dissolving both the substrate and the
yields the conductive polymer PEDOT. residual salt. PEDT on PMMA samples were produced
: as described previously [12], with surface resistsnof
Winther-Jensen et al. [14] has shown that PEDORq 19 /sq, and an optical transmission in the visible
can b_e an(_:hored to S|I|_con using plgsma} treatmer_dh/v range (400-700 nm) of 50-70 %. The integrated PEDT
permlts micro structuring by cla_sswal lithograplaind ;. pMMA samples were coated by Microposit S1813
lift-off techniques. Furthermore, it has been sh_cﬂrmt _photoresist using spin coating at 2000 rpm for 30
PEDOT and polypyrrole can be polymerised irkecqngs and prebaked at 85° C for 20 minutes in a

polyuret_han_e foam . [15.] [16] by _ vapour p_qaseconvection oven. The samples were exposed in a mask
polymerisation resulting in conductivities of 3Q0 aligner (365 nm illumination) at a dose of 200 mif/c
S/cm. The method developed during this PhD proje%tnd developed in 15% MF-351 developer for 60
does not require any vacuum techniques and séillgi  <q;0ngs. The samples were then etched in the RIE fo
high conductivity. The conducting polymer is washed, yes at 300 watts and 50 mTors. The remaining

into a non-conducting polymer substrate and integra ,,oresist was removed by immersing the sample in

into It_he tﬁpb Ilzyer of Fhle sub;trate structuref. Thh thanol for a few minutes. All fabrication stepsko
resulting hybrid - material - acquires some of the .0 iy 3 class 10 clean room (CleaR, Risg Nationa
mechanical properties of the substrate, while stillp,,a10ry) The depth of the integrated PEDOT flaye
remaining as conductive as a pristine layer of PEDO  \ a5 examined by gradual removal of the surfacerlaye
__We have demonstrated the integration of PEDO ije monitoring its optical and electrical propest An
into poly(methyl methacrylate) (PMMA), polycarboeat j,eqrated PEDOT/PMMA sample was made by the
(PC), cyclic olefin copolymer (COC), poly.((:“myleneproduction method presented above with a spinning
terephtalate) (PET) and polystyrene (PS) with tetb \e\city of 500 rpm, which would result in a PEDOT
_result; o_bserved on PM_MA’ PC, or CocC. Thefayer with a thickness of 235 nm if washed in water
investigation of the integration of conducting PORIS — rpe sample was placed in a Plasmatherm 740 Reactiv
into non-conducting polymer substrates is focussed | . Etcher (RIE) (Unaxis, St. Petersburg, FL) and
the PEDOT on PMMA system, but many of th artially covered with a glass microscope slidevileg
properties can most likely be extended to oth€ys ot the sample uncovered. The sample was then
combinations of conducting polymers and substrates. .i-hed with 50 scem nt 50 mbar and a power of 150

_ PEDQOT polymer coatings were fabricated using iy s at 13.56 MHz for 5 seconds. The glass slide w
situ polymerization of EDOT with Fe(lll) tosylates a 1464 o leave 2/5 of the sample uncovered, whiak w
OX|dat|or_1 agent [17’18] and with _pyrldlne as |ntmb|_ etched again. This procedure was repeated 4 timak i
[19]. This yields a highly conducting polymer Colfi o ting in five different parts which in total héoeen
with conductivity between 500 S/cm and 1000 S/C”btched 20, 15, 10, 5 and 0 seconds, respectivély.
After polymerisation the polymer layer containsaage etching depth of each part was measured by

amount of residual and spent oxidant from the giometry and is presented in Table 1. The edges
oxidation. The salt can be removed by washing, lbsuaperyeen the steps were not as well defined aseif th
using water or alcohol, resulting in shrinkage bé t regions had been defined by photolithography. The

polymer structure to 5% of its original thicknesz0| courac : . :
; y of the step heights is approximately k0
21]. Aben et al. [20] demonstrated trapping OP Assuming that all parts of the PEDOT layer

tetraethoxysilane (TEOS) in the shrunken conducting,niptes equally to the conductance, it is fiesio
polymer layer by using a TEOS containing washing, e jate how the PEDOT is distributed in the PMMA.
solution. Later, it has also been shown that a remb 10 g race resistance of each layer was meassied u
conducting  polymers  can  be I_oaded W't_hthe four point probe described above, and based on
macromolecules and other polymers during the washin,j\narison with the undiluted thickness from the B
step [Zlh]' h. the abil load hseries, we can estimate the degree to which PEBOT i
In the present research, the ability to load th§;eq py the substrate polymer. The amount of
conducting polymer is used to integrate it into MGEROT in the remaining layers was also determined
surface of a nqn-conductmg polymer gubstrate.ywa from visible light absorption at 700 nm using Lamibe
of the conducting polymer is polymerised onto @-noMgeers |aw, Based on the conductivity and absorptio

colnductivhe p°'yr.“j"|“ df_oll0\|/ved Ey wal;shing With - ameasurements the amount of PEDOT in the PMMA was
solvent that partially ISSolves t € su strate. The . determined as a function of etch depth — see thble
part of the substrate is washed into the conducting
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should be noted that the ion bombardment partitigat quite remarkable that the charged hydrophilic paym
in the etching process could potentially causectigke PEDOT can be integrated with the very hydrophobic
implanting of different atoms. However, the degode polymer COC. This indicates that more than ordinary
implantation of the two purely organic molecularblending plays a significant role in the integratiof
species EDOT and MMA is not expected to diffeconductive polymers. All of the integrated samples
significantly. showed conductivity of the same order of magnitade
There is a fairly good correlation between theure PEDOT.
distributions determined by resistivity and absionpt
(Table 1), showing that the top layer of the swdistr Patterning conductive polymers
contains approximately 30-40% PEDOT. TheA test series of conducting lines of decreasingthvid
examination also reveals that the PEDOT is preaentwas constructed in PEDT to test the resolutionhef t
substantial depths in the PMMA substrate, with B%63 lithographic techniques applied to the PEDT/PMMA
of the conducting polymer at depths greater tha@ 5Gamples. The electrodes had a length of 500 pm and
nm, although the pure PEDOT layer is only 235 nmwidths of 20, 15, 12, 10, 6, 4, and 2 um, respedbtiv
thick. The integration of the PEDOT into the PMMAEach of the conducting lines was connected at dreis

Table 1: Results from the ©etching of the PEDOT/BA sample. The PEDOT conveast determined using both surface resistivity and
optical absorption (700 nm). The result shows thattop 500 nm of the PMMA sample consist of afijp4@ % PEDOT

Etching | Depth| Step| Surface PEDOT Percent Absorbance| PEDOT Percent
time (s)| (nm) | size | resistancel remaining PEDOT in at 700 nm remaining PEDOT in
(nm) (©/sq) based on layer based on based on | layer based on
conductance | conduc-tance absorbance| absorbance
0 0 - 75.07 100% 40% 0.365 100% 32%
5 150 150 100.47 75% 33% 0.291 79% 28%
10 290 140 136.50 55% 30% 0.230 63% 36%
15 400 110 184.20 41% 39% 0.168 46% 36%
20 500 100 309.10 24% - 0.112 31% -

substrate matrix must be considered the main refison to two large 15 x 50 mm squares of conducting
the superior mechanical properties of the condactivpolymer, functioning as electrical contact padsur-o
layer compared to a surface adlayer. point probe measurement of the resistance of thes i
The method for PEDOT integration was tested witlas function of the nominal line width was perfornigd
other polymer substrates and for polypyrrole on PMM applying two of the four probes to each of the darg
The polypyrrole was polymerised using vapour phaseontacting squares. The result of the resolutiost te
polymerisation as reported in [18] on a PMMA suétdgr showed that electrodes down to 4 um in width could
and washed in the same manner as described abloee. €asily be constructed, whereas electrodes of 2 jdthw
film was absorbed into the PMMA substrate, andhowed a relative large decrease in conductance.
showed much better mechanical properties than laterpolation of the conductance measurements sthowe
polypyrrole adlayer on PMMA washed with water.an edge effect of approximately 500 nm, i.e. the
Furthermore, several other kinds of substrates wemitermost 500 nm along the edge of each line had a
tested. The results of the examination are predeinte markedly lower conductance than the rest of the.lin
Table 3. The integration of PEDOT was most succkéssfThe edge effects probably originate from the expmsu
on PMMA, PC and COC, whereas no integration waig the mask aligner: The substrate consists ofuei
obtained in cross-linked PDMS. This is accordanith w PMMA that has been spin coated and heated thresstim
our understanding of the integration process. Sind@2] before being exposed. It is therefore diffictd
PDMS is cross linked, and therefore insoluble,spomt  achieve a completely planar surface, which may tead
of polymer material from the substrate into thesliise a small separation between the mask and the stéystra
insoluble PEDOT phase is prohibited. The integratd and an associated exposure of edge regions of the
PEDOT into PET was quite poor because of the poonasked areas. The outcome of the resolution test wa
solubility of PET in the applied solvents. Integoat that 4 um structures with high conductivity can be
was, however, demonstrated using chloroform, bat tHabricated with fairly good precision and the srestl
resulting surface layer was milky in appearanceisit features were therefore chosen to be 4 pm.
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Figure 6: left: A schematic cross-section of the pump streeperpendicular to the electrode lines. Rightinaage of the assembled
pump seen from above. The inlet and outlet chararelsised for purging the system, but are sealehylimping. The fluid velocity
is measured on the channel on the opposite stteeddrrays.

The surface resistance of the PEDT after patternimgeometry presented in a previous publication [T%e
was found to be 70-9Q2sq. The RIE removed length of the electrodes is 500 um and the fluidnetel
approximately 600 nm of PEDT/PMMA as measured bgf width 200 um does therefore only cover a parthef
profilometry. The surface resistance in the etcheshs electrodes.
was higher than 211 @/sq (detection limit). An image
of the final PEDT pattern is shown in figure 5. Testing the pump

The channel part of the pump was constructed in Bhe pump was tested using a*l KCI solution with
flexible thermoplastic PUR, which in many ways ha®2 ppm (by weight) microspheres in suspension. The
properties resembling PDMS. PDMS has been used ¢hannel system was flushed with pumping fluid
many microfluidic applications because of ease dfetween each test. Confocal laser scanning micpgsco
fabrication, flexibility, and high transparency [23he was employed for visualising the motion of the
PUR chosen for our work shares the same propertidijorescent spheres. The particle motion was resmbid
but in addition PUR is a thermoplastic polymer,tthathe loop lane without pumping electrodes to avoid
may be injection moulded, embossed, or extrudeis Thconfounding local motion patterns in the vicinitlthe
is a major advantage over PDMS, that cannot balectrodes. The microscope system was capable of
processed with ordinary mass production equipmaat d scanning an area of approximately 500 um x 500 um a
to its cross-linking. Furthermore, PMMA and10 Hz, yielding a suitable image quality for padic
polyurethane are partially mixable [24, 25, 26].isTh tracking analysis. The spheres were tracked using a
makes it possible to bond the PMMA to PUR by hegtindedicated particle image velocimetry program rugnin
the substrates to near the glass transition teripera under MatLab (Mathworks, Natick, Massachusetts,.US)
PUR is slightly hydrophilic showing a contact antpe Particle velocities were measured at a range ofrdyi
water of 81°-82°. This implies that no further treant potentials for three different frequencies, 10 ki2p,
is required for bonding or surface wetting. In ecast, kHz, and 40 kHz. The results of the analysis are
the surface of PDMS must be oxidised both for bogdi presented in figure 7. Positive velocities are medi as
and for reducing the contact angle of 108°-10%diow fluid (particle) motion from the wide towards the
90° [27, 28, 29]. Furthermore, PDMS loses its
hydrophilicity after a period of time in air, givin
PDMS-based devices a limited shelf-life. None afséh
problems occur with PUR. PUR can be heat-bonded ti
range of polymers, such as PMMA, polycarbonate ai
polystyrene but not to glass or silicon.

The channel system consists of a loop with a tot
length of 30 mm and with an entrance and exit cbanr
(figure 6 right). The height of the channel is 2% and
the width 200 pm. The pressure drop over the cantc
length of the loop is approximately 4*1@a/\v,e Where
Vave iS the average velocity measured in m/s. Thidgiel
a pressure drop of 4 Pa at an average velocityOof 1
pm/s, setting a lower limit on the required pressu
generation of the pump. Each segment of the elgetrc
array consists of a narrow electrode of width 4 am, T
gap of 4 um, a wide electrode of width 20 um and 50 pm
large gap of 16 um, giving a total segment width&f
um. This is repeated 200 times with a resultinguyarr Figure 5: An all polymer micropump, consisting of a PEDOT
length of 8800 pum. The ratio between the electraaes 27y on PMMA. The thickness of the PEDOT layed & nm
the gaps is based on numerical optimisation of t2"d the width of the electrodes is 8 um and 40 um.
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with an insulating encapsulating layer. This was
explored using either 100 nm thick PMMA or 200 nm
thick cyclic olefin copolymer (Topas 8007, Ticona,
Frankfurt, Germany). The damage to the electrodes i
reduced, but so is the pumping efficiency. Nonehef
coated pumps were capable of pumping at a velocity
higher than 40 um/s. The pumps were however very
stable and the PMMA covered pump were capable of
o | pumping at 20 pum/s for 40 minutes at 5.6, vand a
frequency 15 kHz without a decrease in velocity and
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Figure 7: The velocity in the loop against the potentiaBat 3
different frequencies. The reverse pumping is nghiScant

at the measured frequencies and potential. 4

narrow electrode within an electrode segment (0';0@055
to the definition used in some other publicatiorif)e g4
properties of the pump such as velocity and pumping
direction correspond with those described in the
literature. The pump is capable of pumping in both
directions, although at the highest velocities e t 8
positive direction with the tested parameters. phemp
requires a few seconds before reaching a constaht
velocity. This is most likely due to elasticity bubbles 10
in the channel system needing some time to adjustet
changed pressure/flow field.

The limits of driving potential and frequency were11
also examined. The limits were similar to those
observed by Studer et al. for a corresponding eddet

without visible electrode damage
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Scale-Up of Fluid Bed Coating Systems

Abstract

Fluid bed granulation is a vital operation in tHeapmaceutical, enzyme and food/feed industry anid theds are
used extensively to form liquid formulations intlid products. Although widely used, fluid bed ogiéons are still
not fully understood or described. This means thdustrial fluid bed operations and optimisatioe atill highly
dependent on empirical approaches. Especially afipscof fluid bed systems is a challenging tasthvdecisions
to be made at many levels. This Ph.D. project athe fundamental understanding of the fluid beghglation
process in an industrial context having successfale-up as it primary focus.

Introduction not just process and formulation properties bub als
Particle processing in fluidised beds is a key afjfen knowledge of scaling principles and parameters; e.g
to many types of industries including the food andvhich parameters should be kept constant durinesca
pharmaceutical industries. In the production ofidsol up and which parameters may be varied. Currently,
enzyme products, fluid beds are used to produeealing is still more of an art rather than scieheing a
enzyme granules with the proper product propeitigs mix of physics, mathematics, experience, common
spraying the enzyme concentrate through nozzles ordense and qualified guesses as reviewed by Hede
the agitated fluidised bed often consisting of tivec (2006b). This is not a satisfactory situation -timei
filler cores. In that sense agglomeration is anamed from an academic nor from an industrial point awi
phenomenon but in other applications, agglomeraton
indeed desired. In either case, control of agglatien  Specific Objectives
is essential. It is the objectives of the Ph.D. project to ackiex
Proper product quality is highly dependent on théundamental quantitative understanding at partiele|
precise control and optimisation of the processthsse of what is going on inside the fluid bed during
is more than forty parameters involved in the flbied processing. Further, it is the objective to be atde
coating process, and as many of these parametprepose and test new principles for successfulesepl
interact, fluid bed optimisation is an extremel§fidult  of the fluid bed coating process from pilot planaie
exercise. The situation is further complicated gy fact into large-scale.
that during fluid bed processing many different
processes occur simultaneously including wettingsxperimental
drying, chance of agglomeration, attrition and mae, In a number of scaling studies, coating operations
in addition, particle trajectories inside fluid lsedre three different top-spray fluid bed scales were
chaotic, modelling and simulation of the coatinggaess conducted in order to try to match the particleesiz
with commercial products is not an easy task. Thus, fractions as well as the tendency of agglomeration
present situation with fluid bed processes and ypetsd across scale. The three fluid bed scales was ksvil
is still highly dependent on experimental resultSmall-scale - A modified GEA Aeromatic-Fielder Stre
although this is tedious, time consuming and therell top-spray fluidised bed with a stainless stagtfsing
expensive. chamber of 12 L allowing a particle bed load of 50®
Often, optimisation of a fluid bed process is dome be fluidised, a medium-scale standard Niro-Aeromati
small- or medium-scale and then transferred tddtge  Multiprocessor type MP-1 with a stainless steel
production-scale. This requires detailed knowledde fluidising chamber of 16 L allowing a particle bkxhd
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of 4000 g to be fluidised (thereby being eight timechosen and fixed. The humidity of the inlet air lconiot
larger in capacity in respect to the Strea-1 s@f-ap be controlled in any of the three fluid bed set-yps
large-scale GEA Aeromatic-Fielder MP-2/3 with athey were all recorded and no significant variation
vessel volume of 60 L allowing a particle bed lazfd room relative humidity was observed. Equation 2 @nd
24000 g to be fluidised (thereby being six timagéa indicate furthermore, that the drying force is less
in capacity in respect to the MP-1 and 48 times imensitive to the relative humidity than to the bed

respect to the Strea-1 set-up). temperature. Thus, it was possible to maintain the
drying force at almost distinct levels without bgiable
Scaling parameters and conditions to precisely control the humidity of the inlet air.

Two parameters were tested as possible scaling
parameters being threlative droplet sizend thedrying Materials
force Two types of core materials were used for the ogati
Based on the results by Mehta (1988), Rambali.et axperiments — slightly porous sodium sulphate cores
(2003) scaled up a fluidised granulation processnfr (Santa Marta - void fraction around 20.7 % deteedin
small-scale to medium- and large-scale by lookinthh@ with Micromeritics Autopore Il intrusion/extrusion
effect of the particle bed moisture contents duand at mercury porosimetry) pre-sieved in the size ranfle o
the end of the spraying process and the effectafldt 250 — 350um and non-porous glass ballotini (Potters
size on the granule size. The fluidisation floweratas Industries) pre-sieved in the size range of 2566-3n.
kept constant in all their experiments in orderéa The sodium sulphate cores have sphericities imahge
constant airflow and to have approximately similaof 0.86 whereas the glass ballotini cores are amos
breaking forces on the granules. The droplet sias wperfect spheres. Microscope pictures of both core
controlled in terms of a relative droplet size (Rdmaterials may be seen in figure 1.
according to the ratio of the spray ra#sapray divided by

the airflow through the nozzlem
according to:

squared

nozzle air

Rd:h (Eq. 1) : - ©) A" -
(rhnozzleair)2 . .‘ Ce ;: (’ ‘( ‘4‘*"'. 2

In the scaling experiments by Rambali et alFigure 1. Materials used in _th.e coating.experiments.

(2003) it was seen that the effect of the change #pft) Uncoated glass ballotini cores. Right) Uneaht

relative droplet size was different for each flliéd Sodium sulphate cores.

scale, but that the granulation process was suittéss

scaling up to the large-scale bed from small-scale, Both types of core materials were coated with

considering only the relative droplet size. agueous solutions of crushed sodium sulphate in an
Results by Hede (2005) clearly indicate that th@mount of 15 w/w% using 1 w/w% Dextrin (CAS no.

drying force may be closely related to the tendeaty 9004-53-9 - Bulk density ~ 0.8 g/ém Demineralised

agglomeration during fluid bed coating. The dryingvater was used as solvent. Triphenylmethane colour

force is not a Newtonian force known from mechanicéSicovit Patent blue - CAS no. 3536-49-0) was adated

but rather an indication of the vapour capacitpimid ~ Well as colouring agent for all experiments in amisu

air expressed in pressure units. The drying forcef 0.1 w/w% in order to study the level of droplet

combines the bed temperature and the bed moistu@netration and the coating layer structure of fthal

contents during steady state coating conditionsria coated granules.

parameter according to the following equation:

Scaling procedure
-p Eq. 2 In the effort to fix as many parameters as possible
Toe:100%H * actual (Eq.2) across scale, the three different fluid bed setwpse
carefully build up as similar as possible. All taréuid
where Ry is the saturated pressure at the dry bulbeds were top-sprayed fluid beds each having desing
temperature and.Ra is the actual vapour pressure oftwo-fluid nozzle. In all three cases, an outlet ziez
the fluidisation air at the bed temperature andlied diameter of 1.2 mm was chosen. Likewise was the
relative humidity conditions. Rualis given as: coating liquid feed in each case led from the ewter
heated reservoir at a constant heating temperafus@
°C to the nozzle through an adjustable electrical
peristaltic tube pump. A sketch of the generalgein
each of the three fluid bed systems may be seen fro
In order to test the scalability in terms of thgidg  figure 2.
force, different levels of the bed temperature were

Drying Force=P.

sat

_ BedrH%

= Eq. 3
actual 10CrH% sat! ( q )

Thed
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Air et Prior to coating, the core bed load was heated unti
/’ Exhaust adjustment the I’elative humldlty inSide the ﬂuidisation Chmb

—  Guilet temperature probe was constant, typically ranging from 5 RH% to 7 RH%
— — depending on weather conditions. In each coating
e N7 operation the aim was to coat until the bed load ha

S iuid increased 20 w/w%. This was done in order to make
sure that a reasonable coating layer (thickness 4®
Heating pum) had developed on the core particles. After cogti
el the bed load was kept fluidised at identical flsation
velocity and temperature conditions in order to thg
coated granules. This was done until the relative
Figure 2. Formal sketch of the general top-spray set-uplumidity inside the chamber was identical to the
used for all three fluid bed scales. conditions prior to coating. The coated bed load wa
afterwards weighed in order to make sure that the b

The fluidisation velocity in m/s was kept constant 0ad had gained in weight about 20 w/w%. For adl th
3.3 m/s at a height in the fluidisation chambert jus£XPeriments the batch weight gain was in the raofge
above the bottom plate throughout all experimenig a 18-7 W/W% — 19.5 w/w9% indicating little loss of eor
across scale in order to try to maintain a singemule material as well as little loss of coating solutidme to
collision velocity as well as a similar level oftritton ~ SPray drying.
across scale. All three types of fluid beds havermical . )
fluidisation chamber shape but the wall anglestdmt Results: Matching the agglomeration percentages
plate and other length dimensions are not in any w#&nd particle size fractions across scale
dimensionally consistent going from small- to mediu N Order to test the application of the drying frand
and large-scale. A fluidisation velocity just abotree '€lative droplet size as scaling parameters, a eagnp
bottom plate at 3.3 m/s correspond idmto 93 nihr  ©f 18 different fluid bed coating experiments (6eiach
in the Strea-1 set-up, 270%m in the MP-1 and 680 scale)_ was set up. An overview of the different
mP/hr in the MP-2/3 set-up depending on the exaet inl €XPeriments may be seen from table 1.
temperature. . .

In the present studies, the relative droplet sizes WTabIe_ 1 Schematlc overview of_ se_Iected results from
kept constant during scale-up as the nozzle pressas (1€ Six scaling experiments (* indicates that tioeec
kept constant at two distinct levels (1 bar or 3)ba material was glass ballotini in that scaling expemnt).
each scale and the liquid feed rate to the NOZZjER NN YNSRI UL RN o L
controlled and fixed at the tube pump in order tqEEESE RS ey Ry e U P L 2

. . . . kPa) test
maintain a constant relative droplet size acrosdesc All within 2 x Std.

Balance

Air distribution
plate

Even though the nozzle diameter of 1.2 mm wap A 3.5:10° 12 dev. (~ 1 %) 0.07
identical and the nozzle pressure identical intlke B’ 35.10° 12 AllwithiHZXOStd- 0.59
scales, the airflow in g/min and liquid feed flow i oﬁgé({fgf)dev
g/min were not identical as the flow of nozzle aijf € 24.510° 12 36-490) 002
naturally is larger, the larger the fluid bed scale b 3510 85 Allwithin 2 x Std. 1
Initial experiments had to be conducted in order t ' i dev. (~ 1 %) i

determine the airflow through the nozzle for diéet E 3.510° 6 O“tSic;e 23’3‘ itd' dev.
nozzle pressures without connecting the liquid feeq - S A”v(vm;inz)f)sw_

This was done by connecting a simple household gdgs- F 24.5-10 12 dev. (~45%) 048

meter to the nozzle outlet and then measure tliiewir
rate versus the nozzle pressure. The relative dtopl For each batch an agglomeration percentage was
parameter was kept constant across scale as followetermined and &’ test was performed on the particle
Knowing the airflow rate through the given nozzteaa size fractions within that scaling experiment. Avgdue
given nozzle pressure, the value of the relativepldt above 0.05 from such a test indicates that on a 95%
size from the small-scale fluid bed was kept camstaconfidence interval the particle size fractions are
during scaling by calculating the liquid feed rate similar. In terms of the agglomeration percentapeas
g/min necessary to achieve an identical relativapldt seen from repeated sieve analysis that the standard
size in the medium- and large-scale. The tube pwagp deviation was 0.82 % thereby indicating as a common
thereby adjusted and fixed at this value throughbat rule of thumb that different batches having
coating experiment. With given choice of dryingder agglomeration percentages in the range of + 1.6#ré6
value and the choice of bed temperature, only et i not statistically different.
temperature was changed in each experiment in éoder  There are many interesting things to extract from t
match the drying force and relative droplet sizéuga results in table 1. Going horizontally in table ithin
across scale. each scaling experiment, the drying force as welihe
relative droplet size is maintained whereas eitivex or
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both of these parameters are changed going in tBhowing the particle size fractions from scaling
vertical direction. Comparing scaling experiment @, experiment A

and E, in which only the relative droplet size aen

kept constant, it becomes evident that there EaiON  S5iepees empmdicaions cqusrsmatscaerat @asy

between the drying force and the agglomeration

tendency, but that the relation is not in any wiagadr. - i

E.g. has the drying force been reduced from ardithd oso ] | Mmoo

in experimentA to around 8.5 in experiment D whereas o0
the agglomeration percentages are not statistically o -
significant different. When further reducing theyidig o

force to around 6, the agglomeration tendency as®e

significantly. 010

These tendencies are qualitatively all in accordanc
with expectations as it is reasonable to expechérig
agglomeration tendency with decreasing drying force
With decreasing drying force the coating dropleiff w
dry slower leaving the coating layer wet for a leng
time on the cores surfaces, again increasing tamazh
of liquid bridge building between particles resodfiin
solid bridge bonding formation upon drying and #i®r
permanent agglomeration. "

The influence of the relative droplet size on
the agglomeration tendency may be observed from thégure 3. RRSB-plot (Rosin-Rammler-Bennet-
comparison of scaling experiments A and C. Goingperling) of particle size fractions from scaling
from experiment A to C, the relative droplet siz iexperiment A.
roughly increased seven times whereas the
agglomeration tendency is increased more thanythirt  Interestingly, the best results are found with the
five times. This tendency is qualitatively in actance glass ballotini core experiments in scaling expentrB
with expectations. With the increased relative ¢#bp and F. Here the tendency of agglomeration is cjosel
size, the actual droplet size is increased as weteproduced across scale and the p-values are fareab
although not as much as seven times. With increase5 indicating high reproducibility of the partickize
droplet diameter under similar drying force corwfi$, fractions. This is in accordance with expectatianghe
the larger droplets will remain wet for a longemé glass ballotini cores in many ways may be seerhas t
thereby increasing the chance of liquid bridgedinly ideal core material. Besides being almost perfectly
between particles and thereby increased chance fherical, glass ballotini cores are furthermoren-no
agglomeration. porous meaning that issues such as droplet peioetrat

Comparing the agglomeration tendencies withimlewatering of droplet solvent and more is not kel
each scale in experiment A, D and E as well as interfere with the tendency of agglomeration in shene
experiment A and C indicates that process contmol icomplex manner as it may be the case with sodium
terms of either drying force alone or relative detfsize sulphate cores. The comparison of scaling expetishen
alone may not seem as a successful choice as thigh B and experiment C with F indicate howeverttha
agglomeration tendency within each scale cannot ke agglomeration tendency is fairly similar on an
maintained in terms of fixing either of these pagsens overall level whether the core material is sodium
alone. Next is to determine whether or not &ulphate cores or glass ballotini cores. The soraéwh
combination of the relative droplet size and thgirdy  smaller agglomeration tendencies in the medium- and
force may be applied for successful up-scaling. large-scale experiments in experiment C compared to

A quick horizontal overview of the agglomerationexperiment F could indicate that possible droplet
tendencies from the six scaling experiments, arel tipenetration into the sodium sulphate cores coudditre
corresponding p-values from thé tests, indicate that in decreased tendency of agglomeration in accordanc
successful scaling is achieved in scaling expertrden with other experiments by Hede (2005).

B, D and F all having agglomeration percentages far Two scaling experiments C and E are statistically
inside the = 1.64 % range within each scalinginsuccessful as the agglomeration percentages are
experiment and furthermore, all have p-values abouseyond the + 1.64 % range. Likewise are the p-\walue
0.05. This means that not only are the cut-off alu from they? tests below the 0.05 limit although scaling
corresponding to the agglomeration percentagesperiment C is not far away with a p-value of 0.02
matched across three scales but in addition, ffereint  both cases the agglomeration tendency is largestein
particle size fractions are identical on a 95 %fictamce small-scale indicating that, with identical proceswd
level. This may also be visualised in a Rosin-Raenml formulation conditions, the small-scale fluid bediore
Bennet-Sperling- plot as it may be seen from fig8re prone to agglomeration. The reasons for this cdngd

[l
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the fact that the temperature is less uniform witthie possible chance of chipping off flakes of the cwati
bed the smaller the scale, as the heat loss irecesp layer upon granule impact. This is yet to be tested
the particle bed load is much higher the smaller th
scale. Conclusion

The scaling experiments C and E are characteris€&h an overall level, the successful up-scaling ayf-t
by having a combination of a high relative drogiete spray fluid bed coated particles by 48 times inghei
and high drying force and a combination of a lowidg from the small-scale over medium-scale to the large
force and low relative droplet size respectivelyiath scale fluid bed is a significant achievement. Nist the
means that the experiments could be in the exteards tendency of agglomeration was repeated but also the
of the plausible range of the drying force andtieéa nine particle size fraction classes within eacltiatere
droplet size parameters. This could explain whys¢he reproduced across scale. Although two of the sitiisg
two scaling experiments are not successful while thexperiments were statistically unsuccessful, aedrty

others are. illustrates the limitations of the drying force aradative
droplet size as universal scaling parameters, ¢taéng
SEM studies of coating layer morphology results presented in this paper are most promiging

The effect of the relative droplet size and therd¢hy terms of maintaining particle size fractions acrssale
actual average droplet size on morphology was éurthduring top-spray fluid bed coating. The best resulére
studied by comparison of SEM pictures from scalingchieved with non-porous highly spherical glass
experiment B and F in which only the relative deipl ballotini cores but also statistically sound saoate-
size was changed in the medium-scale glass ballotiresults were achieved with commercial sodium sufpha
core experiments. As observed from figure 4, tHeatf cores being potato-shaped and slightly porous.
of increasing the relative droplet size seven times The results presented in this paper suggest that tw
which corresponds to an increase in actual averagarameters are kept constant during scale-up: Adry
droplet size around five times from roughlyub to 41 force parameter combining bed temperature with
um estimated with the use of a standard equation foumidity conditions inside the fluidisation chamber
two-fluid nozzles adapted from Masters (1972), isluring steady state coating conditions, and a ivelat
unambiguous. droplet size parameter relating the liquid nozzaed
rate to the nozzle airflow. The present scale-up
experiments thereby focus on nozzle conditions el w
as temperature and humidity conditions during capt
both properties known to be of major importance
regarding agglomeration tendency and coating layer
properties. The paper further propose that nozzle
conditions are fixed throughout the coating procass
that conditions inside the fluidisation chamber are
adjusted only in terms of the inlet air temperature
Studies of coated granules in SEM and by visual

=Tt oo

Figure 4. Effect of relative and actual average

droplet size on coating layer morphology. Left) microscopy showed similar coating morphology across

Coated glass ballotini core from scaling experiment  scale when the drying force and the relative drogitee

B. Right) Coated glass ballotini core from scaling were kept constant. This gives reasons to beliaaé t

experiment F. the mechanical properties are well reproduced acros
scale as well.

Although both granules in figure 4 have relatively  Scale-up in terms of combined drying force and
smooth coating surfaces, droplet footprints may beelative droplet size is a new scale-up proposal an
observed in both cases. As no droplet penetratias winvolves focus on the particle-level scale as vasllon
possible into the non-porous glass ballotini cotbg, the unit-operation scale. The principles preseimetiis
effect of droplet size on morphology is easily d&td paper provide simple engineering principles for
in figure 4. Corresponding to the increase in depgize successful scale-up and may be seen as an important
going from the left to the right in figure 4, thadii of first step towards the quantitative scale-up of$ppay
the footprints are significantly larger on the tigthoto. fluid bed system.

Although the large droplets in the right photo have

spread to some extent on the ballotini surface tteaye Acknowledgements

not have had sufficient time to merge homogenouslyhis Ph.D. project is partly funded by NovozymeSA/
together before complete drying. The result of fieluet The Author is a member of the Novozymes
larger droplets impacted on the core surface iartle Bioprocess Academy as well as the MPGraduate
observed in form of craters that make the coatiygd School in Chemical Engineering

appear as a lunar landscape. Such uneven coatipg ma

very well result in poor mechanical properties with
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Particle Dynamics in Monolith Catalysts

Abstract

Emission of nitrogen oxides from pulverized coamtmstion is a major environmental problem todaye Tiost

used methods for reduction of nitrogen oxides m flne gas from coal fired power stations is SélecCatalytic

Reduction (SCR) of nitrogen oxides with ammoniaezhicing agent. A major problem with using the S@&cess
is the risk of plugging and erosion/attrition oétmonolith catalysts because of fly ash and padiat the flue gas.
The objective of this Ph.D. project is to develomadel that in combination with Computational Fliidggnamics

can simulate the degree of plugging in monolittalyets with flue gas containing high dust load. Tinedel should
be a function of particle properties, gas velositiangle of incidence to the monolith, and geometrthe catalyst
and character of the surface.

Introduction Reduction (SCR) of NOwhere ammonia (N§J is used
The formation of nitrogen oxides (NP during as reduction agent. Figure 1 shows an illustratbm
combustion processes takes place partly because high dust SCR reactor with monolithic catalystseTh
reaction between oxygen and nitrogen in thglobal reactions for the process are:

combustion air and partly because of reaction betwe

oxygen in the air and nitrogen in the fuel. Thenfation 4NO+4NH;+0, — 4N, +6H,0

of NO, is an unwanted reaction because it contributes to

acidifying the rain water and also is unhealthy for
human beings. 6NG, +8NH; — 7N, +12H,0

The products are free nitrogen JNand water (KHO)
which are harmless for the environment.

Monolithic
catalysts

Figure 2: Picture of Haldor Topsge DeNOx SCR
Catalyst.

Figure 1: lllustration of a high dust SCR reactor with  Industrial catalysts in general consist of vanadium
monolithic catalysts. and wolfram (MOs/WO;) dispersed on a titanium oxide
(TiO,) carrier. Figure 2 shows a picture of a Haldor

The most used methods for reducing,N®the flue Topsge DeNOx catalyst. The high dust zone in the

gas from coal fired power stations is SelectiveaGaic ~ Stationary power stations is usual preferred for placing
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the SCR reactor. The operating temperature in ihe h Chemical Engineering at DTU. Experiments at Haldor
dust zone is in the range from 300 to 4@ and the Topsge will be carried out with a plugging pilottvthe
pressure is atmospheric which is ideal for thelgtita objective of investigating fly ash deposition in madith
activity. The content of NQin the flue gas is typical catalysts as a function of different fly ash typesiticle
about 300 to 700 ppm and N©an thereby be reduced concentration in the gas flow, the linear gas vigyoand
by up to 80 to 90% over the SCR catalyst with aangle of incidence to the monolith. At DTU detailed

ammonia slip of around a few ppm.

experiments with deposition of aerosols in a single
channel

will be carried out and based on the

A major problem with using the SCR process undegxperimental results numerical models for the degre
high dust conditions is the risk of plugging anddeposition and plugging will be developed. Differen

erosion/attrition of the monolith catalysts becaakéy

numerical software tools e.g. Fluent and Comsol

ash and particles in the flue gas. The contentyoish Multiphysics will be used in this Ph.D. project.

formed by the combustion processes is usually about

20 g/Nm? [1]. Monolithic catalysts are generally References

designed as a collection of catalytic channels aiiee 1.
flue gas flows parallel to the wall to minimise ttigk of
plugging. Despite of regular soot blowing it is ebsed
that a major part of the channels in the catalyisige 2.
been deactivated due to plugging. The plugging lman
minimised by using larger channel diameters but 3
consequence of that is that the catalyst volumddas
larger to obtain the same conversion which makes tH#.
reactor more expensive. One of the main desigerait

is that they should be able to operate under heagy 5.
load and be compact to reduce cost and at the gsamae
function effectively without plugging. 6.

Objective 7.
To meet these design criteria it is necessary \aith
fundamental study of the particle dynamics in mithol 8.
catalysts to understand the mechanism that casgoain

fly ash and particles to the surface of the catalyke
transport can depending on the size of the pastibke
due to thermophoresis [6], Brownian diffusion [7],
particle inertia, aerodynamic forces [2], buoyanmy
turbulent diffusion [8]. The objective of this Ph.D
project is to develop a model that in combinatiaithw
Computational Fluid Dynamics (CFD) can simulate the
degree of plugging in monolith catalysts with flgas
containing high dust load. The model should be a
function of particle properties, gas velocitiesgkenof
incidence to the monolith, geometry of the catabysd
character of the surface.

Conclusion

Today there exist a lot of models in the literatfoe
transport of particles and aerosol in duct flowluigling
deposition of these. It is also possible to use @&D
simulate transport and deposition of particles and
aerosols in turbulent gas flow [3,4]. There alsdsex
CFD models that can simulate the performance of the
SCR reactor down stream in coal fired power station
regarding pressure loss, temperature and mixing of
chemical species [5]. But none of these models take
deposition and plugging into account in the chanioél

the monolithic catalysts.

Future work

Experimental work during this Ph.D. project will be
done both at Haldor Topsge and at Department of
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SO, Emission from Cement Production

Abstract

SO, emission from cement production by the dry prodéessdten a problem for cement manufacturers. Ciaaaof
pyrite contained in the raw materials, usually eiént types of limestone, clay and shale, in thdonye preheater
used in the dry process is the main source of f&@nation. The emission level of $@ determined by the
formation of SQ by the oxidation of pyrite in the raw materialslahe subsequent absorption of the formed GO
the limestone particles.

The oxidation of pyrite is significantly influencelly reaction conditions such as temperature, oxygen
concentration and particle size, and may take placelirect oxidation or by a two-step process {fitsermal
decomposition of the pyrite and then subsequentiadiin of the formed pyrrhotite) depending on riact
conditions. In the cyclone preheater, the pyritdiiectly oxidized in the first stage cyclone (thee on the top), but
may be oxidized by the two-step process in thersbstage cyclone.

The sulfation of limestone in the cyclone preheasethe direct sulfation. The direct sulfation @héstone
involves nucleation and crystal grain growth of #udid product (anhydrite), and is usually undekexi control by
both chemical reaction and solid—state diffusiohe ™irect sulfation of limestone can be enhancedhbseasing
solid—state diffusion by the addition of additissh as various alkali metal salts and GacCl

Introduction stage underneath. The flow in the preheater is
Today, the dry process is the dominant processoncurrent in each cyclone, but count current inegal.
technology used for cement production due to it¥he raw meal is typically heated up from about 350
superior energy efficiency. In this process, rawo about 1073 K before it enters the calciner. Tihe
materials are first milled to the required partisiee and gas is cooled down from about 1173 K to about 573 K
mixed to form raw meal (homogenised mixture of raw

material powders). The raw meal is then preheatea i . e

cyclone preheater through direct heat exchange tvéth = =&l B fuel

hot flue gas from the rotary kiln and/or the cadrin .
After preheating, the raw meal passes first throtigh

\J 1. Raw meal feed
1 478°C 2. Exhaust gas
é‘/, '4% 3. Kiln gas by-pass, if any
. . . . . y 4. Clinker
calciner, where limestone in the raw meal is c&din = w«c ,h;_" £- 5. 1Gin birner
The calcined raw meal goes then into the rotarmy, kil @‘\, e
J ;ﬂ:’ . Tertiary air duct damper
4. Cooler excess air
<

where the calcined raw meal is burned at hig _
temperatures to form cement clinker. The forme( sce |

clinker is then cooled down and milled to produicelf % J

cement products. 1 JG

Figure 1 illustrates an in-line dry kiln system hvia \ EET y -

preheater consisting of 5 cyclones (the upper 4oogs R e [T

are used for preheating). - e [
In each stage of the cyclone preheater, the raw me treet:

particles are suspended in the up-going and hetdas Figure 1: lllustration of a 5 stage cyclone preheater.
in the riser in concurrent flow and heated up. Fhéd
phase is then separated in the cyclone and eriters t
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S(9+2Q(9 - 25Q( ¢

Oxidation of pyrrhotite:

2FeS (s )+ (1.5+ 2XYQ (9~ Fe O( ¥ 2 xSA
3FeS(s)+(2+3XYQ(9- Fe X sk 3 xSQ )

Cement production uses different types of limestone
clay and shale as raw materials. These raw maieaial
all minerals, and contain often a few percent ofitpy
(FeS). During the preheating process in the cyclone
preheater the sulfur contained in the pyrite istipar
oxidized to S@ by the hot and oxygen-containing flue | sjtuation B the pyrite is also oxidized by the two-
gas from the rotary kiln and/or the calciner. R#frthe  step process as in situation A. The oxidation ef th
formed SQ is absorbed on the limestone particles in thgyrmed pyrrhotite takes place now alongside the gas
raw meal. The rest is released into atmosphere théh phase oxidation of sulfur gas before the completibn
flue gas, and is the main source of,Sfnission from  the decomposition of the pyrite. This situation caour

cement production. The emission level of ,Sfiom

when the reaction temperature is not very hightaed

different plants can vary from a few hundred ppm t@xygen concentration is relatively high. The ovieral
several thousand ppm depending on the pyrite coiten reactions are the same as in situation A.

the used raw materials. It is desired that thisssion is

In situation C oxygen is in direct contact with the

reduced as much as possible in the benefit of iettgyrite core. The pyrite is now oxidized directiyhis

environment.

Specific Objectives

In this project, a comprehensive literature sunisy
performed concerning the oxidation of pyrite atvated
tempweratures; the sulfation reaction between liores

situation can occur when the reaction temperatutew
(often lower than about 800K) and the oxygen
concentration is high. During the direct oxidatismall
amounts of iron sulfates may be formed. This ve#ult
in a denser product layer since the molar volunfes o
iron sulfates are much higher than those of iroid@es

and SQ are studied in laboratory scale reactors witfhis dense layer will restrict the inward diffusiofthe
and without addition of ad_dltlves. The main puUrp@se oxygen and the outward diffusion of the sulfur gasd
to get better understanding of the mechanisms amgen influence the overall oxidation process. Thebe

kinetics of the oxidation of pyrite and the sulfetiof
limestone in a cyclone preheater—like environment.

Oxidation of Pyrite

The oxidation of pyrite in an oxygen-containing
atmosphere is complicated. Three different situetio
can occur depending on the reaction conditiong 3,
4, 5] as illustrated in Figure 2:

Gas phase containing
oxygen

Pyrrhotite layer

Oxidized layer Ocxidized layer

Particle surface
Pyrite core

‘ Situation B ‘ ‘ Situation C ‘

Figure 2: lllustration of pyrite transformation in an
oxygen-containing atmosphere.

‘ Situation A ‘

In situation A the oxidation of pyrite takes place by
a two-step process. The pyrite undergoes firshtiakr
decomposition to form pyrrhotite (iron sulfideslower

process can be represented by the following overall
reactions:

Oxidation of pyrite:
2FeS(9+55Q(9~ Fe (B4 SA@ )
Formation of sulfates:
Fe,O(9+3SX 9+1.5Q( 9= F& SO()
FeS+3Q= FeSQr S

Which kind of situation occurs in practice will
depend on the relative rates of the transport gfer to
and into the particle and the thermal decomposition
pyrite under given conditions (the oxidation offaul
gas can be assumed to be infinitively fast). The-step
process will take place if the rate of the oxygen
transport through the gas film and the productdaye
toward the interface of the unreacted pyrite cere i
slower than what is needed for the oxidation of the
sulfur gas generated by the decomposition of thigepy
In this case, the oxygen will be consumed before it
reaches the interface of the unreacted pyrite doirect
oxidation of pyrite will take place if the rate oxygen
transport through the gas film and the productiaye

sulfur content, Feg 1< x < ca. 1.2) and sulfur gas. The ¢agter than that needed for the oxidation of theased

formed pyrrhotite is then oxidized subsequentlgmaft
the decomposition process is completed. This sitmat
can occur when the oxidation of the sulfur gasidets
the particle is able to consume all oxygen durisg i
diffusion to the particle surface. This is normélhe
case when the reaction temperature is high andéor t
oxygen concentration is low. The whole processhzn
represented by the following overall reactions:

Pyrite decomposition:
FeS($= Feld )s+(1-0.5 X,§ )
Oxidation of sulfur gas:

sulfur gas. In this case, the oxygen is able tchrehe
interface of the unreacted pyrite core.

Recent investigation [6] shows that in a cyclone
preheater-like environment, the oxidation of pyrite
contained in shale is strongly influenced by terapee,
oxygen concentration and flow condition, and become
significant at a temperature that is higher thauad
623K. The formation of SQOs observed to be reduced
significantly with the increase of the oxygen
concentrations at temperatures lower than abolK673
probably due to the formation of sulfates. The tayi$
most likely directly oxidized (as in situation @) the
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first stage cyclone as the temperature in thisesisg
normally much lower than 800K. In the second stage,
the oxidation of the pyrite may take place by the-t
step process as the temperature in this stagéeis of
higher than 800K. Oxidation by the two-step prodsss
more likely to occur with smaller particles in treav
meal due to the faster heating-up with small pisic
than with large particles.

Absorption of SO, on Limestone

Limestone (CaCg¢) is one of the most important and
basic ingredients for Portland cement production
Limestone is fortunately also a sorbent of ,S@ the
cyclone preheater, calcination of the limestonesduost
take place because of the relatively higher, @@rtial
pressure in the flue gas. The sulfation reaction
therefore the so-called “direct sulfation reactiowhich
can be represented by the following overall reactio

SO 9+ ( 9+ CaCq( k- Cas@)s GO)

Experimental results show that the direct sulfatién
limestone involves nucleation and growth of crysta
grains of the solid product (anhydrite) [7], which
illustrated in Figures 3-5. Figure 3 shows the aoted
surface of limestone (Faxe Bryozo). Figure 4 shives
formation of nuclei/crystal grains of anhydrite at
relatively low conversion. Figure 5 shows the litoes
surface that is covered by crystal grains of anitgdit a
much higher conversion. The nucleation and growgh af
orientated—the nucleation/growth of the solid praducs:
crystals only take place at certain lattice sidesaicite [ . A
where lattice sizes of anhydrite and calcite chpsel ™ 5 ate s Do iehd™®
match each other and grow at certain directionsbse

of the direct lattice connection between anhydaitel T '9ure 5: SEM image of Faxe Bryozo surface sulfated
calcite. at 973 K for 10 min.X= 4.5 %) showing well shaped

and orthorhombic anhydrite crystals covering the
limestone surface

Gignal A = SE2 Date :18 Nov 2004
WD= 5mm Photo No, = 767 WD= S5mm

- I e
Figure 4. SEM image of Faxe Bryozo s

urface sulfated

t 873 K for 10 min.X= 0.5 %) showing the emersion
of crystal grains of the solid product—anhydrite

The entire sulfation process can be divided into tw
stages. The first stage extends from the starthef t
sulfation reaction to the initial nucleation of tfemed
solid product, since for the nucleation process to
proceed, the sulfate concentration at the surfasehas
to reach a critical level for the formation of d&b
nuclei. The second stage involves further sulfation
nucleation and growth of the formed nuclei. A thin
layer, possibly a solid solution of the formed pwotd

sl g Dao 1 Nov 204 @ anions in the parent structure of calcite, mayteaighe
surface of the unreacted core. This thin layer asta
kind of parent layer for both the nucleation ane th
Figure 3: SEM image of unreacted surface of Faxe  subsequent growth. The surface of the parent liaytbe
Bryozo gas—solid reactant interface as well as the readtant
for the sulfation reaction. The formed sulfate i¢8€,*
) diffuse in solid—state through/across the palayer to
the root of the product crystal grains and feed the
growth process. Carbonate ions (EPdiffuse in solid—
state to the gas—solid reactant interface to ppate in
the reaction. Figure 6 is an illustration of theoqgess
occurring in the second stage.
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co, §0,,0; Increase of solid—state diffusivity solely in thelid

Crystal grain of the I l Crystal grain of the reactant results in the formation of relatively gar
product product . .. .
Reaction front individual and well shaped anhydrite crystals asasn
Figure 8.
Pa_rent Iayer_for :
nicieation ard g Co , SO .5
The unreacted core Ca?, CO~

Figure 6: Schematic illustration of the sulfation process

The whole sulfation process consists of 5 sequentit
steps, i.e. gas phase diffusion, pore diffusiomngical
reaction at the gas—solid reactant interface, setate §
diffusion and nucleation and growth. At lowerf
conversions, the sulfation process is most liketgar
mixed control by solid—state diffusion and chemica '

reaction, which explains most of the kinetic bebayi = . =i
of the direct sulfation of limestone. Figure 8: SEM image of Faxe Bryozo particles doped

with CaC} and sulfated at 823 K for 30 minutes

The direct sulfation of limestone can be signifityn
enhanced by increasing solid—state diffusivity iy t ~ The direct sulfation of limestone can be signifityn
addition of additives such as alkali metal saltaCg €nhanced by HCl in the gas phase. The enhancement i
and HCI [8]. related to the formation of CaCby the chlorination
Alkali metal salts enhance the sulfation process bigaction of limestone and the formation of a meke-|
increasing solid—state diffusivity in both the soli Product layer. The formation of the melt-like protu
reactant (calcite) and the solid product (anhydiritde layer is directly related to HCI in the gas phase.
increase of solid—state diffusivity in the solidactant
results in the formation of fewer but larger
nuclei/crystals of the solid product, while thersfigant SO Emission from the Cyclone Preheater
increase of solid—state diffusivity in the solidoguct In @ cyclone preheater-like environment, the sidfabf
Crysta|s causes the product Crysta]s to lose thmimal limestone is very slow at a temperature lower thbout
orthorhombic form and coalesce easily. A progressiv823K. This means that the absorption of the &@med
covering of the surface of limestone particlesfgsaby DYy the oxidation of pyrite is ineffective in thed two
the coalesced product crystals takes place dutieg tStage cyclones, particularly in the first stagelaye.
sulfation process. Figure 7 shows the SEM image dfhe emission of SOfrom the cyclone preheater is thus
NaC|_doped and sulfated limestone surface as %result of the combination of the fast oxidatidntioe

representative example for alkali metal salts. pyrite contained in the raw meal and the relativatyw
absorption of the formed S@n the limestone particles

in the raw meal in the first two stage cyclonese BQ
emission from the cyclone preheater may be redbged
for example, the addition of alkali metal saltghie raw
meal to enhance the absorption of ,S@h limestone
particles in the first two stage cyclones.

Signal A = SE2 Diate 28 Fob 2006 {:kweﬂhklnm ki
Phata No. = 1716 Time £40:30 Fiam o TR
a g B

Conclusion
In the cyclone preheater, the pyrite containechenraw
materials is probably oxidized directly in the fistage
cyclones, but by the two-step process in the second
<7 . : stage cyclone.
iEmiines BRSNS WEROMC .., The direct sulfation of limestone involves nucleati
: : - and crystal grain growth of the solid product (afitg)
Figure 7: SEM image of NaCl-doped Faxe Bryozo  and is usually controlled by both chemical reactionl
particles sulfated at 873 K for 10 minutes (conveTss  gglid—state diffusion.
4.4 %) The emission of SOfrom cement production is
mainly caused by the fast oxidation of pyrite camd
) ) _in the raw materials and the relatively slow siudfatof
CaCl enhances the sulfation process by increasinge |imestone particles in the first two stage ogels of
Only solid—state d|ﬁUS|V|ty in the solid reactdnalcite). the Cyc'one preheater because Of the relative|y |0W

Zone Mag = 10000 <31
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temperatures in these two stage cyclones. The mmiss
of SO, from the cyclone preheater may be reduced by
addition of additives which can enhance the sulfati
process by increasing solid—state diffusivity.
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Upgrading of Microbial Biomass for Recovery of Valable Products

Abstract

Lipoteichoic acid (LTA), a cell wall component ofost gram-positive bacteria, has been reporteddode various
inflammatory mediators and to play a key role imrgrpositive-microbe-mediated septic shopkl,3-Glucan, a
major component of yeast cell wall, has also att@a@ttention due to bioactive and medicinal proger The
purpose of this project is to explore a mild andiemment-friendly approach for the recovery of LBhd3-1,3-

glucan from industrial biomass waste. In the meadlewit is necessary to establish relevant anadytinethods to
characterize the product structure and biologicapprties. Further work may be required to modHg product
properties by using specific enzymes.

Introduction glucan is the cell wall of yeasts, particularly tife
Lipoteichoic acid (LTA) is a cell wall componentuiod baker's and brewer's yeaSaccharomyces cerevisiae
in most gram-positive bacteria. It is an amphighili [7]. A large number of different methods were repdr
negatively charged glycolipid. LTA has becomefor the isolation of yead-1,3-glucan [7]. Most of them
increasingly considered to be an important pathegense hot alkali, acids or a combination of both, ckihi
associated molecular pattern capable of stimulatingay lead to a strong degradation of the glucoséncha
innate immunity and responsible for gram-positiverherefore, there has been a need for a mild iswiati
bacterial sepsis [1 Although LTA was discovered 36 process, in which the native structurefet,3-glucan is
years ago [2], there is yet no standard proceduréhe maintained, while the undesirable components like
preparation of this biopolymer. Traditional methodsrotein, lipids and other polysaccharides are regdov
adopted from lipopolysaccharide purification aresdzh Novozymes has a significant interest in investiggti
on extraction of bacteria with hot or cold aqueoustructure-function relationships with regard to iome
phenol [3]. When adequately purified, phenol-extedc modulating properties of LTA andp-1,3-glucan

LTA turned out to be essentially inactive in indi@i eventually in conjunction with other cell constitte.
cytokine release as a measure of immunostimulatory

activity. It was found that LTA was degraded and th Specific Objectives

residues, eSpeCia”y D'-alanine substituents, west | The first Objective of this project is to design ap-

after the phenol extraction [4]. Recently Mora&hal.  scalable, environment-friendly down stream prodess

isolated LTA from Staphylococcus aureusy butanol e recovery and purification of LTA and yedstl,3-

extraction, in which the D-alanine substitutionstioé glucan.

polyglycerophosphate (Gro-P) backbone were preserveé  The second objective is to establish a simple and

[4]. The h|ghly purified LTA could efficiently stimlate rgjiaple analytical method to quantify the conterit

moncytes via TLR2 to produce TNF{5]. LTA and yeastB-1,3-glucan, which is crucial for the
B-1,3-Glucan is another interesting biopolymetyaluation of each recovery step.

which has a wide variety of uses in the chemiaaddf  The third objective is to determine the chemical

and pharmaceutical industries. In the last decatlBas  giyycture of recovered LTA and yedstl,3-glucan, and

humans and animals such as immune-stimulating; anfingjytical methods.

inflammatory, cholesterol-lowering, radioprotective
and wound-healing [6]. One important source3ef,3-

107



The last objective is to modify the product struetu Acknowledgments
by applying pre-selected enzymes, and to investiteg The PhD project is financed by Novozymes Bioprocess
structure-function relationship. Academy, the Graduate School MPin Chemical
The whole approach to the project rests on thEngineering, and the Technical University of Denknar
following hypotheses:

1) '_I'hat microbial cells left over from industrial Type I Lipoteichoic Acid (LTA)
production of enzymes and other product:
harbor components that may find use as specif ‘ poly (Gro-P) HgIYCOIiPiﬂ |

biomedical substances, food supplements or

. . R A. glycolipid anchor
(functional) food ingredients. P

2) That enzymes may aid in releasing the valuab ;;:o .
compounds or in removing undesired substances fro e E : . NP
the microbial cells for the valorization of the mabial o \/‘b\f"q(v\/vvwv
cell substances. °
B. poly (Gro-P)
LTA and B-1,3-Glucan Structures X

N ”
&

X
Many LTAs are macroamphiphiles with their glycotipi N g o0 e £ oa, o &
anchored in the membrane and their poly(Gro-P)rcha D\>\/ J \>\/ A O\\F/
extending into the wall [3]. The glycolipid is GRX-
6)Glc(B1-3)(gentiobiosyl)diacyl-Gro in staphylococci, . n
bacilli, and streptococci (Figure 1A). The chaimdéh - substituents (X)
of poly(Gro-P) varies in LTA isolated from differen ‘;_‘nlmyl_ g___g:'i_m“'
bacteria (Figure 1B). Figure 1C shows the side rcha
substituents of LTA. Therefore, the microheteroggne Figure 1. Type | LTA. (A) Glycolipid anchor, (B)
of LTAs is the result of several variables: (1)tyadcid poly(Gro-P), and (C) substituents (X) [1].
composition, (2) kind and extent of glycosyl
substitution, (3) length of hydrophilic chain, ai(d)

degree of D-alanylation [1]. Ho, J\~on
In S.cerevisiaecells, theB-1,3-glucan chains, with a

degree of polymerization of ~1,500 glucose unitaiich on o
have a coiled spring-like structure that confeesgtity % wmf\

OH oH o H04 —Q HOO
and tensile strength to the cell wall [7]. In celll Howmm%
extracts,B-1,3-glucan is found as a branched polyme ~* i o
with B-1,6 interchain links (Figure 2B-1,3-Glucan is
covalently linked to the other wall components: it
nonreducing ends are cross-linked to the reducimds e
of chitin chains through 8-1,4 link; g-1,6- andp-1,3-
glucan chains are attached by a still-uncharaetdriz
link. Some O-mannosylated cell wall proteins are”
attached t@-1,3-glucan via an alkali-sensitive bond.

v{" o@

!

O
o==T7
o=

[}
el

Figure 2. Chemical structure of 1,8-D-glucan with
S1,6-Iinked branches of glucopyranosyl units [6].
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1) Search literature sources for the existiné’ '
purification procedures and the analytical methods;

2) Recover LTA and-1,3-glucan by adjusting the
existing process;

3) Build up the analytical methods, and analyze th
obtained products qualitatively and quantitatively;

4) Recover LTA ang-1,3-glucan with an enzyme-
assisted extraction process;

5) Optimize the purification process in order to
achieve high purity and high efficiency;

6) Introduce pre-screened enzymes to modify the
product structure;

7) Analyze the properties of the enzymatically
modified products.
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Identification for Control — Under Control

Abstract

Optimizing process operation through model basedtrob strategies requires ideally a control oriehte
identification of the plant model. Identificationrfcontrol should be performed under the conditithes process is
operated at i.e. under closed loop control. Idmatifon in closed loop implies an iterative procedwhere the
closed loop performance is optimized. Estimationaoprocess model from closed loop data needs t® tiak
correlation between the process input and the eat@ise signal into account.

Introduction Closed loop identification
The increasing competition on the global market ha& stable feedback connectidi{P,C), consisting of the
rendered optimizing process operation a necessity fpossible unstable systef and the controllelC, will
new as well as existing production in the chemicadue to the controller reject disturbances and traek
industry. Advanced control strategies based on fsodegpoints. The performance of the loop can be evatlate
for a specific process plays an important role hist through some norm of a performance cost function
respect. In particular implementation of model(P,C). In order to excite the system to reveal the
predictive controllers (MPC) in recent years, havelynamics, two external perturbations signals can be
contributed to increase competition capabilitiesttid introduced to the system. The closed loop systeth wi
product supply chain. Control oriented processxternal probing signals is shown on the figure.
modelling is part of the frame work on application
oriented modelling. System identification is anaateat 71

+l+

has received much attention but within identificatfor
control there is still a need for development o, _% C P
systematic methods. ldentification for control imegl L Y. u y

+i+ dy

experiments where the collected data for identiica
are retrieved from a process operated under congol
in closed loop.

] ) The signalr; introduces a deviation from the optimal
~ The benefits and challenges in closed loogyntrol input to the system which will act as a o
identification has been motivated several timeshi@ gjisturbance on the plant input. The second signatts

of the closed loop that is object for the optimi@at therefore be used to move the process around to &pa
[4,7]. Since then several research groups have ewrkyesired region of the output space.

on development of suitable systematic methods for

handling an iterative procedure of closed loogethodology

experiments, model parameter estimation, and e®ancciosed loop identification is an iterative proceslatue
control design. Most existing theory is derivedfioear 5 the influence of the control. The identified mia
time invariant system and extension is not straighhodel is used to design a new controller in order t
forward. This project is devoted to further devel@nt  enpance the performance of the loop. If the perforce

of optimization methods for processes through @ntr gpecifications are not met repeated iterations klve
oriented system identification.
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to be performed according to the following schemglu control design is based op-synthesis. Through an
the performance is satisfactory. iterative procedure, the closed loop performance is
optimized in a robust sense.
e Closed loop experiment

«  Estimation of a plant mode®, A more simple approach is to replace the rbbus

« Implement controlle€;,; based orP, infinity norms in the identification and control sign

«  Evaluation of closed loop performance, with the 2-norm to facilitate_ the pglcqlations. Toauld
(P, Cuo)ll lead to a least squares identification problem and

frequency weighted LQG-control design [8]. This

Identification in closed loop through the iterativedesign does not have the same robust stability or
scheme involves some inherent problems and desi%ﬁ_rformance properties as the infinity norm design.
challenges that needs to be addressed in orderstzee  Given an identified model and the parameter confiee
convergence of the procedure [1]. It must be reguir '€gions, stability and performance can be ensiedlf
that the performance of the control loop is eqoabt SyStems within the confidence region. This approach

better than the performance of the loop for thevipres Wil improve robustness properties but only for
iteration. parametric uncertainty. If the identified modelustuure

is wrong, stability can not be guarantied.
Estimation . ) . )
Three main approaches to model estimation from In the following section a data driven methad be
closed loop data emerge, each with a number 8fesented which does not depend on a identifiedeinod

advantages and disadvantages [6]. of the system.

« Direct identification Iterative Feedback Tuning
« Indirect identification Th|s_ method of iterative performance enhancemegsdo
. Joint input/output identification not include an estimate of the process model. &sich
idea is to formulate a cost function and use an
optimization algorithm to minimize this cost furani
with respect to the controller parameters. Evatregtiof
the partial derivatives of the cost function wigspect
to the controller parametersp, are based on
neasurements taken form the closed loop system. The
glgorithm was first presented in [5] and have sibeen
extended and tested in a number of papers. SeanfP]
[3] for an extensive overview of the developmenttod
&Jethod and for references to applications.

In direct identification {1,y} are used to estimated the
process model as in open loop identification. Theib
principle of not having inputs that are correlateith
noise are violated by this method. A consistentege
is only produced by this method if the data ar
informative and the estimate contains the true rhod
structure. That is really the case in practice.sT¢dn
imply that a very high model order have to be chase
order to avoid bias. The advantages of the dire
estimation is that it is simple and applicable rdtgss

whether the controller are know and its complexity. v

r - 4+ u - 4y o+
In the indirect identification a model is estited —| € C & o y

using {r,y} which prevent the problem with
correlations. Given this estimate of the closedblen
estimate for the process is deduced using knowledge (8
the controller. This method will work if the conlier is
known. It also requires a linear control withoupun
saturation and anti wind up, otherwise these effean
be transferred to the estimateRof

Given a description of a closed loop system as
depicted on the figure above, where the two degfee

L . . , freedom controllerC = {C;, C;}, is implemented on the
The joint inputioutput identification estimatéhe giscrete linear time invariant syste@®, the transfer
transfer from the excitation signaisto bothu andy.  f,nctions are given as:

The system model is then equal the ratio between th
two transfer functions. The joint input/output medh C.G 1
can be utlized even for a system containing a ¥
unknown nonlinear controller.

= (','.b,f,'.‘r + T (—‘_l..f.'-‘t. =Tr 4+ Swv (1a)
C. c, o -

o u = —— T — — v =5C,r - 5C,uv
Approaches to closed loop optimization 1+ 0,6 1+ 0,6
In order to ensure a robust control design basedron (1b)
estimated model, it is necessary to estimate both a
nominal model and its uncertainty set. In the thési \herer is the reference value for the measuremgnts
de Callafon, [1], this is done by fractional iddieation s the actuator variable andis a noise signal for the
through the dual-Youla parameterization and robuslystem which is presented in deviation variabBand
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T are the sensitivity and the complementary seritsitiv output. The partial derivatives of the in- and auitwith
function respectively. Given a desired referencedeho respect to the controller parameters can be ewduat
for the closed loopTy, the desired response from thebased on equation (1).

loop is given ayy = T4 r. The performance criterion can

then be formulated as a typical quadratic costtfanc Ay 1 ac, 1 ac, .
F(p), with penalty on deviations from the desired omtp 3p ~ C.(p) o Tip)r - C.(p) or Tip)y (5a)
and the control effort. The deviation of the outpig Hu .5‘1.:‘ ’ ac Y
iven as YTy — 22V 8(n) E
9 op = ap SPIT =5 Slely (5b)
Y=y -y

Estimates of these two gradients can be mediu
The optimal set of parameters will then requiret the given data from three separate closed loop expetsne
partial derivative of the cost function with respezthe On the system. The three experiments can be desame
controller parameters is zero and these repregent tfollows:
global minimum given the admissible parameter space

This optimal solution to the minimization probleranc 1. ri=rie. the reference in the first experiment is
be obtained though an iterative gradient basedckear the same as for normal operation of the
algorithm in case where the cost function is convex process.

2. r* = y' ie. the reference in the second

F (p,) experiment is the output from the first

pist=pi — W —5 experiment
. P \ 3. r®=ri.e. the reference in the third experiment
=p;, — B J(p;) (2) is the same as for normal operation of the

process just as in the first experiment.
where R, is a positive definite matrix and is the
Jacobian. The i'th step is then given by= +; R *
J(pi)- In caseR =1 the algorithm steps in the steepest

these experiments gives the following in- and otgpu

decent direction. In case = H(p) or an approximation  Ex. mo 1z y' =T (p}r + S(p)e!

to the Hessian, the Newton or Gauss-Newton algorith u' = S(p) (Cr(p)r — Cy(p)v?)
appearsy; determine the step length and the choicR of ~ Ex. no 2: 3 = T(p)y’ + S(p)v*

andy will thus affect the convergence properties of thi u? = S(p) (Cr(p)y’ — Cylp)v?)
method [5]. The determination of can be evaluated Ex. no 3: * =T(p)r + S(p)e?

using a line search method. u = S(p) (Cr(pir — Cy(piv®)

The key contribution in Iterative Feedback ihgnis
that it supplies an unbiased estimate of the aottion
gradient without estimating a plant model, giveat tthe
noisev is a zero mean, weakly stationary random sign!

The sequence of input/output data form these
experiments ¥ ; u') were iis 1,2 or 3 will be utilized as

[3]. Using an estimate of the Jacobian in equaf®n y=y'—y° (6a)
instead of the analytical Jacobian as a stochas w=ul (6b)
approximation, the method will still make the aligiom 5. 1 9C ac '
converge to a local minimizer, provided that the EE ( Tyt yg) (6e)
estimate is unbiased. Given the cost function 8"” Crlp) \ 9p° 9p '

) ) Gu_ 1 (aqutg_ acyaﬁ) 6)

. 1 s : _ dp  C.lp) \ dp dp
F(p) = 5B 20 4p)" +2) un’mzl (3)
) t=1 =1 It can be seen from equation (6a) and (6b) thafithe

experiments gives the measurement of the deviation
where the minimization criterion is from the desired output and the input which aredede

in the estimate od(p). The estimate of the gradients of
N & N the input and output can be written as
’ 1 N Oy P p
= . y = — y— y——
0=.J(p) NE l; e lp) B + )\; el p) Bp ) o
(4) ai _ @ Sp) (Bf‘r 2 ac, trQ)
2

= v — 7)

dp  dp  Cylp)\ dp dy (7)

it is seen that estimates of the gradients of dievieof du _du  S(p)C,(p) (8C, 2_ 90y o (8)
the output and the control are needed in order = dp  dp  C,.(p) dp v dp ‘

produce an estimate of the Jacobian. Sipces not a
function of the controller parameters the gradieinthe

. ) o . From this result it can be seen that the noiseasi
output is used instead of the deviation from thsiréd g

plays an active part in the optimization of the tcolter
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parameters while only the noise terms from the séco References
and third experiment act as nuisance.
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performance enhancement where data are collected

from the closed loop system. Several approachds exi

for deriving the plant model from closed loop datad

for the methods of consecutive identification and

control design steps.

Iterative feedback tuning is a purely data driven
approach to loop performance enhancement. In & shor
example it has been shown that the closed loop
performance can be improved in very few iteratifors

a settling time problem.

Perspectives

In the future the lterative Feedback Tuning metivit
be investigated with respect to obtain more infdinea
experiments and tested for more complex controllers
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Prediction of Wine Quality from Phenolic Profiles d Grapes

Abstract

Assessment of the phenolic content of red grapas important prerequisite for understanding hoapgrphenolics
impact wine quality. In the search for a rapid aobust extraction method for grapes we have ingatgd the
influence of selected factors on extraction efficig of phenolics from eight different red wine geagultivars. By
applying optimized extraction conditions we fourltatt it was possible to extract an average of 93.%0fal
phenolics and 98.9 % of the anthocyanins from ta@es with only five minutes of solvent contactdinthe future
work will focus on investigating the relation be®vegrape and wine phenolics and applying infraptsoscopy
for rapid measurement of the phenolics.

Introduction these reactions, the relationship between the Grape

Phenolics in red wine are closely related to win@henolic profiles and the phenolic profiles and liqya

characteristics, especially wine color and astmoye of wines is not straight forward. Neverthelessnain

The color and astringency of a red wine play ahypothesis in our ongoing work on grape and wine

important role of wine quality and depends on th@henols is that the phenolics present in the grhpes a

concentration and profiles of the phenolics in Wiae significant influence on the quality of the finisheine

[1]. The phenolics in wine originate mainly frometh and that it may be possible to predict the wineligua

grapes, but also to a smaller degree the oak us#tki from analysis of the phenolics in the grapes

wine production. The overall aim of the PhD study is to unravel the
The two most abundant groups of phenolics foungklation between grape and wine phenolics to be abl

in grapes are anthocyanins and flavanols (figure 1predict red wine quality from the phenolic profile$

Anthocyanins are almost exclusively found in théeou grapes.

layers of the grape skin and are under acidic ¢

highly colored compounds, which are responsible fadBpecific Objectives

most of the color in young red wines [2]. Flavanale A first requirement for quantification of grape

mainly found in the skins and seeds of the grapes apolyphenols is to find an optimal procedure for

are important for both the astringency and the rcolextracting the polyphenols from grapes. The first

stability of wines [2, 3]. objective is to investigate how different extraatio
R. OH conditions affect the extraction efficiency and
OH OH robustness on different grape cultivars. This hasnb
HO 0L, O . WO o O investigated using statistically designed experitmen
O P ' O and used to find the optimal extraction conditidos
0Gle OH future experiments.
OH OH A second objective is to determine the relation
Anthocyanins (R = H, OH or MeO) Monomeric flavanols between grape and wine phenoIiCS. For this purpose
Figure 1 - Structure of anthocyanins and monomeric  Parallel extraction studies on different grape ivals
flavanols. will be compared with wine extractions by applying

. ) ) controlled fermentation conditions.
Due to various physico-chemical phenomena and The Jast objective is to investigate rapid

chemical reactions that occur during wine produttiomeasurement of grape and wine phenolics with nedr a
[4], and the significant influence of various fast®n  mjd infrared spectroscopy.
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Results and Discussion Acknowledgements
The first requirement of a robust and efficienttpoml The Danish ministry of Science and Technology are
for the extraction of grape phenolics has beeacknowledged for their financial support for theject.
investigated for selected parameters in solvent
extractions on grape homogenates. The experimest wReferences
conducted as a full factorial design and the respsn 1. S. Preys, G. Mazerolles, P. Courcoux, A. Samson,
were fitted to a linear model accounting for maida U. Fischer, A. Hanafi, D. Bertrand and V.
interaction effects [5] The response levelsfor all i Cheynier. Anal. Chim. Acta63(2006) 126-136.
observations were estimated in a linear model ef tr2. J.A. Kennedy, M.A. Matthews and A.L.
factor levels (x, x» and %) accounting for main and Waterhouse. Phytochemisthp (2000) 77-85.
interaction effects (equation 1). 3. D.O. Adams. Am. J. Enol. Viti&7 (2006) 249-
256.
Vi =PBo+ BiXs + BaXo + PsXs + ProXaXe + PraXaXs + PasxeXs+& (1) 4. K.L. Sacchi, L.F. Bisson and D.O. Adams. Am. J.
) Enol. Vitic. 56 (2005) 197-206.

It was found, that extraction temperature (20 to 68 p c. Montgomery. Design and Analysis of
°C), aqueous solvent levels of ethanol (0 to 50/% v Experiments. John Wileys & Sons, New York, NY.
and hydrochloric acid (0 to 0.1 M) had a high 5qo1.
significant impact on the extraction efficiency total
grape phenolics (table 1).

Table 1- Impact of selected extraction parameters on
the mean extraction degree of total phenolics a&cros
eight cultivars.

Term Total phenolics (model fit: R= 0.99 )

Prob >F p estimate Std Error
Intercept <.0001 66.49 0.36
EtOH <.0001 18.75 0.48
HCI <.0001 6.69 0.39
Temp <.0001 6.63 0.48
EtOH*HCI 0.446 -0.37 0.48
EtOH*Temp 0.425 0.48 0.58
HCP*Temp 0.367 0.45 0.48

These findings were used to design an optimal
extraction protocol. Using 50 % v/v acidified aqueo
ethanol (0.1 M HCI) and a 1:1 ratio of solvent ragg,
we found that it was possible to extract an averaige
93.5 % total phenols and 98.9 % of the anthocyanins
from the grapes with only five minutes of solvent
contact time at 40 °C. The protocol allows high
extraction of grape phenolics with an acceptable
standard deviation across different cultivars @ad).

Table 2 - Fast extraction of grape phenolics.

Mean Relative

extraction standard

degree deviation

Anthocyanins 98.9 % 4.6 %
Total phenolics 93.5 % 5.6 %

The optimal extraction conditions will be applied i
the ongoing experiments trying to unravel the fefat
between grape and wine phenolics.

Conclusions and future work

In the search for a tool to predict wine qualityrfr
grape phenolics a fast solvent extraction protdool
grape homogenates has been developed. The future
work will be focused on investigating the relation
between grape and wine phenolics and measuringgrap
and wine phenolics with infrared spectroscopy.
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Statistical Methods for History Matching

Abstract

A precise description of the physical propertiesaof oil reservoir can facilitate the operation bé toil field.

Traditionally, the parameters determining the matof the reservoir are determined by laboratory sueaments of
core samples and by history matching of the infif@lduction data. In history matching measured petidn data is
fitted by running full reservoir simulations. Thigocess is very time consuming even when the siiouk are
carried out on powerful computers. Therefore, derahtive method to perform the history matchingparts of this
is desired. This project deals with the applicatidrstatistical methods to carry out history mamchand reservoir
characterization.

Introduction History matching may be regarded as an optimization
History matching is an important part of theproblem where an error function measuring the misfi
characterization of an oil or gas reservoir. laiprocess between simulated and observed production data is
where production data from the initial stage ofrgsir minimized. This is done by modifying the propertafs
development is used to determine reservoir parasetehe reservoir model on the grid block scale. Therer
and to predict the production in advance. The galdr function may take the form

parameters measured at the production site are the

injection rate, the oil production rate, the watgydhe Nt Sim Obs 1\ 2

gas-oil ratio, the bottom-hole pressures and ofhess E = Z Pi — b +
functions of time. History matching involves — pm 1)
determination of permeability, porosity, relative Sim _ Obs \ 2
permeabilities etc. Traditionally, full scale siratibns (WCUT WCUT ™)

on computers are carried out until the simulated

production history matches the production histagnf  where p, is pressure at timé and WCUT is the

the actual field sufficiently well. The method wrf corresponding watercut. The terms in equation (&y m

from the_ fact that full . scale S|m_ulat|ons areye weighted by individual weights if specific padé
computationally hard and time consuming. Also, th e history are expected to be more important than
method demands an element of human interventi hers

}[Nhin fpﬁre:meterstarze adjuTted which agljta_in aimmak(:s the|n 5 general formulation the history matching
ﬁ.s o his orydmacl: mgas?]wdprohqeﬁs. |fs 'éitﬂt? problem may by formulated as the following
this project to develop a method which can fadditte optimization problem:

history matching of oil reservoirs.

Specific Objectives K™ =Argmin[E(K)] (2)
The specific objective of the project is the depatent K
of a viable method which can facilitate the procets ,
history matching. The method should honor th&here the matrix K = represents the absolute
recorded production history from the field as wed permeability in every grid block of the reservoiodel.

honoring possible geological knowledge from e.gt te Even for a small reservoir model the dimensiorKofis

drillings or seismic surveys. in the order of magnitude oR' x R and can be
significantly larger. If additional properties sucis
Discussion porosity or water saturation are included in thstdry
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matching these must be included in the formulatam scheme.

Solution of the problem is computationally hard amod In the fully implicit formulation the accumulation
unique solution exists since many different pernilggb term can be expressed as:

fields may honor the measured production data.

\%
Mathematical statement of the problem D(u™ -u") = A—((PPS leae —0@PS|) (5)
The governing equations for the two-phase immiscibl t

problem studied in this paper are derived by coaréig)
the conservation of mass for the water and oWhereV contains the gridblock volumes adit is the

components. Neglecting diffusion/dispersion effetlie  {jme step given ad"™t —t" S is a vector with the
equations are: gridblock water and oil saturations.

P KKy (o _
at[¢pwsw]_DEEpw U (DP pwgDZ):|+Qw =0 (3)

Adjoint Formulation
We are now setting up the basis to calculate the

a k ro _ —
m[woso]_DEEpO 4, (P poguz)}'% =0 sensitivity of a scalar function3 with respect to a
reservoir propertym, e.g. absolute permeabilities at

_ 3 ) _ _ _ gridblocks. The function3 will be treated as a function
relative permeability of phas¢, £/; is the viscosity of u,andm, ie.

w

in which k is the permeability tensork is the

phase | and Z is the depth of the reservoir
(downwards positive), andg is the gravitational [ =pBU,...,u-,m) (6)

acceleration.Q,, and Q, represent sources/sinks due

to wells. Darcy's law is used to represent phag@here u' is the solution of the discretized model
velocities. equations at thd th time step andL is the last time
The system of equations is solved together with step where the sensitivity is desirdth is an arbitrary
number of constraints acting at the wells as bopndaphysical parameter, e.g. a permeability field. The
conditions. In the case considered later it is mesll adjoint formulation is based on the formation of an
that external boundaries of the reservoir act aadjoined system of equations in which the disceetiz
impermeable barriers, i.e. no-flow conditions arenodel equations (4) are acting as constraints. iAttjg
imposed on external boundaries. Injection wells arge discretized equations {8 yields:
constrained to inject at a specified rate and pctidn
wells are constrained to a constant bottomholespres L
The measurable values are the pressures in the J =ﬂ+2()\‘n+1)T R @
injection wells and the ratio of water in the protion et
(watercut) as functions of time. They are measured
during a period O<t<T. On the basis of this dake t Nl . . )
permeability field kK should be inferred. In the Where ;“ is the vector of adjoint variables, or
examples considered here we consider a setup \mith &lternatively, a vector of Lagrange multipliers ftre
flow and gravity is neglected. The reservoir istmsed Model constraint at time stefp+1.
to be isotropic and the permeability tensor is melito Since the constraints are driven to zero by the
be a single permeability coefficient which diffdfrem  nonlinear solver in the simulator the following egjon
one gridblock to another. The flow occurs in a denp holds ([1], [2]):
system of wells consisting of three injection wedisd
one production well, corresponding to a symmetry 0,.J :Dmﬁ (8)
element of a fixed nine spot well pattern. Genesdion
onto more complex cases is straightforward.
Spatial and temporal descretization of the goveyrnin
flow equations gives:

The size of the adjoint vector is similar to theesof
U, i.e. it has the lengtt2N + N, where N is the

number of gridblocks andN is the number of

n+l, n+l n+l n _ pn+l n
T7u™ -Du™ -u")-Q=R (4)  (Rljectors. Here it is assumed that producers aesgure
constrained and injectors are rate constrainedthén
where U:[p151--- Py SN] is the vector of following derivation the variablem is assumed to
represent the permeability field and the notatlorwill
be used in stead dn .

The total differential of the adjoined system of

equations (7) is calculated:

unknowns which in the fully implicit formulation
consists of gridblock pressures and (water) sdtmst
and possibly well pressures depending on
constraints imposed on the system. Matridesand D
are dependent on the descretization scheme, which i
our case is a first order fully implicit finite dérence
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dJ - dﬁ + i[(xnﬂ)T (Dun+1(R n+1)T )T dun+1

~ which is the system of adjoint equations. A is

. (9) (4bnsistent with the adjoint equation (15) the dévitsi

+ (0, (R™)T) dk] +Z(knﬂ)T(Dun(RM)T)T du” of B with respect to the parameter vectkr can be
n=0 . .

calculated from equation (13) which reduces to:

Changing the sum to start from index 1 gives:

dJ = Z[(l”)T(Dk(R")T)Tdk] +(0,8)" dk (16)

L
dJ=dp +Zl[((;“n)T(Du”(Rn)T)T The sensitivity is therefore given as (remember
+an+1)T(D (Rn+1)T)T)dun+ (10) (gguation (8)):

(") (O (RM)) dk] + BT

dJ o N
—=0,8=Y (") (ORI +(OH) (17)
where dk e
Let us now dwell a little on the structure of the
BT:(}J‘“)T[(D L+1(RL+1)T)TduL+1+ adjoint system (15). The equation is linear in the
u (11) (bpgrange multipliers (or equivalently the adjoint
(0, (R™NH T dk]+AH™ (O ,(RHT) du® variables). The multipliers may be determined by

stepping backwards in time starting frotr=1t, . The

The initial conditions are invariant which implies condition .- = 0 is used to initialize the system. The

0 — L+1 .
is obviously zero. This will serve as the end ctindi u

for the adjoint problem. _ _ multiplier A" can be identified as the transposed
Lets us now take the total differential of thejacobian of the discretized model equations. The
scalar parametef3 : Jacobian is formed during the forward simulatiorb&

used in the nonlinear solver (which is the Newton
L method) and is therefore known. The other matrix
— T T o . L .

dB = Z[(Dunﬂ) du"l+(0,8) dk (12) (Bkcurring in equation (15) multiplying."" is a block
n=1 diagonal matrix related to the accumulation ternthi@
model equations. The scalar functigh is chosen by
the user. In general reservoir engineering appdioat

[ may be the bottom hole pressure at injectors er th

. watercut or other measurable quantities. If several
dI=> [ A"+ (@ (RN sensitivities are required, e.g. for bottom holessures
U ’ at multiple injectors, an adjoint equation systeas Io

be formulated for each pressure. However, it is
important to recognize that only the righthand sidé

equation (15) change wheff is changed. This mear@
The essential operation in the adjoint approadbo is that pnly one .factorization of the left hand sidatrix is

simplify the total differential in equation (13) byrcing  "€quired which reduces the computational work

the terms multiplying thedu terms to vanish. This is Significantly. If B does not depend explicitly ok the

Equation (10) is combined with equation (12):

+ (;vnﬂ)T (Dun (R n+1)T )T dun
+(A") (O (R™)T)Tdk] +(0, A" dk
(13)

done by equating the proper terms to zero, i.e.: derivative [J, 8 in the sensitivity equation (17)
disappears. The implemented adjoint based gradient

@ . AT+ (@ (RHNT calculation has been verified by comparison with

v v (14) (@merical results obtained from perturbing the
+("HT (DUH(R”H)T Y =0 gridblock permeabilities. A good agreement has been

observed with errors occurring around the secogd.di

Transposing equation (14) gives: I . .

P geda (14)9 Only one reservoir simulation and one solution lof t

(1%§joint system are needed to calculate the semgitiv
r

n\T n _ n+l\T n+l T
(Dun(R ) ) ‘_(Dun(R ) ) _(Dunﬁ) gardless of the number of grid blocks. This &s1tiain
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advantage of the adjoint based method since thdbeaumdata. The parameterd controls the degree of
of grid blocks is usually very high in realisticsegvoir  regularization and is commonly denoted as the
simulations. Figure 1 shows an example of a seitgiti regularization parameter. It is difficult to comp with
calculation for a quarter nine spot well configioat a suitable value for the regularization parametzsell

on a priori knowledge and therefore some sort iaf tr
and error investigations must be expected to be

’ necessary before a reliable result is obtained. The
regularization punishes deviations from an initial

w

realization of permeability which we will refer & the
prior. Information regarding the statistics of the
permeability distribution or samples of permeabilit
may be input to the optimization problem througk th
2 prior.

Optimizer

In this particular work the Levenberg-Marquardt
method has been chosen for the optimization. This
method is specially designed to deal with nonlirleast
squares problems and is thus suitable for the fyisto
matching purpose. The method is generally recoghize
for being robust as well as efficient in a wide garof
optimization problems.

. -\:l
. 20 40 0o
Figure 1: Example of a sensitivity field calculated by
the adjoint approach. The figure shows the setitsitdf
bottom hole pressure with respect to permeabitityain
injector in the grid block positioned at (1,1) at

particular time in a quarter nine spot configuratioA
scaling has been used to enhance visual quality.

<’;}Qesults
A synthetic heterogeneous reservoir is used to ttest
gradient based optimization method. The refereratd f
is generated by sequential Gaussian simulationisnd
Regularization shown in Figure 2 and is discretized into a 50 By 5
The problem of history matching oil production isgrid, i.e. we will have 2500 unknown permeabilites
usually very ill-posed because of the sparsity lté t adjust in the history matching. The matching wié b
measured production data compared to the huge numibpased on measurements of bottom hole pressurés in t
of unknowns that are being determined by historthree injectors and measurements of the fraction of
matching. To deal with the underdetermined system owater (i.e. watercut) at the producing well. The
can either introduce a suitable parameterizatiothef measurements are acquired at 8 times during tise fir
system to reduce the number of unknowns. This @n B0O days of production.
done by constraining the permeability by geostatist Figure 3 shows the prior permeability field used in
means, e.g. gradual deformation [3] or probabilitthe regularization of the objective function. Theop
perturbation [4]. Another approach is to regularire has been constrained to the reference permeabilitie
system. The latter approach is used in the pragerit ~ the four well locations. This is justified since i

In order to regularize the problem the sum-ofexpectable that core samples from the drilling
squares objective function (1) is augmented witeren  operations are available.
which penalizes deviations from the initial guethe

initial guess is denoted ak ™ . Regularization

increases the number of equations with the number o
grid blocks which means that the problem goes from
being underdetermined to being overdetermined. The
problem is no longer as ill-posed and a standard
optimization method can readily be used to find the
optimal permeability distribution. The initial gues(or

Reference

prior) significantly influences the final resultShus, it e
should be based on the additional information awéél )
about the reservoir, e.g. from geological or segsdata. Lo
The regularized objective function takes the form: "
1 Nobs , o? ok Figure 2: Synthetic reference permeability field. The
E==) w(d®™-d™m)?+=— z:(kjprlor - kj)2 (1®Id is operated as a quarter nine spot configomat
213 2 j=1 with the producer in the upper right corner of the

reservoir.
Whered denotes measured or simulated production
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—— Production data misfit
A —----Regularization error

Figure 3: The prior permeability field. The field is _ _ _ — , _
conditioned to the known permeabilities at the foufigure 6: Evolution of the objective function during

wells and the same second order statistics as tABtimization. The solid line represents the prouurct
reference. data mismatch term and the dashed line represkats t

regularization term in the objective function
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Figure 4: Reference, initial and matched bottom hold-igure 7: Resulting field after history matching
pressures.

1

Figures 4 and 5 show the reference, initial, and
58 . matched pressures and watercut, respectively. The
05k . o match] 1 LEVENberg-Marquardt method is capable of adjusting
9 % ref the permeability field to achieve a significantlgtter
s o init match than the initial model provides. The evolutaf
a 50 100 150 sodhe objective function is shown on Figure 6. Aftery
Time (days) 4 iterations the match is achieved. A general
) o observation based on several other cases is that
Figure 5: Reference, initial and matched watercut. ~ jmprovement of the production mismatch seizes when
the regularization term becomes comparable or farge
than the production mismatch term. This circumstanc
can be dealt with by applying a dynamic updatehef t
regularization parameter where the regularization
impact is decreased as the match becomes better. A
simple implementation of a dynamic update has been
carried out but will not be discussed any furthereh
Figure 7 shows the resulting permeability field thfs
field is compared to the prior it is evident théet
optimization has increased the permeability on the
diagonal. This has been done in order to restoee th
higher connectivity in the North-East direction whiis
seen in the reference. It should be noted that the

Watercut
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resulting field is still consistent with the hetgemeity K. Johansen, A. A. Shapiro, E. H. Stenby, ‘Gradient
seen in the reference. In other words, the optitiira Based History = Matching  Utilizing  Gradual
has not deteriorated the geologic consistency @ ttDeformation’, Society of Petroleum Engineers, 2007,
permeability field. The gradient based history chatg  working title in preparation

technique has proven to be efficient in cases with

Gaussian fields as shown above. Coupled with References

dynamic update of the regularization parameter thd] Wu, Z., Reynolds, A. & Oliver, D. (1998),
method is relatively robust. However, the end remul ‘Conditioning geostatistical models to two-phase

very dependant on the prior used in the regulddmat production data’Society of Petroleum EngineeiSPE
term. No. 49003), 205-216.

Conclusion [2] Li, R., Reynolds, A. & Oliver, D. (2001),
The use of geostatistical parameterizations inohyst ‘History mathing of three-phase flow productionalat
matching is a powerful way of integrating varioustal Society of Petroleum Engineers (SPE No. 66351)
types into a reservoir model. However, such methods

are known to have slow convergence and are th{@3] Hu, L. Y. (2000), ‘Gradual deformation and
intractable in realistic cases if the number of ecoriterative calibration of Gaussian-related stocltasti
samples or other geologic information is low. Hare models’,Mathematical Geolog$2(1), 87—-108.

have focused on the use of classical optimizati@orty

in a history matching context. Regularization hieyed  [4] Caers, J. (2002), ‘Geostatistical history
an important part in this approach since thenatching under training-image based geological rhode
regularization not only makes the problem lespdsed constraints’, Journal of Petroleum Science and
but also provides a convenient way of integratingrp Engineering(SPE No. 77429).

knowledge into the reservoir model. The Levenberg-

Marquardt method has been used to adjust the @serv

model. This approach is only possible due to the

efficiency of the adjoint based gradient calculatio

which enables us to calculate the sensitivity of

production data with respect to grid block permétids

efficiently. The method has been tested on a 2D

synthetic heterogeneous reservoir. Within 4-5 tteres

in the Levenberg-Marquardt method a 2500 gridblock

model was matched to historic pressure and watercut

data. The resulting reservoir model was still cetesit

with the second order statistics of the reference

permeability distribution.

Future Perspectives

Future work will be invested in development of areno
hybridized approach where geostatistical informatio
plays a more direct role. Especially, handling afhier
order statistics will be investigated. Higher order
statistics play an important role in the descriptiof
more complex geologic scenarios like channelized
reservoirs. Merging the gradient techniques with
methods based on categorical variables is also a
challenge which has a large practical applicability
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Numerical Simulation of In-Situ Combustion

Abstract

Numerical simulation of fluid flow in petroleum mwoirs has been an active area of research faraktgecades.
Increasingly large models are being solved on pweomputers, but simulation capacity still limitse size and
complexity of models needed to describe advanceolvezy processes. This is especially true for satoih of the
in-situ combustiorenhanced oil recovery process, which rely ongedtion into the reservoir. Simulating in-situ
combustion is a challenging multi-scale probleme Tgurpose of this project is the development ofueate,
efficient and reliable models and algorithms forfpemance prediction in in-situ combustion processe

Introduction Thermal conduction allows heat to sweep areas of
In-situ combustion (ISC), also known as high pressuthe reservoir not directly contacted by hot fluigor

air injection or fire-flooding, is receiving strong heavy oils, the recovery efficiency is substanyiall
renewed interest in the petroleum industry becdhse improved because of the dramatic reduction of the
easy to produce oil reserves are declining. Thesntfal  viscosity of heavy oils with temperature. But, 1$C
process can be effective in improving recovery o#pplicable to lighter oils as well because it also
existing reservoirs as well as unlocking the vaserves promotes production through flue-gas drive, thermal
of heavy oil in the world in an environmentally smu expansion, steam and water drive, and vaporizatifon
manner. ISC is the process of injecting air intoadn lighter oils. ISC can recover oil economically from
reservoir to oxidize a small fraction of the hydadmons variety of reservoir settings.

present. A schematic is shown in Figure 1. The slow
moving combustion front is propagated by a contirsuo
flow of air. Figure 1 gives a schematic represéotadf
characteristic temperature and saturation zondS@ Burned
Starting from the injection well the burned zonete

volume already swept by the combustion zone. In the
combustion zone injected oxygen reacts with residua ‘
hydrocarbons generating carbon oxides and watet, an T |
producing heat. Hydrocarbons contacted by the tepdi '
edge of the h|gh temperature zone undergo therrnléjgure 1: Characterlstlc temperature and saturation
cracking and vaporization. Mobilized light compoteen Profiles in an ISC process.

are transported downstream where they mix with the

original crude. The heavy residue, which is norgall A Multi-Scale Process

referred to as coke, is deposited on the core matrid  ISC is one of the most physically complex enharmiéd

is the main fuel source for the combustion. Dovewstn  'ecovery processes currently in use. Driven by demp

of the Vaporization zone is the steam p|a‘[eau whsch chemical reactions the oil mOblllty is increasedhvthe
formed from water of combustion and vaporization oflevated temperatures and the fluids are displaged
formation water. Further downstream the stearfombination of steam, water and gas drive. Theialpat
condenses when the temperature drops below thmste@s well as temporal scales in ISC on vary over many
saturation temperature, and a hot water bank imdédr  orders of magnitude. The bulk of the chemical reast
The leading edge of this bank is the primary areailo take place in the narrow reaction zone that majebe
mobilization where the oil is banked by the hotevat ~ than a meter in thickness compared to reservoilesca

Combustion
Zone

Qil Bank

|
|
|
|
|
|
|
| Sieam Zone
|
|
|
|
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of hundreds or thousands of meters. Moreovergliable predictions of performance, typically érms of
combustion reactions often occur in fractions of @roduction, for a given ISC project. The production
second, whereas the temporal scales associated wgtrtainly depends on large scale features suchedls w
convective transport may be running to days or giearplacement, but the small scale behavior, spatialels
Accurate prediction of field performance in such as temporal, in the combustion zone may be equally
multi-scale process is an immense challenge requai  important. ISC processes are driven by chemical
hierarchical approach, in which both spatial andeactions. Chemical kinetics depends strongly on
temporal resolution is adapted in order to captine temperature, thus failing to capture temperaturakpe
crucial input from all levels of activity. and, in general, smoothing out temperature profies
The overall performance of an ISC process o coarse a grid will lead to inaccurate predictiof
governed in a complex way by reservoir heteroggneitreaction, which in turn will affect the amount ogat
well configurations, injection rates and compositio released and combustion gases evolved, ultimately
initial oil saturation and distribution and bothresulting in wrong predictions of oil displacement.
thermodynamic and chemical properties of the rauk a Ahead of the combustion front (see Figure 1) tHdsoi
fluids. Reliable prediction of field performancequéres mobilized by a combination of steam, water and gas
a fully integrated approach in which the importandrive. Lighter oil components will vaporize easéynd
contributions from all levels are taken into accoun be transported downstream. The compositional behavi
The spatial scales affecting ISC span from largm this region will determine the amount and
geological features such as faults of the size haf t composition of the oil left behind as fuel for the
reservoir to the very small scale at which chemicalombustion. Therefore, accurate prediction of phase
reactions happen in the combustion zone. Faultsghavior as well as flow is likely to impact ovéral
fractures and the placement of wells determine ajlobperformance. Errors at this small scale will feedoi
flow patterns, but local displacement efficiency iverall production calculations, thereby renderihg
governed by small scale heterogeneity in porositg a results unreliable. Hence, the important procesees
permeability of the reservoir and by the chemicadl a ISC are indeed multi-scale with strong nonlinear
thermodynamic behavior of the fluids. Permeabilitynteractions between different scales and efficient
fields are often obtained from high-resolutioncomputational methods must be developed that handle
geocellular models having gridblock sizes on th@eor this multi-scale nature.
of a meter. Reservoir simulations, however, arei@ar
out using gridblocks that are 1-2 orders of maglgtu Adaptive Framework for ISC Simulation
larger due to computational constraints. Upscaliig The multi-scale challenge may be approached
the permeability or transmissibility field, in wiidocal computationally by either attempting to resolve all
flow behavior is taken into account, is routinelgng. relevant scales or by making use of appropriatesdb
As mentioned above, the bulk of the chemical teast scale models to represent the small scale proceBkes
happen in a narrow combustion zone being less ghampproach taken in this project is to resolve tHevamt
meter in thickness compared to standard gridblandss scales by using adaptive numerical methods.
of, say, 50 meters. Thus, the spatial scale fomited Adaptivity in space is achieved by using adaptive
reactions is smaller than the smallest scale ndymalgridding techniques, in which the computationatigs
resolved in reservoir simulations. Consequentlye thadapted dynamically to the regions of interest.elsk
temperature profile on the simulation grid will b@o grid can then by used to resolve the fine scalegba
smooth, and important phenomena such ds the combustion zone, whereas a much coarserigrid
ignition/extinction or quenching may not be preditt used in regions away from the combustion zone.
correctly. In order to capture the fast dynamics of chemical
Relating to temporal scale, a number of differenteactions in the combustion zone, the reactiontkise
processes may be identified in ISC, each havingvits must be integrated using time steps that are much
characteristic scale. Most of the existing ISC nt®de smaller than those necessary for capturing thectsffef
include convective mass transfer, convective ancbnvection and conduction. An intuitive way of
conductive heat transfer, kinetically controllecentical approaching this problem numerically is by splitisind
reactions and fluid phases in thermodynamifractional time stepping where convective and
equilibrium. The phase equilibrium assumptiorconductive terms in the equations are separatet fro
implicitly states that the time scales for the iptease reaction terms. Each global time step then consists
mass transfer processes occurring when phases twomeeries of substeps, in which the individual terms a
an equilibrium state, are much faster than all othree integrated separately, the advantage being thatl sma
scales. Of the remaining processes, the chemidithe steps can be applied only to those terms rieqgui
reactions are likely to occur on time scales thataain high resolution. The separation of scales in trablem
much faster than the scales for mass and heaptrens is thereby exploited numerically by adapting thedi
Although being multi-scale in nature, the questiointegration to the individual scales. The cost sing a
remains whether all the processes in ISC represesplitting method is a numerical error introduceihce
essential physics that needs to be resolved in imeach substep only one process is taken intousmtco
simulation. The goal of ISC simulation is to prawid and the interaction with the other processes négfec
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of the splitting scheme, each gridblock in the domis
Specific Objectives effectively treated as small kinetic cell as ilhased in
The overall objective of this project is to develtge Figure 3.
computational framework for ISC simulation. We fscu
in particular on aspects related to temporal irgégn.
The use of operator splitting techniques allows
separation of the algorithmic development into #jec
components, each tailor-made for integration o
different parts of the overall equations. The pcojes
carried out in collaboration with Department of Ene
Resources Engineering at Stanford University. Th
DTU focus in the project is on efficient methods fo
integration of chemical kinetics and phase behaaiat
the integration of this component into the spldtin
framework. The Stanford focus is on adaptive me
refinement techniques and high-resolution methauls f
computation of transport.

F.V,Tn

gridblock ik

Figure 3: Using a splitting scheme for solving the ISC
S:]=,]quations, the reaction substep effectively trestsh
gridblock in the domain as a small chemical reactor

The active set of equations for the reaction sybste
Efficient Reaction Intearation can be represented as a set of ODEs describing the
cie eactio egratio dynamics of chemical reactions along with a seAB§

In a global time step of the simulation, the oparat - ; P .
spliting method breaks down the problem intoexpressmg th%rlrjnodynamlc equilibrium in the system:

individual subproblems on each physical process M—=f(t,u), u(t,)=u,, (1)
(reaction, convection, conduction, etc.). The ISC dt

equations comprise a set of partial differentigieraic where U] R™ is a vector of state variables depending
guqatlons (PDAES) consisting of.gnf—:-rgy and mass, t, andf is a vector function mappinét X R™ into
alances and thermodynamic equilibrium constraints.
The splitting scheme applied to the ISC equatisna i R". M OR™xR™ is a (singular) mass matrix. The
hybrid IMEX and additive splitting scheme. Theright-hand-side functions of (1) may be discontinsio
individual steps in the scheme are illustratedigufe 2. because of phase changes.

The short integration intervals between operator
splitting updates and the stiff reaction kinetice #he
primary characteristics guiding our choice of intgn
method. We choose the class of ESDIRK (Explicit
Singly Diagonally Implicit Runge-Kutta) methods for
integration of reactions. These methods are aieabbr
a number of reasons. First of all they are one-step
methods, which makes them more efficient for short-
T e T e T TR e interval integration, as required in operator $ioig,

' e Composiion Composiion compared to multi-step method such as the widedyl us
the . IMEX-ADS. spliting BDF methods. Secondly, they can be constructed with
strong stability properties needed when integrattifj
problems. Finally, being diagonally implicit, they
represent a good compromise between order of acgura
and computational complexity. For the expected
accuracy range of interest (2-4 significant cormigits
in the solution), low to medium order methods are
fficient. We have derived and implemented a raofge
SDIRK methods of varying order and compared them
to the widely used off-the-shelf codes for stiff B
LSODE and DASSL, which both are implementations
of BDF methods. For the accuracy range of intetést,
ESDIRK methods show speed-up factors of 3-5 over
SODE and DASSL.

—Time level t

Pressure Eq
Heal Eq.
il
4
o
Comp. conservation Egs.

Pressure Temperature

Figure2: lllustration of the
scheme applied to the ISC equations.

Each global time step consists of five substepiialn
conditions for each substep are indicated in tharé.
In the first two substeps, the pressure and tenpera
are solved using an IMEX approach for the presanck
heat equations, respectively. Next, reaction an
transport are solved using Strang splitting. Wel wil
focus here on the reaction substeps, in which otemi
reactions are integrated subject to phase equifitori
constraints. In this way, the stiff reaction kimstcan be
integrated with implicit methods designed for stiff
ODEs, whereas, for example, convective transpamt &
be integrated with high-resolution explicit methodihe

solutions to the subproblems are subsequentlybaed  Discontinuities Due to Phase Changes

Lo : Phase changes in the system cause discontinuitibg i
together to form an approximation to the full egomt . h . ;
9 bp f right-hand-side functions of Eq. (1). Straightfordia

To facilitate the development of tailored solveos f . X . T
reaction we constructed a kinetic cell modeliNtegration across these discontinuities may |eaaion-

representing the behavior of chemical kinetics anBYSical phase changes, poor convergence and eebeat

phase behavior in a closed cell. In the reactidrstap step fa_1i|ures. We hf_ive proposed an algorithm fb_m_am
detection and location of phase changes by consgler
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the kinetic cell model as a discrete event probl&he
appearance or disappearance of a fluid phase rtfagks .
occurrence of a “discrete event”, e.g. a changenfo !

single phase region to a two-phase region, or varsa.

The time of the phase change can not be deternaner
priori. The detection of a phase change and sulesgqu
location of the exact time of change are the mai

components of the proposed discrete event algorithm =

We extended the ESDIRK methods with a discret
event algorithm. In this algorithm phase changes a

E B
Tire

Tire s Trve s

detected by monitoring sign changes of special evehigure 4: Simulation results for a ramped temperature
functions. Once a change is detected, the exaet éifn €Xperiment. The concentration of light oil (LO),avy
change is located by locating the zero-crossinghef ©0il (HO), oxygen and coke is shown along with aitla

event function. The proposed algorithm proved rolus 9as

saturations, cell temperature and oxygen

detecting and locating phase changes, and lowéeed €onsumption rate. Comparison is made between using
number of convergence and error test failures byemoK-value correlations and the Peng-Robinson EoShier
than 50%. The DASSL and LSODE solvers that are nghase equilibrium description.

equipped with a phase change algorithm will, in tos

cases, successfully integrate across the change afeonclusion _ _ o
repeated step size reductions caused by convergedtedeneral framework for simulation of the in-situ

and error test failures. Overall efficiency gairren

combustion enhanced oil

recovery process was

using the phase change algorithm when measuredaovetesented. The fundamental idea in the framewotk is
long integration interval with only one or two pkas localize the computational effort in both time asmhce
changes occurring are modest, but the improveldy exploiting adaptive numerical methods to theestd

robustness near phase boundaries is certainly Malua

Interaction of Phase Behavior and Kinetics
A dual purpose of the kinetic cell model, apartnfro ®
being a tool for algorithmic development, is to lypip
for studying the interaction of kinetics and phase
behavior in ISC processes. We have implemented the
model with two different phase equilibrium
representations. One is based on simplified K-value
correlations, while the other uses the more rigerou
equation of state (EoS) based approach. In the EoS
based approach we use the Peng-Robinson equat®n. W
simulate an experiment in which an oil sample iatbé *
in the kinetic cell under air circulation. We usdveo
component lumping of the oil and an ISC reaction
model with 4 reactions accounting for thermal ciagk
of the oil and oxidation of the oil components @on
with oxidation of the coke formed in the cracking
reaction. .
Figure 4 compares the simulation results for the
experiment. The K-value approach over-predictsaihe
volatility leading to an earlier oil phase disappeee.
This simple sensitivity study between a K-valuedohs
approach and an EoS based approach to phase
equilibrium shows that reaction paths are quitestime
to phase behavior treatment. Relatively small
differences in the prediction of phase changes teaal
large impact on the amount of coke formed and
therefore the amount of oxygen consumed. In the
reservoir, phase behavior in the downstream region
the combustion front will determine the amount and
composition of fuel left behind for combustion.
Incorrect prediction of phase behavior in this cggis
likely to affect the whole ISC process.
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possible extend.
The main contributions to the overall framework
from this work are:

Development of tailored ESDIRK methods for
integration of chemical kinetics and phase behavior
ESDIRK methods are well suited for stiff kinetics
due to their strong stability properties. In partar,
when implemented in an operator splitting
environment, the ESDIRK methods outperform
stiff multi-step methods. Experiments show that the
methods lead to speed-up factors of 3-5 compared
to multi-step methods.

A phase change detection algorithm based on
discrete event system theory. The algorithm
improves the robustness of the integration process
when crossing phase boundaries by reducing
integration step failures and therefore also
computational time.

Development of a kinetic cell model. The model is
a novel and useful tool for analyzing kinetics and
phase behavior in ISC processes. It can provide
simulation support for laboratory Kkinetic cell
experiments, and be used for studying interactions
between kinetics and phase behavior as well as
interactions with the reservoir through specialized
boundary conditions. It is implemented with both a
simplified and a rigorous E0S based phase
equilibrium description.
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Tribological Properties of Polymer-Matrix Composites when Dry-Sliding
Against Steel Counterfaces

Abstract

Polymer-matrix composites are increasingly usedgplications where friction and wear are importpatameters.
Beside beneficial properties such as a high sthetaytiensity ratio and chemical resistance, polyggemerally also
show a relatively low coefficient of friction evevhen dry-sliding against steel counterfaces. Hie friction and

wear properties of an epoxy resin reinforced bliegita glass fiber weave (G/EP) or a carbon/araryitith weave

(CA/EP) are reported. Furthermore, experiments viittorporation of micro-scale PTFE and nano-scalgDC
particles into both the neat epoxy resin and ihtogpoxy resin along with the carbon/aramid weageeported.

Introduction aramid fibers [7], or inorganic microscale partgle.g.
Tribology is the science of friction, wear and hidation CuO, SiQ and TiG [4].
of interacting surfaces in relative motion [1]. Paoker- Results regarding the ability of inorganic nanoscal

matrix composites (PMCs) are used increasingly fgrarticles to optimize tribological properties of BNl
purposes where friction and wear are importaritave been published recently [8-14]. The mechanism
parameters [2]. Examples of this are gears, sedlers, behind this optimization is not entirely understpod
tank track pads, bearings, brakes and artificiahtfo however, it seems to be the case that such particle
PMCs are often preferred over other materials bezausome cases promote adhesion of a transfer filnhe¢o t
of their easy processability, high strength-to-digns counterface, which reduces wear and often alstidric
ratio, chemical resistance and generally low cogffit Furthermore, a unique feature of nanoparticleshésrt
of friction [3-4]. Furthermore, some PMCs have selfability to increase toughness and stiffness
lubricating properties, which make them an excellersimultaneously [15], which is a desired property
choice for systems where addition of lubricantshsas combination according to basic tribological modéls-
oil or grease is inexpedient [5]. The dry-slidinigilay  17].
of PMCs decreases the need for maintenance and the
risk of emergency sliding conditions, which arers@e Objectives
the case of metals, when lubricating systems @il [ The aim of this study is partly to produce a PMGhwi
Despite of the increasing use of PMCs, thexcellent tribological properties when performing a
knowledge on their tribological behaviour are ldyge well-defined test system, and partly to examine new
empirical and have limited predictive capabilityauB, material combinations and thereby contributing with
there is a need for a better understanding of homew knowledge in this area. In this study PMCs dase
different designs and compositions of PMCs affhefrt on an epoxy resin (EP) are tested. Epoxy resins do
tribological properties [2]. generally not exhibit good tribological propertidse to
The tribological behaviour of polymeric materialsthe cross linked structure, which inhibits the fation
are frequently optimized by reducing adhesion te thof an efficient transfer film and results in a talaly
counterpart and improving the mechanical propertidsigh degree of brittleness. However, epoxy resiosep
e.g. hardness, toughness and stiffness. This hether favourable properties such as strong adhesion
traditionally been done by adding solid lubricardgg. many materials, good mechanical and electrical
PTFE (polytetrafluoroethylene) or graphite flakesproperties, relatively high chemical and thermal
different strength giving fibers, e.g. carbon, glasd resistance [1], and a low price compared to stéthe
art polymers such as PEEK and Polyimide. From this
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perspective, it is an attractive goal to obtainepoxy-

based composite with excellent tribological projesrt
by incorporating the right kind of components dilgers

and particles. In this yearbook contribution, résul
regarding the friction and wear behavior of an gpox
resin reinforced with two types of fibrous reinfernent
are presented. That is, a plain glass fiber we&/ER)
and a carbon/aramid hybrid weave (CA/EP)
respectively. Tribological tests are performed aien
different combinations of contact pressurp) (and
sliding velocity ¢) also refereed to asv factors. The
purpose is to systematically examine the relativ
performance level of these two materials while goin
from mild to severe sliding conditions. Additiongll

this paper reports preliminary experiments wit
incorporating micro-scale PTFE particles and nand
scale CuO particles into either the neat epoxynresi
into the resin along with the carbon/aramid weave
Compositions and nomenclature for tested compmsit
are given in table 1.

Methods
The tribological properties of the produced comfassi
are tested on a custom made Pin-On-Disk (POL
tribotester built at DTU as a part of this project,
figure 1. The principle of the Pin-On-Disk methadais
follows: a test specimen in the form of a pin isafed in
a lever-arm and loaded perpendicular against dimgta
steel disk. The normal loadMj is adjusted simply by
placing different weights on top of the lever-arfthe
latter, which can move freely both in the verticald
horizontal direction, will have a tendency to swiimgy
the same direction as the disk revolves due tdidric
between the surfaces. However, it is kept in adfixe
position by a force transducer which measures th
frictional force € ). The coefficient of friction ) is

obtained by using Amontons well-known first law of

friction i.e.u=F:/ W, and is reported as a time-averagetggﬂLii;n%i(;istggrwik;?fggg i:ndroa((j)rr]t?osrll\;? t‘(’)‘;;?é’o?r by
value based on data points in the steady stateneegi g prop

The wear rate is obtained simply by measuring thgnergy dissipation in the interface. The speciéiterof

weight loss of the pin after being worn a certaimoant energy dissipationQ,) is giv_en.by_equation L and is
of time under steady state conditions. Furthermare, simply the rate of energy dissipation per unit appa

non-contact thermometer estimates the contaSPntaCt area.

temperature by collecting infrared radiation fromet

side of the steel disk. Qy =uLpv 1)
Information about the microstructure of composites,

wear mechanisms and the appearance of transfes fillBased on the relations mentioned above, a depth wea

on the counterface are examined by differentate (v) can be derived, cf. equation 2.

microscopic methods such as optical, SEM, FE-SEM

and TEM. Ah .

w, =— =k [pv )

Theory t

Wear can be defined as removal of material from

interacting surfaces in relative motion. It hagyfrently Where4h is height reduction of the worn component,

been found experimentally that the volume, or mass, is time andk is the wear factor. Note, that is directly

lost material is proportional t8/ and the sliding proportional to thepv factor as long ak is a constant.

distance I) respectively. That this should be the casdhe latter depends on both material properties and

can also be shown theoretically, for instance, from ~ System properties. Thus, if the system properties a
fixed, k can to some extent be regarded as a material

property. The wear factor is often also refereedddhe

Figure 1. A) Top-view of the mechanical parts: 1.
Infrared temperature sensor, 2. Force transducgr3an
Pulley for calibration of the force transducer. ijle-
jew of a composite pin loaded against the rotasiteg|
isk: 4. Lever-arm, 5. Weight and 6. Steel disk.
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specific wear rate W), which conveniently can be
calculated from measured quantities, cf. equation 3

Wy =—— 3)

Where Am is weight loss ang is density of the worn
material. Equation 3 does not take temperatureeaszs
in the interfacial zone into consideration. Howevier

agreement with equation 1, the temperature in the g8

interfacial zone will rise with increasimy factors and
does furthermore depend on the thermal condudiviti
of the sliding partners, the ambient temperature: am
the real area of contact. Generally, equation 2Ziepp
inside a certain range of moderatefactors. However,

if either v and/orp exceed a certain level, a change in
wear mechanism might occur due to e.g. thermal
softening, decomposition or yielding of the materia
The pv factors where equation 2 breaks down and
excessive wear can be observed is refereed toeas th|
limiting pv factor pvin) which can be regarded as a
performance parameter for a given PMC. Thus, for
performance improvement it is sought to decrekise

and increas@Vim.

Table 1.Nomenclature and compositions of tested

composites.
Nomen Epoxy Weave Particle
-clature (vol%) type / vol% type / vol%
EP 100 - -
EP/PTFE 92.5 - PTFE
/75
EP/Cu0O 99.0 - Nano-CuO
/1.0
G/EP 56 glass -
fiber/ 44
CA/EP 56 Carbon/ -
aramid / 44
CA/EP/PTFE 48 Carbon/ PTFE
aramid /47 /5.0
CA/EP/CuO 54 Carbon/ Nano-CuO
aramid /45 /1.0

Results and discussion

Figure 2. SEM images showing the composite
structures of A) EP/PTFE and B) CA/EP/PTFE. The
light gray phase is PTFE and a single particle éskad

by an arrow. The area given by the dashed linezisre

of resin where the PTFE particles are located. [bher
right corner and the upper left corner of B) shaxbon
fibers and aramid fibers, respectively, parallel the
surface.

micro-particles are relatively well-distributed ithe
resin. The image of CA/JEP/PTFE shows a zone ofyesi
marked by the dashed line, containing the PTFE
particles. Within this resin zone, the particlese ar
relatively well-distributed. However, it is gendyateen
that the PTFE particles are only located in resin
between, and not within, bundles. Thus, the padidre
too large to enter the fiber bundles, which therablyas
filters preventing a more homogeneous particle

SEM images are given in the following to documéuet t distribution. This filtering effect is a common fplem
micro-structures of some of the produced and teste_WJ_th _mlcro-scqle particles espeCIgIIy in relation t
composites. It is chosen to show particle contginininjection techniques such as Resin Transfer Molding

composites as examples,
distribution is important for the properties andhdae

since a good partic(RTM).

Figure 3. shows the micro-structures of&®/CuO

difficult to achieve. Figure 2. shows the micro-and B) CA/EP/CuO. The CuO particles seem to be
structures of A) EP/PTFE and B) CA/EP/PTFE. In theelatively well-dispersed in the epoxy resin. Based
case of EP/PTFE, it is seen that the

figure 3,A it is not possible to see if the nanatickes
are present as primary particles or as small dlsiste
However, all particles or clusters appear to be-sub
micron in size.
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given carbon/aramid weave. This difference in theel

of 4 might be attributed to the following factors. Dige
the hardness of glass fibers these are observealise a
significant roughening of the steel counterface.
Furthermore, fragments of glass fibers locatedha t
interfacial zone can act as abrasive particlesh Bt
these factors might increase the deformation, or
plowing, contribution tqu. Carbon fibers, on the other
hand, migth act as a solid lubricant decreasing the
interfacial shear force due to the partial graphite
structure of these fibers. With respect to abrassen
carbon fibers are also found to roughen steel
counterfaces under some circumstances but typinally

to the same extent as glass fibers. According to
Amontons laws of frictiony should be independent of
p andv. However, in the case of polymeric materials
this have often been found not to be the case [07é.
data in figure 4 show some variation gnat different
combinations ofp andv, however, no clear trends are
observed. Thus, it might be concluded that degfite
few exceptions,u is fairly constant considering the
relatively large range g, v and contact temperatures.

In figure 5 and 6 measured wear ratgsnd contact
temperatures for G/EP and CAJ/EP, respectively, are
given. By comparingy, at the samepv conditions for
the two materials, it is found that the average rwate
is a factor of 22 higher in the case of G/EP comgdo
CA/EP. According to SEM images (not shown) this
significant difference seems to be caused by the
Figure 3. SEM images showing the compositefollowing main factors. The aramid fibers inhibiiaro-
structures of A) EP/CuO and B) CA/EP/CuO. Nanoeracking of the resin, which in the case of glasd a
CuO particles are seen as bright stars. In B) carbe@arbon fibers leads to exposed fiber ends. These
fibers and aramid fibers, respectively, are seéented exposed, and brittle, fiber ends seem to be frageden
parallel and normal to the surface. and broken easily relative to the tough aramid ribe

which are worn by a fibrillation mechanism.
Image 3,B shows nano-particles distributed in #mmr Furthermore, third body abrasive wear caused by
both between and within fiber bundles. Thus, thé&agmented glass fibers probably also contributethe
problem with particle filtering seen for the micsoale high wear rate found for G/EP.
PTFE patrticles is avoided by going to nano-size.

800 240
- y=10m/s 4
G/EP CA/EP - v=3.0m/s $
1 1 A v=106.0m/s
m v=1.0m/s 600 o 180
0.8 T O v=3.0m/s L 0.8 = ‘E §
m v=6.0m/s £ e
0.6 1 0.6 % 400 . 120 &,
" " = K Iy §
0.4 + 0.4 200 0 . X 60
0.2 - 0.2 5 x
S}
0 I : ‘ 0
0 ‘ 0 025 050 1.00 025 050 1.00
0.25 0.50 1.00 0.25 0.50 1.00 p [MPa] P [MPa]
p [MPa] p [MPa]

Figure 5. Depth wear ratew; and contact temperatures

Figure 4. Coefficients of friction. measured at measured at different combinationspadind v for G/EP.

different combinations gb andv for G/EP and CA/EP,

respectively. Furthermore, a gradual increase in both contact

temperature and are observed as a function pfand

F!gL_Jre 4. shows measured values of coefficients " respectively, as expected from equation 1 andde
friction i for G/EP and CA/EP. The average leveluof specifically, equation 2 predicts a linear relasioip

for CA/EP is 0.41 as opposed to 0.63 for_ G/EP, _Whicbetween/vtand thepv factor with a slope equal 1. (or
means that a general decrease of approximately i85%

obtained by substituting the glass fiber weave i
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the wear factor). Actuallywy, increases more rapidly as Thus, this excessive increasevipnas a function opv
a function ofp andv than predicted by the linear model. might be related to a gradual deterioration of th&in
properties, and thereby also in the composite ptigse

8 80 with increasing contact temperatures.The measured
X :;g%i % effects on friction and wear _of a}dding PTFE andman
6 A v=60ms I | e CuO partlcles are shown in f|gure; 7. .As a general
I I _ observation, the use of carbon/aramid reinforcerhest
= % I g a large positive impact on the wear behavior buy an
£ 4 ,} g g LU minor impact on the frictional behavior. For maaési
;« A % § without fiber reinforcement, it is seen that adufitiof
P 20 PTFE and especially nano-CuO leads to an increase i
< wear rate. This behavior is frequently seen wheREPT
i | | | o is in_corporated into a stronger polymer resin: The
025 050 100 025 050 100 relatively poor strength_ and gdhegve properties of
» [MPa] » [MPa] PTFE most likely result in deterioration of meclaati

_ composite properties. However, PTFE shows the
Figure 6. Depth wear rates; and contact temperatures jntended effect on the frictional behavior. EP/PTHRE
measured at different combinationspodnd v for a coefficient of friction approximately 30% loweran
CA/EP. EP, which consequently also results in a decrease i
measured steady state temperature from @9C to 50
4 geC. Regarding nano-particles, the influence on

function of both material properties and  syste echanical properties is less predictable. Bothitipes

properties and .the.se are both treated as consta Rd negative effects of adding nano-particles awmd
Hoyvevfer, c;;os(l:detrlphg lthat tt/hfe tcor:tagtlstfénpf{r?tuqﬁ the literature, and the mechanisms behind regort
\égrlhes trom fact a it e owgp. ac C;L ? th at .elimprovements are not entirely understood. In thisly,
\ghest pv factor, 1t 1S obvious that the matenaly is . hothesized that the high wear rate for ERIGs

fropertlis will Ch%ng?. Iln t;hls r_elat|vely m!ﬂa;geassociated with the large interfacial area between
emperature range. Lertainly, thé resin prope articles and resin, which might result in a stteng

change at the glass transition temperature andeat eduction of the material and thereby in an elevate

decomposition temperature. wear rate. When PTFE and nano-CuO are added along
with the carbon/aramid weave, a minor improvemaent i

As previously mentioned, the wear factor is

08 wear behavior is seen instead of a negative inflaen
1L The coefficient of friction is basically unaffectduy
0.6 addition of these particles. Thus, the negativeafbf
nano-CuO on wear seen for EP/CuO is not found for
04 CA/EP/CuUO, and the positive effect of PTFE on foiat
seen for EP/PTFE is not found for CA/EP/PTFE. This
0.2 - indicates that the friction and wear behavior argely
controlled by the fibers and not the particles. Téwson
0 S R PO PO P why PTFE has no effect on friction for CA/EP/PTFE
I might be due to the stiffness of the carbon fibessich
T 40 T on micro-scale possibly act as a stiff brush. PBFE
Z 5 containing third-body (or transfer film) is formed,is
”E likely to be disrupted or abraded by these stiféfs.
@,2 20 Conclusions
; 10 11 An average decrease in friction of approximatel¥3S
m found by substituting a glass fiber weave with a
0 0 PO PO B - IO == carbon/aramid hybrid weave. This decrease is

$ & N S & considered to be due to the lubricating effect arbon
@&& & o fibers as opposed to the abrasive nature of glagsst
> & Besides from a few exceptionshe coefficient of
friction is found to be roughly independent of ma®
and velocity. The average level of wear rates fHERS
Composites without carbon/aramid reinforcement are s a factor C.)f 22 hlgher than for CA/EP. This siint .
measured at thev condition: 0.25 MPa, 6.0 m/s difference is believed to be caused by the negative
whereas composites with carbon/aramid reinforcementeffeCt of the brittle and abrasive glass fibers parad

S to, partly the toughness of aramid fibers, inhiimti
are measured at tip condition: 0.50 MPa, 3.0 m/s. micro-scale cracking, and partly the lubricatinépef of

carbon fibers. Incorporation of micro-scale PTFE

O
&

Figure 7. Specific wear ratesag) and coefficients of
friction () measured for different materials.
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particles and nano-scale CuO particles into either 16.
neat epoxy resin or into the resin along with the
carbon/aramid weave is reported. According to SEM
images, the micro-structures and particle distidng in

the produced composites seem promising. Howevety.
additions of nano-CuO into the neat resin resutts i
deterioration in friction and especially wear projes.
PTFE particles also cause an increase in wear B0%a
decrease in friction.

When these particles are added along with
carbon/aramid reinforcement, a minor improvement in
wear and no difference in friction are found. This
indicates that the friction and wear propertieslargely
controlled by the fibers.
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Processability and Fracture Mechanical Performancef
Tribologically Modified Plastics

Abstract

The present project deals with the influence dftion-modifying additives on processing and fraetunechanical
performance of selected polymeric grades, usetiemtedico-device industry. The processing andpexstedures
are chosen to simulate the state and conditionsrumbich the materials are used to the best effdet. project will

potentially make possible the safe use of new lmiffically superior plastic grades, providing reddidectional

losses in the device mechanisms, without comprawgigroduct safety and failure rates.

Introduction Tools and Means Overview

Plastics with friction-reducing additives are to anThe processing properties of the materials (the
increasing extent being used as replacement fermadt “processability”) will be investigated by injection
lubrication of mechanisms in medico-technical degic molding and analysis of test specimens with a gfiagl
Novo Nordisk A/S (NNAS) is active in research withi geometry. A major project task is to develop one or
combinations of new plastics with friction-reducingmore test geometries, which reflect processing
additives especially developed for the conditionslar conditions in large-scale industrial productionloats
which the materials operate in injection deviceshsas for monitoring of relevant molding parameters ire th
insulin pens. Preliminary results indicate an apjatgle melt, and makes possible the subsequent analysie of
reduction in coefficient of friction compared toethest mechanical and tribological properties of the mater
constellations of commercially available grades.e ThThe latter will be tested according to internal NSIA
studies, however, also indicate some processimocedures, simulating field conditions for devirse.
difficulties when injection molding these new plast Another aspect of the project is to define and tiest
grades, such as weak weld lines, poor surface tyualcharacterization means for the described failure
and internal zones of reduced coherence. An effomechanisms and geometries. The mechanical
towards the understanding of the underlying phemame performance will be investigated through fracture
is crucial for the potential application of thesewn mechanical studies, providing high sensitivity tode
grades and also provides for development of prae=du inherent material flaws, combined with genuine
for characterization and benchmarking of futurenformation on constitutive material behavior.

plastics. A third aspect of the project is to describe the
correlation between processing parameters and
Specific Objectives functional properties through models, based on the

The primary project objectives are to providecomposition and microstructure of the material, in
understanding of the mechanisms behind the observedmbination with the physical and chemical context

processing difficulties, to make possible quardificn which they perform. Microstructure and morphology
of the extent to which these difficulties occur fogiven will be analyzed by polarized light-optical microgy

grade and to quantify the reduction in specififPLM), scanning electron microscopy — energy
mechanical performance induced hereby. Based dlispersive x-ray analysis (SEM-EDX), Fourier
these studies, a design guideline will be prepéoedse transformed infrared spectroscopy (FTIR) and/or
in future in-house formulation of low-friction gras. modulus/hardness-mapping via micro/nanoindentation.
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Model Materials and Variables
Two generic polymers will be used as basis material
(matrix), namely polyoxymethylene (POM) and
polypropylene (PP). These have been chosen gs is the stress tensor in a Cartesian coordinatesys
representatives for poor and good compatibilityhviite  {x,..x;} with origin at the tip of the crack).
additives, respectively. The chosen additives ihelu If LEFM contrary to expectation turns out to be
polydimethylsiloxane (PDMS) as an all-liquid statensufficient as means for determining onset of abigt
additive (liquid during both material processingdan crack propagation (ineligible plasticity) a J-intal
usage phases), polyethylene (PE) as a liquid-stéitt  approach will be adopted instead, based on the ASTM
additive and polytetraflouroethylene (PTFE) as #8n a £1820-99-standard [2] and the work by Fasce d8Ahl.
solid state additive. The force/displacement data, which forms the basis

Other variables include grade composition variablesor calculation of either of the characteristic drare
like additive concentration, form and size disttibn, mechanical properties, will be measured by means of
processing variables like injection shear rategrop tower impact tester, equipped with a 4.1 MHz P
temperature gradients and holding pressure, actlfi@ pased data sampling unit. As this apparatus makes
mechanical test variables like load point displaget possible logging of the full force and displacemgéme-
rate and material temperature. traces, it also provides means for additional ieatfon

of the data analysis method used.

Ko =lim (%) (27,

Test Geometry and Injection Molding
The fracture mechanical tests will be based omglsi Results and Discussion
edge notched beam geometry (SENB), taken fromxperiments are still under preparation. Prelimjnar

square plates of 60 mm edge length. The speciméhs Wesults are expected December 2006 and first Galles
be milled to required length and width dimensiofise  study spring 2007.

plate thickness will remain as molded, either 115 or

6 mm. The former represents a realistic thickness iconclusions

medico-devices and will thus also be used foased on the presented framework, a thorough asalys

microstructure studies; the latter makes possid#ing of causes for the performance deterioration brought

of materials which, under the given conditions, Wlou about by the friction-modifying additives will beaue

not comply with the requirements posed by lineas&t possible, as will establishment of procedures for

fracture mechanics (LEFM) in a 1.5 mm thickness. Comprehensive benchmarking of new grades and
The influence of orientation, being that molecwar guidelines for the composition hereof.

fiber orientation, will be examined by comparing

specimens milled to having their length axis eithepcknowledgements

parallel or perpendicular to the direction of nfedtv. The author greatly acknowledges the supervisors for
A double inlet system, based on hot runners, wittheir invaluable sparring during both project

optional gating from both of two opposing side exlge procurement and early-stage effectuation.
will provide for test specimens with a central wéitk,

so also this deficiency can be characterized stheng References

wise. . . _ 1. ISO 17281:2002, Plastics — Determination of
A straight flow front will be realized by means of  Fracture toughness (Gand K) at moderately high

two so-called sculptured fan inlets, where three |oading rates (1m/s)

dimensional double curving profiling provides awlo 2 ASTM E1820-99, Standard Test Method for

path independent pressure drop across the gate. Measurement of Fracture Toughness
) ) 3. A. Fasce, V. Pettarin, R. Seltzer, P. Frontini,
Fracture Mechanical Testing Evaluation of Impact Fracture Toughness of

To simulate the impact conditions under which the Ppolymeric Materials by Means of the J-Integral
materials are most likely to fail in use, a LEFM Approach, Polymer Engineering & Science 43 (5)
procedure will be adopted through the use of th® IS (2003) 1061

17281:2002-standard [1], which specifically addesss 4, \. Brostow, R. Corneliussen, Failure of Plastics,

fracture mechanical characterization at relevahityh Hanser Publishers, 1986
displacement (i.e. strain) rates. The standardsdedh 5 R. Brown, Handbook of Polymer Testing —
determination of both the critical strain energjease Physical Methods, Marcel Dekker, 1999
rate: 6. V. Pettarin, R. Seltzer, L. Fasce, P. Frontini, K.
Leskovics, G.B. Lenkey, T. Czigani, Analysis of
(3.IC =-0Nn /(baa) Low Temperature Impact Fracture Data of

Thermoplastic Polymers, Structural Integrity and

(b is sample thicknesHl is elastically bound energy and Fracture (2004).

a is crack length) and the critical stress intgnigittor:
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Multi Component Equations of State for Electrolytesat a Wide Temperature
Range

Abstract

Four equations of state have been implemented ealdated for multi-component electrolyte solutiaidifferent
temperatures and atmospheric pressure. The eqgatimmtain terms accounting for short-range and -lamge
interactions in electrolyte solutions. The resugtielectrolyte equations of state were tested bgrdehing the
optimal ion specific parameters for the multi-compnt test system consisting of® Na, H*, C&*, CI, OH,
SO2. The parameters in the equations of state, battpéeature dependent and temperature independerg, we
fitted to experimental data consisting of apparemdlar volumes, osmotic coefficients, mean ionicivtgt
coefficients, and solid-liquid equilibrium data tte temperature range of -4& ~ 150°C. The ability of the
equations of state to reproduce the experimental idademonstrated. The performance of the equabdstate for
multi-component systems is compared and analyzedigw of the various short range and long rangenger
employed.

Introduction EOS of Galindo and coworkel3 (1999), Camerettit
Electrolyte solutions are encountered in many rmatural. *%, Tanet al ™2 (2005) and Litet al *?,
and industrial processes. Since the 1920s, many The SLE calculation of multi component electrolyte
different engineering models, either empirical em$  systems is a fundamental problem in the design and
empirical, have been proposed and constructed foperation of many industrial processes involving
calculating the thermodynamic properties of eldgteo electrolytes™. Since relatively little work has been
solutions for engineering applications. conducted for electrolyte EOS on this subject spvie

The electrolyte EOS are established through theave examined the possibility of using electrolg#teS
residual Helmholtz free energy formalism. It is welbased on ion specific parameters to reproduce
known that electrolyte solutions are considerablyran experimental SLE phase diagrams at a wide range of
difficult to model than solutions with non-electytds. temperatures besides the conventional correlatibn o
Additional Helmholtz free energy terms are therefordensity, mean ionic activity coefficient and osmoti
needed in electrolyte EOS to describe the eleettiost coefficient. We would like to evaluate differentosh
interactions between ions and between ions anestdv range terms and long range terms by applying them t
in electrolyte solutions. Several EOS for electtely chosen multi component system of aqueous elect®lyt
solutions have been published since the attempts iof a wide temperature range. The equation paraseter
Planche and Renon (198¥) The most notable ones areare ion specific.
the equations of Jin and Donohdé'[ Fiirst and Renon
B8 Wu and Prausnit2”’, Myers et al® and the
electrolyte SAFT (the statistical associated flthidory)
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Expression of the Electrolyte EOS

The MSW, mMSW and the eCPA EOS are still referred
1) Myers, Sandler and Wood Electrolyte equation of to as “ three-parameter EOS”. The SRK+DH EOS has
state® (MSW EOS). In this work the MSW EOS is used two ion specific parameters: the temperature depend
with ion specific parameters rather than the gadicffic  attraction parameter a(T) and the temperature
parameters used by Myees al.® The expression for independent co-volume paramekerThis equation also
the total change in Helmholtz free energy to fofme t has one binary interaction paramekgmper species pair

electrolyte system is:
A(T,V,n)= A*M (T, V,n)

- AAPR +A&SXMSA+ AAjiom_i_AA:Bon

hg

1)

in SRK term.

The data used for the parameter estimation aricai
the IVC-SEP electrolyte databafk. The combined

algorithm alternating between a gradient method

The PR EOS with volume translation parameter wddlarquardt method) and a direct search method

used here as the short-range term.

2) Modified Myers, Sandler and Wood Electrolyte

(Nelder-Mead simplex search method) for non-linear
least square minimization have been adopted. The fo
electrolyte equations of state were tested by deteng

EOS (MMSW EOS).The simplified explicit MSA term the optimal multi-temperature model parametersttier

Error! Reference source not found.in MSW EOS is
replaced by the simplified implicit MSA
Error! Reference source not found.to construct the
new modified EOS:

A(T,V,n)- A%M (T, V,n)

— AAPR +AA;MSA+AAHiBom+AABOH

S hg

)

3) The Electrolyte CPA EOS (eCPA EQOS)
The eCPA EOS has the following general form.

A(T,V,n)_ AIGM (T, V,n) (3)
= AASRK +AAASSOC+ AA,}nSMSﬁ'AI%iSBorq'AAhEO

The association term is only used to account fersef-
association of water.
neglected here.

4) Debye-Hickel SRK electrolyte EOS (SRK+DH
EOS) The expression for SRK+DH EOS is as follows:
Iny (T,V,n) @)

= InyS*(T,V,n)+ Iny*®(T,n)

Y’ is the mole-fraction based activity coefficient @f
component in a mixturelny °" is the truncated,
simplified Debye-Hiickel term in (4)lny Sfis the
activity coefficient contribution from SRK EOS. $m

term

multi-component system consisting of water,” Nd",
c&”, CI, OH, and S@ ions.

Results and Discussion

Multi component Aqueous Electrolyte Solution at a

wide temperature range (-30 to 130C) and 0.101325

MPa (Binary and Ternary Systems )

It is better to perform the parameter optimization
progressive stages than in a all-in-one-step mawitar

all experimental data points. It helps the optiri@a
routine to find the optimal parameter set more kjyic
and smoothly. We followed this methodology to
determine the best temperature dependence funiction
EOS parameters. The parameter regressions were

lonic association has begserformed in four progressive stages using various

amounts and types of data:

1) Multi temperature water activity, mean ionic
activity coefficient and osmotic coefficient
data, short ag. + @ data.

Multi temperature binary and ternary SLE data.
Multi temperature binary and ternary SLE data,
multi temperature water activity, mean ionic
activity coefficient data and osmotic

coefficient data, short as SLEy++ .

AMV data at 25°C plus all multi temperature
data of 3), short as AMV+SLE & + .

2)
3)

4)

the Debye-Huckel term makes no contribution to the

system volume, the volume is calculated from th& SR

EOS alone.

In the above four EOSyis the vector of the number of
moles of each component of the mixture. The volume
translation parameterfor ions in MSW and mMSW
EOS was set equal to zero for all ions. In the MSW
EOS, mMSW EOS and eCPA EQOS, the attractin
and the ion diameter(7) is temperature dependent

a(T)=g+aAT+ aA T,
o(T)=0,+0AT,

where AT =T- 298.15K
while the co-volume parameterb is temperature

independent and one binary interaction paramigtéor
each species pair.

(5)

The SRK+DH EOS has no adjustable ion-size
parametew, therefore only the second order polynomial

of a(T) was implemented for this EOS. Besides, AMV

data were not used in the SRK+DH EOS parameter
optimization.

The duration of the parameter optimization of mMSW
and eCPA EOS is three times longer than that of MSW
EOS. This is because of the heavy computational loa
of implicit MSA term and the association term. Good
results were obtained for the three-parameter EQS i
stage 4). The mMSW EOS performs not as good as the
MSW EOS while the eCPA EOS performs slightly
better in stage 4). The final objective functiodueaof
eCPA is 8% smaller than MSW EOS while that of
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mMSW is 2.4% larger than MSW EOS. Graphica

35

results are also presented. Note the isothermseainm O Exp data o A
ionic activity coefficient, osmotic coefficient eernary 3| oo mwsw 2os s
SLE data at certain temperatures have been shiftec o A

distance away from their original place along thery
axes in some figures. The exact values of the rlista
for each shifted isotherms (denoted ashere) are
indicated in the figures as#a or x+ a, meaning that the
constant value a has been added to or subtracted fr
the y or x values of the isotherms. Otherwise mo:
isotherms will overlap or intersect with each othethe
figure, making it impossible to distinguish thenorfr
one another.

& p
7 # a0 c yo1s

rd ol O

Mean lonic Activity Coefficient

Molality (mol/kg)

For SRK+DH EOS, the reproduced mean ionic activitfFigure 2. Mean ionic activity coefficient of aqueous

coefficient and osmotic coefficient for most systeate HCI at different temperatures. A constant is adted

not as accurate as the values reproduced by tee thsome data at different temperatures to separate the

parameter EOS. SRK+DH EOS only partly succeedeggbm each other.

in fitting experimental data in stage 3). For some

difficult systems such as the osmotic coefficierit o

NaSQ,, CaSQ and mean ionic activity coefficient of

CaCl, CasSQ and NaOH, the reproduced results are

largely deviated. SRK+DH EOS is only able to cagptur

the trend of the curvature of these difficult syss$e The

solubility of binary systems is better reproducédn

the mean ionic activity coefficient or osmotic The solubility diagrams of binary systems are wegfl

coefficient. The multi temperature ternary SLE data reproduced except at high or low temperature. For

the most difficult data sets to reproduce. Only tive  calcium chloride aqueous solution, the predictesiilte

ternary systems NaCl+HCI, NaCl+NaOH systemsat temperature over 128C or below -50°C, the

could be fitted reasonably well. The largely destht deviations of the three parameter EOS start toeamse.

isotherms calculated with the SRK+DH EOS ardhe fitting results of binary systems of CaS@nd

therefore not plotted in the figures with the griaph Ca(OH) are acceptable. For B8O, and CaCl

results of other EOS. systems, we only partly succeeded in fitting certai
branch with SRK+DH EOS.

l4r 1201

O Exp data 100 °C, y+0.15

O Exp data

75 °C, y+0.1
— MSW EOS /@« 100} |— MswEOs
1.3} |== mMSw EOS 277 50 °C, y+0.08 --=- MMSW EOS
CPA EOS ¢ By 15 oc.y w0l CPAEOS
. SRK+DH EOS —~— SRK+DH EOS

°c

Osmotic Coefficient
Temperature

0.8 L L L L L L 40
0 0

Molality (mol/kg) Molality (mol/kg)

Figure 1. Osmotic coefficient of aqueous NaCl at  Figure 3. Solubility phase diagram of agueous NacCl
different temperatures. A constant is added to some system.

data at different temperatures to separate them fro

each other.
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system Na2S04 and CaS04 system at high

O s temperature. A constant is added to some data at
ol T mMSW E0S different temperatures to separate them from
—— SRK+DHEOS each other.
80 O
9
% 60 ©
ué' Y}O.O
o
20 ‘ o,
% O Expdata 4
%v — MSW EOS
0 . . . . . . . i o ---- MMSW EOS
0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 CPA EOS T
Molality (mol/kg) —
Figure 4. Solubility phase diagram of aqueous CaSO< &
system. g |
2 s i
E“‘ e oee, yiis \m
\x\ I
R T e
--=- MMSW EOS ~ ‘
10k CPA EOS 0 1 2 3 4 5 6

—— SRK+DH EOS

°c

-20

-25F

Temperature

30k

35-

-45 L L L L L L I
0 1 2 3 4 5 6 7

Molality (mol/kg)

Figure 5. Solubility phase diagram of aqueous HCI
system.

We failed to reproduce most ternary SLE systemé wit
the SRK+DH EOS, but we reproduced most ternar
SLE system with the three-parameter EOS at modere
temperatures. Within the temperature interval [-P00]
°C, the saturation curves for ice, ice and salt onixt
salt with crystal water or pure salt are all verglw
represented. This suggests that the temperatt
dependence function is still not very adaptive @ t
high or too low temperature. It is still necessaryfind
better temperature dependence function for attracti
parameter and ion-size parameter.

0.035

O Exp data

35 °C, y+0.006 _ MSw EOS

—--—- MMSW EOS []
CPA EOS

0.03

Na,SO, 10H,0

CaSO4 Molality (mol/kg)
o
o
o

. .
0.5 1 15 2 2.5 3 35 4
Na2804 Molality (mol/kg)

Figure 6. Phase diagram of the ternary aqueous

NacCl Molality (mol/kg)

Figure 7. Phase diagram of the ternary aqueous
system NaCl and CaCl2 from -Z& to 0°C. A
constant is added to some data at different
temperatures to separate them from each other.

0.1

O Exp data
0.09- ~ — MSw EOS
25C, y+0.02 (9 A --=- MMSW EOS
0.081 AR CPA EOS
A
Y

0.07- 4 o \ CaCl,Ca(OH),2H,0 B

O —~

0.06 - Ca(oH),

’6 @f 100C,y+0.01

0.05} / /
&

CaCl,3Ca(OH)13H0
T

Cax(OH)2 Molality (mol/kg)

Ca\CI2 Molality (mol/kg)

Figure 8. The predicted phase diagram of the
ternary aqueous system CaCl2 and Ca(OH)2 from -
20 °C to 25°C at 0.101325 MPa. A constant is
added to some data at different temperatures to
separate them from each other.

Conclusion
From all of the presented results above, it carsden
that there is no big difference between the corepetd
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the simplified MSA terms in our study. As regardthe
short range term of PR EOS and CPA EOS, it seems
CPA EOS provides slightly better results in aqueous
systems. For the future mixed solvent systems
containing associating compounds, CPA EOS s
believed to be more advantageous. By using the
simplified explicit MSA terms in MSW EOS, we
obtained similar results to using the simplifiedpliit
MSA term. In future work, eCPA EOS can be used with
the simplified explicit MSA term to enhance
computational speed and reduce the complexity ef th
EOS. Blum also proposed a new and more theoretical
based mixing rule for simplified explicit MSA term,
which significantly reduced the error between oé th
simplified explicit MSA term and the complete MSW
term. This new mixing rule is worthwhile to be
implemented. Association term should be studieset®
whether it helps to improve the goodness of fiE@S

in the high concentration range where ion comptaxts

to form. The SRK+DH EQOS should be further improved
in its temperature dependence function to imprdse i

correlation results of multi temperature multi
component SLE data.
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Abstract

In fine chemical and biochemical industry multigsteeactions usually progress in aqueous-organiatisols or in

organic solvents. On-site removal of desired produthances the process directly. In addition td temoval of
undesired products would inhibit side reaction vhic turn would increase process selectivity. Itjiste common
to find products that may be heat-sensitive whigtjude the conventional thermal separation preaseda order to
make the process economically feasible, one aliemés to increase the product yield by combinthg reactor
with a membrane separation unit or with better sots, or both. Currently, reactors and membranarsépn units
are usually combined to operate as a hybrid prottessigh an experiment-based trial and error apgraghich is

acceptable in terms of reliability but it is timersuming and expensive. Through model-based compided

techniques, it is possible to select better sokvamid identify feasible membrane-based separatimcepses which
when combined with the reactor would increase mecproductivity. A systematic modelling framewortr f
designing of hybrid reactors-separator systemsdsgnted and its application is highlighted throaglase study.

Introduction Membrane-based separation techniques like
In pharmaceutical, fine chemicals and biochemicglervaporation and nanofiltration have been extefgiv
manufacturing reactions are most often carriediow studied [1-3]. Pervaporation has been used in the
batch or semi batch reactor followed by multipleproduction of MIBK (methylisobutylketone) [4] and
separations and cleaning steps. Irrespective othene MTBE (methyl tert-butyl ether) [5]. Nanofiltratioms
these reactions are equilibrium or kinetically coléd, emerging as an option in separation of moleculgh wi
on-site removal of products usually enhance thddyieM,, ranging from 500 — 2000 from dilute solutions. Now
and lead to reduced process times. In the case tbB membranes which are resistant to degradation by
undesired side reactions, the removal of product(grganic solvent are also commercially availableeSéh
could also improve process performance. When stdvermembranes are fairly reasonable option when the
are used, it can either be recycled or substitwtéd  separation is based on size.

another more appropriate solvent. For all thessaes, Coupling of reactor and separation unit is called
it is beneficial to couple the reactor with a sepi@an hybrid process since the two processes influenee th
unit. performance of each other and the optimisationhef t

One option to remove products from reactions (fodesign must take into account this interdependency.
example, when the product is heat sensitive antMor Lipnizki et al. [6] highlighted two types (R1 an@)Rof
separation technique requires operation at temyerat hybrid processes consisting of reactor and membrane
below the degradation temperature) is to introducleased separation based on the type of moleculeeto b
membrane-based separation process. Membrane impagparated. Type R1 is an example where product is
selectivity to specific components based on either removed from recycle loop around the reactor when
difference in size or the chemical potential of théype R2 removes by-product. These hybrid processes
molecules. Also, membrane-based separation techsiquare presented in Fig. 1a and 1b where the sepanattib
enjoy advantages such as low operational cost$y higs physically set apart. It is also possible tegnate the
selectivity, modular design and lower environmentanembrane separation process within the reactor unit
impact. which is usually referred as the membrane readi. (
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1c); however in such case it is impossible to sgtermeability, membrane area etc. which will give th
separation at different condition (T, P) on theetde desired process output. Step 3 combines all celtect
side” than those present in reaction medium. knowledge with membrane separation models to
Currently, reactor and membrane separation ueit aidentify the feasible membrane-based separation
combined through an experiment-based trial andrerrtechniques. The membrane parameters like diffysivit
approach, which is time consuming and expensive. Tisolubility etc. (for dense membrane) and porogiyre
main focus of this work is to give a computer aidedize etc. (for porous membrane) used in membrane
framework for design/analyse of hybrid processnodel should represent the available membranesheln
systems. last step (step 4), various process scenarios laysea
and tested with given operational limits definedérms

4 | &) | 9 | of process vyield, reaction time and membrane unit
’i\—/ ’i\‘ ’i\‘ variables. If these constraints are satisfied, asifde
design is obtained; otherwise, decisions from earli
steps will need to be reviewed. This methodology
[romn consists of an efficient and systematic generatbtast
LM LM approach, which is able to save time and resousges
iP - lB - avoiding ._dupllcat|0n of WOI’.k a}nd efficient
e e decomposition of the problem into integrated sub-

Fig. 1 Hybrid process layouts, a) type R1, b) type R2, c) problems (as highlighted in Fig. 2).
internal membrane unit

- -
Model-based design methodology of hybrid systems eactants properties }

Design of hybrid process system consisting of @act S R H ST G e
. . . . ef la Reaction data analysi:
and membrane-based separation units is usualliedarr solvery
out through trial-and-error approaches involvingoal

. . Step 2 Define /determine
experiments. Even though they are acceptable mster H process demands \
of reliability, they are time consuming and expeasi

while the solution is ad-hoc by nature. Based on qf’*e” Pl e e H Membrane Separation Model H Membrare database
+

model-based framework for systematic analysis,sit i

possible to design hybrid process systems to find

improved process design alternatives in terms of@ss

output parameters such as reaction yield, selégtivi !

processing time and environmentally friendly sobgen | stes4 state process condtons - #ptric srocess ocer )
A model-based framework for systematic \_

investigation of hybrid process systems is presktine

Fig. 2, where the workflow for every step is ind&d
by the grey-boxes, while the needed models by rednd
white-boxes and data are indicated through theewhit

boxes. Based on the knowledge of reactant pr0|aert:§,:c’ces4S sc;enr_:lrlos thodol . vsis of
like size of molecules, temperature of degradatio ep of given metnodology requires analysis o

partial pressure etc, reaction kinetics and coolgiof dlfferen.t process scenarios in or_der to saﬂsfycpss
reaction are defined (step 1a). In the sub-stegp($b), constraints .deflneq In st.ep 2. Various Process &ues)
influence of solvent on reaction as well as on th ould be differentiated Into three groups_of operat
process design is considered. A short list of clafsi 1) batch reactor, (2) semi-batch and continuoaste,

which could be the potential solvents is generateskd and (3) hybrid process. (Batch operationdise fixed

on the method of solvent selection given by Gardlet initial amounts of components, which a_lso include
[7] and their performance is evaluated in the hybriamount of enzyme/catalyst. Results obtained through

process. This method includes use of computer—aidé&ﬁmaﬂ?ﬁs Ofk. thf.se opedraltionbs can be a_lso usiﬂ to
molecular design tool ICAS-ProCAMD [7]. The verity e Kineuc  mode y comparing wi

properties of solvent which play the biggest rote iexper!me_ntal data and when _needed, parameter
specific reaction are reactivity of solvent, miskif optimization can be executed. @¢mi-batch operations

with products, polarity, melting and boiling point, are done for different rates of components/feedtiahd
vapour pressure, selectivity and Environmental theal or as well as for process outlets. Two cases afipeae

and Safety (EHS) properties. Influence of solvent oworthy to_ look in more det_ans: (2._1)_§olvent adofitin
membrane-based separation method also needs to ger to Increase conversion of I|m|t|ng_componby|t
considered due to its effect on membrane stalslitg changing the component concentration qnd_ (2.2)
fluxes. The process output depends on proceg d|t|on_of suk_)strate(s) of reaction(s) in Wh'Ch"!ma
parameters such as product purity, reaction yield aproduct is obtained (based on the law of mass wiciio

process time. The objective of the step 2 is tacifpe order to increase yield and selectivity. However fo

these process parameters in order to determine tf(éntinuous operationdifferent residence times are

values of process variables such as temperatu &sted. (3) Hybrid  process  operationsconsider

Fig. 2 Methodology of design/analyze hybrid process sgste
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continuous or semi-batch operation of system ctingis [oH | _ ) (aPR) (P (aRY {a B
reactor and membrane separation unit, where peman%ﬁ} ‘[Fh ]+[F h ]+[F H ]

product(s) addition as well as removal is presanthis (2)
stage of design, constant properties of membraee ar ‘[F(E)h(ﬂ)}[F(app)h(ap)}‘[F(aRF’ HH’]
assumed. However, for membrane separation processes NKR
it is unusual to maintain constant membrane progsert +[Zr{’AI—|f}+[QR]+[QM]
which usually results in decline of components @six k=1
In such cases a fixed decrease of component fluxés™” :E(”P)(Ji,An,E(””),Z(”P),ﬁap),lﬂM”’) 3)
could be considered to indicate their effect on the
system. In some cases when one of the reactions Fl'éaR) :Fi(aR)(‘]i*An’F(aﬂ)’z(m’ﬁnaaﬂa F)) )
slower the product removal could be applied inpgbat hi) = ) (T, P, )gj)) (5)
when the vyield of the slowest reaction is high agiou '
This entails sequence of operations to overcomélého ?=rf (T Y, ,kff) (6)
neck’ of the process. a

All thoseIo scenarios discussed above have to be Ji=9 (T’ & >§")) 0

investigated qualitatively and quantitatively irder to  WhereA,, — membrane area, — molar fraction in liquid
explore and propose the best possible process rseenaghasez — molar fraction in fresh feed, — molar flow,
or at least the feasible operational window whédve t Fi — component molar flowJ, — component flux
optimal design may exists. through the membrand, — reaction rate constarf, —
pressure,r — reaction ratet — reaction time, T —
Generic model for the hybrid reactor-membrand®mperature,V — reactor volumey. — stochiometric
process coefficient, subscripts: — componentsM — membrane,
The process scenarios described above need a genEi— reactor,r — retentate, superscripz - membrane
model for the hybrid reactor-membrane process fromnit, B - liquid phase aPP — permeate leaving system,
which problem specific models can be generated afRP — retentate leaving systemgPR -recycled
tested. General balance equations ((1)-(2)) forrilyb permeategRR— recycled retentate.
reactor-membrane process are derived based on schem For hybrid process design, the objective is to

(o) o

given on Fig. 3. combine Flow out and Recycleterms (Eq.1) into a
F (@, single term representing the effluent from the Igbr
‘ system, which depends on membrane related variables
Fe 1P PO s v (A, J or F*?), directly into reactor model. Advantage of
_F S such a reformulated model is simplicity to inveatiy
v, F @ the performance of the hybrid system. Moreovers thi
F (@i, | Reaction F @ s operation reduces number of variables and the degre

of freedom. Using this generic model and the specif
details of any problem, the specific hybrid reactor
membrane process can be generated and tested.

%R
Case study: Enzymatic esterification
F (aRP, =~

Application of the model-based framework is illadad
Fig. 3The general scheme of hybrid process through an enzymatic esterification reaction. Dasgad

The differential equations are the states of tratesy at 11 this study were published by Egger et. al. [8].
discrete time points and algebraic equations aee tfPPiective of this study is to analyze esterificatio
constitutive and control equations. This generibriyy Process in order to propose feasible process setip
process model contains process ((1)-(4)) and ptppeflighest possible process yield.

sub-models ((5)-(7))for both reactor and separation . .

units. These equations are derived from mass amicP 1a& Reaction data collection

energy balances, which form a DAE system 0Enzymatic esterification is carried out in two réas
' where phospholipaze-As used as enzyme. First one is

F (aR,

eg“auons' hydrolysis (Eq.(8)) of phosphatidylcholine (1) to
[_n}:[lzi J+[Re]+[RC]-[F] lysophosphatidylcholine and second esterification
ot 1) (Eq.9) of lysophosphatidylcholine to
_[F(GPP)J_[F(aRq]J{’f‘Vﬁrﬁ} phosphatidylcholine (2). However, hydrolysis istéas
i ! b "1 KK than esterification, which makes second reactiarit li

the overall process vyield. The net enzymatic
esterification reaction can be represented scheailti
as:

A+B_E®L c+ D (8)
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C+E_ B F+B (9) c_ie;i_red product (phosphati(_jylcholir_le (2)) to_ initee
) ) limiting reactant (phosphatidylcholine (1)fYield =
Where: A — phosphatidylcholine (1)3 — water,C —  N./N,(). Whole DAE model of hybrid system contain 7
lysophosphatidylcholineD — palmitic acid,E — oleic  ordinary differential equations, 13 algebraic eprat
acid,F — phosphatidylcholine (2). ~ with 73 variables and it is solved in the ICAS-M{d]
Although, this kind of reaction has been studied dhodelling environment, which is a computer aided
temperatures equal to or higher thariGQall data used modelling tool with option of model translation &ysis
in this work has been obtained at ambient condtiongng solution. With the generated problem specific
No heat effect was reported. Egger ET. al. [8] regb hybrid process model, five scenarios have been
equilibrium yields in various water activity conidits investigated in terms of process yield and supityiof
and substrate concentrations, which has been atettl the hybrid process over batch reaction is obtairéd.

and verified here to generate the kinetic model. Akimulations have been performed with the sameainiti
reactants except water are heat sensitive. Molsdle conditions with respect to reactd®x, = 10mM, Cgo =

and C haveM,, 734 and 495 whiléM,, of D andF are 36.5mM, Ceo = 800mM andV = 1dnt. Performance of

282 and 760 respectively. hybrid system is strongly dependent on the membrane
_ area A and component fluxes;). For reactor coupled
Step 1b: Solvent selection with pervaporation unit (RCPV), four cases with

Reactions required solvent to reduce viscosity dfifferent values of factods. Ay, (Js — water flux) have
reaction medium and to keep low water content bllit s heen studied. For process carried out in 20h yisld
sufficient amount required for enzyme stability.sBel  jmproved from 0.25 (batch) to 0.57 (RCPV3) by
on information obtqined from literature [8_] toluemas removing water from the system using a reasonable
chosen as the first solvent. Other likely solventgesign for a PV-unit § = 0.5mmol/(nih), Ay =
generated with ICAS-ProCAMD include, n-hexanep 56nf). However, possibility of reducing time into 10h
n-heptane, isopropylacetate 2-dimethylhaxene, Ryere found forA, = 5.12m. Values for the different
nonane, 2-methylnonane and many more. design variables for the five scenarios are givefdble

1 while the yield-time behaviour is shown in Fig. 3

Step 2: Process demands 06

Esterification reaction, which is kinetically coolied,
has a low product yield. The objective is to insethe 0.5 1 g A
process productivity by removing the water. Moregve &
reaction requires an inert organic solvent and mimn ~_"" |
water content (related to enzyme activity). %o.s i

> — Batch
Step 3: Separation method selection 027 —RCPV1
Pervaporation (PV) is chosen as the membrane-based,, | _Repv2
separation technique because of the possibility of v
introducing hydrophilic membranes that would allow o ‘ ‘ ‘
only water to permeate. Sirkar and Winston Ho [10] 0 5 10 15 20
reported a cross-linked polyvinyl alcohol membrame Time [h]

Fig. 3 Comparison of hybrid process systems with batch in

PV to dehydrate organic mixtures, even with veryabm .
terms of process yield

water concentration.

Step 4: Process conditions and feasible design
Two operations have been studied: batch and hyirid
type R2 (Fig.1b). Batch operations were selectadesi

Table 1 Process parameters and process yields
Batch RCPV1 RCPV2 RCPV3 RCPV4

small production is considered. All set-ups are JsAn[mmolh] - 0.32 0.64 128 256
investigated under assumptions that: reactor isl wel; 20.00  20.00 2000 2000 9.91
mixed, reaction occurs only in the reactor volumehie _

liquid phase. With respect to membrane separationYield[] 025 030 037 057 060

water flux in PV is constant and fluxes for all eth

components present in the system are neglecteth Fro Two different membranes polyvinyl alcohol and
the generic hybrid model (Eg. (1)), the problemcsig®  cellulose acetate membranes with various solveas h

hybrid process model is generated (Eq.(10)). been investigated under assumption that solvens doe
dn NKR not change kinetic parameters and fluxes of other
E:_‘]ipfn"'vz Vikk (10)  components can be neglected. To make easy

k=1

o _ comparison between membranes the same membrane
The accumulation in the membrane process is neglectarea was used in all simulations. Data used for

because change of state variables along the length pervaporation unit was found in literature and reate
time (steady state) are assumed constant. React§immarised in Table 2.

kinetics is described by reversible Michaelis-Mente
kinetics. Process yield is defined as ratio of raodd
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For further experimental studies semi-batch reactdReferences

coupled with pervaporation is recommended. Howevet,
at first impact of isopropyl-acetate and hexane on
reaction should at first be verified experimentally
experiments would represent no change in kinetfos,
recommended solvent is isopropyl-acetate with tessbis
cross-linked polyvinyl alcohol membranes.

0.6 3.

— isopropyl-acetate, Am = 0.32 m"2

051 _ hhexane, Am = 0.32 m2

0.4 { — toluene, Am =0.32m"2
= — toluene batch
20.3 4
2
>

0.2 1

0.1 4

5.
0 T T T
0 5 10 15 20

Time [h]
Fig. 4 Comparison of hybrid process systems with various 6.
membranes and solvents

Table 2 Various membranes versus different solvents

Possible membranes Solvents  Yield[-] t[h] 7.
Poly(vinyl alcohol) [11] isopropyl-acetate 0.6 17
Poly(vinyl alcohol) [10] toluene 0.26 20 8.

Cellulose acetate [12] n-hexane 0.5 20

9.
Conclusions

A model-based framework for systematic investigatio
of hybrid systems consisting of well mixed reacaod 10.
membrane-based separation unit has been presenjgd
along with the application to the enzymatic
esterification case study. The work-flow and the
corresponding data-flow for the methods and compute
aided tools needed by the model-based framework hay?2.
been developed. Problem specific hybrid process
models are generated from generic model and used fo
specific reaction systems. From this work, it isatlthat
hybrid processes consisting of reactor and membrane
unit could show their advantages where difficulasst

to incorporate other separation methods and gives
significant increase in process yield by overcoming
limitations of kinetically controlled reactions aradso

by reducing the process time. That work presem als
great impact of solvent for membrane separatioh Uni

is considerably important that experimental trials
needed to verify the hybrid process are reservedhi®

final step, thereby saving time and resources.
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Computer-Aided Multiscale Modelling for Chemical Process Engineering

Abstract

Usually, chemical processes are modeled throughostate approaches, which, while not adequate, shtgfy a
useful role in product-process design. Therefose, of a multi-dimension and multi-scale model-basgggroach is
desirable in product process development. A contpatded framework for model generation, analysidutson
and implementation will allow the development ampglacation of the desired model-based approactpfoduct-
centric process design/analysis. This goal can dfgewed through the combination of a system for ehod
development (ModDev), and a system for model amabsd solution (MoT); also, it should be possitnéave a
connection with any other external software or psscsimulators through COM-Objects or CAPE-OPENLIn

Introduction development and solution with almost zero

The development of special materials and/or chemicprogramming effort, and thereby, producing cust@diz

products as well as a broad variety of scientifitd a simulators for a particular process.

engineering problems, requires models covering dewi

spectrum of partial and temporal scales. Tradiligna Specific Objectives

chemical processes have been modeled throudthe objective of this project is to develop a new

monoscale approaches, which, while not adequat€pmputer-Aided Modelling Framework, and through it,

nevertheless satisfy a useful role in product-pssecethe synergy between ModDev and MoT; together with

design. Product-centric process design integrapsas new modelling features such as multiscale modelling

of product evaluation into the process design mabl and models needed for specific product-centric gsec

In this case, use of multi-dimension and multi-ecaldesign that are usually not found in commercial

model-based approach is beneficial in product-mecesimulators (for example, fuel cells, thin-film

development which basically consists of dividing avaporators) allowing the development of customized

complex problem into a family of subproblems thasimulators with models generated through ModDev-

exist at different scales and that can be organiedg MoT and using it in other computational tools sush

various scales depending on the system and on tsienulation engines (Icassim and Dynsim available in

intended use of the model [1]. ICAS software), external software (i.e. excel) or
external simulators through COM-Objects or/and

A flexible computed-aided framework for modelCAPE-OPEN link.

generation, analysis, solution and implementatiolh w

allow the development and application of the desireComputer-Aided Modelling Framework

model-based approach for product-centric processéowadays, computer-aided process modelling

design/analysis. This can be achieved through tHeameworks have become an important tool in the

integration of a model generation system (ModDevlevelopment and solution of process and product

and a modelling tool (MoT) for model translation,engineering problems.

analysis and solution. The combination of ModDev,

MoT and ICAS (Integrated Computer Aided System) or Computer-Aided Process Modelling Frameworks

any other simulators or external software (througlban be classified in general as: generic modelling

COM-Objects) will permit that different models aad/ languages and domain-oriented modelling languages.

process configurations to be simulated very eamilyg Process Modelling Languages (PML) could be

quickly, reducing time and human resources for rhodelassified as part of domain-oriented modelling
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languages [2]. PML should be provided with multlsca for new unit operations that can be used with abdd

modelling approach to enhance the accuracy in theodels for other unit operations. Some of the ewker

behaviour of some model-processes involvingimulators can also be used under Microsoft Excel

multiscale phenomena. Multiscale is an essential prtogether with MoT-COM. Thereby providing greater

requisite for making full use of advances in sdfemt availability of models and true interoperability of

understanding within engineering applications ofoftware tools in process-product design.

practical interest. As It is pointed out by [3], €hical

engineers are turning to multiscale modelling tbeed  Acknowledgement

traditional modelling approaches into new applimati The author acknowledges the financial support ef th

areas and to achieve higher levels of details anikchnical University of Denmark.

accuracy. The challenges and opportunities for

multiscale modelling for chemical process are oprd References

taken into account in this project. 1. E. Németh, R. Lakner, K. M. Hangos and I. T.

Cameron, ESCAPE-15, Spain, May 2005.

Integrated Computer Aided System (ICAS) is &. L. von Wedel, W. Marquardt and R. Gani,

computer-aided tool for modelling, simulation  Computer-aided Chem. Eng., vol. 11 (2002) 89.

(including property prediction), synthesis/design3. G.D. Ingram, I.T. Cameron and K.M. Hangos,

control and analysis into a single integrated sysi4], Chem. Eng. Sci., No. 59 (2004) 2171.

developed by CAPEC at DTU. ModDev and MoT arél. R. Gani, G. Hytoft, C. Jaksland and A. K. Jensen,

modelling tools that can be found in ICAS software; Comput. Chem. Eng., No. 10 (1997) 1135.

both of them are aimed and classified as computeda

modelling frameworks. Butwhy do we need to use

ModDev and MoT together as a new modelling

framework? Because through their interaction, model

equations for a specific equipment, process or atfmer

would be developed by ModDev; and then translated,

analyzed and solved through MoT with almost zero

programming effort, and thereby, producing custadiz

simulators for a particular process.

In addition, after the model equations have been
successfully derived/generated, the user has thierop
to generate a COM-object of the model for transfed
use in external software (e.g. excel, see figuré®h)the
other hand, the connection of these COM-Objecth wit
other external software such as commercial simtgato
can be done through the CAPE-OPEN link (see figure
1).

CAPE-OPEN

ModDev

Fig. 1. Computer-Aided Modelling Framework

Also, the generated MoT-COM is able to interact
with the ICAS environment, thereby providing models
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Stabilisation of Polyethylene Glycol in Archaeologial Wood

Abstract

Damaged PEG was detected in a sample from the Skwuld/iking ships in Roskilde using Matrix Assistedser
Desorption lonisation-Time of Flight Mass Spectromme(MALDI-TOF MS), this could suggest that PEG
degradation has taken place. Accelerated ageitgtraiethylene glycol showed that formic acid isedoict of PEG
degradation. Formic acid was detected in samptes fhe Skuldelev ships using a gas chromatograpblmique,
which is a possible indication of PEG degradatidawever, it remains to be determined if the formétd found in
the sample originates solely from PEG and not fthenwood components, a carbon isotope analysisiigtset up
to reveal this.

Introduction There is agreement though that degradation of PEG
Waterlogged wooden archaeological objects atdeads to shortening of the polymer chain.
normally impregnated with polyethylene glycol (PEG)
after salvage. This is done to prevent the woodanfro In lack of precedence the ultimate consequences of
cracking and shrinking when dried. PEG has proveREG degradation in the wood are hard to prediaméso
useful for this purpose many times, a few examplespeculate that PEG will start to seep out of thedvib
include the Vasa (SE), the Hjortspring boat (DK)e t the molecular weight gets low enough, since suc® PE
Batavia (AU), the Skuldelev ships (DK) and the Beam is a hygroscopic liquid. Other ideas are based on
cog (D), which are all PEG treated wooden shipwsecksorption isotherms of different PEG types [9].Hétair
on exhibition today. During re-conservation of thehumidity fluctuates around 60% relative humidityr fo
Hjortspring boat, indications that PEG had degramed example, the amount of water that is moved in amd o
the wood were observed [1]. This caused concern thaf the material is larger for low molecular PEG égp
PEG degradation could be taking place in otheraibje than for high molecular ones. As a result the disjec
that have received a similar impregnation. If thisms would become increasingly responsive to climate
out to be the case, many important objects aroted tfluctuations, as PEG degrades.
world are affected.
The work that has been done so far includes

It is well known that PEG itself degrades atcharacterisation of the PEG impregnation in the &/as
elevated temperatures in the presence of air [2-54nd the Skuldelev Viking ships [10]. Besides shawin
Several investigations of the degradation mechanisthe amounts and distribution in the wood of théedént
have been conducted some of the more successful WHeG types used for impregnation, it was also thetai
nuclear magnetic resonance (NMR) for detection][6-8assess the state of this PEG. In most samples no
However, these experiments were conducted at veopviously degraded PEG was observed with the
high temperatures. To assume that the mechanismeghniques used, except for a few samples from the
identified in those experiments, extends to roor$kuldelev ships. In these samples mass spectrometry
temperature without problems, would be optimisticindicated the presence of damaged PEG. Accelerated
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ageing of the PEG model molecule tetraethyleneajlyc
has been studied using Gas Chromatography Mass
Spectrometry (GC-MS) [11]. One of the results aledi
from these experiments showed that formic acid is
product of tetraethylene glycol degradation. Wiklist
information it is clear that there must be formadain
the timbers if PEG degradation takes place. Fos thi
reason a series of formic acid measurements usitig S
Phase Micro Extraction (SPME) GC-MS were
conducted on a range of PEG treated woode
archaeological objects including the Vasa and th
Skuldelev ships. This showed that the objects donta
formic acid [12].

HHHHHHHH“HHHmm. . ..‘.,mmuﬂﬂﬂﬂﬂmmm
7 T

1000 2000 3000 4000
m/z

Specific Objectives

It is the aim to characterize PEG and possible PE =
degradation products in the Vasa and in other pEEXtracted from the keelson of the Skuldelev 2 Mikin
treated artefacts using appropriate analyticalrifes. SNiP- The sample corresponds to the outer 4 mrhef t
Based on this information a method that can show Y©0d:

PEG degrades or not, should be devised. If degmadat

is taking place then ways of inhibiting the procesdone of the PEG starting material has been sawed, s
should be investigated. comparison to see if the low molecular fraction was

present from the beginning is not an option. Thus
MALDI-TOF MS does not rule out PEG degradation
but it does not confirm it very well either.

goure 1. MALDI-TOF mass spectrum of PEG

Results and Discussion
Matrix Assisted Laser Desorption lonization Time of . ) i

Flight Mass Spectrometrometry (MALDI-TOF MS) hasPECG degradation leads to formic acid. We have been
been used in the characterization of PEG from tHaP!€ to measure the formic acid content of samipées
Skuldelev Viking ships. One such spectrum is shawn the Skuldelev ships, most of them contain just welo
figure 1, it is dominated by ions correspondingPeG /oo (Wt.) formic acid [12]. This result is in agreenten
(IPEG]N&). The Skuldelev ships were impregnatedVith PEG degradation taking place, but it does not
with PEG 4000 only which is observed as a symmatricProve it either. In order to use formic acid as an

distribution aroundm/z 4000. However. PEG with a ndication of PEG degradation it must be taken into
lower molecular weight r/z<2000) " and highly &ccount, that there could be other sources tofdiniaic

unsymmetrical molecular weight  distribution isacid. It is not unlikely that the formic acid, att some

observed too. Size Exclusion Chromatography is ifif it originates from the wood components. Thussit
agreement with the MALDI-TOF result (data not"€cessary to find a way of telling if the formicidcic _
shown). It suggests that approximately half of BgG comes from wood or from PEG. Such a method is
that is in the sample consists of low molecular PE@UTeNtly being developed using radiocarbon analyse
(Mw<2000), the other half being PEG 4000. The low N€ basic idea is illustrated in figure 2.

molecular fraction could be interpreted as a proadic

degradation (of PEG 4000), but there could also be “c A
other explanations for this fraction. In principdlere

are three possibilities: either the low moleculacfion No PEG —»
was present in the PEG starting material that vesiu degradation

in the impregnation process, it could also haventx
during the impregnation process, and it could have  Woodsample

formed during the period where the ship has been on |Wood (high *'C)
exhibition in the museum. ” >—’HCOOH —CO;
PEG (low **C)

PEG ——»
degradation

NN N TN N TN N WY N TN N T T Y N T T T T T T T Y T Y T B

Figure 2. The radiocarbon strategy. A wood sample
(box) contains wood, PEG and formic acid. The sesirc
to formic acid can be either wood or PEG that have
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different **C contents. The formic acid is isolated anc®.
oxidised to CQ@. The'*C content is measured by AMS
and the origin of the formic acid can be determined 3.

C is a radioactive isotope that decays with tinhe t 4.
archaeological wood in question here though, still
contains plenty of*'C for analysis. PEG is a
petrochemical and therefotéC depleted. We intend to 5.
take advantage of this difference to determineotiigin

of the formic acid. If the formic acid in the objes a 6.
product of either wood or PEG then tH€ content of

this formic acid will be either high or low resprety 7.
(the box in figure 2.). Experimentally formic acid
isolated by ion exchange chromatography followed b8§.
vacuum distillation, it is then oxidized selectiyeto

CO, using a reaction with mercury(ll)chloride. The £0 9.
is trapped on a vacuum line and th&C content
measured by Accelerator Mass Spectrometry (AMSLO.
The *C content of the CQisolated reflects thé*C
content of the formic acid and since we know tf@
content of both the wood and the PEG, the origithef 11.
formic acid can be revealed. The experimental
procedures are currently being tested. 12.

Conclusions

Damaged PEG was detected in a sample from the
Skuldelev Viking ships by MALDI-TOF MS. This is a
possible indication that PEG degradation may haenb
taking place.

Formic acid is a product of PEG degradation andais
detected in PEG treated archaeological wood. This
could indicate that PEG degradation has taken fate

it is necessary to make sure that the formic aciesdn
fact originate from PEG. It is the intention to el@hine

this by carbon isotope analyses.
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In-Situ Investigations of the Combustion in Large,Two-Stroke, Diesel
Engines

Abstract

Due to restrictions on the emission levels fromin@engines, MAN Diesel, the worlds largest produmelarge,
two-stoke, Diesel engines are conducting thorowggearch in areas connected with combustion opttioizand
emission reduction. An important tool in the comtilrs investigations is numerical analysis of theiwas
combustion phases, but a lack of reliable experiaiedata provides an obstacle in validation andnapation of
the developed code. For years, various optical yaimlmethods have been applied for investigatiohshe
combustion in smaller engines, but due to the mesgricted access, extremely sooting combustionveng high
pressures, similar investigations have not beemrtaklen at larger engines under realistic combnstanditions.
This project considers optical in-situ investigasoon a large, two-stroke Diesel engine, locatetthafTest Centre
at MAN Diesel A/S in Copenhagen. The aim of theeftigations is to provide experimental data for the
combustion under realistic running conditions, bgams for example of high speed recordings of cotidrus
images, and to use these data for validation atich@ation of an existing CFD-code.

Introduction The aim of the present Industrial Ph.D.- projedbis

Large, marine engines are responsible for approéiya develop an optical access to the 8 MW, 4 cylindestT

2 % of the total world fuel consumption, and mariy oDiesel engine located in the Test Center at MANsBie

these engines are two-stroke Diesel engines. StroAgS in Copenhagen, and through this to provide

restrictions are expected to be imposed on thestngu experimental data for validation and optimizatidrtte

thereby forcing the leading engine manufactures tm-house developed numerical models.

focus further on emission reduction and engine As opposed to many of the investigations undertaken

performance optimization in general. so far, this project focuses on in-situ measurement
The costs of performing physical tests on largéhereby enabling validations of more local chamgcte

engines are very large, which makes numerical arsly like local ‘hot spots’, flame formation and - spdea

(CFD-calculations) a natural choice. Obviously, somFurther, it is expected to be able to perform rdoas

tests are necessary for validation of the numedodks, at a frequency that allows for analysis of cycleyale

and the developments in optical methods within theariations.

areas of measurements of complex flows make these a

natural choice. These methods have been used fOptical investigations in engines

several years in smaller engines, though the teansi The predominant method for optical investigatioris o

character of the combustiprand the large and fastthe combustion in engines is by use of a special

variations in pressure and temperature have prdvidelesigned laboratory 1-cylinder engine constructétth w

several challenges in the design of both opticaésses an entire wall of a transparent material. Due ®\kry

and experimental equipment. large heat- and pressure stresses in the largeénesg
Unfortunately, the results obtained on smallethis approach is impossible. Alternatively, an esatipe

engines cannot be scaled up to the conditions pré&se can be used for looking into a more limited spatcthe

the larger engines. This is mainly due to largéedéfince engine. This approach also opens up for the pdisgibi

in both length and time scale of the engine praaessof using all ready existing openings in the engibet,

and the use of different types of fuel. naturally also limits the total accessible volunfethe

combustion chamber. The latter problem can though
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partially be solved by the wide range of industriabntrance, the starting air valve, which then isbt®
endoscopes available today, allowing for varioumodified into a hollow dummy valve, with room fon a
directions and angles of view. endoscope, cooling pipes, and instrumentation énsid

For investigations of the actual combustion, vasiouFinally, the endoscope will be shielded from the
imaging techniques are often applied, as the rap@l combustion chamber by a sapphire window.
massive soot formation ensures lots of light. Thgrdét A major obstacle has been the mounting of the
is possible to investigate factors like ignitiordaitame  sapphire window into the end of the staring airveal
spread. For imaging of for example fuel spray ané&ven though sapphire is chosen for it high rescstao
evaporation, a very strong light source will needbe heat, pressure and most chemicals, it is also § ver
incorporated, thereby typically inducing the neexd f brittle material, which causes trouble when it ashe
another access point. This is especially troublesamn mounted strong enough to withstand pressures v@ryin
large, full size engines running under realistibetween 7 and almost 180 bars twice every second.
conditions, as the space at the cylinder covecajlyi is In co-operation with a German company, Klein &
very limited. Becker, and largely inspired by earlier work from a

A very common method for determination of localsimilar research area [2], a special mounting nttes
temperatures in engines is the use of the Two-Colteen developed. This includes a high temperatue fo
Method, which merely includes recording thefitting/soldering technique, performed under vacuum
combustion emissivity, originating from the hot sooand with a soldering material that reacts activeith
particles, at two different wavelengths and calgota the sapphire.
the temperature at the soot particle surfaces from The mounting technique has been tested on a
Planck’'s Radiation Law. This method though implieslummy fuel nozzle, equipped with a miniature sapphi
that the soot particles are in thermal equilibriwith  window, a thermo couple, and an optical fibre. Ehes
the surrounding gas phase at all times. Further, aests have proven both the functionality of the deww
assumption of the connection between the sootgiesti mounting method, along with a way of solving the
emissivity and the emitted light wavelength must b&oubles with sooting and deposition of residuesir
used. Finally, the temperatures determined this aray the lubricating oil on the sapphire window. Thetdat
often determined based on the total emissivity sbat has been shown to be reduced drastically by only
cloud, thereby also inducing approximations ondbet inserting the dummy after having run the enginerwar
cloud size and soot concentration [1]. along with turning of the lubricating system when

Alternatively, IR or UV emission investigations testing.
could give more precise information on both Further, the window mounting technique allows for
temperatures and combustion components distributioa rather exposed surface of the sapphire window, at
At the moment though, no, or only very few refencwhich temperature measurements show that thellpitia
data are available for this purpose at the relevaatcumulated soot begins to burn of when the ineide
temperatures and pressures, and will thus need ttee sapphire window reaches approx. 350-400 °C.
provided beforehand.

Future work

Numerical investigations undertaken at MAN Diesel Having developed and tested the technique for
At MAN Diesel, numerical methods have been used fanounting the sapphire window securely in a dummy
investigating and improving fuel spray directionsfuel nozzle, the next step will be the final desajrthe
combustion chamber geometries etc. for the last 1&rger, optical access, the starting air valve. Wthis,
years. This has lately been done by use of a CFR@nd an endoscope with an angle of view pointinthe
program, KIVA, which is especially suitable for émg direction of the spray, it should be possible toore
calculations. The calculations performed now aeeldl images of the combustion in the engine under t&alis
on fairly simple models for turbulence, MOand soot conditions.
formation, but have still been able to producetietdy Further, high temperature IR and UV emission
good predictions compared to experimental globahvestigations of typical combustion gases at eigpe
investigations on parameters like gas phasgesigned high temperature gas cell at the Risg
temperatures and pollutant formations. The locdlaboratories will reveal the potential for applyitigese
variations are though still un-resolved, and awrally methods for spectroscopic investigations of the
very dependent on more local measurements obmbustion.
temperatures, flow velocities, swirl and gas phase

concentrations. References
1. H. Zhao, N. Ladommatos, Prog. Energy Sci. 24
The experimental setup (1998) 221-255

The optical access to the 4TS50ME-X test engine & H. Philipp, E. Winklhofer, US Patent No.
MAN Diesel in Copenhagen is presently under 2002/0134138 Al, Pub. Sep. 26, 2002
development. Focus has so far been on determihing

optical point of access, along with the actual giesif

the access. It has been chosen to use an existing
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Rheology, Structural Studies, and Synthesis

Abstract

The elongational flow dynamics of polymer meltseals much about the structural information of theividual
behavior chains in the melt. Current well estaldilconstitutive models for polymer flows are in damreement
with shear flow experiments, but recent experimantslinear and branched polymers [1-2], performedau,
cannot be explained by any of the available moditsessential part of the project is to measuredioagational
rheology of polymers with well-known molecular stture and set up corrections to current modelsetobgtter
agreement between theory and experiments.

Background: Measuring Extensional Viscosity for model predictions of processes at high deformation
Polymer Melts rates.

In many polymer-processing operations the polymestill, there have been attempts on creating meaguri
molecules experience a significant amount oépparatuses for generating the necessary flowHamc
orientation and chain stretching. These effects castretching. The most common instrument is the
sometimes be of benefit to the product, for example Meissner rheometer where ideal extensional flow is
polymer fiber, when alignment of the moleculestie t achieved by stretching a sample between four cawey
axial direction gives favorable characteristics tbe belts and estimating rheological relevant propsrtg
finished product. On the other hand, the effeatelevant forces and deformation rates. The proétin
sometimes gives undesirable effects for the prodoct this approach is however, that only the overall
example thermal form instability that may result indeformation rate can be set. As the stretchinghef t
warpage of the product. Chain stretching and csitiort  filament becomes unstable very fast, local insitdsl
also has a significant effect on the processinghef cannot be controlled and filament breakup usually
final product. Processing is often limited by saeploccurs before the chains become fully extendeds Thi
breaks that are induced by the rheology of thempely problem is even more severe as the instabilitiedvev
Thus, knowledge of the chain orientation and slrééc very fast when the chains become extended. Another
of intrest for not only scientists who are inteesbtin  technique used for the measurement is the “Filament
polymer dynamics, but also for product engineers. Stretching Rheometer” (FSR). In this approach, the
sample is simply placed between two parallel dits,
The conventional way of measuring the rheology of discs are separated at a given rate, and the fanees
given material is by using a shear rheometer. Thimeasured on one of the discs.
method is good at inducing chain orientation in the
sample, and a large amount of data in this area hAs the flow in the beginning of the experiment de§
insured very reliable models of chain orientatiowl &#s where the instability takes place, the diameterthaf
effect on rheology. However, because of the rotatio filament at this place is measured during the entir
nature of the shear flow, the chains are givenanck experiment, using a laser micrometer, ensuringxatte
to relax before a significant amount of chain stnéetg measure of the deformation at all times. In additio
is observed. Hence, shear rheology is not usahie fregulating the separation of the two discs can robnt
probing chain stretch. The consequence of this #ck this deformation. Until today, the FSR has only rbee
data is poor modes available for estimating theat$f used at room temperature. The reason is that high
of chain stretching on the rheology and as a repolbtr temperature gradients in the setup, measuremetiteof
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deformation is difficult in an oven and the polymer
melts does not stick very well to the end plates. We consider an axisymetrical filament between two
parallel plates separated with distance L(t). Tilzarfent

4 has a plane of symmetry parallel to the two endepla

and the radius of the filament is here R(t). Theirdel
mid radius, or set point of the systemyKt) is given
by:

L "End plates i
" I%deal(t) = RJ exp(_Ej (1)

. Where R is the initial mid radius. The radius in the
L middle of the filament defines Hencky strait) at a
given time in the experiment

™% / s(t):—zln(%j ©)

We see that in an ideal experimegt=¢t. If the
A filament deforms as an ideal cylinder the extermlion
flow would demand the separation length between the
end plates to be:

L(t) = L,expt) 3)

Lo is the separation between the endplates a t=0. To

Figure 1: Close up of the Filament Stretching relate the connection between L and R, we define a
Rheometer function f such that

At the Danish Polymer Center Ph.d. Anders Bach

constructed a filament stretching rheometer, in@®@00 - _ L(t) = f|l =2In R(Y) (4)
2003, which is capable of measuring extensionalI:' L,

viscosity at high temperatures. Using several

temperature - controls solves the - problem regardlgfhe functionf is a n’'th order polynomial and is called

he “Master curve”. E is a measure of the end
separation.

temperature gradients. To further reduce tempezat
gradients inside the oven, the oven is build inpeop
which is a good heat conductor, and all copperased
facing inside the oven are painted black to increthe

radiant heat emission. In the Master curve-approach, successive stretching

experiments are performed with different polynomial
: : . : . functions forf. After each experiment, In(L(t)f is
Another major problem in doing filament-stretching : ,

: . : ' . plotted against -2In(R(t)§8 and a 10'the order
experiments is getting the filament to stick to #rad polynomial is fitted to this. The plate separatiorthe

plates. By choosing polymers melts, and take care : . .
applying the end plates, we have overcome thjlext experiment is then performed according to the
' Inewly found function of.

limitation. However, we note that some polyme
systems might not be measurable in the filamerﬁ
stretching rheometer without either gluing the skanip
the end plates or use of some kind of mechanigasgr

sing this approach the development in radius

converges towards the desired profile, as defined i

equation (1), and four experiments is usually respli

“M " before a satisfactory development is obtainediguaré
aster curve” approach

Another problem in doing experiments on polymeﬁ’ \.NedShOW hoyvlt(;]e radius converges towards the
melts is controlling the deformation rate. To obtai esired exponential decay.

usable data, the rate must be constant duringritieee

transient experiment.

We started using a “master curve” approach propos
by Orr and Sridhar (1999) [3], which relate thetaize
between the end plates and the radius of the fithme

FCdontroI approach
When working with stretching of melts one experimen
usually takes 2-3 hours including temperature
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stabilization and sample preparation,
devolved a new technique to relate the plate sépara
with the diameter of the melt.

We approach the problem of plate separation assed|

so we hawith the zero shear viscosity and

Results

The control mechanism in filament stretching,

loop-control problem, where the endplates must beombined with the design of the oven has made it

adjusted during the experiment to ensure that dd@is
at the middle of the filament decreases in an egptal
way, as defined in equation (2).

10 T T T T T
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“ﬁp.,!!m

++*325§:‘:~....§
N 9@%;--..
b M e

* * L

i
4

Diameter [mm)|
-

1 1
40 50

0.1 1 1
0 10 20

30
time |[s]
Figure 2: Measured radius as function of time in
experiments with desired rate of 0:1 Data (+),
(%), (*) and @) show convergence in the “master
curve approach”.l) is obtained using the
controller.

60

The controller was compared to the “master curve
approach by performing stretching experiments on
duo disperse polystyrene melt.

The “master curve” approach was tested first, dred t
results are plotted in figure 2. The plot clearhows
poor convergence in the measured radius, and 4fte
iterations, the radius only has an acceptable exptbad
decay until e=3.5. In the plot we also show an
experiment performed using the controller, whicliehe
includes proportional and integral terms, Pl. Ttise
the radius is exponentially decaying throughout tr
experiment and no further experiments are requiée.
further observe that the difference between de<hredl
achieved radius is never more tharnl %.

Measurements done on the rheometer have be
compared with measurements done on a Meissner ty
rheometer (Rhemetrics polymer Melt Elongatione
rheometer RME [4]). In figure 3 we plot experiment:
done on a low-density polyethylene; experiments a
performed at strain rates isnd 0.013. The plot has
been non-dimensionalized by plotting the transiel
Trouton ratio as function of Hencky strain. The Ttan
ratio is the transient extensional viscosity noined

100

Trouton ratio

o
g1

FSR. ¢ = 0.0101s72
’ R ¢ = 100,
Stuttgart € = 0.0086s*

Stut ig,n‘t é =10'92551

Ba404

3

4 5

6

7

[Hencky strain

possible to measure up to very high extensionsther
extensional rheometers without the control mechanis
the melt usually ruptures at strains above 3, eafhed

the melts is not very strain hardening. Monodispers
polystyrene is an example of such a polymer, argish
why Anders Bach was the first to measure the
extensional viscosity to such a high extension that
stress became constant. This steady state was kimown
exist for polymer solutions, but was until 2003
considered to be experimentally out of reach foltsne
Later, during my phd-study, the steady state visgos
was determined for a commercial polydisperse low
density polyethylene, LDPE, which is a branched
polymer. But the startup behavior of the linear &8l
the branched LDPE was significantly different. Figyd
shows the startup viscosity for the linear PS-manticl
figure 5 the startup stress for the LDPE, where

-t
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Figure 4: Startup stress of a monodisperse PS200K
melt for four different elongational ra

™ [MPa-s|

Figure 5: Startup viscosity of a polydisperse LDPE
melt for five different elongational rates

We see that the startup viscosity for the monodsspe
PS increases homogeniously vs. Hencky strain and
finally reaches a steady state. The startup vigcder

the LDPE however increases with Hencky strain, and

Figure 3: Comparison between DTU-FSR and
Stuttgart measurements. Non-dimentional viscosity,
Trouton ratio, vs. strain for LDPE 155



for high elongational rates, goes through a maximuidinauss and Huang [5] developed a metod for
and finally reaches steady state. We believe thist t preparation of AC-C-A, polystyrenes by anionic
qualitatively different behavior is due to the féoat the polymerization. The number of arms is not a fixedue
side chains of the branched LDPE collaps into & tulbut rather a distribution with an average valuesgiby
along the axis of the backbone, as shown in figure the stoichiometry. To be able to compare with H-
polymer theory, we have synthesized agCGAC-A,
Branched molecule with about two entanglements in each arm. With this
ot medmum In stress length of the arms the final step in the pom-pom
synthesis, the reaction between two asymmetrics star
appeared to be a difficult task. However, we used a
/ alternative coupler 2,2-dimethyl-1,3-ditosylenemnp
( [ (DMDSP), that did enable a high yield of the desire

A,-C-C-A, pom-pom polystyrene. Important for the
Ll success of the pompom synthesis was also the
determination of the rate constant for the anionic
polymerization in the presence of THF, whereby the
optimal time for addition of the coupler could be

o

1 computed. In the elongational flow rheology we ase

Branched molecule in steady filament stretching rheometer modified with a
flow after stress maximum . .

thermostat for polymer melts. While elongational

Figure 6: Interpretation of reduction in stress in terms @heometers normally require large quantities of the
Pom-Pom picture. At the maximum in stress, the armspolymer, this instrument operates with sampleshmfua
contribute to the tension in the backbone. At sfead  0.1-0.2 g for a single measurement.
state, the molecule becomes effectively a line&ymer
without arm: Experimental Section
Materials. Styrene (from Aldrich with purity larger
than 99%) was first filtered through a column of
Nonlinear Branch-Point Dynamics of aluminum oxide (Aldrich) to remove stabilizer and
. water. The styrene was vacuumdistilled twice from
Multiarm Polystyrene dibutylmagnesium immediately before use. Living
Introduction © styryl anion was generated in the solvent, cykla@mex
The specific structure of commercial LDPE is no{Fisher Scientific, HPLC grade with purity largdran
known and the polymer is not suited for model wogki 99.8%), by adding styrene andecbutyllithium
because of its polydispersity and structural ursety. (Aldrich, 1.6 M in hexane). Following reflux under
Well-defined branched polymer melts have proveargon the cyclohexane was distilled into the reacto
valuable as model materials useful to gain insigtd  Tetrahydrofuran (THF) (purity larger than 99.5%)rfr
the complex physics of long chain branched (LCBFisher Scientific was purified by passage through
polymer melts. In one model architecture, oftenaded aluminum oxide before it was refluxed under argon i
pom-pom polymer, two branch points are connected hie presence of sodium (Aldrich,-3% wt % dispersion
a polymer backbone denoted by the cross-bar. i\ paraffin). 4-(Chlorodimethylsilyl) styrene (CDN&$
number of arms emanate from the branch points. Weas synthesized as reported in ref [5] from
refer to the pom-pom as AC-C-A, and to the chlorostyrene (Aldrich, purity larger than 97%) and
asymmetric star as AC. Note that all blocks in the dichlorodimethylsilane (Aldrich) in a Grignard remmn
polymers consist of homopolymers. Figure 7 shows @nd purified by vacuum distillation prior to use.
schematic drawing of a pom-pom polystyrene moleculgoupling and Kinetics Experiments. Linear styryl
with three arms. anions were polymerized in a solvent consistind® of
wt % cyklohexane and 3 wt % THF to a length of @bou
50 kg/mol at 8°C. The stoichiometric amount of the
bifunctional coupler, dichlorodimethylsilane, waseh
titrated into the reaction mixture over approxiniaté0
min, at which point the mixture changed color from
yellow to colorless, indicating that all anions had
reacted. A similar experiment was performed with an
alternative bifunctional coupler, DMDSP. The coaogli
Figure 7. Schematic drawing of a pom-pom molecule reaction is shown in Figure 8. The coupling reactio
with three branches linked to the cross-bar. The with DMDSP was considerably slower than using
chemical formula for the polymer is ($t-(St)-(Sk)- dichlorodimethylsilane, and the change in colonfro
(Stm)nwhere St is styrene, n is the number of arms, m yellow to colorless took about 24 h. To comparetthe
is the number of monomers in the arms, and k i§ hal coupling agents both polymers were analyzed by size
the number of monomers in the cross-bar. We exclusion chromatography (SEC), as shown in Figure
simplify the nomenclature so that the arm isSn
and cross-bar is €5t. The pom-pom is referred to as

A,-C-C-A, and the asymmetric star ag-8.
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We observed that the styryl anions in the 97%ynthesis of the Pom-Pom

cyclohexane/3% THF solvent even at reduce@he synthesis of the pom-pom followed the same
temperature were less stable than in a 2100%rotocol as for the asymmetric star, except instefd
cyclohexane solution at room temperature and i faterminating with methanol a fourth step was addie a
deactivate after about 3 h, leaving almost no cheltyi the 100 min. In this step, two-thirds of the
active “asymmetric star” molecules. To estimate thetoichiometric amount of DMDSP was added and the
optimal time and temperature for introduction of th reaction was left overnight. Then more bifunctional
DMDSP coupler further, two model experiments wereoupler was added slowly until the yellow colorrfro
conducted. Anionic polymerization of linear polystye the styryl anion disappeared. The expected coupling
was performed in a Argon atmosphere in a solvettt wischeme is shown in Figure 8.

a 97% cyclohexane/3% THF. In the two experiments v
initiated styrene withsecbutyllithium at 3 and &C,
respectively. During the polymerization a series
exactly 1.00 mL samples were transferred from tF
reaction mixture to vials containing a toluene/ragkbi
mixture, where methanol acts as a terminating afgent
the polymerization. The conversion was determingd |
measuring the polymer mass concentratic
(proportional to the integrated differential reftiae
index (DRI) signal) in these samples. The amoufits
chemicals used in the two experiments along with tl

NN T
o] o
— >-§/°\/|\/O~§_<:>_
* 0 o
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temperatures used are listed in Table 1. : 0
S=0Li+
vol of cyclo- ) ) ] e ] ] )
temp  [BulLi] vol of hexane vol of Figure 8: Bifunctional coupling using 2,2-dimetHyl3-
“0) (mol/L) styrene (mL) (mL) THF (mL) ditosylenepropane (DM DS P)
exptl 3 092x 1073 1121 201.40 620
expt2 8 176 x 1073 2797 251.00 720

Table 1: Experimental Conditions for Determination

of Rate Constants for Anionic Polymerization /\\

/

/ \
Synthesis of the Asymmetric Star L3 [\ \\\ '
All polymerizations were performed in a round-batto / \
flask with five necks, thermostated in a water bdthe 0 J |

anionic polymerizations were done in an argc
atmosphere under a slight overpressure of 0.2 THze.
first step was to synthesize the linear polystyriemeéhe
arms of the stars. Styrene was dissolvedQ5wvt %, in
cyclohexane, and a stoichiometric amount sdc
butyllithium was added using a gastight syringeisTt
mixture was left overnight at room temperature und
stirring. In the second step, the temperature wagied

Refractive index (arbitrary unit)

20

0.5

0.0

DMDSP-coupled PS

Diclorodimethylsilane-coupled PS

| F\/\\
/

N

-

|

1T 2

13 14
Retension volume [mL]

15

to 8 °C, and purified THF was added by cannula * Figure 9: Comparison of SEC output for model linear
reach 3 wt % THF. The stoichiometric amount ¢ polystyrene obtained from coupling styryl anionshwi

CDMSS was then added using a gastight syring&tal pMDSP and dichlorodimethylsilane, respectively.
once, and the coupling reaction was left fe h. In the

third step more styrene monomer was added to nieke

long arm in the asymmetric star. To terminate thimgg  Results

anion in the “asymmetric star’ formation, degasse&longational results.

methanol was added after a reaction time of aboat 1 Figures 10 and 11 show the measured corrected
min. This reaction time is estimated from arfransient elongational viscosity'(t) for the pom-pom
independent kinetics investigation. The dissolvednd asymmetric star molecule along with predictions
polymer solutions was then precipitated in 2-prapanfrom LVE at 130C. The elongational viscosity
and washed with HPLC-grade methanol before beinmeasurements rates were performed at°@3@xcept
filtered. The reaction mixture was fractionated tdor the two lowest elongational rates for the poomyp
remove low molecular weight byproducts. We useéholecule. They were measured at 18D, and then
toluene/methanol as solvent/nonsolvent pair fogubsequent timéemperature superposition shifted to
fractional precipitation of the highest molar mass 130 °C. In both plots there is agreement between
polystyrene component. measurements and LVE predictions up to a certaiel le
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1000

Figure 10. Transient elongation viscositigg of the

pom-pom melt at 130C, as a function of the time, t.
The line is the linear viscoelastic prediction diet
transient elongational viscosity)” was measured at

seven different elongational ratéshifted to 130°C) of
0.1, 0.03, 0.01, 0.003, 0.001, 0.0003, and 0.08303

1000
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Figure 11. Transient elongation viscositigg of the
“asymmetric star” melt at 130C, as a function of the
time, t. The line is the linear viscoelastic preidic of

the transient elongational viscosity: was measured at

three different elongational of 0.1, 0.03, and 8.6&

of strain. It is seen that the transient elongation

viscosity rises above LVE at intermediate straidete
that the transient elongational viscosity for thenp

pom melt exhibits a maximum as a function of tiroe f
the elongational rate of 0.I1*sSuch a maximum has

o

been observed previously in branched polymer melts

(low-density polyethylene) but to our knowledge ot
a well-characterized material. Generally all daténs

in Figures 10 and 11 have been reproduced within a

15% scattering.
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Analysis of the Physical Chemistry of the CatLid" Process

Abstract

With increased focus on G@missions from fossil fuels the interest in bidéueas increased in the last decade. The
CatLig™ process is a method for catalytic conversion @intsiss to biofuel such as biodiesel. It is intentied
optimize the process to achieve a standard confayrhbio-crude oil product, but also modeling of frecess is a
main focus. To model the process both thermodymnarag well as experimental work is required to adhia
thorough understanding of the process and effepacdmeters.

Introduction account that these figures are overall emissionstlains

In recent years the focus on biofuels, fuel madenfr not restricted to emissions from transport fuels.
renewable sources of organic material, such as dssm The most notable methods for biomass conversion
have increased significantly. A testimony to théstie are hydrothermal upgrading, supercritical water
number of publications made regarding biodiesel fogasification and transesterfication [1][4]. Anathe
which annual number of publications has increased b method for biomass conversion is the Catllig
factor 20 from 1993 to 2003 [1]. According to Kamn technology, which is a catalytic conversion of bass

[2] 2 % of the fuel used for transport today isguwoed in water at near-critical conditions.

from biomass, while the remaining 98 % are stiidib The CatLid™ technology is a technology for
fuels. The CQ emissions from conventional energycatalytic conversion of aqueous biomass to transpor
sources have been increasing steadily for years fagls. The process runs at near-critical conditioms

shown in figure 1. water with heterogeneous and homogeneous catalysts.
The general principle of the process is illustratad
7100 figure 2.
700
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o0 Fig. 2. Principle of the CatLif" process.
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Year

Several catalysts, both heterogeneous and
homogeneous, are present in the reactor to ensure
proper conversion. Zirconium oxide is currently rogi
used as the heterogeneous catalyst while the

The total emission in 2002 was 6984 million tonneshomogeneous catalysts are primarily - potassium

which is an increase of 14 % over a 10 year pefriod carbonate and trace metals in the feedstock.

. The feedstock for this process is intended to be
1992 to 2002 [3]. It must of course be taken 'nt%lmost any biomass that pcan be pumped, but the

CatLig™ process is particularly well suited for difficult-

Fig. 1. Global emission of COfrom 1990 to 2002 (data
from [3]).
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to-treat wet feedstock like sewage sludge, liquahore necessarily the same for each batch, it is of ésteto

or fermentation residues. identify key components. These can be salt compgund
Products from the process include a gas phasellulose and other compounds which, based on

consisting of hydrogen and methane, a bio-crude aperiments, can be defined as key componentsatsg.

product and water soluble fuel components such asd/or licnine.

methanol and ethanol. The primary end product, i.e. the bio-crude oil,
which is a mixture containing oil compounds, must b
Specific Objectives, Results and Discussion optimized and characterized. This is needed sinke o

In the study of the CatLi§ process several aspects willproduct must conform to the criteria given for bils

be investigated. These are primarily thermodynamicand bio-crude oils to allow for sale of it. Theséeria

experimental investigation of the process andhust be set for an acceptable end product before

characterization of the oil product. optimization of the process can commence. Therauiit
The process must be adequately understood witbr the oil are to be determined from European

regards to thermodynamics. This will allow betteiStandards which gives the accepted values of for

description of the process and will particularlydseful instance iodine, methanol and sulfur content as asl

in the separation step. This work will deal withcarbon residue and cetan and acid values. Withaoch

equations of state and determining which would beriteria and methods for characterizing the oil and

suitable for describing the environment inside theomparing results to the criteria the process adn be

reactor at operating conditions. As there is noegiv optimized with regards to the economy of the preces

composition of the feedstock used for the Callliq conditions which is also needed but a fully optiediz

process such equation of state will have to be fisabli process must also be optimized with regards to the

to some degree to accommodate the complequality of the end product.

composition of the feedstock. To separate the end

products it is necessary to be able to describesgphaConclusions

behaviour of the mixture that the end product cstssi The CatLid" process will be investigated to optimize

of. As this mixture will contain a multitude offtérent the fuel products and allow better control of thegess

components, a humber of components must be selecteith regards to which products are being formed.

as key components for the thermodynamic modelling o

the system to simplify the system. IVC-SEP at DTWcknowledgements

will play a major role in this part of the studwielto The author would like to acknowledge the Danish

their extended expertise with thermodynamics. Ministry of Science, Technology and Innovation for
A major part of the work will be experimental funding this industrial Ph.D. project.

investigations conducted at Aalborg University Esj

For this a laboratory scale system is being bhdt will References
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close relation with SCF-Technologies due to their

experience with plant design. By means of statibtic

methods the effect of key variables, such as pressu

temperature, composition of feedstock and residence

time in the reactor, on the end product will be

investigated. The statistical models will be based

tests with various compositions of the feedstockl an

will thereby allow for determining the relationskip

between the previously mentioned factors. As the

normal feedstock for the Catl®j process contains a

vast amount of different components and in varying

concentrations i.e. the feedstock composition i$ no
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Carbon Dioxide Injection in the Carbonate Reservoir

Abstract

Carbon dioxide injection is a widely used EOR (Bmde Oil Recovery) method. During the injectioncafbon
dioxide into reservoir at the MMP (Minimum MiscibRressure), it will be become miscible with oridiod. The
compositional simulation including the reaction vieeén carbon dioxide and carbonate matrix will als®
investigated. The asphaltene precipitation induosgdhe carbon dioxide injection will serve as amotpotential
direction.

Introduction proportions, this type of displacement is calledtfi-
Today’s largest global challenges are climate gean contact miscible (FCM) If the injected gas is enriched
and security of energy supply. With its efficierdwer enough to be completely miscible with reservoiidiat
plants located near the coast and the North Séae front, this kind of displacement is referred as
Denmark has a unique position to enable thmulticontact miscible flood (MCM) The last type of
development of methods to combine the utilizatidn adisplacement is in which phases at the gas-oilt foam
CO2 with enhanced oil recovery (EOR). This project not be miscible. Because the first two kinds of
a part of the main project, “Enhanced Oil Recoverdisplacement finally achieve similar high recovery
through CO2 utilization” which is to ensure thelduip  efficiency, the MMP has become an important
of knowledge within EOR in Denmark. optimization parameter in GQnjection.

During laboratory and field studies, several
problems become significantly important. TheMMP
determination of MMP has direct relationship wittet The concept of MMP is defined for two-phase gas
efficiency and success of EOR project. And asphalte injection. The mechanism for the two-phase case,
precipitation, as it happens in most gas injectioalthough complex, is well-studied and satisfacyoril
program, will cause huge damage to the reservailescribed. However, fluid systems in real resesraie
formation and economic loss to the oil company.e Thgenerally more than two phase. Water is almost
reaction between carbon dioxide and carbonate xnatnibiquitous in reservoirs. Although it is often takas an
will change the porosity and permeability of rockinert phase which does not interact with oil and ga
matrix, and further influence the injectivity, afidally = compositionally, the assumption does not hold f@2C
limit the longevity of the whole project. due to its relatively high solubility. Even the sbility

The aim of this project is to investigate problemg&an be neglected, how the water flow will influence
induced by carbon dioxide injection. The currenMMP or how we interpret the meaning of two-phase
research is focused on literature search of relevaMMP for three-phase system is still unclear. A more

topics. complicating factor is that CO2 injection can formore
two liquid hydrocarbon phases even not counting
Process description possible asphaltene precipitation. MMP for multapé

The injection of CQ into a petroleum reservoir will systems is therefore a challenge for CO2 injection.
result in either a miscible or immiscible displacarh If
under the prevailing reservoir temperature and qunes
the injected gas is miscible with the reservoirdlin all
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Reaction between CO2 and reservoir rock
For a carbonate system the kinetically controlled
reactions i%

H,O0+CQ,+ CaCQ ~ Ca@ HCQ,

The reaction can change the porosity and
permeability at the same time. The change is cample
due to its dependence on rock type and the injectio
scheme. Both increase and decrease in injectigitybe
caused after the first slug of Gl WAG".

Asphaltene precipitation

Gas injection into reservoir oil can induce aspdvadt
precipitation even for oil with low asphaltene
concentration, which results in formation damageé an
huge economic loss. The mechanism of asphaltene
precipitation is not well understood. There is no
predictive model and even experimental data arenoft
subject to large uncertainties. However, the pnwoble
must be addressed in CO2 injection to avoid paénti
production problems.

Future Work

Future research will be focused on MMP and chemical
reaction in carbonate reservoir. Numerical simolati
will be performed to give a preliminary analysisaded

on analysis, more detailed plan for modeling and
experimental work will be made. The influence of
asphaltene precipitation on gas injection will als®
studied. The emphasis will be on whether there bl
significant influence. Other potential problems
regarding phase equilibrium and multiphase flowirayr
CO2 injection will also be investigated.
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Controlled Release of Environmentally Friendly Antfouling Agents from
Marine Coatings

Abstract

The lifetime of commonly applied antifouling agemsthe marine environment is fairly long, which keathem
prone to bioaccumulation. It is therefore of intréo replace them with agents of shorter residdimes. To
achieve the effect of instable compounds on thiaserof an antifouling coating, such compound nimesproduced
in-situ. The production can come about by mearsnalymatic conversion of substrate present in tlairg, or in
the marine environment in general. Alternately é#mzymes themselves can be the compound intendddufiomg

inhibition. In this paper the concept of one enziimantifouling solution applying production of hyijen peroxide
is presented. The generation of a flux of hydrogemoxide for preliminary testing of antifouling poicy is
described.

Introduction Hydrogen peroxide is intended as antifouling agént.
Biofouling on man-made structures pose a problenafo has a short life-time in seawater, and is thereddiétle
variety of industrial constructions. On ship hullsharm to non-target marine organisms. The produaifon
increased fuel consumption, due to higher draggydrogen peroxide in a coating can be done by eagym
resistance is the major obstacle, but promotion dbund in the marine environment [2]. Hexose oxidase
corrosion, and the potential of introducing foreignfHOX) is known to oxidize hexose sugars (e.g. gbego
species to new habitats via the ship hulls are afso under release of hydrogen peroxide.

major concern. Fouling has been fought for thousanqstlzo6 +0,[ oK, CeHiOs + H0, (1)

gf yearsa andk the hmeans, WithlwhifCT anéifggling hal1"’he very water soluble glucose is expected to leach
een un erta.en, ave been pentl ul an ivere []from a coating rapidly following immersion of a phi

Recently enwronmental considerations forced pa'nltherefore, glucose should also be produced in-situ.
manufacturers to discard the more toxic of th lucose can be delivered by another enzyme system.

compounds_ utiIizeq. O_rgan(_)tin has begn eliminatg myloglycosidase is known to cut of glucose-resglue
cuprous oxide being its primary substitute. Mettalhfrom the ends of starch molecules

biocides are prone to bioaccumulation, and aresthes

of interest to replace by even more environmentalI;?tamh+ HO 0T - starch + CoHi05 (2)

friendly solutions. In the near future, antifoulingTO achieve the goal of an efficient environmentally
coatings based on controlled release of short-livdgiendly antifouling coating, by the production of

antifouling agents are likely to be introduced. Théydrogen peroxide, the following topics are to be
controlled release mechanisms can come about Hyestigated.

means of enzymes. The purpose of this project is to * Release rate of hydrogen peroxide necessary

develop a marine coating based on the controlleése for potent antifouling.

of environmentally friendly antifouling agents. * Modification of enzyme properties to provide
miscibility and stability in paint.

Specific objectives *  Optimization of paint formulation to achieve

The major focus of this project will be on the puotion controlled polishing behavior of the antifouling

of the short-lived antifouling compound by means of coating.

enzymatic conversion of substrates added to thet.pai
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e« Mathematical modeling of the coating in
service.

The feasibility of the concept is to a large degree
dependent on the release-rate of hydrogen peroxide
capable of efficient inhibition of fouling. Genesal
when the potency of antifouling agents is evaluatiee
bulk concentration showing effect on the fouling
organism is estimated [3]. Such number is difficiolt
translate into the needed amount of substrate in a
coating. It is therefore of great importance toalide to
generate and control a flux of hydrogen peroxiddeun
conditions controllable in a laboratory and natut@l
fouling organisms. A system capable of generating a
flux by diffusion has been designed.

Results and Discussion

To test the ability of the system to continuousiease
hydrogen peroxide from a surface, the accumulation
hydrogen peroxide in the bulk solution was been
measured. Figure 1 shows the concentration of
hydrogen peroxide measured as a function of tinteeun
two different conditions.

Concentration in chamber as a function of time

Concentration (mM)

Time (hours)

Figure 1. The accumulation of D, in flux set-up.

The slopes in figure 2 can be translated into fiuXeor
the pink line, the flux generated is 45 pg/tchand for
the blue, the slope translates into 166 pg/@m
Release rates of interest is in the order of 1@qng/d)
evaluated on the maximal starch content of a filith w
the lowest acceptable operational time.

Conclusion and future work

The set-up is capable of generating a stable ftuxhe
region of interest. The release-rate is easily
manipulated. It is the goal within the near futtwebe
able to evaluate the settling on the flux-genegatin
surfaces, in a laboratory assay. This requireslestab
conditions for test animals as well as optimal liseft
conditions (temp, light, nutrients etc.).
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Coupling of Active Components to Synthetic Polymers

Abstract

Materials for medical devices should provide mdrant just structure. Some synthetic polymers arel ideterials
for tissue repair because of their high biocomplitiiband the possibility of tailoring their propes. Active
components can be coupled to the synthetic polyteeabtain materials that support cell ingrowthisTboupling
could take place via the very mild and highly a#itt ‘click’ coupling of azides and alkynes. Due golubility
incompatibilities of the two materials it might bhecessary to employ a heterobifunctional linker.

Introduction same period of time the scaffold material should be
Future materials for medical devices should be momegraded and have disappeared so that only new skin
than just materials that provide structure. Theamals remain.

should be intelligent and take an active part ie th For a material to be utilized in such a wound-regli
process, e.g. by absorbing smell or by initiatirel ¢ scaffold it has to comply with certain requiremenithe
growth. ideal material for tissue repair should be biocotifybe,

In the case of tissue damage the normal biologichiodegradable and easy to process [1,2,3]. Theriahte
healing process has been impaired and the applicafi must mimic the extra cellular matrix (ECM), it hts
a scaffold as a kind of artificial support is nex@y to uphold structure, i.e. maintain the mechanical prtoes
help the healing process. The principle of a sddffo to provide a suitable environment for the new s,
assisted healing process is demonstrated on a birshould promote cell adhesion and growth and aleégr
wound in Figure 1. as new tissue forms.

s e kA ‘ The most important requirement for a tissue repair
material is the biocompatibility. The material shbu
possess the right surface chemistry to promote cell
5 attachment; it should support cell ingrowth andtret
ay 0 Day 1 ) Day 1 . . .
Bum Cleansing of the wound Pacementof scafiold S@Me time it should not provoke any unwanted tissue
response [5].

Several different materials may be used in a stchffo
for tissue repair and among these natural as well a
synthetic polymers should be considered.

Day7- 14 The advantages of using natural compounds in a
Ingrawth Bl i o hasmishea  liSSUE repair scaffold are the excellent biocontyiiéti
Figure 1 Principle of the wound healing process when &nd the ability of the material to interact favdsatyith
scaffold is applied. cells, the cell recognition [6]. However, the diffey
batch compositions and the poor mechanical

A burn wound has irrevocably destroyed the skinPerformance of the natural polymers might provide a
On day 1 the damaged tissue is removed and a ktafféroblem; if these materials should be employedhas t
is placed in the wound. The scaffold is porous witth  Only material in a scaffold for wound healing [7].
interconnectivity, so during the first three weeks As an alternative to the natural polymers, the
ingrowth of cells should take place. After this thesynthetic polymers have certain advantages: They ca
upperfilm can be removed. The healing process shodn principle, be tailored to give a wider range of
be finished after approximately one month and dkier Properties and a more uniform composition than raétu
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compounds. Furthermore, synthetic polymers are know The reaction to form a triazole by the conventional

for high processability, and porous materials witéil-

Huisgen 1,3-dipolar cycloaddition at elevated

controlled microstructure can be made availablee Themperature gives rise to two different productsaati-

key advantages include the ability to tailor medtain

and a syn-triazole. The formation of two producas c

properties and degradation kinetics to suit variouse prevented by running the same reaction in the

applications. Most synthetic polymers are degradad
chemical hydrolysis and therefore insensitive

enzymatic processes, so that their degradation nail
vary from patient to patient. Moreover, it shoule b

presence of a Cu(l) catalyst at room temperatutés T

toeaction can take place in organic solvent as aglin

water; it gives rise to only one product: the grtduct
(1,4-triazole), and the reaction takes place with

possible to design synthetic polymers with chemicapproximately 100 % conversion. Because of the very

functional groups that can induce tissue ingrov@fh [

Specific Objectives
The ideal material for a medical device would, hegre

mild conditions, the high yield and the stereosfety
this reaction has been termed a ‘click’ reactionkbi.
Sharplesset al [11]. The advantage of this reaction is
the formation of a stable bond under mild reaction

presumably, consist of as well natural compounds a®nditions. The mechanism for the ‘click’ reactioan
synthetic polymers. The material would exploit thébe seen in Figure 3, which also explains why the

excellent cell growth promoting properties of tratural

reaction only takes place with terminal alkynes.

compound in combination with the superior mechdnica

properties of the synthetic polymer.
The current project is mainly experimental. Focus i

on obtaining an ideal material to be used in a woun f

healing scaffold or alternative medical devicesxd4i

of natural compounds and synthetic polymers have

previously been applied in medical scaffolds [9]is]
however,

each other. The synthetic polymers will be able t
uphold the structure of the scaffold as cell ingitoand
proliferation take place, and the natural compounils
promote these cell actions. By chemically bonding t
materials the positive effects of both is ensured &
longer period of time.

The chemical bonding of the materials could be
1,3-dipolar

achieved through the well known
cycloaddition of an azide with an alkyne group d¢onf

a 1,4-triazole. This reaction has been known sihee
early 1960’s where Huisgen and coworkers carrietdaou
monumental work in this area.

R R
N/ R’ N/
R — ‘ /\N + \[ \N
N 7
R
Anti Syn

Figure 2 The general Huisgen reaction — 1,3-dipola
cycloaddition resulting in two products [10].

R
\NfNEN +
- +

believed that superior materials can be
obtained if the compounds are chemically bonded t&

1
R CulL,

1
v%\\CuLn \ N\ /N\R2
K / N g N
X
\N/N\
RZ
T [anJ
= CuL,
0 N§N/N*\
+ ‘{ Rl—=—=—H
Rl——=—=—-ocCu,,
N N
[N N

Figure 3 Reaction mechanism for the click react
The Cu(l)catalyst can only coordinate to a term
alkyne [12].

The aim of the project is to obtain materials
consisting of natural components coupled to syithet
polymers via the 1,4-triazole. This is obtained by
functionalizing the natural compound and the syiithe
polymer with either an alkyne or an azide and then
couple the materials by the ‘click’ reaction.

Results and Discussion

;I'he natural components, which are to be used m thi
project, contain several hydroxy groups, which have
similar chemical properties. So far it has beerirdbke,

if not crucial, that the functionalization with le@r azide

or alkyne only takes place at one specific positiothe
molecule. It has been very important to carry out
stereoselective  reactions, primarily  due to
characterization reasons. Reactions have beenedarri
out on a model compound, N-Acetyl-D-Glucosamine, to
find the optimal conditions to employ on the natura
component.
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Figure 5 'H-NMR spectrum of the model compound N-
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Figure 4 Reactions carried out on the model compound
N-Acetyl-D-Glucosamine. \

The attempted reactions can be seen in Figure
Problems were experienced in most of the reaciiues
to the solubility of the model compound. As theunal
component the model compound is only soluble i
water and consequently the major part of the attechp | '
reactions, which are typically taking place in arga } MMM

|
r

solvents, have proved unsuccessful. Reaction nusber
the amination of the anomeric center of N-Acetyl-D{, .,V ®__, W __J
Glucosamine with ammonium bicarbonate, is takini
place in water and has thus proved successful. T/ 0 L & b . T

ppe i)

reaction product has been characterized #HyNMR Figure 6 H-NMR spectrum of N-Acetyl-D-
and the resulting spectrum can be seen in Figure §),cosamine after reaction with NEO.
Comparison of this spectrum with the-NMR of N-
Acetyl-D-glucosamine in Figure 5 clearly suppottst Although one manipulation on the anomeric center
a reaction has taken place. _ .of a model compound has proved successful, focas ha
In Figure 5 the proton from the anomeric center i oyed onto functionalizing along the chain of the
to be found ab 5.10 ppm and the coupling constant iya1yral polymer. Having the functional group pretsem
small (~ 3 Hz) indicating that the proton is equialo geyerg| positions in the natural component willage
Furthermore there are no peaks, from the compound, onhance the possibility of coupling a syntheticypar
the spectrum betwee# 4.00 ppm and 5.00 ppm. Thegntg the material and thereby obtaining the desired
peak at 8 4.70 ppm is from the NMR solventD. compounds.
In the spectrum of the reaction product (Figuretl& In addition polymerizations employing different
proton from the anomeric center has moved .05 nitiators have been carried out to obtain syntheti
ppm and the coupling constant is now ~ 8 Hz inéRt 4 lymers, which can be coupled to the natural
that the anomeric proton now is in the axial positi component.
Furthermore the coupling pattern of the glucosidic e coupling of the natural component to the
protons in the area betwe&r8 and 4 ppm has changed,qynihetic polymer should take place via the ‘click’
confirming that a reaction has taken place on th&aciion between an azide and a terminal alkyne Th
anomeric center. product will be a 1,4-triazole with two substitugnit is
not known whether it will have an effect on the en&l
properties from which compound the azide and the
alkyne stems. Therefore it is very important to fkee
every option open and functionalize as well theurst
component as the synthetic polymer with eitherhef t
functionalities and subsequently investigate if ohigin
of the functional group has any influence on the
properties of the final product.
Solubility issues might have an influence on the
possibility of combining the two materials. The ural
compound is only soluble in water, while the sytithe
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polymer can only be dissolved in organic solvents.
Different methods of combining the materials should
therefore be employed. Possibilities of castingla f 2.
with the functional groups present on the surfacd a
subsequent ‘clicking’ of the other material ontdsth
could be a possibility. Alternatively a heterobiftional 3.
linker material, which is soluble in both solventan be
employed to improve the possibility of combiningeth 4.
compounds. This linker could be used as a
macroinitiator in the synthesis of the synthetidypzer

and subsequently ‘clicked’ onto the functionalizedb.
natural component. Work has been carried out on
synthesizing such a linker material and perhapsillt 6.
be necessary to incorporate this.

Characterization of the synthesized materials will.
take place by Size Exclusion Chromatography (SEC),
Nuclear Magnetic Resonance (NMR) techniques.
Differential Scanning Calorimetry (DSC) and Infrdre
Spectroscopy (IR). Furthermore X-Ray Photoelectrof.
Spectroscopy (XPS) could be employed to determirkD.
the surface composition of a casted film and Organi
Elemental Analysis (OEA) might be an alternative
characterization method, which is independent &f thll.
solubility properties of the synthesized materials.

12.
Conclusions
Stereoselective reactions on the anomeric centéhneof
natural compound have so far been a crucial paitie
project. It has been possible to manipulate only th
anomeric center of a model compound, and expergence
from reactions on the model compound could be edrri
on to manipulate the anomeric center of the natural
component. To improve the possibility of ‘clickintiie
two materials together, focus has, however, movdd o
functionalizing along the polymer chain. Polymetiaa
reactions have been and will be carried out with
different initiators. Furthermore work has beenrieat
out on synthesizing a heterobifunctional linker en,
which can be used to conquer problems that mighé ar
in the combination of the two materials due to bty
differences.

In addition to this an investigation of the madeéri
property dependency of the alkyne and azide omgih
be carried out. Characterization of the synthesized
materials is an essential point in the project and
different methods (SEC; NMR; DSC; IR and perhaps
XPS and OEA) will be employed to verify that the
reactions have taken place.

Acknowledgements

The author greatly acknowledges Coloplast A/S, the
Technical University of Denmark and The Danish
Research Training Council for the financial supptort
this project, which is part of The Graduate Schobl
Polymer Science.

References

1. B.E. Chaignaud, R. Langer, J.P. Vacanti, in: A.
Atala, D. Mooney, R. Langer, J.P. Vacanti, (Eds.),

168

Synthetic Biodegradable Polymer
Birkhauser, Boston, 1997, Chapter 1.

L.G. Cima, J.P. Vacanti, C. Vacanti, D. Ingber, D.
Mooney, R. Langer, J. Biomech. Eng. 113 (1991),
143-151

C.M. Agrawal, R.B. Ray, J. Biomed. Mater. Res.
55 (2001) 141-150

M.A. Slivka, N.C. Leatherbury, K. Kieswetter,

G.G. Niederauer, Tissue Engineering 7 (2001),
767-780

S. Yang, K.-F. Leong, Z. Du, C.-K. Chua, Tissue
Engineering 7 (2001) 679-689
M.C. Peters, D.J. Mooney,
Forum 250 (1997) 15-42

V. Maquet, R. Jerome, Materials Science Forum
(1997) 43-52

P.A. Gunatillake, R. Adhikari, European Cells and
Materials 5 (2003) 1-16

F.A. Maspero, K. Ruffieux, WO2004056405, 2004

R. Huisgen, in: A. Padwa (Ed), 1,3-Dipolar

Cycloaddition Chemistry, Wiley, New York, 1984,

p1l

H.C. Kolb, M.G. Finn, K.B. Sharpless, Angew.

Chem. Int. Ed. 40 (2001) 2004-2021

V.V. Rostovtsev, L.G. Green, V.V. Fokin, K.B.

Sharpless, Angew. Chem. Int. Ed. 41 (2002) 2596

Scaffolds,

Materials Science



Brian Richard Pauw

Phone: +45 4525 6864

Fax: +45 4588 2161

e-mail: brian@stack.nl

WWW: http://www.dtu.dk/Centre/DPC
Supervisors: Martin E. Vigild

Kell Mortensen, Risg Forskningscenter
Enno A. Klop, Teijin Twaron, Netherlands

Ph.D. Stud
Started: October 2006
To be completed: September 2009

On the Microstructure of High-Performance Polymer Materials

Abstract

This research aims to provide an uncompromising anthoritative methodology to the determinationtioé
nanostructure of high-performance polymer materiglach of this research is based upon methods ekrirv the
era before computational power was readily avaélabhd thus aims to concatenate the most valitioehips and
update them where required. This methodology wdl wiilized to characterize high-performance aramyadns,
whilst varying many environmental conditions.

Introduction ray Scattering (WAXS) and Positron Annihilation
High performance polymers, such as the aramid yaittifetime Spectroscopy (PALS) can be used to provide
used for example in bulletproof vests, competitsails additional data [3, 4].
and as asbestos replacement, are by definition Whilst in the past the nanostructure of carbon and
unparalleled in their physical characteristics. Séne cellulose yarns was well researched, the analysibeo
yarns, as the main focus of this research, haven bemeasurements was limited for the sake of compuitgabil
investigated in detail since their appearance ia that that time [5, 6, 7]. Then, the used fitting ftioos
marketplace approximately 30 years ago. The crystedquired simplification, and therefore were limitéu
structure of the polymer material has beenheir validity. Often enough, linearisation was ugqd
characterized, as well as a great number of phlysiclr the determination of individual constants. Suare
properties such as tensile strength and phaseadiegr the Debye and Porod relationships, from which saver
However, only a few attempts have been made withicro-structural parameters could be determined]2,
respect to the determination of the microstructfrthe These could be expressed in linearly related terms,
yarn, i.e. structural elements with sizes biggentiwvhat allowing for graphical analysis. For such lineatigas
can be observed by crystallography, but smallentha to succeed, severe assumptions had to be madee Thes
optical limit. Especially the micropore structumejth  standard analysis methods of that time thus describ
structural elements (micropores) in the range df00- dilute systems of randomly-oriented, monodisperse
nanometers, is a lesser known area [1]. contrasting objects (Guinier methods), or at theyve
The main technique to investigate such microscaleast assume a random orientation of the contgastin
structures, is Small-Angle X-ray Scattering (SAXS)objects (Porod and Debye relationships) [2, 8].
This is the only technique that can determine such Current-day computing technologies allow for figin
structural elements (henceforth referred to asf much more elaborate functions than possiblehat t
contrasting objects when associated with SAXS) time the original Porod and Debye relationshipsewer
without destructive sample preparation, and abdiye agenerated. However, not many examples can be given
results in average parameters, valid over the entiof application of such expanded Porod or Debye
irradiated area [2]. These values are much mofenctions to systems of oriented contrasting olgject
representative for the entire yarn, when compaoeithé  such as found in aramid yarns, indicating a stalhadst
other techniques of the microscopic kind, fomethodology advancement in that area.
microscopic techniques can only scrutinize smalksf Many features make the aramid yarns an
sections of material at once. Naturally, technigsesh uncommon subject for study by SAXS (which main
as Transmission Electron Microscopy (TEM) andapplication lies in determining the size of contires
Scanning Probe Microscopy (SPM) will nevertheless bobjects in solution, usually randomly oriented) eTrhrst
employed to provide visual cues to data measuréld wifeature is the orientation of the contrasting otgewith
techniques such as SAXS. Furthermore Wide-Angle Xespect to the fiber axis [3]. Not a perfect orégian,
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but more of an orientation distribution. This fe&tu dimension of the cylinder-shaped contrasting olject
dominates the scattering pattern, transformingoibnfa causes the main scattered lobes (vertical)
pattern with radial symmetry to a pattern with only

(double) mirror symmetry (c.f. Figure 1). 0.06
Another uncommon feature is the large
polydispersity of the sample, which may or may bet 0.04

coupled to the orientation distribution. For exaepl
pores of smaller sizes may have more freedom of ;g
orientation than larger pores. For a better undeding roer
of this, a more thorough knowledge of the yarn sjpig <
process itself and its effects on the microstruetisrof &
great importance.

A third feature is that the contrasting objects roe
expected to be perfectly cylindrical or cigar-shépe

-0.02

Given the crystalline nature of the aramid matetilaé A
individual fibrils will most likely influence thetape of
the contrasting objects significantly. -0.08
It is the combination of these features, amongst 006 004 —002 0 002 004 0.6
others, that demand a thorough re-evaluation of the ax AT

standard methods ] o ) )
Figure 1: logarithmic scattered X-ray intensity of a

Specific objectives Twaron® (aramid) yarn. The filament axes are aligne

This research focuses on nano-scale structuralesitsn horizontally with respect to the shown figure.
and attempts to bring a clear and authoritativevie  ~gnclusions

the conflicting opinions in this area [10, 11].The knowledge of SAS, the main applied technique fo
Furthermore, ~valuable relationships are to  bgis project, is likely to be sufficient for making

determined between the microstructural propertied acomplete, lasting and authoritative analysis of the
the physical characteristi.cs of the yarn, Also,_éﬁbct microstructure  of  high-performance yams. The
of external forces acting on the yam is to bggnsolidated knowledge on such systems from thesyea
investigated. of knowledge available on the topic will be

Whereas previous research focused on the averagipghlemented in a freely available program, in orter
of the obtained oriented data, and subsequent siBaly,5gist the expedient advancement of science.

on the thus obtained 1-dimensional plots, this arse
purports to introduce data fitting of entire 2D S8X Acknowledgments

plots to the general research community. The author would like to express his sincere grdtto
) Jens Wenzel Andreasen, for his selfless assistande
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others, they will provide the phenomenologicals] p. pebye and A. M. Bueche, J. App. Phys. 201€)9
parameters measured at their own research labiatrua{g.go5

for making the structure-property relationships[3] Y. Cohen and E. L. Thomas, Macromolecules 21
Furthermore, the company will supply custom yaims t(1988) 433-435

the project. _ _ _ [4] P. Winberg, M. Eldrup, and F. H. J. Maurer,
Knowledge on the DTU and Risg side, will bePonmer 45 (2004) 8253-8264.

combined with the knowledge on the Teijin TwarorI5] W. Ruland, J. Pol. Sci: C, 28 (1969) 143-151

side, resulting in unparalleled science. [6] W. Ruland, J. App. Cryst., 3 (1970) 525-532
For introduction of 2D fits to the researchm W. Ruland, J. App. Cryst., 4 (1971) 70-73

community, a collaboration has been initiated Wi“ES] G. Porod, Kolloid Zeitschrift 124 (1951) 83-114

Karsten Joensen of JJ-Xray. The free Matlab Prografg] B. Chu and B. S. Hsiao 101 (2001) 1727-1761
developed as a result of this collaborat#all include [10] S. Ran, X. Zong, D. Fang, B. S. Hsiao, B. CPw,

a GUl-like approach to 2D data fitting. M. Cunniff, and R. A. Phillips, J. Mat. Sci. 36 (20
. _ 3071-3077
Results and Discussion [11] S. Ran, D. Fang, X. Zong, B. S. Hsiao, B. Cimgl

Initial results on the 2D data fitting of orientedp N cunniff Polymer 42 (2001) 1601-1612
structures look promising. Fitting results are shbwn '

here as the project is in its initial stages, bueaample
of the 2D data is shown in Figure 1. The short
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Application of Fly Ash from Solid Fuel Combustion n Concrete

Abstract

Fly ash, a by-product from pulverized coal comhustiis utilized in the concrete manufacture wherseirves as
partial replacement of Portland cement. The residagbon in fly ash is known to interfere with tieeemicals
added to the concrete to enhance air entrainménat.degree of interference is not only related i amount of
residual carbon, but also the properties of thib@a. The main objective of this project is to ébtenowledge of
how the combustion conditions of pulverized coakiated with the amount and properties of thedesi carbon in
fly ash with emphasis on its utilization in conerePart of the work will focus on improvement flghaquality by
post treatment methods and development of starmmtdnethod to quantify the interactions betweerafiif and
air-entraining chemicals.

Introduction Even though modern coal fired power plants have
About 24 % of the electricity produced worldwidehigh burnout efficiencies, significant amounts affwon
(2002) is generated in coal fired power plants. &s still exist in the fly ash after combustion. Thesidual
consequence, large amounts of fly ash are producexirbon and not the mineral matter of fly ash is
The demand for environmentally clean and cogsesponsible for the adsorption of AEAs [3]. A langart
effective power generation has increased the mitiva of the carbon surface is non-polar compared with th
of fly ash recycling. polar surface of the mineral matter. This providetve
The pozzolanic property of fly ash, i.e. itsadsorption sites for the hydrophobic part of the
capability to react with water and calcium hydraxit surfactants, thus the carbon competes with the site
form compounds with cementitous properties at antbiethe air/water interface [4] as illustrated in Figul.
temperature, makes it useful in the concrete inglust
where it serves as partial replacement of cemedt a ";\xr-f-‘;}p\
give rise to increased strength of concrete [1jweleer, %’f\ %
the fly ash has been reported to interfere with a 7 Airbubblef

entrainment in concrete, which is important to abta {{a{ \}6?“"
high resistance toward freezing and thawing coongi -+ ]
[2]. Special surfactants, called air-entraining adores e o
(AEAs), control this air entrainment by stabilizirye L a A

. : pqﬁ PN
air as small bubbles in the concrete paste. Theprad i ]

strongly to the air-water interface, but fly askegent in oA bubb'éi
the concrete paste are capable of adsorbing thesAtSA / ég“( ,; \;/.,;
well. Hereby less AEAs are available to supportdire P
bubbles and the entrained air is lowered. Increptie /
dosage of the AEAs may compensate for the adsorptigigyre 1: Adsorption sites for AEAs at air/water
loss, but normal variations in ash properties €aldrge interface and at carbon surface [4]. The smallerof
and unacceptable variations in the entrained &ir [3 the AEAs correspond to the polar end and the tail
corresponds to the hydrophobic end.
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The problem with decreased air entrainment in flpf the suspension, whereas in the new method the
ash concrete has worldwide lead to regulationsitbor surfactants are added in one step. After 5-30 ragof
application in concrete taking the presence of@arim mixing, the aqueous phase is separated from the
fly ash into account. These regulations are basea o particles followed by surface tension measurements
maximum limit of the amount of carbon in fly ashg.e using the maximum bubble pressure method; a capilla
according to the Danish Standard DS/EN 450 theararbis introduced into the solution and bubbles arevgron
content in fly ash are not allowed to exceed 5 wt\%he tip. The pressure difference required in thbhbe
However, in recent years the carbon content of ash formation is proportional to the dynamic surfacesien
has been found insufficient as a criterion for itof the solution [7]. The lifetime of the bubblesvhaan
application in concrete and problems with aiimpact on the measured surface tension, e.g. isicrga
entrainment have been observed with fly ashes favibubble lifetime lowers the measured surface tendiomn
levels of carbon below the Ilimits [3]. Theseto the surfactants will have more time to diffusettie
observations have lead to further studies of thieubble surface.
interactions between AEA adsorption and properies First part of the method development included
carbon in fly ash; factors such as accessible sarf@iea determination of initial SDBS concentration and legap
and surface chemistry of the residual carbon afeubble lifetime, and the optimal conditions aredzhen

believed to affect the AEA adsorption as well [4]. the experimental data presented in Figure 2 and 3.
The combustion conditions under which the fly asl
has been produced influences the properties of tl i ‘ ‘
residual carbon. The worldwide introduction of 70&\'""1““’?'*—'—'—'—' ]
improved burner technologies in order to reduce,NO & %% e e
emissions has lead to problems with achieving eecor =2 65! 5 3
amount of air entrainment in fly ash concrete [Hjese = 2306 W% C. 0.5 a/l
burner technologies work with hot fuel rich zones i § A ' 00 908
order to combust under reducing conditions andethe: '@ 607 " ~+10.5wt% C, 0.5 g/l|;
conditions are believed to create fly ash beingrjoo @ 25wt C, 19/l
quality for concrete utilization. o 55¢ LN Cement, 1 g/l
The AEA adsorption capacity of a fly ash is usually g R
determined by the foam index (FI) test, which is i 5 g
simple laboratory titration procedure involving thee ¢ ,
of commercial AEAs and visual observation of foan T~
stability. These parameters reduces the companabiii 450 20 40 60
the test, i.e. commercially available AEAs vary in Bubble Lifetime [s]

chemical nature and criterion on foam stability is

operator individual. Therefore, it is of interesp t Figure 2: Dynamic Surface tension compared with
develop a reproducible method, which is able tdubble lifetime at starting concentrations 0.5 argll
determine the fly ash quality with respect to aiSDBS

entrainment in concrete [6]. The consequence of having a low initial concerurati

of SDBS is revealed in Figure 2, where only a minor

Specific Objectives , difference in the measured dynamic surface tensiom
The aim of this project is to obtain further knodde of e jetected in a wide span of bubble lifetime betwe

how the combustion conditions of pulverized coaj,,, high carbon ashes. It appears as if both alshes
influences the fly ash quality for concrete utitied  ,yqorhed most of the added surfactant, making it
with emphasis on the air entrainment in concreget & st to measure any difference in their adgip

the work will focus on improvement of fly ash quli capacity. On the other hand, a high initial concign

by post treatment methods. Furthermore, stepsheill ¢ SpRS |eads to similar dynamic surface tension
taken toward the development of a reproducible teleasyrements of both cement and a low carbon ash,
method to replace the foam index test. indicating that the amount of surfactant adsorbgthe

fly ash is low compared to the remaining SDBS ia th

Method Development , solution. The critical micelle concentration (CM®G}J
The new method developed to determine fly ash qualigpgs may explain this observation. Normal surfactan

is based on surface tension measurements insteadp@favior is observed below CMC, i.e. surfactants ar
foam stability observations. Moreover, a standarg};nq as monomers and the concentration relatéiseto
surfactant (sodium dodecyl benzene sulfonate, SDBY)iface tension [8]. Above CMC the hydrophobic part
which can be prepared in known concentrationsselu ¢ ihe syrfactant interacts with other surfactdetsling

as a model for a commercial AEA. The surface temsio, micelle formation, where only the hydrophilicrpis

is measured on a suspension of cement and fly agiconiact with the aqueous phase. The micellesiare
particles and the procedure only slightly differsm the g, tace active and hence will not contribute tongfes
foam index test, i.e. in the foam index test theh&BEre s rface tension.

added continuously until stable foam is obtainedam
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Addition of a 0.6 g/l SDBS solution appears to give

a detectable difference between both low and hic — =723 il
carbon ashes as shown in Figure 3. _ Ywater™ "< 4l
o 7 1
>
. 70¢ —a—————=—n .§,
ey
E 365 ‘
E% 5
c . =
o | A . (] o
(¢b) G ot /
[ —=+-30.6 wt% C|" 5 /
£ | =28wncC g5/ ——cement ‘ ‘
350t . 9 1 0 0.5 1 1.5 2
@ (ZZSr;Netrf; ¢ FI [ml AEA /(2 g fly ash + 8 g cement)]
43 20 40 60 Figure 4: Surface tension of filtrate compared foam

Bubble Lifetime [s index. The temperature of the _fil_tr_ate was betw_een
[s] 22.7-22.9 °C. 0.6 g/l SDBS in initial concentratiemd
Figure 3: Dynamic surface tension compared with 10 minutes in incubation time.

bubble lifetime at initial SDBS-concentration ol @/I. Increasing foam index of a fly ash correspondsighér

It is evident, how utilization of a short bubbléetime adsorptivity of surfactants and thereby a greater
leads to similar surface tension results. Equilibri interference with air entrainment in concrete. het
between surfactants in the solution and at theasarfire surface tension method, the concentration of stafdas
not obtained due to a short surface age and tiacgur in the aqueous phase is reduced by the adsorption,
tension of the pure solvent is measured, being wate leading to higher surface tensions. The correlation
this case (72.3 mN/m at 23 °C). At high bubbletiifee, appears to be linear within lower adsorption capegi
the surfactants move toward equilibrium and théager of fly ashes. At higher adsorption capacities, tbst
tension is lowered. Hence, any variation in surfacmeets its limit under the applied conditions. Scefa
tension between the samples can be detected. On tlesion values can not exceed the surface tengitreo
other hand, the difference in surface tension betwbe pure liquid. Thus, ashes with high adsorption céjesc
samples appears not to increase further when aldublwill result in filtrates with low surfactant conceeations
lifetime above 20 seconds is applied, making it and show surface tensions close to pure water,mgaki
reasonable choice in further measurements. Moreovaeiifficult to detect any variance in their adsorptio
testing time will be significantly extended withghier capacities. Measurements on activated carbon (foam
bubble lifetime because the results are based en timdex > 14 ml/2 g C) confirm this behavior. Thefage
average of several measurements. tension was measured to 71.9 mN/m, indicating titet
Other parameters that influence the test method hasurfactant may have been exhausted from the
been investigated in the present study. Both théngi supernatant fluid completely. To include these high
time of the surfactant, cement and fly ash suspensiadsorption ashes in the detectable region involves
and variation in temperatures were found to have tagher initial concentration of SDBS. However, as
significant impact on the reported surface tensiokigure 2 shows, the difference between ashes with
values. The transport of surfactants from the agseolower adsorption capacities will be more difficuts
phase into the interior of the residual carboniplad is detect.
diffusion controlled [4] and thus, the surfactant
concentration decreases with longer mixing time. N@ombustion Conditions and Fly Ash Quality
endpoint was found even after 30 minutes, and & wé&ly ash has been produced from combustion of
decided to proceed with 10 minutes in incubationeti pulverized coal under various combustion conditions
corresponding to the usually time expenditure of than entrained flow reactor (EFR) sketched in Figure

foam index test. The surface tension of the fiétratas The main part of the EFR is an electrically heated
found to decrease with rising temperature, whicddse ceramic reactor, where the combustion of the falkés
to implementation of isothermal conditions. place. The coal and part of the combustion air is

Figure 4 presents surface tension measurements iotroduced from the top and into the reactor thioag
filtrate from cement/fly ash samples compared withvater-cooled feed probe. The remaining air is pre-
their respective foam index values. The resultpldisa heated before it is mixed with the coal/air mixture
good correlation between the two methods. particle sampling probe is mounted in the bottonthef

reactor. The fly ash particles are sampled fromfihe
gas stream by isokinetic gas sampling and collected
filter further downstream. The parameters adjusted
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the combustion experiments are the total excess aiith constant carbon content. The initial declime i
(Mow) and the ratio between feed and total aigarbon content with the ratio are presumably duarto
(MeedMora). The collected fly ashes are analyzed folmproved mixing between coal and air caused by
carbon content (determined by weight loss, LOI) antiicreasing jet velocity at higher feed/total aitigaThis

foam index. leads to increased oxygen concentrations in thé ear
stage of combustion and thereby a higher conversion
Main air_ _‘;‘~ng icle an the coal particles. A further rise in feed air reds the
temperature and concentration of coal particleténair
flow, which can result in a delayed ignition [9]dathis
Gas — Particle foeding may explain the constant carbon content found hess
i produced at higher feed/total air ratios. The iaseein
pre-heater | ™ Eloctrical heating total excess air raises the oxygen concentratiortbe
- I I ; elements reactor and gives rise to decreased carbon cointehé
produced ashes as well.
I I 5 | |
I I +}\t0ta|:1.11
Reactor , - i
= 4 %)\total_l'le
%]
I I © —=—A, ., =1.36
I I o 3| total |
o
Il B
< o}
ST Aslistion E
““-Particllj-.ns)%glpling w 1
Figure 5: Sketch of EFR. The ceramic reactor is 2 m
long and 8 cm in diameter. Conditions used in tRRE 8 : ‘ : :
coal feed rate: 0.34-0.46 kg/h, temperature: 1350 ° 1 0.15 0.2 0.25 0.3 0.35
feed air: 6-17 Nl/min, total air: 58 NI/min, )\feed/)\total

gas mean residence time: 1.7 s ) ) )
Figure 7: Foam index of fly ashes compared with the

Figure 6 shows the residual carbon content of thiged/total air ratio at different total excess @ine foam
collected fly ashes produced at different feeditaia jndex test is performed on two grams of fly ash thel

ratios and total excess air. results are reported as ml AEA per two gram ofafj.
35 : : : : The determined foam index values of the coal ashes
—¢-\ =111 (Figure 7) are from a visual comparison observed to
30 total ] follow the tendency of the carbon content; incregsi
—o-A 7116 excess and feed/total air ratio results in ashés laiver
25 o =136 foam index values and low feed/total air ratioshéghly
< 20 total | affect the foam index, which on the other hand stay
S constant at higher ratios. The high foam index tun
— 15 | among ashes with elevated carbon content are in
9 agreement with results from others [3], that theicheal
10 i ca}rbon accounts for the adsorption of AEAs in ceter
mixtures.
5 1 In order to uncover whether the difference in foam
index between the ashes is solely caused by a ehHang
8 ‘ : : : carbon content, or if it may be due to a variatiorthe
1 0.15 0.2 0.25 0.3 0.35 AEA adsorption properties of the residual carbon as
)\feed/)\total well, the foam index is normalized to the carbonteat

) ) of the fly ash, also known as the specific foameind
Figure 6: Carbon content (LOI) in fly ashes compared 1he results are presented in Figure 8, where thé AE
with the feed/total air ratio at different totalaess air. adsorption capacity of the residual carbon (spécisF
The carbon content of the fly ashes are found t®und to decrease with the feed/total air ratio.rétwer,
decrease with increasing feed/total air ratio ancess higher specific foam indexes are found at the ldwes
air. The feed/total air ratio is observed to havajan overall excess ain&1.11). Thus, the variations in AEA
impact on the carbon content at lower ratios, itat  adsorption of the produced ashes are apparentisedau
ratios above app. 0.16, where the fly ashes aréused
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by changes in both carbon content and AEA adsarpticarbon may be due to its surface area and pasizke
capacity of the residual carbon. as well and this will be subject for further invigstion.
A linear relationship was found between NO

6 emission and the feed/total air ratio. The foanemodf
=1.11 the produced ashes compared with measured
o 5 =1.16 NO, emissions are presented in Figure 9. The foam
> index is within each series of constant total excais
Py 1.36 series found to decrease with the JN@mission
L 4+ i
: : —
_ 3l i +)\totalzl'j'l
» 4 oA =116
8 % total”
o —
A 1 g 3l = }\total_l'36 |
o
‘ ‘ ‘ ‘ m
%).1 0.15 0.2 0.25 0.3 0.35 < 2/
)\feed/)\total .§.
Figure 8: Specific foam index of fly ashes compared *o1
with the feed/total air ratio at different totala®ss air.

The specific foam index corresponds to AEA adsorpti ‘ ) : :
capacity of the residual carbon. gOO 400 500 600 700
It is found that more fuel rich conditions (lowexcess Nox [pm]
e ey Fass I e S Foam index of e prodced  ashes and
. . ENOX emissions at different total excess air.
index of the produced ashes, but the carbon is also
capable to adsorb higher amounts of AEAs, makirg thuntil it reaches a constant level at app. 450 ppdy.N
consequences of increased carbon content worse. Therefore, increased fly ash quality in the EFR is

The present observations support what others haaehieved when operating at enhanced oxidizing
discussed about the mechanism of the AEA adsorpti@onditions (expressed as higher N@missions), but
[5]. It has been suggested [5] that a stable fifraxddes only until a certain level. It appears as if thenast
is formed on the surface of carbon during conversio optimal conditions in the EFR where both low foam
an oxidizing environment. The increased polaritythef  index of the fly ashes and low NQemissions are
carbon surface creates less adsorption sites fer tachieved. From a practical point of view this is
hydrophobic part of the AEA and thus, less AEA idnteresting, i.e. will the same apply at full-scatdities?
adsorbed by carbon as illustrated in Figure 9.

H. Conclusion

H E H—o'H The commonly employed foam index test, which

’ H H O. o Abistic acid determines the fly ash quality for concrete utiiiaa,
b H-O H,O / has been compared with a new method based on surfac
O OH O OH tension measurements and there appears to be a good

relationship between the two methods. The new ntketho

- I takes away the individual operator criterion of rfoa
Oxidized carbon surface Nonpolar carbon surface stability, making the test easier to standardize.
Figure 8: The hydrophobic part of a surfactant Moreover, the test can be based on using a pure
molecule (in this case abietic acid) interacts by surfactant instead of an air-entraining agent, wher
dispersion forces, with the non—polar carbon serfac commercial products show variation in chemical ratu
(right). On the other hand, at the polar carborfiaser and concentrations.
(left), water molecules interact with the surfacédes Pilot scale experiments on an EFR have shown how

by hydrogen bonding. The dispersion forces from the [0W-NO, combustion of pulverized coal generates fly
surfactant are not strong enough to displace veater ash with higher carbon content, increased foamxinde

hence, the surfactant is not adsorbed by the carbon ~and increased AEA adsorption of the residual carbon
all making the fly ash less suitable as concretitae.

Opposite to this, fuel-rich combustion conditionsl W The results indicate that optimal conditions exist
drive off surface oxides, leading to a less polaface. petween the foam index of the produced fly ashaks an
These fuel rich conditions are usually found né® t NO, emissions on the present setup. Work will continue

burner in low-NQ environment, where they reduce they, “the EFR involving other types of fuel and
formation of NQ but lead to lower fly ash quality. It is temperatures.

noted that variations in AEA adsorption of the desil
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Data-Driven Modeling for Monitoring and Control of Streptomyces
Cultivations

Abstract

One of the main challenges of modeling and comtrglindustrial cultivations is the lack of on-limeasurements
of important variables such as the biomass andymtocbncentration. On-line spectroscopic measurésnesmn be
utilized to provide information about these impaottaariables. The aim of this project is to examihe different

methods for modeling the spectral data, estimdtabte models and implement the models in a momigpand

control scheme on &treptomycesultivation.

Introduction different organic and biologically relevant compdan
Sensory information is indispensable for monitorargd  [1-3].
optimization of fermentation processes, where bitia Examples of such fluorophores are tryptophan,
first engineering principles models are very timehenylalanine, tyrosine, different vitamins i.e.
consuming to develop. Several promising on-lin@yridoxine and folic acid as well as NADH and
sensory methods are emerging such as MultNADPH. As these compounds can be associated with
Wavelength Fluorescence (MWF) and Near-InfraRedifferent process variables such as the biomass
spectroscopy (NIR). The recent Process Analyticaloncentration it is possible to use these measuresme
Technology (PAT) initiative of the FDA has greatlyfor monitoring a given cultivation. IMulti-wavelength
encouraged the introduction of advanced on-lins@en fluorescence several excitation/emission combinatio
in manufacturing. are measured, thus resulting in a 2-dimensional get
for each measurement point (figure 1). Thus it is
possible to measure several fluorophores
e ; ; simultaneously.
1500 - b Near-infrared spectroscopy is widely used in many
TR B ; : industries for quality control at different stagekthe
production process. More recently it has also heseud
for monitoring of fermentation processes [4]. A giv
molecule will absorb light in the IR region onlythere
is a shift in the polarity of the molecule. C-H,HN-O-H
and S-H all have a high dipole moment and thus the
- stretching and bending vibrations of these bondy ma
200 contribute to the NIR spectra. These bonds are comm
constituents of biological matter and thus the NIR
spectroscopy may be used for monitoring the
Excitation development of a fermentation process. The spectral
] ) information can be acquired in two different modes:
Figure 1. Multi-wavelength fluorescence spectrum  yransmission or reflectance. The transmission misde
most often used in low density fermentations inchhi

Fluorescence measurements can be used to monggge the measurements are taken according to:
fermentation processes by exploiting the fluoreseesf A=log(1/T)
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Where A is the absorbance aridis the transmission. antibiotics — as model organism, and using advanced
The reflectance mode may be more suitable in hidlh ¢ on-line sensors (NIR, MWF) for data collection in
addition to standard on-line measurements. As such,
establishing this data set is already a challesigege the
application of spectroscopic methods such as NIR in
cultivations with filamentous organisms is far from
2 . straightforward. The fermentation data set can then
serve as a basis for finding and evaluating caticeia
between sensor data and the course of the submerged
bioprocess. A second project objective is to previd
comparison of the performance of several data-drive
modeling methods — linear versus non-linear, single
model versus multiple local models — on this
fermentation data set. In one part of this modeluagk,
data-driven modeling/chemometrics will be applied t
the multivariate sensor data for prediction of velet
process variables. In another part of the modelingse
methods will also be employed for developing prsces
monitoring applications (e.g. detection of sensod a
actuator faults). For process monitoring, it will
hapeciﬁcally be investigated how availability of
-&gvanced on-line measurements can contribute to our
broths with filamentous organisms. In the reflectan apility Of. identif_ying EIroneous process behav_i@r.
mode the absorbance is measured according to tWérd project .ObJeCt'\.’e IS to_ actively use the amel
equation: process varlable |nformat|orj obtained from the
advanced on-line sensor data in feedback contogddo
Once feedback control using advanced on-line sensor
is established, the project focus will shift towsard
fermentation process optimization.
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Figure 2. Near-infrared spectrum from cultivation.

density fermentations or in fermentations where t

A=log(1/R)

WhereA is the absorbance aftiis the reflectance. An
example of a NIR spectrum is shown in figure 2.

The raw NIR and MWF spectra are difficult to
interpret directly. In the NIR spectra several dahses Acknowledgements
may contribute to the absorption at one wavelergith This Ph.D. project is part of the Innovative BioBess
a single substance may absorb light at differentechnology research consortium, and is financed by
wavelengths.  Furthermore, the concentration afjovozymes A/S and the Danish Research Council for

different substances may be highly correlated duan Technology and Production Sciences.
fermentation process. Finally, the data sets amy ve

large which makes it difficult to simply visualizbe References
data as well as to interpret them. Therefore, maiftate 1. A, E. Humphrey. The potential of on-line

data analysis techniques are employed in the aralfs
these spectral data.

Partial Least Squares Regression (PLSR) can be
considered the industry standard for the analysis o
multivariate data. It is a supervised learning rodth
which can be used to find correlations between wtutp
variables (e.g. biomass and substrate concentjadimh 3
a set of input variables (spectral data). PLSRbie 0
handle correlations in the data by reducing the
dimensionality of the data. The data are projetted
subspace spanned by vectors determined to maximize
the variance of the input data as well as the tatiom
with the output variables. Multi-way PLSR or
traditional PLSR may be used for the analysis ef3h
dimensional MWF data depending on the unfolding of
the data.

Specific Objectives

A first project objective is to establish a datat se
consisting of a number of batch fermentations with
Streptomyces coelicolo- a filamentous bacterium
producing useful secondary metabolites such as
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Avoiding Proteolysis in Fermentation Broths throughRemoval of Proteases
using High Gradient Magnetic Fishing (HGMF)

Abstract

A novel method for removing proteases from fermgaotebroths during the fermentation has been ingastd.
Contrary to commonly used techniques for avoidiegrddation of interesting extracellular peptidedarcts during
fermentation, this novel technique, High Gradierggvietic Fishing, has been found to be an easyféiniet
technique that does not disturb the growth of tieraorganisms in the fermentation.

Introduction approval for making products for the food industry
Proteolysis in fermentation broths is a commostraightforward.

phenomenon that leads to degradation of interesting

extracellular peptide products. The proteolysidug to  The concept

the production of unwanted proteases during th€he concept behind this project is that it is plolgsio
fermentation. To avoid the damage done by proteaskmd proteases via their active sitesitagneticsupports
many strategies have been implemented, such kg using affinity ligands To be able to bind a widege
avoiding protease formation through genetiof proteases and thereby hopefully most of thegasts
manipulation or inactivating the proteases in theresentin a fermentation broth. Bacitracin, a gaine
fermentation broth during fermentation. None ofsthe inhibitor of proteases, has been chosen as thediga
strategies are however without problems. Théhe magnetic supports (Figure 1).

production of mutants with reduced expression of

extracellular proteases requires the knock out ahyn @ Magneic core material

genes and can be problematic. Expressing the wanted o porous e
protein in organisms without extracellular protease f s b
production, can be a problematic and tedious smiuti  Protease —Q tin ayer vatise

and in certain industries the use of GMOs is not gives corrosion protecion
possible. Inactivating the proteases by addingeaiss

inhibitors to the fermentation has certain disadagas Figure 1: Schematic representation of a protease bound

since inhibitors that are peptide based are ndiiesta L .

fermentation broths for very long and are expensivé0 ba_cnracm On a magnetic adsorbent. Th_e adsorben

Many chemical based inhibitors are on the otherdharfO'€ IS NON porous and superparamagnetic (r_10 remnan

poisonous and therefore useless within  certal agnetism when removed from a magnetic field). Thus

industries. he sup.por.ts can be captL_Jred_or released from a
énagnetm filter when the field is turned on or afhe

A new and very straight forward idea is to remov mall support size increases the surface arealtonen
the proteases directly from the fermentation brotR & SUPpor! :
ratio giving high capacity.

during the fermentation using High Gradient Magneti
Fishing. The expected advantages of using this new . . . oo
technique to avoid the proteolysis, are that the By adding magnetic beads with a bacitracin ligand t

fermentation would not be disturbed during the pasc a fermentation broth during the fermentation, the

. roteases present in the broth are adsorbed spabifi
the product not damaged, the technique should bg e§ ic it
and efficient, the magnetic adsorbents used for t 8the b_eads and b_y the use of a magnetic fietd, th

purpose can be expected to be re-usable and thd)pgnetic beads with bound proteases can be removed
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from the bioreactor, thereby stabilizing the praduc The first test of the concept of removal of prot=as

generated during the fermentation (Figure 2). from a cultivation ofBacillus licheniformiswas carried
— out in shake flask cultivations. The protease @gtin
ji the fermentation broth clearly dropped when thehHig
Gradient Magnetic Fishing was carried out (Figuye 4
The protease activity was reduced by 60% due to the
o e removal of proteases from the fermentation broth.
< P>>ade 0,25 4 High Gradient
L2 Magnetic Fishing
E 0,2 1 L
. ) Magnetic >
Particle b v4 | filter ? 0,15 q
> g 0.1 1
§ 0,05

0 20 30 40 50 60

o T %
7 | 0 —— T

L ve | 0 1
Lve

Bioreactor 7 io |
& - Hours of fermentation
W Figure 4: Plot of the protease activity in a shake flaskientation in
which the proteases were removed using High Gradiéagnetic

Washing bf Elution bf Sterile water  Ethanol Fishing @) and in a reference shake flaal).(The protease activity is
. . L plotted as a function of the fermentation time.
Figure 2: Schematic for process of stabilising a

fermentation product using High Gradient Magnetic proying the product stabilising effect of removing
Fishing. The process involves the bioreactor amdlee proteases from fermentation broths, was done by
system that connects a magnetic filter to the difie  following the degradation of a common protein, Inevi
solutions needed for the High Gradient Magnetigerym albumin, as a consequence of the formation of

Fishing. proteases during two fermentations. The shake flask
) ] where proteases were removed using HGMF and the
Results and discussion reference shake flask are shown in Figure 5. BSA wa

Magnetic supports derivatised with bacitracin hbeen z4ded to both shake flasks after 19 hours of

specific binding of a protease, Savinase with Broteases.

dissociation constant of 1.8 * 1Q/L [0.79 uM] and a

maximum capacity of 3.6 * £aJ /g [158 mg/g]. a) BSA added b) BSA added
Magnetic particles that are reusable are highly l .

desirable for the process of protease removal ksecafl :

the potential large-scale application of this pssce : 4 H PECLN s

- - -

Testing the reusability of the manufactured paetdhas .
been carried out by completing repeated bindingjfaiu . -
cycles (Figure 3). The result of this testing shdwe - 2

loss in binding and elution characteristics afteydles. - - - -
B — —_—
Hours of fermentation Hours of fermentation

Figure 5: SDS-PAGE gels showing BSA degradation
during the fermentation in the shake flask where th
proteases were removed using High Gradient Magnetic
Fishing (a) and in a reference shake flask (b).

Figure 5 shows that the BSA is degraded into many
small peptides when proteases are present in the
fermentation broth, as seen in 5b. However, when th
proteases are removed during the fermentation using
HGMF, the degradation of BSA is reduced, as seen in
5a. Observations of the cells using microscopy and
measurements of the growth indicated that the pce
Figure 3: Reusability of magnetic particles. The striped!sing magnetic beads had not harmecBaeillus.
bars show the amount of Savinase bound to thecfesti
while the white, grey and black bar show, respetyiv Acknowledgements

three sequential elutions of Savinase for eachibind Novozymes Bioprocess Academy is acknowledged for
cycle. funding the project
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Model-Based Retrofit Design and Analysis of Petroa@mical Processes

Abstract

Driving force based models are developed for differseparation and reaction processes for appicéti model

based retrofit design and analysis of petrochenpcatesses. The design and analysis employs tleeseedesign
approach and generates improved retrofit (desidt@rretives. According to the reverse approach, diesign

variables that match the specified process tafgetsach unit operation in the process are detexchiny solving a
new class of unit operation models based on théngriforce that “drives” the operation. The reveeggproach has
been developed and tested for vapor-liquid, lidigdid, solid-liquid based separation processes egattion

operations.

Introduction calculated. Next, the variables (design) throughictvh
Competition in the petrochemical market has insegla the calculated driving-force can be matched, are
during the past decades. Therefore, to be stifletermined. Since from the model the design vazmbl
competitive, many existing production processesireq are calculated for specified values of input antboy
constant improvements through retrofitting whilewne instead of the opposite, the same reverse apprizach
processes need to satisfy stricter regulations witlised for this design technique.
concerns to pollution and process safety, thereby
making the petrochemical processes more sustainable Specific Objectives
Processing alternatives such as replacing Tdhe main objectives of this project can be sumneakriz
distillation operation by a membrane based sepmaratias follows. The first objective is to analyze asslaf
will be investigated. Also, a solvent — based safi@an current petrochemical processes and to identifyir the
may be replaced by reactive distillation, or, actem weak points from a point of view of operability,
producing undesirable by — products may be repléged environmental impact, flexibility and energy eféicicy.
another providing better product yield (throughy foThe second objective is to develop a systematic
example, better catalysts). That is, use of a bettmethodology that can generate new and significantly
solvent or catalyst to improve the process and cedubetter alternatives, and to identify from them, the
the environmental impact would be investigated. Albptimal design. The third objective is to verify dan
this knowledge will be used by the design algorittam validate the optimal design through further model —
generate feasible retrofit process alternatives Wik  based analysis.
produce the same product from the same raw material
but under significantly better conditions. Operatiy lllustrative Example
economic, and environmental indicators will be usied A case study involving a process for styrene préidac
generate better alternatives. is illustrated in this work. In the first stage,eth
Based on a set of indicators, estimates Far tflowsheet of a process, based on steady state amakss
desired design (process) target will be establisidée energy balances of a reference process operatitg st
reverse approach will be used to identify the finafbase case) is simulated. The second step is tgséa
design details. Here, the design variables thatimite the process to identify their weak points from énpof
design targets for each unit operation in the pgeaeill view of operability, environmental impact, flexiiyl
be determined by solving a new class of unit op@mat and energy efficiency.
models based on the driving-force that “drives” the The separation of the desired styrene product from
operation. First, the driving force needed to cotne the light ends, heavy ends, benzene and toluene is
given feed stream to the desired product streams, relatively easy, being accomplished by conventional
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sequential distillations. Separation by distillatiof the 035
styrene (S) from the unreacted ethylbenzenie (EB),

——2, 6-Dinitrotoluene =
0.8

however, presents a considerably more difficultybem 03 | —=—Nitrobenzene = 0.8
due primarily to their close similarity in volatii. First —— Adiponitrile = 0.8
of all, the boiling points of ethylbenzene and shg, 0.25 1 —%—No solvent

136.15° C. at 1 atm and 146.0° C. at 1 atm, respedgt
are so close. That separation by fractional didtdh is
difficult. In the reference design of the procetss
EB/SM separation has been accomplished by digtifiat
under vacuum conditions in large, sophisticated an
expensive distillation columns requiring a largeniner

0,2 4

Driving force

0,14

of theoretical plates to achieve the desired sdipara 0,05 |

Due to the high energy consumption for this sejiamat

other alternatives that will increase operatindcéghcy 0¥ ‘ ‘ ‘ ;

and reduce energy consumption need to be investigat ° 02 04 08 08 L
The most promising technologies for replacement of Fraction of ethylbenzene in liquid phase

distillation include: membranes, extraction, absiorp

combining distillation to reduce energy usage. styrene/ethylbenzene with the Nitrobenzene,
dinitrotoluene and Adiponitrile

Alternative 1: Extractive Distillation

Ethylbenzene cannot be easily removed from stybgne 0,35 - \
distillation because of the closeness of their ibgil 2 dntrotoluene = 0.2

. . 0,3 ——&—2 4-dinitrotoluene = 0.4
points. Ethylbenzene can be readily separated fror 2,4-dinirotoluene = 0.6
styrene by means of extractive distillation usimgtain 0.25 1 —*—2,6-dinirotoluene = 0.8

nitrogenous organic compounds as solvents. Thr@ugh
search of database, three possible solvents hase be
found, Nitrobenzene, 2,6-dinitrotoluene and
Adiponitrile. Vapor — liquid equilibrium data hasén

generated for these systems through the use of tr
UNIFAC model for liquid phase, and the ideal gas 005

0,2

0,15

Driving Force

model for the vapor phase. Reverse approach has be od ‘ ‘ ‘ ‘
used to identify the design parameters for extvacti 0 02 04 06 08 1
distillation. The driving force diagram (solveneé&)is Fraction of styrene in liquid phase

shown in Fig. 1.

2,6-

From the solvent free driving force in Fig. iRis Figure 2. Solvent free driving force of the

possible to select a solvent fraction of 0.8 toadbta  Styrene/Ethylbenzene with the 2.6-dinitrotoleune
solvent free maximum driving force above 0.25. From

the mass balance calculations and the solventdraitt
is possible to determine that an inlet of 343 kgmolf
2.6-dinitrotoluene is needed in the first columrheT
2.6-dinitrotouene is mixed with styrene and 06 ]
ethylbenzene mixture. The first column is recovgrin
near pure product of ethylbenzene at the top. Thi
bottom product of the first column is sent to tleeand

column to  perform  Styrene/2.6-dinitrotoluene

0,7

0,54

04 -

Driving Force

0,34

separation.
0,2 1
Table 1. Design parameters of the columns in the 01
ethylbenzene/styrene separation . ‘ ‘ ‘ ‘
Column EB Styrene/2.6- 0 o2 o4 . 06 08 1
extraction | dinitrotoluene recton ofsbrene inlque phase
Number of plates 40 10 Figure 3. Styrene/2.6-dinitrotoluene driving force at 1
Feed plate location 25 8 atm
Purity of light key 99.5 99.5

The generated alternative flowsheet for the styrene

From the styrene/2.6-dinitrotouene solvent drivin®f0c€ss has been simulated in Pro/ll with the diesig
force diagram in Fig. 3, the design parameterstiier parameters determined by means of driving forcedbas

column are calculated using the reverse approach afethod. The results are given in Table 2. The tesul

given in Table 1. show that, using extractive distillation as alteiveato
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distillation column in styrene to separate styremel
ethylbenzene show good potential for energy saving.
That is, replacing a distillation by extractive tiiation

will save energy. By using extractive distillatias
alternative to distillation the energy saving is5®%.

Table 2. Comparison of results (using a distillation and
extractive distillation to separate styrene and
ethylbenzene)

Column Distillation Alternative 1

(base case)| Extractive Distillation
Column | Column
Il

Number of plates 115 40 10

Feed plate 36 23 8

location

Reboiler Duty 3.736x10 | 6.972x16 | 1.98x1d

(MM J/hr)
Purity of Styrene 99.90% / 99.5%

Other alternatives based ofiquid liquid extraction,
absorption and membrane separation are currenihgbe
investigated. The reverse approach will be used to
identify the final design details for all thesecaltatives.

Conclusions

The benefit of employing the reverse approachas Ity
solving for the constitutive variables directly finothe
balance equations of the process model, it is plestd
define the design (retrofit) targets. Matching theget
through a generate and test procedure then becomes
relatively easy to achieve. Results from the cdsdys
indicates good potential for energy saving by reiplig

a distillation by extractive distillation as altetive for
separate ethylbenzene from styrene in the styrene
process.
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Direct Partial Oxidation of Natural Gas to Liquid C hemicals

Abstract

Direct partial oxidation of natural gas to liquitheamicals has a strong potential to improve natges recovery
from remote resources. The project focuses on itleetthomogeneous conversion of natural gas to amethand, in
particularly, the search for optimal reaction cdiwtis to provide high yields of the desired produthe work
involves a fundamental experimental and kinetic efiog study of hydrocarbon combustion chemistry emd
various conditions.

Introduction significant heat release during the conversion.sThi
Natural gas is one of the World's most importaninakes it almost impossible to conduct a well-define
resources for energy production as well as chemicakperimental investigation. As a consequence, this
feedstock. The direct partial oxidation of natugak to project initially abandons the focus on the optimal
liquid chemicals; preferably methanol, is knowntls conditions in favor of a search for the fundamental
gas-to-liquid (GTL) process, where natural gas ismechanisms that govern natural gas oxidation at an
converted to a readily transportable state in apkEm extended range of process conditions. When a
one-step-process under fuel-rich, high pressure asdtisfactory disclosure of the kinetic scheme is
relatively low temperature conditions. The GTL pges completed, these results will eventually be utdiZer a
exhibits a significant commercial potential by elivedp determination of the optimal process conditions\gsa

an increased utilization of the abundant naturaé gaaumerical global optimization routine that has been
reserves that are allocated in remote areas dPldieet. developed by C.L. Rasmussen.

The partial oxidation of natural gas has been estvety

explored over several decades, but past effortbtain  Detailed Chemical Kinetic Modeling

competitive yields of methanol have been unsucaessiConversion of hydrocarbon fuels in combustion
due to a lack of understanding of the complicateg f processes is the result of a complex chain ofridital
radical mechanisms that governs the proceseeactions that propagate towards the terminal
Consequently, it is necessary to study the cheyn@tr combustion products through subsequent formatiah an
an elementary level before a process optimizatiam ¢ consumption of reactive radical species; e.g. a&om
be attempted. This can be achieved by the use lofjdrogen (H), oxygen (O), hydroxyl (OH),
detailed chemical kinetic modeling and well-definechydrogenperoxyl (Hg), and methyl (ChH). It is fairly

experimental measurements. easy to convert measurements of the fuel convetsion
empirical rate expressions. However, empirical n®de

From Fundamental Understanding to are very sensitive to model extrapolation outsitle t

Process Optimization validated range of conditions, including changeshia

The available studies in the field have demondiréiiat reactor design, which is a common problem durirgg e.
low temperatures and high pressure in the rand@®0f industrial scale-up.

800 K and 50-100 bars respectively, along with ghhi Detailed chemical kinetic models (DCKM) are in
methane/oxygen ratio (GHD,) in the feed (range 10- contrast to empirical models. They are comprehensiv
30), are key parameters to obtain high selectigityf models that approach chemical mechanisms on an
methanol (CHOH). Investigations at these conditionselementary reaction level. Consequently, DCKMs do
impose some difficulties as they require methaneot include empirical constants. DCKMs are typigall
concentrations in the range of 90-95% resultingain developed in connection to the optimization of a
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specific process, but the mechanistic descriptibthe dependent on the reaction conditions:
chemistry makes them independent of the process and

allows model extrapolation to reaction conditions CHz+Oy(+M) = CH;OO(+M) (R2)
outside the range of experimental verification wéth
expected accurate response. CH3;+CH;00 = CHO+CH;0 (R3)

The task of describing the interactions between
hundreds of very fast radical reactions is greatly CHz+CH;(+M) = CHg(+M) (R4)
simplified by dividing the system into subsysterhatt
can be analyzed individually. Chemical kinetic téac M represents an arbitrary collision partner, whish

mechanisms are connected in a strictly hierarchicaroportional to the pressure.
structure where the mechanisms of complex molecules The contribution to the CHremoval from the self-
include submechanisms of more simple component&combination reaction (R4) to ethane,Hg) is low
Hence, oxidation of CO in moist air includes theexcept at fuel-rich conditiong¢ 1). In addition, higher
kinetics of the HO,-system. The resulting COD,- temperatures and low absolute concentrations of O
mechanism is a subsystem of the kinetics of methaf@vor this pathway. Reaction (R2) is the predominan
oxidation, and so forth. pathway to methylperoxyl radicals (G@BIO), which
In this project, a DCKM has been developed teneans that the carbon flux through (R3) is conséhi
provide accurate predictions of the oxidation ctstryii by the flux through (R2). The thermal stability of
of C,.; fuels in the presence or absence ofyN@d, to CH;OO is poor, but high pressure combined with
some extend, S#H,S. The designated operationalrelatively low temperatures promote the formation a
range of the model includes pressures from atmagphemake CHOO a key intermediate product.
to about 100 bars and temperatures from roughlyts00 A fraction of the CHOO radicals is intermediately
1100 K. At the present time, the model includesenorconverted to methyl peroxide (GBIOH) through H-
than a thousand reversible elementary reactions, afidition from hydrogen peroxyl radicals (KOor
which about half of them are used to describe e p hydrogen peroxide (30,) instead of being directly
hydrocarbon oxidation chemistry. The model isonverted to methoxy radicals (@B) via reaction

designed to run with the CHEMK\software. (R3).
The intermediate formation of GBOH only
Oxidation of Methane at High Pressure constitutes a minor detour of the hydrocarbon 8ince

In order to illustrate the level of details used tye CH;OOH subsequently decomposes to ;OH The
developed DCKM, this section provides an outline ofeaction sequence is outlined in (R5)-(R7).
the most important reaction pathways when methane

(CH,) is oxidized at high pressure. An overview of the CH;O0+HQ, = CH;OOH+OH (R5)
reaction network is initially presented in Fig. 1.
The reaction sequence is initiation by H-abstractio CH;00+H,0, = CH;OOH+HO, (R6)
from CH,, which is facilitated by hydroxyl radicals
(OH). (‘ ="' represents a reversible reaction, +&«) CH;OOH (+M) = CHO+OH(+M) (R7)
CH4+OH = CH+H,0 (R1) Excess @combined with low temperatures and high

pressure promote formation of peroxides and peroxyl
The pool of methyl radicals (Ghthas three primary radicals, and a significant carbon flux is expected
drains with their individual contributions beingghly  pass through C¥DOH under oxidizing conditionsp(<

Cotlg CH,00H
|]1~t}g|_> —l—{}[[
FCOHY

T”'“
_H- - = = =
tCHs CH30 | =] CH;0H

3
FOH o
—HIII{]'Q
—H F(CHg

CH, |=—=|CH; |=——=={ CH;00
m—— ) — — - -
CO, |+—[CO — |HCO|+——|CH>0O
H0g O1

Figure 1: Primary reaction pathway when methane is oxidiaetligh pressure. Framed species are methang),(Gtéthyl
radical (CH), ethane (gHg), methylperoxyl radical (CEDO), methylperoxide (C¥DOH), methoxy radical (C#D), methanol
(CH30H), formaldehyde (CD), formyl (HCO), carbonmonoxide (CO), and carbaxiie (CQ). Other species are important
reactants (+) or products (). The attractive protdsimethanol, while the deep oxidation produdBsdhd CQ are unwanted.
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1). Reducing conditions combined with a low absolut CO+OH =[HOCO] =CQ@+H (R17)
concentration of @favor CH; as the primary reactant
with CH;0O0 via (R3), while by-passing GBOH. The High Pressure Flow Reactor
formation of CHOOH is largely determined by the keyIn order to validate the performance of the devetbp
ratio (R3)/(R5+R6). A decreasing ratio is equivalen DCKM, well-defined experimental data are required.
an increasing net-production of OH radicals vidHowever, relevant data are rarely encountered @& th
intermediate formation and decomposition of JOH. literature at pressures above 10 bars. For thisorgaa
OH facilitates a number of the key elementary stepwovel laboratory-scale high pressure laminar flow
including the initial conversion of GH reactor setup has been developed to enable wétledief
CH;O is typically converted to formaldehydeinvestigations of most homogeneous combustion
(CH,0); either through decomposition (R8) or reactiorsystems involving gaseous reactants of the eleniénts
with O, (R9). However, it may also be converted tdD, C, N and S at pressures from 10 to 100 bars and

methanol (CHOH) by H-addition from CHl temperatures up to 925 K [1,2]. A schematic ovewie
of the system is provided in Fig. 2. The reactiakes
CH;0O(+M) = CH,O+H(+M) (R8) place in a tubular flow reactor made of quartz to
minimize surface reactions (i.d. 8 mm, o.d. 10 nigh,
CH;0+0, = CH,O+HO, (R9) 1545 mm). The reactor is enclosed in a stainless| st
tube (i.d. 22 mm, o.d. 38 mm) that acts as a pressu
CH;0+CH,; = CH;OH+CH; (R10) shell. A pressure control system automatically b

N, to the shell-side of the reactor to obtain a press

Reaction (R9) and (R10) require high absolutsimilar to that inside the quartz tube, thus avwidi
concentrations of ©and CH respectively. If CHO devastating pressure gradients across the fragidetz
collides with any other compounds, conversion wilglass. The steel tube is placed in an oven witkethr
proceed according to (R8). This explains why a highndividually controlled electrical heating elemertsat
CH4O, ratio favors methanol formation, as previouslyproduce an isothermal reaction zone of approx. B0 c
stated, while the opposite has an adverse effedt aReactant gases are premixed before entering tlotorea
increases production of CO and £OBased on Product analysis is conducted by on-line GC-TCD/FID
experiences from the literature 10 < B, < 30 is and conventional IR- and chemiluminescence based ga
recommended in order to obtain high methanol yieldanalyzers. The system enables measurements of
while a reasonable conversion of £l still obtained. concentration profiles as a function of the reactor

Oxidation of CHO to formyl radicals (HCO) can be temperature including the products, N,, CO, CQ,

operated by a number of radical species depending most hydrocarbons (<G), several oxygenated
the reaction conditions. The most important reasio hydrocarbons, some nitrated hydrocarbons,,,N&O,
are shown in (R11)-(R14). and HS.
Even though the system is designed for
CH,O+H = HCO+H (R11) homogeneous gas phase oxidation of light hydrocerbo
at conditions relevant to this project, a secondary
CH,0+CH; = HCO+CH, (R12) objective is the versatile application of the setwith
respect to other homogeneous systems, e.g. sulfur
CH,0+HO, = HCO+H,0, (R13) chemistry. This is strongly encouraged by the thet
well-defined experimental results in the literatusée
CH,0+OH = HCO+HQ (R14) high pressures are extremely rare for most

homogeneous systems.
Reaction (R11) and (R12) are only important at
reducing conditions, while (R13), and especiallfPresentation of Selected Results
reaction (R14), predominate at oxidizing conditions  Since the commissioning of the high pressure flow
HCO is converted to CO either by decomposition areactor setup in the Autumn of 2004, a number of
by H-abstraction performed by,Qvia reaction (R15) experimental campaigns have been completed in
and (R16) respectively. The ratio (R15)/(R16) clemng connection to the project. These include invesitigeat
from > 1 to << 1 as the reaction conditions chafngm of CO/H,/O,/NO,, CH4J/O,, CHJC,HgO, CHg/O,,
reducing towards oxidizing conditions. CH4O,/NO,, and CH/O./H,S at high pressure and
_ reaction stoichiometries varying from highly redugito
HCO(+M) = H+CO(+M) (R15) oxidizing conditions. Selected results from thisrkvare
_ presented in Fig. 3-6. Points represent measured
HCO+G, = HO#CO (R16) concentrations of important stable species as etifum
CO is converted to COthrough reaction with OH of the reactor temperature, while lines denote
through intermediate formation of HOCO, as shown igorresponding model predictions.
(R17). This conversion is limited under reducing
conditions.
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Figure 2: Schematic overview of the high pressure flow reaslystem [1]. Reactant gases are premixed frontoufour
different digital mass flow controllers (MFC) be#othe reactor inlet. Nis supplied to the pressure shell through tworttadr

mass flow pressure controllers (MFPC). The steell shith the tubular quartz reactor inside is piosied in an electrically
heated oven with three heating elements. Reducfidthe pressure to atmospheric level is obtainetthéndownstream section
through one of two pneumatic pressure valves. Agre transducer (PT) provides the signal for ttiang pressure control

loops. The simplified control loops are indicatedhvdashed lines.

The results will not be further analyzed. Instethe,
attention should be drawn to the satisfactory agesd
between the experimental and numerical data. This
indicates that the governing reaction mechanisnes ar

well-described by the model.
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Figure 3: Conversion of CO/HO,/NO, at 50 bar and

strongly oxidizing conditionsg{ = 0.06) [1]. Reactants are Figure 5: Conversion ofC;H¢/O, at 50 bar and weakly
oxidizing conditions ® = 0.82) [3]. Reactants are diluted with

diluted with N.

N,.
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3000, - Split an interval in two. Recalculate the function
= value span and compare with other intervals.
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‘= 2000 - Scrap intervals that contain monotonically
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Figure 6: Conversion of CH/O,/NO, at 100 bar and . — P B
weakly reducing conditionspE 1.09). Reactants are diluted S
with N,. Top: The initiation temperature of the @8,
conversion is decreased due to the presence f(Btfnpare

with Fig. 4). Bottom: Intermediate formation of noinethane % -1 0 1% -1 0 1

(CH3NO,) is characteristic at high pressure [4]. ) ) ) o
Figure 7: 2D-illustration of the global optimization

routine based on the objective function f(x) =-esin(x) for
Xo = [-2,1]. The widths of the squares representrvals of x

Global Process Optimization : ; ! s T
. . . the independent variable), while their heightsiéate the
Figure 3-6 show that the DCKM indeed is able tQqresponding function value span. The global mizémin

predict the fundamental mechanisms of hydrocarbqfe example is ascertained after 11 iterations.
combustion at high pressure. Soon, this knowledifje w
be utilized to determine optimal process condititiret
provide high yields of methanol. A numerical globalConclusions
optimization routine will be applied for this task. Direct partial oxidation of natural gas to methasbl
The routine uses interval analysis [5] to narrovhomogeneous, high pressure, and relatively low
down the global minimizer of an objective functiontemperatures conditions, is an attractive industria
within a finite region of the independent variabl&@e process with a significant potential to improve the
intervals become multidimensional if more than onatilization of the World’s natural gas resourcesn A
independent variable appears in the objective fanct important obstacle in the development of this pssds
All possible combinations of independent variablethe lack of understanding of the complex free raldic
within a multidimensional interval result in funoti mechanisms that govern the hydrocarbon conversion.
values that lie within an upper and a lower bouithen The project has successfully elucidated a number of
the lower bound of a function value span exceeds tfiundamental mechanisms related to hydrocarbon
upper bound from another interval, it is eviderdattthe combustion. These mechanisms are described in a
former interval does not contain the global minieriz comprehensive detailed chemical kinetic model and
in which case it is safe to discard this intervadni validated against experimental results conducted at
further analysis. By continuously performing thiswell-defined conditions in a novel laboratory-schigh
comparison while the intervals are refined accaydim pressure  flow reactor setup. This improved
the listed criteria below, more and more intenads be understanding of fundamental combustion mechanisms
discarded until a single narrow interval remainatth will soon be utilized to determine optimal process
contains the global minimizer. The principle isconditions for methanol production using a global
illustrated in Fig. 7. optimization routine developed by the author.
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Enzymatic Hydrolysis of Lignocellulose

Abstract

Cellulases play an important role in the biomassetieanol process. Currently research is being tedesn
elucidating how to make the process feasible iati@h to the pretreatment process, the enzymatidrahysis,
substrate loading and the factors influence themaph enzyme system. One of the aims of this projgedo
evaluate enzyme mixtures from fungi to potentidlbost the activity of a known cellulase productitkermore the
effect of fed-batch loading of pretreated lignoge#ie in relation to enzymatic hydrolysis is beingestigated.

Introduction effective in relation to optimising the enzyme robd
Starch and sucrose stocks are well-established rapplied, and the enzyme and substrate loading with
materials for industrial ethanol manufacture thatvile  respect to glucose yield and change in viscosityndu
alcohol for alcoholic beverages, various technicabydrolysis.
purposes as well as fuel ethanol for blending with
gasoline [1, 2]. For many years attention has bedResults
focused on also utilizing lignocellulosic biomagsg. To assess the potential cellulolytic boosting dftddhe
straw, softwood, hardwood chips, and corn stover fmovel fungal cellulase systems, a low dosage,
industrial production of ethanol for fuel purpo$8s4].  corresponding to 10 wt % of the total enzyme protei

Significant research efforts have been invested ilmad, of each of the fungal fermentation broths was
evaluating and understanding the enzymatic hydi®lyssupplemented to an enzyme mixture comprising
of lignocellulosic substrates by cellulases produbg Celluclast and NS 188 (8 FPU and 13 CBU per gram
the fungus Trichoderma reesei[1-3]. Commercial TS, respectively).To evaluate the effect of the guhdl
products of variousT. reeseiisolates have long beentemperature on the enzymatic reaction, the hydrmlyt
available for cereal foods, brewing, and fruit anckfficacy of each of six selected fungal broths was
vegetable processing and have also been widedxamined in a surface response experimental teeplat
evaluated and applied in relation to bioethanatomprising a pH range from 3.5 to 6.5 and a
production processes-B|, Because of the high levels temperature range from 35 to 8&. There were no
of cellulases produced By, reesestrains, these seem to statistically significant main or interactive effeof the
be a well-suited starting point for obtaining imped reaction parameters on any of the fungal brothse Th
cellulose hydrolysis via boosting of certain cels# cellulose conversion was, however, significantly
activities, rather than by complete replacemenhwit increased by addition of the fermentation broth s
novel system from another cellulytic fungus. Wecompared to the yields obtained with the benchmark
speculated that enzymes from these fungal straightm Celluclast+ NS 188 dosage (BM) (Figure 1). Notably,
enhance the cellulytic effect of Celluclast if theo at pH 5 and 50C five of the six broth samples, i.e., all
enzyme systems were mixed to test the hypotheats tiexcept theC. thermophilunsample, gave glucose yields
boosting of a widely used. reesecellulase product by (and cellulose conversion) that were equivalenpto
addition of enzymes from other fungi might be atful  higher than those obtained with twice the benchmark
avenue for obtaining improved cellulose hydrolysis.  loading of Celluclast supplemented with NS 188 (ifég

1, black stars).

Specific objectives
The objectives of the Ph. D. study are to make the
enzymatic hydrolysis of barley and wheat straw more
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Figure 1. Diagram displaying the glucose release and extent of cellulose conversion of 6 h enzymatic hydrolyses of steam-pretreated barley straw
at 2% TS by weight. The benchmark dosage (BM) was 2.3 mg Celluclast and | mg NS 188 per gram reaction (~8 FPU and 13 CBU, respectively.
per g TS) 2:BM was twice the Celluclast benchmark dosage (~ 16 FPU and 13 CBLL respectively, per gram TS). Abbreviated names for fungzal
producers are the same as those in Table 1. The fungal enzyme extracts were added to the same final protein concentration of 00348 mg.

A few isolated sets of results, e.g., the low ghe&co The results showed no main effects or significant
yields (cellulose conversion) obtained for the timeents  interacting effects of pH or temperature with aiatitof
at pH 6, 40°C with BM + M. thermophilaand BM+ C. either fermentation broths to Avicel. The higheSeet
thermophilumand with the BM+ C. thermophilumafter  on glucose release was found at the center pcaction
the treatments at pH 5, 38; pH 4, 40°C, and pH 6.5, (pH 5, 50 °C). However, the amount of reducing ends
50 °C (Figure 1, white stars), indicated that tfe determined by addition of DNS reagent showed a
thermophilumbroth was apparently the least efficiengignificant increase in reducing ends (md) when any
and the most sensitive to pH changes among thé br&f the fermentation broths were added comparedhéo t
preparations. However, within the experimentagffect of Celluclast and NS 188 alone (Figure 2jtevh
conditions evaluated, none of the other fungal Hot bars).
stood out as performing Signiﬁcanﬂy better or s®r This effect did not correlate to the theoretical
than the others (Figure 1). The findings thagmount of reducing ends as calculated from theogleic
supplementation with 10% of the total enzyme proteiconcentration determined by HPAEC (Figure 2,
gave glucose yields equivalent to twice the benckmacompare white bars with dark bars) nor to the sdm o
dosage of Celluclast + NS 188 indicated the sigaift reducing ends theoretically present in the samples
cellulytic boosting potential of the five best Hrst arising from glucose and cellobiose (Figure 2, carap
The fermentation broths were also applied to a pur@hite bars with light gray bars). These resultsgasg
more crystalline cellulose substrate, Avicel, andhe presence of more active endoglucanases oveeske
examined under different reaction conditions using ratio of endoglucanase and cellobiohydrolases & th
surface response design. To supplement the glucogélde fermentation broths compared to the well
quantification, the amount of reducing ends wa® algdescribed cellulase spectrum present in Celluclast.
quantified. If oligomers larger than cellobiose \bbe These results therefore emphasize that the nafufeeo
produced upon addition of the fermentation broihs, substrate has a significant impact on the observed
was expected that the levels of reducing ends wbald effects of cellulytic enzyme mixtures.
higher than the neat glucose levels analyzed by HPA
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Figure?2. Diagramdisplaying the amount of reducing ends (mol-L.™") produced from hydrolysis of Avicel determined by addition of DNS {white
bars ), equivalents of reducing ends (mol-L=1) caleulated from glucose and cellobiose (lhight gray bars) determined by HPAEC, and equivalents of
reducing ends (mol-L.=") calculated from the concentration of glucose determined by HPAEC (dark gray bars). Abbreviated names used for fungal
enzyme producers are the same as those as in Figure 1. The calculated moles of reducing ends correspond to data from the center points shown in

Figure 1.
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Conclusions and future work 8.

The results showed that it is possible to increthse

cellulytic activity of Celluclast supplemented wifh 9.

glucosidase (NS 188) by addition of crude fermémniat
broths from various fungal sources. Although thegfl

Thomas, K. C, Ingledew, W. M. Jour. Industrial
Microb. 10 (1992) 61- 68.

Devantier, R, Pedersen, S, Olsson, L. Biotechnol.
Prod. Process Eng. 68 (2005) 622- 629.

sources were classified as thermophilic, there were List of publications.

effects or shifts in the temperature optimum wikie t

Rosgaard, L, Andric, P, Johansen, K. D, Pedersen, S

fermentation broths applied compared to that asdertMeyer, A. S.Submitted to Applied Biochemistry and
by Celluclast+ NS 188 alone. Since addition of theBiotechnology

fermentation broth did not result in an increase in Rosgaard, L, Pedersen, S, Cherry, J. R, Harris, P,
glucose production when applied to Avicel but didveyer, A. S. Biotech. Prog. 22 (2006) 493- 498.

increase the amount of reducing ends produced; it i
concluded that the experimental fungal broths doath
endoglucanase activity(ies) that were more actime o
pure cellulose than those present in the reesei
Celluclast preparation

In many cases, the lignocellulosic residues must
undergo pretreatment to partly remove lignin and
hemicellulose to make the cellulose accessible to
enzymatic hydrolysis [6]. The pretreatment procedur
often generates degradation products from
hemicellulose sugars and lignin which are inhilyittar
both yeast and enzymes [7] and might influence the
enzymatic mixture necessary for efficient hydradysi
The pretreatment also renders the resulting cediilo
residue highly water retaining. When it is consater
that current starch based processes are conducted a
substrate loadings as high as 33-37 w/w % DM [8, 9]
the requirement for high substrate dry matter lngsdi
pose a particularly competitive challenge for the
enzymatic conversion of lignocellulosic substrates.
way to increase the solids loading for the enzyenati
hydrolysis might be to add multiple batches of $tatie
to overcome the extremely high initial viscosityialn
hinders blending and slows hydrolysis.

Acknowledgment

This research was partially financed by the Eurapea
Commission Framework V, contract no.
NNE5/2001/685 (The Babilafuente Bioethanol Project)

References

1. Stenberg, K, Bollok, M, Reczey, K, Galbe, M.
Biotechnol. Bioeng.68 (2000) 204-210.

2. Tengborg, C, Galbe, M, Zacchi, G. Biotechnol.
Prog. 17 (2001) 110-117.

3. Palonen, H, Tjerneld, F, Zacchi, G, Tenkanen, M. J.
Biotechnol.107 (2004) 65-72.

4. Ryu, D.Y, Mandels, M. Enzyme Microb. Technol.
2 (1980) 91-102.

5. Nieves, R. A, Ehrman, C. |, Adney, W. S, Elander,
R. T, Himmel, M. E. World J. Microbiol.
Biotechnol. 14 (1998) 301-304.

6. Vinzant, T. B. Adney, W. S. Decker, S. R. Baker, J.
O, Kinter, M. T, Sherman, N. E, Fox, J. W,
Himmel, M. E Appl. Biochem. Biotechol. 91/93
(2001) 99-107.

7. Palmguvist, E, Hahn-Hagerdal. Bioresource Tech. 74
(2000) 17- 24.

193



194



Kavitha Chelakara Satyanarayana

Phone: +45 4525 2981

Fax: +45 4525 2906

E-mail: kac@kt.dtu.dk

WWW: http://www.capec.kt.dtu.dk
Supervisors: Jens Abildskov

Rafiqul Gani, CAPEC

Ph.D. Study
Started: June 2006

To be completed: May 2009

Molecular Modelling of Polymers Using Grid Technolay

Abstract

Establishing structure property relationship forlymeer molecules is the main objective of this workhich

involves of Cheminformatics and Computational chetrgi But as this work involves a handling of massi
computations that are highly time and computer wes® consuming, Grid technology is used to over edhis

problem. On the whole this work is basically onigegg property prediction models for polymers wgithe

combination of Cheminformatics, Computational chetngiand grid technology.

Introduction

Increasing consumer demands for new and bettSpecific Objectives

chemical products based on specific properties, Senerating structure property relationship for podys
driving the chemical, material and pharmaceuticas a challenging task from several decades. Differe
industries to search for new chemicals and invattig methods and approaches were made by several people
whether they meet the specific demands of the enidl date, like additive group contribution method
users. It is no longer feasible to depend on oldeveloped by van Krevelen [2], connectivity indices
methodologies  which involve production andbased property prediction methods for polymers by
experimental testing of thousands of alternativ@icerano [3], etc. These models were limited to few
chemicals for the specified properties, as theytiane groups or parameters. Hence high accuracy cannot be
consuming, tedious and capital intensive. Emergingxpected. This evokes the necessity of using Marrer
technologies involve the use of computer aide@ani group contribution method [1], which has ayéar
molecular design (CAMD) techniques that can paytial range of groups, classified under first-order, s&ko
replace the same. ProCAMD (a tool for computer @ideorder and third-order groups, and may be used to
molecular design) and ProPred (a tool for propertgenerate a new polymer property prediction models.
prediction) are some of the established softwaag ith Marrero and Gani (MG) group contribution method
finding an increasing use in the industry. is described in the equation below:

Using ProCAMD, it is relatively easy to generatef()() = NC+wy M + Z 1)
and test the structures of relatively simple molesu Z G Z]: . Q ; OF

(such as solvents and refrigerants) that matcht @fse \where C; is the contribution of the first-order group of
desirable target properties, while, using ProPeds i e that occurs\; times,D; is the contribution of the
pos_suble to _predlct the properties of an organitece  ¢o.ond-order group of tyfjethat occurdvl; times ands
defm%(lj by ';}S rr:jcl)lecula(rj structure.fWhne theshavsafel is the contribution of the third-order group of &4 that
are able to handle a wide range of organic chesjida h : In the first level of
order to extend the CAMD technique to structuredaSOk occurrences in a compound. In the first level o

. ) estimation, the constants and z are assigned zero
chemicals like polymers, new property models are

required. The objective of this work is to develogw values because only first-order groups are emplom_ed
: Hﬁe second level, the constantindz are assigned unity
analysis of the polymer structure and using thel griand zero values respectively because only firsd an

technology to reduce the model development time arggcond-order groups are involved while in the third
effort. level, bothw andz is set to unity values. The left-hand
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side of Eq. (1) is a simple function f{K) of the target 3. Jozef Bicerano, Prediction of Polymer properties,
property X. The selection of this function has been Marcel Dekker, Inc.- third edition, revised and

based on the following criteria: expandeq 2002. . . .
« The function has to achieve additivity in the4. J. Gasteiger, T. Engel, Cheminformatics, Wiley-
contributionsC;, D; andE,. VCH, 2003, p 2-3.

e It has to exh|b|t the best possible fit of thed- http://en.wikipedia.org/wiki/Grid_computing
experimental data.

e It should provide good extrapolating capabilitydan
therefore, a wide range of applicatyil[1].

The inductive learning [4] method is the root akth
work, where the experimental data set is collected,
model is derived from the data set and the progedie
predicted.

F|g 1 Inductlve learning

Experimental data set of properties is collected.
Using MG group contribution method, a model is
generated, and property parameters for MG groups ar
estimated.

Since, the experimental data for polymers are
limited and it may not be possible to estimate prop
parameters for all MG groups, connectivity indesdsh
property models are also developed simultaneosly,
that contributions of missing groups can be predict

Application of Grid technology:

Grid computing, an emerging computing model that
provides the ability to perform higher throughput
computing by taking advantage of many networked
computers to model a virtual computer architectia
is able to distribute process execution acrossrallph
infrastructure [5].

Property model and parameter estimation can be
generated in parallel for different properties gsi@rid
computing. This not only reduces the time of getiega
the models by using the freely available computer
resources.
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Continuous Culture Microbioreactors

Abstract

The current microbioreactors mostly operate asbi@th or continuous culture with. coli as culture strain. This
projects aims to design a microbioreactor runnilogtinuous cultures of. cerevisiaein a reactor volume of
approximately 100uL. The most important culture parameters can besomea online allowing for a high
information-per-experiment ratio. Industrial releca will be proven through comparisons of contirsiculture
microbioreactor experimental data with bench-sealgeriments performed at BioCentrum-DTU.

Introduction in turn then require preparation of the appropriate

Biotechnology plays an increasingly important ratle amount of expensive nutrient media.

production processes in the food, the chemical tand

pharmaceutical industry. Well-known examples oMotivation

biotech-based products that have an important ilmmct Microbioreactors (MBRs) offer the possibility to

in the life of many people are enzymes used indayn circumvent many of the above-mentioned problems:

detergents, pharmaceuticals such as insulin, etc. « The production cost of the MBRs is low, since they
However, starting up a new biotechnological can be produced from polymers.

production is usually preceded by a tremendous. The working volumes are very small (in the/mL

research effort in which for example the produdyiof range), keeping costs for culture media low.
different candidate production strains is compared. Online measurements are possible for the most
(=screening). Usually, such screening is done aksh  jmportant culture parameters (optical density (OD),

flask cultures. In a later stage of production psx dissolved oxygen (DO), pH).
development, experiments done in bench scale neacto « Batch, fed-batch and continuous culture conditions
are performed to investigate the influence of pssce  ¢an be created in MBRS.

conditions on productivity. , _ The reactors are disposable after use and thus
Experiments done in shake flasks (typically with a require no cleaning effort at all.

volume of 100 mL to 1 L) are easy to set up. Howeve Scaling out MBRs to systems with many parallel
shakg flask c.ultures.only allow batch exper_lmet_atqj reactors allows for high-throughput screening, thus
the. information gamed per experiment is limited: yielding a massive gain in information per

typically only end-pomt measurements of for e’??‘*“p' experiment with continuously small working

the product quality are performed. If additional volumes.

measurements are needed, manual sampling is réquire the anove advantages result in more-information-
which additionally disturbs the culture. C_omparen_j tper-experiment (online measurements), financial
shake flasks, bench scale reactors (typically wdth savings (small volumes, less labor intensive) amel t

volume of 1 to 10 L) have the advantage that thiewa ,ssipility to develop production schemes on the

online measgrements. Moreover, bench scale react ource-saving micro-scale before scaling up ags®
are flexible since they can be operated in batcfed+

batch, but also as a continuous culture. Howeve, t ~p.:. .
Objectives
work effort needed to prepare, operate and subs#igue ¢, rrently, MBRs described in the literature are raged

clean bench scale reactors is vast. either as fed-batch or as continuous cultures, miftsh
Summarizing, biotechnological process developmeg,\?Ie
a

. . " ith E. colias the culture strain. This project aims at the
is expensive, for example because both tradition

ltivat hod K with sub 21 volumé velopment of a continuous culture MBR that can
cultivation methods work with substantial voluméatt perform experiments with yeastS( cerevisiae
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Compared to a batch experiment, the continuousireult SN

— . ~— data N A~ pC
has the advantage that steady-state conditionsbean /? j_f'i—th HM» [
achieved. Additionally, it should be possible talune T —
step changes in the dilution rate, forcing the welt I

from one steady-state to the other with continuou®
measurement of the important culture parameterss th
leading to dynamic information on the behavior loé t
culture under well-controlled experimental condito
The planned working volume is in the range of
10QuL, which is smaller than most of the current
reactors rur_ming continuous cu!tures. _ Figure 1: Schematic of a MBR setup
In the first part of the project, a reactor witheth
above features is to be designed and fabricatedi,aan  The flow rate is currently adjusted by the height o
complete measurement & control setup is to ban elevated media reservoir but can also be cdéedol
installed. The second step will then be to prove thby e.g. peristaltic pumps or syringe drives. Both
industrial  relevance through comparisons ofontinuous and step changes in flow rate are plessib
experimental MBR results with larger-scale datarfro which allows for various changes in dilution rates.
the literature and fromS. cerevisiae cultivations The reactor is currently fabricated out of the
performed at BioCentrum-DTU. polymers poly(methylmethacrylate) (PMMA) and
Naturally, MBR construction also poses somgoly(dimethylsiloxane) (PDMS), which both are cheap
challenges. Proper mixing for example is very esaen materials. Additionally, no clean room fabricatisteps
for good cultivation results, since substrate ggath in are necessary which allows for cheaper manufagiurin
the culture might otherwise lead to a varying (lima Indeed, it means that the final product can be mass
dependent) metabolic state of the culture. In theroduced, sterilized and pre-packaged similar to
projected volume range turbulent flow is difficuth ~ syringes.
achieve due to the small Reynolds numbers. On the
other hand the volume is too large to be able paa Work Done
diffusion alone. Therefore one of the challengeshim In the first six months of the project a MBR design
project is to find a mixing regime which efficiemtl considering various aspects (e.g. geometric design,
reduces diffusion distances. mixing, flow, sensor placement) was developed and
Another challenge is the mechanical integration dfbricated. A new, simpler membrane fabrication
the various sensors, a mixing apparatus and traiaer methodology was developed and investigated
system into the small volume in such a fashion that (fabrication parameters- resulting membrane thick-

waste

device is easy to manufacture. ness), again aiming at reducing MBR manufacturing
cost. Additionally, the mechanical setup for theeth
Microbioreactor Technology optical measurements was designed and fabricated.

The current reactor is designed to have a working

volume of 10QuL which is sufficiently large to allow Next Steps

enough space for the sensors and actuators, But stihe very next steps are concerned with settinghep t
small enough to considerably reduce the amount 6ieasurement & control system (e.g. using LabView
media needed. control and data acquisition) in such a fashiort tha

Contrary to conventional reactors which are mostlgystem can autonomously run a cultivation following
aerated by means of bubbles, microbioreactors apée-set parameters. Once this setup is complete,
designed to work bubble-free. Aeration is done tigto cultivations shall be run which first prove the rmipal
a semi-permeable silicone membrane which allowk bofunctionality of the system and then demonstrate th
the incoming transport of oxygen and the outgoingndustrial relevance through comparisons with large
transport of CQ scale data.

PH and DO are both measured with fluorescent In a next step other measurement principles steall b
sensor spots which change both the amplitude amd tivestigated which might increase the amount of
phase of the emitted light with a change in thesisiee  information per experiment.
parameter. A lock-in amplifier measures the phase
difference and thus quantifies the measured pagmet Acknowledgements

Optical density is continuously measured both & thThe Novozymes Bioprocess Academy is acknowledged
reactor itself and in the outflow channel. Lighorir a  for the financial support of this project.

LED is guided into the reactor with optical fibesent Also, | would like to thank all my supervisors dugi
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detector Figure 1).
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Model-Based Computer Aided Framework for Design oProcess Monitoring
and Analysis Systems

Abstract

In the manufacturing industry, for example the pheceutical industry, obtaining a consistent endipod quality
is often mandatory. To obtain the desired properiethe end-product a well designed monitoring andlysis
system is required, as well as a thorough undedstgrof the process. This project focuses on dgietpa model-
based framework which will provide the guidelines the design of the monitoring and analysis sysasman add-
on to traditional chemical process design methdti® model-based framework will provide a novel agoh to
analyze the process, to identify the critical pgiahd process variables and to select the apptepranitoring and
control system for the process.

Introduction can be controlled. The design of a process mongori
The ability to diagnose whether or not a manufaetur and analysis system is thus an important add-on to
process is functioning properly is essential inalgd traditional process design methods, and is as aweay
high tech industry [1]. Even more important is thdo already ensure in the process design phasethibat
ability to actively use the diagnosis results tjuatithe process will be able to achieve the desired product
process until the desired product quality is okedin quality. In this project, design of a process muiity
Clearly, a deep understanding of the process véll tand analysis system will be achieved by means of a
helpful in both the diagnosis of current proceséesand model-based Computer Aided Framewarkich will
— if needed - its subsequent adjustment. allow identifying the critical points and variablasthe
The FDA (U.S. Food and Drug administration) haverocess, and will subsequently assist in selecting
recently taken a new initiative called PAT (processuitable monitoring and control system.
analytical technology), which was defined ‘@ system A typical manufacturing process is complex: It
for the analysis and control of manufacturing peses involves many variables like pressure, temperature,
based on timely measurements of critical qualitgoncentration, composition of ingredients, natuzey.(
parameters and performance attributes of raw nadseri size, shape etc.) of ingredients etc. The valuethade
and in-process materials” [2]. The primary aim bét process variables may change in each and every @in
PAT initiative isto increase the available knowledgethe process flow and will also change as a functibn
and understanding of the manufacturing processdaro time. The end-product quality will depend on a seb-
to improve the ability to drive the manufacturingof these process variables — the critical variables
process to the desired operating state with thp bl which need to be monitored and controlled throughou
properly designed process monitoring, analysis artie process in order to obtain the desired endymid
control system quality. It is thus very important to make a proper
The design of a process monitoring and analysiselection of the variables that should be monitp#d
systemis a step-wise procedure consisting of théhe appropriate process steps in which these Jagab
selection of critical process variables, followey the should be monitored, of the appropriate tools byctvh
proper selection and placement of suitable momitpri these variables can be monitored and of the apiatepr
and analysis equipment to keep track on theseca&liti manipulated variables by which these variables lman
process variables, and finally also including theontrolled efficiently. In other words, well designed
coupling of the monitoring and analysis system to monitoring, analysis and control systésrequiredfor
control system to ensure that critical processaldes
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each production line in order to consistently aecbie combined with an industrial survey and data coidect

product quality requirements. while the necessary process operational modelsbean
built through the modeling tool MOT.
Specific objectives Models are required to relate the critical process

The main objective of the project is to develop@dei- variables to end-product quality, to study the gevity
based framework for supporting the designpf the end-product quality to variations in the qess
implementation and verification of PAT systems. Theariables (manipulated, input flow stream, design,
model-based framework should be able to perform theontrolled etc.), to investigate the influence elesting

following tasks: specific measurement and monitoring tools, and to
« Analyze the manufacturing process in order tonvestigate the performance of proposed control
identify the critical process variables structures.

+ Identify the variables that need to be measured and The model-based framework enhances the process
the variables that will need to be manipulated tonderstanding, helps in the measurement of critical

achieve the desired product quality. attributes and process analysis and provides tbis bar
+ Select the proper methods for obtaining thé&leveloping the process control strategy. A well
measured data understood process is essential to implement the

th&wonitoring and control system efficiently [3]. The
process can be considered well understood if the
deviation between the desired and achieved qulity
minimal which can be achieved through a well
configured model-based framework.

¢ Connect the measured Vvariables with
manipulated variables (sensor-actuator pairing)

Models
Process
Specificati Algorith
ons v )
Model- Process analysis
based Variablle an?ly_sis und\gzltlood Quality
Framework 1% Control analysis > —»  Control
Manufacturer Monitoring tools Process
Prodgct analysis
Quality ry
Specifica Algorithm
tions
\ 4
Data base Guaranteed
Quiality
e Time saving Product
* Money saving
Literature Industrial *  Minimizing risk
survey e Predefined quality

Figure 1

Discussion

The proposed model-based framework will be @&cknowledgement

powerful tool which will help to understand the pess The author acknowledges the financial support ef th

better and will provide the guidelines for PAT smst Technical University of Denmark.

design. The proposed framework needs to generate th

guidelines either through searching a knowledge lo&is References

through a calculation algorithm combined withl. S. Wold, J. Cheney, N. Kettaneh, C. McCreallye

simulation models. In other words, the models chemometric analysis of point and dynamic data in

connecting the critical process variables should be pharmaceutical and biotech production (PAP

incorporated in the framework. some objectives and approaches, Chemometrics and
As shown in figure 1 the process specifications and Intelligent Laboratory Systems 84 (2006) 159-163.

the desired product quality have to be specifiedhi®y 2. CDER, Office of Pharmaceutical Sciences, “Process

manufacturer and then the analysis regarding pspces and Analytical Technologies Initiative”,

variables, monitoring systems and control systears ¢ http://www.fda.gov/cder/OPS/ PAT.htm.

be achieved through the developed framework. AB. U.S. Food and Drug Administration, “Draft

extendedknowledge base and a model library are the guidance”,

critical supporting tools of the frameworkThe http://www.fda.gov/Cder/guidance/5815dft.ntm

knowledge base can be built by searching the titeza
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Formation of Enzyme Containing Particles by Spray Bying

Abstract

The droplet drying process which takes place insidgpray dryer is investigated using both a modetiased and
an experimental approach. The modeling is carrigdto quantify the phenomena controlling the drykigetics

and to achieve a fundamental understanding of nuboply formation. Experiments are conducted to supfie

theoretical approach and validate developed modéls.knowledge obtained by the investigations edu® meet
product requirements such as mechanically stabtéles and a narrow particle size distribution whepray drying
enzyme containing slurries. Further, during drythg enzymes partially deactivate due to the highptratures
prevailing in the spray dryer. This deactivatiorngestigated and suggestions for process optiiizatre made.

Introduction drying in a spray dryer undergo different periodishw
Spray drying is of one several methods used instiglu  different rates of evaporation and droplet tempees.

for conversion of a solution or slurry into a driedChanges in droplet mass and temperature during the
powder product. Spray drying is a flexible processourse of drying is shown on figure 2.

which allows production of powders with many

different properties such as a special particlee,siz Feed

particle morphology and residual solvent contenaniyl
industrial enzymes are subject to spray drying bsea
product handling is easier and enzyme stabilitiyeigter
than in liquid formulations.

In production of enzyme granules it is crucial that
the formed particles have a low porosity to provide
mechanical stability. Further, the particles musve a
narrow size distribution to prevent segregationthe
final detergent product. These particle propertiasst
be obtained while avoiding thermal enzyme deadtvat
due to the high temperatures which exist in theagpr
dryer.

Though spray drying is used in numerous industrial
applications, fundamental understanding of drying
kinetics, morphology formation and enzyme
deactivation remains limited.

Drying
chamber

Gas (out)

Spray Drying and Single Droplet Drying Cyclone
In spray drying a slurry or solution is fed to tleying
chamber where it is atomized (figure 1). The formed Powder
droplets are mixed with a hot gas and the contact product
between the droplets and the gas causes the safent
the droplets to evaporate, leaving dried particldsese Figure 1: Spray Dryer
particles may subsequently be separated from tlse ga

stream, using a cyclone or a patrticle filter [1joplets
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Also, the thermal enzyme deactivation during drying
A B C D s investigated experimentally and the deactivation
— — — reaction is modeled, providing quantitative restitis
the degree of deactivation. Model simulations asedu
to optimize process parameters.

Methods

The project consists of two parts - an experimegutal a
theoretical part. In the experimental part the wigyi
kinetics and morphology formation of drying droglés
investigated using a spray dryer pilot plant lodaaéthe
Department of Chemical Engineering. The results are
compared to experiments conducted with a commercial
spray dryer at the Novozymes test facilities in
T Bagsveerd, Copenhagen.

The experimental investigations are supplemented
By theoretical modeling studies. A model for theplet
drying process is set up as the various phenomena
controlling the process are quantified and the most
important ones identified in order to achieve a
fundamental understanding of drying kinetics. Ferth
computational fluid dynamic (CFD) simulations are
conducted for the Novozymes spray dryer to map
differences between this commercial unit and tHet pi
plant.

The kinetics of the enzyme thermal deactivation
reaction are determined from experiments using a
differential scanning calorimeter (DSC) at the
Novozymes laboratories. The experimental data éslus
to find parameters in a first order reaction kinsti
model which includes an Arrhenius type expressmm f
the reaction constant. Also, the water content hef t
samples influence the rate of deactivation, netadasj
guantification of the reaction order of water ineth
deactivation reaction.

Below the different parts of the project are
borated and current status of the work is given.

Temperaiureé

Figure 2: Mass and temperature change during th
course of drying for a droplet in a spray dryer.eTh
formation of a solid dense particle is shown - éark
colour indicates higher concentration.

Figure 3: Examples of different morphologies of Sprayg4
dried particles [3].

Experimental Work
he experimental apparatus (figure 4) named the
roplet Dryer used for drying kinetics and morplmto

After atomization the droplet experiences initia
heating followed by a period where the evaporat®n D

fast because the solvent is readily available at ”?nvestigations consists of two parts - an atomaed a
droplet sur_face. . drying tower. The atomizer (called the JetCuttex) i
As drying progresses the droplet shrinks and thl%cated at the top of the drying tower and generate

concentration of solute at the droplet surfacedases. droplets with a size of approximately 2fi at about
The concentration is a significant resistance t8 4 g/s

evaporation and the rate of mass change decréegtsias.

glV(_arshrlsg to Ic?njld_erable droplet heatm? [2]. d 200 mm) drying tower in a cocurrent air stream. The
€ droplet drying process IS complex and sever mperature of the air stream may be set in thervat

different morphologies may form depending on dryingJf [25 — 250°C] and the velocity in the interval J0-

conditions and the nature of the droplet (figure 3) 1.0m/s]. In the bottom of the tower the dry pastchre
collected in a steel bucket while the drying air is
exhausted to the ventilation.
The drying tower is equipped with sampling ports at
different levels. Through these sampling pohts t
plets may be collected in a small aluminum &oip
ntaining a small amount of paraffin oil. When the
rying droplets hit the paraffin oil they immedigte
sink to the bottom of the oil because of a diffeeemn
density. This means that evaporation from the dtspl

The droplets dry as they fall freely down the 6ath t

Specific Objectives

In this PhD project the effect of formulation oneth
drying kinetics and morphology formation of enzyme- ,
containing granules during spray drying is investagl dro
and modeled. This knowledge is subsequently used
the design of improved granules (i.e. stable plagic d
with uniform size distribution). The results muse b
applicable to industrial scale process equipment.
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is stopped. The samples collected are subsequernithgredients may have large influence on the moruinl
subject to Karl Fischer titration by which the dietp formation. Particles dried at 150°C consisting iwler
water content is found. Sampling at different level starch and 0, 0.51, 3.24 and 6.45 %wt maltodexre
the tower allows for a drying profile to be deteneil shown in figure 7.

because the droplet water fraction as a function

distanced traveled in the tower is known. 60
The slurry from which the droplets are formed
consists of primary particles, solvent and usualtjird 50\%
component. The primary particles are insolubleiplad S~.0
(e.g. rice starch, Al203 or TiO2) in the size rafigd - D\E 40 S 8
10um]. The solvent is always water while the third= \O
component may be inorganic salts, binders (dejtons £ s, T o B
viscosity enhancing compounds (e.g. carbox38 o
methylcellulose). g
o 20
=
/l Atomizer | 10
Thermo-
couple B _‘L o« No
=k, ~
Air -_E -| Slurry tank | % 1000 _ 2000 ~ 3000 4000 5000 6000

distributor [ M T “’. -— Distance from tower top (mm)
— J o Pl
Hegltmie: I 4 = Figure 5: Kinetics for drying a slurry containing water,
cane = - 43.95%wt rice starch and 0.99%wt carboxy
»— ->| Sampling ports | methylcellulose. A trend line is inserted.
3 »—
Heating — F
ble2 [T B
. ] i "@ Figure 6: SEM pictures showing morphology of
E;gf;“g—‘ — 1+ —e C)‘ _f particles dried on the Droplet Dryer. Left: Drying
z temperature 150°C. Center: Drying temperature 200°C
Right: Drying temperature 250°C. The particle ditene
e Air to exhaust is approximately 25@m.
couple 4 N T
‘Il
Bottom
bucket -

Figure 4: The Droplet Dryer — experimental apparatus
for investigations of droplet drying kinetics and
morphology formation

Experimental Results

As described above the drying kinetics are detegthin
as the percentage water evaporated as a functitmeof
distance traveled by the droplets. An example for
result for the drying kinetics is given in figure Bhe
slurry used contained water, 43.95%wt rice stamctl a
0.99%wt  carboxymethylcellulose. The  drying
temperature was 150°C.

; Figure 7: SEM pictures showing the influence of slurry
A!SO’ th_e partlcle_s coIIected_ at the bottom _Of Pellcontent on the morphology formation. Rice starch

are investigated using scanning electron MicrosCoRY,rries with maltodextrin have been dried — theoant

(SEM). The experiments have shown that proCes jce starch is constant while the maltodextramtent

parameters such as drying air temperature Mgy eases from one picture to the next. The particl
determine the final particle morphology. The exanpl diameter is approximately 250m

figure 6 shows a rice starch containing slurry drag
150, 200 and 250°C[4]. Also, small changes in glurr
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Modeling results 3. The sample sizes must be small so that different
The results from the Droplet Dryer are to be coredar enzymes and enzyme formulations can be testednat lo

to experimental results from a commercial sprayedry cost, i.e. the method may be used for formulation
located at the Novozymes test facilities in Bagsleerscreening. Also, to keep costs low the method shoul

Copenhagen. To achieve a fundamental understandidgmand very few man hours per experiment.

of the drying process inside the commercial sprggid Based on the requirements above Differential
CFD-simulations are conducted using the FIfientScanning Calorimetry (DSC) has been chosen.
software. The DSC experiment will be used for setting up a

Figure 8 shows a simulation of the air flow fieldmodel for the deactivation rate. The deactivatiater
inside the spray dryer. The air enters the so dadlie will be a function of the water content and tempae
distributor at the top of the dryer. It is thended down inside the drying enzyme containing droplet. Thhss
the funnel part of the distributor into the dryingmodel is readily coupled to a model for the drying
chamber. Inside the drying chamber the air moviigera kinetics which calculates the water content and
chaotically before exiting in the bottom of the @ry temperature of a drying droplet.

Analogous simulation results for the temperature The combined model may by used for simulating the
and humidity distributions show only small variatgoof deactivation at different process conditions such a
these variables inside the drying chamber. Thislltes drying air humidity or temperature and initial dtep
was to be expected because mixing in cocurrentyspraize and water content. Based on these simulations
dryers usually is good [1]. suggestions for process optimization are made.
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Figure 8: CFD-simulations of the air flow field inside
the Novozymes spray dryer.

Further Work — Enzyme Deactivation Kinetics
Setting up a model capable of simulating the
deactivation of enzyme during spray drying requires
calculations of the deactivation rate. Determinihg
deactivation rate is based on a combination of
experiments and reaction kinetics modeling. Coriogrn
the experiments the performance and general
applicability of the final model is highly dependem
the following

1. The deactivation rate must be measured
transiently to ensure fast and accurate data cilec

2. Based on the experimental data a model for the
reaction kinetics must be developed.
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Model and Analysis of Vacuum Membrane Distillationfor the Recovery of
Volatile Aroma Compounds from Black Currant Juice

Abstract

A vacuum membrane distillation (VMD) model has betveloped and validated with experimental datae Th
model employs an extended transport model for th\process and is able to predict the effects oicentration
and temperature polarization on the overall progesformance. The VMD model has been validated with
experimental data collected from the recovery ohaa compounds from black currant.

Introduction pore size and the system operating conditions tH®V
Fruit juice technology involves a purification opion membrane may impart some selectivity based on
where the solid content of the juice is increasexanf individual Knudsen diffusing species, but the latge
10-12% up to 65-75% by weight in order to reducdegree of the separation is realized as a resuthef
liquid volume, which not only lowers the costs émrhs  vapor-liquid equilibrium conditions at the membrane
of storage, packaging and transportation, but assists solution interface [5]. The schematic diagram oé th
in preventing microbial spoilage of the juiceprocess is shown in Fig.1 along with the vaporitqu
concentrate. Lately, membrane distillation, reversmterface.

osmosis and pervaporation have been considered as

alternatives to the conventional techniques for th 2% g Mermbrane Pl g
purification step in fruit juice industries. Lower )

operating temperatures and reduced vapor SPaces concentation o
compared to conventional distillation), lower ogérg ;
pressures (as compared to other pressure driv Ry =k, xC, x1n| o ~%ig A
membrane separations), reduced chemical interactio - i T
between membrane and process solutions and € remperatwe i
demanding membrane mechanical propert ~ #=/™) : s

requirements are some of the benefits of membrai ol e

distillation over other more popular separatior i) T potnl
processes. R, :ﬁ D, Ap ii:,_“z'Tm“’.af’}

Figure 1. Schematic diagram of VMD process

B =y, (T,

Vacuum Membrane Distillation

The driving force in a membrane distillation undt i The concentration and temperature conditions at the
partial pressure difference and this is created Bjterface, at which the separation process is takin
applying a vacuum on the permeate side in the 6&sep|ace, are affected by heat and mass transfer witieis
vacuum membrane distillation (VMD) unit. the liquid phase. So, the process flux and seliegtare

_In practice, the feed solution is brought into @mtt Getermined also by the heat and mass transfer
with one side of the microporous membrane, and @sistances, in addition to Knudsen diffusion tigrothe
vacuum is maintained on the other side to create Remprane [1]. Knudsen model together with
driving force for trans-membrane flux. Thistemperature and concentration polarization modateh
microporous membrane acts only as & support for fen used in order to reproduce theoretical fluaes
vapor-liquid interface. Depending on the membrang,qe compared to experimental fluxes.
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Mass transfer in vacuum membrane module can be
Modeling divided in three regions of concentration profilesthe
The VMD model is developed for the membrandiquid film on the feed side, the membrane and the
module, where boundaries of the system are defimed. vapor film on the vacuum side (Fig. 1). Mass transf
vacuum membrane distillation, a simultaneous hadt aacross the boundary layers or concentration p@tom
mass transfer occurs and an enthalpy flux existgsac may play an important role in the performance of a
the hydrophobic membrane from the feed to th&MD system. Such mass transfer through the liquid

permeate. phase can be adequately described by the film yheor
Assumptions: model [5].
- In VMD systems molecular diffusion resistance X wf =% ,p
can be omitted due to extremely small porePtotalzkaCtxm["] (7)
sizes. X7

- Due to vacuum on the permeate side,
corresponding boundary layer resistance may hghere R, is the total molar flux through the

omitted. . . membrane, which is the sum of individual fluxesadif
- There are no temperature gradients in the ] )
membrane. components in the systenk  is the mass transfer

A total mass and energy balance is established owaefficient, which can be calculated from Sherwood
the length of the membrane module from z=0 to z=humber as:
(see Fig. 2). _Dag-Sh

Feed chamber Bariviaita km= dh (8)
pa f The Sherwoods correlations are then used to caécula
) S the Sherwood number, and the correlation can taleet
= different forms depending on whether the flow is
laminar, transitional or turbulent [7]:
Sh=f (Re,Sah L y) 9)
o Vacuum . .
Re< 2100 Laminar regime
% 0.14
0.33 (10)
Sh=1.8t{ Re.S@] ot
> L Haf
z=L 2100< Re< 10000 Transitional regime
Figure 2: Membrane module giving system boundaries 014
2/3 )
L. _ /3 .33 dh Hof
The overall mass balance is given as: Sh—o-lle( Reé/3- 12)5 S [-*ELJ J[,Uwf
dy __ (9 _
FRERTE where i=f, p D (11)
Where,
Where, uj(z=2)= 40 ) (2 ug 0.dh
Since there is no change in temperature on the gmtam Re= 12)
side, the model for a temperature profile is detioaly
for the feed side: Sc= D" (13)
AB
daT - . . . '
@ _ 1) “processW, ;) wp (3) dhis the hydraulic radius and can be defined as:
dz W Cp dh_2.W.h (14)
With initial condition as:Tyt (2= )= Bt 0 ) w+h

Constitutive Equations: Under the operating conditions of interest, Knudsen

At the pores of the feed side of the membrane sarfa viscous diffusion is the prevailing mechanism foags

liquid feed vaporizes and the vapors and liquid ar ansfer through the membrane. The water_ molar, flux
w, as well as the molar flux of the generic aroma R

assumed to be in equilibrium with each other. Thi b ted th h the followi latioomsh
assumption of vapor liquid equilibrium (VLE) careth can be represente roug € following relatigres

be used to determine the partial pressures l)?]:

components on the feed side. The partial presdutgeo _ 1 . Pi wf + B wp

non ideal binary mixture can then be given as: R = RTavgdm Da,e Api* B 2.Ugas AP (19)
PP wf =RSAY Tt ) (Tuf o X )- ¥ (5) The values of the constants in the flux equatiom loa
For the permeate side the partial pressures can fRiculated as:

calculated as a function of the vacuum pressuretliaed KO:@ (16)
molar fractions on the permeate side as: 3

Pi wp=Rrac Xi,wp (6)
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2
Er
BO=§ (17)
and
D = 18)
a,e ™

Where,
r:% (19)
r=por2 size (20)

Pr:—'ucp

A
and heat transfer coefficient for the membrane loan
calculated as:

hm = kmemb/ a-rT (32)

where, kemp and Jmare thermal conductivity and

thickness of the membrane.

In the VMD model derived above there are a numlifer o
pure component properties that need to be evalusged
a function of changing temperature along the lerafth

(31)

As there is no resistance to mass transfer beyloed tmembrane module. Some of these properties were
membrane the molar fraction of components remaén tHetrieved from the ICAS database (ICAS-DB) [3] and

same as on the permeate side membrane surface
bulk permeate. Molar fraction of compondnton the
permeate side can be calculated as:

_R
XpTN

R

i=1
The total heat consumption in the process is:
Uprocess 9 ab$d vapd di

(21)

(22)

where heat of absorption and heat of desorption are
numerically same with opposite signs, so they danc

out each other. So the only heat consumption is dfea
vaporization. Heat flux is then given as:

Qprocess_'RtotaM proces (23)
The heat transfer from bulk of the feed to the peate

side of the membrane can be described by simple heg,qmal conductivity

transfer equations:

Qprocessh fiIn(T feed T w)‘ (24)

where hy, . can be calculated from Nusselt's Equations:
uf.Nu
hfilm = 25
film=—4 (25)

Nusselt's number again depends on the flow regime
(divided into three regions):

Nu=f (Re,Prh | 4) (26)
Re< 2100 Laminar regime
0.14
0.33 27)
Nu:—1.86{ Re.P@) Hof
L Hwf
2100< Re< 10000 Transitional regit
Nu= - 0.116( Ré/3- 12)5 &3 (28)
0.14
2/3
l+(®j Hof
L Hyf
Re> 10000 Turbulent regime
0.14
(29)
Nu=—0.023.R¢(9)'8 .P(r)'3 ot
Hwf
Where,
uf.o.d
Re=1 Z h (30)

forgthe more exotic aroma compounds for which the
properties were not available in the databases<kedr

a tool for property prediction Pro-Pred (ICAS) [@hs
used to generate them. The properties were thiexd fio
the following expressions:

Density kmol 0= A (33)
m3 T D
1+(1—E)
B
é/iscosity{ﬁ] U= ex;EA+E+C IfT)+D TEJ (34)
m.s T
Specific heat{ J } Cp= A+
kmol.K (35)
B.T + C.T2 + D.T3+ ET4
{L] k A+BT+
msK|l M (36)
C.T2 + D.T3+ ET4
Gas Viscosity{%] Hg ATI+C/T+ D/T2 (37)
Heat of Vaporization{ J } :
kmol (38)

B+C.Tr+ D.Tr2
Hvap:A.(l-Tr)
The degree of separation are given by concentration
factors which are defined as the ratio of molactiens
of aroma compounds in permeate to that in the feed:

X
cF="P

(39)
Xf

The model was implemented through a computer
aided modeling toolbox, ICAS-MoT [2], which also
provides options for simulation. The model is a
Differential Algebraic Equation (DAE) system,
containing 3 ordinary differential equations (ODBsd
62 algebraic equations and has 122 variables.

Model Validation

Simulations for the recovery of aroma compoundsnfro
Black currant juice using the VMD model was made
under different conditions of operation. The unique
aroma profile of black currant juice comprises more
than 60 constituents but in this work, the twelvesin
characteristic aroma compounds have been used to
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validate the VMD model. The individual aroma
components differ according to their molecular
structure, which in turn defines the solubility,eth
boiling point, and the volatility of each type of
compound [4]. In general, the aroma components a
present in different concentrations and combination
where the concentrations of individual aroma sufrsta

in common fruit juices usually range from less tHhato

20 ppm. The aroma profile of Black currant juice
comprise of specific profiles of terpenoids, aliiba ‘ I ‘ ‘
esters, carbonyl compounds and alcohols that make 30 20 10 0 10 20 %0
the characteristic black currant aroma of the juitke Ychange in property

twelve aroma compounds, representing variou - — -
chemical groups, used in this study are ethyl s Figure 4. Sensitivity analysis of vapor pressure

iso amyl acetate, 3-methyl-1-butanol, cis-3-hexgrs; ] ]

ethyl hexanoate, benzaldehyde, linalool, octanas, 1 1he membrane used in the experiments was
cineole, furfural, eugenol and diacetyl. Polytetraflouroethane__(P'I_'FE). The properties of the
The model requires calculation of properties of afnémbrane and specifications of the membrane module
components of the system. This was done by usiftje givenin Table 1.

group contribution method by employing computer

Vapor pressure

2000
200

15.00 4

10.00 -

(y-y*/y*)*100

5.00 4

aided property tool box Pro-Pred (ICAS). A sendiiv Table 1: Membrane specifications
analysis was made on all the properties and itrvasd | Membrane Specification Value
that except for infinite dilution activity coeffients and Pore size,m] 0.2
saturation pressures of pure component the other  Porosity, & [] 0.75
properties do not have any significant effect oe th Width, w, [cm] 3.8
concentration factors (see Fig. 3 and 4). Height,h, [cm] 1
Activity coefficient Length,L, [cm] 9.75
Number of channels). 1

20
O

The developed VMD model predicts the permeate

15 concentration of the aroma compounds given the feed
o e .
S composition, operating temperature and vacuum
= 104 pressure. The feed concentration of the aroma
>
>

compounds have been fixed at 1 ppm for the

simulations (which is in accordance with the avz#éa

\ experimental data). The concentration of aroma

-30 20 0 o0 10 2 20 compounds in feed is so low that it was assumet tha

the presence of one aroma compound does not #ikect

transport of another. This assumption ultimatebdketo

Figure 3: Sensitivity analysis of activity coefficient the simplification of the system under study resgltin
taking the system as twelve binary systems of each
This can be explained from the fact that the arom@©oma compound —with ~water rather than a

compounds in the mixture are present in such smaJjulticomponent system. _The results are shown in F|_g

quantities that after applying the ideal mixingerand 5, where the molar fract|on_s of aroma compounds in

calculating the mixture properties, the contribotiof ~P€rmeate from the model is compared versus those

aroma part of the property is very small. Howeverobtained from experiments [4] at three differenéde

activity coefficients and vapor pressures are usJH)W_rates (300, 400 and 500 I/h). The values skow

directly to calculate the partial pressures on esida of Maximum deviation of 15% which is considered gavd i

the membrane which is the driving force to the pesc this case as the molar fractions are of order phip

and have a large impact on the separation. So,hzse

to be taken while choosing the property models for

these properties. In this study the infinite dibuti

activity coefficients for most of aroma compoundwé

been taken from experimental data, while most gova

pressures are predicted.

54

% change in property
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Molar Fraction of Aroma in Permeate (Calculated)

Figure 5: Comparison of molar fractions in permeate
from model and experiments at®80and 300, 400 and

Feed Flowrate

+ 3001h
& 4000h
500 I

05 1 15 2 25 3 35 4

Molar Fraction of Aromna in Permeate (Experimental) 10

500 I/h.

Results Analysis

After

the validation of the model,

three arom

25

W Ethyl butanoate @ Benzaldehyde O Eugenol

| %

303.15 313.15 323.15

20 +

15

CF[]

10 +

Temperature [ °C]

Figure 6(c): Comparison of CF of aroma compounds at
500I/h and T=30, 40, 5G

It can be seen from the histograms that with the
increase in temperature of the feed froniGo 50 C
the concentration factors of aroma compounds
decreased. With increasing the flow rate the

&oncentration factors showed some increase but the

compounds, for which the infinite dilution activity change was not much. The change is much more when

coefficients were known as a function of tempemtur
were selected and simulations were made at differ
process conditions to see the behavior of the gmc
variables on the separation factors. Calculatiomsew
made for ethyl butanoate, benzaldehyde and eudenol
the temperature ranging from 30 to 50 C and flow

rates from 300 I/h to 500 I/h. The plots are shamvRig

6(a) — 6(c).

CF[]
-

N

14 4 m Ethyl butanoate @ Benzaldehyde 0O Eugenol
12 4

10 A

6

4 ]

o

303.15 313.15 323.15

Temperature [ °C]

the temperature is changed and the reason foisthist

®he infinite dilution activity coefficients and vap
epressures of the aroma compounds change signifjcant

with change in temperature but not with the flowesa
The sensitivity analysis made on all propertieso als
showed that the concentration factors of aroma
compounds is very sensitive to activity coefficiemd
vapor pressures as compared to any other property.
With a change of 2T in temperature the percentage
change in the activity coefficients for ethyl butate,
benzaldehyde and eugenol is 13.5%, 11.86% and
23.86% respectively. While for the change in floater
from 300-500 I/h this change was only around 0.01%
for each compound. It was observed that even thallgh
aroma compounds show a common trend, they change
with a different degree with change in the process
variables (see Fig. 6(a) — 6(c)). This mainly defsean

the different selectivities of different compounds.

With the increase in temperature the permeate flux
increases which decreases the concentration of

Figure 6(a): Comparison of CF of aroma compounds aindividual aroma compounds at the membrane surface

Figure 6(b): Comparison of CF of aroma compounds aj VMD model

300I/h and T=30, 40, 3G

18 4 W Ethyl butanoate @ Benzaldehyde O Eugenol
16 4
14
12
T 10
8 4
6 4
4 4
24
0~ T T

303.15 313.15 323.15
Temperature [ °C]

Cl

4001/h and T=30, 40, G

due to concentration polarization, which ultimately
leads to the drop in the concentration factors.. Fig
illustrates this effect on the concentrations obraa
compounds at the membrane surface with temperature.
The concentration factor drop is 59.01%, 55.53% and
29.73% for benzaldehyde, ethyl butanoate and eugeno
respectively. This can be explained by noting the
change in the molar fraction drop of these compsiatd
the membrane surface of the feed side of the mambra
which is 51.01%, 32.96% and 24.85% for
benzaldehyde, ethyl butanoate and eugenol respéctiv

Conclusions

together with the corresponding
property models capable of predicting the behawibr
the VMD process under different operating condiion
has been presented in this paper. Experimentaltsesu
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for recovery of aroma compounds from black currantist of publication

juice were used to validate the model. A comparigbn
the experimental and simulated values for the molar
fractions of aroma compounds in the permeate stream
exhibited a maximum of 15% relative error. So,anc
be concluded that the model represents reasonatlly w
the physical behavior of the process.

A model based analysis of the process made foethre
selected aroma  compounds explained the
experimentally observed trends with respect to the
change in temperature and flow rate of the feeduméx
With the increase in temperature of the feed fr@h@G

to 50 C the concentration factors of aroma compounds
decreased, while not much effect with respect ® th
change of the flow rate could be observed. The iode
was able to predict the effects of concentratiod an
temperature polarization well.

The VMD model given above, in general, is an
integration of process model explaining the undedy
physics and of property models for both the compisun
and polymer used. It is flexible in terms of prazes
variables and the polymer used which can be adjuste
design the VMD process when the desired separation
criteria is predefined.
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Nano-Porous Materials Based on Block Copolymer SeAssembly and Their
Possible Membrane Application

Abstract

Block copolymers are very interesting materialsrirboth a science and an application point of vieanks to their
amazing self-assembly properties. It is possibledwtrol the morphology of self-organized structorethe nano-
scale level by choosing the proper ratio (volunsetion) of one block to another. Synthesized dibloapolymer
has to be cross-linked and etched to obtain firalorporous material. Many different techniquesvalfor the
characterization of the structure of the nano-psronaterials. Here the obtained morphologies arel s
membranes and the materials are investigated fopganeability (nitrogen).

Introduction Flory-Huggins interaction parameter,g (segment-
Self-organization in block copolymers is very segment interaction energy) and degree of
interesting in relation to active nanostructurifily. The  polymerization N we obtain degree of segregation
interplay between block immiscibility and connediv  x,gN. On the phase diagram for AB diblock copolymer
generates a rich variety of nanophase-separatede can observe changes of copolymer morphology
mesoscopic morphologies. Different morphologies cardepending on compositioh for fixed xagN, where

be obtained by controlling molecular weight andf,=NJ/N (Fig. 2). [4, 5]

composition of block copolymers. “Living” anionic 120

polymerization offers a readily feasible prepanatiof [
copolymers in a wide range of molar masses ar 100 | ]
chemical structures. [2,3] ]
diblock network  cylinders spheres ™ r 1
copolymer 4 [ 1
_ ' xMN &0 | .
ENY | wl ]
“iEDOHm- ]
20 L ]
Fig. 1 lllustration of the individual (green-blue) [ 1
diblock copolymer and the structures, which an ol
formed upon self-organisation: gyroid (network), o 02 04 ,rf'-ﬁ 0.8 1

cylindrical and spherical morphology of the (green

minority block. Fig. 2 Phase diagram for linear AB diblock copolymers

showing equilibrium morphologies: lamellar (L),
asQexagonal cylinders (H), gyroith3d cubic (Q.39, bcc
separation is chemical incompatibility be‘rweerﬁohe“’:‘S (@am), close packed spheres (CPS) and

different blocks. In the simplest case of diblocléjisordere‘j (DIS). [6]
copolymers (Fig.1) there is only the issue of
compatibility between A and B blocks. By multiplgin

The main force which causes microph

After removal of the minority block from the
copolymer one can obtain nanoporous material with
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predictable morphology and narrow pore siz&able 1 Summarization of materials investigated with
distribution. Depending on morphology and possibldifferent characterization methods.

alignment of internal structure the nanoporous nelte BLOCK COPOLYMERS
can find very interesting applications like-highfage | MATERIAL Pl- PB-PDMS
area support for catalyst, templates for the sysithef PDMS
?anoc:bje_cts and for con7f|rllid crystallization, megmnigs STRUCTURE HEX | HEX | GYR
or selective transport. [7-11] ALIGNMENT SHR_ | SHR -
Nanoporous materials preparation CHARACTERISATION SEM TEM SAXS -
Preparation of nanoporous materials form dibloc SANS | N, adsorption
copolymers consists of four steps: APPLICATION MEMBRANES

1. Synthesis — block copolymers are synthesizes

by anionic polymerization. By using above techniques of characterization we ar
2. Alignment — this step refers mainly to able to measure pore diameter, distance betwedarsen

cylindrical, hexagonal morphology. After of the pores (for HEX), internal surface and spgcin

solvent casting (SC) polymer, the cylinders obetween primary symmetry planes. Data is preseinted

minority blocks will be randomly oriented. Table 2.

Orientation of cylinders in one direction by

using external forces like shearing (SHR) coul¢

be interesting from application point of view. o1
3. Cross-linking — this step is necessary is case 7 o

polymers which glass transmon |s below roon

component. Dicumyl peroxide (DCP) is used &3
crosslinker.
4. Etching — to obtain final nanoporous material
the minority block has to be removed.'
Tertbutylammonium fluoride (TBAF) solution |
in THF is used as etching compound. TBAF i<
a source of fluorine anions, which are able t
cleave silicon — oxygen bonds in [ T _ : ;
pOIydimethyISiloxane Chain' 200nm ) EHT= 200 |gna\A=SE2 Data.Z‘IApIZO\Oﬁ Temlnniuhhuh’m

|—| WD= 3mm  PholoNo =2187 Time 106035 el Rl 2Tl
Materials characterization T A " Y A
Mainly two different diblock copolymers were F'Q 3 SEM p|cture showing QYTO'd structure of PB-

investigated: polyisoprenepolydimethylsiloxane (Pl- PDMS.
PDMS) showing hexagonal structure (HEX) with PI
weight fractionwp=0.74, overall molecular weight of T T T T
M=14 200 g/mol, polydispersity index of PDI=1.1 and 3 3
1,2-polybutadiend>-polydimethylsiloxane (PB-PDMS)
showing hexagonal structure with PB weight fractlonU
wp=0.69, overall molecular weight of M=12 900g/mol,S. |
polydispersity index of PDI=1.14. Another PD-PDMSZ 0
sample was made showing gyroid structure (GYR) witlg g
PB weight fractionws=0.593, overall molecular weight € 1 F
of M=10 680g/mol, polydispersity index of PDI=1.04.

2 s o8 08 10 12
Both polymers and both structures (HEX and GYR) q/rm'l

were successfully investigated by electron micrpgco

technigues: scanning electron microscopy (SEM)

(Fig.3), transmission electron microscopy (TEM) an(il:i 4 1D data (to the left) showing plot of SAXS
small angle x-ray scattering technique (SAXS) #jg. int%nsity vS. scattering vectgrfrom PB—gPlgMS sample.

Furthermore the internal surface area, pore dianaste he position of characteristic peaks are marked for

pore size distribution for PB-PDMS was investigate ; :
with nitrogen adsorption technique. (Table 1) yroid structure. 2D data (to the right) of the)S&&
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Table 2 Pore diameter, distance between centers of the « 80%THF/20%MeOH
pores, internal surface and spacing between primary « 60%THF/40%MeOH
symmetry planes for investigated materials. e 40%THF/60%MeOH
PI- PB-PDMS 20%THF/80%MeOH
PDMS «  100% MeOH
HEX HEX GY | This procedure was used to avoid cracks due tadrapi
R THF evaporation (TBAF is a THF solution). Samples
SHR SC SHR SC| were left overnight to let MeOH evaporate. Round
12+ knifes were used to cut 9 and 14mm diameter discs
Pore 12 e S 2 (Fig.5) of crosslinked and etched material. This
diameter | TEM 7.6x1 | 8+1 8+1 sequence of preparation steps is callegthnique 1
Two other sequences were used. (Table 3
(nm] N, ads 1243 | 1343 ‘1151“ W sequences were used. ( )
Distance | SEM 1242 | 23+2 Table 3 Three sequences of steps for membrane
between preparation
centers of Technique 1 Technique 2 Technique 3
the pores TEM 15+1 x-linking x-linking x-linking |
[nm] etching cutting cutting
Internal cleaning etching x-linking I
surface | Noads 85 70 | 278 || cutting cleaning etching
[m?/g] cleanig
Spacing | gpyy 1843 | 1423 | 20%
between 4
primary 26+
symmetry TEM 13.34£1 | 152 1
planes 1 saxs | 1404 | 105 |193 |17
[nm] 1 -
R

Different structures and their potential application
as a membrane
The gyroid structure is most interesting as a memér
The advantage of the gyroid structure is that & @ibic  Fig. 5 14mm diameter disc
isotropic structure, so we do not have to orieribiget €tched PB-PDMS
permeation from one surface of a membrane to anothe
[12]. Here, discs of crosslinked and etched 1,2Prepared discs were investigated to check gas
polybutadienes-polydimethylsiloxane are investigated permeability (nitrogen) at different pressures. ifgle
as a membrane. setup for gas permeability consists of: 1. Gasaiost;

The cylindrical, hexagonal morphology can also b@ Manometer; 3. Membrane device; 4.Buble flow
potentially used as a membrane. However, in thie cameter.
the minority block cylinders should be oriented Bubble flow meter enables to measure time needed
perpendicular to the membrane main surface by usirig fill given volume by gas after going through the
for example electrical field. membrane at given pressure. From this the gas wlum

flux can be calculated.

Membrane preparation Experimental data was compared to calculated
The block copolymer (PB-PDMS) was dissolvedheoretical data. Theoretical nitrogen fluxes were
together with a crosslinker (DCP) in tetrahydrofiga calculated from Knudsen flow equation. Knudsen flow
(THF). The solution was prepared in 30 mm diametg?ccurs when a mean free path of gas moleculesgerla
Petri Dish and left overnight to let the solvenaperate. or close to the membrane pore size diameter (Fig.6)
The mass of dissolved polymer was calculated tarens [12].
different polymer thickness after solvent evapanati
0.2; 0.3 and 0.5mm. Petri dishes were placed ire@im
cylinder, which was filled with nitrogen. Closed dan
sealed metal cylinder was placed in oven (filledhwi
argon) for 2 hours at 14Q. After 2 hours the cylinder
was rapidly cooled down by placing in an ice bath.
Cross-linked polymer was removed from Petri dis anrig. 6 Schematic drawing depicting Knudsen flow
placed in TBAF for 36 hours to etch the minoritypdk
of copolymer. After 36 hours etched samples were
placed in THF and alternately in these mixtures:

cut from crosslinked and
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Flux of gas in Knudsen flow is given by:

Conclusions and future plans

We managed to prepare nanoporous materials from

3= mh1? D, AP

diblock copolymers with well
dimension. The PB-PDMS with gyroid structure was

define structural

RO used to prepare membranes and showed experimental
fluxes of nitrogen in the range of theoretical petidns.

Where: However, the calculated values are not satisfdgtori
J - volume flux predicting experimental data and the modeling & th

2 _ ) . flow should be improved. Future work will aim at
nimir £ porosity o o studying the flow of liquids through the membranes.
D, - Knudsen diffusion coefficient
AP - pressure difference References
R - gas constant 1. M. S. Hansen, M. E. Vigild, R. H. Berg , S. Ndoni,

) Polymer Bulletin 51, (2004) 403-409
I i teorpé)?c:zritﬁjorgit 2. S. Ndoni, M. E. Vigild, R. H. Berg, J. Am. Chem.
P v Soc. 125 (2003) 13366-13367

l -membrane thickness 3. S Ndoni, C. M, Papadakis, F. S. Bates, K. Aimdal ,

The tortuosity factor was calculated as a functbthe 4
porosity from [13]:

(2-¢)

7=

Figure 7represents the experimental and theoreticaF'
results of nitrogen flux for 0.79¢m membrane, 7
0.405mm thickness prepared from PB-PDMS
crosslinked with 1% DCP for 2h at 14Daccording to

Technique 2. The theoretical calculations of flutes g
gyroid structure should be improved.
9.
2.50
P 10.
2.00 -
— —e— Experimental
é 1.50 / —=— Theoretical
o >
2 100 e
L.
S e L 11.
L
0.00 T T T T 12
8.00 10.50 15.50 20.50 25.00 30.00 )
dP [bar]
13.

Fig. 7 Experimental and theoretical data for nitrogen
flux through nanoporous PB-PDMS disc at different
pressures
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Micro-Sensor Based on Click Chemistry

Abstract

During the last couple of years micro-sensors hraceived increased attention and the fabricatiomiofo devices
shows a great promise for future applications. Byirrecent years click chemistry, a novel functicraion
technigue has been introduced in macromoleculamidiey and this method has proven very efficient fo
functionalization of polymers. Preliminary work time functionalization of polymers with carboxylicids by click
chemistry is presented here, while the ultimatgdaiof this project is to use this method for diréokage of
sensor/detector molecules to the polymer backbgreedimilar approach.

Introduction project is currently oriented towards carboxylicidac
Functional (block-/-co)polymers can be synthesibgd polymers for applications in microfluidic systems.
a number of methods e.g. using functional mono-mer,

by combination of preformed polymers or by§yntheSiS Strategy

postfunctionalization of a backbone. Regarding th%he applicability of click chemistry for - polymer

linkage of sensor molecules to a polymer, the pos unctionalization has been investigated with the

functionalization approach would be the bette?yntheSIS of carboxylic acid polymers. These afe di

approach, though this is very dependent on thz'acu” to produce by traditional polymerization tec

efficiency of the coupling reaction. In 2001 Shesd et Irggtligsésar:‘ciic?rrﬁict;glli\r/ﬁdsto have an applicatioe-in
al.[1] introduced the concept click chemistry atean Poly(4-hydrox stpreng) .(PHS) was chosen as back-
for “perfect”, high yielding reactions for pharmartial yia-ny ysty

applications. Of these reactions especially theI)Cu(bone since it is easily alkyne functionalized tigbia

catalyzed 1,3-dipolar cycloaddi-tion of azides an(}f\lilliamson ether synthesis. In addition azide deriv
alkynes[2,3] "have  shown promi-sing  use i Ilves are readily available from their respective-b

macromolecular chemistry. mides or alcohols through tosylation.

R, CuS0,5H,0, 1 mol% Ry Results and Discussion
v i Sodium ascorbate, 5 mol% ﬁN o1 The alkyne synthesis was performed using a Will@ams
» P % . . .
NN H,OMBUOH, 2:1, R, 8h R/N\N ether synthesis as S:(';:V\;r: in Figure 2.
® 33
Figure 1. Cu(l) catalyzed 1,3-cycloaddition of azide n K,CO;18-crown-6-ether* tq
and alkyne click reaction. Reflux, 48h 10, 74%
THF
Linear polymers have been functionalized with Den- on 01
drons[4] and poly(ethylene glycol)s[5]and even si- . U )
multaneous orthogonal ester and click reactions on Figure 2. PHS-alkyne synthesis.
polymer backbones have been performed[6], clearly |, parallel four differentarboxylic acid derivatives
highlighting the potential of click chemistry. were synthesized from the corresponding bromides by
Specific Objectives reaction with sodium azide as shown in Figure 34for

This project is targeted towards the synthesis dfzidomethyl)benzoic acidll and equivalently for 6-
functional (block-/co-)polymers and subsequent posgzidohexanoic acid2j, 5-(6-azidohexoxy)iso-phthalic
functionalization by click chemistry. This approach@cid @) and 2-(6-azidohexyl)malonic acid)(

should then be used for micro-sensor fabricatiod an

possibly for area specific bonding. Specificallye th
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Q Q Table 1.Polymer click combinations, and,.T
OH NaN OH . Product
— Alkyne Azide
(@X 60°C, DMF K©)k 1. 86% Y T4(°C)
r

12h

N3 NG
Figure 3. Synthesis of aromatic azide mo 98

Subsequently the alkyne polymer and the different ! OHO
azides were applied in click reactions to give the . Ng T 54
functional polymers as shown in Figure 4. 2 o

CuBr jw 11, 86% N3/\/\/\Ifo 60
-
N
’\l\\

o
60°C, 48h Y

DMF NS SO COOH

10 n - 3 90

Ho—& HO._O
[¢]
Figure 4. Homopolymer Functionalization of polymer N;\/\/\Ifo 65

/\\/A\J/\\/O COOH
o o) N3
n 1 3 118
OH I
10 COOH
n HO__O
Ng 1! o)
o
I

alkyne 10 with the aromatic azidd, 4 OH
In addition to these carboxylic acid homopolymers NSO coon
random copolymer of PHBe-PMMA and a blockco- 8 100
polymer of PHS-PS have also been synthesized. o CoH
overview of the different polymers is shown in Tall «/\/\Ifo
together with the glass transition temperaturgg for N3 L 104
4

all the products.
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Advanced Thermodynamic Tools for Computer-Aided
Product Design

Abstract

The simplified perturbed-chain statistical assao@fluid theory (PC-SAFT) is applied to phase diguia of binary
systems that include a variety of non-associatorgmounds. Pure-component parameters of compouatiari not
available in the literature are estimated by ceatiey vapor-pressure and liquid-density data. 46®& RC-SAFT
parameters are estimated and tested for differmilies of non-associating compounds (polynucleamatics,
sulfides, cyclo- and fluorinated- hydrocarbons, )et€he overall behaviour of simplified PC-SAFT daccessfully
predict vapor-liquid equilibria for non-associatiegstems has been good. In a few cases, a smatlylimeraction
parameter kis needed for the satisfactory correlation of¢ekperimental data.

Introduction hydrogen bonding, etc.) and the frequent coexisteric
The prediction or correlation of the thermodynamianany phases at equilibrium e.g. vapour-liquid-ldjor
properties and phase equilibria with equationstafes solid-liquid-liquid. The thermodynamic model to be
remains an important goal in chemical and relatedeveloped is a group-contribution version of the
industries. simplified PC-SAFT [4] equation of state where the
In the early 1980’s the theory of Wertheim emerge@arameters of the model are estimated via group
from statistical thermodynamics. This method hasnbe contributions which are based on the so-called
implemented into a new generation of engineeringconjugation principle” [5].
Equations of State (EoS) called Statistical Asdowia
Fluid Theory (SAFT). Numerous modifications andSpecific Objectives
improvements of different versions of SAFT haverbeeMost SAFT-type models require three parameters for
proposed and applied. Three comprehensive revidws @ach pure non-associating compound: the segment
the development and applications of the varioussy@ number (m), the interaction energs/k in K), and the
SAFT are available for further information [1-2]. hard-core segment radiug (n A) that are typically
Simplified PC-SAFT [3-4] is as a non-cubic,estimated from vapour pressure and liquid densityad
segment-based equation of state designed spelgifical over extended temperature ranges. This has been
deal with systems containing polymers and assogjati possible for small complex compounds for which such
fluids and has been successfully applied to a nube data are readily available. However for more comple
complex systems over wide ranges of conditions. Th&ompounds such as polymers, pharmaceuticals and
model development of the PC-SAFT EoS is described pesticides extensive vapour pressures and liquid
detail by Gross and Sadowski [3], while the mairgensities are not available and in many cases they
equations of the simplified PC-SAFT are given byivonot be even measured. As mentioned, this limits the

Solmset al [4]. applicability of the models.
Our work aims in developing a theoretically based
engineering tool that can be used for complex medu The suggested solution to this problem is to

of importance to polymer and pharmaceutical indestr develop a group contribution scheme for estimatey
Common characteristics of all of these applicatiars parameters of these equations of state from low

complexity of molecules involved, the presence ofnolecular weight compounds for which data is avdéa
various types of intermolecular forces (polarity,
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and then extrapolate to complex molecules. Howdwer, for ethers, aromatic compounds, nitroalkanes,
be able to do this, it is necessary to have a vefluorinated compounds, siloxanes, and plasticizers
extensive PC-SAFT parameter table for numerousrder to investigate the reliability of those newly
compounds so that in a subsequent step, a groagtimated parameters are presented. Some of these
contribution scheme for parameter estimated can besults are shown as the following.
developed.
The introductory phase of the project has focused o
Results and discussion the parameters’ behaviour when used by simplifi€d P
The following section firstly summarizes the mainSAFT for mixture phase behaviour.
equations of simplified PC-SAFT. Secondly, presents  The linear relationship of simplified PC-SAFT
few modeling results for vapor-liquid equilibria of parameters can be employed for various compounds as
binary systems obtained with the simplified PC-SAFBhown in Figure 1 where the group’s segment number,
as well as show some calculations of infinite atiég m, is plotted as function of molecular weight [B]very
for a few asymmetric systems. similar trend has been observed for other SAFTfami
models. The success of this extrapolation further
The reduced Helmholtz energy for mixtures ofunderlines the sound physical basis of the equadfon
associating molecules is given as followsstate.

3= i = F9 4 ghe 4 gdisp 4 Fassoc (1)

KTN o
where the first term is the ideal gas contributitime gl oo .
second term is the contribution of the hard-splotran S| ses . ’
reference systems, the third term is the dispersion = Oycloakanes oL
contribution arising from the square-well attraetiv =~ °] *©" ter T
potential, and the last term is the contributiore do 54 4 surides L. Y _
association. The expressions for the contributimom E ] romuckear ' 2 4- -
the ideal gas and dispersion are identical to thufse - Fuorated 3 ,g*: -
Gross and Sadowski [3]. The contribution to thedhar .. ::..M et
chain term is made up of two contributions: thedhar 21 T
sphere  term  and  the  chain  term, | '
a™=ma"™ - z X (mi _1)|n gi?s(dii)r) @) 0 : : : ‘

i 0 50 100 150 200 250 300

Molecular weight [g/mol]

Figure 1. The segment number, m, versus molecular
weight for different families of compounds.

wherey is the mole fraction of component i andis a
mean segment length defined F=3"xm and the

hard-sph t i i b
ard-spnere erm S given y Furthermore, we have tested the ability of the

2
= 41-31" (3) model to describe the activity of a long-chain ncole

(L-ny

The radial distribution function at contact

using our new parameters for heavy alkanes, bedause

issimplified PC-SAFT describes” successfully, then the

hs(as)_1-n12 model can be perform liquid-liquid equilibria
g (d )=m calculations in polymer mixtures as well. Infinite

The volume fractionsy = 7pd® /6are based on an

average diameter given as following:

dilution activity coefficient calculations/{°) have been
performed in mixtures of heavy hydrocarbongCsg).
Additionally, some results of infinite dilution &gty

Z o P coefficient calculationsy(”) of light alkanes (GC,) in
q= XM (5) heavy ones & as shown in Figure 2. All those
me calculations have been performed with theekual to
zero.

where the individuadl; are temperature-dependent
segment diameters

d, = U[l— 0.12 exp(— sg—ﬂ
kT

Thus, it is assumed that all the segments in theune
have a mean diameter d, which gives a mixture velu
fraction identical to that of the actual mixture.

Table 1 shows an improved performance of
simplified PC-SAFT to predict activity coefficientst
(6) infinite dilution in the majority of the studied stgms
when using newly estimated parameters for heavy
alkanes. “old” estimated parameters from a previou
npublished paper [7]

In our recently published paper [6], beside the
complete PC-SAFT table with around 200 newly
estimated parameters for different families of non-
associating compounds, phase equilibrium calcuiatio
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Table 1 Average percent deviations (% AAD) betweerthe interaction parametey; las this type of mixtures is
experimental data and predicted ;%R) activity important in supercritical extraction and in enhehoil
coefficients at infinite dilution with simplified ® recovery. Figure 3 shows the binary phase diagram f
SAFT using new and old estimated pure compourtthe system when treating carbon dioxide without

parameters for heavy alkanes. incorporating quadropolar interactions can stilelgl
Simplified Simplified satisfactory results using kij=0.075.
% AAD PC-SAFT new | PC-SAFT old
Ci2Csin G 10 16
CigCssin & 8 15
C4'C10 in Qo 2 5
C4'C10 in 036 3 6
*Cx indicate an alkane with x carbon atoms.
0.9 S
C,Curin C 0 simplified PC-SAFT x
0.85 - e ¥ A PC-SAFT
¢ exp. data .
0.8 .
£ . A
*
£o75 5 . A
E o *
071 g o . A T i ‘ '
¢ . 0 0.2 0.4 0.6 0.8 1
Xco,
065 - A
A Figure 3. Vapor-liquid equilibrium for butane-carbon
06 ; ; ; ; dioxide mixtures at four temperatures (120, 95a8 -
50 70 90 wmw 110 130 150 45°C). Lines are correlations with simplified PC-SAFT
Figure 2. Experimental and predicted activity (k;=0.075).
coefficients at infinite dilution for light alkanés n-Gs,
as function of the molecular weight of the hea\kaak. .
Conclusions

The prediction or correlation of thermodynamic

system, the model overestimates the experimental d roperties and phase equilibria  with a good
Sy ' P - ermodynamic tool still remains a very importaniab
in almost all cases. As expected, the deviation @

Lo T . in chemical and related industries. During the gast
S|mpI|f|ed PC-SAFT from original I.DC'SAFT 'S more ears, modern equations of state such as the raddifi
obvious when the molecular weight of the heav

alkanes increases, in other words, when the size—C_SAFT developed at IVC-SEP, has heen proved to be

. . Very successful in modeling many kinds of equilbir
difference between the two components is greater. . .
) L o ; binary as well as ternary complex systems with good
Binary vapor-liquid predictions for propane with a

. . . accuracy.
series of linear heavy alkanes are presented iteTab y

; e In this work, we have estimated the three pure
where the obtained average deviation for vapour "
. compound PC-SAFT parameters for additional 450 non-
pressure is only 1.5%.

associating compounds and tested the simplified PC-
SAFT equation of state to model VLE and LLE in
systems containing a range of non-associating

The results in Figure 2 show that for this partcul

Table 2 VLE predictions with simplified PC-SAFT for
propane-n-alkane systems

-alk Temp. Kl| AAD P [% compounds_. Lo L .
: rrafkane X emp. range [K] [l Our basic conclusion is that simplified PC-SAFT is
Eicosane 0.2448 293-350 2.67 quite successful in predicting and correlating wapo
0.3445 304-357 2.40 liquid and liquid-liquid equilibrium behaviour in a
- variety of different types of binary system whenngs
Tetratriacontang 0.0112 320-366 013 newly estimated PC-SAFT parameters. The obtained
0.3969 336-427 1.21 results furthermore justify the capability of sirfigld
Hexacontane 0.2405 365-419 1.74 PC-SAFT in describing many differe.nt. typeS of
systems. In a few cases, where predictions are not
0.3902 368-413 1.00 accurate, a small value of the binary interaction

TAAD P = average deviation in vapour pressure parameter is required to satisfactorily correlate
experimental data.

Besides the previous mentioned results, the
solubility of carbon dioxide in butane is studied the
simplified PC-SAFT using the same positive value of
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Plus

Development of Group Contribution™™ Models for Properties of Organic
Chemical Systems

Abstract

In product and process design involving chemica pharmaceutical industries, it is necessary tetaailable,
reliable and predictive property models supportgdabarge and reliable thermophysical data banks Pphoject
focuses on developing new and better group coriabunodels for pure components and mixtures invg\high-
value chemicals and mixtures. Two study casesbailighlighted to show the performance of GC-plusiats.

Introduction

In computer-aided model-based methods and tools foybrid models that will combine the simplicity atite
synthesis and design of the product-process, thpeedictive nature of GC-models with the additional
applicability of the product-process model and itsnolecular structure based contributions that aredad
reliability is governed by the property models viithe to improve the property estimations and to sigatfity
total model. In addition to reliability of the prefy extend the application range.

models, another important need in product-process

synthesis and design is that the models need to Gase Study 1.

predictive and fairly simple and easy to use. Grouplormal boiling point for cis-trans compounds
contribution (GC) based property models satisfytnads Many biological, medical, pharmaceutical, agrictatu
the above requirements and are therefore, routinedg and food products and their processes involve atere
in product-process synthesis and design. There asmmers. Their chemical, medicinal, organoleptid an
however some limitations, for example, they are ndiiological properties can differ significantly. Kwing
very reliable for complex chemicals or systems ohow their thermodynamic properties differ is neeggs
complex chemicals; group parameters may not ke model such systems. Predictive GC models fail to
available; not enough experimental data is avaldabl take into account 3D features that are intrinsicthof
develop a large set of group parameters; relighit cis-trans isomers, The main reason is the 2D naifire
often dependent on how the chemical structure BSC methods, which mostly satisfy the needs of 8lpic
represented by the groups. These limitations mhke tchemical engineering problems where it is suffitien
synthesis and design of high-value chemical praductvork with suppressed hydrogen graphs.

such as drugs, pesticides, structured polymers, etc Based on Marrero-Gani (MG) GC model for
difficult with model-based methods since the neagss estimation of the normal boiling point (NBP) a mbde

reliable property models are not available. able to predict the NBP differences between cisdra
isomers with reasonable accuracy has been developed
Specific Objectives The work includes the: 1) Generation of a new

The objective of the PhD-project is to develop avnedatabase for cis/trans isomers including atom
class of group contribution plus models, whichinteractions, steric properties and intermolectitaces
addresses the limitations of the current GC-models (generated through atomic level calculations) eslat
that industrially important chemical product-progeswith specific properties of interest; 2) Derivatiah a
synthesis and design problems can be solved througew term that takes into account 3D structural
reliable and efficient model-based approaches. Thmarameters and 3) Implementation of this term iato
“GC-plus” indicates that the developed models wde GC-plus method.
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Use of MM2 force field

Here exp(TH/tyo)marreroicani denotes the estimate with the

The MM2 method based on molecular mechanidslarrero/Ganit* model.

considers atoms as spheres and bonds as springbeSo

Using the GC-plus model the results have been

method takes into account molecular features sich evaluated in terms of two perspectives: a quaitéat

the ability of bonds to stretch, bend or twist. Tihece
field also takes into account the possibility ofnno

analysis that refers to the minimization of theoerr
related with the NBP values predicted and the

bonded interactions such as repulsion and attracticomparison with the experimental data. A qualitativ
forces. Therefore, the energy associated to theeforanalysis that focuses on the prediction of thetrigind

field can be described by

Energy= stretching bending torsisn ren bor ()

on the differences between cis and trans isomaiss|g,

if the real cis NBP of the compound “x” is biggeat

the trans one, the prediction must follow the samed.
The former behavior is one feature that is most

difficult to overcome between cis/trans isomerseTh

So, basically we have five contributions to thdumerical differences between the molecular detansp
intrinsic energy of the molecule: Stretch energgndd 2" be used to improve the Marrero-Gani (MG) method

energy, torsion energy, van der Waals forces, a

electrostatic forces. Table 1 summarizes the phlsi
meaning of each property.

Table 1. The force field interactions and their meaning

INTERACTION MEANING

>

. Bond stretching betwee
Bond Stretching directly bonded atoms

Angle bending betwee
atoms that are geminal 1
each other

-

Angle Bending

o

Torsional angle rotation
between atoms that are
vicinal each other

Torsional Energy

Repulsion between atoni
that are too close to each
other and attraction &t
long range from
dispersion forces

Repulsion/Atraction (van
der Waals) forces

Interaction from chargeg
dipoles, guadrupole
(electrostatic interactions

4

Interaction Energy

A correlation based analysis has been performed
order to choose the best interactions for devetppire
GC-plus model. Using MM2 from CHEMS3D the
following interactions were selected: torsion, beWdn
der Waals and non- Van der Waals.

The proposed model for the estimation of norm
boiling point using these properties is the follogi

Tl [T
T;o -It:o VoG

+Y aN'wb+ b+ Elbend @ torsi
wo=voW+ norr vdW

a.d: parameters
i :compound- i
A: Alom- A

2

N': Atloms- oF type A in nmolecde i

fd make it predict the correct trend. The datalihak
cwe use includes: the CAPEC database, external —free

databases, and data from members of the CAPEC
industrial consortium.

Results and discussion.

The quantitative results have been evaluated usiag
sum of squares error (SSE) based on the estimated
values and the correspondent experimental data. The
SSE for the selected database using MG is 81&ind5
using MG-plus is 7172.53.

The qualitative analysis involves a selection aiirp
of cis-trans isomers, since the comparison mustdre
between pairs of isomers. For this reason the dabat
used for comparison purposes decreases in number. T
results are expressed in terms of % of “right tfeod
the predictions. The result is that 58.33% of the
estimations exhibit the right trend on the qualiat
analysis.

It is clear that the GC-plus model improves the
predictive power of previous GC models for cis-gan
isomers. A collection of much more data is necgssar
order to increase the accuracy of the estimatiéesn
as have been pointed out, a further refinementhen t
Hodel to deal with the qualitative approach is seaey.
The next step must be in the sense of collect ata,
improve the model, and extend the range of progerti
predicted using GC-plus models.

ad:ase Study 2.

UNIFAC-CI Group Contribution plus model.
Regarding GC-plus models for mixturés Bert- Gani
-Abildskov? had proposed the use of CI (connectivity
indices) —as molecular descriptors- to overcomdable
of GIP"s on the UNIFAC group contribution method fo
VLE. The basic idea behind this work is to derive a
relation between the group interaction parametdte w
the Cl and atom constitution of the groups desegbi
the molecules under study. In this way, with a base
of ClI and the number of atoms, the uncertainty betw
group interaction parameters GIP’s and the derived
relation is what we call atom interaction parameter
(AIP’s).

Once a work system is defined; for example, VLE
involving compounds with C,0 atoms and their groups
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information (in terms of Cl and number of atomsnfla Where:
the AIP’s fitted, it is possible to: 1) Generasdues for b c d e b C d e
missing GIP’s on the UNIFAC matrix 2) Reestimafe (i 7Y’ ~X7Y7 7X7Y7 EXAY P EXAY XY EX-Y 0 =XV are
its necessary) one or some GIP’s 3) Create a grodp the interaction parameters between atoms of type
estimate its GIP’s. XY

Le Bert- Gani-Abildskohave already the AIP’s for gnqg atoms of typef Ad I are the coefficients to be
the VLE system involving C,0 atoms. It must bgsed with the corresponding atom-interactions, ae.
pointed out that as the CI uses hydrogen suppress%d m f v ¢
graphs, the presence of hydrogen atoms are imghici the order™, between atoms of type* and atoms o
this work, nitrogen related compounds have beemrdddtype Y, in the interaction between grodf)and group
to the_ system under study. _ . | , and which are defined by the following equatifors
Relation  between group- and atom-interactioR,.n order:
parameters. The atom-atom interactions are takeh at (k) v 1,0 (v 0
different levels: xY _ Xy T X (5)
Level 1: interaction betweer"&nd @ order valence ( ! )o - V,,0 v, 0

connectivity indices. Xy X

Level 2: interaction betweer"Gnd #' order valence _ .

connectivity indices. and so on for the higher order coefficients.

Level 3: interaction betweeri'and £' order valence Where ng(k) is the number of atoms of typX in the

connectivity indices. v.m .

Level 4: interaction betweer@nd 2% order valence ~ 9roup K and “X(iyis the m-th order valence
connectivity indices. connectivity index for the groul .

For two groups noted k and |, where k has a loweug

index than |, the following two relations apply: At this moment the following UNIFAC groups have

o o o been covered: Ch C=C, ACH, ACCH,, OH, CHOH,
a, =b. . (AS) +be o (AC), +oy (AT, +- H,0, ACOH, CHCO, COH, CCOO, HCOO, Ci,
0" ~order interactions CHZOa CNFlZ! (C)ZNHI (C)3N1 ACNHZa CCNa and
cc co oN CNO,. Instead fitting 460 GIP’s that represent the
+0ec (A )1+°0-0 (A; )1+C°'N (A )1+'" 3 mixtures using the above groups, a set of 72 Atieex
£*'~order interactions C) to be regressed for the UNIFAC-CI method.
+dc_c(AﬁC)2+dc-o(A{fo)z’fdc_N (AKCIN)ZJ,__ Parameter optimization. The database for the
regression step includes 32 binary measuremergsseri
(462 values) for VLE systems involving C,0,N atoms
+ecfc(Agc)3+ec—o(A150)3+ec—N (AﬁN)g’f--- and 227 binary measurement series (3946 values) for
VLE systems involving C,0 atoms. The parameter
estimation of this work is exclusively based on
isothermal data and checked for thermodynamic

2" _orde interactions

39— order interactions

And: consistency (Van Ne8y. The optimization
L . o algorithm used for the data fitting was the
3, =be_c (A), +hoso (AP°), +beon (AT), +-- Levenberg-Marquarft® technique, which is a

local optimization method. It is therefore strongly
dependent on the initial guesses for the parameters.
The proposed objective function is the following

o - order interactions
+§(A§°)1 +a(A§°)l+cc__N(A§N )1+...
£ —order mteractons (4)
+doc (AF), +deo (AP), +deoy (A), +-

2"_arder interactions

oo o (AF), e o (AP), +ey (AT), + .- where N is the number of experimental data
39 order interactions points, AIP; is the current value of the atom-
interaction parametey, AIP'G,- its corresponding
initial guess, andw,.y a weighting value used to
increase or decrease the influence of regularization
in the optimization.

1P -P Y :
S=—) | X2« AlP- AIP°
Ng( - J%Zj( - AF) @

exp

Results and Discussion

The plots on figure 1 present the comparison batwee
the deviation from experimental data with the orai
UNIFAC method and UNIFAC-CI. The deviation
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plotted in these figures is the average absolutgive can be seen that after using a regularization patiens
deviation (AARD %) for the data set as is define owf reg=1.0e2 or above, the correlation error can be

equation 7. decreased.
1alp -p The regularization scheme that shows the least erro
AARD(%) = —Z 0% 100 (7 is the one corresponding to reg=1.0E2 since theagee
i AARD % is 4.4266. However as we can see from the

exp

plots, the differences between regularization oytiare
From the plots it is clear that UNIFAC-CI exhibit anOt SO big. _ -
reasonable good range of deviaton from the From plots of fig. 1, one can see that the dewmtio
experimental using the AIP’s to calculate GIP’s iffom the experimental data using the atom-inteoacti

comparison with the range of deviation of the origi parameters to calculate group—i_nt(_eraction param(_a's_ar
UNIFAC method. very comparable to the deviation of the original

For the plots on figure 1 it is shown a comparisoHN|FAC method. '_I'he deviations are even better in
between original UNIFAC and UNIFAC-CI accordingMost cases, especially for the systems that arelypoo
to the AARD % for each data set. The data regrassigePresented with original UNIFAC method.
was performed with different regularization optiotis
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Figure 1. AARD % for both original UNIFAC and UNIFAC-CI amg regularization schemes. The lowest value foRR %
corresponds to reg = 1.0E2.

Conclusions For the NBP GC-plus model, it is necessary to ereat
GC-plus models have been developed and testetidor fa larger database in order to increase the reliatof
improvement on property estimations for purahe calculations.

compounds and mixtures. In addition, the modelsehav For the UNIFAC-CI model, further work includes
been compared with well known conventional GQGhe extension to atoms other than C,O,N, for exampl
models of the method and found to give good resultehlorine. This is quite dependent on the amount of
The next logical step is the further refinementtioé available data. Also, the extensions of this mettmd
method to improve the accuracy of the models, thmodels for LLE and SLE are being considered.
extension to other properties and the implementatio

the method as a computer aided tool into IEAS

(Integrated Computer Aided System) from CAPEC
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Molecular Modeling of Polymer Properties

Abstract

A variety of molecular modeling techniques haverbagplied into the study of polymer properties. IStechniques
include Equilibrium and Non-Equilibrium Molecular ypamics (EMD, NEMD), Brownian Dynamics (BD),
Dissipative Particle Dynamics (DPD) and a varidtymnte Carlo (MC) algorithm, and many others. histarticle,
we attempt to summarize our understanding on theseniques in the study of polymer structure, dyicanand
rheological properties.

Introduction domain size in immiscible polymer blends may wedl b
Molecular modeling is a collective term that reféos on the order ofim. [2]

theoretical methods and computational techniques to Due to the wide spectrum of length scales involved,
model or mimic the behavior of molecules. Thoseoarse-graining is often necessary in the study of
techniques are becoming more and more valuable polymer properties. A common way of getting ridadif
polymer science for the exploration of the richthe chemical details on the monomer level is topada
properties of polymer systems. In the past twogyeae the Gaussian chain approximation, i.e. assuming
investigated a variety of molecular simulation noeth polymers can be described by random walks in space.
including EMD [1, 8, 10], NEMD [11], BD [6, 9], DPD Such an assumption is often valid for long flexible
[7] and MC in our study of polymer properties, and  polymers in bulk melt state or being dissolved ileta
attempt to summarize our understanding on theolvent. In a good solvent, long range excludedival
capability/applicability of those techniques hefiéhis interaction becomes important, and polymer swalis,
survey is organized into three main parts concerninvhich case a self-avoiding walk can be crucial. Whe
polymer structure, dynamics and rheological prdpsrt the chain is placed in a poor solvent, polymeragsks,
respectively, and we mainly concentrate on our owdue to the fact that it is thermodynamically favmesfor

simulation results. chain segments stay close [3]. In dynamic simutetio
like MD, DPD and BD, polymer molecules are often
Explore the Structure Properties represented by a bead-spring model, and an apparent

A complete description of a polymer molecule tyflica difference among those different simulation methisds
requires a wide range of length scales. Intra-mdéc that the interaction force law is different.
correlations and local packing of chains in bulkibk Besides the multi-length scale problem, the time
features on the length scale of bond lengths amchiat spectrum associated with the complicated dynamic
radii, i.e. a few A. The Kuhn length of a typicalbehavior of polymer chains is also widely spreabijcv
synthetic flexible polymer coil is on the order bfnm  will be discussed in detail in the section for pobr
and can be considerably large for stiff polymeughsas dynamics. For such reasons, Monte Carlo methods are
DNA. The radius of gyration of a entire chain ireth often of an advantage in obtaining structure priger
amorphous bulk scales as"\with the chain length N of polymers provided that we are only interestedhia
and is on the order of 10 nm for typical moleculastructure properties. If we adapt the Gaussiannchai
weights; the smallest dimension of micro-phasespproximation, polymers with arbitrary architectuan
(lamellae, cylinders, spheres) in micro-phase sdpdr be studied by constructing random walks in space,
block copolymer systems is also on the order ohd) resulting in a variety of useful structure propestof the
while crystallite size in semi-crystalline polymeasid complex molecule (Figure 1). Such methodology has
been incorporated in our recent model developed for
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obtaining elution curves for size exclusion

properties. Since dynamic information is not invexvin

chromatography (SEC) of complex mixed polymewnsual Monte Carlo simulations, dynamic simulations

samples. Besides, properties such as zero-she&r b
viscosity and the steady state recoverable congsian
can be calculated from size calculations accorttrtipe
Rouse theory [4].

Figure 1: Gaussian chain model for polymers. Plotted
are 3D structures of a 3-arm symmetric star polymer

(left) and a linear polymer (right) with the samember
of chain segments. The spheres shown by dots havi
the center at the center of mass and radii equéhdo
radius of gyration of each polymer.

Distributian of the Asphenicity

MD simulation, polymer melts —e—
Monte Carlo, Randorm walks ——

jon, P{A3)

unct
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Figure 2: distribution of chain asphericity calculated

form MD simulation of polymer melts (square symbol)C
and random walks (cross symbol). The system indud®
32 chains with 100 beads on each chain interactirﬁq)

through the so called “Kremer-Grest Model. [1] Chai
asphericity is a quantity describing how the chai
conformation derivates from spherical symmetry wit
the value equal to O for a sphere and 1 for a’dd |

"
& 4 ,(‘

slich as MD, BD and DPD have to be used. In such
cases, structure properties can also be easilylesdcl

as a byproduct of the dynamic simulation. In Figure
2~4, some results concerning structure properties o
polymer chains are presented, and those results are
obtained from our MD, BD and DPD simulations
respectively.

j. pg{r}4ﬁr2dr =N
0

ng

»

Figure 4: radial distribution function calculated from
DPD simulations. Radial distribution function deked
how the chain segments are packed locally. Plaited
the total, inter-chain and intra-chain radial dimition
functions for three melt systems: linear polyméBa
beads, ring polymer of 32 beads and star polym&06f
beads. Due to the soft repulsive potential useBRD
simulations, chain crossing cannot be avoided. &ft m
state, polymer chains are highly overlapping.

Explore the Dynamic Properties

As we mentioned briefly in the previous section,
ompared to the multi-length scale problem, thegean
f time scales characterizing the dynamic propertie
lymers is even broader. While localized vibration
odes of chains have periods on the order of 10 fs,
r(fom‘ormation transitions of individual bonds over
orsional energy barriers in the melt state exhiaiting
imes in excess of 10 ps. Longer and longer se@senc
of segments along the backbones need longer agdron
correlation time to rearrange. The longest relaati
time, required for a chain to diffuse over its ogige
and thus forget its previous conformation, is catito
the Viscoelastic response of polymer melts in flaWis
time scales as Nor low molecular weight melts in the
Rouse regime and as*fNabove a critical molecular
weight for chain entanglements, i.e. in the reptati
regime. For a g polyethylene melt at 450 K this time
is on the order of 3us, while it can easily exceed the

Figure 3: snapshots of chain conformation in a BDmillisecond time scale for the molecular weight

simulation. The chain is composed by 15 beads.|dhe

encountered in typical processing operations. Tine t

figure represents the collapsed state when a palymecales for morphology developed through nucleation

chain is placed in a poor solvent, and the riggure

and growth or spinodal decomposition processes

represents a theta solvent condition where thenchdiypically exceed 1 s, while the characteristic tnfer

conformation is Gaussian.

However, often we are not only interested in th
structure properties of polymers, but also the dyica

volume and enthalpy relaxation in a glassy polymier
temperature just 20 °C below the glass transition
éemperature are on the order of years. [2] AtomistD
simulation, on the other hand, typically tracks the
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evolution of model systems of length scale abouht0 interaction, local drag, random force and hydrodyita

for time scales up to a few decades of ns. Whik thinteraction. DPD simulations have an advantage in
length scale can be increased significantly by ofe dealing with confinement effect and flow under
domain decomposition strategies on parallel compute complex geometries. However, the Schmidt number
there is little one can do about the time scales. (Sc) in DPD simulations has been shown to be f&s le
than the value for real physical fluids [7]. On shi
aspect, BD simulations with hydrodynamic interagsio
may possess a sounder physical basis, since momentu
transport in real fluids is much faster than mass
diffusion (i.e. Sc >> 1).

2

og(g.10)

1000 | D=0.28 um’/s

o

2
8
"

Ing(t1M)

Figure 5: Motion of a polymer chain in melt state (32
chains with 100 beads on each chain). Mean-square
displacement of chain segment motion (red), innestmo
segment motion(magenta), mean square displacerhent o -

chain segments relative to center of gravity oé th time (s)

chain itself (green) and mean square displacenfaheo Figure 7: Mean square center of mass displacement of a
center of mass(blue). The Rouse time, at whichrcha2l um DNA molecule represented by a 10 beads bead
segment will follow the motion of the center of reas spring model. Hydrodynamic interaction is includeygl
was not reached in the simulation.[1]. the RPY tensor, friction force and Brownian force
satisfies the dissipation-fluctuation theorem. WBD
simulation, large time scale dynamic behavior can b
probed.[9].

<R(ty> (um’)

a
°
L

Explore the Rheological Properties
In  Equilibrium dynamic simulations, such as
equilibrium MD, DPD, stress autocorrelation functio
can be computed, which allows us to obtain quastiti
i such as viscosity, storage and loss module thrabgh
o motion Green-Kubo formula, which is the same type of fdamu
¢ 2 used to obtain diffusion coefficient through conipgt
Figure 6: polymer dynamics in DPD simulations. Bothyelocity autocorrelation function. However, sindgess
the segment motion and the center of mass motien Hutocorrelation function is a system property, in
shown. We studied polymer chains with differentyrinciple, we should run a series of simulationsyéd
architecture (linear, ring and star) and with difet petter statistics. This is quite time consumingsirach
number of beads. The simulation results show ROUWinua] simulation is a|ready Computationa”y
dynamiCS, and the simulated diffusion behavior ddpe expensive_ For one Sing|e Simu|ati0n, the stasistian
more on the number of beads along than chain rathgg improved by taking averages over different time
than the chain architecture. This is in consisteittt the  origins [10], but still the results can be very syi
Rouse model, and could be caused by the excludion@igure 8), which makes it difficult to get useful
chain uncrossibility. information such viscosity and module. An altervati
way to obtain viscosity information may be to uke t
Nevertheless, techniques such as MD, DPD and B&okes-Einstein relation from diffusion coefficieand
have been shown to be useful in the study of difus thermal temperature. This idea is similar to theerg
behavior of polymers (Figure 5~7). For polymer mselt experimental micro-rheology approach.
entanglement dynamics can be probed with long shain  On the other hand, non-equilibrium simulations,
interacting through the Kremer-Grest potential modesuch as NEMD [11], Non-equilibrium DPD and BD
[8]. For unentangled polymer melts, Rouse dynamic§imulations with external flow field [12], may beone
can be studied by both MD and DPD simulations. Dugfficient in obtaining rheological properties (Figu9),
to soft repulsive interaction potential used in DPynd a distinct advantage over equilibrium dynamic
simulation, entanglement dynamics due to chaigimulation techniques is that Non-equilibrium

uncrossibility can not be probed. For polymer sohs,  simulation doesn't require either long or large
both DPD and BD simulations have been shown to kgmulations.

useful. In DPD simulations, solvent molecules are
explicitly included, while in BD simulations, solve
effects are implicitly included through excludedwoe

mean square displacement

229



linear polymer, 8 beads —e—
limeae pobiie: - 22 baas 4

linear polymer,
ring polymer,

beads —5—

star polymer, 32 beads —¢—

real rheological experiments and practical procegsi
conditions. For BD simulations with external floiglf],

the simulated Deborah number can be comparable to
practical flow situations.

Summery

We llustrated the capability of molecular modeling
techniques in probing the structure, dynamics and
rheological properties of polymer systems. Several
examples are shown based on our own study of diiter
molecular modeling techniques.

o 20 40 B0 80

time e

Figure 8: stress relaxation curve calculated fromXeferences

equilibrium DPD simulations. Plotted are simulationt-
results for 4 melt systems: linear chains with 8 82
beads, 32-bead star and ring. According to the Roué
theory, 8-bead and 32-bead linear polymer systems
should have the shortest and longest stress r@axat*-
time respectively. However, such features can ret b
verified clearly due to noisy nature in the results

reduced femparature
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planar shear flow

Velocity Profile, Vx

Figure 9: NEMD of WCA fluid, the shear flow is set up
by the SLLOD algorithm with Lees-Edwards boundary
condition. The simulation results show how the
temperature profile affects the shear profile. Fauid,

the viscosity decreases with increasing temperature
Such a study can be extended to polymer systems.

However, in recent years, NEMD simulations have

been questioned for having a far too large defdonat
rate, i.e. the Deborah number is too large compé&wed
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Particle Formation during Natural Gas Combustion atDomestic Appliances

Abstract

Epidemiological associations between illness atagéen dioxide may be the consequence of confogniinfine
particle numbers. Like many other phenomena inreatthe presence of carbon nano-forms in blue csiidiu
flames went virtually unrecognized because it weseatially unexpected. Observation of carbon nanms in
relatively efficient burning, mostly blue combustidlames suggests that the proliferation of soechltlean-
burning gaseous fuel sources, particularly mettsarees gases (CnH2(n+1); n=1,2,3...etc) may, in facke a
significant contribution of carbon nanocrystal fao both the indoor and outdoor air environmdntthis PhD
study, particle formation from gas cookers are stigated.

Introduction burner performance. It is known that using the sgas
The contribution of the home environment and otlier stove to burn natural gas with various heating eslu
style factors in the pathogenesis of allergic disehas other than the intended fuel is inappropriate and
attracted much attention, particularly the roleimfoor hazardous due to the possible occurrence of incatepl
pollution from gas cooking appliances via nitrogercombustion(i.e. a increase of CO emissions and/or soot
dioxide (NQ) and carbon-monoxide (CO) emissions. Irfformation) lift-off, flashback and inadequate hizgatut.

particular, natural gas is recognized as one ofntlost It was communicated that like many other
important cooking fuels for domestic gas burners iphenomena in nature, the presence of carbon nagmtub
developed countries (1). in blue combustion flames went virtually unrecoguiz

A recent hypothesis (2) is that the epidemiologicabecause it was essentially unexpected (6). Obsensat
associations between illness and nitrogen dioxidg mof carbon nanotubes and related nano-forms in
be the consequence of confounding by particle nusnberelatively efficient burning, mostly blue combustio
When particles are measured as mass the great#sies such as propane and natural gas suggestheha
contribution comes from the largest particles, the proliferation of so-called clean- burning gaseousl f
greatest number of particles by far are the sulonicr sources, particularly methane-series gases (CrH2(n
ones. These ultrafine particles are generateds &0, n=1,2,3...etc) may, in fact, make a significant
by the combustion process, and therefore the tweontribution of carbon nanocrystal forms to botle th
pollutants (ultrafine particles and NOare likely to indoor and outdoor air environment. Murr et al (7)
correlate closely. reported aggregated multiwall carbon nanotubes with

There are several studies available in literaturdiameters ranging from 3 to 30 nm and related aarbo
reporting the effects of cook-top burner design andanocrystal forms ranging in size from 0.4 toph
operation factors (such as cap material, cap §ine, (average diameter) in the combustion streams for
shape, port size, port spacing, central secondanyethane/air, natural gas/air, and propane gastairels
aeration, flame inserts, load height, load heightame from domestic (kitchen) stoves.
length ratio, thermal input, etc ) on the gaseous
emissions (NOx, CO and hydrocarbon emissions) froBpecific Objectives
the natural gas fired cook-top burners (3, 4, 5)n this PhD study, particle formation during natugas
However these studies do not provide any correlatio combustion at domestic appliances will be investida
for particulate matter or soot emissions. GaFhe work involves determination of particle size
composition is particularly a vital parameter affieg distribution and chemical composition of the pdetic
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together with the total amount of particles form@&ace keeping this configuration.
the particles have been identified, mechanism of
formation of the particles will be studied and adeb
for particle formation during gas combustion wile b
developed. Depending on the nature of the partithes
project may focus on the precursor chemistry (fdioma
and conversion of PAH prior to soot inception;
formation of SO3 as the limiting step in sulfuricich
formation) or on nucleation and particle growth.eTh
heat transfer characteristics of the flame may dso
part of the study.

Results and Discussions

Preliminary experiments were carried out using gas
cooker in its normal procedure - natural gas segbli
from the city line and air supplied from the
surroundings. There were no pots placed above the
cooker. Samples were collected at ~10cm above the
burner using a gas ejector probe developed foligbart
analysis in a research program instigated to sfirdy
particles (8). Particle concentrations are measuwrita

a Model 3775 Condensation Particle Counter (CPC). |
Particles are classified with a Model 3080 Eledats
Classifier with a Model 3081 LDMA (Long Differentia
Mobility Analyzer), and/or a Model 3085 NDMA (Nano -
Differential Mobility Analyzer).

Figure 2: The reactor-technical drawing and the two
compartments.

The reactor is composed of two compartments, as
presented in Figure 2: 1. The lower compartmergrah
the burner is placed at the bottom with the requgas
connections and four ports through which partfobee
combustion air is supplied to the reactor. Thetigni
and flow control panel of the burner is kept outsitie
reactor, leaving the primary air supply nozzle diesthe

Figure 1. Gas cooker and the ejector probe reactor. The reactor bottom allows using differgat
Since particle concentrations in the ambient airewe fngs after the rgquwed arrangement of primary air
changing over time and there was no experimentgf'pply nozzle distance. 2. Th‘? upper compartment
control over the gas quality, the repeatability Oprowdes extra volume and sampling ports. Aslle_nse
experiments was not likely. It has been observadittie Installed at the reactor outlet for preventing eraisiring

—supposed to be blue flame — was sometimes becomif Ierlme;nts.t fl tability. 1l locit

a colour between yellow to orange. This changthén th n ﬁrtﬁr 0 atssur_e karr:e ts)all ”yl’o OV/V Vgocll}r/]
flame could be due to any impurities coming witle th rough the reactor s kep elow Locmis (9). The
gas or just the changes in air flow around the éurn excess air ratio of the system is kept above 10.

Despite changing conditions in each experimen§ampling ports are placed along the reactor toallo

CPC and SMPS measurements show that particﬁg mpling at different locations above the flameeTh

concentrations increase and size distributions gﬂnang ass W|_ndows plfaced at bqth compartments allows
right after turning on the burner. However the aled observatlt_)n and video recording of the flame thioug
particle concentrations do not go beyond sharp $)eawe§Xp:rr.'m§:tt:|' rocedure can be summarized as
observed once in a while, which could indicatelaase Xper P u ; u Arlz

of high amount of fine particles at some instantirey measurem_ent of total particle concentration, gas
gas combustion. Because of the changing condiiiu)nsConcemr""t'or.]S and temperatures alo_ng the reactor
each experiment, it is not possible to report adréor before, d_urlng _and after - combustion. The gas
the size and frequency of these peaks. Befopé)ncentratlons of interest are oxygen, carbon minleox

correlating these peaks directly to the gas connrust Ic::)arrlj[)ioln (;i:]omde; mn't::f[: o>:|det agd nltrrr(i)gccien ct)x'dtesth
controlled experiments are required. aricie measurements are to be cared out at the

For this reason, a well-controlled experimental sefeactor outlet when the reactor reaches steady. stat

up is prepared. Domestic gas cookers usually apply
partial-premixed flame. A reactor, made of stegbiilt
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During the test period of the reactor, a black d#épo Future Work
is collected on the central part of the burner. sThiExperiments are being carried out in order to poit
deposit is shown in Figure 3. At the initial staafethe the differences in temperature and gas concentistio
deposit formation, the shape of the deposit is miese above the flame, between the open and closed agrerat
to be triangular — which indicates that it couldrbted of the reactor. Temperature and concentration je®ofi
to the second flame zone where the gas nozzlesadre along the reactor are being studied for differdntaad
continuous but located in equally distanced thregas flow-rates, for both cases where the upper
regions. The deposit is suspected to be soot. Anle compartment is in place and displaced.
gravimetry method is applied, results of which are Once the temperature and gas concentration profiles
presented in Figure 4. Thermal Gravimetric Analysign the reactor are determined experimentally, @act
(TGA) is an analytical technique that measures thaill be used for particle investigations at diffate
weight loss (or weight gain) of a material as action experimental conditions, i.e varying the gas and ai
of temperature. The sample weight loss startedratouflow-rate. Currently experiments are being carrma
350°C and the sample totally disappeared around®75 using natural gas from the city line. In the future
experiments will be carried out using pure methame,
mixture of methane and,8 or a gas mixture simulating
natural gas. This is aimed to enable us with olisgrv
the affects of different components on particle
formation.

A CFD model will be prepared to simulate the
conditions inside the reactor. This model will be
validated by experimentally determined temperaturé
gas concentration profiles in the reactor. Thid allow
us to visualize the conditions inside the readtoqther
z ST words to foresee the possible improvements required
order to simulate the conditions in a real kitchen
= environment.

g As there is no mixing in the reactor, temperatures
E and concentrations vary in both horizontal andivalt
axes.

& - With the present construction of the reactor, only

one type of measurement (particle concentratiors, ga
concentration or temperature) can be carried ouh at
single sampling point at one time. Thus if one eted
dmow the temperature and gas concentrations at the
same sampling point where particles are sampleateth
is a need for a reference which provides a valughe
latter under the same experimental conditions which

As soot formation is often related to primary afie were performed previously. In order to overcomes thi
primary air supply opening was increased from 2,3mm P P Y-

to 2,5 mm. The effect of this change in the primaiy Comﬁlzx'“:’ ﬂ? seconditllneit of ?a;rrrpllnvg "p%rlts will tl)le
flow-rate is not calculated, instead the effectdasted opened at theé opposite Site of the avallable sagp

directly. The latter did not have any effect onheit ports. This will allow us to perform temperature gas

. . : measurements at the same point.
deposit formation or the flame structure visually. " o .
In order to determine the reason of deposi In addition to all above, it is worth to mentionoaib

ormaton. 3 smpl st carted out The reaiso = U9 of partles fmed. Dutng e (et o
operated for 8 hours without placing the uppeP

compartment. Particle free air was supplied frora thoutlet. A study will be carried out to identify tmature

reactor bottom, and temperatures and gas conciemltratOf these particles, namely their chemical compasit
were measured through the sampling ports. At thee e

of 8 hours, there was no deposit. This experiment&
repeated under the same conditions, the only difiee
being that the upper compartment is placed. After
hours of operation, the deposit is observed. Thus i
concluded that the deposit formation has its sotumce
the conditions appearing during combustion in th
closed environment.

Figure 4: Results of thermal gravimetry method applie
to the black deposit collected on the burner.
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