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 Welcome to the 9th UK Particle Technology Forum  
 
 

Raffaella Ocone 
 
It is with great pleasure that I welcome you to the 9th UK Particle 
Technology Forum, held for the first time in Scotland, at Heriot-
Watt University. 
 
We have put together an exciting programme which we hope you will find 
interesting; we hope that you will enjoy both the technical presentations and the 
social interactions and that you will have two very fruitful days. We are very 
pleased to have experts from Switzerland, France and the UK to deliver world 
class lectures, showing the international dimension of the Forum. 
 
 
Both keynote lectures are good examples of how Particle Technology is a 
discipline in continuous evolution, where alongside traditional research, new 
methodologies and novel investigations are carried out with great success. Studies 
on particulate materials reflect the newest challenges and trends in research: the 
move from hydrocarbons to carbohydrates is at the heart of research on energy 
and in this context particulate materials play a fundamental rôle. Work in these 
areas of Particle Technology defines a new research landscape, with novel issues 
to investigate, as the first lecture delivered by Grant Campbell shows. 
 
Challenges in handling and processing solids call for the need to quantify the 
solids’ mechanical behaviour: in the second keynote Philippe Marchal and Lionel 
Choplin investigate the rheology of powders, showing ways to rationalise their 
behaviour and how to translate it into a mathematical model. 
 
The Les Ford Lecture is presented this year by Sotiris Pratsinis and is centred on 
flame aerosol technology. Recent advances are presented for the design and 
inexpensive production of sophisticated nanoparticles with controlled composition, 
size and morphology. Emphasis is placed on large scale manufacture of these 
particles. 
 
 
The Young Researchers Award has always been at the core of the UK Particle 
Technology Forum. We are very pleased for the opportunity that this gives to 
young researchers in the field to present their work and to discuss their findings. 
We would like to take this opportunity to acknowledge the generosity of the 
sponsors which makes the YRA possible. 
 
 
I wish you a very fruitful meeting and I hope that, alongside the technical 
discussions, presentation and networking, you will find the time to enjoy the 
vibrancy of Scotland’s capital with its culture, food, whisky and weather! 
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Programme 
 Wednesday 25th June  

9.00 Registration  
9.30 Welcome address  

Prof Doug Greenhalgh,  
Head of School of Engineering & Physical Sciences 

Lecture Theatre 3,  
Hugh Nisbet Building 

10.00 Lecture 1 – “Cereals: the origin and future of particulate 
processing”    
Grant Campbell,  
Satake Centre for Grain Process Engineering, 
University of Manchester. 

Lecture Theatre 3,  
Hugh Nisbet Building 

11.00 Coffee Crush Area and 1.36, 
Nasmyth Building 

11.30 Young Researchers’ Award Session 1 Lecture Theatre 3,  
Hugh Nisbet Building 

12.30 Lunch Crush Area and 1.36, 
Nasmyth Building 

14.00 Young Researchers’ Award Session 2 Lecture Theatre 3,  
Hugh Nisbet Building 

15.00 Tea & Poster Session 1 Crush Area and 1.36, 
Nasmyth Building 

16.30 Leslie J. Ford Lecture – “Functional Nanoparticles 
made in Flames: Particle Coagulation at High 
Concentrations” 
Sotiris E. Pratsinis,  
Department of Mechanical and Process Engineering, 
 ETH Zurich 

Lecture Theatre 3,  
Hugh Nisbet Building 

19.00 Drinks Lectern Bar,  
Hugh Nisbet Building 

19.30 Dinner Scholars Restaurant, 
Hugh Nisbet Building 

 Thursday 26th June  
9.30 Lecture 2 – “Rheology of Powders” 

Philippe Marchal 
GEMICO, ENSIC-INPL, Nancy 

Lecture Theatre 3,  
Hugh Nisbet Building 

10.30 Coffee & Poster Session 2 Crush Area and 1.36, 
Nasmyth Building 

13.00 Poster Awards & Closing Address Lecture Theatre 3,  
Hugh Nisbet Building 

13.30 Lunch Crush Area and 1.36, 
Nasmyth Building 
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Keynote Lecture 1 
Cereals: the origin and future of particulate processing 

Dr Grant Campbell 
Satake Centre for Grain Process Engineering, School of Chemical Engineering and 

Analytical Science, The University of Manchester 

The grinding of wheat into flour is mankind’s oldest continuously practised industry and 
has been described as “the parent of all modern industry”.  In pursuing the fundamental 
need for efficient milling of wheat, millers and millwrights of old introduced a practical 
mastery of several of the fundamental engineering disciplines: fluid dynamics and 
aerodynamics for power generation from water wheels and windmills, mechanical 
engineering for the transmission of power via gearing and control mechanisms, and 
particle handling, breakage and separation operations.  Oliver Evans, American designer 
of the original highly automated flour mills, has been described as “the first thoroughgoing 
plant engineer”, while Professor Friedrich Kick, author of the first scientific treatise on flour 
milling in 1871, also furnished comminution science with one of its most beloved laws.  
Storck and Teague (1952) observe “In these two operations the story of milling… begins: 
the breaking up of cereal grain seeds, [and] the removal from the resulting meal of the 
unwanted portions…  The story… is of how we men have learned to do these tasks better 
and better, devising improved tools and new skills as time passed; enlisting the forces of 
nature to help us; enlarging our mechanical arts and our mental capacities as we struggled 
with the twin problems of increasing the quantity and improving the quality of our product; 
adopting new ways of life, forming new social organizations as a result of a growing 
dependence on this increasing food supply.  There is no other single thread of 
development that can be followed so continuously throughout all [Western] history, and 
none which bears so constant a cause-and-effect relation to every phase of our progress 
in civilization.”  As Western civilization enters the new millennium, this ancient thread 
continues to develop new features.   Cereals such as wheat are now being called upon to 
contribute to the energy and chemical needs of society as well as its food needs, and we 
are seeing the emergence of cereal biorefineries aiming to compete with oil refineries.  In 
contrast with oil, which is a liquid, cereals are particulate in nature and much more 
challenging.  Process engineers will therefore need to master the handling of particulate 
materials, and call on the skill and experience of flour milling, in 
order to design and operate efficient and economically competitive 
biorefineries. 

Dr Grant Campbell is a Reader in the Satake Centre for Grain 
Process Engineering, School of Chemical Engineering and 
Analytical Science, The University of Manchester. Research in the 
Centre focuses on process engineering aspects of cereals 
processing for both food and non-food uses.  Originally from New 
Zealand, Grant did his PhD at Cambridge University on the subject 
of “The aeration of bread dough during mixing”, and worked at 
Campden & Chorleywood Food Research Association before 
joining the university in 1995.  Grant’s research interests are in 
wheat flour milling and fractionation, aeration aspects of breadmaking and other foods, 
cereal-based fermentations and extractions, and process integration for cereal 
biorefineries.  He organised the international conferences Cereals: Novel Uses and 
Processes in 1996, Bubbles in Food in 1998 and Bubbles in Food 2: Novelty, Health and 
Luxury in 2006.  He was awarded the Institution of Chemical Engineer’s Hanson Medal in 
2006 for best contribution to The Chemical Engineer, and its Frank Morton Teaching 
Excellence medal in 2008. 
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Les Ford Lecture 
Functional Nanoparticles made in Flames:  

Particle Coagulation at High Concentrations  
Sotiris E. Pratsinis  

Department of Mechanical and Process Engineering, ETH Zurich, Switzerland 
http://www.ptl.ethz.ch/ 

Gas-phase synthesis of nanoparticles is attractive as it offers fewer process steps, easier 
collection from process streams and fewer liquid byproducts than wet-chemistry routes. As 
a result, it is the preferred route for large scale manufacturing of fumed SiO2, pigmentary 
TiO2, filamentary Ni and carbon black. The lecture will start with an overview of flame 
aerosol technology from ancient China and Greece to the current manufacture of 
commodities.  Recent advances in understanding of aerosol formation and growth allow 
now optimal aerosol reactor design and inexpensive production of sophisticated 
nanoparticles with controlled composition, size and morphology leading to new 
heterogeneous catalysts and directly-deposited gas sensors that are highlighted here, as 
well as to biomaterials, phosphors and even nutritional products (J. Mater. Chem. 17, 
4743:2007).  

Emphasis is placed now on large scale manufacture of these particles. At these conditions 
agglomerate particles are formed with collision areas far larger than their equivalent 
sphere resulting in high concentrations (up 10 vol%) where coagulation no longer follows 
the classic theoretical framework of Fickian flux to the particle surface. A new coagulation 
rate is developed from first principles for high concentration particle dynamics. 

Professor Sotiris E. Pratsinis (Ph.D., UCLA 
1985) was born on March 21, 1955 in Chanea, 
Krete, Greece. Since 1998, he is Director of the 
Particle Technology Laboratory 
(www.ptl.ethz.ch) and since 2007 Head of the 
Department of Mechanical and Process 
Engineering at the Swiss Federal Institute of 
Technology (ETH Zurich). He has graduated 20 
Ph.D. students and currently advises eight. His 
research program focuses on the fundamentals 
of aerosol synthesis of functional particles for 
catalysts, sensors, dental nanocomposites, 
nutrition, electroceramics etc. He and his 
students have published over 200 refereed 
journal articles, received seven European and 
U.S. patents licensed to various industries and 
contributed to creation of four spinoffs. He has received the 1988 Kenneth T. Whitby 
Award of the American Association of Aerosol Research, the 1989 Presidential Young 
Investigator Award from the U.S. National Science Foundation, the 1995 Marian 
Smoluchowski Award of the European Association for Aerosol Research and the 2003 
Thomas Baron Award of the American Institute of Chemical Engineers. In 2005-06 he was 
appointed Russell Severance Springer Visiting Professor at the Mechanical Engineering 
Department of the University of California, Berkeley. He is on the Editorial Boards of the 
Journal of Nanoparticle Research, Particle and Particle Systems Characterization, KONA 
Powder and Particle, Powder Technology, Journal of Aerosol Science and Advanced 
Powder Technology.  He also is on the Advisory Board of the Australian Research Council 
Centre on Functional Nanomaterials and on the Science Advisory Board of the Harvard 
School of Public Health - International Initiative for the Environment and Public Health. 



  10 

Keynote Lecture 2 
Rheology of Powders 

Philippe Marchal & Lionel Choplin 
GEMICO – ENSIC, Nancy, France 

By means of a stress imposed rheometer coupled with a "vibrating cell", generating 
a Brownian motion at a macroscopic scale into the samples, we have shown that 
dense-phase vibrated powders exhibit rheological behaviours archetypal of non-
Newtonian visco-elastic fluids. These behaviours have been accurately described 
through a free volume structural model based on simple "stick-slip" granular 
interactions. As a result, the evolution of the steady state viscosity has been 
accurately expressed as a function of the shear rate, the frictional stress, the 
granular pressure, the vibration frequency, the vibration energy, the intergranular 
contact network mean life and the free volume distribution. The model is consistent 
with Hookean, Coulombian and Newtonian limits and is not only descriptive but 
also explicative and predictive of the encountered phenomena. In particular, a 
"time-granular temperature superposition principle", theoretically predicted by the 
model, has been experimentally verified, the "granular temperature" being 
controlled through the vibration energy and frequency. Moreover, this superposition 
principle has been precisely described by a "Vogel-Fulcher-Tammann" law, leading 
to very close analogies with molecular systems near their glass transition point. 

Philippe MARCHAL  
Docteur de l'Institut National Polytechnique de Lorraine 
Ingénieur du Conservatoire National des Arts et 
Métiers 
PhD Thesis : "Eléments de physique statistique 
appliqués à la rhéologie des milieux granulaires: le 
modèle du château de sables mouvants", Thèse INPL 
en Génie des Procédés, Nancy (2002). 
Engineer Thesis : "Rhéologie structurale de 
dispersions argileuses additionnées de polymères". 
Thèse CNAM en Méthodes Physiques d'Analyses 
Chimiques, Nancy (1995). 
BOOK CHAPTERS 
L. Choplin, Ph Marchal, V. Sadtler, D. Della Valle,  
"Emulsification" in Mise en œuvre des matières agroalimentaires, Hermès-
Lavoisier (2006). 
Ph Marchal, N. Smirani and L. Choplin, "Rhéologie des milieux granulaires denses 
vibrés" in Formulation des solides divisés, Cahiers de Formulation - EDP Sciences 
(2007). 
PUBLICATIONS 
26 publications - 40 Conference proceedings - 3 application notes. 
ORAL PRESENTATIONS (international congress, workshops, symposia): 
12 invited conferences - 11 oral communications - 5  posters. 
PATENT in collaboration with TA Instruments: 
"System and method for rheological characterization of granular materials", Ph. 
Marchal, L. Choplin, N. Smirani, United States Patent 6 971 262, December 6, 
2005. 
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Young Researchers Award in Particle Technology  
 

 
 

Henry Bock 
 
 
 
 
The annual YRA competition is an integral part of the Particle Technology Forum. It 
provides PhD students with the opportunity to present their own work to an expert 
audience highlighting the excellent level of PhD projects undertaken in the field of 
particle technology. 
 
To enter this year’s competition, 21 PhD students from 8 institutions have 
submitted abstracts of their excellent work ranging from tomography of particles to 
catalysis and including both theoretical and experimental projects.  As in previous 
years, the selection committee consisting of members from industry and academia 
had to select the best 6 projects.  The high quality of the submitted work made this 
very difficult.  
 
I would like to take this opportunity to thank all PhD students who have submitted 
an abstract for their efforts and wish them success with their projects.  Likewise I 
thank the selection committee for their thorough duty of shortlisting the candidates 
and selecting the winner.  Clearly this would not be possible without the support of 
the Particle Technology Subject Group of IChemE and Unilever whose 
sponsorship of the Young Researchers Award is gratefully acknowledged.  
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Figure 2: Ratio of p-CNB in the exit stream 
((n)out) relative to that in the inlet stream ((n)in) 
for reaction over Au/Al2O3 at T = 473 K. 
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Use of Catalytic Gold Particles to Promote the  

Ultra-Selective Sustainable Production of Aromatic Amines 

F. Cárdenas-Lizana*, M.A. Keane 
 aChemical Engineering, Heriot-Watt University, Edinburgh EH14 4AS, Scotland. 

 *Corresponding author. Tel: +44 (0) 131 451 4719, e-mail: fl47@hw.ac.uk 

 
The increasingly stringent environmental 

legislation has lead to an urgent demand for the 

development of clean (with limited 

hazardous/toxic by-products) and sustainable 

manufacturing processes. Heterogeneous catalysis 

is now well established as an essential tool for the 

application of “green chemistry” to chemical 

production. Aromatic amino compounds are 

extensively used as intermediates in the 

manufacture of pesticides, herbicides, pigments, 

pharmaceuticals and cosmetic products [1]. The 

standard production route employs Fe based catalysts for the reduction of the 

corresponding nitro compound in acidic media. This approach generates significant toxic 

Fe/FeO waste with low associated target product yields: the development of a cleaner 

alternative is now crucial [1]. Focusing our attention on para-chloroaniline (p-CAN) as a 

high value commercial product, we have 

established 100% selectivity via the 

hydrogenation of p-chloronitrobenzene 

(p-CNB) in continuous gas phase 

operation under mild conditions 

(atmospheric pressure; temperature 

range 393 K ≤ T ≤ 573 K) over solid 

(Al 2O3 or TiO2) supported Au particles 

[2,3]. Such reaction exclusivity, notably 

the absence of any reactant 

dechlorination (see Figure 1), is unique 

when compared with the catalytic 

systems reported in the literature. Pd/Al2O3 and Ni/Al2O3 delivered higher specific 

hydrogenation rates but they proved non-selective (promoting the formation of 

HERIOT-WATT 
UNIVERSITY 

Figure 1:  Reaction pathways associated 
with the hydrogen mediated conversion 
of p-CNB. 
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nitrobenzene and aniline) and exhibited a severe temporal deactivation [2,4]. In contrast, a 

time invariant (up to 80 h on-stream) 

production of p-CAN was achieved 

over supported Au (see Figure 2), a 

result that represents a critical 

advancement in the clean production 

of haloamines [2]. Furthermore, the 

exclusive formation of the 

corresponding halo aniline over 

Au/Al 2O3 has been demonstrated for 

a series of mono- and di-substituted 

halo nitroarenes where reaction rate 

is governed by an electron 

withdrawing substituent activation 

effect [2]. The incorporation of Au in 

Pd/Al2O3 via reductive deposition 

(Pd/Au = 10) did not influence p-CNB hydrogenation activity/selectivity (see Figure 3) 

and characterisation analysis suggests negligible surface Pd/Au interaction. However, in the 

hydrogenation of m-dinitrobenzene over Al2O3 supported 

Au, Ni and Au-Ni it is possible to control the product 

composition in terms of partial (over Au) or complete 

reduction (over Ni) or a combination of both (over Au-

Ni). Surface alloy formation [5], metal particle size (see 

Figure 4) and metal/support interactions are 

demonstrated as having a critical impact on 

hydrogenation performance. Our results demonstrate for 

the first time that catalytic hydrogenation over solid gold-

based catalysts in continuous flow gas operation is a 

viable, clean high throughput route to aromatic amines. 

This work represents a critical advancement in the 

sustainable production of high value fine chemicals. 

[1] X. D. Wang, M. H. Liang, J. L. Zhang, Y. Wang, Curr. Org. Chem. 11 (2007) 299. 
[2] F. Cárdenas-Lizana, S. Gómez-Quero, M. A. Keane, Catal. Commun. 9 (2008) 475. 
[3] F. Cárdenas-Lizana, S. Gómez-Quero, M. A. Keane, ChemSusChem 1 (2008) 215. 
[4] F. Cárdenas-Lizana, S. Gómez-Quero, M. A. Keane, Appl. Catal. A: Gen. 334 (2008) 199. 
[5] F. Cárdenas-Lizana, S. Gómez-Quero, M. A. Keane, Catal. Commun. submitted for publication. 

Figure 3: Variation of p-CAN, nitrobenzene (solid 
symbols) and aniline (open symbols) initial 
selectivity (S0) with initial p-CNB fractional 
conversion (x0) for reaction over Au/Al2O3 (×), 
Pd/Al2O3 (●,○) and Au-Pd/Al2O3 (■,□). 

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0

  
 

 

x
0

S 0

 5nm 

Figure 4: TEM image of pre-
reduced/passivated Au/Al2O3. Inset 
represents diffractogram pattern for a 
single metal particle. 
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 Gilda Gasparini – Loughborough University 

PLGA Microparticles: Production, Characterization and Water-Soluble Drug Controlled 

Release 

A vibrant field in the pharmaceutical and health care industries is controlled release drug particles. 

Particles capable of releasing the encapsulated drug are of great interest because:  

- they help in maintaining therapeutic levels of a drug 

- reduce harmful side effects 

- decrease the amount of the molecule required 

- decrease the number of dosages (increasing patients’ compliance) 

- facilitate the delivery of drugs with short in vivo half-lives 

- protect the incorporated drug by the surrounding aqueous environment. 

One of the most suitable polymers to produce these particles is PLGA, poly(lactic-glycolic acid). 

PLGA is a highly biocompatible polymer, it degrades in vivo to lactic (C3H6O3) and glycolic 

(C2H4O3) acids which are subsequently eliminated as CO2 and H2O via the Krebs cycle. PLGA 

has been approved by the Food and Drug Administration and it has been used for suture, dental 

repairs and bone replacement surgery for a long time. It is widely commercially available and the 

degradation can be controlled. It can entrap the drug either by a matrix encapsulation, where the 

phase is dispersed through the porous inner morphology of the solid particle or, alternatively in a 

hollow core-shell encapsulation. 

In producing particles for controlled drug release, particle size and particle size distribution are a 

major issue. Too small particles may encapsulate only a small amount of drug, release it quickly 

and easily migrate from the place of injection. On the other hand, too big particles are not suitable 

for some kinds of administration. Polydisperse particles need to be sieved, wasting valuable 

material. Producing particles with a narrow size distribution leads to a controlled release, also 

reducing the probability of side effects due to overdose. 

Membrane emulsification is known to produce very monosized droplets and it is easy to tailor the 

droplet size. Mild production conditions make membrane emulsification a suitable method for 

working with drugs. 

In this work, the production of PLGA particles encapsulating a water soluble model drug is 

presented. The particles are produced by double emulsification followed by solvent evaporation, 

hence the particle size is tightly linked to the droplet size.  

So far, the majority of studies in the literature produced nanoparticles, the few studies on 

microparticles did not produce a good size distribution, or they are not suitable for industrial scale 

up.  

The membrane used in this study is a flat thin metal layer with highly regular channel-like pores. 

The shear is provided by a blade stirrer. It will be shown how it is possible to tailor the droplet 

(hence particle) size by varying the operating conditions. A model exists to predict the produced 

size starting from the physical properties and experimental parameters. It will be shown how it is 

possible to vary the size, the size distribution and the porosity and how these characteristics affects 

the encapsulation efficiency of a model water soluble drug. In Figure 1a, a microscopic picture of 

PLGA particles typically obtained is shown.  
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Figure 1a PLGA particles produced by non-
crossflow double membrane emulsification 
followed by solvent removal, encapsulating a 
water soluble model drug.  
D(n,0.5)=50.31 µm Span=0.31 

Figure 1b same particles after 31 days of 
release 

 
The objective is to produce particles in the range of 50 and 100 µm diameters with a narrow size 

distribution (suitable size range for subcutaneous depot) and the best obtained span is 0.29. The 

encapsulation efficiency can be as high as 100% and the influencing factors studied are: particle 

porosity, particle size and polymer concentration. 

The production method provides a good amount of particles (up to 2 grams) so that the release 

studies can consider both the model drug release in the outer water and the changes in size, size 

distribution and surface morphology. The particles are equally divided into ten samples and at 

regular intervals one sample is taken out for analysis while the others remain undisturbed. Figure 

1b is a microscope picture taken of particles after 31 days in the release medium. The change in 

morphology is clear and it is more detailed in Figure 2. This innovative approach has underlined a 

change in size during the release period: first the particles swell, due to water intake, then polymer 

degradation starts and the particle diameter gradually decreases. The gradual change in size 

suggests the presence of surface degradation besides the well recognize bulk degradation that 

PLGA is thought to display. It will be shown how 

the properties such as size, porosity and PLGA 

concentration influence the change in size. A 

model based on diffusion and considering the 

swelling and degradation will be suggested to 

predict the drug release pattern. 

It will be shown how it is possible to produce 

monosized PLGA particles with a technique with 

industrial scale-up possibility, how the particle 

encapsulation efficiency and release behaviour 

can be influenced by production parameters and how it is possible to predict both the particle size 

and the release pattern with mathematical 

models. 

 

Figure 2 FEG-SEM image of PLGA 
particles after 17 days in the release 
medium. Effects of surface and bulk 
erosion are visible 
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 The Role of Powder Surface Properties in High Shear Wet Granulation 
Raimundo Ho 

Department of Chemical Engineering, Imperial College London, South Kensington 
Campus, London SW72AZ, United Kingdom. 

 High shear wet granulation is a very important but poorly understood unit operation 
in any solid processing industry. The lack of fundamental understanding in the process 
means that obtaining a quantitative relationship between formulation, process operating 
conditions and the final granular product performance is extremely difficult. This study 
focuses on the importance of powder surface energetics (wettability), with the aim of 
developing a better understanding in the underlying granulation behaviour as well as its 
relationship to granule characteristics. 
 Three model materials (D-mannitol, silanised D-mannitol and (±)-ibuprofen) with 
markedly different surface chemistries were prepared in both powder (75-180 µm sieve) 
and macroscopic crystal form. Macroscopic crystals of D-mannitol were grown from 
saturated water solution by slow cooling  over a period of 8 to 10 weeks, and (±)-ibuprofen 
was grown from acetone solution by slow evaporation (Figure 1). Silanised powder and 
macroscopic crystals of D-mannitol were prepared by reaction with dichlorodimethylsilane 
to promote surface methylation, thereby increasing surface hydrophobicity. 

 Sessile drop contact angle measurements were employed to evaluate the facet 
specific surface wettability of macroscopic crystals of untreated D-mannitol, silanised D-
mannitol and (±)-ibuprofen, with water and diiodomethane as probe liquids. A novel 
methodology using IGC was employed to evaluate surface energy distributions of the 
powder samples: dispersive energy profiles were obtained from adsorption isotherms of a 
combination of n-alkanes at finite concentrations, and the non-dispersive energy profiles 
determined from the isotherm of ethanol. X-ray photoelectron (XP) spectra were recorded 
on all available facets of macroscopic D-mannitol crystal for quantitative assessment of 
hydroxyl functional group concentrations. Untreated D-mannitol was granulated with 
different composition (0–100% w/w) of (±)-ibuprofen and silanised D-mannitol in a high 
shear granulator (Mi-pro, Pro-C-ept) with 11% w/w aqueous solution of 
polyvinylpyrrolidone (PVP) as binder under identical granulation conditions. Granule size 
distributions were evaluated.  
 The advancing contact angles for various crystal facets were found to be anisotropic 
for Dmannitol and (±)-ibuprofen single crystals [1], but were isotropic for silanised D-
mannitol (Table I), consistent with the local surface chemistry of the facet under 
examination. The rank order of hydrophilicity for various D-mannitol crystal facets was in 
good agreement with concentration of –OH group distributions determined from XPS. 
Measured contact angle polarity revealed surfaces of (±)- ibuprofen and silanised mannitol 
were much more hydrophobic compared to untreated mannitol surfaces. IGC revealed that 
surfaces of untreated mannitol powder were energetically heterogeneous whilst silanised 
mannitol and (±)-ibuprofen surfaces were relatively homogeneous (Figure 2). The 
homogenous energy distributions for silanised mannitol and (±)-ibuprofen powder samples 
can be attributed to the regularity in surface chemistry due to silanisation reaction and the 
predominant existence of the lowest energetic crystal plane [1] respectively. Silanisation 
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reduced γd of D-mannitol surfaces, but did not induce any bulk changes in crystallographic 
structure as determined by XRPD (Figure 3). The measured γd from contact angle on single 
crystals were in excellent agreement with the corresponding IGC γd profile. Binder 
solutions were found to spread preferentially on hydrophilic facets compared to 
hydrophobic facets on single crystals. Granule size distributions were significantly 
influenced by the surface chemistry (hydrophobicity/hydrophilicity of the powder mix) of 
the formulations (Figure 4 and 5). The increase in granule mean size can be attributed to the 
increase in binder coverage due to higher primary particle surface energy. 

 
It was found that the wetting behaviour of binder solution on crystalline pharmaceutical 
solids is dependent on both solid and liquid surface properties, which are directly related to 
their localised surface chemistries. It was shown that IGC is a robust surface energy 
mapping technique which is capable of distinguishing energetic heterogeneity and 
homogeneity of pharmaceutical solids, unlike conventional techniques which tend to yield 
some type of single valued average property. These subtle differences in wetting 
characteristics can significantly influence granule size distributions as shown in this study. 
References 
[1] R. Ho, J.Y.Y. Heng, S.E. Dilworth and D.R. Williams. Wetting behaviour of ibuprofen racemate surfaces. 
The Journal of Adhesion (in press) (2008). 
[2] W. Kaminsky and A.M. Glazer. Crystal optics of D-mannitol C6H14O6: Crystal growth, structure, basic 
physical properties, birefringence, optical activity, Faraday effect, electro-optic effects and model 
calculations. Zeitschrift fur Kristallographie 212: 283-296 (1997). 
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Particle stabilised foams are used in many industrial processes, however the methods 
through which the particles stabilise the foams and films are not well understood as they 
form large and complex systems. These systems are difficult to both examine in real life 
and model, but through better understanding of the mechanisms which affect foam stability 
the many industrial processes reliant on particle laden foams and films can be improved.  
 
One such process is froth flotation which uses air bubbled through an ore slurry to 
concentrate precious minerals. Chemicals added to the slurry render the surfaces of the 
precious minerals hydrophobic. The hydrophobic particles attach to the surface of the 
bubbles as they rise through the slurry and form a concentrated mineralised froth when they 
reach the surface. This froth carries the concentrated ore over the lip of the containing 
vessel and is then dried and taken away for smelting.  
 
Throughout the foam a network of channels called Plateau borders are present, formed at 
the junction of three film surfaces, they make up the majority of a foams liquid content. If a 
film ruptures in the froth the attached particles will enter the Plateau borders in the foam 
and drain back into the slurry. If this happens the energy spent transporting them to that 
point in the foam will be wasted and for this reason understanding the process by which a 
film thins and ruptures is of great importance.  
 
To promote the stability of the froth a frothing agent is added to the slurry but the presence 
of the attached particles can also stabilise the film. The liquid in a foam is constantly 
draining out of it under the force of gravity which exerts a capillary pressure in the Plateau 
borders. This capillary pressure draws the liquid from the films and in turn causes them 
thin. Eventually the film will reach a critical thickness and rupture as the opposite sides 
touch. However, when small, hydrophobic particles are attached to the film they help hold 
the opposite sides of it apart. This has the effect of increasing the capillary pressure 
required to draw the liquid out of the film and cause its rupture. The packing density and 
arrangement of particles in the film as well as their hydrophobicity all have an affect on the 
film stability and it is the combined effect of these factors that have been investigated.  
 
Previous studies have considered the effects of changing particle spacing and contact angle 
in 2 dimensions (2D), but there are limitations to this approach; in 2D when the particles 
are close packed and touching (at a separation distance of zero), the critical capillary 
pressure tends to infinity as there is no exposed film to rupture. In 3 dimensions (3D) 
spherical packing ensures that there are always exposed sections of film between particles 
even when they are close packed. Using Surface Evolver, the effects of contact angle and 
particle separation on the stability of a particle laden film were investigated in 2D and 3D. 
The 2D model was compared and validated with an analytical approach developed by Ali et 
al. [1] and a 3D model was used to investigate the critical capillary pressures of square and 
hexagonal packing of spherical, monodisperse particles. It was found that with particles of 
the same size and surface properties, a hexagonal formation stabilises the film more than a 
square one due to the higher packing density of the hexagonal arrangement and smaller 
exposed film areas. The effects of particle hydrophobicity were also investigated by 
varying the contact angle. It was found that the lower the contact angle the higher the 
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pressure required to rupture the film, but this is limited to contact angles between 0° and 
90° as spherical particles under the same conditions but with a contact angle above 90° will 
cause the opposite sides of the film to draw together and rupture immediately.  
 
This work has been expanded to include the effects of a double layer of particles where 
only one side of the film is bridged by any one particle but they are still hexagonally close 
packed. If this happens it is possible for particles with a contact angle above 90° to stabilise 
a film if they bridge only one side of it. As the film thins, the particles attached to each 
opposing side of the film are forced into contact with each other effectively acting as 
supports holding the opposite sides of the film apart and further slowing the thinning of the 
film. When arranged in this manner close packed spherical particles can stabilise a film up 
to a contact angle of 129° [2]. Therefore there are a range of contact angles between 90° 
and 129° that can either stabilise or rupture a film depending on their arrangement within it. 
Current research is concentrating on identifying the critical capillary pressure and failure 
criteria for double layer particle stabilised films and future work will investigate the 
dynamic properties of particle laden films. At present it is not understood whether a loose 
double layer of particles will spread to form a single layer upon meeting or draw itself 
inwards to form a tight double packed layer.  
 
[1] S.A.Ali, P.AGauglitz, W.R.Rossen, Ind. Eng. Chem. Res. 39 (2000) 2742-2745 
[2] G.Kaptay, Colloids and Surfaces A: Physicochem. Eng. Aspects 230 (2004) 67-87 
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There is a growing impetus in both Europe and the USA for the development of processes 
to generate electricity from coal with zero, or near-zero, emissions of CO2 and other 
pollutants.  Such developments are important in both strategic and political terms, as there 
will be an ongoing need to produce a significant proportion of our power from coal in the 
foreseeable future. The objective of the current project is to investigate a technique for 
generating H2 from the gasification of coal whilst capturing the carbon content as pure 
CO2, suitable for sequestration. The main idea of this work is gasifying coal in H2, at a 
pressure of approximately 70 bar to produce CH4 via: Cs + 2H2 → CH4. Next, CH4 is 
catalytically reformed by steam to produce H2 in CH4 + H2O → CO + 3H2 and 
simultaneously the water gas shift reaction CO + H2O = CO2 + H2 is used to maximise the 
H2 content of the gas produced. Calcium based solid sorbents such as CaO are used to 
remove the CO2 by forming CaCO3 in CaO + CO2  → CaCO3.  By subsequently heating 
the CaCO3, the bound CO2 is released as an almost pure stream of CO2 for disposal, e.g. 
underground or in the sea.  This work on capture of CO2 by CaO is in effect a stand-alone 
process, which can be used to take out CO2 from e.g. the exhaust from a large stationary 
power plant, and to produce a stream of concentrated CO2. The cost of separating and 
compressing CO2 from the flue gases of power plants amounts to 50–80% of the overall 
cost of capturing and storing CO2. Therefore, a solid sorbent for CO2 must be able to 
remain highly reactive for a large number of cycles of carbonation and calcination, for its 
use to be viable, both from an economic and sustainable standpoint. 
 
The use of Ca-based sorbents, both natural [1,2], such as limestone and dolomite, and 
synthetic [3-5], for removing CO2 has been studied extensively. Limestone and dolomite 
are known [1-3] to deactivate after increasing numbers of cycles of carbonation and 
calcination, mainly because of sintering at the temperatures of interest [1-3]. There have 
been attempts to increase the CO2 uptake of calcined limestone by carbonating it in high 
partial pressures of CO2; however, its uptake was found [2] to be independent of the partial 
pressure of CO2. Here, a study is presented on the effect of the concentration of CO2 on 
the uptake of a synthetic Ca-based sorbent, prepared by hydrolysing CaO. Its performance 
is compared with a natural sorbent, dolomite, subjected to the same regimes of reaction.  
 
The synthetic sorbent, consisting of 85 wt% CaO and 15 wt% Ca12Al14O33 (mayenite), was 
prepared by hydrolysing CaO. Mayenite is a mixed oxide, resulting from the solid-state 
reaction of CaO and Al2O3 at between 800 and 1000oC. The preparation of the sorbents 
involved adding CaO to an aqueous solution of Al(NO3)3 in a mixture of  water and 2-
propanol. The procedure was designed so that the water, 2-propanol and the nitrates 
evaporated at different stages, so as to obtain a porous powder. The powder was then 
made into pellets by adding a little water and stirring the wetted powder to form granules; 
these were then roasted at 850oC in an oven for 1.5 h. Naturally occurring dolomite was 
used in the comparative experiments.  
 
The uptake of CO2 by a sorbent (viz. mass of CO2 per mass of sorbent)  and its change 
with number of cycles of carbonation and calcination have been measured using cycling 
experiments in a fluidised bed.  Here, a batch of pre-sized sorbent particles is added to an 
electrically-heated bed of sand, fluidised by gas mixtures simulating those from a gasifier 
and containing CO2. The measured CO2 in the off-gas from the fluidised bed yields the 
extent of reaction as a function of number of cycles. The dependence of the uptake of a 
sorbent on the CO2 concentration during carbonation was tested by carbonating the 
sorbent particles in 14 mol% CO2 for a set number of cycles, after which the CO2 
concentration was increased to 27 mol%, and a second set of cycles was performed; 
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finally, the CO2 concentration was set back to 14 mol%, and the sorbent was cycled 
further. The temperature of the bed, 750oC, the composition of the gas during calcination, 
100 mol% N2, and the calcination and carbonation times, 500 s, were maintained constant 
throughout an experiment.  
 
The uptake of CO2 by the synthetic sorbent depended on the concentration of CO2 used in 
carbonation, for cycle times likely to be relevant in the industrial application of this 
technique. This is in striking contrast to the behaviour of dolomite, cycled under the same 
regimes of reaction; here the uptake of CO2 is independent of its partial pressure. 
Furthermore, this synthetic sorbent showed a steady uptake of CO2 uptake over a large 
number of cycles, and outperformed dolomite after 20 cycles. The uptake of both sorbents 
was found to increase with carbonation time: the increase was substantial for the synthetic 
sorbent, but marginal for dolomite. This unusual behaviour of this synthetic sorbent makes 
it an attractive solid for sequestering CO2.  
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Granulation is a key process in many industrial applications. Examples include mineral processing, 
and manufacturing of fertilisers, foodstuffs, agrochemicals and pharmaceuticals. The objective of 
granulation process is in general to improve material properties and behaviours such as flow, 
handling, dustiness, strength, appearance, structure and compositions, rate of dissolution and 
resistance to segregation. Granulators can be classified into two major categories of low-shear and 
high shear mixer granulators, depending on the prevailing stress and strain conditions. The impeller 
blades/ploughs in high shear granulators rotate at much higher speeds than those of low shear 
granulators, typically in the range of 60-800 rpm, depending on the scale of operation.  
 One of the most important challenges of the granulation technology is process scale-up. The 
ultimate goal in scale-up is to keep product properties constant. The scaling-up of granulation 
process is often difficult, costly and problematic due to the complex dynamics of the process. Little 
effort has been made in the past to study the scale-up of high shear granulation and in particular the 
effect of equipment scale on the structure and properties of product granules.  
 My research program addresses the effect of scale-up of high shear mixer granulators on the 
granule strength, density, size, shape and structure.  Cyclomix granulator (Hosokawa Micron B.V.) 
has been used as a model granulator.  Calcium carbonate (Durcal) powder has been used as model 
primary particles and aqueous polyethylene glycol (PEG) as the binder. Granules have been made at 
various scales, 1, 5, 50 and 250 L. Three scale-up rules have been evaluated i.e. constant tip speed, 
constant shear stress based on the methodology of Tardos et al. (2004) and constant Froude number. 

 Operation of granulators according to the constant tip speed rule produces granules with 
similar properties such as strength, size distribution, structure and density for all four scales, 
followed by a similar trend for the constant shear stress rule, albeit to a lesser extent. The constant 
Froude number rule produces a heterogeneous strength distribution and seems not to be a suitable 
criterion for scaling-up of high shear granulators (Rahmanian et al., 2008a, Hassanpour et al.., 
2008).  
 Measurement of the envelope density, strength and size distribution of the granules 
produced in these scales shows more comparable values among different scales when the constant 
impeller tip speed rule is followed.  The other two scaling rules, i.e. the constant Froude number 
and shear stress rules, do not produce similarly uniform density and size distribution.  In general, as 
the strength, size and envelope density of granules are not comparable at different scales for the 
case of constant Froude number, it is concluded that the constant Froude number cannot be a 
suitable criterion for scale-up of high shear mixer granulators (Rahmanian et al., 2007). 
 For a given scale, granules made at a high impeller tip speed are stronger and can sustain a 
higher level of strain (before macroscopic fracture occurs) than those made at low tip speeds. Such 
an increase in strength is thought to be associated with an increase in the consolidation of the 
granules, hence a reduced porosity. Analysis of the granule structure using the X-ray micro 
tomography, XMT, with resolution of less than 1 µm per pixel supports such an explanation 
(Rahmanian et al., 2008c). 

    
  (a)    (b)     (c) 
Figure 1 XMT images of granules produced in 5L granulator scale, (a) constant Froude number (b) Constant 
shear stress and (c) constant impeller tip speed. 
 The internal structure characterisation of granules has been carried out using Scanning 
Electron Microscopy, SEM, and by a new XMT machine (Nanotom manufactured by Phoenix¦ X-
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ray Company, Germany) to obtain three-dimensional images of the granules structure. The details 
of structure characterisation has been given else where (Rahmanian et al. 2008 c, 2008d). Figures 
1a to 1c show typical XMT images of the central cross sectional of scanned granules produced in 5 
L scale under different scale-up rules. 
 The results of XMT tests enable a quantitative analysis of the granule structure using 
different 3D structure descriptors, such as porosity, auto-correlation function and chord length 
distribution. To quantify the granule structure, a code developed By Dr F Stepanek at Imperial 
College, London, is modified and used. Figure 2a shows 3D reconstructed structure of granule 
which was shown in 2D in Figure 1a. Different colours are representative of different primary 
particles. Figure 2b shows the auto-correlation function for the granule shown in Figure 2a. As it 
appears the auto-correlation function in X, Y and Z are almost matched with each other. This is 
clear indication of homogeneity of granule structure domain. Figure 2c shows auto-correlation 
function for a heterogeneous granule structure shown in Figure 1c where there is a large particle at 
the core. The auto-correlation functions are not matched in X, Y and Z to each other indicating 
deviation from homogeneous structure domain (Rumanian et al., 2008c). 
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  (a)   (b)    (c) 
Figure 2 (a) 3D reconstructed structure of granule shown in Figure 1a (b) auto-correlation function for granule 
shown in Figure 1a (c) auto-correlation function for granule shown in Figure 1c. 
 
 In summary, when the constant tip speed rule is applied, the granules possess similar 
properties, such as strength, size and density. This is attributed to the granules having similar 
internal structure. Therefore, it is concluded that the constant impeller tip speed rule is the most 
suitable criterion for scale-up of high shear mixer granulators. This is the first time that a procedure 
is established for the granulation process whereby the operating conditions, such as the granulation 
time, impeller speed, binder viscosity, binder ratio and primary particle size distribution in different 
scales of the granulators produce granules with a consistent strength, density, mean size and 
structure.  
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The success of petrorefineries after the petroleum crisis in the late 1970s came from 
making the most of every drop of oil through process integration; in a parallel way, 
biorefineries will only become competitive by fractionating the very last drop of the 
‘barrel’ of biomass. Biorefineries will become even more complex than petrorefineries, as 
they will have to include pretreatment and bioconversion stages on top of the traditional 
chemical engineering unit operations. This implies that process integration for biorefineries 
will face inherited, as well as inherent, challenges. One of the main challenges biorefineries 
will encounter is the inclusion of solids handling in the representation of their processes in 
commercial process engineering software; although 70% of the intermediate products and 
60% of the final products handled by established process industries are particulate solids 
[1], either the associated models and flowsheets simplify extremely their behaviour, or do 
not include them. In the case of biorefineries, almost all of the raw materials and many of 
the intermediate products will be particulate solids. Thus, the choice of the right framework 
to deal with solids handling within commercial process engineering packages will be of 
utmost importance to underpin the development of competitive biorefineries. 
 
Cereal biorefineries will play a key role in the new economic scenario; cereals offer large 
scale production, high energy density and pre-existing infrastructures for handling and 
transportation. Among the cereals, wheat will be one of the most important ones in the 
European context. Wheat, being composed of solid granular kernels, first requires 
sophisticated milling and separation into appropriate fractions. The effectiveness of the 
fractionation at this stage of the process greatly affects the performance and efficiency of 
subsequent stages. While milling and sifting are usually neglected in the simulation of 
industrial processes, they are highly complex and interacting operations, and have proved 
to be a real challenge for simulation. 
 
This research is focused on the use of commercial process engineering software packages 
for solids simulations. An example of the integration of solids handling within HYSYS® is 
presented: a simplified sifting unit and a roller milling unit for wheat are included in the 
process simulator. The model used in the roller mill is based on the concept of the breakage 
equation relating the particle size distribution resulting from the roller milling of wheat to 
the input characteristics of the wheat and the design and operation of the mill [2,3]. A new, 
simplified breakage function, based on the Kumaraswamy equation, is presented. 
________________ 
[1] Charpentier, J.C., 2005, Four main objectives for the future of chemical and process 
engineering mainly concerned by the science and technologies of new materials production. 
Chemical Engineering Jounal 107(1-3):3. 
[2] Campbell, G.M. and Webb, C., 2001, On predicting roller milling performance. I. The 
Breakage Equation, Powder Technol, 115:234-242  
[3] Campbell, G.M., Bunn, P.J., Webb, C. And Hook, S.C.W., 2001, On predicting roller 
milling performance. II. The Breakage Function, Powder Technol, 115:243-255. 
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DEM simulations are becoming increasingly used in research into 
particulate processes.  The number of particles that can be included in a given 
simulation is now approaching, and occasionally exceeding a million.  To achieve 
this however, large particles (>> 1 mm) and low values of the Young’s modulus (< 
106) are commonly used in order to allow large incremental time steps and thus 
tolerable elapsed times for simulation.  It has also been noted that many 
publications are light on validation of results and somewhat less than robust in 
determining the key input parameters – with in many cases these treated as 
adjustable parameters determined by fitting simulation output to experimental 
results.   

The poster address DEM utilisation and utility in terms of its application as a 
predictive tool for simulating the behaviour of commercially relevant particles.   In 
reality the particles of interest to industry are relatively small (<< 0.5 mm) and 
frequently rather hard (G > 1010).  This leads to unreasonably long simulation times 
for reasonable numbers of particles.  Here lies an ongoing challenge for the code 
writers and the hardware – and in time increased capability will evolve.   

Of more concern is that a “predictive capability” infers that the input 
parameters are measured rigorously and not treated as adjustable parameters.  
This requires a clear understanding of the physical significance of the input 
parameters – and how they relate to the measurements made to characterise 
particle flow and interaction.  For example  

– What friction factor is actually measured in a Schultze ring tester (or similar)?  
How does this relate to the friction coefficients required as input for DEM 
simulations: variously static friction, dynamic friction, rolling friction.  Is it 
actually possible to discriminate these factors experimentally? 

– And how can one measure a coefficient of restitution? 

Of the many challenges ahead in the development of DEM codes and their 
application to commercially relevant particles and predictive process design, the 
robust estimation of the particle flow and interaction parameters should not be 
neglected and probably merits a significant effort in its own right. 
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Abstract Three-phase gas-liquid-solid systems in which the gas phase is evolved from the liquid 
phase by reaction at the solid surface have received little prior attention despite their common 
occurrence in many industrial processes such as hydrometallurgical leaching or liquid-phase 
dehydrogenation.  This study will examine the effects of reagent concentration and solid loading 
upon the gas evolution rate, gas-phase hold-up, and solids suspension behaviour for a model 
reactive system of sodium hypochlorite decomposition over porous nickel catalyst in a laboratory 
scale stirred tank reactor equipped with various types of impellers. 
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Batch fluidized bed dryers are widely used for drying moist powders and granular 
solids in the food, biotechnology and pharmaceutical industries because they 
provide good solid mixing and intensive heat and mass transfer between the solid 
and hot gas phases. Generally, large energy inputs are needed during a drying 
process because of the high latent heat of water evaporation. As a result, 
modelling and control of the fluidized bed dryer is important in order to minimize 
energy usage. 

A simple two-phase model is used to describe the dynamics of a fluidized bed 
dryer, which includes a bubble phase and an emulsion phase consisting of an 
interstitial gas phase and a solid phase. The model describes the mass and heat 
transfer between the phases and the effect of the drying-wall is also taken into 
account.  

Two distinct issues are addressed in a batch fluidized bed dryer control: one is to 
determine the optimal operation so that energy consumption is reduced and the 
other is on-line control of the material drying time to achieve the desired drying 
rate. In terms of the optimal operation conditions for batch fluidized bed dryers, the 
control strategy should be a compromise between the energy consumption and the 
drying time required to achieve the desired end moisture content, which is a typical 
nonlinear programming problem. It has been shown that the performance of a 
fluidized bed dryer is dominated by the inlet gas superficial velocity rather than the 
inlet gas temperature based on the model parameter sensitivity analysis so that the 
inlet gas superficial velocity is chosen as the only manipulated variable for control 
while the inlet gas temperature is kept constant. The optimal inlet gas superficial 
velocity profile can be obtained by solving the energy consumption index with the 
constraints on the manipulated variable and the end point of particle moisture 
content. In order to achieve a desired drying rate of powders in a fluidized bed 
dryer, a feedback controller called generic model control (GMC) is designed. The 
significant advantages of using the GMC for control of a batch fluidized bed dryer 
include: (a) the developed fluidized bed dryer model can be used directly in the 
control algorithm; (b) The GMC can handle a large degree of process model 
mismatch. 

In order to implement optimization and on-line feedback control for a batch 
fluidized bed dryer, a nonlinear observer using an Extended Kalman filter (EKF) 
has been developed to estimate the particle moisture content in cases where the 
on-line particle moisture content measurement is not available 

The experimental validation shows that the developed dynamic model can be used 
to predict the particle moisture content and temperature profiles during the drying 
process in a fluidized bed dryer. The sensitivity analysis of model parameters has 
been carried out using different simulations, indicating that the performance of a 
batch fluidized bed dryer is affected significantly by the inlet gas superficial velocity 
and temperature. It is found that the optimal operation condition of a batch fluidized 
bed dryer can be obtained by setting the inlet gas superficial velocity to its 
maximum allowable value and the proposed GMC strategy can be successfully 
used to control a batch fluidized bed dryer. 
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Abstract 

Haloamines in general, and para-chloroaniline (p-CAN) in particular, represent a 

group of commercially important chemicals which are used as intermediates in the 

manufacture of herbicides, insecticides, pigments, pharmaceuticals and cosmetic products. 

p-CAN can be produced via the reduction of para-chloronitrobenzene (p-CNB) in batch 

mode either using a metal–acid reduction system or by selective hydrogenation using 

transition-metal catalysts in the liquid phase. The metal-acid systems present an 

environmental problem due to the production of toxic metal oxide waste. Catalytic 

hydrogenation in liquid phase has a lower environmental impact but a concomitant 

hydrodechlorination (to nitrobenzene and aniline) results in low  p-CAN yields. The 

development of a “greener” high throughput production of p-CAN is the goal of this 

project. The gas phase continuous hydrogenation of p-CNB in butanol (BuOH) using a 5% 

w/w Ni/Al 2O3 supported catalyst under mild conditions (T = 393K, PH2 = 1atm) has been 

investigated. The catalyst is 100% selective with respect to p-CAN, which represents a 

significant improvement over reported selectivities. Exclusive formation of p-CAN has also 

been established for Ni/SiO2, Ni/Graphite and Ni/Activated Carbon [1]. Use of different 

alcoholic solvents has little effect on p-CAN yield/hydrogenation rate with 100% 

selectivity established in every instance for reaction at 393 K. Pd/Al2O3, as an alternative 

catalyst, delivered appreciably higher p-CNB conversions but with the production of 

nitrobenzene and aniline as the principal products [2]. Catalyst activation (temperature 

programmed reduction) has been examined and the H2 uptake capacity of the catalysts has 

been measured. Future work will focus on detailed catalyst characterisation, extending 

reaction conditions to optimise p-CAN production with a consideration of applicability to 

the synthesis of other commercially important aromatic amines.   
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     The flow behaviour and adhesive interaction of white blood cells and platelets with the vessel 
wall are known to be critically associated with a number of physiological and pathological issues.  
However, there has been no integrated model of the motion of individual cells as they flow in the 
blood stream, make contact with the vessel wall and form adhesive bonds.  The Discrete Element 
Method (DEM) coupled with traditional Computational Fluid Dynamics (CFD) derives the global 
characteristics of a particulate flow not by considering it as an entity, but from observing the 
individual behaviour of each particle, in particular localizing inter-particle collisions and modelling 
inter-particle contact.  Currently, this is the most suitable approach for the simulation of the highly 
discontinuous phenomena found in engineering particulate flows, but has only seen very limited 
recent application to blood flow. 
 
     In this paper, whole blood is treated as a multi-phase suspension consisting of liquid plasma, red 
blood cells, white blood cells and platelets.  A full 3-D DEM/CFD code has been developed to 
simulate whole blood flow in a microvessel having a square cross-section of 200 µm × 200 µm.  
Periodic boundary settings are adopted to simulate a continuous blood flow driven by a pressure 
drop between the entrance and the exit.  All three types of blood cells have been modelled as 
spheres with appropriate physical properties.  The flow rate, haematocrit and surface energy of the 
blood cells have been systematically varied to investigate the effects on the plasma and blood cell 
velocity profiles, red-cell aggregate size, blood cell distribution and white-cell adhesion interaction 
with the vessel wall.   
 
     The overall flow shows a typical non-Newtonian behaviour with large red-blood-cell aggregates 
forming at lower flow rates, higher values of haematocrit and surface energy.  The white blood cells, 
when marginated to a very close distance from the vessel wall, can make contact with the wall if 
they have a sufficiently high approach velocity.  Subsequently, they may bounce off the wall, roll 
alongside it or establish firm bonds with it depending on the relative magnitude of hydrodynamic 
forces, impact force and the adhesive forces which vary with cell mechanical properties, velocity of 
approach and surface energy.  Simulations have also been conducted in a cylindrical microchannel 
using the Immersed Boundary Method and results are compared with those obtained in the 
microchannel with a square cross section. 
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Abstract:  

 Chlorophenols (CP) have been widely used as reactants or solvents in the 

manufacture of high value chemicals, such as pesticides or pharmaceuticals [1]. However, 

pollution associated with these compounds has increased to such an extent that they are 

now categorised as priority environmental pollutants [2]. Catalytic hydrodechlorination 

(HDC) (H2 induced C-Cl bond scission) is emerging as an alternative and innovate 

approach to the treatment of chlorinated waste, where  hazardous compounds are 

transformed into recyclable products with no (or limited) emissions and/or less toxic 

products [3]. Palladium has been established as an effective dehalogenation agent [4]. In 

this study, gas phase catalytic HDC of CP is examined over bulk (µm size) Pd particles. CP 

HDC resulted in the formation of phenol (PhOH), which underwent further hydrogenation 

to give cyclohexanone (C6ONE) and cyclohexanol as final products. C6ONE formation has 

been found to be strongly dependent on the reactant/catalyst ratio where, in the case of 2,4-

dichlorophenol HDC, C6ONE yields up to 80% were recorded. Direct catalytic conversion 

of PhOH (as feedstock) under the same reaction generated lower C6ONE yields. We 

propose CP HDC as a viable new route to C6ONE, a valuable intermediate in the 

production of Nylon.   

 

[1] L.F. Hatch, S. Matar, "From Hydrocarbons to Petrochemicals". Gulf Publishing Company, 

Houston  (1981). 

[2] USEPA (2000) Chemical Advisory and Notice of Potential Risk: Skin Exposure to Molten 

2,4-Dichlorophenol (2,4-DCP) can cause Rapid Death, Advisory Document No. 8EHQ-

14302. 

[3] P.N. Rylander, "Catalytic Hydrogenation Over Platinum Metals". Academic Press, New 

York (1967). 

[4] S.M. Wallas, "Reactor Engineering for Chemical Engineers". International Student Ed. 

Kogakusha Ltd., Tokyo (1959). 
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Die filling is an important stage in pharmaceutical tabletting process. Understanding the 
powder flow behaviour during die filling is crucial, as it will influence the final properties of 
the tablets. In addition, during die filling, a high powder flow rate and low segregation 
tendency are required to improve the manufacturing efficiency and product quality. In this 
paper, die filling from a stationary shoe in vacuum and in air was analysed using a coupled 
discrete element method (DEM) and computational fluid dynamics (CFD) code in which 
the powder is modelled using DEM while the air is analysed using CFD. The air-particle 
interaction has been considered as a sum of pressure gradient, the force from viscous 
stress and drag, consequently the complex interaction between the air and the powder 
could be modelled. The numerical simulations have revealed that the presence of air 
during die filling has a significant impact on the powder flow behaviour. In a vacuum, the 
powder flows into the die smoothly and quickly. In air, the filling process becomes much 
more chaotic as air is entrapped within the die to form bubbles which hinder and disturb 
the powder flow. The strong interaction between the powder and the entrapped air leads to 
a significant mixing of particles. It has also been shown that the flow behaviour depends 
upon the particle size and density. Based upon numerical simulations, a regime map for 
powder flow in air is developed and the powder flow behaviour is distinguished into two 
distinctive regimes: air-sensitive and air inert. In the air-sensitive regime, the powder flow 
behaviour is significantly affected by the presence of air, while the air presence has a 
negligible effect on the flow behaviour of air-inert powders. To avoid the influence of air on 
the powder flow behaviour during die filling, formulations with air-inert characteristics 
should be chosen. This is further illustrated by mixing and segregation behaviour of binary 
mixtures with air-sensitive and air-inert powders during die filling. It is demonstrated that 
significant segregation can be induced for such a mixture with a low concentration of air-
sensitive powder in the die when air is present in the process.  
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Roller compaction is a continuous dry granulation process for producing free flowing 
granules in order to increase the bulk density and uniformity of pharmaceutical 
formulations. Compared to wet granulation process, The advantages of roller compactions 
are 1) No moisture and additional heat are involved so that it can be used to process 
moisture, solvent or heat sensitive formulations; and 2) It is a continuous manufacturing 
process with high production rate and low energy consumption. However, it is a 
complicated process and ribbon properties are dominated by a number of factors, such as 
the powder properties, friction, roll speed, roll gap, feeding mechanisms and feeding 
speed, which consequently determine the properties of the granules (size distribution and 
flow behaviour). It is hence important to understand the influence of these factors on the 
ribbon properties.  

In this study, an instrumented roller press developed at the University of Birmingham has 
been used to investigate the effect of lubrication on the density distribution of the ribbons. 
Three different cases are considered: 1) no lubrication; 2) lubricated press, in which the 
wall boundaries of the roller press are lubricated; and 3)lubricated powder, for which a 
lubricants is mixed into the powder. In addition, how the powder is fed into the slip region 
of the roller press is recorded and its influence on ribbon properties is investigated. It has 
been found that the homogeneity of ribbon density is determined by how the powder is fed 
into the roller press and a sharper drag angle of the feeding powder results in a more 
heterogeneous ribbon. In addition, the ribbon density depends upon the peak pressure 
and nip angle. The higher the peak pressure and nip angle are, the higher the ribbon 
density is. Furthermore, the densification behaviour of the powder during roller compaction 
is compared to that during die compaction. It has been shown that the densification 
behaviour during these two processes are similar if the ribbons and the tablets have the 
same thickness. 

 



  35 

Poster 10, Witharana, Leeds  
 

Thermo-physical properties of Water-Ethylene glycol based CNT nanofluids 
 

Sanjeeva Witharana, Yulong Ding* 
 

Institute of Particle Science and Engineering, University of Leeds, Leeds, UK 

 

 

 

ABSTRACT: 

Suspensions of multi-walled carbon nanotubes in water-Ethylene glycol liquids are studied 

for their effective thermo-physical properties. The results show that the thermal 

conductivity of dilute CNT suspensions do not display drastic enhancement in comparison 

to their base liquids. As the particle loading exceeds 2wt%, the suspensions behave like a 

thick gel. Rheology measurements show that the CNT suspensions are shear thinning at 

low shear rates, which diminishes at higher rates. 

      

Keywords: Carbon nanotubes, thermo-physical properties, enhancement 
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Abstract 

Thermal conductivity and viscosity of ethylene glycol based suspensions of nanoparticles 

(nanofluids) are investigated experimentally in terms of the particle concentration, 

temperature and particle shape. Abnormal increments of both thermal conductivity and 

viscosity of the measured nanofluids are observed compared with the predictions of the 

conventional equations. The particle concentration and particle shape show strong effects 

on the thermal conductivity and viscosity of the nanofluids. However, the temperature 

shows little influence on the relative thermal conductivity and high shear viscosity of the 

nanofluids with respect to the base liquid although the temperature has strong effects on the 

absolute values of the two properties. Theoretical analyses suggest aggregation be the 

mechanism which well interprets the observed behaviors of both thermal conductivity and 

viscosity by combining the conventional equations with aggregation. 
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Abstract 

A new process using steam reforming of glycerol, a major by-product/waste bio-diesel 

production, for hydrogen, a much more usable and greener energy carrier, using solid 

circulation is designed and investigated in terms of thermodynamic analysis, 

hydrodynamics, heat transfer and chemical reactions with and without solid adsorption 

circulation. The results show the proposed process is successful with stable and continuous 

hydrogen production. The influence of various parameters including pressure, temperature, 

water-to-glycerol feed ratio and CO2 adsorption has been investigated. It is also found that 

considerable enhancement of glycerol conversion is demonstrated only with a small amount 

of solid adsorption circulation.  
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Membrane Emulsification for PLGA microparticles: Production, characterization and Release 

Studies 

 

Poly (lactic-glycolic acid) is a well known and widely used biopolymer. It undergoes hydrolysis and 

degrades into lactic and glycolic acids which are then naturally eliminated by the body. PLGA 

degradation rate can be controlled and it is a very versatile carrier, being able to encapsulate both 

hydrophilic and hydrophobic drugs. There is the requirements of a production method for very 

uniform particles with a diameter ranging between 50 and 100 µm, to be used for subcutaneous 

(under the skin) administrations. It has been proven in the literature that the drug release is affected 

by the particle size. The main benefit of making uniform particles is that it enables the engineering 

(i.e. mixing) of the monosized particles to give the required size distribution hence the required 

release pattern. 

The particles have been produced by membrane emulsification followed by solvent evaporation. 

Membrane emulsification is well known for a highly controlled droplets production and solvent 

evaporation guarantees a spherical shape and tightly links the particle size and size distribution to 

the droplet ones . It will be shown how changing the operating conditions it is possible to vary the 

size and size distribution, while influencing the solvent evaporation rate it is possible to optimize the 

encapsulation efficiency. Particles of exactly  50 and 100 µm in diameter have been produced, with 

a best span of 0.29 and encapsulation efficiency as high as 100% when encapsulating a hydrophilic 

drug has been achieved. 

It is possible to predict the droplet size by a force balance and knowing the operating conditions. 

These also affect the shrinkage in volume from droplets to particles due to solvent removal so it is 

possible to predict the final particle size. 

The obtained particles have been used to study the release of a model hydrophilic drug and the 

changes in size and size morphology have been followed over time too. PLGA was believed to 

undergo bulk erosion due to hydrolysis once in body-like conditions. The data gathered about the 

changes in size suggests that together with bulk erosion, when an hydrophilic phase is present 

inside the particles, surface erosion takes place too.  

A model for the release has been proposed based on diffusion equation, considering the variation in 

size of the particles. 
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Abstract  
 
The stress nature and breakage behaviour of a particle inclusion embedded in a matrix of 
particles subjected to shearing (normal pressure and strain rate of 20 kPa and 10 to 13 s-1, 
respectively) is investigated. In previous studies the size ratios (ratio of the diameter of 
inclusion to diameter of surrounding particles) of 3 to 15, more applicable to the 
granulation process, were investigated. In this work, the effect of lower size ratios, ranging 
from 0.71 to 2.5, on the stress ratio (ratio of deviatoric stress to hydrostatic stress) are 
investigated by Distinct Element Method (DEM) simulations. It is shown that as the size 
ratio is decreased below 2.5, the number of contacts around the embedded particle 
decreases and the maximum stress ratio drastically increases, promoting particle breakage. 
This trend is consistent with experimental observations, where the granule breakage 
increases with a decrease in size ratio. 
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Abstract 

 

We have developed a simple device to characterise the tribo-charging propensity of 

powders.  A small amount of powder is shaken in a container by reciprocal strokes in a 

horizontal direction.  The charge on the powder is quantified by a Faraday cup before and 

after shaking.  The main objective of this work is to analyse the operation of this simple test 

device by investigating the behaviour of α-lactose monohydrate, hydroxy propyl cellulose 

(HPC) and a 50:50 binary mixture (by mass) of these two powders with various surfaces 

commonly used in the pharmaceutical industry. The experiments are carried out in 

controlled environmental conditions and using different shaking times and frequencies of 

10, 20 and 30 Hz.  

 

The experimental results show that α-lactose monohydrate and HPC particles have the 

highest magnitude of charge at 20 Hz frequency against all surfaces tested.   This is 

surprising, as it is intuitively expected that higher charges should be produced at 30 Hz, 

given other conditions.  This is attributed to particles clustering at 30 Hz, resulting in 

reduced particle-wall collision frequency which affects particle charging.  
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Abstract:  
 
 
In the pharmaceutical industry particle size reduction by mechanical means, such as milling, is a 

very important industrial operation. Milling is usually achieved by a combination of particle 

fracture and surface damage of individual particles under the action of applied stresses.  

 

It has long been recognized that the product properties depend on not only the feed material 

properties, but also the mill type and its operating conditions. However, a very limited number of 

investigations have dealt with the influence of temperature and humidity on the breakage 

behaviour of organic solids. In this work, the impact breakage has been quantified for three 

organic solids (i.e. Aspirin, α-lactose monohydrate and sucrose) under various environmental 

conditions and an approach is presented to analyse the effect of temperature and humidity on the 

material mechanical properties. 
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Abstract 

 

Size reduction of particulate solids by milling is one of the most important unit operations 

in the food, fine chemicals, and pharmaceutical sectors. In the pharmaceutical industry 

emphasis is on producing drug particles in specified size distributions as this determines the 

bioavailability and hence quality of the final product. Despite recent progresses in this field, 

there is little understanding of milling of organic solids, particularly on the relationships, 

between feed particles, process dynamics and conditions and product properties.  The 

selection of an appropriate mill is generally by trial and error. An additional complication is 

that milling of pharmaceutical organic materials is strongly affected by the flowability of 

the material being milled, which in turn is affected by strong adhesion energy and often low 

plastic yield strength of organic crystals.  These influence the interactions between the 

powder and the milling medium and hence the product characteristics. Often, with 

prolonged milling, rather than further size reduction, compaction and agglomeration of the 

product may result due to adhesion of the fine particles.   

 

In this study the effect of lubrication on the flowability and milling behaviour of an active 

pharmaceutical ingredient, acetyl-salicylic acid, is investigated by adding and mixing a 

small quantity of Aerosil, silica nanoparticles.  A Schulze shear cell and a Retch oscillatory 

single–ball mill are used, respectively. Attempts are also made to identify the optimum 

amount of Aerosil needed for this purpose.  

Since product quality and stability are important considerations in the production of 

pharmaceutical materials, the associated effect of milling in the presence of the nano-

particles on the thermal properties of the product is investigated using a Differential 

Scanning Calorimeter (DSC). 
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Granulation is a key process in many industrial applications. Examples include mineral 
processing, and manufacturing of fertilisers, foodstuffs, agrochemicals and 
pharmaceuticals.  Scaling up of granulators from a laboratory scale to the pilot scale, and 
finally, to the industrial scale has therefore been a subject of many investigations.  
However, little work has been carried out on the engineering science of scaling up of 
granulators and in particular on the effect of equipment scale on the structure and properties 
of product granules.  
 
We address the effect of scale-up of high shear mixer granulators on the granule properties 
such as strength, density, size, shape and internal structure.  Cyclomix granulator 
(Hosokawa Micron B.V.) has been used as a model granulator.  Calcium carbonate 
(Durcal) powder has been used as model primary particles and aqueous polyethylene glycol 
(PEG) as the binder. Granules have been made at various scales, 1, 5, 50 and 250 L. Three 
scale-up rules have been evaluated; constant tip speed i.e. constant shear stress based on the 
methodology of Tardos et al. (2004) and constant Froude number. 

 
The structure characterisation of granules has been carried out using Scanning Electron 
Microscopy, SEM, and by a new  X-ray micro tomography, XMT, machine (Nanotom 
manufactured by Phoenix¦ X-ray Company, Germany) to obtain three-dimensional images 
of the granules structure.  
 
In summary, when the constant tip speed rule is applied, the granules possess similar 
properties, such as strength, size and density (Rahmanian et al., 2007, 2008). This is 
attributed to the granules having similar internal structure. Analysis of the granule structure 
using, XMT, with resolution of less than 1 µm per pixel supports such an explanation. 
Therefore, it is concluded that the constant impeller tip speed rule is the most suitable 
criterion for scale-up of high shear mixer granulators. This is the first time that a procedure 
is established for the granulation process whereby the operating conditions, such as the 
granulation time, impeller speed, binder viscosity, binder ratio and primary particle size 
distribution in different scales of the granulators produce granules with a consistent 
strength, density, mean size and structure.  
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Abstract 
 
The dispersion of powders is important for many applications, particularly in particle 
characterisation and pharmaceutical powder dispersion in Dry powder Inhalers (DPIs).  The 
effective dispersion of fine cohesive powders is difficult due to relatively large interparticle 
attraction forces compared to particle weight.  A significant amount of energy is required to 
deform and fully disintegrate particle clusters into their primary constituents.  To 
effectively disperse cohesive powders the applied separating force has to be greater than the 
attractive forces.  A separating force can be achieved using high velocity gas streams, by 
acceleration and shearing, impaction, or by a mechanical means such as vibration or 
mixing.  A second approach is to manipulate the powder to reduce the interparticle 
attraction which reduces the required separating force; this can be done by increasing 
particle surface roughness. 
 
This paper aims to further develop the understanding of the interactions between fluid (air) 
and bulk powder forming loose aggregate clusters and to establish a relationship between 
the dispersion efficiency, the fluid dynamics and the cohesion level of powders.  The 
research involves both experimental and computational methods.  The flowability of 
cohesive powders, defined as the ratio of the unconfined yield strength to the major 
principal stress, is used to quantify the degree of cohesion of various bulk powders with 
different particle sizes.  The dispersion efficiency of powders is quantified by a comparison 
between the actual particle size distribution (using a wet dispersion method involving an 
appropriate dispersing agent and ultrasonic vibration etc) and the size distributions obtained 
from dry dispersers.  The computational approach is based on the Distinct Element Method 
(DEM) coupled with Computational Fluid Dynamics (CFD) and is implemented to analyse 
the dispersion at a particulate level.  A single cluster of 500 bonded particles is generated 
and subsequently sheared in a linear shear flow field.  The deformation and disintegration 
of the cluster as a function of cohesion level and fluid dynamics are analysed and reported. 
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Abstract 
 
In pharmaceutical powder processing agitated dryers are normally used to reduce the 
moisture content of powder. During drying of pharmaceutical materials, the agitation of 
particle bed provides homogenous moisture content, however this causes shear 
deformation, which may lead to particle breakage.  The undesirable particle breakage leads 
to dust formation, loss of materials and deviation from required particle size distribution 
which in turn affect the secondary powder processing. It is therefore of great industrial 
interest to understand and control the breakage of particles during drying process. The aim 
of this paper is to analyse the extent of attrition occurring in agitated dryers and to relate the 
breakage to the single particle properties and shear conditions.   
 
The attrition shear cell, introduced by Paramanathan and Bridgwater (1983), is used to 
analyse the particle attrition under shear deformation.  In particular the effect of stress, 
strain and strain rate on the bulk attrition level are investigated.   Furthermore, the stresses 
in the dryer are analysed using the Distinct Element Method (DEM) simulation. The 
relationship among stress levels, the single particle properties (such as hardness and 
fracture toughness) and particle attrition is then analysed and reported. 
 
The future aim of this paper is to extend the DEM simulation to a lab-scale agitated dryer in 
order to evaluate the stress levels within the powder bed, and to predict the breakage level 
as a function of agitation speed and the single particle properties. 
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There is a growing need to deliver the “active molecules” from the core of the microcapsules to the 
surface of foreign solid objects, such as fabrics, both woven and non woven. For such applications, 
the microcapsules should be able to adhere to the foreign solid objects first, before releasing the 
encapsulated active ingredient. As a result, it is important to study and understand the adhesion 
between microcapsules and the substrate in air or various liquid media so that the adhesion of 
microcapsules on the interested substrate could be maximised, and hence the “active molecules” are 
able to be delivered effectively to the intended destination. 
 
Of special interest is the adhesion of melamine formaldehyde (MF) microcapsules on fabrics. 
Notley et al.1 conducted a systematic study of the surface forces between a cellulose sphere and 
cellulose thin films of varying crystallinity as a function of ionic strength and pH. To the best of our 
knowledge, there is no published research on directly measuring the adhesive force between MF 
microcapsule/microparticles and fabrics.  
 
The research reported here aims to investigate the adhesion between MF microcapsules and fabrics 
in air as well as in the liquid media relevant to industrial applications. The preliminary results 
showed that the adhesive force between individual microcapsules and fabric fibres in air spanned a 
wide range, which might be attributed to the rough surface of fabric fibres as well as some fibres’ 
spatially tangling in air. Therefore, a new method reported by Gunnars et al.2 was adopted in order 
to generate a thin and uniform cotton cellulose film so that the geometry of interaction and the 
surface roughness could be better controlled for use in adhesion measurements.  
 
In this work, a cotton cellulose film was made by dissolving cotton powder in NMMO (N-
methylmorpholine-N-oxide) solution, and DMSO (dimethyl sulfoxide) was added to control the 
viscosity of the cellulose solution. A thin layer of the cellulose solution was spin-coated onto a 
silicon wafer pretreated with an anchoring layer of poly(ethyleneimine) (PEI), and the cotton 
cellulose was precipitated in deionised water. Spectroscopic ellipsometry, atomic force microscopy 
(AFM) and X-ray photoelectron spectroscopy (XPS) techniques were employed to characterise the 
cotton films. 
 
AFM was also applied to measure the adhesive force between MF microcapsules containing oil-
based active ingredients and the generated cellulose film in air and in various liquid media with 
different pH values. The details of the results will be presented. The results obtained should help to 
maximise the adhesion of MF microcapsules to fabric surfaces, and the delivery of the “active 
ingredients” to the intended target may be realised efficiently and effectively. 
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Permeability is an important parameter in modelling the behaviour of fluid transport in porous 
media, or packings, since it is used to predict the fluid flow through the material for a given pressure 
difference. In this research permeability was measured using three different ways: permeation, 
filtration and sedimentation, using the same material in these processes wherever possible. The 
materials tested were: glass beads, sand, diatomaceous earth, calcium carbonate and china clay. 
For these materials the particle size distribution was determined by a Malvern Mastersizer, and the 
specific surface area per unit area was used to predict the permeability using Kozeny’s relation. 
Further analysis involved the use of Solver within Excel to determine the value of the Kozeny 
coefficient that provided the least squared error for a series of experiments; over a range of 
sedimentation starting concentrations, or filtrations with different slurry concentrations. In all cases 
an excellent agreement between the measured and predicted permeability could be achieved by 
allowing the Kozeny coefficient to vary, for a given material, but keeping the value constant for that 
material within a set of sedimentations, filtrations, or permeations. Values for the Kozeny coefficient 
are shown in Figure 1. It can clearly be seen that the expected values of 5, for a packed bed, and 
3.4 for a moving bed are in reasonable agreement with the data for Sauter mean diameters greater 
than 80 microns. However, the Kozeny coefficient becomes more difficult to predict at the smaller 
sizes.  

 
Some examples of how the permeability varied with solid concentration are illustrated in Figure 2, 
for the materials studied. The solid curves represent the predicted permeabilities using the Kozeny 
equation for permeability, with the values of Kozeny coefficient shown in Figure 1. The agreement 
between the measured and correlated values of permeability, using a single value of the Kozeny 
coefficient, is good.  
Work is continuing to correlate the Kozeny coefficient with the particle shape and size distribution, 
as well as investigating values of permeability from the literature to accomplish a database of 
Kozeny coefficients and size/shape. A Neural Network type of approach is being developed for 
determining the Kozeny coefficient from input data on size and shape.  
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Calcium based solid sorbents such as CaO are widely used to remove the CO2 from flue 
gases by forming CaCO3 in CaO + CO2  → CaCO3.  By subsequently heating the CaCO3, 
the bound CO2 is released as an almost pure stream of CO2 for disposal, e.g. in spent oil 
wells.  Limestone is potentially an ideal sorbent, particularly because of its wide availability 
and low cost. However, its use for capturing CO2 presents two important problems, 
namely: (i) it loses its capacity to take up CO2 after a number of cycles of carbonation and 
calcination, because of loss of internal pore volume by sintering [1], and (ii) in its calcined 
state, it can undergo significant attrition in a fluidised bed [2]. In this work, two techniques, 
coprecipitation and hydrolysis, were employed to produce a reactive synthetic sorbent 
suitable for capturing CO2 in a fluidised bed; the sorbents prepared consisted of CaO 
dispersed on an inert support, either mayenite or MgO. The performance of the prepared 
sorbents, when subjected to cycles of calcination and carbonation, was compared with 
selected, naturally-occurring sorbents, such as limestone (~95 wt% CaCO3), chalk (~92 
wt% CaCO3), and dolomite (~85 wt% CaMg(CO3)2). The factors affecting the uptake of a 
sorbent and its stability were investigated, when subjected to successive cycles of 
calcination and carbonation in a fluidised bed. Various techniques were employed to 
analyse the morphological features of the sorbents, namely gas adsorption analysis, SEM  
(Scanning Electron Microscopy) imaging and TEM (Transmission Electron Microscopy) 
tomography. Two sorbents prepared by hydrolysis did not show a decrease in surface 
area and pore volume after repeated cycles of carbonation and calcination, in contrast with 
the natural sorbents, and so their performance in capturing CO2 after extended cycling did 
not diminish [3]. A direct relationship was found between the uptake of CO2 by a synthetic 
sorbent and the volume available inside small pores (< 200 nm), i.e. the maximum uptake 
of CO2 by a synthetic sorbent is determined by the volume inside these tiny pores. 
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The hydrothermal synthesis of TiO2 nanoparticles was studied using the 
synchrotron based in-situ Energy Dispersive X-ray Diffraction (EDXRD). The effect 
of temperature, pressure, composition of sol-gel and different peptizers on particle 
size, morphology and crystallographic phases are investigated. It has been 
observed that as soon as the pressure in the process vessel was built up, resulting 
from a high process temperature, the TiO2 particles were immediately formed 
giving rise to noticeable diffraction peaks, followed by a gradual increase of 
diffraction intensity indicating a further formation of the particles with the process 
time for most of the processes.  
 
The XRD clearly indicated the crystallization of TiO2 nanoparticles in two common 
crystallographic forms namely anatase and rutile which were facilitated by the 
introduction of peptizers such as tetrabutyl-ammonium hydroxide (TBA) and nitric 
acid (HNO3) respectively. SEM and TEM images showed that the particles formed from a 

high precursor concentration synthesis have a bi-modal size and morphology distribution 
for rutile particles produced by HNO3 peptized solution synthesis, whereas a more uniform 
distribution of particle size and morphology of anatase particles are produced by TBA 
peptized solution processes. 
 
The in-situ time resolved data provides the critical information to workout the 
reaction kinetics of the crystallisation of TiO2 nanoparticles. This data is combined 
with other analytical techniques such as powder XRD, DSC/ TGA, and FTIR for 
improved fundamental understanding of the hydrothermal synthesis of TiO2 
nanoparticle formation mechanisms and other stoichiometrically more complex 
functional nanomaterials in future investigations.  
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Figure 1: In-situ EDXRD data during the 
hydrothermal synthesis of TiO2 nanoparticles 
from TBA peptised gel at 270oC. 
 

Figure 2: TEM image showing the size and 
morphologies of TiO2 particles after 
hydrothermal treatment of TBA peptised gel at 
270oC. 
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High shear wet granulation is a very important but poorly understood unit operation in any 
solid processing industry. The lack of fundamental understanding in the process means that 
obtaining a quantitative relationship between formulation, process operating conditions and 
the final granular product performance is extremely difficult. This study investigates the 
relationship between powder surface energetics (wettability), with the aim of developing a 
better understanding in the underlying granulation behaviour as well as its relationship to 
granule characteristics. 
 
Three materials (D-mannitol, silanised D-mannitol and (±)-ibuprofen) with distinctive 
surface chemistries were prepared in both powder (75-180 µm sieve) and macroscopic 
crystal form. Macroscopic crystals of D-mannitol were grown from saturated water solution 
by slow cooling, and (±)-ibuprofen were grown from acetone solution by slow evaporation. 
D-mannitol was reacted with dichlorodimethylsilane to modify surface hydrophobicity. 
Sessile drop contact angle measurements were employed to evaluate the facet specific 
surface wettability of the macroscopic crystals. A novel methodology using IGC was 
employed to evaluate dispersive and polar surface energy distributions of the powder 
samples. Untreated D-mannitol was granulated with different compositions (0–100% w/w) 
of ibuprofen and silanised D-mannitol in a high shear granulator (Mi-pro, Pro-C-ept) with 
11% w/w aqueous solution of PVP as binder. Final granule size distributions were 
evaluated. 
 
The advancing contact angles for various crystal facets were found to be anisotropic for D-
mannitol and (±)-ibuprofen single crystals, but were isotropic for silanised D-mannitol. 
IGC revealed that surfaces of untreated mannitol powder were energetically heterogeneous 
whilst silanised mannitol and (±)-ibuprofen surfaces were relatively homogeneous. The 
measured energy differences could be attributed to their differences in surface chemistries. 
The measured γd from contact angle on single crystals were in excellent agreement with the 
corresponding IGC γd profile. Granule size distributions were significantly influenced by 
the surface chemistry of the formulations. The increase in binder coverage due to higher 
primary particle surface energy corresponded to the increase in granule mean size. 
 
It was found that the wetting behaviour of binder solution on crystalline pharmaceutical 
solids is dependent on both solid and liquid surface properties, which are directly related to 
their localised surface chemistries. It was shown that IGC is a robust surface energy 
mapping technique which is capable of distinguishing energetic heterogeneity and 
homogeneity of pharmaceutical solids, unlike conventional techniques which tend to yield 
some type of single valued average property. These subtle differences in wetting 
characteristics can significantly influence granule size distributions.  
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Granular detergents are the most common type of detergent products sold today, with sales 

running in billions of dollars worldwide. Spray dried detergents are the major constituent of 

these detergent products.  

Particles impact on the walls of equipment occur throughout the spray drying process 

including, inside the drying chamber, exhaust system and cyclones, post drying handling 

and packing lines. These impacts can have a significant effect on product quality and 

process operation as they change the particle size and morphology through breakage and 

agglomeration. In addition any particles that become adhered to the surface will form wall 

build-up which in turn affects process operation and product quality. 

Presented here are experiments performed to understand the impact behaviour of spray 

dried detergent particles. High-speed video photography was used to systematically study 

the influence of formulation, particle size and velocity on 45º impacts with a stainless steel 

target.  Breakage frequency, fragment number and restitution coefficient were quantified.   

Increasing impact velocity and particle size was shown to significantly increase both the 

breakage frequency and fragment number whilst their influence on the restitution 

coefficient, of unbroken granules, was small.   The influence of the particle structure, which 

changes with particles size, was highlighted.   In addition formulation was seen to have a 

significant effect on impact behaviour. 

Keywords – Spray-Drying, Detergents, Particle Impacts, Coefficient of Restitution, 

Breakage 
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Although minimum agitation speeds are important when designing solid suspension 

systems, the methods of determining these speeds are relativly primitive. Therefore, the aim 

of this work was to investigate the possibility of using electrical capacitance tomography 

(ECT) to monitor the internal particle flow of a solid/liquid mixture and thus to determine 

the minimum agiation speed for complete suspension. 

ECT measures the capacitance of materials across a vessel in order to determine a 

concentration profile. A ring of electrodes sited around the outside of the vessel take it in 

turns to act as a transitter while the others act as recivers. The result is a mesh like 

collection of  capacitance data. This data can be interpreted and used to illustrate the 

concentration of each material throughout the system. Finally, using this concentatrion data 

the system is also able to determine the volume ratio of the two materials within the vessel. 

To determine the minimum agitation speed, the volume ratio was monitored at two separate 

planes within the vessel, one near the base and another nearer to the liquid surface. As the 

mixture was agitated at increasing speeds the volume ratio of the lower plane would 

decrease while the upper increased as material became dispersed thoughout the vessel. The 

speed at which these two ratios became equal represented the suspension becoming fully 

mixed. 

The minimum speeds found using this technique were compared to those which could be 

calculated for the same system using Zwietering’s correlation for mimumn off-bottom 

speed. While the number of runs completed using the ECT system was not large, due to 

technical issues, results obtained coincided very closley to the theoretical values. As such 

the use of ECT for this application appears validated, and certainly deserves further 

investigation in future. 
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Abstract 
 
Calcium carbonate, CaCO3, is one of the most common scale components found in oilfield 

production wells and surface facilities. The prediction of kinetics of scale deposit depends 

on the understanding of the calcium carbonate precipitation from solution. The formation of 

calcium carbonate is of practical importance in a number of areas. Calcium carbonate of a 

particular size, shape, and crystallographic phase is also used in various commercial 

applications such as in paper coatings or as fillers for rubber materials. 

 
Calcium carbonate precipitation is widely studied using various methods however the 

techniques used were either based on solution side information to determine precipitation 

kinetics or offline size analysis to find growth rate constants.  The rate of deposition is 

important parameter to investigate in order to understand the dynamics of the process. 

Traditionally offline methods are primarily used to measure the deposition rate.  

 
 In the present work,  inline technique based on (Focused beam reflectance method, Mettler 

Toledo) gives direct measurement of number of crystals. The inline image technique by 

(PVM, Mettler Toledo) and (FBRM, Mettler Toledo) give accurate induction period 

measurements and nucleation kinetics. The method of moments is utilised to determine the 

crystal size and hence the growth rate. 

 
 The inline technique is used which makes this method useful in determining the deposition 

(scale) rate in real time. In addition this method can correlate the deposition rate to the 

precipitation rate of calcium carbonate in the solution using the same technique.  

Effect of calcium ion concentration and solution temperature on the scaling rate is 

presented here.  
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Abstract 
 
This work aims to understand the rheological behaviour of suspensions of TiO2 

nanoparticles in water-ethylene glycol mixtures. Extensive experiments have been carried 

out to investigate the effects of particle concentrations over 0-8 wt % and water 

concentration in the base liquid over 0 – 99 vol %. The two-step method was used in 

preparing the suspensions and the suspensions were found to be very stable. The results 

indicate the non-Newtonian behaviour of all suspensions with clear shear thinning at low 

shear rates. The shear thinning behaviour was found to be strongly dependent on the 

effective particle concentration and viscosity of the base liquid. The high shear viscosity 

was found to agree with the Einstein equation at very low particle concentrations but 

significant deviation occurs at high particle concentrations.  

 



  55 

Poster 31, Jin, Leeds 
 

Thermal conductivity and viscosity of suspensions of 

microencapsulated phase change materials (MPCM) in the presence 

of nanoparticles 

Jian Jin, Jin Yi, Peiqing Liu, Guiping Lin, Haisheng Chen, Zhizhi Cang and Yulong 
Ding* 

 
Institute of Particle Science and Engineering, University of Leeds, Leeds, UK 

 
Abstract 

 
Thermal conductivity and viscosity of suspensions of microencapsulated phase change 

materials (MPCM) in the presence of nanoparticles are investigated experimentally. 

The effects of temperature of the suspension and nanoparticle loading are examined. 

It was found that the use of nanoparticles enhanced the thermal conductivity of 

MPCM suspensions and the enhancement increased with increasing concentration of 

nanoparticles. The temperature, however, had little effect on the thermal 

conductivity. The introduction of nanoparticles was found to increase the suspension 

viscosity and the temperature had a strong influence on the absolute value of the 

shear viscosity. The relative viscosity of MPCM suspensions with respect to the base 

liquid, however, did not change much when temperature was varied.  
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Abstract 
 
Debinding is an essential stage of the powder injection moulding process (PIM), taking 
place after injection moulding and before particle sintering. One debinding method used in 
the aerospace sector is wick debinding. Here the ceramic green body is buried in a wicking 
powder containing pores on the micron scale. As the embedded system is heated up the 
binder phase within the compact melts and is extracted by the wicking powder through the 
fine pores. This enables the binder to be removed from the compact in a well-controlled 
manner without pressure build-up that can lead to cracking, distortion and other defects. 
The wicking powder also provides support to the molten green body to help preserve the 
desired shape. 
 
Previous wick debinding research has largely assumed a mechanism by which binder 
removal takes place, and as such, has struggled to model the wick debinding process 
accurately. In most cases researchers assumed binder is removed as a complete binder plug 
with both leading and trailing fronts separating binder and vapour phases in the powder 
matrix. Our experiments have demonstrated such assumptions to be false. Instead, the 
binder is distributed uniformly throughout the compact and is removed according to pore 
size distribution. A much more comprehensive understanding of wick debinding has been 
achieved based on particle and pore size data, and theory of liquid flow through porous 
media. 
 
A new mathematical model has been developed and implemented in different geometries 
using a Finite Element Method Simulation. The model relies on measurable parameters and 
is demonstrated to be in agreement with experimental results, showing excellent agreement 
with both the mean binder saturation of the compact and the uniform binder distributions. 
The wick debinding process can now be modelled accurately for the very first time. 
 
The method operates in two spatial dimensions and with improved computational resources 
a real 3D green body could be modelled for industrial application. This breakthrough 
enables the distribution of binder in complex-shaped ceramic parts to be determined during 
wick debinding and can be used to predict the occurrence of defects. The particular 
application is that the industry may adapt heating cycles to reduce the debinding time 
whilst minimising defect formation for a given injection moulded part, improving product 
yield as well as reducing energy costs. 
 
We gratefully acknowledge the assistance of Dr A. Cendrowicz and Mr B. Prajapati of 
Ross Ceramics Limited, and EPSRC for studentship. 
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Abstract 
 
The objective of this work is to investigate the influence of granulation time on the 
properties of the pharmaceutical granules and consequential effect on the properties of the 
tablets. To achieve this several batches of lactose – hydroxpropylcellulose (HPC) granules 
were prepared for different granulation times; mechanical strength of the granules and the 
resultant granules were then measured from diametric compression tests. The results 
obtained show that there is a logarithmic increase in the granule strength as the granulation 
time increases. A similar trend was observed on the strength of the corresponding tablets. 
Effect of HPC composition on the strength of granules and tablets was also established. The 
strength of the granules and the corresponding tablets was found to increase with increasing 
HPC concentration. 
 
The strength of the granules can have an effect on the downstream processing of the 
granules for instances in the compaction process during tabletting process. It is important to 
have knowledge of how the strength of the granule varies with the granulation time. It is 
also important to be able to link the granule properties with the properties of the tablets that 
are formed. 
 
In this work the strength of granules taken after different granulation times was determined 
using the diametric compression test. The test of the tablets made from granules of taken 
after different granulation times was also determined from diametric compression tests.  
 
Keywords: Tablet Strength, Granulation Time, Granule strength  
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Poster 35, Witharana, Leeds 
 

Thermal conductivity measurement of Titania 
nanofluids using 3-omega method 

Yi Jin1,2, Sanjeeva Witharana1, Haisheng Chen1, Yulong Ding1*, Daqiang Cang2 
1Institute of Particle Science and Engineer, University of Leeds, LS6 1QP, UK 
2School of Metallurgy and Ecological Engineering, University of Science and Technology Beijing, 
100083, China            
 

Abstract 
Nanofluids (nanoparticle suspensions) have been under spotlight for exhibiting superior 

thermal performances over their respective base liquids. It is speculated that this unique 

behaviour of nanofluids could lead to breakthroughs in energy applications, and hence the 

quality of life. Given that the existing classical correlations failing to capture this effect, the 

importance of accurate measurement techniques are even more highlighted. This work 

presents the novel 3-omega (3-ω) method for the measurement of thermal conductivity of 

nanofluids. The TiO2 nanoparticles were suspended in 75:25 (by volume) water and 

ethylene glycol mixture. The particle concentrations of these nanofluids were ranging from 

0 wt% to 8 wt%. The thermal conductivity measurements were conducted over a 

temperature range of 10oC to 40oC. It was observed that the thermal conductivity of the 

fluids were increasing with the particle concentration. The enhancement also depends upon 

the fluid temperature.  

 
Keywords: Nanofluids, thermal conductivity, enhancement, 3-omega technique   
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Programme 
 Wednesday 25th June  

9.00 Registration  
9.30 Welcome address  

Prof Doug Greenhalgh,  
Head of School of Engineering & Physical Sciences 

Lecture Theatre 3,  
Hugh Nisbet Building 

10.00 Lecture 1 – “Cereals: the origin and future of particulate 
processing”    
Grant Campbell,  
Satake Centre for Grain Process Engineering, 
University of Manchester. 

Lecture Theatre 3,  
Hugh Nisbet Building 

11.00 Coffee Crush Area and 1.36, 
Nasmyth Building 

11.30 Young Researchers’ Award Session 1 Lecture Theatre 3,  
Hugh Nisbet Building 

12.30 Lunch Crush Area and 1.36, 
Nasmyth Building 

14.00 Young Researchers’ Award Session 2 Lecture Theatre 3,  
Hugh Nisbet Building 

15.00 Tea & Poster Session 1 Crush Area and 1.36, 
Nasmyth Building 

16.30 Leslie J. Ford Lecture – “Functional Nanoparticles 
made in Flames: Particle Coagulation at High 
Concentrations” 
Sotiris E. Pratsinis,  
Department of Mechanical and Process Engineering, 
 ETH Zurich 

Lecture Theatre 3,  
Hugh Nisbet Building 

19.00 Drinks Lectern Bar,  
Hugh Nisbet Building 

19.30 Dinner Scholars Restaurant, 
Hugh Nisbet Building 

 Thursday 26th June  
9.30 Lecture 2 – “Rheology of Powders” 

Philippe Marchal 
GEMICO, ENSIC-INPL, Nancy 

Lecture Theatre 3,  
Hugh Nisbet Building 

10.30 Coffee & Poster Session 2 Crush Area and 1.36, 
Nasmyth Building 

13.00 Poster Awards & Closing Address Lecture Theatre 3,  
Hugh Nisbet Building 

13.30 Lunch Crush Area and 1.36, 
Nasmyth Building 

 


