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Summar y y 

Thee first chapter presents a short introduction in the field of slurry bubble column 

reactors,, mass transfer in three-phase systems, the objective and main contributions of this 

thesis.. Particle-to-bubble adhesion is an important issue in the areas of anti-foaming, 

flotationn processes and multiphase slurry reactors. The adhesion of catalyst particles to 

gass bubbles may enhance appreciably the reaction rate at the gas-liquid (G-L) interface, 

andd therefore can be used as an effective technique in process intensification. There are 

stilll  numerous aspects to be studied, namely particle-bubble and particle-particle 

interactions,, characterisation and modification of the catalyst support, kinetics, mass 

transfer,, pressure effects, hydrodynamics and regime transitions in the slurry bubble 

columns,, process modeling, design and scale-up. The aim of this thesis is to understand 

andd exploit the phenomena of catalyst agglomeration and catalyst-gas adhesion for 

improvementt of catalytic slurry bubble column performance. The thesis brings original 

andd useful contributions regarding the multilayer adhesion, contact angle of porous 

particles,, bubble coalescence in the presence of solid particles, catalyst support 

characterisationn and modification. The results of this work offer cost-effective solutions 

forr the preparation and characterisation of supported noble metal catalysts as well as for a 

betterr design of the slurry bubble column reactors. 

Chapterr 2 deals with the modeling of particle-to-bubble adhesion. A generalized 

modell  for the quantitative description of particle adhesion to gas bubbles is developed. 

Previouss models assumed non-porous spherical particles with smooth surface forming a 

monolayer.. In this case, the bubble coverage by particles can be calculated by means of 
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Summary Summary 

three-phasee contact angle. In practice the catalyst particles are porous, have rough 

surfacess and irregular shapes. Under these circumstances, the three-phase contact angle 

exhibitingg hysteresis shows large differences between the equilibrium, receding, and 

advancingg contact angles. The measurements of the equilibrium contact angle are also 

complicatedd due to the liquid absorption into the pores and interparticle space. Our model 

describess adhesion of: (i) single spherical particle, (ii) monolayer of particles, and (iii ) 

aggregatee of particles. The adhesion of particles to a gas bubble is correlated with the 

maximumm adhesive and cohesive forces as the main parameters. The cohesive forces 

betweenn particles play a key role. For small cohesive forces, the particles can either 

adheree as single particle or as monolayer, while stronger cohesive forces allow multilayer 

adhesionn or adhesion of particle clusters via one or few particles. The model explains the 

influencee of particle agglomeration on the G-L mass transfer in slurry bubble reactors. 

Thus,, an increase of the interparticle cohesive forces leads to lower bubble coverage and 

G-LL mass transfer, in agreement with the previous experiments. 

Thee Chapter 3 presents the experimental study regarding adhesion of particles to gas 

bubbles.. The experiments are conducted under stagnant conditions with porous and non-

porous,, as well as with hydrophilic and hydrophobic particles. The images of bubbles 

coveredd by one or more particles were recorded at high optical magnification and further 

analysedd by image processing. Both the liquid surface tension and particle surface 

hydrophobicityy increse the adhesion strength and the tendency of particles to agglomerate. 

Thee experiments confirm the influence of various parameters involved in the theoretical 

modell  and thus validate the correctness of physical assumptions. At the same contact 

angle,, mesoporous particles show lower adhesion force, lower coverage angle and lower 

penetrationn angle than non-porous particles. Lower adhesion forces are well explained in 

termss of an equivalent contact angle of porous particles. The wetting behaviour of 

particless having pores filled with liquid is similar to the wetting behaviour of non-porous 

particless with the same geometry, but lower three-phase contact angle. 

Thee Chapter 4 presents the influence of surface hydrophobicity of mesoporous silica 

particless on adhesion and further on the catalytic hydrogenation of methyl acrylate in 

aqueouss medium. The hydrophobicity of silica supported Pd catalysts was deliberately 

2 2 



Summary Summary 

variedd by moderate silylation with dichlorodimethylsilane (DDMS). A range of materials 

wass prepared with three-phase contact angles up to 90°, in order to allow water to fill  the 

catalystt pores. Hydrophobic silica supported catalysts were prepared by the silylation of 

hydrophilicc mesoporous silica followed by incipient wetness impregnation of the support 

withh H2PdCl4 solution (A), and by the reverse procedure (B). The catalyst hydrophobicity 

wass assessed by measurements of three-phase contact angle, heat of immersion in water 

andd adsorption of water vapour. An increased surface hydrophobicity induces a more 

pronouncedd adhesion of particles to gas bubbles. During the hydrogenation of methyl 

aeryy late in aqueous media, both hydrophobic Pd/Si02 catalysts show higher activity than 

hydrophilicc Pd/Si02. However, the hydrophobic catalyst prepared by the route (A) is more 

activee than the hydrophobic catalyst prepared by the route (B). 

Chapterr 5 deals with the mechanism of coalescence of bubble in the presence of solid 

particles.. The presence of solid particles in three-phase systems might have either a 

promotingg or inhibiting influence on coalescence. Non-porous hydrophobic particles with 

contactt angle higher than 90° promote the bubble coalescence. Al l other particles - both 

porouss and non-porous hydrophilic as well as porous hydrophobic - exhibit repulsive 

forcess approaching a gas-liquid interface. The experiments are carried out in two 

coalescencee cells. In pure liquids, the bubbles coalesce immediately, but the process can 

bee hindered in the presence of surfactants. The theory of liquid film stability and the 

experimentss performed in the coalescence cells demonstrate that two different 

mechanismss are possible. In the case of coaxial collision of two bubbles, the particle-

bubblee interactions are repulsive, leading to a delay in the bubble coalescence. In the case 

off  tangential friction of the bubbles, the liquid film containing entrapped small particles is 

easilyy destroyed. The overlap of different mechanisms with different contribution explains 

somee contradictory results available in the literature. 

Chapterr 6 explains the enhancement of gas-liquid mass transfer in slurry bubble 

reactorss by using the particle-to-bubble adhesion model developed in Chapter 2. The most 

importantt parameters required for design and scale-up are the interfacial area a, and the 

liquid-sidee mass transfer coefficient kh. The experiments with hydrophobic particles 

demonstratee that the enhancement of mass transfer depends on the fraction of bubble 

surfacee area covered with solid particles and the adhesion forces measured by bubble 
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pick-upp experiments. At low solid concentration, the catalyst particles adhering at the gas-

liquidd interface make increase the reaction rate, while their influence on the coalescence 

ratee is still negligible. Higher concentration of particles reduces the enhancement of mass 

transfer,, while the influence on the bubble coalescence is increasing. 

Chapterr 7 reviews the most significant results and conclusions. The knowledge gained 

byy analysing the influence of different parameters on the adhesion of catalyst particles to 

gass bubbles permits us to deliberately modify the catalyst support and operation 

conditionss in three-phase reactors. According to these results, several suggestions are 

recommendedd for further research in the area of catalyst preparation and design of slurry 

bubblee columns. 
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Chapte r r 

Introductio n n 

1.1.. Slurry bubble column reactors 

Slurryy bubble column reactors have a wide range of applications in both chemical and 

biochemicall  industry. In principle, the chemical reaction takes place on the solid surface 

off  fine catalyst particles dispersed in liquid phase and at least one reactant is present in the 

gass phase. These reactors have certain advantages: 

 Nearly isothermal operation, good heat transfer and temperature control 

 Potentially high capacity, greater than 10,000 barrels per day 

 Ease of addition and removal of catalyst 

 Simple design and construction 

 Ideal for high boiling products 

 Improved catalyst economy 

 Operational flexibilit y 

 Improved selectivity 

 Low pressure drop 
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ChapterChapter 1 Introduction Introduction 

Ass disadvantage, it should be mentioned scale-up uncertainty. Therefore, there is in 

highh interest in improvement the design, scale-up and optimisation of slurry bubble 

columnn reactors (Krishna and Sie, 2000; Maretto and Krishna, 2001; Krishna et al. 2001; 

vann Baten et al., 2003; Vandu and Krishna, 2004; Omota and Bliek, 2004), as well as the 

developmentt of more active, selective and stable solid catalysts (Iglesia, 1997; Luo et al., 

2003;; Ma et al., 2004; de la Pena O'Shea et al., 2004; Xu et al., 2004; Shinoda et al., 

2004;; Omota et al., 2005). 

Thee slurry bubble column reactor has lots of applications, and one of the most exciting 

iss for development of alternative fuels. Fischer-Tropsch synthesis is one of the 

applicationsapplications becoming increasingly important as the price of the crude oil rises (Vosloo, 

2001;; Dry, 2002). More recently, large-scale production of dimethyl ether (DME) is 

currentlyy the subject of considerable interest (Lewnard et al., 1990; Adachi et al., 2000; 

Omataa et al., 2002; Ramos et al., 2005). Direct synthesis of DME is possible starting from 

variouss resources as natural gas or coal through synthesis gas (CO+H2). Fig. 1.1 shows 

thee concept of a slurry bubble column reactor for DME synthesis. 

DME,, C02 
unreactedd CO, H2 

Figuree 1.1. Concept of a slurry bubble column reactor for dimethyl ether synthesis 
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ChapterChapter 1 Introduction Introduction 

Noblee metals highly dispersed on an inert support as silica, alumina or activated 

carbon,, are very active catalysts. Many catalytic hydrogenation and oxidation reactions 

aree performed on large-scale in slurry bubble column reactors. Few of them take place in 

aqueouss medium. This thesis focuses on the use of supported noble metal catalysts in 

slurryy bubble column reactors, in aqueous medium. Several examples are given below. 

Sorbitoll  is an intermediate for the production of vitamin C. The catalytic 

hydrogenationn of D-glucose to D-sorbitol in aqueous medium is a large-scale application 

(Arena,, 1992). In 2004, Global Bio-Chem (China) begins the construction of a sorbitol 

plantt of 60,000 metric tonne annual capacity. Crezee et al., (2003) studied this reaction 

overr a 5% Ru/C catalyst at 373-403 K and 4.0-7.5 MPa. 

Hydrogenationn reaction of aqueous maleic acid to tetrahydrofuran (Thakar et al., 

2003)) has recent commercial relevance and represents a case where complex multistep 

catalyticc hydrogenation reactions are conducted at 513K and 15 MPa. Ronchin and 

Tonioloo (2001) investigated the hydrogenation of benzene to cyclohexene catalysed by 

Ru/Zr022 in tetra-phase slurry reactor at 423 K and 5 MPa, in the presence of two liquid 

phases,, benzene and an aqueous solution of ZnS04 (0.6 mol l-1). Rode et al. (2001) 

investigatedd the kinetics of catalytic hydrogenation of nitrobenzene in acid medium to p-

aminophenoll  in a batch slurry reactor. 

Thee treatment of wastewater by catalytically wet air oxidation in large-scale slurry 

bubblee column is cost effective at high concentration of organic compounds (Schlüter et 

al.,, 1992; Béziat et al., 1999; Qin et al., 2001; Shindler et al., 2001; Wu et al., 2003; Cao 

ett al., 2003; Perkas et al., 2005). 

Somee applications of the oxidation reactions in slurry reactors are further illustrated: 

removall  of sulfur from coal by selective oxidation (Joshi and Shah, 1981; Joshi et al., 

1983),, oxidation of S02 in aqueous slurries of calcium sulphite and sulphate (Pasiuk-

Bronikowskaa and Ziajka, 1989) or in aqueous slurries of activated carbon (Sada et al., 

1983),, selective oxidation of lactose by 02 in the presence of Bi promoted Pd/C catalyst 

(Hendrikss et al., 1990), glucose oxidation catalyzed by Pd/Si02 and Pd/C (Kluytmans et 

al.,, 2000; Ruthiya et al., 2003), and malonic acid oxidation catalyzed by Pt/graphite 

(Masendee et al., 2005). 
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GAS S 
stagnant t 
gass layer 

LIQUID D 
stagnant t 
liquidd layers 

SOLID D 
porous s 
catalystt particle 

resistancee to GL 
masss transport 

Heterogeneouss catalysis 

A+**-+A** adsorption 
B+*<-+B** adsorption 
A*+B*—»P** intrinsic kinetics 
P*<->P+** desorption 

resistancee to LS resistance to diffusion 
masss transport in pores of catalyst particle 

Figuree 1.2. Mechanism of a heterogeneously catalysed reaction in three-phase system 

1.2.. Mass transfer in three-phase systems 

Mostt applications of the multiphase reactors involve a solid catalyst, while the 

reactantss are present in the liquid and gas phases. The chemical reactions take place on 

thee active sites of the catalyst surface. The process is typically limited either by the 

intrinsicc kinetics, adsorption/desorption of one reactant/product, or mass transfer of one 

reactant/productt from the liquid/gas phase to the catalytic sites. Fig. 1.2 depicts the 

mechanismm of a heterogeneously catalysed reaction in three-phase system by a 

resistances-in-seriess model. Frequently, the limiting step for the process performances is 

thee liquid-side mass transfer of reactant B trough the G-L interface (see Fig. 1.2). 

Revieww papers on mass transfer in slurry reactors have been published by Chaudhari 

andd Ramachandran (1980), Shah et al. (1982), Pandit and Joshi (1984), Pandit and Joshi 

(1986),, Kohier (1986), Beenackers and van Swaaij (1993), Mill s and Chaudhari (1997) 

andd Dudukovic et al. (1999). 
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GAS S 

B B 
o o 

O O 

O O 

o o 

stagnant t 
liquidd layer 

O O 

SOLID D 
particles s 

O O 

\ o o 
oo ^ 

© © 

LIQUID D 

mixedd liquid 

O O 

o o 

o o 
o o 

oo o 
o o 

oo © 

o o 
 c 

L L 

Figuree 1.3. Concept of gas absorption enhancement in slurry of small solid particles, 

explainedd by higher concentration of gas B at interface CBi than in bulk liquid 

CBL--

Thee presence of small solid (catalyst) particles may have influence on the G-L mass 

transfer.. If the particles accelerate the gas absorption in the liquid phase, the process is 

characterisedd by an enhancement factor E, defined as the ratio of mass transfer in the 

presencee of particles, to the mass transfer without particles (Alper et al., 1980; Wimmers 

ett al., 1984; Vinke et al„  1991; van der Zon et al. 1999; Ruthiya et al., 2005). An 

enhancementt of the gas absorption was found during the oxidation of glucose in aqueous 

solution,, catalysed by Pd/C or by an enzyme, glucose oxidase (Lee and Tsao, 1972). A 

non-uniformm distribution and thus a high local concentration of the platinum-on-carbon or 

thee enzyme at the gas-liquid interface have been suggested. It was also suggested that G-L 

interfaciall  properties might play a role during the gas adsorption in the slurry. Sada et al. 

(1977)) numerically analyzed and discussed in terms of the enhancement factor the process 

off  gas absorption with a single reaction into slurry containing fine particles. The average 

diameterr of the solid particles was considerably less than the thickness of the liquid film 

ass shown in Fig. 1.3. The concentration of gas is higher in stagnant liquid layer than in the 

bulkk liquid. Thus, overall gas absorption is enhanced due to a higher rate of the gas 

adsorptionn on the solid surface, or higher rate of the heterogeneous catalysed reaction. 
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stagn n 
liquid d 

f f 
kA A 

ant t 
layer r 

) ) 

LIQUID D 

mixed d liquic c 

SOLID D 
particles s 

J J 
J J 
V V 

B B 

Figuree 1.4. Concept of gas absorption enhancement in slurry of solid particles exhibiting 

adhesionn properties to gas bubbles, a) Ease gas transfer to the particle A by 

diffusionn at short distance, comparing to the gas transfer to the particle B by 

diffusionn and convection, b) Overall mass transfer explained by the 

contributionn of mass transfer through the covered and uncovered part of the 

bubblee (see Eq. (1.2)). C, is the fraction of bubble area covered by particles. 

Alperr et al. (1980) found an enhancement of physically oxygen absorption by 

comparingg two types of solid particles, activated carbon and quartz sand. Both solids used 

weree powders, with the particle average size lower than 5 u,m. The rate of absorption was 

significantlyy higher in the case of activated carbon particles, but it decreases by increasing 

thee stirred speed. It was also found that an increase of the catalyst concentration above 2.5 

kgg m"3 do no longer increase the absorption rate. 

Dierendonckk et al. (1972) found an enhancement of the rate of hydrogen absorption 

forr the hydrogenation of a-aminocaprolactam in an aqueous solution containing Raney 

nickell  particles and for the hydrogenation of ammoniumnitrate to hydroxylamine in an 

aqueouss solution containing catalyst particles. Wimmers et al. (1984) confirmed the 

enhancementt of gas absorption during the hydrogenation of hydroxilaminephosphate 

catalysedd by small Pd/C particles (dp=20 \xm; 10 wt% Pd). The rate of hydrogen 

absorptionn from a single bubble partially covered with Pd/C catalyst particles to the liquid 
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ChapterChapter 1 Introduction Introduction 

wass measured. They proposed an equation for the calculation of the enhancement factor, 

basedd on a higher rate of gas absorption through the part of bubble covered by solid 

particless than through the part of bubble free of adhering particles. Hence, they used the 

conceptt of bubble coverage defined as the fraction of bubble surface covered with 

adheringg particles (see Fig. 1.4b). 

Vinkee et al. (1992) found a maximum of the bubble coverage under stagnant 

conditions,, while under dynamic conditions, the bubble coverage decreases with the shear 

stress.. The bubble coverage was described by a Langmuir type isotherm as shown below: 

ii  Kcs 
(1.1) ) 

Cnaxx 1 + *C S S 

wheree C is the bubble coverage under hydrodynamic conditions, £nax is the maximum 

bubblee coverage under stagnant conditions, K is a particle-to-bubble adhesion constant, 

andd cs is the concentration of particles in the slurry. Further it was shown that the mass 

transferr coefficient through the covered part of bubble is higher than the mass transfer 

coefficientt through the uncovered part of bubble. Thus, the enhancement factor can be 

calculatedd from the bubble coverage: 

EE = l + £ KK - 1 
GL GL (1.2) ) 

Thee mechanisms of mass transfer enhancement in the presence of particles was 

explainedd either by an increase in the G-L interfacial area a as result of lower bubble 

coalescencee rate, or by an increase of liquid-side mass transfer coefficient kL. Ruthiya et 

al.. (2003) discussed four potential mechanisms: 

1.. Boundary layer mixing - the particles penetrate the boundary layer at the G-L 

interfacee and induce a certain degree of turbulence. Consequently, the boundary layer 

thicknesss is reduced. 
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2.2. Shuttling - the particles have strong adsorption properties. In the boundary layer they 

adsorbb gas, while in the bulk liquid the gas is desorbed. 

3.. Coalescence inhibition - the particles reduce the rate of bubble coalescence and thus 

increasess the G-L interfacial area aL. 

4.. Boundary layer reaction - the particles adhere to the G-L interface. A significant 

conversionn occurs due to the higher concentrations of the reactants and (catalyst) 

particless than in the bulk liquid. 

Physicall  enhancement (mechanisms 1-3) and reaction enhancement (mechanism 4) 

weree investigated separately by dynamic gas absorption experiments without reaction and 

pseudo-steady-statee gas absorption experiments with reaction, respectively. The mass 

transferr coefficient in the presence of reaction was found higher in the case of chemical 

reactionn as compared to the case of gas absorption without reaction. 

Tingee and Drinkenburg (1992) reported enhancement factors up to 3.5 for the 

absorptionn of propane and ethene gas into slurries containing 4 wt% activated carbon in 

water.. These results demonstrate significant enhanced of the gas absorption without 

chemicall  reaction, but in agreement with the mechanism proposed in the Fig. 1.4. 

Moree recently, Chen and Hsieh (2002) studied the hydrogenation of nitrobenzene 

catalysedd by nano-sized Ni-B catalysts in a batch reactor. They found an enhancement of 

thee reaction rate in the presence of two types of inert particles, A1203 or Si02. The effect 

wass higher in the case of A1203. The reaction conversion increased with increasing 

stirringg speeding until 900 rpm, and then decreased. It was suggested that i) the addition 

off  inert particles prevents the agglomeration of nano-metals, and ii) nano-metals are 

physicallyy attached on the external surface of the inert particles. These results demonstrate 

thatt (nano-) particles may enhance the gas absorption in organic liquids. 
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ChapterChapter 1 Introduction Introduction 

13.13. Influence of particles on mass transfer 

1.3.1.1.3.1. Particle-to-bubble adhesion 

Inn three-phase slurry bubble columns, the adhesion of catalyst particles to gas bubbles 

leadss to an enhancement of the G-L mass transfer and thus better process performances. 

Thee flotation of small particles in water or electrolyte solutions is well known and 

practicedd on large scale from more than a century ago. There are two important steps in 

flotation:: (a) the collection of the floatable particles by the bubbles, and (b) the transfer of 

thee floated particles from the cell to the product launder via the froth layer. The particles 

cann be captured by air bubbles after random collisions. Mineral particles finer than 

approximatelyy 10 urn are in general not effectively attached to gas bubbles because of 

theirr low inertia. Fine particles are able to follow the hydrodynamic streamline and avoid 

beingg captured by the bubble. The particles exceeding a critical size do not adhere to 

bubbless because of their excessive weight. 

1.3.2.1.3.2. Particle agglomeration 

Inn addition to the positive effect of particle-to-bubble adhesion, it was found that the 

agglomerationn of catalyst particles has a negative influence on the process performances. 

Thee particles might form large aggregates, which are not able to adhere to the gas bubble 

duee to their excessive weight (Vinke et al., 1992; van der Zon et al., 1999). 

1.3.3.1.3.3. Bubble coalescence 

Bubbless occur frequently in chemical and mineral processing plants. It is of interest to 

knowknow the factors that wil l retard or accelerate the coalescence process that occurs when 

twoo bubbles come close together. In pure liquids, the coalescence of two bubbles occurs 

almostt instantaneous. In aqueous systems, it is well known that surface active molecules 

orr even simple substances like common salt can have a strong effect on the rate of bubble 

coalescence.. Numerous studies demonstrated that the presence of solid particles has 

influencee on the bubble coalescence and thus on the gas hold-up in bubble columns. 

Despitee a large number of publications regard to the influence of particular solid particles 

onn the gas hold-up, the mechanism of bubble coalescence is still ambiguous. 

13 3 



ChapterChapter I Introduction Introduction 

1.4.. Scope of this thesis 

Thee aim of this thesis is to study the adhesion of catalyst particles to gas bubbles and 

particlee agglomeration, and further, the influence of particle-to-bubble adhesion on the 

bubblee coalescence and mass transfer, for the improvement of bubble slurry reactor 

performances. . 

1.5.. Main contributions 

Thee theoretical and experimental results of this thesis cover two areas of high interest 

inn chemical engineering: i) improvement of the performances of noble metal catalysts in 

slurryy bubble column reactors, by simple modification the support properties, and ii) 

improvementt of the design and scale-up of slurry bubble column reactors, by exploiting 

particle-to-bubblee adhesion, particle agglomeration and bubble coalescence in the 

presencee of small solid particles. 

Thiss thesis brings the following contributions to the fundamental knowledge of 

microscopicc phenomena which take place in slurry bubble column reactors: 

•• A generalised model explaining the adhesion of particles to gas bubbles, taking into 

accountt the particle-particle and particle-bubble interactions. The model correlates the 

adhesionn and cohesion forces with the bubble coverage angle and the thickness of 

particlee aggregates adhering to a gas bubble. Previous models explain the adhesion of 

particless to gas bubbles only as monolayer. These models cannot be satisfactorily 

appliedd to small hydrophobic particles, as for example activated carbon. 

•• Understanding the three-phase contact angle of rough and porous particles adhering to 

gass bubbles. The intrinsic contact angle is usually defined as the three-phase contact 

anglee on smooth surfaces and cannot be applied to catalyst particles adhering to gas 

bubbles.. In liquid, non-porous particles with rough surfaces adhere to gas bubbles, the 

effectivee contact angle being equal to the receding contact angle. In air, the same 

particless adhere to liquid droplets and the effective contact angle is equal to the 

advancingg contact angle. Porous particles adhering to gas bubbles show an extremely 

loww effective contact angle comparing to the intrinsic contact angle. 
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•• The mechanism of bubble coalescence in the presence of solid particles. High speed 

videoo imaging combined with high resolution optical microscopy allowed the 

identificationn of several stages and their durations during the collision and coalescence 

off two bubbles in the presence of (adhering) particles. Generally, the particles prevent 

coaxiall coalescence of two approaching bubbles. However, the coalescence takes 

placee when small particles remain entrapped in a thin liquid film between two bubbles 

andd by the friction between the two bubbles. 

•• The preparation and characterisation of a partially hydrophobised Pd/Si02 catalyst, 

suitablee for the use in aqueous media. The catalytic performances for the 

hydrogenationn reactions in aqueos medium was studied by comparing two Pd/Si02 

catalystss with the same particle size, porosity, specific surface area and noble metal 

content,, by varying only the support hydrophobicity. Previously, the hydrophobicity 

wass investigated by comparing different catalyst supports. 

•• General recommendations for design and scale-up of slurry bubble column reactors, 

andd for the manufacture of modified supported catalysts with improved activity, as 

resultt of better adhesion to gas bubbles in slurry reactors. 

Notations s 

4** fraction of the bubble area covered with particles under dynamic 

conditions,, -

£naxx fraction of the bubble area covered with particles under stagnant conditions, 

KK equilibrium constant for the attachment and detachment of particles at the 

G-LL interface under dynamic conditions (Vinke et al.T 1992), kg _1 m3 

cscs concentration of particles in bulk liquid, kg m~3 

EE enhancement factor, -

kk liquid-side mass transfer coefficient of the G-L interface free of particles, 

mm s"1 

kk liquid-side mass transfer coefficient of G-L interface covered by solid 

particles,, m s"1 
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Chapte r r 

Modelin gg particle-to-bubbl e adhesio n 

Abstract t 

Particle-to-bubblee adhesion is important in the areas of anti-foaming, in flotation 

processess and in multiphase slurry reactors. In the present work we particularly address 

thee latter. The behaviour of fine catalyst particles adhering to gas bubbles in aqueous 

mediaa is governed by the surface hydrophobicity. The adhesion influences the G-L mass 

transfer,, bubble coalescence and the particle agglomeration. Existing models for the 

quantitativee description of adhesion of particle to a G-L interface usually assume non-

porous,, spherical particles with a smooth surface and a well-defined contact angle. As 

catalystt particles are normally highly porous, have a rough surface, and an irregular 

shape,, we developed a generalised model describing the adhesion of particles to a gas 

bubblee based on maximum adhesive and cohesive forces as the main parameters. This 

modell  describes adhesion of: (i) a single spherical particle, (ii) a monolayer of particles, 

andd (iii ) a particle agglomerate. The cohesive forces between particles play a key role. For 

smalll  cohesive forces, the particles can either adhere as a single particle or monolayer, 

whilee stronger cohesive forces allow multilayer adhesion or adhesion of particle clusters 

viaa one or few particles. 
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2.1.. Introductio n 

Three-phasee reactors are the workhorses of chemical industry. The presence of solid 

catalystt particles may influence reactor hydrodynamics through their impact on the 

apparentt viscosity and liquid density, but moreover by its impact on the bubble 

coalescencee and G-L mass transfer. Typical examples of chemical processes carried out 

viaa such three-phase reactors are selective hydrogenation and oxidation. 

G-LL mass transfer enhancement was observed when fine solid particles are present at 

thee G-L interface (Alper et al., 1980; Alper and Öztürk, 1986; Wimmers and Fortuin, 

1988;; Tinge and Drinkenburg, 1992, 1995; Beenackers and van Swaaij, 1993; Joly-

Vuilleminn et al., 1996; van der Zon et al., 1999). The adhesion of catalyst particles to gas 

bubbless plays a key role in the mass transfer mechanism for the oxidation of organic 

compoundss (Lee and Tsao, 1972; Alper et al., 1980; Lavelle and McMonagle, 2001) or 

hydrogenationn reactions in aqueous media (Wimmers et al., 1988; Dietrich et al., 1992; 

Vinkee et al., 1992; van der Zon et al., 1999). However, the nature of this influence is still 

subjectt of debate. Different mechanisms have been proposed to explain G-L mass transfer 

enhancement:: (i) a reduced coalescence rate when adhering solid particle cover gas 

bubbless and the specific surface area aL increases (Lindner et al, 1988); (ii) so-called 

"shuttlee effect" that consist in gas transfer from G-L interface to bulk liquid through 

adsorbingg particles (Alper et al., 1980; Vinke et al, 1992); (iii ) large particles can create 

turbulencee effect on G-L interface increasing both, kL and aL; (iv) large particles can 

dividee or stretch the bubbles at Weber numbers higher than 3, increasing aL. 

Vinkee et al. (1991a) and van der Zon et al. (1999) showed that small hydrophobic 

particless may adhere to bubbles in aqueous slurries, while hydrophilic particles do not. 

Vinkee et al. (1992) introduced the concept of bubble coverage defined as the fraction of 

bubblee surface covered with adhering particles. This concept is useful when a monolayer 

off  particles covers the lower part of a bubble. Based on the equilibrium of all forces 

involved,, the bubble coverage may be calculated. 

Thee higher G-L mass transfer observed when catalyst particles adhere to the G-L 

interfacee may be described in terms of an enhancement factor, defined as the ratio of gas-
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absorptionn mass transfer in the presence of solid particles and gas-absorption mass 

transferr without particles, under similar hydrodynamic conditions (Wimmers et al., 1988; 

Vinkee et al., 1992,1993; Joly-Vuillemin et ah, 1996; van der Zon et al., 1999; Dagaonkar 

ett al., 2003). The models proposed by these authors for the estimation of G-L mass 

transferr in slurry reactors, correlates the enhancement factor with the solid concentration 

inn the slurry and the surface fraction of a bubble covered by particles. 

Clearly,, particle to bubble adhesion is affected by particle agglomeration. Vinke et al. 

(1991a)) observed for Pd/Al203 and Pd/BaS04 catalysts that particle-to-particle cohesion 

dominatess the particle-to-bubble adhesion due to the formation of large clusters, which 

aree no longer able to adhere to hydrogen bubbles in water. In case of Pd/C catalyst 

particles,, the particle-to-bubble adhesion dominates the particle-to-particle cohesion 

resultingg in full bubble coverage. Van der Zon et al. (2001) demonstrated that particle 

agglomerationn significantly affects adhesion, in particular under stagnant conditions and 

forr high G-L superficial tension. Despite this evident effect of agglomeration, the 

cohesivee forces between particles are not usually accounted for in quantitative models 

describingg particle-to-bubble adhesion. 

Vinkee et al. (1992) investigated the effect of liquid velocity on the particle-to-bubble 

adhesion.. The experiments have shown that Pd/C and Rh/C particles are still able to 

adheree to the gas bubble for superficial liquid velocities exceeding the terminal rise 

velocityy of a bubble in a liquid. Under these hydrodynamic conditions, the adhesion of 

particless to hydrogen bubble in aqueous solutions was described by a Langmuir-type 

adhesionn isotherm. This hypothesis suggests that the fraction of bubble surface covered 

withh particles under non-stagnant hydrodynamic conditions is proportional to that under 

stagnantt conditions. 

Thee objective of this work is to develop a novel model describing the adhesion of 

particless to a gas bubble under stagnant conditions, thereby explicitly taking cohesive 

forcess into account, and allowing a superior prediction of the behaviour of hydrophobic 

particless subject to competitive adhesion and agglomeration. For small cohesive forces, 

thee particles adhere to a bubble individually or as monolayer as shown in Fig. 2.1a,b. 
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(a)) (b) (c) (d) 

Figuree 2.1. Schematic view of particles adhering to a gas bubble: (a) single particle, (b) 

monolayer,, (c) multilayer, and (d) cluster of particles suspended through a 

singlee particle. 

Forr cohesive forces exceeding a certain limit, a second layer can be attached to the 

firstt one (Fig. 2.1c). When the cohesion forces are higher than the adhesion forces, the 

particless agglomerate in rigid clusters that can adhere to a gas bubble through a single or 

onlyy few particles (Fig. 2. Id). Thus, the strength of cohesion forces affects the fraction of 

bubblee coverage as well as the maximum weight of particles carried by a bubble. The 

modell  developed here could also be useful in the flotation practice. 

2.2.. Model development 

AA theoretical framework will be developed here to describe adhesion of solid particles 

too gas bubbles under stagnant conditions, based on the equilibrium of capillary forces, 

gravityy forces and pressure forces. The following four cases can be distinguished: 

•• Adhesion of a single particle to a gas bubble 

•• Monolayer adhesion for negligible cohesive forces 

•• Multilayer adhesion for moderate cohesive forces 

•• Adhesion of a cluster of particles for strong cohesive forces 

Thee model will initially refer to the simple case of: 

•• Spherical particles with identical size and physical properties 
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•• Homogeneous and smooth particle surface and therefore well defined contact angle 

•• Particle density higher than the liquid density 

•• Spherical bubbles 

Finally,, the model will be generalised to the case of porous particles with irregular 

shapee and heterogeneous surface, due to the interest of exploiting particle-to-bubble 

adhesionn in the case of heterogeneously catalysed reactions. A shortcoming of the model 

basedd on the contact angle is its applicability to spherical particles. 

Thee major problem of modelling particle-to-bubble adhesion is the fractal-like 

structuree of catalyst particles. Three-phase contact angle can be easily and accurately 

measuredd on clean, homogeneous and smooth surfaces. In all other cases, the contact 

anglee ranges between two extreme values; the advancing and receding contact angle 

dependingg on the measurement technique which makes this parameter even harder to 

obtainn (Ortiz-Arroyo et al., 2003). The contact angle of powdered non-porous particles 

cann be measured by Washburn method, based on the capillary rise technique. However, 

thiss method gives only advancing contact angles rather than equilibrium angles. As result 

off porosity and roughness of the surface, the appearing contact angle measured by 

Washburnn method is smaller than in the case of smooth solid surface (Chibowski and 

Perea-Carpio,, 2002). Different investigators use different methods of calculating contact 

angless from the heat of immersion but the methods reported in the literature used gross 

assumptions,, which may be the source of inaccuracy in determining water contact angles 

(Malandrinii et al., 1997; Yan et al., 2000). Even accurate measurements would be 

availablee by one or other techniques, the adhesion behaviour might be also influenced by 

thee particle architecture: shape, porosity and roughness, not only by the three-phase 

contactt angle. 

Thee adhesion behaviour depends on the adhesive forces. Therefore, instead of 

calculatingg the adhesion forces of a spherical particle from the contact angle, we use the 

adhesionn force as a model parameter. Both two approaches, based on the contact angle or 

maximumm adhesion force, allow us to correlate the structure of particle aggregate 

adheringg to a gas bubble with the particle-particle cohesive and particle-bubble adhesive 

forces. . 
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Figuree 2.2. Representation of the forces acting on a particle: (a) adhering to a flat gas-

liquidd interface - the hydrostatic pressure has positive effect on adhesion, and 

(b)) to a spherical bubble - the bubble overpressure reduces the adhesion 

strength. . 

2.3.. Adhesion of a single particle to a gas bubble 

2.3.1.2.3.1. Force balance 

Solidd particles can adhere to a gas bubble if the capillary forces are strong enough to 

compensatee the apparent weight of particles and the gas pressure. Under static conditions, 

thee equation describing the equilibrium forces of a single particle attached at the gas-

liquidd interface (Fig. 2.2) is given below: 

FFs+s+FFpp-F-Fbb-F-Fcc=0=0 (2.1) 

wheree Fg is the gravitational force, Fp is the force resulting from the capillary pressure 

insidee the gas bubble, Fb is the buoyancy force, and Fc is the capillary force. 

Fig.. 2.2a shows a solid particle adhering to a free G-L interface, corresponding to a 

bubblee having an infinitely large radius. Fig. 2.2b shows a spherical particle adhering to a 

gass bubble of finite radius Rb. A particle can adhere to a gas bubble if the capillary forces 

aree strong enough to compensate the apparent weight of particles and the gas overpressure 

PQ-PI,PQ-PI, on the three-phase contact line. The corresponding force denoted by Fp is 

favourablee to adhesion in the case (a) but not in the case (b). 
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Schultzee (1984) studied the adhesion forces of spherical bubbles fixed to a plane solid 

surface,, and spherical particles adhering to a flat fluid interface (see Fig. 2.2a). When we 

limitt ourselves to the case (b), i.e. small particles and small bubbles, the following force 

balancee equations apply: 

FF*=*= fr^-  (2-2) 
4xR4xR33

ppPs8 Ps8 

3 3 

PP R P 
F=?^-xRF=?^-xR22

DDsmsm22<p<p (2.3) 
vvb b 

FFbb = — ^ ( l + cosp)2(2 -cos^ )pL g (2.4) 

KK =  2*R
PTLGsin(P s i n(#"<P ) (25) 

Forr non-porous particles, ps refers to the solid density. For porous particles with a 

three-phasee contact angle Ö<90°, ps is the density of particles with liquid-filled pores. 

Whenn ft>90°, the pores are filled with gas due to capillary forces. Obviously, highly 

porouss particles may have a lower density than liquid and these particles float at the liquid 

surface.. For a varying penetration angle <p, the forces defined by Eqs (2.2)-(2.5) may not 

bee in equilibrium, according to Eq. (2.1). The detachment force Fd is defined as the net 

forcee acting downward: 

FFdd=F=F gg+F+F pp-F-Fbb-F-Fcc (2.6) 

Whenn Fd>0, the particle moves away from the bubble, the penetration angle <p 

decreasess and ultimately the particle detaches from the G-L interface. FA<0 corresponds to 

aa particle forced to enter in the gas bubble, and the equilibrium is reached for Fd=0. For 

negativee values of Fd it is more convenient to use the adhesion force of a particle to a 

bubble,, defined as F^^-F^ 
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Figuree 2.3. Influence of the contact angle 6 and penetration angle <p on the detachment 

forcee Fd of a spherical particle adhering to a gas bubble. 

Fieldenn et al. (1996) measured the external force necessary to detach a particle 

adheringadhering to a gas bubble. This force was called normalized detachment force (Fda/Rp) and 

hass positive values while Fd considered in this work is negative. Preuss and Butt (1998) 

measuredd the adhesion forces of small particles by atomic force microscopy. They defined 

thee adhesion force as the force necessary to pull off the particle adhering to bubble. We 

usedd the same definition, but including the impact of particle weight and bubble pressure. 

2.3.2.2.3.2. Influence of particle hydrophobicity 

Fig.. 2.3 shows the influence of the penetration angle <p and particle surface 

hydrophobicityy expressed as three-phase contact angle 9 on its adhesion properties. For 

(»=0,, the particle is completely immersed in the liquid. As the particle density is 

consideredd higher than the liquid density, the resulting force Fd is positive. At the 

interface,, the detachment forces Fd are: a) always positive for low three-phase contact 

angles,, b) positive except for a single equilibrium position, and c) negative on a certain 

intervall  of the penetration angle, with two equilibrium positions at (/>, and <p2. 
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Inn case (a), hydrophilic particles larger than a critical size do not adhere to the air 

bubble,, as the detachment force Fd is positive for any penetration angle (p. For larger 

contactt angles the capillary forces increase too as results from Eq. (2.5). The detachment 

forcee approaches zero in the case (b). The forces acting on the adhering particle are in 

equilibriumm only for a penetration angle <peq. This is an unstable position, as any 

perturbationn will lead to particle detachment. In the case (c) of more hydrophobic 

particless compared to the case (b), there are two equilibrium positions corresponding to 

thee penetration angles <p{ and <p2. If y<ip\, the detachment force is positive Fd>0, the 

particlee moves downward and sinks in the liquid. If tpx<(p<(p2, the detachment force is 

negative,, the particle is attracted to the bubble until it reaches the other equilibrium 

position.. For <p><p 2, the detachment force is positive and the particle moves back at lower 

penetrationn angle, <p2. Thus, the equilibrium positions are unstable at <px and stable at <p2. 

Thee potential energy has a local maximum at tpx and a local minimum at <p2. The existence 

off  a minimum energy at <p2 demonstrates the stability of particle-bubble aggregate. 

2.3.3.2.3.3. Maximum adhesion force 

Thee detachment force versus the penetration angle always shows a minimum (Fig. 

2.3).. For a negative value of Fd an external force is required for particle detachment. The 

maximumm adhesion force defined as Fadh,raax=max(-Fd) characterises the capability of a 

singlee particle to remain attached to gas bubble under external forces. For positive values 

off  Fd, the particle does not adhere to the gas bubble and the particle-bubble interactions 

aree repulsive. The penetration angle corresponding to the maximum adhesion force can be 

foundd by differentiating Fd with regard to the angle <p, as given by the next equation: 

sta(0-2*„„  )=§L sin(2«,(,p,)+^i^-sin> op, (2.7) 

Fig.. 2.3 illustrates the behaviour of relatively large particles (/?p=2 mm). Smaller 

particless (Rp<0.1 mm) have negligible weight compared to the capillary forces. 

Therefore,, the penetration angle corresponding to the unstable position <px is close to 0 

whilee the penetration angle corresponding to the stable position <p2 is close to 6. The 

parabolicc form of the detachment force leads to the conclusion that the minimum of the 
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penetrationn angle is around of 612. A better approximation of the penetration angle ^ 

derivedd from Eq. (2.7) is given below: 

ee RP . „ , pLgR2
P . 30 

—sin## + -sin — 
22 2Rb 4rLG 2 

^ = ^ _ ^ s i n öö + ^ V s i n 3 ^ ( 2.8) 

Inn the case of particles smaller than 100 \xm, the capillary force exceeds the other 

forces,, except when the contact angle 0 is zero or near zero. Thus, the capillary force may 

approximatee the maximum adhesion force of a small spherical particle: 

2 2 

Thee maximum adhesion force of spherical particles depends on the three-phase 

contactt angle. However, the influence of three-phase contact angle on the adhesion 

behaviourr depends on the particle shape. Adhesion of a non spherical particle to a gas 

bubblee is better characterised by the maximum adhesion force than by the three-phase 

contactt angle only. 

2.3.4.2.3.4. Particle aggregates adhering to a gas bubble through a single particle 

Forr large cohesive forces between particles, agglomerates may form, and aggregates 

ratherr than single particles may adhere to a gas bubble. Let us analyse first the case of an 

aggregatee suspended to a gas bubble through a single particle. All other particles are 

completelyy immersed in the liquid and the buoyancy force of these particles becomes: 

FFbb =—T^PLS (2-10) 

Thee apparent gravity force of a particle completely immersed in liquid and having 

liquidd filled pores will be further denoted by Fa defined by Eq. (2.11). 

30 0 



ChapterChapter 2 ModelingModeling particle-to-bubble adhesion 

10' ' 

== 10' 

c/> > 
_g g 
o o 
'tr r 
CO O 
Q . . 

CD D 
-Q Q 

E E 
13 3 

100 • 

10° ° 

PP L=998 kg m "3 

Pv=11 cm 3 g" 1 

p s = 1 3 7 4 k g mm '3 

.. yLG =0.072 N m "1 

'' '  l 1 i  ' "p j 

J^^^J^^^  ^^ 
jP^^ jP^^ 

s^J0?^ s^J0?^ 

—•—•• • • •—•— i—•—- J 

55 10 20 

Contactt angle 6,

22 mm 
0.22 mm 

22 mm 

0.22 mm 

500 90 

Figuree 2.4. Influence of three-phase contact angle d, particle radius Rp and bubble radius 

RRbb on the number of particles in a cluster adhering to a gas bubble through a 

singlee particle. Note that the number of particles is a discrete variable. 

FF = F - Fs 

rraa rg rb 
(2.11) ) 

Thee detachment force for an agglomeration of TV particles is presented below: 

FfFf ={F s+Fp-Fb-Fc)+("-l)F a (2.12) 

Thee total number of particle attached to a bubble through a single particle has a 

maximumm value NT that can be found from Eq. (2.12) using Fadhimax: 

NNTT=1=1 + ad'k,ad'k, max 
(2.13) ) 
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Accordingg to Eq. (2.13), the maximum adhesion force /•'adh.max of a single particle can 

bee found from the maximum number of particles NT in the cluster. Both Fornax and NT 

quantifyy the adhesion strength of particles to G-L interface, but NT has the advantage of 

beingg a dimensionless parameter. 

Fig.. 2.4 shows the maximum number of porous silica particles suspended to a gas 

bubble,, for a varying contact angle and the solid particle size. Both F^ma* and NT 

increasess by increasing the contact angle. For small particles, the bubble size does not 

havee a significant influence on the adhesion behaviour expressed in terms of iVT, while for 

largee particles, an increase in the bubble size results in stronger particle-to-bubble 

adhesion. . 

2.4.. Monolayer  adhesion 

Wee will consider a gas bubble of uniform radius 7?b, and identical particles with the 

radiuss Rp each of them adhering to the bubble. All the particles placed at the same height 

willl be further referred as a level. All the particles placed at the same height will be 

referredd as a level. The centre of particles belonging to a level describes a circle. The 

shortestt length between two points belonging to consecutive circles will be further 

referredd as the distance between two levels, d{. We remark that dx is not the distance 

betweenn the planes containing the circles. 

Inn vertical cross section, Fig. 2.5 shows three particles placed on the levels i-l, i and 

i+l .. Any particle at level /' forms an angle a* with the bubble of centre C and the 

symmetryy axis S. The distance between the centres of two particles in direct contact is 

2/?p.. The distance d\ between two consecutive levels can be smaller because of the overlap 

off consecutive levels (see Fig. 2.6). The angle Aa=aj+i-Oj corresponding to any two 

adjacentt levels can be calculated from: 

.. Aa di 
s inn = —7 ! ^ (2-14) 

22 2{R„+Rh) 
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Liquidd i Gas bubble 

levell  /+1 

Figuree 2.5. Schematic representations of forces acting on a particle adhering to a 

sphericall  gas bubble as monolayer. C is the centre of bubble, S is the 

symmetryy axis, A-A is the horizontal plane containing only the particles at 

levell  i, Fc-Fp is the attraction due to capillary force corrected with the effect 

off  bubble pressure, Fa is apparent gravitational force, and Fy are tangential 

forcess with _ƒ={/, i+\). 

Thee particles are identical and the packing of particles is homogeneous. Thus, the 

distancee d\ and the angle Aa between two levels are considered irrespective of the level 

positionn i. The angle ctj becomes: 

aa:: - /A or / > 0 0 (2.15) ) 

Theree is a single particle at level i=0 and maximum NlmM particles at level i. As these 

particless are placed on a circle, an approximate M,max value can be calculated as the ratio 

off  this perimeter to the distance between two particles, except for zero level where only 

onee particle is present: 
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Figuree 2.6. Distribution of identical spheres as monolayer on a flat surface for high (a), 

mediumm (b), and low (c) volumetric fraction of solid es. On real gas bubbles, 

thee spherical particles cannot adopt such idealised distribution due to the 

surfacee curvature. 

N, N, 

2n\R2n\Rbb + R )sin a, 

2/? ? 
;>o o 

jj  = 0 

(2.16) ) 

2.4.1.2.4.1. Particle packing 

Thee volume fraction es of solid particles in the monolayer, depends on the particle 

packing.. Vinke et al. (1991) described monolayer adhesion of particles to a gas bubble 

correspondingg to a distance between two adjacent levels di=2Rp and a maximum number 

off  particles at each level, N1Mm. Van der Zon et al. (1999) incorporated the fraction of 

solidd particle es in the model as an additional parameter and present the results for es=0.52 

correspondingg to d\=2Rv. 

Fig.. 2.6 shows spherical particles regularly distributed on a planar surface, 

correspondingg to high, medium and low packing. The particle packing depends on the 

distancee between consecutive levels d1 in the range of ^imin=v3/?p up to Ji>max=2/?p. 
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Tablee 2.1. 

Monolayerr packing of spherical particles on a flat surface, according to Fig. 2.6 

Casee (a) (b) (c) 

Packing g 

di di 

C\ C\ 

£2 £2 

es=ei£2 2 

highest t 

V3/?p p 

K K 

3V3 3 

1 1 

0.6046 6 

medium m 

2R2Rp p 

6̂  ^ 

1 1 

0.5236 6 

Low w 

SRSRP P 

71 71 

3->/3 3 

2/ / 
/ 3 3 

0.4031 1 

Tablee 2.1 shows the corresponding values for the distances between consecutive rows 

andd the particle packing for these cases. However, the product of the distance between 

consecutivee levels d\ and the fraction of solid volume es remains constant. The parameter 

£1£1 defines the density of particles as function of the distance between different levels: 

E i = ^ ~~ ( 2 1 7> 

AA level may contain a certain number of vacancies. Thus, the number of particles at 

levell  1" contains only a fraction e2 of maximum number of particles defined by Eq. (2.16): 

AT. . 
££22=-jT-^-=-jT-^-  (2.18) 

1,max x 

Bothh parameters ei and e2 define the volumetric fraction of solid particles ss by a 

simplee relation: 

££ss== ££\\€€22 (2-19) 
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2.4.2.2.4.2. Force balance 

Ass in case of a single particle, the equilibrium is based on the forces: FB, Fb, Fp and Fc. 

However,, the particles on level i+l  force down the particles on level i and so on. The 

tangentiall  force of a particle below level i wil l be denoted by Ftti. Since action and 

reactionn are equal and opposite, the sum of tangential forces Fu+1 of all Ni+ i particles at 

levell  j'+l has as reaction the sum of tangential forces Fu of all M particles at level i. 

Clearly,, no tangential forces exist above the last level imax because there are no particles. 

Thee tangential forces are increasing from a minimum value at the maximum level imax, to 

aa maximum value at the level i=0. 

Thee detachment of a solid particle at level i depends on the sum of radial forces, 

perpendicularr to the G-L interface. The relation between the radial and tangential forces is 

givenn by: 

NN F + N F Aa 
FFAA i = Fa COS a, -F+F+  '+1 '',+1 '—^- sin (radial) (2.20) 

Onee can imagine an iterative method to calculate tangential forces Fu by starting with 

thee level n downward to the level 0. The next equation acts as force balance for one 

particlee at level i on tangential direction to the bubble: 

^i^i++ \F\FttM-^iFM-^iFtiti Aa n 
FFaa Sin a- +  l+1 f '" ! i-^-COS = 0 (tangential) (2.21) 

NN:: 2 

Fromm Eqs (2.16), (2.18) and (2.21) one can calculate the sum of tangential forces of 

particless at level i=l,..., imax: 

N.FN.Ftt.. = 2 flV  \ h) Ts in2 ak (2.22) 
RR „ c o s— *=' 

pp 2 

36 6 



ChapterChapter 2 ModelingModeling particle-to-bubble adhesion 

Thee detachment force for the particle at level i=0 is highest as consequence of 

summationn of the tangential forces. For small particles and hence small Aa angle, 

cos(Ao/2)) can be approximated with 1. 

Att level i=0 (bubble bottom) there is a single particle, typl. The particles at the level 

i=ll  cannot come closer than a distance of 2/?p. This value is independent on particle 

packing. . 

Afterr replacement of A ĵFtii term from Eq. (2.22) in Eq. (2.20) and substitution of 

sin(Aa/2)) from Eqs (2.14) and (2.17), the detachment force Fd,0 for i=0 becomes: 

FFd*d* = {Fa-Fc + Fp)+™2Fa £s in2 f l f t (2.23) 
Jt=0 0 

Thee bubble is covered with a maximum number of particles at maximum coverage 

anglee Oĝ  when Fd>0 is zero and (Fa-Fc+Fp) term has a minimum value for maximum 

adhesionn force Faüh,max. The last term containing the sum of the squared sinus is 

approximatedd by an integral and then integrated analytically, thus given: 

'Wma**  = -min(Fa - Fc + F) 

\ \ 
== max ns1Fa 2]sin2 ctn 

\\ *=o ) 

-- ns1Fa \ sin2 ada 
22 a A/y J) 

(2.24) ) 

sinn ada 
Aa Aa 

3e3essFFaa(R(Rpp + Rl))i 

2R„ 2R„ 
(a^-sma^cosa^) (a^-sma^cosa^) 
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Figuree 2.7. Influence of three-phase contact angle 6 on maximum bubble coverage angle 

«maxx for particle size in the range of 7?p=4-200 urn, for small (o , Rb=Q.25 mm) 

andd large (O . /?b=0.5 mm) bubbles. Other parameters: pL=998 kg m"3, Pv=l 

cm33 g\ps=1374 kg m"3, yLG=0.072Nrn \ 

Fig.. 2.7 shows the maximum coverage angle amax as function of three-phase contact 

anglee 6 for different particle and bubble sizes. The maximum coverage angle amm was 

calculatedd according to Eq. (2.24). The maximum adhesion force Faiih,max calculated with 

poptt from Eq. (2.7) or ip"opl from Eq. (2.8) gives almost the same results. The coverage 

anglee increases by increasing the contact angle d, or by decreasing the particle size Rr For 

smalll  particles, the coverage angle increases by decreasing the bubble size. Small bubbles 

cann be better covered by adhering particles than large bubbles. This fact is well known in 

flotationn practice. For large particles, the effect of bubble pressure according to Eq. (2.3) 

iss higher, resulting in lower adhesion force and lower coverage angles. 

Byy substitution of Eqs (2.2), (2.9), (2.10) and (2.19) in Eq. (2.24), the following 

equationn allows the estimation of maximum coverage angle a*max of small spherical 

particless from three-phase contact angle: 
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s inn T = £s — • («.ax ~ sin a  ̂ cos am ) (2.25) 
22

 / I G 

Thee left hand term is derived from the maximum adhesion force Fadhimax of a spherical 

particle.. A similar approach for a cylindrical particle shows that maximum adhesion force 

iss proportional with sin#. These two cases of spherical and cylindrical particles 

demonstratee that maximum adhesion force and the left hand term in Eq. (2.25) depend on 

thee contact angle but also on the particle shape and orientation. Therefore, the influence of 

particlee shape on maximum adhesion force can be described by a generic function ®\0J-

Thee right side of Eq. (2.25) contains the ratio of gravitational force to capillary force 

thatt may be attributed to a dimensionless number similar to the Eötvos or Bond number. 

Thiss dimensionless number, referred as Epb, includes the liquid and solid densities p\ and 

/>s,, gravitational acceleration g, particle and bubble size Rp and /?b, and superficial tension 

off liquid yLG. The last factor in Eq. (2.25) contains a single variable, the bubble coverage 

angle.. If the bubble is not perfect spherical, this expression can be represented by a 

genericc function / (ow) . Thus, the equation describing the adhesion of a monolayer of 

particless to a gas bubble was generalised to non spherical particles and bubbles as 

follows: : 

®{0)®{0) = esEpbf(amJ (2.26) 

Thee bubble coverage angle o ^ , depends on the particle shape, orientation and surface 

roughnesss through the function O, on the three-phase contact angle 0, on the volumetric 

fractionn of solid particles in monolayer es, on dimensionless £pb number and on the bubble 

shapee through the function/. 

Thee total number of solid particles adhering to a bubble as a monolayer ATT can be 

relatedd to maximum coverage angle a^: 

IT'TIT'T ^ ~ JCf  c 

VV R,J 

(1-cosOO (2.27) 
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Figuree 2.8. Schematic representations of forces acting on particles adhering to a gas 

bubblee as multilayer. C is the bubble centre, S is the symmetry axis, A-A is 

ann horizontal plane containing the particles of level i and layer j , Fa is 

apparentt gravitational force, Fr i k are radial forces responsible for the 

cohesionn between particles with k-{j,j+l],  and FlXj are tangential forces 

betweenn particles on the same layer with k-{i, i+l}. 

2.5.. Multilayer adhesion 

Lett us consider an aggregate of particles adhering to a gas bubble through successive 

layers.. The first layer of particles adheres directly to the gas bubble through adhesion 

forces.. The cohesion forces between particles keep the subsequent layers together. Fig. 

2.88 shows the forces acting on a single particle surrounded by other particles. Due to the 

symmetryy axis S, only the tangential and radial forces in vertical cross section are 

consideredd here. 
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Ass in the case of monolayer adhesion discussed before, the particles of each layer./' are 

countedd starting with /'=0 on the symmetry axis to /max, j . Different layers may have 

differentt coverage angles. The first layer of particles/=1, adheres directly to gas bubble. 

Thee following layers j=2,...Jmax are kept together by cohesion forces on radial direction. 

Thee distance between two consecutive layers defined as d$ is assumed constant. The 

particless forming the layer; are placed at the same distance from the bubble centre on the 

spheree of radius Rj as described below: 

RRjj=R=Rbb + Rp+(j-l)d j (2.28) 

Thee angle Aaj is defined similar to Aa from Eq. (2.14), but now dependent on the 
layerr position;: 

.. Aa. d 
sinn - = —— (2.29) 

22 2/?. K } 

Thee line connecting the centres of particle and bubble, and the symmetry axis S forms 
ann angle ay defined by: 

aaijij =iAa=iAa jj  (2.30) 

Ass in the case of monolayer adhesion, all particles at coordinates (/', j) are placed on a 

circlee around the symmetry axis and they form a level. The maximum number of particles 

Nij.maxx on this level can be calculated as below: 

/',.ƒ,maxx * 

XX R, sin a:: 
—^—  ̂ ^ , i > 0 RRPP (2.31) 

,, i = 0 
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2.5.1.2.5.1. Particle packing 

Thee particles can be packed in each monolayer according to parameters £j and e2. 

Successivee monolayers are packed together in a multilayer aggregate. Thus, a new 

parameterr e3 defines the layer packing of as function of the interlayer distance dy If the 

distancee between two adjacent layers is maximal and equal to particle size dj=2Rp, the 

volumetricc fraction of solid es is equal for the monolayer and multilayer. 

Tablee 2.2 shows the calculation of particle packing for two minimum and two 

maximumm distances dy The packing of consecutive layers can be defined as below: 

2R 2R 
P.P. (2.32) 

Hence,, overall volumetric fraction of solid becomes: 

SSss = £XS2£  ̂ (2-33) 

Tablee 2.2. 

Multilayerr packing of spherical particles on a flat surface without vacancies, £2=1 

Casee (a) (b) (c) (d) 

Monolayerr packing 

£i i 

Distancee between layers 

4 4 

C3 C3 

es=e1e2e3 3 

Fig.. 2.6(a) 

n n 
3V3 3 

minimum m 

V2 2 

0.7405 5 

Fig.. 2.6(a) 

n n 
3V3 3 

maximum m 

2/?p p 

1 1 

0.6046 6 

Fig.. 2.6(b) 

n n 

1 1 
minimum m 

V2R„ „ 

V2 2 

0.7405 5 

Fig.. 2.6(b) 

K K 

6 6 
maximum maximum 

2KP P 

1 1 

0.5236 6 
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(a) ) (b) ) (c) ) (d) ) 

Figuree 2.9. Relation between the particle packing and aggregate cohesion strength. 

Increasingg the number of bounded particles from n=l in (a) to n=4 in (d) 

resultss in stronger cohesion forces, better particle packing and higher 

volumetricc fraction of solid es 

2.5.2.2.5.2. Cohesive forces 

Whenn a particle is suspended below another particle, the minimum cohesive force Fcoh 

equalss the apparent gravitational force Fa as can be shown in Fig. 2.9a. One particle can 

bee suspended through n equivalent particles of a higher layer by a smaller force Fcohn, as 

presentedd in Table 2.3 and Fig. 2.9. 

Tablee 2.3. 

Minimumm cohesion force of a pendant particle attached to an upper layer through n 

equivalentt particles (see Fig. 2.9). 

Minimumm cohesion force, Fcoh n n 

1 1 

2 2 

3 3 

4 4 

Requiredd force, Fa 

FFcohcohCC°S<P °S<P 

2F2FcohcohCCOS(p OS(p 

33FFcohcoh c os <p 

4/UCOS<? ? 

cosy? ? 

1 1 

rr% % 

% % 

*A *A 

F, F, YYs s 
yys s 

F. F. 
'J* 'J* 
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Consequently,, the distance d-} between the adhering particle and the previous layer 

decreasess for higher values of n. Thus, a relationship exists between the particle packing 

andd the cohesive force of one particle to the upper layer. We will further refer to the 

cohesionn of a particle to a monolayer, not to the cohesion between individual particles. 

2.5.3.2.5.3. Force balance 

AA single spherical particle is in equilibrium if the sum of forces on radial or tangential 

directionn is equal with zero, described by two equations below: 

N-N- , • ACT ACT 
—^-—^- F, . , • cos J- + Fn sin a,, - Ft • • cos L = 0 (tangential) (2.34) 

»»» 1,1+1,J r\ "  l'J  <>W O 

N-N- , Aa Aa, 
-^F-^FtJ+lJtJ+lJ s i n ^ + Fa cosa, • + FtJJ s i n ^ + 

RRH H 

VV RJ ) 

Fr.i^-^J-0 Fr.i^-^J-0 

(radial)) (2.35) 

Eq.. (2.34) is similar to the Eq. (2.21) applied to a monolayer. Eq. (2.35) differs from 

thee Eq. (2.20) mainly because the particle-bubble attractive interaction Fc-Fp is replaced 

byy attractive cohesive forces between particles. The aggregate is stable if any radial force 

doo not exceed the cohesion force, Fr,ij<Fcoh,max. Note that radial force in Eq. (2.35) varies 

fromm layer to layer according to a constant solid angle, proportional to Rj . 

Thee tangential forces from Eq. (2.34) can be computed for each particle independent 

onn radial forces, by iteration, starting with the maximum values of /max as described 

below: : 

FF = ^ Y(N. . sina, . I (2.36) 
UU--JJ Aa f j V k'J kj/ 

tf,,costf,,cos — ^ *=' 
i.3i.3 2 
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Thee radial forces from Eq. (2.35) depend on the tangential forces available now from 

Eq.. (2.36). The radial forces of each layer are maximal for particles on the symmetry axis 

att level t=0, as below: 

'max.* * 

**I> 2k*) ) 
«=1 1 

ZTT J ma* 

R R 
(2.37) ) 

jj  *=7 

Overalll  aggregate stability depends on the radial forces of first two axi-symmetric 

particless suspended at the bottom of the bubble. The first particle at (i=0,y=l) is directly 

attachedd to the bubble. This particle is characterised by the highest particle-bubble 

adhesionn force Fadh<IDax=F I r̂Fa. The second particle at 0=0, j=2) adheres to the first 

monolayer.. This particle is characterised by the highest cohesion force Fcoh<max=F ry0t2. Eq-

(2.37)) can be applied when the shape of particle aggregate is available from microscopic 

images.. The particle distribution - in terms of the number of layers jmax and the coverage 

anglesangles of each monolayer a ^j - can be estimated by maximizing the total number of 

particles.. Thus, it becomes possible: i) to calculate the adhesion and cohesion forces from 

thee aggregate structure, or ii) to estimate the most probable configuration of particles 

adheringg to a gas bubble when these two forces are known. The second case allows the 

calculationn of bubble coverage angle of first monolayer, «max,i-

2.5.4.2.5.4. Multilayer with constant thickness 

Iff  the thickness of particles in aggregate hT and the coverage angle a ^ ow are 

constants,, the previous equation leads by the summation of all layers it and by integration 

off  all levels i to: 

FF -
2R2R22 / V » — ^ + 2 

^ ^ 
11 + 0,+-!-

vv ' 1J 
+ + 

sMjsMj ( 
2R. 2R. 

2 \ \ 

XX + S.+-L 
33 3 

(2.38) ) 

wheree the function ƒ has been already introduced by Eq. (2.26). 
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Thee term ö} resulting by integration of Eq. (2.37) is defined as below: 

£,, = 3-, r— (2.39) 
33 Rb + Rp+(j-l)dJ 

wheree h} iss the thickness of particle aggregate below of layer j , and hT is the thickness of 

alll  layers. 

hhJJ=h=hTT-R-Rpp-U-l)d-U-l)djj  (2-40) 

Eq.. (2.38) allows the calculation of maximum adhesion force Fadh,max for j=\  and 

maximumm cohesion force Fcohmax for y=2. The radial forces becomes proportional with the 

numberr of layers for «w>20° and rtb>20/?p. In this case, the forces are: 

3£,FlR3£,FlRhh + RÏhr~Rn) , v s.FAhj.-R,,) 
J?J? — S a\ b pAT p) r ( „  \ 3 a\T p/ p (*>  A\\ 
rradh,max~adh,max~ « D 2 J \UUUOL ~ - D

 l a ^-^l) 

2R2RPP
 lRp 

3e,£3e,£22FF aa(R(Rbb + Rn) , v 
FF =F f (ex. I (2 42) 

coh,coh,maxmax radh,man D J V max / \  f 

Thesee latter equations allow the calculation of maximum coverage angle ( W and 

aggregatee thickness hr from maximum adhesion and cohesion forces, or the other way 

around. . 

Thee thickness hT depends on the cohesion forces Fcohmax. At low cohesion forces, the 

particless may adhere to a bubble only as a monolayer. At higher cohesive forces two or 

moree layers can adhere to the bubble, but the coverage angle is decreasing. Very high 

cohesivee forces between particles increase the aggregate thickness and decrease the 

coveragee angle. In this case, the aggregate can be detached from the gas bubble as a 

whole.. Thus, an aggregate of particles has the same properties as a single but bigger 

particle,, with a lower solid density. 
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Numberr of layers, j„ 
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Figuree 2.10.Influence of maximum cohesion forces on the number of layers, ( • ) bubble 

coveragee angle, and ( • ) number of particles adhering to a gas bubble. 

2.5.5.2.5.5. Number of particles in aggregate 

Inn the case of multilayer adhesion, the total number of particles in aggregate NT can be 

calculatedd by summation of all levels of all layers: 

Vmaxx 'ma* . ; 

j=\j=\  ,=0 
(2.43) ) 

Inn particular, if the thickness of particles hT and the coverage angle a^  ̂ are constants, 

thee total weight of particles adhering to a gas bubble is WT-NTW0, where the number of 

particless NT is given by: 
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2n2n Rb+*h  «n 

££ss \ \ r2 [sina da dr dp 

^ f a ^ k f r - c o s a , . )) (2-44) _ o _ 33 o x 

4xRl4xRl 2Rp 

Fig.. 2.10 shows the influence of cohesion forces on the multilayer configuration as 

bubblee coverage angle, number of layers and total number of particles. In the case of one 

layer,, the coverage angle was calculated from maximum adhesion force, using Eq. (2.23) 

orr (2.37). Consequently, the number of particles results from Eq. (2.43). For more than 

onee layer, the maximum number of particles NT was determined by optimisation, varying 

thee number of layers and particles on each layer. There is one equality constraint given by 

aa constant adhesion force and inequality constraints given by the coverage angle of each 

layer,, <*„,„ , i> c w ^ - - ^ «maxjmax- The cohesion forces result from Eq. (2.37), where 

rr  coh,max~* r,0,2-

Fig.. 2.10 shows the maximum bubble coverage of 82° at zero cohesion forces, 

correspondingg to a monolayer of particles. The cohesive force decreases the coverage 

anglee but increases the number of layers. Note that the number of layers was represented 

onn a secondary axis but on the same coordinate as the cohesion force. 

Thee second curve in Fig. 2.10 shows the total number of particles in aggregate. Up to 

fivee layers, the cohesion force increases the number of particles. The maximum number of 

particless shown in the figure (max JVT=1123) occurs at Fcoh,max= 2.98 nN. The coverage 

anglee is about half of the monolayer coverage angle. Beyond this maximum, the coverage 

anglee and the maximum number of particles are decreasing. 
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2.6.. Conclusions 

Thee adhesion of small particles to gas bubbles under stagnant conditions was 

describedd by a generalized model. The model correlates the maximum particle-bubble 

adhesionn force and the intra-particle cohesive forces to the bubble coverage angle and 

aggregatee thickness, explaining mono- and multilayer adhesion. For known geometries 

e.g.. spherical particles with smooth, homogeneous and clean surfaces, the maximum 

adhesionn force can be directly computed from three-phase contact angle. However, the 

usee of the maximum adhesion force instead of the three-phase contact angle reduces the 

numberr of model parameters and extends the model applicability to porous particles. 

Particless adhere to gas bubbles as a monolayer only when the particle-particle 

cohesionn forces are negligible as compared to the apparent weight of a single particle 

immersedd in the liquid. When this is not the case, particles may adhere as an aggregate or 

multilayer.. Higher adhesive forces result in higher bubble coverage with particles and 

higherr number of particles adhering to a bubble. An increase in the cohesion forces 

betweenn particles results in higher aggregate thickness but lower bubble coverage. If the 

cohesionn forces exceed the adhesion forces, the particles may form large aggregates, 

unablee to adhere to gas bubbles due to their apparent weight. 

Thee model developed in this work also explains the influence of agglomeration on the 

gas-liquidd mass transfer in slurry bubble reactors. Thus, an increase of the intra-particle 

cohesivee forces produces the particle agglomeration, resulting in lower bubble coverage 

andd lower gas-liquid mass transfer, in agreement with the conclusion of Vinke et al. 

(1991b)) and the experiments of van der Zon et al. (1999). 

Notations s 

d\d\ distance between any two adjacent levels, m 

djdj distance between any two adjacent layers, m 

ƒƒ function characteristic to bubble shape; 

ƒƒ (JC)= x - sin(x)cos(jc) for spherical bubbles 
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Epbb dimensionless Eötvos number for particle-bubble interactions, 

Faa apparent weight of a particle in liquid, N 

Fadhh adhesion force of a particle to a gas bubble, N 

Fbb buoyancy force of a particle in liquid, N 

Fcc capillary force of a particle attached to a bubble, N 

Fdd detachment force defined by Eq. (2.6), N 

Fgg gravity force of a particle having the pores filled with liquid, N 

Fpp force resulting from the capillary pressure in the bubble, N 

Fr,ijj  radial forces in mono- (absent i f ; = l is unique) and multi-layer adhesion, N 

F(,ijj  tangential forces in mono- (absent if ; '= l is unique) and multi- adhesion, N 

gg gravitation constant equal to 9.807, m s"2 

hhTT thickness of particle aggregate in multi layer adhesion, m 

hjhj thickness of particle aggregate below of the centre of a particle of layer j , m 

ii  level position in a monolayer (see Fig. 2.5) 

jj  layer position in an aggregate 

NN number of particles in a cluster, except the particle adhering to bubble 

PP pressure, Pa 

RR radius, m 

AzAz position of three-phase contact line of an adhering particle relative to free liquid 

meniscus,, m 

APAP difference in pressure of gas and liquid at the three-phase contact line, PG-Pi, Pa 

W00 weight of a single particle 

WWTT total weight of particles adhering to a gas bubble 

GreekGreek Symbols 

aa coverage angle defined as the angle formed by the centre of a particle, the centre 

off  a spherical bubble, and the lowest pole of the bubble (Figs. 2.5 and 2.8), rad 

AaAa angle formed by the centre of a spherical bubble and two consecutive levels, in 

verticall  plane, rad 

fifi  angle of cohesion of a particle adhering to an upper layer, rad 

<5jj ratio of the thickness hs to the radius R} corresponding to a particle on layer j 

S]S] volumetric fraction of spherical particles in a monolayer 
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EE22 factor accounting for the presence of voids 

c33 factor accounting for the interlacement of consecutive layers 

eess volumetric fraction of solid particles in monolayer or multilayer aggregate 

PLPL liquid density, kg m"3 

PsPs densi ty of part ic les hav ing the pores fil le d with l iquid, kg m"3 

yLGG superficial tension of G-L interface, N m"1 

<p<p angle of penetration of a particle into the G-L interface, rad 

Q>Q> function characteristic to particle shape, orientation, roughness and/or porosity 

00 three-phase contact angle for a single particle adhering at the G-L interface, rad 

Superscripts Superscripts 

**  approximated by a shortcut method 

NN number of particles 

ss solid particle, pores filled with liquid 

Subscripts Subscripts 

adhh adhesion of particle to gas bubble 

bb bubble 

cohh cohesion between particles 

ii  i-th level of the layer 

jj  7-th layer in multilayer adhesion 

GG gas 

LL liquid 

maxx maximum value 

minn minimum value 

optt optimum value, minimum or maximum 

pp particle 

rr radial 

tt tangential 
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Chapte r r 

Measurement ss of adhesio n and 

cohesio nn force s 

Abstract t 

Inn slurry bubble columns, the adhesion of solid catalyst particles to bubbles may 

significantlyy affect the G-L mass transfer and bubble size distribution. This feature may 

bee exploited in design by modifying the hydrophilic or hydrophobic nature of the particles 

used.. Previously we have proposed a generalized model, describing the adhesion of 

particless to G-L interface under stagnant conditions. In this work, we studied the adhesion 

off  particles characterised by different degree of hydrophobicity and porosity: non-porous 

polystyrenee and glass beads, unmodified and hydrophobised mesoporous silica, and 

activatedd carbon particles. Images recorded at high optical magnification show the 

particless adhering to gas bubbles individually or as aggregates. In aqueous media, higher 

liquidd surface tension and particle surface hydrophobicity increase the adhesion strength 

andd the tendency of particles to agglomerate, in agreement with the model. The adhesion 

off  non-porous rough-surface particles to gas bubbles can be characterised by the receding 
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contactt angle. The advancing contact angle represents better the adhesion of the same 

particless to liquid droplets. We found that the "effective" contact angle of porous particles 

iss much lower than an "intrinsic" contact angle calculated from the heat of immersion in 

water,, or measured by sessile drop method. An equivalent contact angle derived from the 

Cassiee rule explains the wetting behaviour of particles having the pores filled with liquid. 

3.1.. Introductio n 

Adhesionn of solid particles to bubble is the core mechanism in froth flotation. 

However,, it also plays an important role in antifoaming and in multi phase catalytic 

reactors.. The adhesion of catalyst particles to gas bubbles plays a key role in the 

enhancementt of gas-liquid mass transfer (Ruthiya et al., 2004). Particle-to-bubble 

adhesionn is the result of particle-bubble collisions, adhesive forces and particle 

detachmentt due to gravity and shear forces. When a particle and a gas bubble collide, the 

liquidd film between particle and bubble is pinning and a three-phase contact line is formed 

(Ralstonn et al., 1999). Subsequently, the particle may remain attached to the gas bubble as 

resultt of adhesive forces or may detach due to the action of gravity and/or shear forces. 

Capillaryy forces are responsible for particle-bubble stability (Fielden et al., 1996). This 

workk refers to the particle-to-bubble adhesion under stagnant conditions where the 

detachmentt probability is minimised. 

Inn earlier work, Omota et al. (2005) proposed a model describing the adhesion of fine 

particless to a gas bubble. The model explains the influence of particle-particle cohesion 

strengthh on particle-to-bubble adhesion. At low cohesion forces, the particles adhere to 

bubblee individually or as monolayer. If the cohesion forces exceed a certain limit, a 

secondd layer joins the aggregate. When the cohesion forces are higher than the adhesion 

forces,, the particles form large aggregates adhering to a gas bubble by one or more 

particles.. Hence, the strength of cohesive forces affects the fraction of bubble coverage as 

welll  as the maximum weight of particles carried by the bubble. 

Thee objective of the second part is to validate the model using experimental results for 

thee adhesion of particles to a single bubble under stagnant conditions. The models applied 

inn flotation take into account nonporous particles. However, in slurry bubble columns, the 
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Tablee 3.1. 

Physicall  properties of porous particles 

Property Property 

Specificc surface area, m2 g"1 

Three-phasee contact angle, ° 

Heatt of immersion in water, J g"1 

Averagee particle size, (am 

Averagee pore size, nm 

Poree volume, cm3 g*1 

Activated d 
carbonn * 

999 9 

81.22 3 

46 6 

20 0 

0.6 6 

0.65 5 

Unmodified d 
silica2 2 

485 5 

588 4 

83 3 

44 4 

8.6 6 

0.98 8 

Modified d 
silica a 

514 4 

900 4 

51 1 

44 4 

8.4 4 

0.96 6 
11 steam-activated peat-based carbon SX1G provided by Norit B.V. 
22 mesoporous silica provided by Promeks B.V. 
33 reported by van der Zon et al. (2001) 

basedd on heat of immersion data and linear equation: 0 = 134+445 with the same 
AAs s 

unitss as in the table. The equation is limited to silica particles modified with DDMS. 

catalystt particles are highly porous. They might have different behaviour. Therefore, we 

performm experiments with nonporous and porous particles, characterised by hydrophilic or 

hydrophobicc surfaces. 

3.2.. Experimental 

3.2.1.3.2.1. Chemicals 

Highh purity mesoporous silica supplied by Promeks, Batch ID: N58/02, Sample ID G-

52688 has a content of minimum 99.95 wt% Si02 anhydrous basis. Sieved particles in the 

rangee of 35-53 \im were used for particle to bubble adhesion experiments and for the 

preparationn of modified silica. Physical properties of unmodified and modified silica 

particless are given in Table 3.1. Dichlorodimethylsilane (DDMS), ethanol and 

isopropanoll  p.a. from Merck were used without any other treatment. 
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3.2.2.3.2.2. Preparation of hydrophobic silica 

100 g of mesoporous silica was mixed with 87 ml solution containing 30 wt% 

isopropanoll  in water. Subsequently, 2.3 ml of DDMS was added under vigorous stirring 

duringg 10 minutes. The suspension was mixed for 30 minutes at room temperature and 

thenn heated up to the boiling point. The vapours were condensed and refluxed for 30 

minutes.. After cooling at room temperature, the product was washed with ethanol and 

bidistilledd water. Finally, the powder was dried at 393 K for 16 hours. 

3.2.3.3.2.3. Characterisation of silica particles 

Thee specific surface area of modified silica samples was measured by nitrogen 

adsorptionn using the BET equation. A Coulter Counter Multisizer 3 System was employed 

too obtain the particle size distribution. The heat of immersion in water was determined at 

aa constant temperature of 313 K using a Setaram Calvet Calorimeter C80 at a constant 

temperaturee of 40°C. Prior to the micro-calorimetric measurements each sample was 

pretreatedd for 3 hours at 423 K and 10"9 Pa. 

3.2.4.3.2.4. Measurements of three-phase contact angle 

Thee three-phase contact angle was obtained by sessile drop method, using an optical 

microscopee based on Optem XI objective and Optem Zoom 160, coupled to a high-speed 

videoo camera, Photron FASTCAM Ultima SE. The camera offers exceptionally high-

speedd video recording rates up to 40500 fps (frames per second) partial frames or 4500 

fpss full frames at a the highest resolution of 256x256 pixels. Compressed porous particles 

absorbb the liquid droplet very fast. Therefore, the images were recorded at 4500 fps and 

analysedd by image processing using Matlab v6.5 and Image Processing toolbox v3.1. The 

contactt angle was calculated and represented vs. time. 

3.2.5.3.2.5. Bubble pick-up experiments 

Particlee to bubble adhesion experiments were carried out in a bubble pick-up (BPU) 

cell,, as described by Wimmers and Fortuin (1988), Vinke et al. (1991a, b), and van der 

Zonn et al. (1999). The cell consists of a holder filled with solid particles, completely 

immersedd in liquid. With the help of a micrometric screw, a small bubble formed at the 
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topp of a needle is approaching to the solid particles in order to pick up particles from the 

holder.. Further, the bubble is retracted a few milimeters above the holder. The cell has 

twoo opposite windows, one for image capture and the other for backside illumination. The 

imagess recorded with the high speed-video camera were analysed by image processing in 

Matlab.. Video images and video processing allowed us to calculate the particle and 

bubblee size, the bubble coverage angle and the aggregate thickness of particles adhering 

too gas bubbles. 

Thee microscopic particles were visualised at high optical magnification by using a 

Mitutoyoo 10X objective coupled to an Optem Zoom 160 and a black/white CCD camera 

Hitachii  model KP-M1A. The highest resolution of digital images was 0.5 um/pixel. 

33.. Results and discussion 

3.3.1.3.3.1. Particle hydrophobicity 

Thee amount of DDMS (dichlorodimethylsilane) varied during the synthesis of 

hydrophobicc particles produces modified silica samples with a variable degree of 

hydrophobicity.. The powder can be easily immersed in water up to 0.23 ml DDMS per g 

off  mesoporous silica. This means that the contact angle of silica surface remains below of 

90°,, and the water spontaneously fills the pores. At higher DDMS-to-silica ratio, the water 

cannott fil l the pores, and the average density of particles with air into pores remains lower 

thann the liquid density. The silica particles float at the water surface when the intrinsic 

contactt angle of silica surface becomes higher than 90°. For experiments in aqueous 

mediaa we used unmodified and modified silica with a critical ratio of 0.23 ml DDMS/g 

silica.. Therefore, modified silica has an intrinsic contact angle of 90°. Table 3.1 shows 

somee physical properties of unmodified and modified silicas. 

Thee sessile drop is a standard method for measuring the three-phase contact angle of a 

stagnantt liquid drop in contact with a solid surface. If the solid surface consists of 

compressedd hydrophilic powders, the liquid penetrates into the pores and interparticle 

space.. The images illustrate the spreading and absorption of the liquid on unmodified 

silica,, modified silica and activated carbon. A static measurement is impossible for porous 

particless and thus the contact angle measured is a dynamic contact angle. 
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11 mm 

lmss 10 ms 20 ms 30 ms 60 ms 

Figuree 3.1. Dynamic contact angles during spreading and absorption of about 1 ui water 

onn hydrophilic mesoporous silica particles compressed at 1000 bar. Physical 

propertiess of silica particles are given in Table 3.1. 

Dropletss of water with diameters ranging from 1.0 to 1.5 mm were completely 

absorbedd on hydrophilic silica within the first second of contact. The water droplet 

initiallyy spreads on the surface and a maximum wetted area is reached in about 20 ms. 

Fig.. 3.1 shows several images recorded during spreading and absorption of a water 

droplett on a hydrophilic silica disk compressed at 1000 bar. The contact angle measured 

duringg the first 10 ms is higher than 30° but decreases in 20 ms to 20°. Ultimately, water is 

completelyy absorbed and the dynamic contact angle decreases to zero. 

Inn the case of hydrophobic silica, the water absorption is much slower. Fig. 3.2 shows 

imagess recorded during spreading and absorption of a droplet of water on compressed 

hydrophobicc silica. Droplets of water spread rapidly in the first 20 ms on the solid surface 

11 mm 

lmss 10 ms 20 ms 30 ms 1200 ms 

Figuree 3.2. Dynamic contact angles during spreading and absorption of 1 u.1 water droplet 

onn hydrophobic mesoporous silica particles compressed at 1000 bar. Physical 

propertiess of silica particles are given in Table 3.1. 
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lmss 2 ms 10 ms 20 ms 30 ms 

Figuree 3.3. Dynamic contact angles during spreading and absorption of 1 ul water droplet 

onn activated carbon particles compressed at 1000 bar. Physical properties of 

activatedd carbon particles are given in Table 3.1. 

andd than remain stable up to five minutes. Ultimately, water is completely absorbed and 

thee dynamic contact angle decreases again to zero. In this case, the advancing contact 

anglee is higher, around of 90°, in agreement with the immersion test in water. 

Forr comparison, the contact angle of a small water droplet was measured on 

microporouss activated carbon particles compressed at 1000 bar. Fig. 3.3 shows 

intermediatee spreading behaviour between hydrophilic and hydrophobic silica. Initially, 

thee dynamic contact angle is higher than that of the hydrophilic silica. Water is quickly 

absorbedd into the particle interspace and pores, while a dynamic contact angle smaller 

thann 90° is observed, in agreement with other data available in literature. Van der Zon et 

al.. (2002) calculated the contact angle of activated carbon 0=81.2°, using Young's 

equationn and G-L, G-S, and L-G surface tensions. 

Thee water spreading and absorption experiments allow us to measure the advancing 

contactt angle of hydrophilic and moderately hydrophobic porous particles. Compared to 

contactt angles measured by the sessile drop method on flat and smooth surfaces, these 

resultss are influenced by the porosity, particle size, compression pressure and time. 

Therefore,, the contact angle of compressed powders may differ from that of a single solid 

particlee adhering to a gas bubble.During water absorption into pores and interparticle 

voids,, the dynamic contact angle decreases quickly for hydrophilic but slowly for 

hydrophobicc porous powders, until the liquid is completely absorbed. A receding contact 

anglee cannot be measured, but it is probably very close to zero. Hydrophilic porous 

particless in contact with saturated vapours of water must have the pores completely filled 
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(a) ) (b) ) (c) ) 

Figuree 3.4. Non-porous particles adhering to air bubbles: a) Hydrophilic glass bead in a-

methyll  styrene, dp=126 mm, db=2.2 mm, <p=6A°, 6=1.4°; b) Hydrophilic glass 

beadd in water, Jp=165 mm, db=l.3 mm, <p=17.5°, 0=20°; c) Hydrophobic glass 

beadd in water Jp=165 mm, 4 = 1.3 mm, p=34.8°, 0=39°. 

withh liquid due to capillary condensation. Thus, the solid surface is partially covered with 

dropletss of water and becomes more hydrophilic than a dry surface. 

3.3.2.3.3.2. Adhesion of a single particle to a gas bubble 

3.3.2.1.3.3.2.1. Non-porous particles 

Particle-to-bubblee adhesion experiments were performed with particles of different 

nature,, size and porosity. Table 3.1 depicts the physical properties of porous particles, 

whilee Table 3.2 illustrates the size of non-porous particles. Fig. 3.4a shows a spherical 

glasss bead adhering to an air bubble in a-methyl styrene (AMS). After extensive silylation 

withh DDMS, the glass surface becomes hydrophobic in water but lyophilic in AMS. 

Underr stagnant conditions silylated glass beads do not adhere to air bubbles in AMS. 

Fig.. 3.4b,c shows hydrophilic and hydrophobic glass beads in water adhering to air 

bubbles.. The difference between these images consists of different penetration angle of 

thee particles and different contact angles at the three-phase contact line. In water, the 

penetrationn angle of hydrophobised glass beads is higher than of hydrophilic ones. Omota 

ett al. (2005) demonstrated that surface hydrophobicity increases the penetration angle of a 
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Tablee 3.2. 

Non-porouss spherical particles used in bubble pick-up experiments 

Solidd nature Size, urn 

Hydrophilicc glass beads 110-180 

Hydrophobicc glass beads 110-180 

Polystyrenee 200-250 

Non-porouss spherical particles used in bubble pick-up experiments 

singlee particle, when the other properties remain constant. A particle showing low 

penetrationn angle can be easier detached because the three-phase contact line is shorter 

andd the orientation of capillary forces is less favourable for adhesion. 

Thee penetration angle of hydrophilic glass beads is smaller in AMS than in water (Fig. 

3.44 a,b) due to a lower contact angle, lower liquid density, and lower liquid surface 

tension.. Among these parameters, the contact angle remains the most important 

parameter.. Table 3.3 illustrates the influence of the contact angle and penetration angle on 

thee maximum adhesion force. 

Tablee 3 3. 

Characteristicss of spherical non-porous particles adhering to air bubbles under stagnant 

conditions s 

Solidd and liquid nature 

Hydrophilicc glass in AM S 

Hydrophilicc glass in water 

Hydrophobicc glass in water 

Polystyrenee in water 

Contact t 
anglee d\° 

7 7 

20 0 

39 9 

41 1 

Penetration n 
anglee tp \ ° 

6 6 

17 7 

35 5 

36 6 

FF  2 

11 adh.max > 

109N N 

34 4 

956 6 

3657 7 

5255 5 

JVT
3 3 

3 3 

29 9 

106 6 

6197 7 

11 measured 
22 calculated according to the methodology given in section 2.3.3 
33 estimation of the maximum number of particles of an aggregate capable to adhere to an 

airr bubble through a single particle (Eq. 2.13) 
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(a)) (b) 

Figuree 3.5. Adhesion of a polystyrene particle to gas-liquid interface showing different 

contactt angles: (a) air bubble in water 4=1-61 mm, </p=0.215 mm, and (b) 

waterr droplet in air dó=Q.94 mm, dp=0.205 mm. 

Thee particles with smooth surfaces have a single equilibrium position. Surface 

heterogeneityy leads to a hysteresis phenomenon of the contact angle. 

Fig.. 3.5a,b shows the three-phase contact angles of a polystyrene particle adhering to 

ann air bubble in water, and a polystyrene particle adhering to a droplet of water in air, 

respectively.. The contact angles are different, most probable due to the surface roughness. 

Thee receding and advancing contact angles of water on polystyrene reported by Adao et 

al.. (1998) are 46° and 96°, respectively. Craig et al. (1960) reported a receding contact 

anglee of 64° and an advancing contact angle of 86°. In Fig. 3.5a,b the polystyrene particles 

showw similar contact angles, of 41° and 91°. 

Itt appears that the contact angle of a particle adhering to a gas bubble is closer to the 

recedingg contact angle, while the contact angle of a particle adhering to a droplet of liquid 

iss similar to the advancing contact angle. When a particle is approaching from the liquid 

sidee to the G-L interface, the liquid film between particle-bubble is pinning. The 

dewettingg of solid surface takes place according to a receding contact angle. Therefore, 

thee penetration angle observed experimentally depends on the dewetting process and final 

areaa of dry solid surface. 
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Figuree 3.6. Mesoporous silica particles dv=AA um adhering to air bubbles dh-\ mm in 

water:: a) hydrophilic particle, and b) hydrophobic particle. Physical 

propertiess of silica particles are given in Table 3.1. Due to the irregular 

particlee shape, the penetration angles are only roughly estimated. 

3.3.2.2.3.3.2.2. Porous particles 

Theoretically,, hydrophilic particles can adhere to gas bubble if they are sufficiently 

smalll  and the contact angle is non-negative (Omota et al., 2005). By decreasing the 

particlee size, the capillary forces become dominant. In this case, the model predicts an 

equilibriumm penetration angle ip almost equal to the contact angle 0. 

Forr example, an air bubble with radius Rb=0.5 mm is expected to be completely 

coveredcovered with a monolayer of particles when the particle radius Rp=20 um and the contact 

anglee is higher than 4°. Irrespective of the surface hydrophobicity, mesoporous silica 

particless with an average size of 44 um adhere to gas bubbles. 

Fig.. 3.6 shows two particles adhering to air bubbles in water. A hydrophilic particle 

(casee a) shows a penetration angle of about 30°, while a hydrophobic particle (case b) 

showss a penetration angle of 38°. In contrast to spherical nonporous particles, measuring 

thee penetration angle is not accurate due to irregular shape. However, the difference 

betweenn the penetration angles of hydrophilic and hydrophobic porous particles is less 

pronouncedd and smaller than in the case of nonporous glass beads shown in Fig. 3.4b,c. 

65 5 



ChapterChapter 3 Particle-to-bubble adhesion: Experimental 

(a)) (b) 

Figuree 3.7. Image of an unmodified mesoporous silica particle dp=16 \im adhering to an 

airr bubble Jb=368 |am in water (a) and drawing of an aggregate of particles 

adheringg to a gas bubble (b). Physical properties of silica particles are given 

inn Table 3.1. 

Thee wetting properties of a surface of porous material filled with liquid are different 

comparedd to a smooth surface. Adopting the Cassie and Baxter (1944) approach, an 

effectivee three-phase contact angle between gas, liquid and partially wetted surface is: 

cos0cos0efef - pcos0L + ( l - p)cos9s (3.1) 

wheree p is the fraction of surface covered with liquid, #L the contact angle of wetting 

liquidd and 0S the intrinsic contact angle of solid. The liquid spontaneously wets the pores' 

area,, 9L being zero. The effective contact angle 8ef will be always smaller than 0S. A 

similarr approach explains a higher effective contact angle of hydrophobic rough surfaces. 

Thee liquid do not wet completely the solid surface entrapping micro bubbles. Similarly 

forr #s>90° one gets an effective contact angle 9ef>9s. 

Ann aggregate of nonporous, spherical and smooth particles characterised by a well-

definedd contact angle can be represented by a porous particle as shown in Fig. 3.7a,b. 
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(a)) 0.5 mm (b) 0.5 mm 

Figuree 3.8. Image of unmodified mesoporous silica particles adhering to a large (a) and 

smalll  (b) air bubble. Physical properties of silica particles are given in Table 

3.1. . 

Thee adhesion to the gas bubble takes place through a single or only few particles, 

muchh smaller than the aggregate size. The capillary force of a spherical particle increases 

withh /?p and sin2(0/2). Hence, the same capillary force of small particles with large contact 

angless or larger particles with lower contact angles may be equal. A single porous particle 

withh pores filled with liquid has similar behaviour as an aggregate of non-porous particle 

adheringg through a single particle. The effective contact angle of aggregate is thus smaller 

thann the intrinsic contact angle on nonporous particles. 

3.3.3.3.3.3. Adhesion of particles to a gas bubble as monolayer 

3.3.3.1.3.3.3.1. Hydrophilic particles 

Inn the pick-up cell, hydrophilic mesoporous silica particles with an average size of 44 

urnn adhere to air bubbles in water only as monolayer (Fig. 3.8a,b). When reducing the 

bubblee size, some particles detach from the bubble's bottom. Thus, the number of 

particless adhering to gas bubble decrease, but the coverage angle increase, in agreement 

withh the behaviour predicted by the model. Fig. 3.9 shows the bubble coverage angle vs. 

bubblee size, the model and experimental data showing the same trend. 
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180 180 

0.255 0.5 0.75 1 

Bubblee diameter, mm 

Equivalent t 
contact t 
angle e 

2.0° ° 
1.5° ° 
1.0° ° 
0.5° ° 

1.25 5 

Figuree 3.9. Influence of bubble diameter on the coverage angle measured experimentally 

forr hydrophilic mesoporous silica particles and calculated by modeling at 

differentt contact angles. Physical properties of silica particles are given in 

Tablee 3.1. 

Thee particle-to-bubble model correlates the three-phase contact angle with bubble 

coveragee angle and bubble size. Thus, the contact angle can be calculated, as proposed by 

Vinkee et al. (1991a,b). The contact angle of hydrophilic particles estimated by modelling 

particle-to-bubblee adhesion is much less than obtained by direct measurements. For Pd/C 

catalystt particles adhering to hydrogen bubbles in water, Vinke et al. (1991a,b) found a 

contactt angle 6=2.2°. 

Tablee 3.4 shows the adhesion forces, equivalent number of particles in an aggregate, 

andd the contact angles calculated by applying the model to the smallest and the largest 

bubble.. These results indicate low contact angles and low adhesive forces of porous 

hydrophilicc particles adhering to air bubbles in water. 

Thee coverage angle increase by decreasing the bubble size. The experimental data 

showss sharper influence than predicted by the model. Several explanations may be given. 
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Firstly,, the attachment probability of particles to large bubbles is lower than to small 

bubbles.. Secondly, the detachment probability of a particle increases as the bubble size 

andd the number of particles. Thirdly, the bubble shape varies with the bubble size. Small 

bubbless remain almost spherical due to low solid loading and high curvature of the G-L 

interface.. In contrast, large bubbles change their shape easier by retaining more solid 

particles.. If a bubble elongates in vertical direction, the tangential forces on adhering 

particless increase and consequently, the coverage angle decreases. 

Tablee 3.4. 
Characteristicss of porous particles adhering to air bubbles under stagnant conditions 

Solidd particles 

Unmodified d 
silica,, /?p=22 
um m 

Modified d 
silica5,, /fp=22 
um m 

Modified d 
silica5,, Rp-22 
fim m 

Activated d 
carbon,, /?p=10 
um m 

Liquid d 

water r 

10wt% % 
ethanol l 
inn water 

water r 

water r 

urn n 

182 2 

543 3 

360 0 

475 5 

299 9 

600 0 

300 0 

429 9 

a,a,0 0 

88 8 

32 2 

117 7 

68 8 

180 0 

45 5 

180 0 

91 1 

hj, hj, 
|im m 

44 4 

44 4 

44 4 

44 4 

65 5 

66 6 

63 3 

55 5 

FF  1 
**  adh.max » 
lO-'N N 

1.9 9 

0.37 7 

5.4 4 

2.4 4 

15.9 9 

2.7 7 

8.4 4 

4.6 6 

NNTT
2 2 

11 1 

2 2 

34 4 

15 5 

97 7 

17 7 

542 542 

299 9 

FF  3 

**  coh.max » 

100 9N 

--

--

7.9 9 

1.4 4 

5.9 9 

2.8 8 

0 0 

1.6 6 

0.7 7 

2.7 7 

1.8 8 

4.6 6 

1.9 9 

5.0 0 

3.7 7 

11 calculated for monolayer or multilayer adhesion using Eqs 2.24 and 2.41, respectively 
22 estimation of maximum number of particles of an aggregate adhering to an air bubble 
throughh a single particle using Eq. 2.13 
33 negligible for monolayer; calculated for multilayer adhesion from Eq. 2.42 
44 equivalent contact angle of a non-porous spherical particle with the same p$ and Rp 

basedd on the methodology described in section 2.3 
55 intrinsic contact angle equal to 90° 
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3.3.3.2.3.3.3.2. Hydrophobic particles 

Hydrophobicc silica and activated carbon particles form agglomerates in water. 

Therefore,, it is difficult to pick-up only a monolayer, van der Zon et al., (1999) illustrated 

thee formation of large Pd/C aggregates in water but smaller in methyl acrylate/water 

mixtures.. Therefore, we studied the adhesion and agglomeration behaviour by performing 

experimentss in mixtures of water/ethanol at different concentrations. Hydrophobic silica 

particless do not agglomerate at all when the concentration of ethanol increases to 10wt%. 

Att this concentration, the particles adhere to gas bubbles only as monolayer, as can be 

seenn in Fig. 3.10. 

Byy increasing the concentration of ethanol up to 90 wt%, the adhesion forces drop to 

zeroo and the particles do not adhere to air bubbles. Wimmers and Fortuin (1988) 

discussedd the adhesive properties of 10 wt% Pd/C and 10 wt% Pd/Al203 to hydrogen 

bubbless in ethanol/water solutions. Despite the difference in the support hydrophobicity, 

theyy found for both catalysts a linear increase of the coverage angle with the liquid 

surfacee tension. However, in aqueous media Pd/C shows a stronger adhesion to hydrogen 

bubbless than Pd/Al203, while opposite is true at higher ethanol concentration. 

Zismann (1964) found an empirical linear relation between the cosine of the contact 

anglee and the liquid surface tension of the sessile drop. The so-called "critical wetting 

tension""  is reached when the contact angle drops to zero for mixtures. For example, 

addingg ethanol to water lowers both the superficial tension and the three-phase contact 

angle.. By consequence, the adhesive forces of particles to gas bubbles reduce too. 

Therefore,, the critical wetting tension explains why solid particles do not adhere to gas 

bubbless in liquids with low surface tension. 

Inn Fig. 3.10a, the image of a bubble covered with a monolayer of hydrophobic silica 

particless demonstrates strong adhesion forces between particles and bubble, and weak 

cohesionn forces between particles. Compared with similar but hydrophilic particles, the 

bubblee coverage is higher at the same bubble size. Fig. 3.10b shows relatively low 

packingg of particles covering the upper part of an air bubble. Since the particles have a 

slightlyy tendency to agglomerate, some voids are present in the structure. 
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(a)) (b) 

Figuree 3.10.Image of a small air bubble covered with modified silica particles in 

ethanol/waterr solution at 293 K (a) and detail of the upper part of monolayer 

(b)) showing particle distribution at the bubble surface: Rv=22 \xm, 0=90°, 

/?b=0.555 mm, and cethanoi=10 wt%. Physical properties of silica particles are 

givenn in Table 3.1. 

Weakk cohesive forces between particles keep the structure stable under stagnant 

conditionss but may not be strong enough under shear forces (Roizard et al., 1999). The 

tangentiall  forces make particles packing higher at the bottom of bubbles. Under dynamic 

conditions,, the aggregate structure adopts a more stable conformation resulting in higher 

particlee packing and lower bubble coverage. 

Tablee 3.4 shows maximum adhesion forces calculated from the coverage angles for 

variouss bubble sizes. The effective contact angles calculated from the adhesion forces are 

inn the range of 1.8°-2.7°. These values are significantly lower than the intrinsic contact 

angle,, 90°. As result, the adhesion forces of porous particles are lower than the adhesion 

forcess of non-porous particles characterised by the same intrinsic contact angle. 

Fig.. 3.11 shows the influence of bubble size on the coverage angle. The hydrophobic 

particless have the same trend as hydrophilic particles. Compared with similar hydrophilic 

particles,, the contact angles are about 2.5 times higher. Both the model and experimental 

dataa show that by increasing the surface hydrophobicity both the contact angle and bubble 

coveragee angle increase. 
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Figuree 3.11.Influence of bubble diameter on the coverage angle measured experimentally 

forr modified mesoporous silica particles and calculated by modeling at 

differentt contact angles. Physical properties of silica particles are given in 

Tablee 3.1. 

3.3.4.3.3.4. Multilayer adhesion of particles to a gas bubble 

Inn water, small hydrophobic particles agglomerate and form aggregates. Under 

stagnantt conditions, a bubble kept into a suspension of hydrophobic particles may capture 

att the G-L interface both individual particles and aggregates. The layer of particles 

adheringg to bubbles has an almost constant thickness exceeds several times the particle 

size.. The adhesion behaviour of hydrophobic mesoporous silica particles and activated 

carbonn particles are further compared. 

3.3.4.1.3.3.4.1. Hydrophobic silica particles 

Fig.. 3.12a shows the image of a small air bubble covered with a multi-layer of 

hydrophobicc silica particles. The particles are uniform distributed at the bubble's bottom. 

Aggregatee thickness corresponds to about two layers of particles. Fig. 3.12b illustrates the 

mainn model parameters describing the multilayer adhesion. 
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Figuree 3.12.Image of an air bubble partially covered with modified silica particles in 

ethanol/waterr solution at 293 K (a) and drawing of corresponding multilayer 

off  particles (b): Rp=l7  urn, Rb=0.6 mm, cethanoi=10 wt%, and / ÏJ=66 um. 

Physicall  properties of silica particles are given in Table 3.1. 

Thee sediment volume in water Vsed of a certain mass m of dry solid particles gives the 

fractionn of solid particles as following: 

m(lm(l + PvpL) 
££**  = i/ ( 3 - 2 ) 

Fromm experiments a value of es=0.55 is obtained. Table 3.4 shows the maximum 

adhesionn force and maximum cohesion force calculated from the model and experiments. 

Ann estimate of the contact angle in water yields higher values than in 10 wt% ethanol 

solution.. As in the case of monolayer adhesion, the effective contact angles are much 

lowerr than those calculated from contact angle measurements by the sessile drop method. 
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Figuree 3.13.Image of an air bubble covered with activated carbon particles, 7?p=10 urn. 

Physicall  properties of activated carbon particles are given in Table 3.1. 

3.3.4.2.3.3.4.2. Activated carbon particles 

Ass in the case of hydrophobic silica, activated carbon particles adhere to air bubble 

mainlyy as multilayer as shown in Fig. 3.13. The average thickness of aggregate adhering 

too bubble is about three times higher compared with the particle size. Table 3.4 shows 

adhesionn and cohesion forces lower than hydrophobic silica, mainly because of smaller 

particlee size. The effective contact angles calculated from bubble coverage angle and 

aggregatee thickness are slightly higher than previous values, demonstrating high adhesion 

andd cohesion strength. 

Activatedd carbon particles have irregular shapes compared with almost spherical silica 

particles.. This results in a non-uniform thickness of the aggregate adhering to air bubble. 

Vann der Zon et al. (2001) showed that activated carbon particles adhering to nitrogen 

bubbless in water form large beards, while the same particles adhering to hydrogen 

bubbless in water have low tendency to agglomerate. 
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(a)) (b) 

Figuree 3.14.Complex aggregates of modified mesoporous silica particles and air 

microbubbless in water, a) Two particles /?p(left)=25 um and /?p(right)=22 um, 

adheringg to a microbubble Rh=2l  um; b) Micro bubble Rb=lA  u.m attached to 

ann aggregate of particles. Physical properties of silica particles are given in 

Tablee 3.1. 

3.3.5.3.3.5. Complex aggregates 

Thee theory described here and the experiments performed in bubble pick up cell under 

stagnantt conditions show that the particles immersed in liquid can adhere to the gas 

bubbles.. On the other hand, we found micro bubbles adhering to solid particles as 

observablee in Fig. 3.14a,b. Small bubbles can be formed when hydrophobic particles are 

immersedd in water or during bubble break-up. In slurry reactors, micro bubbles adhering 

too solid catalyst particles might explain an enhancement of the reaction rate. The micro 

bubblee acts as a gas reservoir increasing gas concentration in liquid phase, close to the 

catalystt particle. 

Thee interactions between particles and micro bubbles in dynamic systems may result 

inn complex aggregates. Such aggregates might have an overall density equal with liquid 

density,, zero rise velocity and thus an indefinite residence time. The stability of such 

heterogeneouss aggregates can be explained by attractive van der Waals forces between 

particle-particle,, but also by capillary forces between micro bubble and adjacent particles. 
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3.4.. Conclusions 

Thee paper presents experiments regarding the adhesion of small particles to gas 

bubblesbubbles under stagnant conditions. The experiments handle the adhesion of: (i) a single 

sphericall  particle, (ii) a monolayer of particles, and (iii ) an aggregate of particles. 

Bothh the cohesion and adhesion forces increase by higher surface hydrophobicity. 

Accordingly,, hydrophilic particles adhere to bubbles individually or as monolayer, while 

hydrophobicc particles adhere as multilayer. 

Thee contact angle of porous particles adhering to bubbles is much lower than the 

intrinsicc contact angle calculated from the heat of immersion in water or advanced contact 

anglee measured by sessile drop method. According to Cassie and Baxter (1944) approach 

appliedd to particles with pores filled with liquid, the effective three-phase contact angle 

betweenn the gas, liquid and partially wetted surface is lower than the intrinsic contact 

angle.. As result, the adhesion forces of porous particles are lower than that of non-porous 

particles. . 

Particle-to-bubblee adhesion of porous particles, as those frequently used in three-phase 

reactors,, is therefore significantly less than that observed for nonporous solids 

encounteredd in mineral flotation. 

Withh respect to the industrial application, this work demonstrates that enhancing the 

hydrophobicityy of catalyst solid particles may contribute to getting higher bubble 

coveragee and higher mass transfer in slurry reactors. However, the results are limited to 

dispersionss of particles with narrow size distribution and small bubbles up to 1.5 mm in 

diameterr limited by bubble stability reasons. 

Notations s 

A ss specific surface area, m g" 

dd d iameter, assuming spherical shape, m 

"̂adh,maxx m a x i m um adhesion force of a part icle adher ing to a gas bubble, N 

hhTT thickness of particle aggregate in multilayer adhesion, m 
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mm mass of dry solid particles, kg 

NNTT number of particles in an aggregate adhering to bubble through a single particle 

pp the fraction of external particle surface covered widi liquid 

PPvv specific pore volume, m3 kg"1 

RR radius, assuming spherical shape, m 

Vsedd vo lume of sediment, m3 

GreekGreek Symbols 

aa coverage angle defined as the angle formed by the centre of a particle, the centre 

off  a spherical bubble, and the lowest pole of the bubble, in vertical plane, rad 

£ss volumetric fraction of particles including their pores 

PLL liquid density, kg m 3 

PsPs dens i ty of porous part ic les having the pores fi l le d wi t h l iquid, kg m"3 

(p(p angle of penetration of a particle into the G-L interface, rad 

66 three-phase contact angle for a single particle adhering at the G-L interface, rad 

Subscripts Subscripts 

bb bubble 

LL liquid 

pp particle 

SS solid 
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Chapte r r 

Partiall yy  hydrophobise d 

silic aa supporte d Pd catalys t 

Abstract t 

Thee hydrophobic or hydrophilic nature of catalyst support materials may influence the 

reactionn behaviour in three-phase catalytic oxidation or hydrogenation reactions in 

aqueouss media. This may be attributed to the segregation or agglomeration behaviour of 

suchh support materials in water. We have systematically investigated the impact of 

surfacee hydrophobicity of silica supports during the catalytic hydrogenation of methyl 

acrylatee in water. To this end, we deliberately varied the hydrophobicity of silica 

supportedd Pd catalysts by moderate silylation with dichlorodimethylsilane (DDMS). A 

rangee of materials was prepared in this way, with three-phase contact angles up to 90°, in 

orderr to allow the water to fil l the catalyst pores. Hydrophobic silica supported catalysts 

weree either prepared by silylation of hydrophilic mesoporous silica followed by incipient 

wetnesss impregnation of the support with H2PdCl4 solution (route A), or by the reverse 

proceduree (route B). This way of rendering the support more hydrophobic leads to an 
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increasedd three-phase contact angle, lower heat of immersion in water and lower heat of 

waterr vapour adsorption. These factors induce a more pronounced adhesion of particles to 

gass bubbles. During the hydrogenation of methyl acrylate in aqueous media, hydrophobic 

Pd/silicaa catalysts show higher activity than similar hydrophilic Pd/Si02 catalyst. The 

catalystt prepared by the route A shows the highest activity also as result of better Pd 

dispersionn on the hydrophobic support. 

4.1.. Introductio n 

Thee oxidation or hydrogenation reactions are frequently catalysed by noble metals 

highlyy dispersed on support materials as carbon, silica, alumina, calcium carbonate, 

bariumm sulphate or organic substrates. The support is characterised by thermal, 

mechanicall  and chemical stability, large pores and relatively large surface area required 

forr a high dispersion of the active metal. 

Muchh work has been done in clarifying the impact of support materials. It is well 

beyondd the scope of this article to review all different factors. One factor is the metal-

supportt interaction (see for instance Tauster et al., 1978). The support properties may 

influencee the electronic field of active sites and thus the catalyst activity. Another factor is 

thee support hydrophobicity. Wurz and Charette (2002) found surprisingly high efficiency 

off  hydrophobic Rh(II) carboxylate catalysts during the cyclopropanation reaction 

involvingg ethyl diazoacetate and olefins in aqueous media. 

Thee support may have a considerable impact on the catalyst activity. In the case of 

noblee metal based catalysts, it may sometimes be more economical to modify or change 

thee support properties than to increase the number of active sites. Presently we focus on 

thee influence of support hydrophobicity on the catalyst activity in aqueous media. 

Wastewaterr treatment is one area that may benefit from more active and stable 

hydrophobicc catalysts. Catalytic wet air oxidation is particularly cost-effective for highly 

concentratedd effluents. The process is capable of converting all organic contaminants 

ultimatelyy to carbon dioxide, water, nitrogen and sulphates. Recent results of phenol 

oxidationn in aqueous medium were published (Wu et al., 2003; Cao et al., 2003; Cybulski 
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andd Trawczynski, 2004). Cao et al. (2003) found that Pt is the most active noble metal and 

activatedd carbon is a better support than Ti02, A1203 or MCM-41. 

Zhangg et al. (1997) compared the activity of Pt/fluorinated carbon and Pt/alumina 

catalystss for the deep oxidation of benzene at temperatures below 200 °C. They found 

comparablee activity in dry feed conditions. However, when water vapours are present in 

thee feed, Pt/alumina catalyst is substantially inhibited by the adsorption of water vapours 

onn both the alumina support and on the Pt sites. For the Pt/fluorinated carbon catalyst, the 

supportt hydrophobicity prevents the adsorption of water on the support and significantly 

reducess the amount of water adsorbed on the Pt sites. Thus, the support hydrophobicity 

avoidss deactivation of platinum under humid conditions. Hydrophilic alumina and silica 

supportedd platinum catalysts are significantly deactivated below 200 °C. Therefore 

hydrophilicc supported Pt catalysts are operated at temperatures higher than 300 °C (Burch 

ett al., 1995). 

Partiall  oxidation reactions in gas or liquid phase could benefit from the use of 

hydrophobicc catalysts for reasons of better selectivity and higher catalyst stability. Yen 

andd Chou (1999) prepared Pd/styrene-divinylbenzene copolymer by reduction of 

palladiumm acetate with methanol at room temperature. The catalyst was found active, 

selectivee and stable during partial oxidation of propylene to acrolein and acrylic acid, but 

onlyy in the presence of steam in the feed (Xie et al., 2001). Selective epoxidation of 

olefinss by hydrogen peroxide in water was performed in the presence of a 

polyoxometalatee catalyst supported on chemically modified hydrophobic mesoporous 

silicaa gel (Sakamoto and Pac, 2000). Thus, the epoxidation of 1-octene in aqueous media 

showedd 100% conversion and >98% selectivity, while polyoxometalates on hydrophilic 

supportt were inactive. Qi et al. (2003) increased the hydrophobicity of Ti-MCM-48 and 

Ti-MCM-41Ti-MCM-41 supported Au catalysts in order to improve the catalytic performances on 

directt vapour-phase epoxidation of propylene with 02 and H2. 

Thee hydrogenation reactions in four phase chemical reactions have been increase 

attentionn for some reactions. Thus, Rode et al. (2001) carried out the hydrogenation of 

nitrobenzenee in the presence of sulphuric acid and catalysed by Pt/C, Wolffenbuttel et al. 

(2001)) investigated the hydrogenation of a-methyl styrene in the presence of water and 
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Ni/Al 2033 catalyst, while Yamada and Goto (2003) compared the hydrogenation of 

carbobenzoxyy phenylalanine in the presence Pd/Al203 and Pd/C. The catalyst particles are 

dispersedd in the organic or aqueous phase according to the support hydrophobicity. The 

presencee of an aqueous phase may help the product desorption from the catalyst surface, 

therebyy preventing catalyst deactivation. Yamada and Goto (2003) demonstrated that the 

hydrodrophilicc Pd/Al203 catalyst is preferentially dispersed in the aqueous phase. Hence, 

itt has stable chemical activity and better mechanical resistance than Pd/C. 

Wimmerss and Fortuin (1988a) shown that Pd/C catalyst particles can adhere to gas 

bubbles.. Thus, they enhance considerably the rate of hydrogen absorption into an aqueous 

hydroxylaminephosphatee solution when comparing with similar Pd/Al203 catalyst. 

Vinkee et al. (1993) compared the hydrogen absorption into water or electrolyte 

solutionn in the presence of: 10 wt% Pd/C, 10 wt% Pd/Al203, 5 wt% Rh/C and 5 wt% 

Rh/Al203.. When alumina-supported catalyst particles were used in the slurry, no particle-

to-bubblee adhesion and no enhancement of the gas-absorption were found. The 

enhancementt of gas-absorption rate was explained by the adhesion of hydrophobic carbon 

particless to gas bubbles. The bubble surface covered with adhering carbon particles was 

describedd by a Langmuir type adhesion. Hence, the overall enhancement of G-L mass 

transferr depends on the concentration of solid catalyst particles in the slurry, but also on 

thee capability of particles to adhere to gas bubbles. 

Vann der Zon et al. (1999) compared Pd activity for the hydrogenation of methyl 

acrylatee in aqueous medium for two supports: active carbon and A1203. In the case of 

Pd/C,, the segregation of the catalyst phase by adhesion to gas bubbles explains a higher 

conversionn rate of methyl acrylate to methyl propionate. 

Thee presence of particles at G-L interface may increase G-L mass transfer. Catalyst 

particless adhering to the G-L interface increase the process performances in slurry 

reactors.. When the particles are sufficiently small compared to the liquid film thickness, 

usuallyy for dp<20 um, an enhancement of the gas-liquid mass transfer can be observed 

duee to either the shuttle effect (adsorption capacity of the particles) or/and chemical 

enhancementt similar to the case of gas absorption with homogeneous chemical reaction 

(Beenackerss and van Swaaij, 1993). Therefore, the preparation of noble metals supported 
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onn hydrophobic materials becomes very attractive in the operation of industrial slurry 

reactorss in aqueous medium. 

Thee scope of the present work is to establish the influence of support 

hydrophobisationn on the activity of 5 wt% Pd/silica catalyst for the hydrogenation of 

methyll  acrylate in aqueous medium. The support was hydrophobised with 

dichlorodimethylsilanee (DDMS). A hydrophilic silica supported Pd catalyst was prepared 

byy incipient wetness impregnation of hydrophilic mesoporous silica with H2PdCl4. Two 

hydrophobicc catalysts were prepared by different routes: i) incipient wetness 

impregnationn of hydrophilic silica with H2PdCl4 followed by hydrophobisation, and ii) 

hydrophobisationn of silica support followed by incipient wetness impregnation with 

H2PdCl4. . 

Thee hydrophobicity of unmodified and modified supports and catalysts were 

characterisedd by differential thermo-gravimetric analysis, heat of immersion in water and 

heatt of water vapour adsorption, diffuse reflectance-FTIR (DRIFT), measurements of 

particle-to-bubblee adhesion in water and X-ray diffraction. The activities of these two 

hydrophobicc silica supported Pd catalysts were finally compared with the activity of 

hydrophilicc silica supported Pd catalyst. As model reaction, the hydrogenation of methyl 

acrylatee was carried out in water at room temperature, under the same reaction conditions 

ass given by van der Zon et al. (1999). 

4.2.. Experimental 

4.2A.4.2A. Catalysts preparation 

Tablee 4.1 shows the properties of high purity mesoporous silica as support provided 

byy Promeks. Hydrophilic silica was hydrophobised with various amounts of DDMS. The 

hydrophobicityy of different samples was compared by immersion in water. At low DDMS 

too silica ratio, the water fill s the particle pores within a few seconds. At high DDMS to 

silicaa ratio, the samples float at the water surface, because the pores cannot be filled with 

liquid.. The wetting of the pores of silica particles depends on the advancing contact angle. 

Spontaneouss wetting is only possible for an advancing contact angle smaller than 90°. 
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Tablee 4.1. 

Propertiess of hydrophilic silica support 

Property y 

Meann particle size, urn 

Specificc surface area (BET), m g" 

Specificc pore volume (BET), cm3 g"1 

Averagee pore size, nm 

Si022 content, anhydrous basis, wt.% 

Value e 

44 4 

485 5 

0.998 8 

8.6 6 

99.95 5 

Wee identified the amount of DDMS required for the preparation of moderate 

hydrophobicc silica by varying the amount of DDMS and testing the wettability in water. 

Unmodifiedd hydrophilic silica and moderate hydrophobic silica with an advancing contact 

anglee of 90° were further characterised. The same ratio of DDMS to silica was used for 

thee preparation of two moderate hydrophobic catalysts. 

Threee types of silica supported Pd catalysts were prepared under similar conditions but 

differentt routes as presented in Fig. 4.1. The hydrophilic catalyst is denoted by Pd and the 

hydrophobicc catalysts are denoted by: i) PD when the first step was impregnation with Pd 

solutionn followed by hydrophobisation with DDMS, and ii) DP for the reverse case. The 

contentt of Pd was 5 wt.% for all three catalysts prepared. Details about hydrophobisation 

andd wetness impregnation with H2PdCl4 are further explained. 

Hydrophilic c 
silica a 

DDMS/* ' ' 

< < 

H.PdCfX X 

Hydrophobic c 
silica a 

Hydrophilic c 
catalystt Pd 

H2PdCI4^ ^ 

DDMS S 

Hydrophobic c 
catalystt DP 

Hydrophobic c 
catalystt PD 

Figuree 4.1. Preparation of hydrophobic silica supported Pd catalysts by two routes. 
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4.2.1.1.4.2.1.1. Hydrophobisation 

100 g of mesoporous silica, 61 ml of isopropanol and 26 ml water were strongly mixed 

att room temperature. Subsequently, DDMS as coupling agent was added under vigorous 

stirringg during 10 minutes. The amount of DDMS was systematically varied in order to 

producee supports having a varying degree of hydrophobicities. Following 30 minutes of 

mixingg at room temperature, the suspension was heated up to the boiling point, with full 

vapourr reflux, for another 30 minutes. Following cooling to room temperature, the 

productt was washed with alcohol and finally with bidistilled water. The product was dried 

at l20°Cfor l6hrs. . 

4.2.1.2.4.2.1.2. Wetness impregnation of silica 

Mesoporouss silica was initially dried for 16 hours at 120 °C. Subsequently 9.5 g of 

dehydratedd silica were impregnated under vacuum with 0.8343 g of PdCl2 dissolved in 9.5 

gg of HC1 solution 5.5 N. The wet material was dried again for 16 hours at 120 °C. The 

calcinationn was performed in airflow of 60 ml/min for four hours to 400 °C. After cooling 

att room temperature, the reduction was performed with hydrogen. The temperature was 

raisedd slowly to 400 °C with a ramp of 2 °C/min and kept at this temperature for four 

hours.. Finally, the catalyst was passivated one hour in 60 ml/min of 10% 02 in Ar, at 

roomm temperature. 

4.2.2.4.2.2. Nitrogen adsorption 

Afterr evacuation at 200 °C, the textural properties of unmodified and modified 

Promekss silica, and three silica-supported Pd catalysts were obtained by N2-physisorption 

onn a Sorptomatic 1990 (CE Instruments). Specific surface areas were evaluated using the 

BETT equation while the pore size distribution was determined by Dollim./Heal method. 

4.2.3.4.2.3. Diffuse reflectance infrared Fourier transform spectroscopy 

Diffusee reflectance infrared Fourier transform (DRIFT) spectra were recorded in an 

FTTRR spectrometer Bio-Rad FTS-45 in combination with a Specac Selector Diffuse 

reflectionn accessory P/N 19900 Series. The experiments were carried out on powder 

sampless mixed with KBr under dry nitrogen atmosphere at room temperature. The spectra 
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weree represented in Kubelka-Munk units, the absorption being directly proportional to the 

concentrationn of absorbing species. The spectrum of unmodified silica in KBr was used as 

reference. . 

4.2.4.4.2.4. Thermogravimetric analysis (TGA) 

Aboutt 200 mg of sample was heated into a porous basket in a Setaram TG85 thermo-

balancee under 60 ml/min dry air. The temperature was programmed as follows: a) 

constantt for one hour at 20 °C, b) a rate of 5 °C/min up to 800 °C, c) constant for one hour 

att 800 °C, and d) cooled down to room temperature. The analog signal from the thermo-

balancee was digitalised at a resolution of 12 bits with a sampling frequency of 0.1 Hz. The 

dataa were supplementary filtered using an exponentially weighted moving average filter 

withh a time-constant of 3 minutes. Finally, the differential thermogravimetric data 

(DTGA)) were calculated as difference of consecutive values of the sample weight divided 

byy the initial weight and the sampling interval. 

4.2.5.4.2.5. Microcalorimetry 

Thee measurements of heat of immersion and water vapour adsorption were performed 

inn a Tian-Calvet type microcalorimeter Setaram C80 at a constant temperature of 40°C. 

Thee pretreatment conditions are crucial on the reproducibility of microcalorimetric 

measurementss for at least two reasons. Firstly, the surface might be contaminated with 

gasess or vapours adsorbed on active sites which require a minimum temperature for 

desorptionn in reasonable time. Secondly, overheating might alter the surface composition 

off  silica by dehydroxylation of silanol groups or by thermal decomposition of 

hydrophobicc groups. 

4.2.5.1.4.2.5.1. Pretreatment 

Thee objective of sample pretreatment is to produce a clean solid surface free of 

adsorbedd gases or water vapour. Thus, 0.4 g of dried solid sample is firstly evacuated for 

300 minutes at normal temperature and 10"3 bar. Subsequently, the sample is heated for 3 

hourss at 150 °C and 10"9 bar. Finally, the sample is sealed under vacuum. The device used 

forr pretreatment is shown in Fig. 4.2a. 
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(a)) (b) 

Figuree 4.2. Ampoule for microcalorimetric measurements: (a) before of sample 

pretreatment,pretreatment, (b) sealed ampoule placed in microcalorimetric cell for heat of 

immersionn (left) and heat of adsorption (right) measurements. 

Thee temperature and time required for silica pre-treatment were identified from the 

TGAA experiments. The water physically adsorbed is spontaneously removed at 100 °C or 

above.. Lower temperatures would require longer time for dehydration. At higher 

temperature,, around of 200 °C, the silanol groups (Si-OH) start to decompose with 

formationn of siloxane bonds (Si-O-Si) and water. 

4.2.5.2.4.2.5.2. Heat of immersion in water vs. heat of water vapour adsorption 

Thee main parts of the microcalorimetric cell are a closed stainless steel chamber 

containingg the wetting liquid in equilibrium with their vapours, a glass vial holding the 

powder,, and a breaking rod. After pre-treatment, the glass vial is sealed under vacuum, 

preventingg in this way the contact of powder with moisture from atmosphere. After the 

temperaturee is maintained at 40 °C for 16 hours, the rod breaks the fragile tip of the vial as 

shownn in Fig. 4.2b. The heat of immersion measurements were carried out with the vial 

andd tip completely immersed in water, while for the heat of water vapour adsorption, the 

viall  was only half immersed in water and the tip was kept outside the liquid. In this way, 

onlyy water vapours can enter into the vial, and are subsequently adsorbed on the silica 
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surface.. Fig. 4.2b shows the principle of measuring the heat of immersion and heat of 

waterr vapour adsorption. 

Thee heat flow was recorded and then integrated over the time. The result was 

correctedd with the terms corresponding to the heat of vaporisation of water in the cell 

volume,, and the energy released by breaking the glass tip. The correction terms were 

identifiedd by blank experiments: i) with liquid water but without sample, and ii) without 

liquidd and without sample. 

4.2.6.4.2.6. Bubble pick-up (BPU) experiments 

Adhesionn of solid particles to small air bubbles in water was studied in a bubble pick-

upp (BPU) cell shown in Fig. 4.3. The cell has two opposite windows allowing backward 

illuminationn and recording of video images. The solid particles are placed into a cup 

holder. . 

Syringe e 

Figuree 4.3. Schematic representation of the bubble pick-up cell. 
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Thermostated d 
glasss reactor 

Magnetic c 
stirrer r 

Figuree 4.4. Schematic representation of the equipment used for the measurements of 

hydrogenn consumption vs. time during catalytic hydrogenation of methyl 

aeryy late in aqueous medium. 

Thee cell is fed with water and air from a cylindrical vessel where both the water is 

saturatedd with air while the air is saturated with water vapour. The holder is moved 

horizontallyy up to the symmetry axis of the needles, at few millimetres below of the upper 

needle.. The saturated air is taken from a separate gas-containing cylinder. A small bubble 

iss formed at the top of upper needle and pressed against the particles. By retracting the 

needle,, a certain amount of solid particles remains adhering to the bubble. The images of 

particless adhering to gas bubbles under static conditions were recorded with a high-speed 

videoo camera Fast-Cam Ultima SE 40K, made by Photron. 

4.2.7.4.2.7. Hydrogenation of'methyl aery late 

Ass model reaction, the hydrogenation of methyl acrylate was performed in the setup 

shownn in Fig 4.4. A stirred glass reactor with a capacity of 1000 cm3 was filled with 2ml 

off  methyl acrylate in 350 ml bidistilled water and 0.18 g of unmodified or modified silica 

supportedd Pd catalyst. After closing the reactor, the air was removed by alternatively 

fillingfilling  the reactor with N2 and applying vacuum, for three times. The reactor was further 
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degassedd by purging the reactor under vacuum for an additional 10 minutes. The 

hydrogenn from a volumetric gas cylinder continuously fed the reactor. A piston with a 

mercuryy ring indicates the volume of hydrogen consumed. After a few seconds of mixing, 

thee hydrogen consumption was recorded by reading the piston position with accuracy of 

+/-- 0.1 mm, corresponding to +/- 0.07 cm3. 

4.2.8.4.2.8. X-Ray Diffraction characterisation 

Thee measurements of X-ray diffraction patterns of the samples in air were recorded at 

293K,, with a step size of 0.05° in a 26 scattering angle. An ENRAF Nonius PDS 120 

diffractometerr was used which was equipped with a focus graphite monochromator on the 

diffractedd beam and with a proportional counter having electronic pulse-height 

discrimination.. A divergence slit of 0.5°, a receiving slit of 0.2 mm, an anti-scatter slit of 

0.5°° and a Co K* radiation (30 mA, 30 kV, X= 1.78897 A) were employed. The average 

sizee of the nanoparticles can be calculated using the Scherrer equation: 

DDxx=-^—=-^— (4.1) 

wheree Dx is the average diameter, B is the full width at half maximum (FWHM) of the 

diffractionn peak, and £=0.9. For calculations we used the FWHM of the narrow Debye-

Sherrerr line at 20=46.9°, corresponding to the Bragg diffraction from the Pd(l 11) planes. 

4.3.. Results and discussions 

4.3.1.4.3.1. Catalyst preparation 

Thee use of the DDMS/Si02 ratio during silylation allows the systematic variation of 

thee hydrophobicity of modified silica obtained. This was confirmed by DRIFT analysis, 

ass the peak corresponding to asymmetric vibration of C-H bond in CH3 group, at 2974 

cm"11 increases linearly with the DDMS/Si02 ratio (Fig. 4.5). When the hydrophobicity of 

thee internal surface of silica pores corresponds to an advancing three-phase contact angle 

higherr than 90°, the pores can no longer be wetted by the liquid. 
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Figuree 4.5. DRIFT spectra of hydrophobised silica at different ratios of DDMS to silica 

shownn in the figure, in ml/g. 

Thee powders treated using an excessive DDMS/silica ratio cannot be immersed in 

puree water because the overall density of the no longer wettable solid is lower than that of 

water.. Under the experimental conditions described in this work, the critical DDMS/silica 

ratioo for pore wetting is 0.23 ml/g corresponding to 1.84 mmole/g. The critical ratio 

expressedd per unit of surface area is 3.8 u.mole/m2 of silica or 2.3 molecules of DDMS per 

nmm . The same procedure and the same ratio of DDMS to Si02 were applied for both, the 

hydrophobisationn of hydrophilic silica, and then for the preparation of catalyst PD. 

Thee critical ratio of DDMS to silica corresponds to about 4 wt.% carbon in the final 

product.. When comparing this ratio with other commercial modified silicas, these values 

aree noted to be extremely high. For example, Sipernat C630 produced by Degussa has a 

contentt of only 0.5 wt.% carbon but float on the water surface due to higher 

hydrophobicity.. Hence, the hydrophobicity do not depend only on the ratio of silane 

couplingg agent to silica, but also on the specific surface area (Table 4.2) and the 

preparationss conditions as will be further explained. 
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Tablee 4.2. 

Propertiess of modified silica support and silica supported Pd catalysts 

Property y 

Specificc surface area 
(BET), , 

mV V 
Specificc pore volume 
(BET), , 

33 -1 

cmJg g 
Averagee pore size, 
nm m 

Hydrophobic c 

silica a 

429 9 

1.04 4 

10 0 

Hydrophobic c 

catalystt DP 

560 0 

1.19 9 

10 0 

Hydrophilic c 

catalystt Pd 

732 2 

1.38 8 

10 0 

Hydrophobic c 

catalystt PD 

1005 5 

1.96 6 

6 6 

Onee can imagine the chemical reaction of silanol groups denoted by =Si-OH and 

DDMSS in a single step as described by: 

22 (=Si-OH) + (CH3)2Si(Cl)2 - • (=Si-0)2Si(CH3)2 + 2 HC1 (4.2) 

Directt substitution of the hydroxyl groups in one step may take place by silylation of 

silicaa in the vapour phase at high temperature (Tripp and Hair, 1995). The same reaction 

cann be performed in the liquid phase at boiling point, but using an anhydrous solvent 

(Sakamotoo and Pac, 2000). The hydrophobisation with DDMS in aqueous solution of 

alcoholss may take place at lower temperatures. In this case, the mechanism of two-steps 

hydrolysiss followed by the condensation reactions is described below: 

(CH3)2SiCl22 + 2H20 - • (CH3)2Si(OH)2 + 2HC1 (4.3) 

nn (CH3)2Si(OH)2 -> HO-[Si(CH3)20]n-H + (n-1) H20 (4.4) 

sSi-OHH + HO-[Si(CH3)20]„- H -» sSi-0-[Si(CH3)20]n-H + H20 (4.5) 

=Si-0-[Si(CH3)20]n-HH + HO-Si= -> =Si-0-[Si(CH3)20]n-Si= + H20 (4.6) 
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Figuree 4.6. Differential thermogravimetric analysis of hydrophilic and hydrophobic silica. 

DRIFTT spectra show a linear relationship between the amount of DDMS used and the 

amountt of methyl group present at the silica surface after treatment. This demonstrates 

thatt after DDMS hydrolysis, the chemical species formed according to Eqs (4.3) and (4.4) 

reactt with the silanol groups according to Eq. (4.5). The hydrophobic groups remain on 

thee silica surface rather than in solution. However, the condensation reaction may 

preservee the number of hydroxyl groups if the final product is formed according to Eq. 

(4.5)) or might reduce the number of hydroxyl groups if it ends with Eq. (4.6). According 

too Eq. (4.2), the number of hydroxyl groups is decreasing while the number of 

dimethylsilyll  groups on the silica surface is increasing. 

4.3.2.4.3.2. Characterisation of catalyst and support hydrophobicity by TGA 

Fig.. 4.6 shows DTGA results for unmodified and modified silica, respectively. 

Unmodifiedd silica is hydrophilic and releases most of the water by dehydration, 

correspondingg to a narrow peak at about 100 °C. A broad peak shows the weight lost by 

thee decomposition of silanol groups on a large temperature range, starting below 200 °C 

upp to about 1100 °C (Zhuravlev, 2000). According to Zhuravlev (2000), the number of 

isolatedd silanol groups at 800 °C is about 1 per nm2. 
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Figuree 4.7. Heat flow during measurements of heat of immersion and heat of water 

vapourr adsorption on catalyst PD. 

Modifiedd silica releases less water by dehydration at 100 °C than unmodified silica. 

Thee methyl groups of modified silica decompose at about 480 °C, corresponding to a 

secondd narrow peak. The broad peak at 200-800°C corresponding to the weight loss by 

supportt dehydroxylation is the same for both samples. Consequently, unmodified and 

modifiedd silica have the same the number of silanol groups. This feature demonstrates 

thatt most of the DDMS is fixed on the silica surface according to Eq. (4.5) instead of Eq. 

(4.6).. The dehydroxylation reaction given in Eq. (4.6) takes place only above 200 °C. 

4.3.3.4.3.3. Heat of immersion in water vs. heat of water vapour adsorption 

Typicall  results for the heat released during the immersion in water and water vapour 

adsorptionn of mesoporous silica and silica supported catalysts are shown in Fig. 4.7. 

Whenn measuring the heat of immersion, the heat flow decreases to zero in about one hour. 

Inn this case, the pores are filled with pure liquid water and the interactions between water 

moleculess and the solid surface take place immediately. For heat of adsorption 

measurements,, the process is much slower and requires almost four hours for the heat 

floww stabilisation. In this case, a mixture of water vapours and air enter into the pores and 

thee adsorption is limited by the diffusion. 
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Solidd surface 
immersedd in liquid 

Figuree 4.8. Energetic levels of the solid surface and techniques for measuring the 

enthalpiess associated with corresponding process. 

Forr unmodified and modified silica, both heat of immersion and heat of vapour 

adsorptionn are decreasing by increasing the hydrophobicity. This is expected, due to 

strongg interaction between water and silanol groups at the silica surface. Immersion of 

partiallyy modified silica in water has an exothermic effect due to the presence of silanol 

groups.. A completely hydrophobised surface will show most probably a negligible heat 

effectt due to the impossibility of water to penetrate into the pores. 

Afterr silica impregnation with H2PdCl4, catalyst activation and passivation, the heat of 

immersionn does not change as compared to the unmodified silica. This demonstrates that 

thee presence of dispersed Pd on the silica surface does not contribute at all at the heat of 

immersionn and the surface area, suggesting that the number of silanol groups has 

remainedd unchanged during Pd impregnation. In contrast, the heat of adsorption of water 

vapourss on hydrophilic Pd catalyst is slightly lower than that of hydrophilic silica. 

Surprisingly,, the heat of water vapour adsorption can be correlated with the last step in 

thee silica support modification. 

Thee wetness impregnation with Pd complex is the last step during the preparation of 

catalystss Pd and DP. In these cases, the heats of water vapour adsorption are equal. The 

silylationn process is the last step during the modification of silica support or catalyst PD. 
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heatt of immersion 

heatt of adsorption 

 difference between the heats 
off immersion and adsorption 

Hydrophilicc Hydrophobic Cat. Pd Cat.. PD Cat.. DP 

Figuree 4.9. Isothermal heat of immersion, enthalpy of adsorption and heat difference of 

twoo silica supports and three silica supported Pd catalysts, measured at 313 

K. . 

Inn these cases, the heats of water vapour adsorption are equal, but lower. 

Consequently,, the surface hydrophobicity is higher. 

Accordingg to classical Young's equation, the three-phase contact angle of a liquid on 

cleann and smooth solid surfaces can be calculated from the difference between the surface 

freee energies of G-L and G-S interfaces: 

YYLVLVCOSOCOSO = YSV-YSL (4.7) ) 

Hence,, one can imagine that the difference in the heat of immersion of dry solid in 

liquidd water and the heat of water vapour adsorption depends on the three-phase contact 

anglee and solid surface hydrophobicity. In fact, this difference represents the heat of 

immersionn in water of a solid initially having the surface in equilibrium with saturated 

waterr vapour, let say the heat of immersion of a wet solid in water, as shown in Fig. 4.8. 
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Thee results of all five samples are shown in Fig. 4.9. The heat of immersion of wet 

solidd samples except for the hydrophilic catalyst Pd, are almost constant in the range of 51 

til ll  67 mJ/m2, independent on the surface hydrophobicity. These values are only slightly 

lowerr than the surface tension of water-air interface at 40 °C, YLG=69.5 mJ/m2. An equal 

valuee of the water surface tension and the heat of immersion of wet silica in water would 

meann that the solid surface is uniformly covered with water molecules and the area of G-L 

interfacee is equal with the surface area of dried solid. When immersing the wet surface of 

silicaa in liquid water, the gas-liquid interface disappears and the energy released 

correspondss to the water surface tension. A similar procedure called "absolute method for 

thee determination of the area of finely divided crystalline solids" was described long time 

agoo by Harkins and Jura (1944). The heats of immersion in liquid water of the pre-

equilibratedd solids with water vapours are always smaller due to a possible capillary 

condensation,condensation, lowering the G-L interfacial area comparatively with initial dried S-L area. 

Fromm these measurements, it can be concluded that heat of immersion in water 

providess the best way to evaluate the support or catalyst surface hydrophobicity. The heat 

off  water vapour adsorption represents an alternative of measuring surface hydrophobicity. 

However,, the results are influenced by the presence of noble metal on the support surface. 

Thee difference in heats of immersion and water vapour adsorption is not dependent only 

onn the surface hydrophobicity, but rather on the specific surface area. The area estimated 

byy this way is slightly lower than the area calculated from nitrogen adsorption isotherms, 

withh 8 up to 26 % due to the capillary condensation of water vapours into the pores. 

4.3.4.4.3.4. Adhesion of catalyst particles to gas bubbles 

Fig.. 4.10 shows the images of bubbles recorded in the bubble pick-up cell. The sizes 

off  all images are 1.46 x 1.46 mm2. Fig. 4.10a shows a single air bubble without particles. 

Thee images in Fig. 4.10b,c show two bubbles of different size partially covered with 

hydrophobicc PD catalyst particles. The degree of bubble coverage depends on the surface 

hydrophobicity.. The ability of particles to cover the gas bubbles with particles can be 

quantifiedd as the coverage angle or fractional bubble coverage. The former is defined here 

ass the angles formed by the highest positions up to the particles are still adhering to 

bubblee at the G-L interface. 
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Figuree 4.10.Images of a bubble partially covered with particles of variable 

hydrophobicity:: (a) no particles adhering to bubble, db=\.2 mm; b, c) catalyst 

PDD on large (4=1.3 mm) and small (4=1-1 mm) bubble; d, e, f) bubble 

coveragee angle of Cat. Pd, PD and DP, respectively. 

Vinkee et al. (1991) showed that under static conditions, when adhesion of small 

particless to gas bubbles occurs, the fraction of the bubble surface covered by adhering 

particless depends on the bubble size. Indeed, a large bubble shown in Fig. 4.10b is 

coveredd with particles less than 50% of its area, while a smaller bubble shown in Fig. 

4.10cc is covered with more than 50% by using the same catalyst particles. 

Thee images in Fig. 4.10d,e,f allow the visualisation of the bubbles covered with 

particless and the bubble coverage angles for three different catalyst particles. The 

coveragee angle of hydrophilic catalyst particles shown in Fig. 4.10d is significantly lower 

thann the coverage angles corresponding to the hydrophobic catalysts. Despite the same 

amountt of DDMS used in the preparation of hydrophobic catalysts, the catalyst PD shows 

higherr coverage angle compared with catalyst DP. This result is in agreement with the 

heatt of immersion data. Both the particle-to-bubble adhesion data and the heats of 

immersionn data suggest that the hydrophobicity decreases in the order PD>DP>Pd. 
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AA higher bubble coverage angle indicates a better particle-to-bubble adhesion, which 

inn turn may explain that such catalysts demonstrate a higher reaction rate in aqueous 

mediumm than similar hydrophilic catalysts, as a result of enhanced mass transfer (Vinke et 

al.,, 1993; van der Zon, 1999; Wimrners and Fortuin, 1988; Ruthiya et al., 2003a,b). In 

contrast,, the hydrophilic particles shown higher mass transfer enhancement (Ruthiya et 

al.,, 2003b) when the reaction is performed in organic liquids, and these particles may 

betterr adhere to gas bubbles in less polar liquids (Wimrners and Fortuin, 1988). 

4.3.5,4.3.5, Catalyst activity 

Vann der Zon et al. (1999) showed that the hydrogenation of methyl acrylate catalyzed 

byy activated carbon supported Pd and by alumina supported Pd catalysts may be G-L 

masss transfer limited. The difference of the reaction rates was explained by the capability 

off  particles to adhere to gas bubbles according to their hydrophobic or hydrophilic 

character. . 

Thee hydrogen concentration in the liquid phase is higher in the vicinity of the G-L 

interfacee than in the bulk liquid. Hence, a larger number of catalyst particles adhering to 

thee G-L interface explain a higher reaction rate. The enhancement factor of gas-liquid 

masss transfer was calculated as the ratio of hydrogen consumption in the presence of 

hydrophobic// hydrophilic catalyst particles (van der Zon et al., 1999), assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 

Thee hydrogen consumption was recorded during the hydrogenation of methyl acrylate 

catalysedd by each of Pd, DP or PD catalyst. Van der Zon et al. (1999) showed that this 

reactionn - catalyzed by activated carbon supported Pd and by alumina supported Pd 

catalystss - may be G-L mass transfer limited. The difference of the reaction rates was 

explainedd by the capability of particles to adhere to gas bubbles according to their 

hydrophobicc or hydrophilic character. The hydrogen concentration in the liquid phase is 

higherr in the vicinity of the G-L interface than in the bulk liquid. Hence, a larger number 

off  catalyst particles adhering to the G-L interface explain a higher reaction rate. The 

enhancementt factor of gas-liquid mass transfer was calculated as the ratio of hydrogen 

consumptionn in the presence of hydrophobic/ hydrophilic catalyst particles, assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 
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Figuree 4.11.Hydrogen consumption vs. time during catalytic hydrogenation of methyl 

acrylatee in aqueous medium at T=293.75 K, P=104.1 kPa, Cmethyi  aCryiate=0.54 

wt.%,, Ccalaiyst=0.06 wt.% and stirrer speed=500 rpm. 

Thee hydrogen concentration in the liquid phase is higher in the vicinity of the G-L 

interfacee than in the bulk liquid. Hence, a larger number of catalyst particles adhering to 

thee G-L interface explain a higher reaction rate. The enhancement factor of gas-liquid 

masss transfer was calculated as the ratio of hydrogen consumption in the presence of 

hydrophobic// hydrophilic catalyst particles (van der Zon et al., 1999), assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 

Thee hydrogen consumption was recorded during the hydrogenation of methyl acrylate 

catalysedd by each of Pd, DP or PD catalyst. Van der Zon et al. (1999) showed that this 

reactionn - catalyzed by activated carbon supported Pd and by alumina supported Pd 

catalystss - may be G-L mass transfer limited. The difference of the reaction rates was 

explainedd by the capability of particles to adhere to gas bubbles according to their 

hydrophobicc or hydrophilic character. The hydrogen concentration in the liquid phase is 

higherr in the vicinity of the G-L interface than in the bulk liquid. Hence, a larger number 

off  catalyst particles adhering to the G-L interface explain a higher reaction rate. The 

enhancementt factor of gas-liquid mass transfer was calculated as the ratio of hydrogen 
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consumptionn in the presence of hydrophobic/ hydrophilic catalyst particles, assuming that 

hydrophilicc catalyst particles do not adhere to the interface at all. 

Fig.. 4.11 shows linear rates of hydrogen consumption vs. time. Both hydrophobic PD 

andd DP catalysts increase the hydrogenation rate comparing with hydrophilic silica 

supportedd Pd catalyst. The enhancement factors are 2.8 and 5.5, respectively. The 

influencee of support hydrophobisation on the hydrogenation rate is governed by the order 

inn which the Pd impregnation and the hydrophobisation steps are carried out. The most 

activee catalyst was prepared by support hydrophobisation followed by wetness 

impregnationn with H2PdCl4 solution. In this case, the active sites are clusters of Pd on the 

surfacee of modified silica. The preparation of hydrophobic PD catalyst by the other route 

resultss in a more hydrophobic catalyst and higher degree of bubble coverage in aqueous 

medium.. A lower reaction rate found experimentally might be explained by lower catalyst 

intrinsicc activity. Most probably, the surface modification by silylation with DDMS 

resultss in partial blockage of Pd clusters with hydrophobic groups. Despite a stronger 

adhesionn of PD catalyst, the reaction rate based on the hydrogen consumption is reduced 

withh a factor of two. It appears that about 50% of the catalyst activity was lost through the 

silylationn of silica supported Pd catalyst. 

4.3.6.4.3.6. Pd dispersion 

XRDD measurements demonstrated the well-crystallized structure of Pd crystallites. 

Fig.. 12 shows the XRD pattern of all three Pd catalyst samples. The hydrophilic Pd/Si02 

catalystt and Cat. PD. have similar patterns while Cat. DP is characterised by significant 

broaderr peaks. These results reveal a better Pd dispersion on the hydrophobised surface of 

silicaa support. The average crystallite size resulted by applying the Scherrer formula given 

inn Eq. (4.1) is 35.2 nm for catalysts Pd or PD, and 6.5 nm for Cat. DP. 

Thee preparation conditions and the content of palladium were similar for all three 

catalysts.. However, the impregnation of hydrophobic mesoporous silica with H2PdCl4 

producess smaller crystallites, better dispersion and the highest catalyst activity (Cat. DP). 

Silylationn of Pd/Si02 with DDMS produces a more hydrophobic catalyst without any 

influencee on the crystallites size and Pd dispersion (Cat. PD). Thus, the hydrophobic Cat. 

PDD has higher activity than hydrophilic catalyst but lower than Cat. DP. 
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Figuree 4.12.XRD pattern of the catalysts: A) hydrophilic Pd/Si02 catalyst, B) Cat. PD, 

andd C) Cat. DP. 

Thee results of this work demonstrate the process enhancement by a synergetic effect 

off  a better Pd dispersion on hydrophobic silica support and by the adhesion of catalyst 

particless to gas bubbles. 

4.4.. Conclusions 

Onee hydrophilic and two hydrophobic silica supported Pd catalysts were prepared and 

characterised.. The content of Pd was 5wt% for each catalyst. The hydrophobicity of the 

silicaa support was limited to an intrinsic contact angle of 90°, in order to allow the water 

too fil l the support pores. The hydrophobic catalysts were prepared by two routes, 

hydrophobisationn with DDMS followed by wetness impregnation with H2PdCl4 solution 

orr the other way around. 
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Thee support modification by silylation with DDMS in aqueous medium increases the 

numberr of methyl groups present at the silica surface with the amount of DDMS used. 

Thee preparation conditions described in this work preserve the number of hydroxyl 

groupss at the silica surface, while the silica surface becomes more hydrophobic. 

Thee route of catalyst preparation has influence on the surface hydrophobicity. 

Accordingg to the heat of immersion in water, heat of vapour adsorption or the angle of 

bubblee coverage, the catalyst is more hydrophobic, when the catalyst hydrophobisation is 

thee last step in preparation. 

Thee hydrogenation of methyl acrylate in aqueous solution demonstrates a higher 

activityy of hydrophobized silica supported palladium catalysts compared with unmodified 

silicaa supported Pd catalyst. However, the hydrophobization of silica supported Pd 

catalystt reduces the accessibility of the reactants to active sites due to an overlap of 

methyll  groups and Pd clusters. 

Thee most active catalyst was prepared by wet impregnation of hydrophobic silica 

supportt with palladium chloride and activation. This procedure ensures the presence of Pd 

clusterss at the top of modified support and a better Pd dispersion. The adhesion of these 

particless to gas bubbles leads to enhanced performances of catalytic three-phase reactions 

inn aqueous medium. 

Notations s 

ddbb bubble diameter, m 

ddvv particle diameter, m 

/LVV liquid-vapour surface tension, N m' 

ySvv solid-vapour surface tension, N m"1 

yySLSL solid-liquid surface tension, N m"1 

66 three-phase contact angle, rad 
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Chapte r r 

Bubbl ee coalescenc e 

inn the presenc e of particle s 

Abstract t 

Thee mechanism of bubble coalescence in the presence of solid particles was firstly 

studiedd by means of coaxial particle-bubble interactions and then by experiments carried 

outt in two coalescence cells. The bubbles coalesce immediately in pure liquids, but the 

processs can be hindered in the presence of surfactants or electrolites. The presence of 

solidd particles in three-phase systems has either a promoting or inhibiting influence on the 

coalescence.. Non-porous hydrophobic particles with contact angle higher than 90° 

promotee the bubble coalescence. All other particles - both porous and nonporous 

hydrophilicc as well as porous hydrophobic - exhibit repulsive forces when approaching to 

aa G-L interface. The experiments performed in two coalescence cells demonstrate that 

differentt mechanisms are possible. When two bubbles approach slowly, the particles are 

simplyy removed from the symmetry axis. The influence of solid particles is explained by a 

longerr coalescence time. At higher approaching velocity of the bubbles, small particles 
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remainn trapped in the adjacent liquid film separating the bubbles. In the case of coaxial 

collisionn of two bubbles, the liquid film containing particles becomes more stable. In the 

casee of tangential friction of the bubbles, the particles have a destabilizing effect and the 

filmm is easily destroyed. The overlap of different mechanisms might be responsible for 

somee of the contradictory results found in the literature. 

5.1.. Introductio n 

Thee coalescence of bubbles has high impact on the process performances in flotation 

andd (slurry) bubble columns. In the case of (bio-) chemical reactors, the reaction rate 

mightt be limited by the mass transfer of the gas to the bulk liquid. Specific G-L interfacial 

areaa is a key parameter in design, scale-up and process intensification. Thus, the 

knowledgee of elementary mechanisms of bubble coalescence is important for a better 

understandingg of the chemical engineering processes. 

Itt is well known that bubbles coalesce immediately in pure liquids while the 

surfactantss and most of the electrolytes present in the liquid phase generally have an 

inhibitingg effect. Craig et al. (1993) reported the influence of different electrolytes. 

Althoughh the coalescence of two bubbles in pure water and electrolyte solutions was 

extensivelyy studied, some results are still ambiguous. The coalescence of bubbles in 

electrolytee solutions was considered previously being almost 100% inhibited behind of a 

certainn concentration (Lessard and Zieminski, 1971). Other authors found high 

coalescencee frequency even at higher concentration of the same electrolytes (Tse et al., 

1998;; Zahradnik et al., 1999). 

Thee objective of this work is to study the influence of solid particles on the bubble 

coalescencee and possible mechanisms caused by the particle-bubble interactions. The 

presencee of solid particles in three-phase systems might have either a promoting or 

hinderingg influence on the coalescence. Both the theory of particle-bubble interactions, 

liquidd film stability and experiments based on gas hold-up measurements performed in 2-

DD and 3-D columns demonstrated that different mechanisms are possible. Different 

mechanismss might explain some of the contradictory results found experimentally. 
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Thee coalescence of two bubbles is frequently studied in coalescence cells, but under 

slightlyy different conditions as for example the distance between the two nozzles, nozzle 

diameterss and orientation, gas pressure and flowrate (Drogaris and Weiland, 1983). The 

measurementss are very sensitive to the water contamination with electrolytes or 

surfactants.. Although the concentration of surfactants in the bulk liquid is negligible and 

cannott be measured by conventional methods, they concentrate at the gas-liquid or liquid-

solidd surfaces. The adsorption or desorption of surfactants from solution may alter the 

surfacee hydrophobicity of particles. 

Thee presence of solid particles might have either a promoting or hindering effect on 

thee bubble coalescence when some parameters are only slightly varied. For example, the 

influencee of activated carbon particles on the gas hold-up measured in 2-D columns was 

lowerr at high concentration of solids (van der Zon and Bliek, 2001) but higher at low 

concentrationn (Kluytmans et al., 2001). 

Itt is well known from flotation practice that small quantity of naturally hydrophobic 

coall  increase the gas hold-up, while the presence of a large quantity of coal reduced the 

gass hold-up, due to the coalescence of bubbles induced by the hydrophobic particles. 

AA common method to study the coalescence behaviour in three-phase systems is by 

measuringg the gas hold-up in bubble columns. Zhou et al. (1998) found a decrease of the 

gass hold-up in the presence of fine hydrophilic silica particles (d50 < 5 um). For silica 

particless of chemically induced hydrophobicity in dodecylamine solutions, gas hold-up 

increasedd sharply with solid content reaching a maximum at about 2 wt% solids. 

Thee particle hydrophobicity has influence on the bubble coalescence (Jamialahmadi 

andd Mullersteinhagen, 1991). Wettable particles repel the gas interface acting as a buffer 

betweenn two adjacent gas bubbles. Non-wettable particles have the opposite effect. 

Dippenaarr (1982) studied the mechanism of particle-film interactions on a thin film. He 

foundd that spherical, highly hydrophobic particles, especially spheres, with contact angles 

greaterr than 90° destabilize the froth. The destabilization was the result of the thinning of 

thee inter-bubble liquid bridged by the particle. Particles with irregular shapes could 

rupturee the films even when 0<9O° (Johansson and Pugh, 1992). 
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Ataa et al. (2003) studied the coalescence of bubbles in the presence of glass particles 

off  different hydrophobicities, as reflected in the contact angles: 50°, 66° and 82°. In the 

presencee of entrained solids, the bubble coalescence rate substantially decreases mainly 

duee to reduced liquid drainage in the bubble films. A maximum coalescence rate was 

foundd for moderately hydrophobic glass particles characterised by a contact angle of 66° 

andd lower coalescence rates for contact angles of 50° and 82°. 

Thee coalescence of two bubbles takes place if the contact time of two bubbles is 

biggerr than the time needed to drain the liquid film between them (Colella et al., 1999). 

Onn the contrary, Stewart (1995) observed that coalescence usually appeared to be 

instantaneouss and the contact time between bubbles is considerably bigger than the time 

forr coalescence process. Kluytmans et al. (2001) found that the addition of carbon 

particless changes the bubble size distribution through bubble stabilization. Experiments 

showedd that adding carbon particles leads to a delay in bubble coalescence. 

Inn the first part of this paper, the influence of particles on the bubble coalescence is 

studiedd on the basis of particle-bubble interactions. In the second part, experiments were 

performedd in two coalescence cells. The collision and eventually coalescence of pairs of 

airr bubbles were recorded with a high-speed video camera. The coalescence time was 

measuredd for several types of solid particles representative for industrial applications in 

slurryy bubble column reactors. 

5.2.. Theory of particle-bubble interactions 

Inn this section, the interactions between bubbles and solid particles are analyzed on the 

basiss of the equilibrium forces under stagnant conditions. The following approximations 

weree considered: i) the bubble deformation under the hydrostatic pressure of the liquid are 

neglected,, and thus the bubbles are spherical when no external forces are applied, ii) 

underr external forces the bubble shape is changed but remains symmetric to a symmetry 

axis,, iii ) the particles are perfect spherical and uncompressible, and iv) the particle surface 

iss smooth and thus, the three-phase contact angle is well defined. 

Thee first two approximations hold for low dimensionless Eo number, say small 

bubbles,, low liquid density and high liquid surface tension. The last two refer to ideal 
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particles.. The model can be extended to porous (catalyst) particles by taking into account 

thee real contact angle of particles adhering to gas bubbles (Omota et al., 2005). 

5.2.1.5.2.1. Contact angle of particles 

Thee hydrophobicity of a solid surface is frequently characterised by the three-phase 

contactt angle. However, the three-phase contact angle is defined for smooth surfaces. The 

curvaturee of the three-phase contact line may introduce a correction term known as the 

linee tension, described by the extended Young-Dupre equation (Schulze, 1984). The 

contributionn of the line tension has an influence on the contact angle for radii below of 10" 

mm (Vinke et al., 1991a). When immersed into a liquid, smooth spherical particles bigger 

thann 10" m and adhering to the G-L interface shows in principle the same contact angle as 

aa droplet of liquid placed on a smooth surface, refered here as intrinsic contact angle. 

Onn rough surfaces, the contact angle exhibits hysteresis, and the limiting cases are 

advancingg and receding contact angles. These two contact angles are usually measured 

underr dynamic conditions. Under static conditions, the equilibrium contact angle may 

havee any value limited by the receding and advancing contact angles. In a previous work, 

Omotaa et al., (2005) studied the adhesion of particles to gas bubbles under static 

conditions.. The contact angles of rough particles adhering to a gas bubble in liquid, or to a 

liquidd droplet in air were in agreement with the receding and advancing contact angles, 

respectively. . 

Porouss particles are frequently characterised by the intrinsic contact angle, equivalent 

too the three-phase contact angle measured on a smooth surface of the same material. 

Omotaa et alM (2005) measured the contact angle, the penetration angle and the adhesion 

forcess in the case of small particles adhering to air bubbles. Porous particles characterised 

byy an intrinsic contact angle up to 90° have the pores filled with water. The three-phase 

contactt angle of porous particles adhering to gas bubbles is lower than the intrinsic 

contactt angle. Based on bubble pick-up experiments, activated carbon particles have a 

contactt angle 0=3.7-5° (Omota et al., 2005) while Pd/C catalyst particles have an effective 

contactt angle 0=2.2° (Vinke et al., 1991a,b). However, it is well-known that activated 

carbonn is rather hydrophobic than hydrophilic. van der Zon et al. (2001) studied the 

hydrophobicityy of activated carbon SX1G from Norit B.V. and found an intrinsic contact 
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anglee of 82°. On the contrary, hydrophobic surfaces characterised by roughness and 

contactt angles higher than 90°, have the apparent contact angle higher than the intrinsic 

contactt angle. This is so-called superhydrophobicity or lotus effect (Marmur, 2004). 

Forr modeling purposes, the particles further considered are characterised by a well 

definedd contact angle. 

5.2.2.5.2.2. Coaxial interaction particle-bubble 

Fig.. 5.1a shows a spherical particle adhering to the G-L interface of a gas bubble 

immersedd in the liquid. The particle penetrates the bubble under an angle if/. The three-

phasee contact line is a circle of radius r, not shown in the figure. 

Figuree 5.1. Particle (right) adhering to a gas bubble (left): (a) no external forces applied, 

andd (b) coaxial forces applied to both particle and bubble, changing the 

bubblee shape, Rb', angle y and angle <p, but not the contact angle 6. 
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Thee particle-bubble aggregate is in equilibrium if the capillary force Fc and the force 

resultedd from the capillary pressure Fp are equal: 

FFcc =27iry sin tp (5.1) 

FF pp=^(P=^(PBB-P-PLL) ) 

22 2v (5.2) 
== nr — 

Underr stagnant conditions, the equilibrium position is stable (Omota et al., 2005a). 

Thee angles y and iff can be easily calculated using the following equations: 

**  + *  = 0 (5.3) 

rr  = Rn sin w 
PP (5.4) 

rr  = Rh sin a> 
bb Y (5.5) 

Ann external force applied on the symmetry axis to both, the bubble and the particle 

increasess the penetration angle y of the particle. The bubble shape changes, but the 

contactt angle 9 remains constant. The angle iff is defined by the normal to the bubble 

surfacee on the three-phase contact line and the symmetry axis. Eqs (5.1)-(5.4) do not 

change,, while the bubble curvatures in the plane of the paper (dp/ós) and perpendicular to 

thee plane of the paper ((sin^)/x) are different. The bubble shape analysis is based on the 

'arc-length'' based approach (Chatterjee, 2002) described by the following equations: 

d<pd<p _PG-PL sin <p 

dsds y x 
(5.6) ) 
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dx dx 
—— = cos#> 
dsds (5.7) 

dydy . 
—— = sm ĵ 
dsds (5.8) 

dVdV 2 . 
==  7tx sin >̂ 

dsds (5.9) 

withh the boundary constrains at the right and left side of the bubble, given in Eqs. 

(5.10)) and (5.11), respectively: 

ss = 0, (p = 0-t//, x = r, y = 0, V = ^ - ( l -cos^)2(2 + cos )̂ 
33 (5.10) 

ss = sr q> = 7z-0w, x = xf, y = yf, V =Vb (5.11) ) 

Eq.. (5.11) refers to a bubble adhering to flat surface with a contact angle 0W ensuring 

staticc conditions. Note 6^=0° in Fig. la,b. Under external forces, the gas compression 

leadss to a small change in bubble volume, described as a polytropic transformation: 

PPGGVVbb*=*=  const. ( 5 1 2) 

Thee force balance at the right and left side of the bubble are shown in the Eqs (13) and 

(14),, respectively: 

FF =7tr2{PG -PL)-27trysincp 
(5.13) ) 

FF =nx){PG -PL)-27rxfysin0w ( 5 1 4) 
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2 2 

U." " 

x,, mm 

Figuree 5.2. Influence of external force on: (a) the penetration angle and (b) distance 

betweenn particle-bubble. Simulation performed in Matlab for different 

particle-bubblee contact angles 0=30... 110°, Rp=0.5 mm, Rb=l  mm, 7=0.072 N 

m"1,, 0W=9O°. A particle from liquid (A) or gas (D) joins the G-L interface, 

jumpss to the equilibrium position (B) and may detach back to the liquid (C). 

Thee ODEs given in Eqs (6)-(9) can be solved if the penetration angle y and the bubble 

overpressuree (PC-PL) are known. Both depend on the force F applied and the bubble 

volumee Vb. This is a boundary value problem (BVP). The ODE-BVP was solved in 

Matlab®® from the Math Works. 

Figs.. 5.2a,b show the external force applied to a particle-bubble aggregate vs. the 

penetrationn angle ip and vs. the distance x between the wall and particle centre, 

respectively.. A negative value of the external force explains the adhesion of particle 

initiallyy immersed in liquid. A positive value explains the adhesion of the same particle 

fromm the gas side. A contact angle #„=90° avoids the bubble detachment from the wall. 

Thee particle hydrophobicity defined by the contact angle increases the maximum 

adhesionn forces when F is negative and at low penetration angles <p<6. At high penetration 

angless <p, the particle cannot leave the G-L interface under positive force F. There is 

alwayss an equilibrium position (F=0) for a finite contact angle. At zero contact angle the 

particle-bubblee interactions are repulsive on all range of the penetration angles. By 

increasingg the contact angle, the penetration angle is increasing, too. 
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(a)) (b) 

bubblee ' bubble 

Figuree 5.3. Draw of the equilibrium position of particles in the vicinity of two gas 

bubbles,, (a) hydrophilic particles penetrates the G-L interface but cannot 

reachh the symmetry axis when the bubbles are close each other, and (b) 

hydrophobicc particles penetrates the G-L interface at higher extent and induce 

thee bubble coalescence by overlapping the two G-L interfaces. 

Thee knowledge of forces acting on the particle-bubble aggregate under static 

conditionss is important in predicting the dynamics behaviour. For example, the dynamics 

off  particle-bubble attachment process can be explained by F-x diagram in Fig. 5.2: When 

aa particle touches the G-L interface in A, the attractive forces produce a jump of the 

particlee at the equilibrium position B. Under an external force, the particle detachment 

occurss in C. The process has similar dynamic behaviour when the particle approaches the 

G-LL interface from gas phase, in D. However, the particle surface hydrophobicity has 

complementaryy influence if the particle approaches the G-L interface from one side or the 

another. . 

5.2.3.5.2.3. Coaxial interaction bubble-particle-bubble 

Fig.. 5.3 shows a draw of spherical particles in the vicinity of two gas bubbles when no 

externall  forces are applied and neglecting the particle weight and interactions between the 

twoo bubbles. Both the particles and bubbles are perfect spherical. Hydrophilic particles 

showingg lower penetration angles than 90° remain at a certain distance from the symmetry 

axiss of the two bubbles. An increase of the particle penetration angle leads to a closer 

positionn to the symmetry axis. At 90° penetration angle, the particle remains on the 

symmetryy axis until the two G-L interfaces are coming into contact. 
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Whenn the bubbles have different sizes the particle may be able to reach the symmetry 

axis.. In this case the particle surface is tangent to the symmetry axis normal to the bubble 

surfaces.. Thus, a particle promotes the coalescence only if the effective contact angle is 

equall  or greater than 90°. The event may occur under relative stagnant conditions. 

5.2.4.5.2.4. Coaxial interaction bubble-particle-particle-bubble 

Particless adhering to the G-L interface may prevent the coalescence of two bubbles. 

Evenn the penetration angles of each particle exceeds 90°, two bubbles completely covered 

byy particles might not coalesce. The behaviour of particles adhering to the bubbles is 

similarr to that of surfactant molecules at the G-L interface, the particles keep the bubble 

interfacess at distance. The coalescence would be possible for penetration angles closed to 

180°° or high external forces. 

5.3.. Experimental 

5.3.1.5.3.1. Chemicals 

Distilledd water and electrolyte solutions of different concentrations were used. The 

electrolytee solutions were prepared with distilled water and Na2S04 of analytical grade in 

concentrationss of 0,001 M to 1 M. The gas phase was air purified by adsorption on 

activatedd carbon filter. 

Thee solids used in bubble coalescence experiments are shown in Table 5.1. They 

differr by particle size, surface hydrophobicity and the nature of solid material, inorganic 

orr organic. Mesoporous silica was provided by Promeks. The particles in the range of 35 

too 53 um were selected by sieving. The steam-activated peat-based carbon SX1G was 

providedd by Norit B.V. 

Thee hydrophobisation of silica particles was performed as follows: 10 g of 

mesoporouss silica was mixed with 87 ml solution containing 30 wt% isopropanol in 

water.. Subsequently, 2.3 ml of DDMS was added under vigorous stirring during 10 

minutes.. The suspension was mixed for 30 minutes at room temperature and then heated 

upp to the boiling point. The vapours were condensed and refluxed for 30 minutes. 
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Tablee 5.1. 

Solidss used for the study of bubble coalescence. 

Solidd particles 

Si022 Sipernat 320 DS 

Hydrophobisedd Si02 

Sipernatt 320 DS 

Mesoporouss Si02 Promeks 

Hydrophobisedd Si02 

Promeks s 

Glasss beads 

Hydrophobisedd glass beads 

Polystyrenee beads 

Activatedd carbon 

Particle e 
size, , 
u,m m 

5 5 

5 5 

44 4 

44 4 

150 0 

150 0 

500 0 

20 0 

Pore e 
volume, , 
cm33 g1 

0 0 

0 0 

1 1 

1 1 

0 0 

0 0 

0 0 

Apparent t 
densityy in water, 
gem"3 3 

2.20 0 

2.20 0 

1.37 7 

1.37 7 

2.58 8 

2.58 8 

1.06 6 

1.37 7 

Celll  type l 

H H 

V,H H 

V,H H 

V,H H 

H H 

V,, H 

V V 

V,, H 

11 coalescence of two bubbles studied in vertical (V) and horizontal (H) coalescence cells 

Afterr cooling at room temperature, the product was washed with ethanol and 

subsequentlyy with a large amount of bidistilled water. Finally, the powder was dried at 

3933 K for 16 hours. 

5.3.2.5.3.2. Equipment 

Thee specific surface area of modified silica samples was assessed by nitrogen 

adsorptionn using the BET equation. A Coulter Counter Multisizer 3 System was employed 

too obtain the particle size distribution and the mean size. 

Thee bubble coalescence was carried out in two coalescence cells, V and H. The 

coalescencee cell denoted by V consists of two vertical needles in opposite directions. The 

coalescencee cell H has two horizontal nozzles in opposite positions. 
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t,=00 ms t2=0.22ms t3=0.44 ms t4=0.66 ms 

11 mm 

Figuree 5.4. Coalescence of two small air bubbles in water without visible deformation of 

thee bubble shape. The coalescence takes place between ti and t2. 

Inn both cases the distance between the capillaries can be easily modified and 

measured.. In the cell V, the coalescence was observed in a stagnant liquid. In cell H, the 

coalescencee was studied under dynamic conditions, at constant air flowrate. 

Constantt feed rates were controlled by electronic flowmeters connected in parallel, 

coveringg a large range of gas flowrates. All experiments were carried out at room 

temperaturee and atmospheric pressure. Pairs of bubbles were formed simultaneously in 

thee capillaries. The frequency of bubble formation was 28 pairs per minute. Bubble 

interactionss were monitored with the following visualization set up: A digital high-speed 

videoo camera (4500 frames per second), a VCR, a monitor, a fiber optic lamp and a 

computer.. The selection of the electrolyte solutions was made according to the earlier 

reportedd studies (Craig et al., 1993; Zahradnik et al., 1995). 

AA digital high-speed camera Photron FASTCAM Ultima SE coupled to Optem Zoom 

1600 and Optem XI objective were used to visualize the bubble coalescence experiments. 

Thee camera offers exceptionally high-speed video recording rates up to 40500 fps (frames 

perr second) partial frames or 4500 fps full frames at a the highest resolution of 256x256 

pixels.. The coalescence time was calculated from the number of frames between the 

apparentt collision and coalescence of two bubbles. Improvement of the image quality, 

light,, contrast and gamma correction as well as the measurements of angles and distances 

weree performed with the help of Image Processing toolbox in Matlab. 
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t,=00 ms t2=111.11 ms t3=949.66 ms 

t4=949.88 ms t5=950.00 ms t6=950.22 ms 

Figuree 5.5. Coalescence of two air bubbles in electrolyte solution 0.01 M Na2S04. 

Approachingg speed of lower bubble 2.2 mm s'\ coalescence time fc=838.7 ms 

5.4.. Results and discussions 

5.4.1.5.4.1. Coalescence in pure water and electrolytes 

Fig.. 5.4 shows successive images recorded at 4500 fps in the cell V during the 

coalescencee of two small air bubbles in water. Two small bubbles with an average 

diameterr of 1 mm were produced with the help of thin needles. The bubbles were 

approachedd coaxially with by means of a micrometric screw. The bubbles collide and 

coalescee almost instantaneously after the contact. No change in the bubble shape can be 

observedd at tj. It means that two bubbles coalesce in pure water even in the absence of 

externall  forces, as considered in the section 5.2. 

Thee presence of electrolytes has influence on the bubble coalescence even at low 

concentration.. Fig. 5.5 shows two bubbles produced at the top of two relatively large 

nozzless with internal diameter of 2 mm. The concentration of solution is 0.01 mol 1" , 

relativelyy low compared with the transition concentration c50=0.061 mol f Na2S04, 

consideredd by Lessard and Zieminski (1971) to prevent the coalescence in 50% of cases. 
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Frames s 

00 1 2 3 4 5 6 7 

1.5 5 
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II  « 
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öö 0.5 

0 0 
00 0.5 1 1.5 

Time,, ms 

Figuree 5.6. Expansion of the hole formed immediately after coalescence of two bubbles. 

Thee hole speed is calculated from radius measurements recorded at 4500 fps. 

Ass expected, the coalescence does not take place immediately after bubble contact. 

Underr external forces, the bubble shape is firstly changed and a stable liquid film prevent 

thee coalescence for 838.7 ms. The coalescence time might by altered due to inaccurate 

identificationn of the frame where the collision takes place. This error is significantly 

reducedd if the bubbles collide at higher approaching velocity. The moment of liquid film 

pinningg and effective coalescence can be accurate identified because the process becomes 

veryy fast. Fig. 5.6 shows the speed of increasing in diameter of the newly formed bubble. 

Thee hole extends his diameter and the speed was calculated from the hole radius vs. time. 

5.4.2.5.4.2. Coalescence in V cell 

Figss 5.7a and 5.7b show the coalescence of two bubbles in the presence of one or 

moree particles, respectively. The visual observations showed the same trend for all 

particless studied. All the particles characterised in Table 5.1 have lower penetration angle 

thann 90°. They are always removed from the symmetry axis of two coalescing bubbles. In 

thee case (a), the coalescence takes place between time t, and t2. 
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t,=0.00 ms t2=0.2 ms t3=0.4 ms t4=0.6 ms 

t,=0.00 ms t2=5.5 ms t3=11.1 ms t4=87.8 ms 

Figuree 5.7. Coalescence of two air bubbles in water in the presence of (a) hydrophobic 

nonn porous polystyrene particle, and (b) hydrophilic mesoporous silica 

particles. . 

Att this point, the particles do not directly influence the coalescence. The liquid film 

stabilityy and interface forces, not discussed here, play the main role. In the Fig. 5.7b, 

severall  hydrophilic porous particles much smaller than in the previous case are placed at 

thee bottom of the upper bubble at tj and before. The particles remain adhering to both gas 

bubbless after contact at t2. Approaching the bubbles more, the particles are removed from 

thee symmetry axis (see t3). At t4 the bubbles collide and rapidly coalesce, similar to the 

casee of coalescence of two bubbles in water. 

Thesee experiments demonstrate that under almost static conditions, hydrophilic and 

hydrophobicc particles with penetration angles lower than 90° do not signifivcantly 

influencee the coalescence of two bubbles. The main contribution results from the liquid 

filmm stability and depends on the interfacial forces, independent on the presence of 

particles. . 
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tpO.00 ms t2=0.9 ms t3=9.8 ms t4=10.7ms 

55 mm 

Figuree 5.8. Bubble coalescence in the presence of small carbon particles: dp=20 urn, cs=3 

gg r1. 

5.4.3.5.4.3. Coalescence in H cell 

Thee continuously collision of pairs of bubbles were studied at constant gas flowrate, 

correspondingg to bubbling frequency in the range of 2-50 Hz and solid concentrations up 

too 15 g 1" . Without solids, the coalescence time was measured in bidistilled water and 

solutionss of electrolyte. Surprisingly, the coalescence time remains relatively short even at 

highh concentrations of electrolyte (Table 5.2). There are two possible explanations: i) at 

highh bubbling rate, the electrolyte concentration at G-L interface has not been stabilized 

too an equilibrium value, or ii) the force corresponding to coaxial collision is higher than in 

thaa experiments performed by Lessard and Zieminski (1971). Very short coalescence time 

inn the presence of concentrated electrolytes was also visualised by Tse et al. (1998). 

t,=0.0mss t2=0.2ms t3=12.0ms t4=13.1 ms 

^mm^mm mm r\ 
^Do aa ^ 0 t e ^0O b ^ t o b 

55 mm 

Figuree 5.9. Bubble coalescence in the presence of mesoporous hydrophilic silica 

particles:: dp=44 urn, cs=3 g l"1. 
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tpO.Omss t2=17.8ms t3=35.6 ms t4=53.3 ms 

Figuree 5.10.Bubble coalescence in the presence of mesoporous hydrophobic silica 

particles:: dp-44 urn, cs=5 g 1" . 

Thee influence of different particles on the coalescence time can be found in Table 5.2. 

Somee examples are illustrated in the Figs 5.9 to 5.11. Hydrophilic particles have lower 

influencee on the coalescence time, compared with more hydrophobic particles. Small 

particless have higher influence than large particles. Thus, the coalescence time is longer 

forr small hydrophobic silica particles than hydrophobised mesoporous silica. At higher 

concentration,, more hydrophobic particles completely prevent the coalescence. 

t,=0.00 ms t2=11.1ms t3=22.2 ms t4=33.3 ms 

55 mm 

Figuree 5.11.Bubble collision in the presence of small hydrophobic silica particles: dp=5 

pm,, cs=5 g l"1. 
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Tablee 5.2. 

Averagedd coalescence time of air bubbles in water 

Electrolyte e 
concentration, , 

moll  l"1 Na2S04 

0 0 

0.001 1 

0.01 1 

0.1 1 

1 1 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

0 0 

Naturee of solid 
particles s 

--

--

--

--

--

Activatedd carbon 

Mesoporouss Si02 

Hydrophobised d 
mesoporouss Si02 

Sipernatt 320DS 

Hydrophobised d 
Sipernatt 320DS 

Concentrationn of 
solidd particles, g l"1 

0 0 

0 0 

0 0 

0 0 

0 0 

0.2 2 

0.6 6 

3.0 0 

3.0 0 

6.0 0 

15.0 0 

1.0 0 

3.0 0 

5.0 0 

0.6 6 

3.0 0 

15.0 0 

0.2 2 

1.0 0 

3.0 0 

5.0 0 

Coalescencee time, 
ms s 

2.2 2 

6.8 8 

7.9 9 

10.1 1 

5.3 3 

7.8 8 

9.8 8 

10.4 4 

12.4 4 

10.6 6 

4.1 1 

17.8 8 

--

--

2.9 9 

3.1 1 

3.4 4 

13.9 9 

18.8 8 

--

--
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Thee bubble coalescence is inhibited during the first milliseconds after collision. 

However,, it was found that the bubble coalescence in the presence of solid particles 

occurss when the bubbles slides each other. Static particles do not realy destabilize the 

liquidd film separating two bubbls, but under dynamic conditions the film is easily 

destroyed.. A similar phenomenon was not found in the case of electrolytes. 

5.5.. Conclusions 

Thee mechanism of bubble coalescence in the presence of solid particles was studied in 

thiss work. Theoretically, spherical particles characterised by a contact angle of at least 90° 

havee a promoting effect on the coalescence. At lower contact angles, particles placed 

exactlyy on the symmetry axis between two bubbles allow the bubble coalescence only if 

externall  forces are applied. 

Thee coalescence of two air bubbles in bidistilled water demonstrates very low 

interactionss after collision and practically no visible deformation of the G-L interfaces. 

Afterr the liquid film separating the two bubbles is thinning up to a critical thickness, it is 

furtherr pinned and the hole formed extends his diameter with an initial velocity of about 3 

mm s"\ creating a pronounced ripple at the G-L interface. 

Iff  the particles present in the liquid have contact angles lower than 90°, they might be 

removedd and a liquid film free of particles is formed between the bubbles. Further, the 

pinningg of the liquid film is governed by the gas-liquid properties and the presence of 

solublesoluble additives in solution, like surfactants or electrolytes. 

Thee presence of particles increase the coalescence time, defined as the interval 

betweenn apparent bubble collision and the real rupture of the liquid film between die 

bubbles.. Hydrophobic particles adhering at the G-L interface may also prevent the 

coalescencee of two approaching bubbles. 

Thee coalescence takes place when small particles remain in the liquid film between 

twoo bubbles and by the friction of two bubbles. The motion of the particles induces 

turbulencee destabilizing the film. 
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Notations s 

cs cs 
ddp p 

F F 

FFc c 

Fv Fv 
n n 

P P 

* P P 

RRb b 

r r 

s s 

vvb b 

concentrationn of solid particles, kg m"3 

particlee size expressed as equivalent diameter 

externall  force, N 

capillaryy force of a particle attached to a bubble, N 

forcee resulting from the capillary pressure in the bubble, N 

polytropicc exponent, -

pressure,, N 

radiuss of spherical particle, m 

radiuss of spherical bubble, m 

radiuss of the three-phase contact line, m 

'arcc length' coordinate, m 

bubblee volume, m3 

GreekGreek Symbols 

pp density, kg m"3 

yy superficial tension of G-L interface, N m"1 

<p<p angle of particle penetration into the G-L interface, rad 

if/if/  angle formed by the symmetry axis of a bubble and the normal to the bubble 

surfacee on the three-phase contact line (see Fig. 5.1), rad 

66 three-phase contact angle of a particle adhering at the G-L interface, rad 

66WW three-phase contact angle of a plane wall required to counterbalance the external 

forcess acting on a particle, rad 

Superscripts Superscripts 

**  based on the curvature in the paper plane 

Subscripts Subscripts 

eqq equilibrium position under stagnant conditions at F=0 

ff  final value resulted after the integration of ODE-B VP 

GG gas 

LL liquid 

SS solid, meaning the particle with pores filled with liquid 
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mode ll  in desig n and scale-u p of 

slurr yy  bubbl e column s 

Abstract t 

Inn slurry bubble column reactors, catalyst particles may adhere to gas bubbles. Thus, 

masss transfer limited reactions can be significantly improved either by increasing G-L 

masss transfer coefficient kL or specific surface area a. A novel model describing the 

adhesionn of particles to gas bubbles was previously developed. The scope of this work is 

too study the influence of model parameters on coalescence and G-L mass transfer, in order 

too develop new rules for design and scale-up of slurry bubble columns. The effects of 

particlee size, hydrophobicity and porosity on particle-to-bubble adhesion and bubble 

coalescencee were determined experimentally. Total gas hold-up, bubble rise velocities 

andd size distribution were measured in a 2-D column. Hydrophobic particles adhering to 

gass bubbles slightly increase the bubble coalescence rate and decrease the gas hold-up in 

6 6 



ChapterChapter 6 IntegrationIntegration of particle-to-bubble model in design 

2-DD column. However, the hydrogenation of methyl acrylate in aqueous medium 

catalysedd by hydrophobic Pd/Si02 catalyst lead to a reaction rate with up to 450% higher. 

6.1.. Introductio n 

Slurryy bubble column reactors are widely used in many chemical, petroleum, 

petrochemical,, biochemical and wastewater treatment industries. The hydrogenation and 

oxidationn reactions are frequently catalysed by active carbon, silica or alumina supported 

noblee metals. Despite high activity of the catalysts, the mass transfer of gas from the G-L 

interfacee to bulk liquid may lower the process performances. In this case, the most 

importantt parameters required for design and scale-up are G-L interfacial area a and 

liquidd side mass transfer coefficient kL. 

Thee gas hold-up and the volumetric liquid phase mass transfer coefficient kLa in 

bubblee columns were correlated by dimensionless equations with the liquid properties 

(Akitaa and Yoshida, 1973; Hikita et al., 1981; Kang et al., 1999). Hence, the influence of 

solidd particles based on gas hold-up measurements is frequently explained by variations in 

density,, viscosity or superficial tension of the slurry, independent on the particle-bubble 

interactions.. However, the solid particles might form agglomerations and solid-gas 

aggregatess affecting the mass transfer, reaction rate, gas hold-up and flow regime 

transition. . 

Thee experiments with hydrophobic particles demonstrated an enhancement of G-L 

masss transfer dependent on the fraction of bubble surface area covered with solid 

particles.. Table 6.1 illustrates few equations describing the influence of particle-to-bubble 

adhesionn on the enhancement factor. 

Vann der Zon (2002) shown that activated carbon particles adhering at G-L interface 

mayy promote bubble coalescence, as the activation energy for film rupture is reduced. On 

contrary,, Kluytmans et al. (2001) found an increase in the gas hold-up in the presence of 

activatedd carbon particles, independent on the sparger type. The influence of solid 

particless was explained by a delay in the bubble coalescence, an increase in liquid layer 

density,, a decrease of bubble rise velocity and consequently, an increase in gas hold-up. 
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Tablee 6.1. 

Influencee of fraction bubble coverage £on G-L mass transfer enhancement E 

Expressionss for 

masss transfer enhancement 
Referencee Notations1 

11 + 
CdCdb b 

ll  + £ 

i+<r r 

r l 1-^ - 1 1 

dp dp 1 1 

6k6kss krt]m 
-1 1 

mKAl mKAl 
ll  + £-

t a n ĥ  ^ 
4 4 

33 + (m££+3)tanĥ  

Wimmerss et 
al.. (1984) 

Vinkee et al. 

(1992,, 1993) 

Vann der Zon 
ett al. (1999) 

Dagaonkar r 
ett al. (2003) 

kkLL liquid side mass transfer 
coefficientt at G-L interface 

DABB gas diffusion coefficient in 
liquid d 

kkss liquid side mass transfer 
coefficientt at L-S interface 

rr residence time of the particle at 
thee G-L interface 

2md„ 2md„ 
11'o'o = ~ 

30k30ku u 

mm partition coefficient of the gas 
betweenn the solid and liquid 
pp geometrical factor, id A 

&LSS liquid side mass transfer 
coefficientt for the covered part of 
bubblee surface 

Ppgg density of dry catalyst 
particless with gas filled pores 

__ kLdP 
LL D 

missingg notations £ dh, dpy a> c$, kt and tj are given at the end of this chapter 

Ruthiyaa et al. (2004) developed a combined GLS-GS model describing experimental 

reactionn rates for the glucose oxidation. Two catalysts, lyophobic 3% Pd/C and lyophilic 

3wt.%% Pd/Si02 were compared. The optimal catalyst concentrations were 1 kg m~3 for 

Pd/CC catalyst and 2 kg m~3 for Pd/silica catalyst. 

Thee objectives of this work are: i) to investigate the influence of particles adhering to 

bubblee on bubble coalescence and G-L mass transfer enhancement in three-phase 

systems,, ii) to establish relationships between particle-bubble interactions and slurry 

bubblee column performances, suitable for design and scale-up, as shown in Fig. 6.1. 
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G-LL mass transfer, k,

Agglomeration n 
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Bubble e 

I I 
Particlee to bubble adhesion 
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Coalescence e 

G-LL surface area, a 

Figuree 6.1. Effects of particle-to-bubble adhesion in slurry bubble column reactors. 

Thee influence of particles adhering to bubbles on G-L mass transfer and bubble 

coalescencee is firstly demonstrated by experiments in a bubble pick-up/coalescence cell, a 

2-DD column and finally, in a continuous stirred reactor. The experiments were carried out 

withh hydrophilic and hydrophobic particles. Hydrophobic particles may adhere to gas 

bubbless and may form aggregates. Hydrophilic particles do not significantly adhere to gas 

bubbless in water and the agglomeration of these particles is almost absent. The influence 

off particle adhesion to gas bubbles results by comparing the effects of hydrophilic and 

hydrophobicc particles under similar conditions. It should be mentioned that mesoporous 

silicaa particles were modified by silylation with dichlorodimethylsilane (DDMS). The 

degreee of hydrophobicity was limited to an advancing contact angle of 90°. Thus, the 

liquidd water can penetrate the pores and the particles can be spontaneous immersed in 

water.. Unmodified and modified silica particles compared in this work have almost same 

propertiess like: size distribution, solid density, porosity, specific surface area, but different 

surfacee hydrophobicity, three-phase contact angles, adhesion and agglomeration 

behaviour. . 

Noblee metal catalysts may have different behaviour in three-phase chemical reactors 

whenn changing the catalyst support properties. For examples, hydrophobic activated 

carbonn is more suitable for hydrogenation or oxidation reactions in aqueous media than 

hydrophilicc silica or alumina (Wimmers et al., 1988; Vinke et al., 1992; van der Zon et al. 

1999;; Ruthiya et al. 2003a, b). Wimmers et al. (1984) measured the hydrogen absorption 

intoo a buffered aqueous hydroxylaminephosphate solution using palladium on activated 
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coall  particles as a catalyst reaction rate. The enhancement of G-L mass transfer was found 

dependentt on the fraction of bubble surface areas covered by catalyst particles, provided 

thatt each of the catalyst particles containing layers is sufficiently thick. Vinke et al. 

(1991)) developed a model describing particle-to-bubble adhesion as a monolayer of 

particles.. Thus, the fraction of bubble surface covered with adhering particles depends on 

thee particle-to-bubble adhesion strength through the three-phase contact angle. 

AA new model recently proposed by Omota et al. (2005a) may simultaneously explain 

thee adhesion and agglomeration behaviour of hydrophobic particles in aqueous media. 

Thee model correlates the particle-bubble and particle-particle interactions with the bubble 

coveragee angle and the thickness of sediment adhering to a gas bubble. When the 

interactionss between particles are increasing, the model predicts an increasing thickness 

off  particles but a lower bubble coverage angle. The model allows the calculation of 

adhesionn and cohesion forces between particle-bubble and particle-particle, respectively. 

Therefore,, the problems related to reliable measurements of the three-phase contact angle 

off  porous materials, particle shape, solid surface roughness and heterogeneity are avoided. 

Krishnaa and Sie (2000) analysed previous experimental work related to the Fisher-

Tropschh synthesis and recommended generic procedures for the design and scale-up of 

slurryy bubble columns. The methodology developed for the estimation of necessary 

designn parameters were compared with our experimental results. Most of the previously 

developedd rules are still applicable for the case when the particles adhere to gas bubbles, 

whilee some design rules were completely modified. 

6.2.. Modeling of particle-to-bubble adhesion 

Inn slurry bubble column reactors, the particles may penetrate the G-L interface of 

bubbless leading eventually to solid-gas aggregate formation. The aggregate stability 

dependss on the detachment force Fd resulted by the summation of apparent weight F&, 

capillaryy force Fc, capillary pressure Fp and hydrodynamic force Fh: 

FFdd=F=F aa-F-Fcc+F+F pp+F+F hh (6.1) 
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Figuree 6.2. Forces acting on a solid particle S adhering to a gas bubble G in a liquid L. A 

singlee small particle does not deform the bubble shape and has a penetration 

anglee <p slightly smaller than the contact angle 6. 

Thee hydrodynamic force is related to the liquid motion around the bubble, ripples 

formedd at the bubble interface and inertial forces caused by turbulent eddies. These forces 

increasee with the turbulent acceleration at and the particle volume showing a cubic 

dependencee on particle radius (Ralston et al., 2002): 

FFhh=a,^(=a,^(PsPs-p-pLL)) (6-2) 

Fig.. 6.2 shows the forces acting on a single spherical particle penetrating the G-L 

interfacee of a small bubble. The forces given by Eq. (6.1) can be calculated for any 

penetrationn angle if the three-phase contact angle is known. However the three-phase 

contactt angle is defined for smooth, homogeneous and clean surfaces. Supported catalysts 

usedd in slurry bubble columns are generally porous, heterogeneous and the surface might 

bee contaminated with impurities. Therefore, we firstly developed a model describing 

adhesionn of spherical and smooth-surface particles to gas bubbles. Secondly, the terms 

relatedd to the three-phase contact angle, particle shape, particle porosity and surface 

heterogeneityy were substituted by the particle-bubble adhesion and particle-particle 

cohesionn forces, which are experimentally measurable. 
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Figuree 6.3. Detachment forces of spherical particles from gas bubbles as function of 

penetrationn angle and contact angle/surface hydrophobicity. 

Fig.. 6.3 shows the influence of the penetration angle on the detachment force of 

sphericall  particles under static conditions. In all cases, an optimum penetration angle 

minimisess the detachment force. Hydrophilic particles cannot adhere to the bubble due to 

thee repulsive forces. Hydrophobic particles have two equilibrium positions <pi and q>2. The 

particlee is attracted to the bubble with a force -Fd for any penetration angle ranged from 

<p<pxx to <p2- As this force is attractive, the particle penetrates the G-L interface and <p angle is 

increasing. . 

Att pi the equilibrium is unstable. For y>«pu the particle sinks in the liquid, while for 

(p>if>\(p>if>\  there is an attractive force to the stable equilibrium position tp2. The adhesion force 

hass a maximum Fadh max=max(-.Fd) at ^opt. This force is a measure of particle adhesion 

strength,, including the particle shape and solid surface properties like contact angle, 

surfacee heterogeneity and roughness. The adhesion strength may be also characterised by 

thee maximum floatable particle still adhering to a gas bubble (Fig. 6.4a), when Fadhmax is 

decreasingg to zero. 
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Figuree 6.4. Adhesion of: a) hydrophilic silica particle dv=\9Q (am in water, b) monolayer 

off  hydrophobic silica particles dp=44 urn in 10 wt.% ethanol/water solution, 

andd c) multilayer of hydrophobic silica particles in water. Note the two 

positionss where particle-bubble detachment (A) or particle-particle 

detachmentt (B) might occur. 

Underr stagnant conditions, a monolayer of particles may adhere to a bubble up to an 

anglee amax regard to the symmetry axis (Fig. 6.4b). The fraction of bubble coverage £is 

dependentt on Fadh.max of a particle located at the lowest position (A), and can be related to 

thee coverage angle by the following equation (Wimmers et al., 1984): 

£=0.5(1-coss amax) (6-3) 

Thee fraction of bubble area covered with particles plays an important role in G-L mass 

transferr enhancement as shown in Table 6.1, but also in bubble coalescence, as will be 

shownn later in the next section. 

Thee cohesion forces between adjacent particles lead to particle agglomeration. 

Multilayerr stability depends on the force balance of only two particles located on the 

verticall  symmetry axis: particle A directly adhering to bubble, and particle B suspended 

too particle A (Fig. 6.4c). The aggregate adhering to a gas bubble is characterised by the 

volumee fraction of solid particles es, aggregate thickness hT, and bubble coverage angle 

Omax.. The influence of adhesion and cohesion forces on aggregate structure and bubble 

sizee /?b is shown below for the simplified case of multilayer with constant thickness: 
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FFmul,ilayermul,ilayer 3 g5 Fa \Rb + Rp for Rp)/ . \ 
rradh,mzKadh,mzK ~ - n 2 V"max b m "max C O S "max / f\f\  j\l  >  ma* max ~ ~ max J \ * / 

2K2KP P 

rprp multilayer r*  multilayer r>monolayer (fi^.\ 
coh,maxcoh,max adh,max. odh.max. (v.J) 

Eq.. (6.4) can also be applied to a monolayer of particles. In this case, the monolayer 

thicknesss is equal with the particle size, /IT=2/?P and the particle packing defined by Eq. 

(2.33)) is £3=1. Free particles moving randomly in the liquid may firstly agglomerate and 

thee aggregates may later adhere to gas bubbles as multilayer. In the case of constant 

adhesionn forces, an increased thickness hr explains a lower coverage angle « w. 

Measurementss of adhesion and cohesion forces as function of the penetration angle, 

bubblee coverage angle and aggregate thickness were performed in a bubble pick-up cell in 

aa similar manner as performed by Vinke et al. (1991) and van der Zon et al. (1999). The 

particless used in the experiments were mesoporous silica particles (</p=35-100 jim, 

hydrophilicc and moderately hydrophobised with dichlorodimethylsilane), polystyrene 

(dp=5000 u,m) and glass beads (dp= 110-180 u,m, hydrophilic and strongly hydrophobised 

withh dimethyldichlorosilane). 

Figss 6.4b and 6.4c show the influence of ethanol addition to aqueous slurry of 

hydrophobisedd mesoporous silica particles. In water, the thickness of particles adhering to 

gass bubbles is higher than in the presence of ethanol, due to the stronger particle-particle 

interactions.. By increasing the ethanol concentration from 0 wt.% to 10 wt.%, the 

thicknesss of particles adhering to gas bubbles is decreasing while the coverage angle is 

increasing.. Above the concentration of 10 wt.%, an increased concentration of ethanol 

resultss in lower bubble coverage due to lower adhesion forces. Thus, the adhesion 

strengthh between particles and gas bubble is decreasing by simultaneous decreasing the 

superficiall  tension of the liquid mixture and the three-phase contact angle. 

Smalll  non-porous particles have a penetration angle into the gas bubble almost equal 

withh the three-phase contact angle due to the negligible ratio of the particle weight to the 

capillaryy force. Microscopic images of mesoporous silica particles adhering to gas 

bubbless show much lower adhesion forces than those predicted by the model. However, 
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thee particles having the pores filled with liquid have lower density compared with non-

porouss particles and favorable influence on the fraction of bubble coverage. 

Thee presence of adhering particles might have a significant influence on the bubble 

risee velocity of small bubbles. This effect was proved experimentally in a three-phase 

systemm containing air, water and hydrophobised silica beads. When air is bubbling 

throughh the slurry, small bubbles having a diameter around of 1 mm are completely 

coveredcovered with hydrophobic particles. The apparent weight of the bubble-particles 

aggregatee is increasing with the number of adhering particles. For the case of negligible 

particle-particlee adhesion but significant particle-bubble adhesion, the particles may cover 

completelyy the bubble surface as a monolayer with a thickness h-t=2Rp. The apparent 

weightt of the aggregate in liquid becomes zero if the bubble size has a critical value, 

givenn by the force balance shown below: 

STT{RSTT{RPP + Rb)
2 V s ( P S - P L ) 8 = YR l ( P L ~PG)g <6-6) 

Forr the hydrophobised silica beads with an average particle diameter of 150 um, the 

criticall  bubble size found by calculation is db=\ .07 mm and 4=0.95 for medium (ES=0.52) 

andd maximum (es=0.60) particle packing, respectively. These values are totally in 

agreementt with the size of bubbles measured by image recording and processing. Krishna 

andd Sie (2000) found an increase of the rise velocity of small bubbles, mainly because of 

promotedd coalescence. On the contrary, in the case of adhering particles, the rise velocity 

off  bubbles is decreasing due to the particle weight. The influence of particles is stronger 

byy decreasing the bubble size and hence, the buoyancy force. However, the coalescence 

ratee remains an important parameter explaining the behavior of slurry bubble columns, 

andd will be described in the next section. 

Largee bubbles are rising through the column very fast. The particles only hardly 

adheree on these bubbles. The detachment process is also favorable due to the bubble 

surfacee flattening, frequent bubble coalescence and break-ups. The number of particles 

adheringg to large bubbles and their weight is insignificant compared with the buoyancy 

forcess of large bubbles. In slurry bubble columns, the rise velocities of large bubbles are 

140 0 



ChapterChapter 6 IntegrationIntegration of particle-to-bubble model in design 

influencedd by the scale due to the wall effect (Krishna et al. 1999; Krishna et al. 2000), 

butt not due to the adhesion of particles to bubbles. 

6.3.. Bubble coalescence 

Thee interactions of pairs of bubbles in the presence of different particles were 

visualizedd by high speed video in two coalescence cells (Omota et al., 2005b) and in a 2-

DD column. 

Inn the first coalescence cell, the bubbles formed at two horizontal nozzles submersed 

inn a liquid or suspension may collide and eventually coalesce. The concentration of solid 

particless was controlled by weighting the solid particles and liquid. Bubble coalescence 

hass a dynamic behavior due to a simultaneous motion of particles and bubbles. The 

bubblingg frequency and coalescence time were calculated by dividing the number of 

consecutivee frames to the number of frames recorded per second, namely 4500. 

Inn the second cell, two bubbles are brought into contact with the help of two vertical 

needles.. A bubble formed by the upper needle may pick up a certain amount of solid 

particles.. The amount of particles adhering to the gas bubble depends on the adhesion 

forcess under static conditions, as described in the previous section. Then, a new bubble 

freee of adhering particles is formed at the top of the needle positioned at the lower 

position.. The bubbles are brought into contact gently, by using a micrometric screw. 

Typicall  bubble velocity prior to the collision is around of 2 mm s ̂ .The coalescence 

studiedd in this cell has mainly a static behavior; sometimes two bubbles coalescence after 

thee bubble movement was stopped, if the coalescence time is long enough. 

Thee bubble coalescence in a 2-D column (h x w x d = 2 x 0.3 x 0.0052 m3) was 

studiedd by measuring the gas hold-up from the liquid height and by image processing in 

Matlab.. Successive video images were recorded with a high speed video camera Ultima 

SEE 40 at 4500 frames per seconds, and at 1 m above the gas sparger. The gray images 

withh a real size of 0.2 x 0.2 m2 corresponding to a resolution of 0.64 mm2/pixel were 

firstlyy converted to black/white images. The bubbles were identified in the B/W images as 

whitee regions on black background. The bubble volume and interfacial area of each 

bubblee results by the calculation from the perimeter and area of each white region. The 
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calculationn of averaged bubble sizes and rise velocities were performed by tracking the 

bubbless for sequences of 32 consecutive frames. The local gas hold-up was calculated by 

dividingg the gas volume resulted by the summation of all bubble volumes in an image by 

thee corresponding column volume in the area where the images were recorded. However, 

thee accuracy of gas hold-up measurements by image processing was somewhat lower than 

thatt resulted by direct measurements of the liquid height. 

AA sequence of four frames in Fig. 6.5 shows two small glass beads removed by two 

collidingg bubbles. Initially, the particles are suspended to the upper bubble. After the 

contactt with the second bubble, the particles adhere to both bubbles, due to the attractive 

forces.. When the bubbles are approaching more, the force between particle-bubble 

becomess repulsive as shown in Fig. 6.3 for any penetration angle greater than <p2. 

Experimentally,, the repulsion between particle-bubble results in particle removal from the 

symmetryy axis. The particles remain attached to both bubbles, but at a certain distance 

fromm the symmetry axis. Finally, the bubbles may collide and coalesce. The removal of 

particless requires some extra energy compared with the case of bubble coalescence 

withoutt particles present. Under almost static conditions, almost all particles studied 

hinderr coalescence. The effect increases by increasing the number of adhering particles, 

aggregatee thickness or particle size. Hydrophobised glass beads with a contact angle close 

too 90° or higher are attracted towards the bubbles, thinning the liquid film and promoting 

coalescence. . 

Figuree 6.5. Removal of two glass particles from the symmetry axis by two approaching 

bubbles.. Bubble and particle sizes are Jb=2.5 mm and Jp=136 urn, 

respectively. . 
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a)) 1mm b) c) 

Figuree 6.6. Inhibition of bubble coalescence by hydrophilic mesoporous Promeks silica 

particless in water, dp=44 urn. 

Whilee a large hydrophobic particle penetrates the gas liquid interface, it will firstly 

oscillatee around the equilibrium position <p2. The presence of oscillations during particle-

to-bubblee attachment demonstrates that hydrophobic particles with a contact angle lower 

thenn 90° may also promote the coalescence of two gas bubbles. 

Thee coalescence of two bubbles formed at two opposite nozzles is hindered by the 

presencee of hydrophilic Promeks silica particles (dp=44 um) as can be seen in Fig. 6.6. 

Thee presence of adhering particles at G-L interface keeps the bubbles apart at a distance 

muchh higher then the critical liquid film thickness. By increasing the number of particles 

andd the particle size, lead to lower probability of coalescence. This result confirms that 

relativee large and hydrophilic particles prevent the coalescence of two bubbles, as the 

experimentss performed under static conditions. 

Non-porouss hydrophilic Sipernat 320 DS particles (dp=5 um) promote coalescence as 

cann be seen in Fig. 6.7. First image (a), shows two approaching gas bubbles. The bubbles 

collidee but they do not coalesce during the growing period as the particles prevent the 

bubblee coalescence (b). Finally, the coalescence occurs immediately after one of the 

bubbless is detaching from the nozzle. Thus, the coalescence is not strictly promoted by 

thee presence of particles in the liquid film between two gas bubbles. Small hydrophilic 

silicaa particles destabilize the liquid film due to the friction of two bubbles. 
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a )) 2 mm b) c) 

Sipernatt 320 DS, in water, dv=5 urn. 

Iss should be mentioned that the liquid film is stabilized in the presence of surfactants 

orr electrolytes, and the friction between two bubbles do not cause the bubble coalescence. 

Sipernatt 320 DS particles promote the bubble coalescence even in the presence of 

surfactantss or electrolytes. 

Fig.. 6.8a shows gas hold-up measurements performed in a 2-D column filled with 

bidistilledd water, at a superficial air velocity up to 5 cm s \ firstly without particles and 

laterr with unmodified and modified mesoporous silica particles up to a concentration of 

solidd particles of 15 g/1. Hydrophilic particles increase the gas hold-up, while hydrophobic 

particless have an opposite effect. The influence of solid particles on the total gas hold-up 

iss explained by higher coalescence rate, as expected from the experiments performed in 

thee coalescence cells. A higher coalescence rate increases the bubble size resulting in 

higherr bubble rise velocities. However, the total gas hold-up is more related to the bubble 

risee velocities than to the bubble coalescence. 

Thee images recorded in 2-D column gives a better insight on the bubble size and 

coalescencee rate. Fig. 6.8b shows the maximum size of air bubbles and bubble rise 

velocitiess in water free of solid particles, and in the presence of hydrophilic and 

hydrophobicc particles. The largest bubbles were found in the presence of hydrophobic 

particles,, while the smallest are produced in the presence of hydrophilic particles. 
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Figuree 6.8. Influence of particle hydrophobicity on: gas hold-up (a), mean bubble rise 

velocityy wb and averaged bubble diameter db (b). 2-D column size: 

2000x300x55 mm3. Mean particle size is 44 um. 

Largee bubbles may only result by successive coalescence phenomena. However, the 

bubblee size distribution in the column depends also on the initial distribution of bubbles at 

thee gas distributor and bubble break-up rate in the column. The bubble size distribution at 

spargerr position was not significantly influenced by the presence of solid particles up to a 

concentrationn of 15 g/1. The bubbles were almost equal in size, with a diameter ranging 

fromm 2.8 to 4.5 mm. The influence of bubble break-up on bubble size distribution is also 

negligiblee above the sparger, but becomes more and more important as the bubbles are 

growing.. As the images were recorded at only 1 m above the sparger, the coalescence rate 

iss the most probable explanation for the bubble size distribution found in the presence of 

solidd particles. 

Previouss results show a coalescence rate dependent on the particle hydrophobicity and 

attractionn force between particles and bubbles. In addition, the fraction of bubble area 

coveredd with solid particles increases the coalescence time and influences the coalescence 

rate. . 

Fig.. 6.9 shows an image recorded in a slurry bubble column. The three-phase system 

consistt of bidistilled water, gas air, and hydrophobised glass beads. Small bubbles are 

completelyy covered with solid particles, while large bubbles retain relative few particles. 

145 5 



ChapterChapter 6 IntegrationIntegration of particle-to-bubble model in design 

22 mm 

Figuree 6.9. Adhesion of hydrophobic glass beads to gas bubbles showing: a) full 

coveragee of small bubbles, b) few particles adhering to a large bubble, and c) 

aa stable aggregate containing two small bubbles covered with particles, 

demonstratingg that moderate hydrophobic particles does not promote the 

coalescencee of small bubbles. 

Thee white spot in the centre of the largest bubble demonstrates that no particles are 

presentt in that area of the G-L interface. The reason of small number of particles at the G-

LL interface of large bubbles is high rise velocity of these bubbles and the bubble surface 

oscillations.. The light spots are missing in the case of all small bubbles. Small bubbles 

appearr completely black and demonstrate that hydrophobic particles are present at the G-

LL interface. The model describing particle-to-bubble adhesion under static conditions 

showss a decrease in the bubble coverage area by increasing the bubble size. Under 

dynamicc conditions, the effect is more pronounced. 

Krishnaa and Sie (2000) shown that addition of hydrophilic silica particles to paraffin 

oill  has the effect of reducing the small bubble population virtually to zero when the slurry 

concentrationn approaches 40 vol.%. This effect was explained by an increased 

coalescencee rate of small bubbles, while the coalescence rate of large bubbles is 

compensatedd by an equivalent degree of bubble break-up. In the heterogeneous flow 

regimee the total gas hold-up in column is predominantly made up of large bubbles. Our 
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experimentss were performed in water at relatively low superficial gas velocities and lower 

solidd concentrations. Under these conditions, small bubbles have much more influence on 

thee total gas hold-up and specific surface area in the slurry bubble column. 

6.4.. Mass transfer enhancement 

Thee hydrogenation of methyl acrylate was performed in a three-phase continuous 

stirredd reactor free of gas bubbles. In this way, the influence of solid particles on bubble 

coalescencee and specific G-L interfacial area is prevented. The process is G-L mass 

transferr limited and the rate of hydrogen consumption shows a first order kinetic (van der 

Zonn et al., 1999). Fig. 6.10 shows the conversion vs. time in the presence of 

hydrophilic/hydrophobicc Pd/silica catalysts. Al l the experimental conditions are specified 

inn the figure caption. The enhancement of G-L mass transfer was determined by 

measuringg the bubble coverage and comparing the rate of hydrogen consumption in the 

presencee of two catalysts different by only the support hydrophobicity. 
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Figuree 6.10.Influence of catalyst support properties on the reaction rate during the 

hydrogenationn of methyl acrylate in aqueous medium, catalysed by 5 wt.% 

Pd/Si022 catalysts. Reaction conditions: P=1.04 bar, T=20.6 °C, cs=0.06 wt.% 

(catalyst),, cL=0.54 wt.% methyl acrylate, and stirrer speed=500 rpm. 
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Tablee 6.2. 

Catalystt properties 

Propertyaa A B 

Contactt angleb, ° 58 90 

Heatt of immersionc, mJ m"2 -171 -113 

Bubblee coverage angled, ° 8 44 

Fractionn of bubble coveragee 0.005 0.14 

Masss transfer enhancementf 1.2 6.6 

a)) both catalysts have the same particle size, Rp=22 [im and pore volume />v=lcm g 
b)) estimated by sessile drop method (powder compressed at 1000 bar), 

andd high-speed video imaging 
c)) measured by immersion in water at 40 °C 
d)) measured in a bubble pick-up cell, in bidistilled water saturated with air, on small 

bubblesbubbles Rh=0,6 mm, at 1 bar and 20.6 °C 

e)) calculated from bubble coverage angle, g = 0.5 (1 - cos a ^ ) 

00 estimated from bubble coverage and the reaction rates measured experimentally 

Tablee 6.2 shows the support properties. Both supported catalysts have similar textural 

propertiess but different hydrophobicity. The enhancement factor was defined as the ratio 

betweenn the conversion rate in presence of adhering hydrophobic catalyst particles and 

thee conversion rate in the presence of hydrophilic non-adhering catalyst particles. A 

properr calculation involves the use of similar specific catalyst surface area, pore size, 

particlee size and hydrodynamic conditions. The enhancement factor was previously 

calculatedd from the conversion rates of two catalysts Pd on different supports, C and 

A12033 (Wimmers and Fortuin, 1988; van der Zon et al., 1999). Carbon supported catalyst 

particless adhere to gas bubbles while A1203 does not adhere at all. Vinke et al. (1992) 

measuredd the enhancement factor for the same supports C and A1203, but varying the 

naturee of noble metal (Pd and Rh), the catalyst content on support (5 wt.% and 10 wt.%) 

andd catalyst particle concentration in the slurry (1, 3, 5 and 10 kg m3). The enhancement 
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factorr was almost independent on the nature of noble metal Pd or Rh, but is follows the 

samee trend as the fraction of bubble coverage determined by flotation experiments. 

Differentt mechanisms might explain the mass transfer enhancement in slurry reactors: 

•• higher concentrations of catalyst and dissolved gas at G-L interface increases the 

reactionn rate 

•• gas adsorption at gas-solid interface and transport of absorbed gas to the bulk liquid 

•• increased bubble break-up and hence, a higher specific G-L surface area 

•• increased mass transfer coefficient due to the turbulence in vicinity of G-L interface 

•• reduced coalescence rate and higher specific G-L surface area 

•• increased gas concentration in the liquid in the vicinity of hydrophobic particles due to 

thee presence of nanobubbles adhering to the solid surface 

Firstt mechanism requires the knowledge of fraction of bubble area covered with 

adheringg particles, similar to the expressions shown in Table 6.1. The other mechanisms 

aree less probable to occur as described below. 

Thee second mechanism based on experimental results was also critiqued by 

Kluytmanss et al. (2003) and Ruthiya et al. (2003a, 2003b), because the enhancement 

factorr is decreasing with the stirring rate while the transport of particles from the G-L 

interfacee to the bulk liquid should increase. 

Thee third mechanism takes place in the case of much larger particles, usually called 

bubblee breakers (Kang et al., 1990). Highly porous catalyst particles used in slurry bubble 

columnn reactors do not have enough energy to break a gas bubble after particle-bubble 

impact.. The ratio of bubble size to particle size is frequently higher than 10, meaning a 

volumee ratio of at least 1000. Moreover, very small bubbles are much stiff and cannot be 

brokenn at all. 

Thee forth mechanism is independent on the hydrophobicity of solid catalyst support. 

However,, the experimental results shown a strong correlation of particle hydrophobicity, 

particle-to-bubblee adhesion and the enhancement factor. At higher stirring rate the 
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enhancementt factor is decreasing while the turbulence in the vicinity of G-L interface is 

increasing. . 

Thee fifth mechanism explains a higher volumetric mass transfer coefficient kLa due to 

higherr G-L interfacial area. Kluytmans et al. (2001) shown the influence of electrolyte 

andd carbon particles on bubble size distribution and gas hold-up. The addition of carbon 

particless changes the bubble size distribution through bubble stabilization especially in the 

presencee of electrolyte. However, the presence of particles might have a different 

influencee on the specific interfacial area or G-L mass transfer coefficient. Therefore it is 

preferablee to treat independently each of these two phenomena instead of using a much 

simplerr correlation of volumetric mass transfer with the liquid, solid or slurry properties. 

Thee sixth mechanism is based on the presence of nanobubbles in the range of 10-100 

nmm on hydrophobic particles, recently revealed by direct imaging with tapping mode 

atomicc force microscopy (Attard, 2003). The sizes of these bubbles are, well beyond the 

resolutionn of optical microscopy. The formation of nanobubbles may occur during the 

retractionn of three-phase contact line on rough surfaces. In water, the gas overpressure 

insidee of nanobubbles with a diameter of 10 nm should be 144 bars. The stability of these 

nanobubblesnanobubbles is still a subject of debate due to high gas pressure and unexpected long 

lifetime.. Three possible scenarios were given: i) the bubbles are stable and surrounding 

liquidd phase is oversaturated with gas, and ii) the liquid around of hydrophobic surfaces 

aree in a metastable state, thus explaining the existence of hydrophobic attraction between 

gass bubbles and hydrophobic solid surface (adhesion), or between two hydrophobic solid 

surfacess (agglomeration), and iii ) at least one of Laplace-Young, Henry or Fick equation 

iss not quantitatively applicable at this scale. 

Microbubbless less than 10 urn were visualised by optical microscopy during particle-

bubblee detachment. Dry hydrophobic particles retain microscopic bubbles after passing a 

G-LL interface. The size of bubbles formed by detachment of spherical solid particles 

dependss on the particle size, hydrophobicity and surface roughness. 

Thee enhancement of G-L mass transfer by adhesion of solid particles to gas bubbles is 

thee most probable mechanism. Thus, the fraction of bubble covered with hydrophobic 

catalystt particles plays an important role. For an industrial point of view, the 
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performancess of slurry bubble column reactors might be significantly improved by a 

relativerelative simple modification of the support hydrophobicity. 

6.5.. Conclusions 

Underr static conditions, the model describing adhesion of particles to a gas bubble 

correlatess particle-bubble adhesion and particle-particle cohesion forces with the fraction 

off  bubble coverage and the thickness of adhering particles. The adhesion and cohesion 

forcess also govern the number and weight of particles adhering to gas bubble. 

Underr dynamic conditions, small bubbles with db<\  mm can be completely covered 

withh lyophobic particles. Large bubbles with <4>4 mm have large rise velocities and the 

particless only hardly adhere to these bubbles. 

Adhesionn of a large amount of particles to small bubbles may reduce the rise velocity 

off  these aggregates. As consequence, the total gas hold-up and G-L specific interfacial 

areaa are increasing. The weight of particles adhering to a gas bubble may be equal to the 

buoyancyy force under certain conditions given by Eq. (6.6). 

Thee repulsive forces between hydrophilic particles and bubbles increase the 

coalescencee time and reduce the collision rate of two bubbles, while the attractive forces 

betweenn hydrophobic particles and bubbles increase the coalescence rate. However, when 

twoo bubbles are both covered with hydrophobic particles, the coalescence is hindered. 

Inertt particles adhering to gas bubbles have influence on the G-L mass transfer by 

changingg the coalescence rate but also by reducing the specific G-L interfacial area and 

limitingg the bubble surface area accessible for gas transfer. Catalyst particles adhering to 

gass bubbles have a beneficial effect by increasing the G-L mass transfer coefficient. 

Methyll  acrylate hydrogenation in aqueous medium catalysed by hydrophobised silica 

supportedd Pd shown a significant G-L mass transfer enhancement when comparing with 

similarr hydrophilic catalyst. The enhancement factor depends on the fraction of bubble 

coveragee under stagnant conditions. In slurry bubble column reactors, it is mainly 

determinedd by the presence of hydrophobic catalyst particles adhering to small bubbles. 
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Thee results of this work lead to the conclusion that catalytic hydrogenation and 

oxidationn reactions in aqueous media can be significantly improved by using partially 

hydrophobisedd supported noble metal catalysts. Slurry bubble column reactors are 

attractivee when operating in homogeneous bubbling flow regim, close to the transition 

region.. The major advantages are associated to the formation of small bubbles with 

narroww size distribution, mild hydrodynamic conditions, less catalyst attrition, large 

bubblee coverage with particles, higher G-L mass transfer enhancement and easy scale-up. 

Notations s 

aa G-L interfacial area per unit of dispersion volume, m2 m"3 

aaxx turbulent acceleration caused by eddies, m s' 

cLL concentration of methyl acrylate in liquid, wt.% 

css concentration of solid particles in liquid, wt.% 

ddhh bubble diameter, m 

dpdp particle diameter, m 

EE G-L mass transfer enhancement factor, -

FFéé detachment force of a particle adhering to a gas bubble, N 

Faa apparent weight of a single solid particle immersed in liquid, eventually 

havingg the pores filled with liquid, N 

FFcc capillary force, N 

Fpp capillary pressure resulted as the difference of gas and liquid pressures, N 

Fhh hydrodynamic force resulted from the bubble motion, N 

hihi thickness of solid particles adhering to a gas bubble, m 

kkLL liquid-side mass transfer coefficient at G-L interface, m s 

krkr reaction rate constant, s"1 

PP pressure, Pa 

RRbb bubble radius, m 

RRpp particle radius, m 

TT temperature, K 

GreekGreek Symbols 

etmaxx angle of bubble coverage, rad 
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ess volumetric fraction of solid particles, showing the particle packing in the 

sedimentt layer, -

££ fraction of bubble area covered by particles, -

nn effectiveness factor of catalyst, -

Subscripts Subscripts 

adhh adhesion 

cohh cohesion 

maxx maximum value 
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Chapte r r 

Conclusion ss and recommendation s 

Thee goal of this thesis is the intensification of the chemical processes controlled by G-

LL mass transfer, by a better knowledge of the phenomena caused by the adhesion of 

catalystt particles to gas bubbles. The key original results are summarised below. 

7.1.. Modeling of interaction phenomena in GLS dispersions 

Wee mean by interaction phenomena in GLS dispersions the adhesion of solid particles 

too the gas-liquid bubble interface and the cohesion between solid particles completely 

immersedd in the liquid. 

1.. We developed a comprehensive mathematical model for describing the adhesion of 

particless to gas bubbles under stagnant conditions. The model was validated 

experimentally.. Based on the multilayer concept, the model correlates the adhesion and 

thee cohesion forces with the bubble coverage angle and the thickness of particles in 

aggregate.. This model is of large applicability since in most practical situations the 

particless have tendency to agglomerate. On the contrary, models based on the monolayer 

conceptt cannot predict adequately the bubble coverage and the enhancement factor. 
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2.. The concept adhesion force capture in a single parameter the effect of three-phase 

contactt angle, surface roughness and particle porosity, which are physical properties 

difficultt to measure. The other model parameters, as liquid surface tension yLG, solid 

hydrophobicityy expressed as particle contact angle 9, particle size Rp, bubble size Rb, and 

particlee packing in aggregate ES are easy to measure. In this way, the model can be 

appliedd to porous catalyst particles typically for industrial slurry bubble reactors, in 

contrastt non-porous particles encountered in flotation. The predictions of the model 

regardingg the particle-bubble adhesion were confirmed by high-speed imaging and optical 

microscopyy (Chapter 3). 

3.. The cohesion forces increase the aggregate thickness and decrease the bubble 

coverage.. Multilayer aggregation occurs if the cohesion forces are between minimum and 

maximumm values, which are given by the apparent weight of the particle immersed in 

liquidd and the maximum adhesion force, respectively. The cohesion forces can be 

modifiedd by manipulating the liquid surface tension and/or solid surface hydrophobicity. 

Thee formation of a monolayer was proved experimentally with modified silica particles in 

ethanol/waterr solution, as in Fig. 3.10. The same particles in only water are covered with 

multilayerr with a thickness of about two times the particle size, as in Fig. 3.12. 

4.. The contact angle of particles adhering to gas bubbles is typically lower than the 

intrinsicc contact angle measured on smooth surface. In the case of non-porous particles 

adheringg to gas bubbles, the contact angle is equal to the receding contact angle on rough 

surface.. The contact angle of porous particles having the pores filled with liquid is 

significantlyy smaller than the intrinsic contact angle. Comparative characteristics 

regardingg the behaviour of non-porous and porous particles with respect to adhesion to air 

bubbless are given in Tables 3.3 and 3.4. 

7.2.. Enhancement of G-L mass transfer  and reaction rate in GLS 
dispersions s 

5.. Support modification by hydrophobisation may lead to substantial increase of 

catalyticc activity in aqueous-phase reactions. By the hydrogenation of methyl aery late 

withh hydrophobised silica-Pd catalysts an enhancement factor in activity of 550% has 
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beenn achieved compared to similar hydrophilic catalyst (Chapter4). The catalyst 

preparationn procedure is important too. We recommend starting with support 

hydrophobisationn and letting the dispersion of the noble metal afterwards. This ensures 

higherr activity by better access of reactants to the metal clusters. 

6.. There is an optimal concentration of solid particles in liquid corresponding to the 

maximummaximum G-L enhancement factor and the maximum concentration of particles at the G-

LL interface. This depends on the particle packing parameter es defined in Chapter 2, which 

inn practice takes values around 50-60%. For example, in Fisher-Tropsch process, an 

increasee in particle concentration from 40% without adhesion to 50% with adhesion 

wouldd not have significant influence on performance. If the catalyst is expensive, only 

loww catalyst concentration in the liquid phase is necessary to obtain a high concentration 

off  particles at the interface by adhesion. The enhancement factor of 550 % was obtained 

withh only 0.6 wt% concentration of catalyst. At very low concentration of particles in 

liquid,, reduced frequency of particles-bubble collision diminishes the bubble coverage. 

Ass example, the oxidation and hydrogenation reactions catalysed by noble metals the 

processs rate may be greatly improved by the following measures: making use of aqueous 

media,, using a catalytic support with an intrinsic contact angle of 90°, and working at an 

optimall  concentration of catalyst. 

73.. Bubble coalescence in GLS dispersions 

7.. The coalescence time is increased by higher particle concentration and surface 

hydrophobicity.. The coalescence time was measured by high-speed video imaging at 

45000 frames per second. The shortest coalescence time in bidistilled water was 6 

ms.. Small hydrophilic silica particles (dp=5 um) does not have effect, but the coalescence 

timee may increase to about 10 ms by adding larger hydrophilic particles (44 um). In 

contrastt hydrophobic particles do have a notable delaying effect in a range of 14-18 ms, 

practicallyy independent of size. Higher concentration may prevent bubble coalescence 

(Tablee 5.2). 

8.. The adhesion of catalyst particles to gas bubbles prevents the bubble coalescence 

effectivelyy if the bubble coverage approaches 100%. This is the case of small bubbles and 
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hydrophobicc particles in aqueous media. The experiments in a 2-D column demonstrate 

thatt hydrophobised silica particles with an average size of 5 urn may give complete 

coveragee of small bubbles, preventing the coalescence and increasing the gas hold-up. 

Underr similar conditions, hydrophilic particles have an opposite effect. 

7.4.. Design implications and recommendation 

9.. Small bubbles are more suitable for getting higher bubble coverage with particles, 

preferablyy hydrophobic. This phenomenon may result in a large enhancement of the G-L 

masss transfer. To this the synergetic effect of increased specific surface area aL should be 

added.. Injection devices capable of producing small gas bubbles should be employed. The 

presencee of large gas bubbles should be avoided. In order to take advantage from a 

substantiall  mass transfer enhancement we recommend the operation of the slurry bubble 

columnss in the homogeneous regime, close to the transition regime. 

10.. Two case studies have been developed in co-operation with TU Eindhoven and TU 

Delft,, glucose oxidation and a-methyl styrene hydrogenation. The catalytic oxidation of 

glucosee in aqueous medium can be improved by making use of a hydrophobic support of 

thee Pd catalyst, namely activated carbon or silica. To counteract the particle 

agglomerationn caused by hydrophobicity the surface tension of liquid should be reduced. 

Indeed,, the addition of about 10 wt.% alcohol has significant effect on particle 

agglomeration,, but negligible influence on the particle-bubble adhesion. In the case of 

hydrogenationn of a-methyl styrene, low or moderate temperature improves the adhesion 

off  particles to gas bubbles. Hydrophilic silica or alumina particles adhere to gas bubbles 

inn aromatic liquids (yLG>0.03 N m"1) but not in aliphatic organic liquids (y^MJ.OS N m" ). 

Inn both cases, significant enhancement of the G-L mass transfer is achieved by increasing 

thee pressure. This effect can be explained by smaller bubble size, as well as by a 

beneficiall  influence on the particle-bubble adhesion. 
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Samenvattin g g 

Hett eerste hoofdstuk geeft een korte inleiding op het gebied van slurriebellenkolom 

reactoren,, massaoverdracht in driefasesysternen en het doel en de belangrijkste bijdragen 

vann dit proefschrift. De katalysatordeeltje-aan-gasbel adhesie is een belangrijk probleem 

opp het gebied van anti-foaming, flotatieprocessen en meerfasen slurriereactoren. De 

adhesiee van katalysatordeeltjes aan gasbellen kan de reactiesnelheid bij het gas-vloeistof 

oppervlakk merkbaar verbeteren en kan daarom als efficiënte techniek in 

procesintensiveringg worden gebruikt. Er zijn nog talrijke aspecten te bestuderen, namelijk 

dee deeltje-bel en deeltje-deeltje interactie, de karakterisering en de wijziging van de 

katalysatorsteun,, de kinetica, de massaoverdracht, de drukgevolgen, hydrodynamica en 

regimeovergangenn in de kolommen van de slurriereactoren, de procesmodellering, het 

ontwerpp en de schaalvergroting. Het doel van dit proefschrift is het onderzoeken en 

begrijpenn van de fenomenen die betrekking hebben op de katalysatoragglomeratie en de 

katalysatordeeltje-aan-gasbell  adhesie. Deze twee aspecten spelen een belangrijke rol in 

dee verbetering van katalytische slurriebellenkolommen. Dit proefschrift brengt originele 

enn nuttige bijdragen betreffende de multi-laag adhesie, contacthoek van poreuze deeltjes, 

bellensamenvoegingg in aanwezigheid van vaste deeltjes, de karakterisering en modificatie 

vann de katalysatorsteun. De resultaten van dit onderzoek bieden rendabele oplossingen 

voorr de voorbereiding en de karakterisering van gesteunde edele metaalkatalysatoren 

evenalss een beter ontwerp van de slurriebellenkolomreactoren. 

Hoofdstukk 2 behandelt de modellering van deeltje-aan-bel adhesie. Een algemeen 

modell  voor de kwantitatieve beschrijving van deeltjesadhesie aan gasbellen wordt 

ontwikkeld.. Eerdere modellen veronderstelden dat de deeltjes niet poreus en bolvormig 
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zijnn met een glad oppervlak en dat de deeltjes een monolaag vormen. In dat geval kan 

dee bedekkking van bellen door de deeltjes berekend worden door middel van de 

contacthoekk in drie fasen. In de praktijk zijn de katalysatordeeltjes poreus en hebben ze 

ruwee oppervlakken en onregelmatige vormen. Onder deze omstandigheden toont de 

driefasencontacthoekk hysterese en grote verschillen tussen de evenwichtscontacthoek en 

dee achteruitgaande en vooruitgaande contacthoeken. Ook de metingen van de 

evenwichtscontacthoekk zijn ingewikkeld wegens vloeistof absorptie in de poriën en in de 

ruimtee tussen de deeltjes. Ons model beschrijft de adhesie van: (i) een enkel bolvormig 

deeltje,, (ii) een monolaag van deeltjes, en (iii ) een complex van deeltjes. De adhesie van 

deeltjess aan een gasbel is gecorreleerd aan de maximale adhesieve en cohesieve krachten 

alss belangrijkste parameters. De cohesieve krachten tussen deeltjes spelen een belangrijke 

rol.. Voor kleine cohesieve krachten, kunnen de deeltjes of als een enkel deeltje of als een 

monolaagg vastplakken, terwijl de sterkere cohesieve krachten multilagen of de adhesie 

vann deeltjesclusters door één of een klein aantal deeltjes toestaan. Het model verklaart de 

invloedd van deeltjesagglomeratie op de gas-vloeistof massaoverdracht in de 

slurriebellenkolomreactoren.. Een verhoging van de cohesieve krachten tussen de deeltjes 

leidtt tot een lagere bellendekking en gas-vloeistof massaoverdracht. Dit resultaat is in 

overeenstemmingg met eerdere experimenten. 

Inn hoofdstuk 3 wordt de experimentele studie betreffende adhesie van deeltjes aan 

gasbellenn gepresenteerd. De experimenten worden gedaan onder stilstaande 

omstandighedenn met poreuze en niet-poreuze deeltjes, evenals met hydrofiele en 

hydrofobee deeltjes. De beelden van bellen die door één of meerdere deeltjes werden 

bedekt,, zijn opgenomen met een hoge optische vergroting en werden verder geanalyseerd 

doorr beeldverwerking. Zowel de vloeistof oppervlaktespanning als de hydrofobiciteit van 

hett deeltjesoppervlak verhoogt de adhesiesterkte en de tendens van deeltjes om te 

agglomereren.. De experimenten bevestigen de invloed van de diverse parameters 

betrokkenn bij het theoretische model en bevestigen zo de juistheid van de fysische 

veronderstellingen.. Bij dezelfde contacthoek tonen de meso-poreuze deeltjes een lagere 

adhesiekracht,, een lagere bedekkingshoek en een lagere penetratiehoek dan niet-poreuze 

deeltjes.. De lagere adhesiekrachten worden goed verklaard in termen van een 

gelijkwaardigee contacthoek van poreuze deeltjes. Het gedrag bij natmaken van deeltjes 
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mett door vloeistof gevulde poriën is hetzelfde als het gedrag bij natmaken van niet-

poreuzee deeltjes met dezelfde geometrie, maar lagere driefasecontacthoek. 

Hoofdstukk 4 behandelt de invloed van de oppervlaktehydrofobiciteit van mesoporeuze 

kiezelzuurdeeltjess op adhesie evenals op de katalytische hydrogenering van 

methylacrylatee in een waterig milieu. De hydrofobiciteit van kiezelzuur gesteunde Pd 

katalysatorenn werd doelbewust gevarieerd door gematigde silylatie met 

dichlorodimethylsilanee (DDMS). Een scala aan materialen werd bereid met 

driefasecontacthoekenn tot 90° om water toe te staan de katalysatorporiën te vullen. 

Hydrofoobb kiezelzuur gesteunde katalysatoren werden geprepareerd door silylatie met 

hydrofiell  mesoporous kiezelzuur gevolgd door 'incipient wetness impregnation' van de 

steunsteun met H2PdCl4 oplossing (A), en door de omgekeerde procedure (B). De 

katalysatorhydrofobiciteitt werd beoordeeld door metingen van de driefasecontacthoek, 

onderdompelingswarmtee in water en adsorptie van waterdamp. Een verhoogde 

oppervlaktehydrofobiciteitt veroorzaakt een meer uitgesproken adhesie van de deeltjes 

aann de gasbellen. Tijdens de hydrogenering van beide methylacrylate in waterige milieu's, 

tonenn beide hydrofobe Pd/Si02 katalysatoren een hogere activiteit dan hydrofiel Pd/Si02. 

Nochtans,, is de hydrofobe katalysator die door de route (A) wordt voorbereid actiever dan 

dee hydrofobe katalysator die door de route (B) wordt voorbereid. 

Inn hoofdstuk 5 wordt het mechanisme van de coalescentie van de bellen in de 

aanwezigheidd van vaste deeltjes behandeld. De experimenten zijn uitgevoerd in twee 

coalescentiecellen.. In zuivere vloeistoffen, voegen de bellen zich onmiddellijk samen, 

maarr het proces kan gehinderd worden door de aanwezigheid van oppervlakte actieve 

stoffen.. De aanwezigheid van vaste deeltjes in driefasesysternen zou of een bevorderende 

off  een remmende invloed op de samenvoeging kunnen hebben. De niet-poreuze 

hydrofobee deeltjes met een contacthoek hoger dan 90° bevorderen de 

bellensamenvoeging.. All e andere deeltjes - zowel poreuze als niet-poreuze hydrofiele 

evenalss poreuze hydrofobe - laten repulsieve krachten zien bij het gas-vloeistof 

oppervlak.. De theorie van vloeistoffilmstabiliteit en de experimenten die in de 

coalescentiecellenn worden uitgevoerd tonen aan dat twee verschillende mechanismen 

mogelijkk zijn. In het geval van een coaxiale botsing van twee bellen zijn de deeltje-bel 

interactiee repulsief, wat leidt tot een vertraging in de bellensamenvoeging. In het geval 
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vann tangentiele wrijving van de bellen, wordt de vloeistoffilm, die gevangen kleine 

deeltjess bevat, gemakkelijk vernietigd. De overlap van verschillende mechanismen met 

verschillendee bijdragen verklaart sommige tegenstrijdige resultaten in de literatuur. 

Hoofdstukk 6 verklaart de verhoging van de gas-vloeistof massaoverdracht in de 

slurriereactorenn met de hulp van het deeltje-aan-bel adhesiemodel dat in Hoofdstuk 2 is 

ontwikkeld.. De belangrijkste parameters die nodig zijn voor het ontwerp en de 

schaalvergroting,, zijn de oppervlakte van het raakvlak a, en de van de 

massaoverdrachtcoefficientt aan de vloeistofzijde kL. De experimenten met hydrofobe 

deeltjess tonen aan dat de verhoging van de massaoverdracht afhankelijk is van de 

adhesiekrachtenn en van de fractie van het bellenoppervlak, dat met vaste deeltjes wordt 

bedekt.. Bij een lage vaste deeltjesconcentratie, leiden de katalysatordeeltjes die vast 

blijvenn zitten aan het gas-vloeistof oppervlak tot verhoging van de reactiesnelheid, terwijl 

hunn invloed op de samenvoegingssnelheid nog te verwaarlozen is. De hogere concentratie 

vann deeltjes vermindert de verhoging van massaoverdracht, terwijl de invloed op de 

bellensamenvoegingg stijgt. 

Inn hoofdstuk 7 worden de meest significante resultaten en de conclusies nog eens 

doorgenomen.. De kennis die door de invloed van verschillende parameters op de adhesie 

vann katalysatordeeltjes aan gasbellen te analyseren wordtopgedaan, staat ons toe om 

doelbewustt de katalysatorsteun en operatiecondities in de drie-fasenreactoren. In 

navolgingg van deze resultaten worden verschilende suggesties gedaan voor verder 

onderzoekk op het gebied van de katalysatorvoorbereiding en het ontwerp van de 

slurriebellenkolom. . 
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