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Chapter r 

Conclusionss and recommendations 

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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