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Concludingg remarks 

Fromm the results described in this thesis, it is concluded that the performance of 

aqueouss three phase reactors may be influenced to a significant degree by the 

hydrophobicityy of the particles present. This arises from the tendency of strongly 

hydrophobicc particles to segregate from the aqueous phase, either by adhesion to gas 

bubbles,, or by agglomeration. In turn, these segregation phenomena tend to affect 

diffusionn and external mass transfer and may thus affect overall reaction rates. 

Adheringg particles also tend to influence the bubble coalescence rate and thereby 

hydrodynamicss of the three-phase reactor, as reflected by the gas hold-up, the gas 

phasee residence time distribution and the backmixing behaviour. A schematic 

representationn of the impact of the hydrophobicity is given in Figure 8.1. 
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FigureFigure 8.1. Impact of hydrophobicity of catalyst particles on the performance of a three phase 
reactor. . 



ConcludingConcluding remarks 

Ass shown by both hydrogenation of methyl acrylate (Chapter 2) and the hydrogenation 

off  fructose (Chapter 7), the presence of hydrophobic adhering catalyst particles can 

enhancee the conversion rate of a mass transfer limited reaction in aqueous slurries. 

Higherr reaction rates are observed than for non-adhering catalyst support materials, 

lik ee silica and alumina based catalysts. Experiments on fructose hydrogenation, 

describedd in Chapter 7, show that this phenomenon also occurs under elevated 

pressuress and temperatures (10 bar and 373 K), hence under industrial relevant 

conditions.. The enhancement of G-L mass transfer by particle to bubble adhesion can 

bee described by the enhancement model. This model has been developed based on the 

fil mm theory and on bubble particle collision probability and is described in Chapter 2. 

Thee results described in Chapter 2 show that carbon particles do not only segregate 

fromm the liquid phase by adhesion to the gas bubble, but also by agglomeration. 

Agglomerationn leads to an increase of the effective particle diameter, resulting in a 

lowerr mass transfer rate. Agglomeration and adhesion are a result of the same 

parameter:: hydrophobicity, but have an opposite effect on mass transfer. Besides the 

effectt on the mass transfer rate, agglomeration influences also another industrially 

importantt parameter: agglomeration has a major impact on the filterability of the 

catalystt particles. A cake formed by agglomerates is less dense and results in a faster 

filtrationn process, than a very tight cake of small single particles. 

Ann important parameter used to describe the enhancement of a mass transfer rate 

limitedd reaction is the bubble coverage. To determine this parameter a new flotation 

columnn has been developed. This column operates under laminar conditions (Chapter 

3).. By forcing the collision between the particles and bubbles at the entrance of the 

column,, the same collision behaviour as under turbulent conditions is obtained. By 

doingg so, the collision probability found in the flotation column becomes 

representativee for the collision probability in the slurry reactor. A difference in bubble 

coveragee is still expected because of the impact of the hydrodynamics on the adhesion 

probability.. If the bubble coverage results found by using the enhancement model 

describedd in Chapter 2 for methyl acrylate hydrogenation are compared with those 

foundd using the flotation column the two are in very good agreement. 
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ConcludingConcluding remarks 

Becausee of the high impact of the hydrophobicity of activated carbon on the 

performancee of aqueous three phase reactors, it is important to obtain a good measure 

forr this parameter. In literature different kinds of experimental techniques are 

suggested.. The common way to describe the hydrophobicity is the three phase contact 

angle.. This parameter can be easily measured for flat surfaces, but unfortunately it is 

difficultt for small porous particles, like activated carbon particles. A suitable method 

too determine the three phase contact angle is the sedimentation method. Indirect 

methodss to measure hydrophobicity are bubble pick up, flotation and FTIR 

experiments.. All these methods have been used and compared in Chapter 4. Both 

bubblee pick up and flotation experiments are methods used to obtain the bubble 

coverage.. This parameter is a measure for the hydrophobicity when particles of similar 

sizee and density are used. If particles differ in particle sizes, the difference in particle 

sizee distribution before and after flotation can be used as a measure for the 

hydrophobicity.. The hydrophobicity of activated carbon is mainly determined by the 

amountt of oxygen containing groups at the surface. Therefore, FTIR is a suitable 

indirectt method to measure hydrophobicity. For this method a comparison is made 

betweenn the signal of carboxylic groups and the signal of bulk carbon. For activated 

carbonss differing in hydrophobicity, the results described in Chapter 4 show that all 

differentt type of hydrophobicity measurement methods show the same ranking of the 

activatedd carbons. If the value of the three phase contact angle is needed, only the 

sedimentationn method can be used. 

Fromm literature it is known that the presence of particles in a slurry bubble column 

affectss the hydrodynamics. Empirical models describing this impact by an effect on 

thee apparent density and viscosity are used to design columns for industrial purposes. 

Chapterr 5 demonstrates that, besides the impact of particles on the apparent viscosity 

andd density, also the hydrophobicity of the used particles is a dominant factor. A 

changee in surface hydrophobicity of the applied particles modifies the coalescence 

behaviourr of the bubbles present in a column severely: more hydrophobic particles 

tendd to induce faster coalescence, which results in a lower gas hold up. A plausible 

explanationn for this effect is that the penetration depth of the carbon particles differs 

withh hydrophobicity. More hydrophobic particle will penetrate deeper into the gas-

liquidd interface resulting in an easier rupture of the bubbles and, thereby, causing 

fasterr coalescence of bubbles. 
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ConcludingConcluding remarks 

Inn Chapter 6 a model to predict the bubble coverage of a stagnant bubble based on 

gravity,, buoyancy, capillary force and capillary pressure has been developed. The 

threee phase contact angle, bubble diameter, particle diameter and gas-liquid surface 

tensionn are the most important parameters. The bubble coverage model was verified 

usingg the bubble coverage obtained using the flotation column and could predict the 

bubblee coverage reasonably well. This model can be applied to predict whether bubble 

coverage,, and thus G-L mass transfer enhancement, can be expected in three phase 

reactors. . 

Inn Chapter 7 it is shown that the use of adhering activated carbon results in mass 

transferr rate enhancement at elevated pressure and temperature, and that the 

enhancementt model, introduced in Chapter 2, can predict the enhancement of the 

conversionn rate under these conditions as well. For the experiments activated carbons 

differingg in hydrophobicity are used, which under stagnant conditions showed 

significantt differences in bubble coverage and agglomeration. The most hydrophobic 

particlee resulted in both the highest adhesion and agglomeration. The difference in 

enhancementt of the mass transfer by varying the hydrophobicity is not as pronounced 

ass expected from the stagnant bubble coverage, which is caused by the mass transfer 

ratee reducing effect of the agglomeration. 

Fromm all the results described in this thesis the main conclusion is that the 

hydrophobicityy of activated carbons is a very important parameter. This parameter can 

measuredd quantitatively using Washburn, FTIR, or flotation experiments. The 

hydrophobicityy in terms of a three phase contact angle can be determined qualitatively 

usingg the sedimentation method. This three phase contact angle and the bubble 

coveragee developed in Chapter 6 can be used to calculate an expected bubble 

coverage,, under the assumption that the particle diameter (agglomeration!) and bubble 

diameterr are known. After substitution of the calculated, or experimentally obtained 

(Chapterr 3 and 4), bubble coverage into the enhancement model (Chapter 2), a 

predictionn of the enhancement factor is obtained. Of course by doing so the 

agglomerationn behaviour is neglected, resulting in an overestimation of the 

enhancement,, but this recipe will show whether enhancement can be expected in an 
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ConcludingConcluding remarks 

industriall  three phase reactor. The recipe is also represented by the diagram in Figure 

8.2. . 
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FigureFigure 8.2. Recipe to determine whether enhancement of the mass transfer can be expected in 

ann (industrial) three phase reactor. Straight line: quantitative method, dotted line: qualitative 

method. . 
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