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Chapte r r 

Integratio nn of particle-to-bubbl e 

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 
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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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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 
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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. 
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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 

148 8 



ChapterChapter 6 IntegrationIntegration of particle-to-bubble model in design 

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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