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7 7 
Segregationn of carbon supported catalyst particles during 

fructosee hydrogenation in a slurry reactor 

Abstract t 

Chapterr 2 showed that the presence of hydrophobic particles affects the performance 

off  aqueous three phase reactors by their tendency to segregate from the liquid phase, 

eitherr by particle to bubble adhesion or by particle agglomeration. Adhesion of 

catalystt particles may lead to enhanced G-L mass transfer rates as demonstrated in 

Chapterr 2. In this Chapter, it will be shown that mass transfer enhancement also occurs 

att elevated pressure and temperature. Under stagnant conditions adhesion is strongly 

correlatedd to the hydrophobicity of the particle surface. The same holds for laminar 

floww conditions, as in flotation experiments presented in Chapters 3 and 4. Under high 

shearr conditions the shear force tends to reduce the adhesion behaviour of particles to 

bubbles.. An opposing effect is however that the collision probability of particles with 

bubbless increases. Therefore, the net effect remains uncertain. In the present work the 

G-LL mass transfer in a three phase slurry reactor used in fructose hydrogenation is 

analysed,, employing activated carbon based catalyst particles. In this way it has been 

establishedd whether adhesion also plays a role under high shear conditions. 
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7.11 Introduction 

Inn the industrial production of fine chemicals by hydrogenation, semi-batch slurry 

stirredd tank reactors are often used. Mass transfer of hydrogen to the catalyst can play 

ann important role during the hydrogenation reaction. Earlier research (Chapter 2) 

showedd that for a mass transfer rate limited reaction enhancement of the mass transfer 

rate,, and thus conversion rate, can occur under ambient conditions if activated carbon 

basedd catalyst particles are used instead of alumina based catalyst particles. Many 

researcherss have suggested that enhanced mass transfer rates are related to the 

presencee of catalyst particles in the film layer around a bubble or by adhesion of the 

particless to the bubble (Alper et al. (1980), Holstvoogd et al. (1989), Joly Vuillemin et 

al.al. (1996), Pal et al. (1982), Quicker et al. (1987), Vinke et al. (1991)). In Chapter 2 

ann enhancement model was developed, which describes the enhancement factor E 

(equationn (7.1)) of the conversion rate of a mass transfer rate limited reaction by 

adhesionn as a function of the catalyst particle concentration ys. This model was verified 

byy experimental methyl acrylate hydrogenation results obtained under ambient 

conditionss in an aqueous medium. 

££ = l + £ -f- + — -TT + - - 1 (7.1) 
[k[kLL Ys \MS krr]m) J 

Onee of the important parameters to describe the enhancement E of a mass transfer 

limitedd reaction is the bubble coverage £ (Figure 7.1). The mass transfer to adhering 

particless occurs through the covered part of the bubble, while the mass transfer to the 

particless in the bulk, via the bulk liquid, occurs through the uncovered part of the 

bubblee (<DU). 

100 0 



ChapterChapter 7 

FigureFigure 7.1. Schematic representation of a bubble covered with adhering particles. In this 

figuree <t>u is the mass transfer through the uncovered part of the bubble, Oc is the mass transfer 

throughh the covered part of the bubble and C, is the fraction of the bubble covered by particles. 

Underr stagnant conditions, the gravitational force, buoyancy force, capillary pressure 

andd capillary force determine the bubble coverage. The capillary force is a function of 

thee hydrophobicity of the catalyst particles (Schulze et al. (1984, 1988), Chapter 6). A 

higherr hydrophobicity results in an increased capillary force, and thus in a higher 

bubblee coverage. 

Underr non-stagnant conditions, the bubble coverage is not only governed by the above 

mentionedd forces, but also by the hydrodynamics in the reactor and the collision 

probabilityy between bubbles and particles (Yoon (1993)). The description of the 

bubblee coverage is based on a collision probability between bubbles and particles 

underr turbulent conditions. The obtained equation (equation (7.2)) is based on the 

assumptionn that the collision probability approaches zero below a certain critical 

catalystt concentration ys0 (C, ~ 0) (Chapter 2). 

CC = C a x ( l - ^ ( n " n o ) ) forys>Yso (7.2) 

C,C, = 0 forys<Yso (7.3) 

Inn equation (7.2), ^max represents the maximum bubble coverage, which is observed at 

highh catalyst concentration in the slurry. The maximum bubble coverage ^max is a 

functionn of the hydrophobicity of the catalyst surface, the gas-liquid surface tension, 

andd the hydrodynamics in the reactor. 
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Concurrentt to the tendency of carbon particles to adhere to bubbles as a result of their 

hydrophobicc nature, they also tend to form agglomerates. Agglomeration results in an 

increasingg effective particle diameter and thus in a lower mass transfer rate (Chapter 

2).. Therefore, the adhesion and the agglomeration of particles need to be investigated 

simultaneouslyy to establish the full effect on mass transfer. 

Thee segregation of catalyst particles from the liquid phase is investigated using the 

hydrogenationn of fructose to mannitol and sorbitol as a model reaction (Figure 7.2). 

Rutheniumm on carbon is selected as catalyst, which is known to be an excellent catalyst 

forr this reaction (Wisniak et al. (1979), Dodgson (1993)). Because of the high gas-

liquidd surface tension of the fructose solution (GLG = 72 mN m"1) adhesion of the 

particless can be expected (Chapter 6). 

CH2OHH CH2OH CH2OH 

C=00 HC—OH HO—CH 

HO—CHH H2 (g) HO—CH HO Y Y 
HC—OHH Ru/C(s) HC OH HC—OH 

HC—OHH HC—OH HC—OH 

CH2OHH CH2OH CH2OH 

D-fructosee (1) sorbitol (1) D-mannitol (1) 

FigureFigure 7.2. Hydrogenation of D-fructose to D-mannitol and sorbitol. 

Experimentall  data on the mass transfer limited fructose hydrogenation wil l be 

interpretedd using the model presented in Chapter 2 to obtain values for the maximum 

bubblee coverage ^max in the slurry reactor. The value of the bubble coverage is 

comparedd with the experimentally determined bubble coverage under stagnant 

conditionss and the bubble coverage obtained using the bubble coverage model 

describedd in Chapter 6. 
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1212 Experimental 

7.2.11 Catalyst preparation 

Al ll  carbon based catalyst particles are prepared based on SX1G activated carbon 

(Norit).. The hydrophobicity of the carbon is varied by different treatments of the 

SX1G.. To obtain a more hydrophilic activated carbon, the SX1G is refluxed in 65% 

HN033 for 45 minutes as described in Chapter 4. This carbon wil l be denoted as 

SXIG-HNO3.. To obtain a more hydrophobic activated carbon, SX1G is treated with 

H22 gas for 5 hours at 673 K to remove oxygen containing groups and wil l be denoted 

ass SXIG-red. For the silica based catalyst particles a Davidson Grace 121 silica is 

employed.. The catalysts used are a 5 wt% Ru/carbon and a 5 wt% Ru/Si02 

respectively.. These are prepared by the incipient wetness impregnation. The precursor 

usedd is RuCl3, which is dissolved in distilled water. Subsequent to impregnation, the 

catalystt particles are dried for 24 hour at 353 K, reduced at 673 K for 2 hour and 

passivatedd at room temperature in a stepwise increased oxygen concentration from 2.5 

too 20% (steps of 2.5%). Reactivation took place in-situ under reaction conditions. 

Rutheniumm dispersion and the metal particle size are determined by CO-chemisorption 

andd transmission electron microscope (TEM) analysis. For CO-chemisorption a 

Sorptomaticc 1990 of CE Instruments is used. The used temperature for CO-

chemisorptionn was 298 K. For TEM analysis, a Philips EM-420, operating at an 

accelerationn voltage of 120 kV is used. The amount of Ruthenium (5 wt%) was 

confirmedd by X-ray fluorescence spectroscopy (XRF) using a Philips PW1480. The 

meann particle diameter is determined using a Coulter Multisizer II . 

7.2.27.2.2 Catalyst and support characterisation 

Hydrophobicityy analysis using FTIR 

FTIRR can be used to investigate the hydrophobicity of the activated carbons and of the 

catalystt based on the activated carbons (Heinen et al. (2000)a). The oxygen containing 

groupss at the carbon surface mainly determines the hydrophobicity of activated 

carbons.. Therefore, a comparison of the peak area of the carboxylic groups 

(17000 cm"1) with the peak area of the bulk aromatic groups (1580 cm"1) is a measure of 
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hydrophobicityy (Vinke et al. (1994)). The particles are milled, mixed with pentane and 

directlyy brushed on a KBr tablet. Subsequently, the catalyst is dried for 1 hour. For the 

FTIRR analysis a Biorad FTS-45A is used, averaging over 256 scans. After baseline 

correction,, the peak areas at 1580 cm"1 and at 1700 cm"1 are calculated. 

Agglomeration n 

Thee agglomeration behaviour of the activated carbon based catalyst particles is 

investigatedd using light microscopy. To this end 0.5 kg m~3 catalyst particles are 

dispersedd in a fructose solution of 80 mol m" . A drop of each slurry is examined at an 

enlargementt of 40 using a Olympus BH-2 microscope. 

Bubblee coverage of carbons and silica 

Bubblee Pick Up (BPU) experiments are used to investigate the bubble coverage C, 

underr stagnant conditions (Vinke et al (1991)). Nitrogen is used as gas phase. Water 

iss used as liquid phase because of the similar surface tension of water and 80 mol m"3 

fructosee solution (<7LG = 72 mN m"1). 

7.237.23 Fructose hydrogenation 

Fructosee hydrogenation experiments are carried out at 373 K, using a 0.5 L autoclave 

off  Medimex (Figure 7.3). This autoclave is designed according to a standard geometry 

(Forresterr (1984)). A ring around the stirrer substitutes the baffles to obtain better 

mixing.. At a stirrer speed of 500 rpm, the reaction is mass transfer limited for both the 

carbonn based and the silica based catalyst. This is verified by changing the stirring 

speedd from 1450 to 400 rpm, demonstrating the impact of stirring on the conversion 

ratee and hence of mass transfer resistances. Al l further experiments were done at 

stirringg velocities of 500 rpm. Pure hydrogen is used as gas phase. A 1 ml sample of 

thee reaction mixture is taken every minute for analysis of the fructose, glucose and 

mannitoll  concentration. Total reaction time was varied between 15 and 40 minutes. 
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stirrer r 

sample e ra ra 
© © 

coolingg 10 

C C 
heater r 

O O 
£pi i Gass in 

Pressuree control 

FigureFigure 7.3. Schematic representation of the 0.5 L Medimex autoclave. 

Thee samples were analysed using a Waters HPLC 600 equipped with a Biorad Aminex 

HPXX 87H column. The reactor operating conditions are given in Table 7.1. 

Parameters s 

Liquidd volume 

Catalystt concentration 

Fructosee concentration 

Stirringg speed 

Temperature e 

Pressure e 

Value e 

0.355 L 

0.05-11 kg m"3 

800 mol m"3 

5000 rpm 

3733 K 

lObar r 

TableTable 7.1. Reaction conditions. 

Thee parameters relevant in the mass transfer model are: the hydrogen concentration at 

thee film side of the gas-liquid interface C*, the mass transfer coefficients ks and kLS, 

thee particle density ppg and the particle diameter dp Values of these parameters are 

givenn in Table 7.2. 
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Parameter r 

C* * 

ks s 

kLs s 

^ ^ 

PPg g 

Value e 

7,3588 mol m~3 

l,91.10"3ms"' ' 

3,82.10"3ms"' ' 

20.10"6m m 

9022 kg m"3 

TableTable 7.2. Values of parameters used to describe mass transfer for fructose hydrogenation 

(Chapterr 2). 

7.33 Results and discussion 

7.3.17.3.1 Catalyst and support characterisation 

FTIR R 

Thee FTIR experimental results are used to verify whether the used carbon hydrogen 

andd nitric acid treatments indeed result in a change of hydrophobicity. The 

measurementss resulted in peak area ratios between peaks representing the carboxylic 

groupss (1700 cm"1) and the bulk aromatic groups (1580 cm"1). This ratio is a measure 

forr the relative amount of oxygen containing groups at the carbon surface, which is a 

measuree for the hydrophobicity. The FTIR spectrum of SX1G is given in Figure 7.4. 

o o 
C C 
CO O 

J2 2 
L. . 
O O 
tf l l 

JQ Q 
(0 (0 

19000 1700 1500 

reciprocall wavelength (cm"1) 

FigureFigure 7.4. FTIR spectra of SX1G on a KBr-tablet. 
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Thee ratio of the FTIR band at 1700 cm"1 and 1580 cm"1 for both the carbon supports 

andd ruthenium-on-carbon catalysts are shown in Figure 7.5. This figure demonstrates 

thatt treatment of the carbon indeed results in a more hydrophilic carbon after HN03-

treatmentt and in a more hydrophobic activated carbon following a reductive treatment 

inn H2. Impregnation of the carbons with ruthenium results in a decrease of the relative 

amountt of carboxylic groups (Figure 7.5), and thus an increasing hydrophobicity. 

Fortunately,, the catalysts based on the different types of carbons still differ in 

hydrophobicity,, therefore, they can still be used to investigate the impact of 

hydrophobicityy on mass transfer enhancement. 

SX1G-HN033 SX1G SX1G-red 

FigureFigure 7.5. Ratios between the peaks representing the carboxylic groups (1700 cm" ) and the 

bulkk aromatic groups (1580 cm"1) from FTIR-spectra. 

 : carbon support material 

 : 4 wt% Ru-on-carbon catalysts 

Analysiss of the other relevant catalyst properties (Table 7.3) shows that the main 

differencee between the catalysts is the hydrophobicity. The surface area, pore volume, 

andd density are not affected significantly by the activated carbon pre-treatment. 
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Ru/SXll  G-red 

Ru/SXIG G 

Ru/SXll  G-HNO3 

Ru/Si02 2 

dpp (urn) 

20 0 

20 0 

18 8 

28 8 

SBETITII  g" 

944 4 

999 9 

985 5 

670 670 

v v >> (ml g" 

0.54 4 

0.69 9 

0.59 9 

0.35 5 

*) ) PPgg (kg m"3) 

900 0 

900 0 

900 0 

1361 1 

TableTable 7.3, Characteristics of the different catalysts. 

Forr all Ru-on-carbon catalysts the dispersion, determined by CO chemisorption, was 

highh (45 %-98 %), indicating that Ruthenium is well dispersed on the carbon surface. 

Thiss was also observed by Heinen et al. (2000b) and verified once more by TEM 

analysis:: Ru particles are barely observable, despite the considerable Ruthenium 

loadingg (~ 5 wt%). The largest Ruthenium particles on SX1G observed in TEM are 

illustratedd in Figure 7.6 and are around 0.02 urn in size. Most of the Ruthenium 

particless were much smaller. 

FigureFigure 7.6. TEM image of 5 wt% Ruthenium particle on SX1G. 

BPU U 

BPUU experiments are carried out to investigate a difference in adhesion behaviour of 

thee catalyst particles differing in hydrophobicity. Table 7.4 demonstrates that the 

differentt catalyst particles indeed differ in adhesion behaviour, as investigated with 

bubblee pick up (BPU) equipment. The more hydrophobic catalyst particles according 

too FTIR analysis show a higher bubble coverage C, under stagnant conditions, whereas 

silicaa based catalyst particles do not adhere to N2 bubbles at all. 
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Thesee data suggest that under non-stagnant reaction conditions a difference in mass 

transferr rate might be expected for the catalysts based on the different carbon supports. 

Ann even larger difference might be observable between the carbon based catalysts and 

thee silica based catalysts. 

^ ^ 

Ru/SXIG-redd 0.99-1 

Ru/SXIGG 0.61-0.65 

Ru/SX1G-HN033 0.5-0.54 

Ruu /Si03 0 

TableTable 7.4. The bubble coverage £ of nitrogen bubbles under stagnant conditions (BPU) of the 

catalystss in an aqueous system. 

Agglomeration n 

Ass a result of their hydrophobic nature, carbon based catalyst particles tend to adhere 

too bubbles but also they tend to form agglomerates. The agglomeration behaviour of 

thesee particles in a 80 mol m"3 fructose solution is indeed a function of the 

hydrophobicityy of the particles, as demonstrated in Figure 7.7. The reduced, most 

hydrophobic,, carbon (SXIG-red) shows the highest degree of agglomeration followed 

byy the untreated SX1G carbon. The nitric acid treated carbon (SX1G-HN03) shows 

thee lowest degree of agglomeration. Because of the lower degree of agglomeration, the 

effectivee particle diameter decreases with decreasing hydrophobicity, resulting in an 

increasee of the mass transfer rate. The impact of the hydrophobicity by agglomeration 

onn the mass transfer competes with the impact of the hydrophobicity by adhesion. 

Therefore,, under reaction conditions less pronounced differences in the enhancement 

factorr are expected then predicted by differences in bubble coverage only. 

109 9 



ChapterChapter 7 

Ru/SXIG-redd Ru/SX1G Ru/SxlG-HN03 

FigureFigure 7.7. Mean agglomerate sizes for a 0.5 kg m~3 Ru-on-carbon catalyst concentration in 

800 mol m"3 fructose solution. 

Inn Chapter 6 a bubble coverage model was derived to describe adhesion of particles 

underr stagnant conditions. This model can be used to calculate the bubble coverage 

fromm the gas-solid surface tension, the particle diameter, and bubble diameter. In this 

wayy an estimate of the bubble coverage can be derived for the bubbles present in the 

slurryy reactor. The bubble diameter in the reactor under the used conditions lays 

betweenn 1-2 mm (Machon et al (1997)). Results presented in Chapter 6 show that the 

gas-solidd surface tension GSG of the used activated carbon is about 40 mN m"'. For the 

calculations,, a particle diameter of 20 urn is used. The bubble coverage model predicts 

aa bubble coverage between 0.95 (db = 1 mm) and 0.04 (db = 2 mm). Although these 

valuess are far apart (and show the strong effect of bubble size on the bubble coverage) 

itt is clear that mass transfer rate enhancement as a result of adhesion can be expected 

forr this system (Figure 7.8). 
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1.0 0 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

0.0 0 

00 1 2 3 4 

dbb  (mm) 

FigureFigure 7.8. Bubble coverage as a function of the bubble size. Calculated with the bubble 

coveragee model (Chapter 6) using the following parameters: dp = 10 um, O"SG = 40 mNm"1, 

GLGG
 = 72 mN m"1, ppi = 1516 kg m"3. 

7.3.27.3.2 Fructose hydrogenation 

Bubblee pick up results (Table 7.4) show that silica based catalyst particles do not 

adheree to bubbles. Preliminary experiments showed that at a stirring speed of 500 rpm, 

thee conversion rate of fructose in presence of silica based catalyst is mass transfer rate 

limited,, similarly to the case in which activated carbon based catalysts are used. 

Therefore,, these silica based catalysts can be taken as non-adhering particles to 

determinee the reference mass transfer rate, and to obtain values for kLaL and krr|m. 

c*vc*vL L 
(( dr 

--
kkLLaaLL \6ks krT]m) y, 

(7.4) ) 

111 1 



ChapterChapter 7 

600 0 

J2-400 0 

e e 
5*200 0 

1000 0 2000 0 

PPQY Y 

3000 0 
1 1 

40000 5000 

FigureFigure 7.9. C V L O U " 1 versus ppgYs"1 for the mass transfer limited hydrogenation of 

800 mol m"3 fructose in water in presence of Ru/SiC>2 catalyst particles. P = 10 bar H2, and 

TT = 373 K. The markers ) represent the experimental data. The solid line follows from 

linearr regression using equation (7.4). 

Thee obtained values for kLaL and krr|m are 6.23-10" s" and 0.021s" respectively. The 

valuee of kL in m s"1 is calculated from the equation proposed by Trambouze (1984): 

^ = 0 . 31 1 (7.5) ) 

Equationn (7.5) results in the estimated values of kL and aL of 3.7-10"3ms"1 and 

166 m2 m"3 respectively. 

Thee silica based catalyst particles are used as reference particles to calculate the mass 

transferr enhancement factor E by adhering particles. The values of kL, aL and k,T|m are 

usedd to fit  the mass transfer rates during fructose hydrogenation, using the Ru-on-

carbonn catalysts. For the calculation of the enhancement factor E, the following 

equationn is used : 
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EE = 
0) ) 

RulC RulC 

0) ) 
(7.6) ) 

Ru/SiO, Ru/SiO, 

Thiss equation can only be used under similar hydrodynamic conditions and similar 

specificc external catalyst surface as. The enhancement factors calculated in this way 

aree shown in Figure 7.10, along with the results from a best-fit procedure using 

equationss (7.1), (7.2), and (7.3) and parameter values shown in Table 7.2 . Values for 

thee three fit parameters, maximum bubble coverage £max, critical catalyst concentration 

Yso,, and the parameter q, are obtained from this best-fit procedure (see Table 7.5). 

0.2 2 0.44 0.6 

Ys(kgm- 3) ) 

0.8 8 

FigureFigure 7.10. The enhancement factor E as a function of the catalyst concentration, ys-

Bulletss represent the ratio of the experimental conversion rates in presence of Ru/C particles 

andd the experimental conversion rate in the presence of Ru/SiĈ  particles as defined by 

equationn (7.6). The solid lines are calculated from equations (7.1), (7.2), and (7.3) using the 

valuess of £max, q, and yso as in Table 7.5 and the parameters shown in Table 7.2. 

A—:SXlG-red,, : SX1G, : SX1G-HN03. 
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Catalystt ~~" £max Yso(kgm"3) q ^ k g " 1 ) 

Ru/SXIGG 0.068 0.041 9 

Ru/SXIG-red.. 0.104 0.049 3 

Ru/SX1G-HN033 0.061 0.051 8 

TableTable 7.5. Parameters obtained using equations (7.1), (7.2), and (7.3) for a best-fit procedure 

off  the experimental results shown in Figure 7.10. The required input parameters are given in 

Tablee 7.2. 

Dataa from Table 7.5 show that small differences exist in the bubble coverage for the 

variouss carbon based catalysts used (Figure 7.10) but confirms that higher bubble 

coveragess are found for more hydrophobic particles. It is further shown that under 

high-shearr conditions the bubble coverage is lower than predicted from the bubble 

coveragee (Table 7.4) and from the bubble coverage model (Figure 7.8). Such a 

differencee with respect to adhesion and agglomeration may be explained by a 

differencee between stagnant and high-shear conditions. A second possible explanation 

iss the effect of the bubble size on the bubble coverage (Figure 7.8). During BPU 

experiments,, the bubbles have a diameter of about 1 mm. In the reactor, they are in the 

rangee 1-2 mm, resulting in lower bubble coverage. For the prediction of the bubble 

coverage,, a mean particle diameter of 20 |Lim is used, while in practice, a particle size 

distributionn is present. Finally, in water the particles tend to form agglomerates, 

resultingg in a higher effective particle diameter leading to a lower bubble coverage 

thann expected. 

7.44 Conclusions 

Underr industrial relevant fructose hydrogenation conditions enhancement of the mass 

transferr rate using adhering instead of non-adhering catalyst particles occurs. A change 

inn hydrophobicity of activated carbon based catalyst particles results in a change in the 

enhancementt factor by a change in the bubble coverage under reaction conditions. The 

differencess are not as significant as expected from the bubble pick up experiments 

obtainedd under stagnant conditions. This can be explained by the fact that in a slurry 

reactorr the hydrodynamics and occurring bubble sizes significantly differ from these 

underr stagnant conditions. Besides adhesion, the particles also have the tendency to 
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formm agglomerates. Both agglomeration behaviour and adhesion are affected by the 

hydrophobicityy of the catalyst particles. An increase in hydrophobicity results in 

increasedd bubble coverage, but also increased agglomeration behaviour. An increase in 

thee bubble coverage results in an increased conversion rate, while agglomeration 

resultss in a decreased conversion rate by an increased effective particle diameter. 
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7.55 Nomenclature 

aLL bubble surface per unit of slurry volume, m m" 

ass external catalyst surface per unit of slurry volume, m m" 

C**  gas reactant concentration at the film side of the gas-liquid interface, mol m~3 

DA BB binary diffusion coefficient, m2 s"1 

dpp particle diameter, m 

EE enhancement factor, -

kLL liquid-side mass transfer coefficient for the uncovered part of the bubble 

surface,, m s"1 

kLSS liquid-side mass transfer coefficient for the covered part of the bubble 

surface,, m s"1 

kss mass transfer coefficient from the bulk liquid to the surface of the catalyst, m s"1 

krr first order reaction rate constant, s"1 

mm partition coefficient defined as the ratio between the amount of gas phase 

reactantt molecules per unit volume catalyst and the amount of gas phase 

reactantt molecules per unit volume liquid, -

qq constant used in equation (7.2), m3 kg"1 

SBETT BET surface, m2 g~' 

VLL volume of the solid-liquid suspension in the reactor, m3 

Vpp pore volume, ml g"1 

GreekGreek symbols 

aa bubble coverage angle, ° 

yss catalyst concentrat ion in the slurry, kg m" 

Ysoo crit ical catalyst concentration, kg m"3 

C,C, fraction of bubble surface covered by adhering particles, -

^maxx max imum bubble coverage, -

T|| effectiveness factor of the catalyst,-

( X LL l iquid viscosity, Pa s 

Pii  l iquid density, kg m"3 

pp gg density of a dried catalyst with gas filled pores, kg m~ 

ppii  density of a dried catalyst with liquid fille d pores, kg m"3 
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OLGG static surface tension between gas phase and liquid phase, N m' 

Q>Q>cc mass transfer rate for the covered part of the bubble, mol s"1 

<ï>uu mass transfer rate for the uncovered part of the bubble, mol s"1 

0Ru,cc conversion rate in presence of adhering particles, mol s"1 

^Ru/sio;:: conversion rate in absence of adhering particles, mol s~l 
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