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Multiple-particlee adhesion of hydrophobic carbons to 

bubbless in aqueous media: theory and experiments 

Abstract t 

Masss transfer limitation often occurs in industrial slurry reactors. Earlier research 

showedd that enhancement of the conversion rate of reaction in aqueous slurries is 

observedd if activated carbon particles, which tend to adhere to gas bubbles, are used as 

catalystt support material instead of non-adhering alumina particles. The enhancement 

off  the conversion rate in presence of adhering particles can be described by the 

enhancementt model (Chapter 2) and is a function of the bubble coverage. 

Laboratoriumm scale flotation experiments are very well suited to predict the bubble 

coverage,, as shown in Chapter 3 and 4. In this chapter a bubble coverage model is 

developedd and validated using the results of flotation experiments. This model can 

predictt whether adhesion of catalyst particles, and thus mass transfer enhancement, in 

aa slurry reactor can be expected. 
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6.11 Introduction 

AA large amount of industrial slurry reactors in fine chemistry operate under mass 

transferr rate limited conditions. The stirrer speed, the type of catalyst, and the liquid 

propertiess can affect the conversion rate in these reactors. If the reaction takes place in 

ann aqueous medium, the hydrophobicity of the catalyst support may affect the G-L 

masss transfer and the overall column hydrodynamics, as shown in Chapter 2 and 

Chapterr 5. The hydrophobicity of the support will result in segregation of the catalyst 

particles,, either by adhesion to the gas bubbles and/or by agglomeration. The effective 

catalystt particle diameter will increase because of agglomeration. Consequently the 

specificc external catalyst area decreases, the conversion rate will decrease. 

Agglomerationn also affects the adhesion behaviour: the use of larger particles will 

resultt in lower bubble coverages than the use of smaller particles. On the other hand, 

adheredd catalyst particles will be present at the gas-liquid interface. Consequently, the 

effectivee film layer thickness decreases. This may lead to an increased G-L mass 

transferr rate. In Chapter 2, an enhancement model is presented to calculate the 

enhancementt of the conversion rate as a function of the catalyst concentration. For this 

model,, three variables have to be determined experimentally: 

-- A critical catalyst concentration, below which the collision probability between a 

bubblee and a particle is very close to zero: no adhesion occurs. 

-- A collision probability constant, necessary to describe the collision probability as a 

functionn of the catalyst concentration. 

-- The maximum possible bubble coverage, which can be reached if the catalyst 

concentrationn is high enough. This bubble coverage depends on the hydrodynamics 

inn the reactor, the bubble size and catalyst properties, such as particle diameter and 

hydrophobicity. . 

Mostt of the industrial reactors operate at catalyst concentrations where the maximum 

possiblee bubble coverage under the operating conditions can be obtained. In this 

Chapterr a model to obtain realistic values of the maximum possible bubble coverage 

ass a function of the involved physical properties will be introduced. 
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6.22 Theory development on adhesion behaviour 

6.2.16.2.1 Bubble coverage Model 

Adhesionn phenomena of particles to bubbles in three phase systems are relevant to 

bothh chemical reactors and flotation columns. Earlier theoretical work on these 

phenomenaa was carried out by Schulze et al. (1984, 1988), who described adhesion for 

singlee particles based on a force balance between gravitation force Fg, the static 

buoyancyy force Fb, the capillary force Fa and the capillary pressure in the gas bubble 

Fa--

gass bubble 

FigureFigure 6.1. Schematic representation of particle to bubble adhesion. 

Later,, Vinke (1991) extended this approach to multi-particle mono-layer adhesion 

basedd on strings of particles next to each other. The force balance for a single particle 

adheringg to a gas bubble can be expressed in terms of the following identity equations. 

FFgg-F-Fbb-F-Faa+F+F aa=0=0 (6.1) 

Inn which: 

FFaa = 27rr0aLG sin(<p0) = 2nRp sin(ft>)sin(<j!>0) (6.2) 
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2(7, , 
FFaa=nR=nR22

ppsmsm22{(D\—^-2p,R{(D\—^-2p,Rbbg g 
RL RL 

(6.3) ) 

F=%nRlpF=%nRlpplplg g (6.4) ) 

FFbb = X JtRlp,g((l - cos(«))2 (2 + cos(ft)))) (6.5) ) 

Inn case of multiple-particle, mono-layer adhesion (Figure 6.2), the maximum bubble 

coveragee is limited by the tangential component of the gravity force on the lowest 

bottomm particle by all other adhering particles. As the resulting force downwards on 

thee lowest particle increases with increasing bubble coverage angle a, the bottom 

particlee may, at a certain bubble coverage, detach from the bubble. At this point the 

maximumm bubble coverage is reached. 

tangential l 
lateral l 

FigureFigure 6.2. Schematic representation of the vector decomposition of the gravitational force to 

obtainn the resulting forces on the lowest particle. 

Inn contrast to the particle-string based approach of Vinke (1991), in this work the 

gravityy force and buoyancy force for a two dimensional layer of particles is assumed to 

bee a continuum with an effective density of the volume fraction particles es times the 

densityy of the particles pp]. For the gravity force, the thickness of the layer equals the 

particlee diameter (h = 2Rp), while for the buoyancy force the thickness equals 
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hh = (l+cos(7i-co))Rp, because a correction is required to account for the penetration of 

thee particles (Figure 6.1). The case for a two dimensional coverage of particles to a 

bubblee is depicted in Figure 6.3. 

FigureFigure 6.3. Schematic representation of the angles used for the modelling of Fg and Ft,. 

Inn the calculations of the particle layer is considered as a large amount of small 

elementss (dr-dx). 

Forr the gravity force on one element (drdx), the following equation is used: 

FF
gg=\\=\\ ees-Ps-PPPiShdxdr iShdxdr (6.6) ) 

drr and dx can be transferred to spherical co-ordinates by: 

sin n {\da){\da) = 
\dr_ \dr_ 

R~» R~» 
(6.7) ) 

m{\d\\f)-m{\d\\f)-
dx dx 

sin n (6.8) ) 

daa and d\|/ are very small, therefore sinjda = jda and sin \ d\j/ = \ dy can be 

assumed,, r is the radius of the bubble at point a: r = Rb sin a . Substitution in equation 

(6.6)) results in the following expression. 

FFgg = jjes pplg-2RpRBsin{a)dy/ RBda (6.9) ) 
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Too calculate the force on an adjacent element vector decomposition is used. The result 

forr the tangential force is: 

FF = * vsin(a) (6 io) 

Becausee of a very small da, cos(da) is equal to 1. Therefore, equation (6.10) can be 

rewrittenn as: 

FFgg__rr =Fgsm{a) (6.11) 

Byy substitution of equation (6.9) in equation (6.11) equation (6.12) is obtained: 

aa In 

FFgg__rr=jje=jje ssppplplg-2Rg-2RppRR22
BBsmsm22(a)dy/da(a)dy/da ( 6.12) 

00 0 

Integrationn results in the gravitational force on the lowest particle: 

FFgg=e=ess-p-pprprg'2-Rg'2-Rpp-R-R22
BB-7r-(sin(a)cos(a)+a)-7r-(sin(a)cos(a)+a) (6.13) 

Thee buoyancy force is derived in the same way. In this case h=(l+cos(7C-co))Rp is 

used,, which results in equation (6.14). 

FFhh = £splg(l-cos(o)RpR
2
B-7t(sin(a)cos{a)+a) (6.14) 

Thee penetration depth angle co is related to the three phase contact angle 9. Schulze 

(1989)) found the following empirical relation for the penetration angle in degrees ood: 

ö>„== (180°-0 .950,) (6.15) 

Thee angle cp0 used in equation (6.2), is related to co and 0: 
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(p(p00=CO=CO + 0-7T (6.16) 

Thee fraction of the bubble covered by particles ^ is related to the bubble coverage 

anglee a by 

? == 0.5(1-cos(a)) (6.17) 

Thee above mentioned equations can be used to predict the bubble coverage when the 

threee phase contact angle 6 is known. To this end, the Young equation may be used 

(Schulze(1984)). . 

aaLGLGcos(6)cos(6) = aSG-<JSL (6.18) 

Neumannn (1974) showed that the solid-liquid surface tension CJSL can be calculated 

usingg the following empirical equation if the gas-liquid surface tension aLG and the 

gas-solidd surface OSG tension are known: 

<*SL<*SL = . „ / (6.19) 
\-K^o\-K^oSGSGooLG LG 

Thiss equation can only be used if the values of surface tension are given in N m l. K is 

aa constant with a value of 0.015 m N~\ 

Finally,, the maximum bubble coverage can be calculated using the force balance 

(equationn (6.1)) on the basis of known system parameters such as the three phase 

contactt angle 0, the particle and the bubble radii, the gas-liquid surface tension aLG, 

andd the liquid and solid densities. The obtained bubble coverage can be used to predict 

thee mass transfer enhancement factor utilising the model described in Chapter 2. 
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6.33 Experimental 

6.3.16.3.1 Materials and Preparation 

AA steam activated peat based carbon, SX1G, supplied by Norit NV (Amersfoort, The 

Netherlands)) is used for the experiments. The SX1G carbon is oxidised with nitric acid 

too obtain a more hydrophilic activated carbon. For this treatment the carbon is refluxed 

forr 45 minutes in 200 ml 65 % nitric acid. Subsequently it is filtrated, washed six times 

withh water, and dried at 80 °C for 1 night. This carbon wil l be designated as 

SXIG-HNO3.. The BET surface area of the particles is analysed by N2 physisorption. 

Thee particle diameter distribution is obtained with a Coulter Counter. The 

hydrophobicityy of the particles is determined using FTIR-method as described in 

Chapterr 4. With this method the ratio between the peak area of the carboxylic groups 

(att 1700 cm"1) and the peak area of the bulk aromatic groups (at 1580 cm"1) is obtained 

(A17oo/Ai58o)-- The FTIR experiments are carried out in a Biorad FTS-45A. The 

particless are milled, mixed with pentane and subsequently brushed on a KBr tablet. 

Thee spectra are averaged from 256 scans and corrected for a curved baseline. The 

valuess of the physical properties are given in Table 6.1. SEM pictures of both type of 

particless are obtained with a Philips XL30 FEG (Figures 6.4 a and b). 

FigureFigure 6.4a. SEM picture of SX1G particle. Figure 6.4b. SEM picture of SXIG-HNO3 

particle. . 
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<dp>> (firn) SBET (m g" ) ppl(kg m"3) A17oo/A158o 
____̂ ^ _ _ ___. _____ 

SXIG-HNO33 18 918 1356 0.518 

TableTable 6.1. Physical properties of the carbon particles. 

6.3.26.3.2 Determination of gas-solid surface tension using the sedimentation method 

Vargha-Butlerr (1985) proposed the sedimentation volume method for determination of 

thee gas-solid surface tension GSG- This method and the results are described in Chapter 

4.. The gas-solid surface tensions of SX1G and SXIG-HNO3 are 36.7 mN m"1 and 

400 mN m"1 respectively. 

6.3.36.3.3 Flotation experiments 

AA modified Hallimond tube is used for the laboratory scale flotation experiments. The 

usedd column has a length of 30 cm and a diameter of 2.5 cm. The column is used as 

describedd in Chapter 3 and 4. 

6.3.46.3.4 Bubble coverage modelling 

Too establish the sensitivity of the bubble coverage on the bubble radius, the particle 

radius,, and the gas solid surface tension, calculations are performed using relevant 

physicall  quantities as indicated in Table 6.2. 

Values s 

MJïnöö " ~~iö~ 
Rbb (mm) 0.5 

ess 0.52 

pLL (kg m"3) 1000 

OsolmNm"1)) 40 

TableTable 6.2. Relevant parameter values used for the determination of the impact of bubble 

diameter,, particle diameter, and gas-solid surface tension. 
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Forr the predictions of the bubble coverage of SX1G and SXIG-HNO3 the relevant 

physicall  quantities represented in Table 6.3 are used. 

Rpp (urn) 

Rbb (mm) 

£ s s 

aSGG (mN 

PL(kgg m" 

m1) ) 

3) ) 

SX1G G 

9 9 

0.455 and 0.55 

0.52 2 

36.7 7 

1000 0 

SX1G-HN03 3 

6.5 5 

0.455 and 0.55 

0.52 2 

40 0 

1000 0 

TableTable 6.3. Parameter used for the prediction of the bubble coverage by activated carbon 

particles. . 

6.44 Results and discussion 

6.4.16.4.1 Bubble coverage modelling 

Thee influence of the particle radius, bubble radius and gas-solid surface tension on the 

bubblee coverage are given in Figures 6.5, 6.6 and 6.7. These figures show the results 

usingg the values of the parameters given in Table 6.2, and equations (6.1-6.3 and 6.13-

6.19). . 

Thee impact of the particle diameter on the bubble coverage mainly arises from gravity. 

Iff  the particle diameter increases, the gravity force increases resulting in decreasing 

bubblee coverage. Above a certain critical particle diameter (dependent on the gas 

liquidd surface tension and bubble diameter) adhesion is absent, and thus no mass 

transferr enhancement wil l occur. 
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1.00 0 

0.80 0 

0.60 0 

0.40 0 

0.20 0 

0.00 0 

FigureFigure 6.5. The bubble coverage as a function of the gas-liquid surface tension for various 

particlee radii. The lines are calculated using equations (6.1-6.3 and 6.13-6.19) and parameter 

valuess as presented in Table 6.2. 

— :: particle radius Rp = 8 um 

.... : particle radius Rp = 10 (im 

— :: particle radius Rp = 20 u.m 

Capillaryy pressure, gravity force, and buoyancy force determine the impact of the 

bubblee size on the bubble coverage (Figure 6.6). The net result of the force balance 

(equationn (6.1)) is that the bubble coverage decreases with increasing bubble size. 

Abovee a certain bubble size, the bubble coverage approaches zero. For reactors in 

whichh the value of the bubble size is above the critical bubble size, no enhancement of 

thee mass transfer rate is expected. 

0.077 0.06 0.05 0.04 0.03 

CTLGCTLG (N m"1) 
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0.077 0.06 0.05 0.04 0.03 

CTLGCTLG (N m-1) 

FigureFigure 6.6. The bubble coverage as a function of the gas-liquid surface tension for various 

bubblee radii. The lines are calculated using equations (6.1-6.3 and 6.13-6.19) and parameter 

valuesvalues as presented in Table 6.2. 

Bubblee radius Rb = 0.25 mm 

Bubblee radius Rb = 0.5 mm 

Bubblee radius Rb = 1 mm 

Forr an increasing gas-solid surface tension, the three phase contact angle increases 

resultingg in an increased capillary force Fa. Because of the force balance (equation 

(6.1))) a higher bubble coverage is possible with an increasing three phase contact 

angle.. Above a certain gas-solid surface tension, i.e. for lower hydrophobicity, 

adhesionn is absent. This critical surface tension depends on the values of the other 

parameters,, such as particle diameter and bubble diameter. 
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1.00 0 

0.80 0 

0.60 0 

0.40 0 

0.20 0 

nn nn 

\ \ 

i i 
\ \ 

\ \ 

* * 

LL » 

^ N ^^ V 

0.06 6 

OLGG (N m-1) 

0.04 4 

FigureFigure 6.7. The bubble coverage as a function of the gas-liquid surface tension for various 

gas-solidd surface tensions. The lines are calculated using equations (6.1-6.3 and 6.13-6.19 and 

parameterss values as presented in Table 6.2. 

— :: Gas-solid surface tension OSG = 30 mN m"1 

.... : Gas-solid surface tension 0"SG = 40 mN m"1 

—— : Gas-solid surface tension O"SG = 50 mN m"1 

:: Gas-solid surface tension GSG = 60 mN m"' 

6.4.26.4.2 Comparison between modelling results and flotation experimental results 

Thee bubble coverage £ is plotted versus the value of the surface tension in Figures 6.8 

andd 6.9. The markers represent the results obtained from the flotation experiments. 

Thee average bubble radius in those experiments was 0.5 mm as described in Chapter 4. 

Thee solid lines are drawn according to equations (6.1-6.3 and 6.13-6.19) using 

parameterr values as presented in Table 6.3. For the prediction of the bubble coverage 

forr SX1G and SXIG-FINO3 particles, the gas-solid surface tensions indicated by the 

sedimentationn method (Chapter 4) are used. The corresponding values for the gas-solid 

surfacee tensions of SXIG-HNO3 and SX1G were 40 mN m"1 and 36.7 mN m"1 

respectively. . 
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1,00 0 

0,80 0 

0,60 0 

0,40 0 

0,20 0 

0,00 0 

0,09 9 

FigureFigure 6.8. The bubble coverage with SXIG-HNO3 particles as a function of the gas-liquid 

surfacee tension. The solid lines are the results of the equations (6.1-6.3 and 6.13-6.19) after 

substitutionn of the parameters values as presented in Table 6.3 and GSG = 40 mN m" . 

—— : bubble radius Rb = 0.55 mm 

—— : bubble radius Rb = 0.45 mm 

 : experimental results flotation column, <Rb> = 0.5 mm. 

1,00 0 

0,80 0 

0,60 0 

0,40 0 

0,20 0 

0,00 0 

0,09 9 

FigureFigure 6.9. The bubble coverage with SX1G particles as a function of the gas-liquid surface 

tension.. The solid lines are the results of the equations (6.1-6.3 and 6.13-6.19) after 

substitutionn of the parameters values as presented in Table 6.3 and GSG = 36.7 mN m" . 

:: bubble radius Rb = 0.55 mm 

—— : bubble radius Rb = 0.45 mm 

 : experimental results flotation column, <Rb> = 0.5 mm. 

0,077 0,05 0,03 

OLGG (N m"1) 

0,077 0,05 0,03 

a L GG (N m"1) 
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Thee agreement between the calculated bubble coverage and the measured bubble 

coveragee is fairly good as shown in Figures 6.8 and 6.9. The results also illustrates that 

iff  the SX1G or SX1G-HN03 particles are used as catalyst support material, adhesion 

off  the particles can be expected provided that the gas-liquid surface tension of the 

reactionn media is higher than 60 mN m"1. No adhesion is expected when the gas-liquid 

surfacee tension is below the gas-solid surface tension of the particle used. For these 

twoo activated carbons, adhesion is expected to be absent in reaction media with a gas-

liquidd surface tension below 40 raN m"1. As a result of the adhesion of catalyst 

particless the gas-liquid mass transfer rate can be obtained, resulting in an enhancement 

off  the conversion rate of a mass transfer limited reaction (Chapter 2). 

6.55 Conclusions 

AA new bubble coverage model has been developed which can predict whether 

adhesion,, and thus mass transfer rate enhancement, can be expected for a three phase 

reaction.. Input parameters for this model are the gas-liquid surface tension, gas-solid 

surfacee tension, bubble diameter, particle diameter, particle density, and the liquid 

density.. All of these parameters can be obtained from simple, straight forward, 

experiments.. The results obtained using this model, show that activated carbon based 

particless can adhere to gas bubbles if the gas-liquid surface tension lies above a certain 

valuee and if the particles are small enough. Adhesion results in a negligible bubble 

coveragee for bubbles with a bubble diameter above a certain value. The bubble 

coveragee model is verified by flotation experiments, which demonstrate that the 

developedd model can be used to predict the bubble coverage. When high bubble 

coveragess are predicted, an enhancement of the mass transfer rate, and thus an 

enhancementt of the conversion rate, can be expected. 
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6.66 Nomenclature 

Ajj  area of FTIR peak at reciprocal wavelength i 

Faa capillary force, N 

Fbb buoyancy force, N 

Fgg gravity force, N 

FFaa capillary pressure, N 

gg acceleration due to gravity, m s" 

hh height of the element used for equation (6.6), m 

KK constant in equation (6.19), m N" 

rr dimension of the element used for equation (6.6), m 

r00 radius of gas-solid interface circle, m 

Rbb bubble radius, m 

Rpp particle radius, m 

xx dimension of the element used for equation (6.6), m 

GreekGreek symbols 

aa bubble coverage angle, rad 

(poo angle used in equation (6.2), rad 

00 three phase contact angle, rad 

0dd three phase contact angle, ° 

p(( liquid density, kg m"3 

ppii  density of particle filled with liquid, kg m" 

<3LGG gas-liquid surface tension, N irf 

aSGG gas-solid surface tension, N m" 

aSLL solid-liquid surface tension, N m" 

yy angle in the horizontal plan used to derive equation (6.13) and equation (6.14), 

rad d 

coo penetration depth angle, rad 

codd penetration depth angle, ° 
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