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In gas/liquid/solid slurries, adhesion of small particles to gas bubbles is often 
encountered, for example, during flotation of finely divided minerals and in slurry 
reactors where particle-to-bubble adhesion may result in an enhanced gas absorption 
rate ( Wimmers, 1987; Lindner, 1988). The adhesion of smallparticles to gas bubbles 
in water isstudied with a modified bubblepick-up method. The extent of theparticle- 
to-bubble adhesion is reuealed in the angle amaD by which the gas-bubble surface is 
covered by adhering particles under static conditions. It is shown that amu depends 
on the modified Eotvos number, the ratio of the particle and bubble radii, and the 
effective contact angle 0,. It is also found that 0, is affected by the curvature of 
the three-phase contact ring and by the type of the gas. 

A ‘particle-to-bubble adhesion” model, indicated by PBA model, based on a 
balance of forces under static conditions, is developed to calculate the value of eE 
from the measured value,s of amax. The measured values of cos(8,) appeared to be 
a linear function of the curvature l / r  of the three-phase contact ring which is in 
accordance with the extended Young-Dupre equation. 

Introduction 
In slurries, the adhesion of particles to gas bubbles is affected 

by the value of the gas/liquid/solid (G/L/S) contact angle 0. 
Several methods are available to determine the contact angle 
of powders experimentally (Ayala, 1987; Neuniann and Good, 
1979; Heertjes and Kossen, 1967; Kossen and Heertjes, 1965; 
Sell, 1966, 1972). A disadvantage of these methods is that the 
powder is treated in such a way that the structure and the 
curvature of the surface of the solid particles is changed, which 
in turn affects the value of the contact angle considerably. 
Moreover, these methods may not be applied in the case of 
porous particles and for systems with 0 < 15”. 

The contact angle of a G/L/S system is determined consid- 
ering the following factors: 

At physical equilibrium, gas adsorbed on the surface of 
the solids can affect the character of this surface and as a 
consequence the value of the contact angle. 

The contact angle, 0,, which is considered as a transport 
property of the G/L/S system, generally refers to a straight 
three-phase contact line obtained by the intersection of two 
flat interfaces, such as a “flat” gas-liquid surface and a flat 
gas-solid surface (see Figure la). 

Correspondence concerning this article should he addressed to J. M. H. Fortuin. 

If the three-phase contact line is curved (see Figure lb), 
the contact angle will have a lower value (Langmuir, 1933) in 
accordance with the extended Young-Dupre equation (Schulze, 
1984). 

In this article, the particle-to-bubble adhesion (PBA) is stud- 
ied under static conditions by means of a bubble pick-up (BPU) 
method, which is a modification of the method used by Wim- 
mers and Fortuin (1988). According to this method, the extent 
of particle-to-bubble adhesion is revealed in the angle by which 
a gas bubble is covered by adhering particles under static con- 
ditions. Advantages of this BPU method are: (a) no pretreat- 
ment of the particles is required; (b) it is suitable for the 
determination of contact angles 0 < 15”; (c) it can also be 
applied to porous particles; and (d) it is more closely related 
to the conditions occurring during flotation and in slurry re- 
actors than existing methods. 

A particle-to-bubble adhesion model, denoted PBA model, 
will be developed to calculate the value of the effective contact 
angle from the measured maximum angle of the bubble-surface 
area, covered by small porous particles in a stagnant liquid. 
The effect of the curvatures of the interfaces on the value of 
the contact angle will be taken into account. 
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Figure 1. (a) GlLlS contact angle 0,, at a straight GlLlS 
contact line occurring at the intersection of a 
flat gas-liquid surface and a flat solid wall; (b) 
GlLlS contact angle 0 affected by the curva- 
ture of GlLlS contact ring. 

PBA Model 
The adhesion of solid particles to a gas bubble in a stagnant 

liquid will be derived from a balance of three forces. The PBA 
model, which is based on a new concept and differs from 
models previously developed by Wimmers (1987) and Wimmers 
and Fortuin (1988), will be applied to: 

A cluster of spherical particles adhering to a gas bubble 
A gas bubble partially covered by a monolayer of adhering 

solid particles. 

Cluster of spherical particles adhering to a gas bubble 
For a cluster of particles adhering to a much larger gas bubble 

under static conditions (see Figure 2), it will be assumed that: 
(a) the cluster consists of nc equal-sized particles; (b) one single 
particle ( A )  of the cluster which is adhering to a much larger 
spherical gas bubble (B) is nearly completely immersed in the 
liquid; and (c) the other particles (C) of the cluster, which are 
cohering to this single particle A ,  are completely immersed in 
the liquid. 
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Figure 2. (A) One single particle of a cluster of equal- 
sized particles (C) adhering to a much larger 
gas bubble (6) under static conditions. 

Regarding the upwardly directed forces as positive, the fol- 
lowing three forces acting on the cluster of particles can be 
formulated for static conditions if pc/pL << 1, (Schulze, 1984): 

The apparent weight of the cluster: 

where 

The capillary force: 

Fc= 2rR~sincp)uLGsin(8 - p) (2) 

A force as a result of the capillary pressure in the gas bubble: 

Fp = - P g r 2  = - rR ~sin2p)(2uLc/R,) (3) 

The sum of the three forces follows from: 

Substituting Eqs. 1 to 3 into Eq. 4 and dividing it by the 
absolute value of the apparent weight I FA I of a single particle, 
result in: 

{ sin(8 - cp)sin(cp) - X. sin2(cp) 1 - EF 3 
IFAI-2Eo 
---. 

where the modified Eotvos number and the ratio X are defined 
as: 

(6)  Eo = ( p p  - p,)gR $/uLG and X = R,,/RB 

Under static conditions, EF/ I FA I = 0 and cp == ps. As a con- 
sequence, Eq. 5 results in: 
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Figure 3. Relation between as a function of 
fo.(l + A )  for different values of 8 calculated 
with Eq. 11. 

The value of ps=p,, where nc= ( r ~ , ) , , , ~  is found from Eq. 7 
and dnc/dps = 0, results in: 

0 = 2p, + arc sin ( X. sin(2p,) 1 (8) 

and 
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Figure 4. Vertical cross-section of a gas bubble with 
adhering particles. 
The force F,,, which is a component of the apparent weight FA 
of a particle f,,, positioned under an angle i . A a ,  is exerted on a 
particle P,-,,, positioned under an angle ( i -  1 )  . A a  and so on. For 
equal spherical particles, only the direction of this force changes 
with i but the value of this force remains constant. Particle f,,, 
positioned under an angle i . A a  exerts a downward force c, on 
the lowest particle. 
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For the experiments presented here, the values of 0 and pm 
are small; as a consequence, sin@ - p,) = 0 - p,,,, sin(p,) = p, 
and the following approximations of Eqs. 8 and 9 may be 
applied: 

0 
2( 1 + X) 9m’- 

and 

The value (n,),,,= denotes the maximum value of the ratio 
between the apparent weight of the cluster of particles and 
that of one single adhering particle (see Figure 2), before this 
particle is released from the gas bubble. In Figure 3, ( r ~ , ) ~ ~  
is plotted against Eo.( l  + X )  with 0 as a parameter. 

From Eq. 1 1 ,  it can be obtained that: 

Adhesion of a monolayer of solid particles to a gas 
bubble 

The adhesion of a monolayer of solid particles to a gas 
bubble is accomplished with the following assumptions. The 
adhering monolayer consists of spherical particles of equal size, 
which partially covers the spherical gas bubble. The lowest 
particle, which is positioned at the bottom of the gas bubble, 
carries a part of the apparent weight of other adhering particles 
in the monolayer. If the angle of bubble-surface coverage is 
maximum, the lowest particle is assumed to carry a maximum 
number of adhering particles, resulting in ps=pm. It is also 
assumed that: the covered part of the bubble surface is ho- 
mogeneously occupied by particles; the shape of the spherical 
gas bubble is not changed by the adhering particle layer; and 
the distance between the center of the bubble and that of each 
particle is approximately equal to the sum of the radius R ,  of 
the particle and R ,  of the bubble. In addition, the centers of 
the particles are assumed to lie on a globe with radius R ,  + R,, 
P,,I is the intersection point of parallel i and meridian j of this 
globe, and Po,o is positioned at the bottom of the globe. The 
force exerted by an adhering particle on a contacting other 
adhering particle is also assumed to act along the line con- 
necting the centers of these particles. 

In Figure 4, a vertical cross-section of a bubble with a 
monolayer of adhering particles is shown. The apparent weight 
FA of particle P,,, positioned under an angle i.Aa has a com- 
ponent F,,,, which is found by applying the “law of sines” and 
results in: 

F. .= FA sin(i.Aa) 
‘ ‘ I  cos(Aa/2) 

This force acts from the center of particle Pi,j to the center of 
particle P,+ as is shown in Figure 4. Because of the geometry 

Vol. 37, No. 12 1803 



0 0.1 0.3 0.5 0.7 0.9 1.3 
2000 

1500 

1000 

500 

I I I I 1 I 

0.0 1 

0.0 1 5 

0.02 

0.03 
0.04 
0.06 
0.1 

/- 
lo 

%ax 
,o 
I 

0 30 60 90 120 150 180 

Figure 6. Value of 8 . € 0 - ~ . ~  as a function of the angle of 
bubble-surface coverage a,,, with X as a pa- 
rameter (Eqs. 23 and 24). 
The value of the contact angle 6 can be obtained directly from 
the measured values of a,,, A and Eo. 

Figure 5. Vertical cross-section of a gas bubble with 
adhering particles. 
s i n ( A a / 2 ) = R , / ( R p + R s )  =A/ ( ]  + A). 

R,+R, P = rFA*tan(A~~/2)*-* c sin2(i.Aa) 
RP 

of the system considered, only the direction of force F,l changes 
with i but its value remains constant in tangential direction. 
The downward force exerted by particle P,,, on the lowest 
particle is obtained from: 

FZ, =F,,.sin(Aa/2) (14) 

Substitution of Eq. 13 into Eq. 14 results in: 

TI = F A  .tan(Aa/2)sin(i.Aa) (15) 

The number of particles positioned on parallel i can be ap- 
proximated by: 

perimeter of parallel i 2 r  ( RP + R,)sin(i. ACY) 
(16) - N, = - 

diameter of a particle 2RP 

The downward force exerted on the lowest particle by all the 
particles positioned on parallel i is obtained from: 

r(Rp+ RE) -sin2(i.Aa) 
RP 

F,? = NC, = F A .  tan(Ad2) - 

The downward force exerted on the lowest particle by the 
particles positioned on the parallels 1 to n is obtained from: 

n 

F * = C F , ?  
I =  I 

Substitution of Eq. 17 into Eq. 18 results in: 

For small values of A d 2 ,  the following approximation holds 
(see Figure 5): 

h 
A d 2  = tan(Ad2) = sin(Ad2) = - RP - - - 

R,+R, l + h  

Combination of Eqs. 19 and 20 results in: 

Under static conditions, the following balance of forces acting 
on the lowest particle of the adhering monolayer of particles 
holds: 

Further, (os = (om, because Fa denotes the maximum value of 
the downward force exerted on the lowest particle by the other 
adhering particles of the monolayer. Substitution of Eqs. 1 to 
3, 10, 20, 21 into Eq. 22 results in: 

n 1 02=(8/3).Eo.(1 + A ) .  l + r . c  sin2[2hi/(l+h)l (23) 
i =  1 

where 
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lowing integration, provided that X <  0.1: 

I 1 

Figure 7. 

In Eq. 24, 

Bubble pick-up apparatus. 
1. inner cell containing stagnant liquid; 2. outer cell used to ther- 
mostat the inner cell; 3. gas bubble with adhering particles; 4. 
needle; 5 .  gas-tight syringe; 6 .  rubber septums; 7. gas containing 
cylinder; 8. gas-saturated liquid inlet; 9. inlet through which a 
gas-saturated concentrated suspension of catalyst particles is 
added; 10. thermostatted water inlet; 11. thermostatted water 
outlet; 12. small glass cup; 13. layer of sedimented small catalyst 
particles; 14. cup holder; 15. 0-type seal; 16. saturation bottle 

a,,, is the maximum angle of bubble-surface cov- ’ - 
erage which can be found under static conditions (see Figure 
7, item 3). 

With Eqs. 23 and 24 the contact angle 8 can be calculated 
from the measured value of a,,, the modified Eotvos number 
of the G/L/S system and the ratio X of the particle and bubble 
radii, provided that 0 is small (0s 15”). Note that in Eqs. 23 
and 24, the angles 8 and am, are in radians. 

In Figure 6, the values of O-EO-~.’ ,  calculated with Eqs. 23 
and 24, are plotted as a function of a,, with X as a parameter. 
The value of 0 can be obtained directly from a,,, A, and Eo, 
as shown in Figure 6. 

If we introduce the physical quantity: 

Equation 23 results in: 

The similarity of Eqs. 12 and 26 makes it possible to conclude 
that a monolayer consisting of NA adhering particles, for ex- 
ample, exerts a downward force on the lowest particle, which 
is equal to the apparent weight of a cluster consisting of ( nA),,,= 
particles, where (nA),,,,<NA. 

Applications of the PBA model 
The summation in Eq. 25 may be approximated by the fol- 

Substitution of Eq. 27 into Eq. 26 results in: 

The minimum value O* required for complete bubble-surface 
coverage follows from Eq. 28 and am,= T: 

Using Eqs. 16 and 20, the total number of adhering particles 
can be obtained from: 

If the summation in Eq. 30 is approximated by an integration, 
Eq. 30 results in: 

= 2 r *  (Yy - .[1 -c0s(ama,)] (31) 

The total number of particles N,,,, which covers a bubble com- 
pletely, follows from Eq. 31 after substitution of a,,=~. 
Then, the fraction r of the bubble surface area covered by 
particles can,be derived from Eq. 31: 

OS(arn,) I (32) {=-=-. NA [ 1 -c  
N o ,  2 

If the downward force, exerted on the lowest particle by the 
monolayer of particles, is equal to the apparent weight of a 
fraction $ of the adhering monolayer, we may state that Eqs. 
27 and 31 lead to: 

where 0 5 $5 7rh/[4( 1 + A)], if 0 5 a,, 5 T. 

Effect of curvatures of particle and bubble surfaces 
on 0 

According to the extended Young-Dupre equation (Schulze, 
1984): 
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Table 1. Relevant Physical Properties of Catalyst Particles 
Used 

of the term K/r may not be neglected. It has to be noted that 
K has been called “linear tension” by Langmuir (1933). In 
more recent literature (Scheludko, 1976; Schulze 1984), how- 
ever, the term K / T ,  which has the same dimension as a surface 
tension, is mentioned “linear tension,” while K is indicated as 

P S K  v,.103 ~ . 1 0 - ~  Pb“ _ _ _ ~ -  - 
kg . m - 3  m3.  kg-’ m2. kg-’ kg .m-3  Catalyst 

Pd/C (10 wt. 070) 2,280 1.839 883 439+O.807pL the “line energy.” If l/r-O, the contact angle O,i.-Oo, and Eq. 
Pd/AUh (10 wt. 7 0 )  3,340 0.250 158 1820+0.455~~ 34 is reduced to the well-known Young equation: 
Pd/BaSO, (10 wt. 070) 4,370 0.193 21 2371 +0.458pL 

‘”Calculated from: 
USG - USL = ~LGCOS(~0) (35) 

Combination of Eqs. 34 and 35 results in: 

The value of r in the extended Young-DuprC equation can be 
approximated by (see Figure 2): an effective contact angle OE is obtained if the value of the 

term K / T  is significant compared with the value of uLG.cos(OE). 
This may be the case for small values of the radius of the 

2). For the three-phase systems investigated, the values of r 
indeed are in the order of lo-’ m, and as a result the effect 

(37) 
RpeE 

2(1+X) 
r = R, sin(cp,) = - 

three-phase contact ring, for example, r s  lo-’ m (see Figure 

where cpm is obtained from Eq. 10. 

Table 2. Experimental Results 
@g 8 )  RE RP 4% 

Type of Catalyst Particle mm Pm Degree Degree 

A ir Bubbles 
10 wt. Vo Pd/C (8,=2.2”) 0.36 8 109+5 1.23+0.04 

0.46 8 106*8 1.33 *0.08 
0.56 8 9 2 f 8  1.29+0.11 
0.35 13 109+l l  1.62 + O .  11 
0.46 13 101 f 10 1.71 f0.16 
0.55 13 102 + 8 1.91 + O .  14 
0.36 18 107+11 1.87+0.17 
0.45 18 lOO* 13 2.02*0.24 
0.55 18 93+8 2.01 +O. 23 
0.46 23 84+6 2.05 + O .  14 
0.54 23 82+8 2.13 + 0.26 

10 wt. “70 Pd/AI,O, (@o=5.3’) 0.35 10 113*10 3.30 * 0.21 
0.45 10 111f8  3.60 f 0.20 

4.03+0.17 0.56 10 110+5 
0.35 22 117*8 5.20 f 0.20 
0.45 22 9 3 f 8  4.81 f0 .54  
0.55 22 80* 12 4.59+0.81 
0.35 28 8 4 f 8  4.33 *o. 18 
0.45 28 82+12 5.OO+O. 34 

73+8 4.83*0.30 0.55 28 
0.45 39 6 3 f 9  4.96 f 0.72 
0.55 39 68+9 5.07 + 0.56 

10 wt. “70 Pd/BaSO, ( O n =  11.3”) 0.37 30 104f 12 7. I4 f 0.99 
0.45 30 l o o f 8  7.09 f 0.19 
0.55 30 103 + I 8.20*0.10 
0.45 38 107 f 8 9.14 *0.56 
0.55 38 95+12 8.51 +0.66 

Type of 
Catalyst 
Particle 

Hydrogen Bubbles 
10 wt. ”70 Pd/C 0.35, 0.45, 0.55 8, 13, 18, 23 Completely Covered 
10 wt. 070 Pd/AI,O, 0.35, 0.45, 0.55 10, 22, 28, 39 Zero Coverage 
10 wt. ‘3’0 Pd/BaSO, 0.35, 0.45, 0.55 30, 38 5 20 (Clusters) 

‘”Average values of at least eight experiments. 
‘**’Calculated with Eqs. 23 and 24. 
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The effect of the curvatures of the particle and bubble sur- 
faces is incorporated in the radius r of the three-phase contact 
ring. From Eq. 36, it is obtained that for a given G/L/S system, 
the value of f& will decrease with decreasing values of r. This 
means that for the range of particle and bubble radii applied 
in this article, the adhesion of particles to a gas bubble is 
governed by an effective contact angle 0,. 

The value of the G/L/S system properties 0, and K can be 
found by plotting the value of cos(0,) against l/r. If a linear 
relationship is found, the value of B0 is obtained by extrapo- 
lation of l/r-O and the value of K from the slope of the line. 
The values of 0, and K thus obtained are physical properties 
of the G/L/S system. They are independent of the curvatures 
of the interfaces. 

Equipment and Materials 
The experiments are performed with an apparatus that con- 

sists of two separated cylindrical cells (see Figure 7). The outer 
cell is used to thermostat the inner cell containing a stagnant 
liquid and a small glass cup, placed on a stainless steel holder. 
A needle can be introduced into this inner cell via two rubber 
septums. The cylinder between the septums contains either air 
or hydrogen. 

The commercially available catalyst particles used are 10 
wt. Vo Pd/C, 10 wt. Vo Pd/A1203, and 10 wt. Vo Pd/BaSO, 
(Fluka Chemie AG), of which some relevant physical properties 
are given in Table 1. Samples of different particle size are 
obtained using ASTM-Ell standard sieves. The average par- 
ticle size and the particle size distribution of each sample are 
determined with a Coulter Counter. The Pd/A1,03 and Pd/ 
BaSO, catalyst particles are approximately spherical with a 
relatively smooth surface; and the Pd/C catalyst particles have 
rather irregular shapes. 

Commercially available catalysts are used without perform- 
ing any pretreatment such as grinding, to prevent unpredictable 
effects on the experimental results. With the BPU method, the 
particle-to-bubble adhesion is characterized under conditions 
that may be encountered in such processes as flotation proc- 
esses and three-phase reacting systems. 

When hydrogen (Ultra High Purity, from Ucar) is applied, 
the particles and liquid are saturated with hydrogen at 1 atm 
before they are used for the adhesion experiments. A similar 
procedure is applied if air is used as the gas in the system. All 
experiments are performed in double-distilled water at 303 K 
and atmospheric pressure. 

Procedure 
Figure 7 shows the apparatus, in which the inner cell (1) is 

filled with gas-saturated liquid and the cylinder (7) is filled 
with the required gas. The needle of a gastight syringe is pierced 
through the upper septum (6)  and the syringe is flushed at least 
five times with the gas. The syringe is then again filled with 
the gas and the needle is pierced through the lowest septum 
(6). A bubble is formed on the tip of the needle, which is 
positioned just above the bottom of the glass cup (12). A gas- 
saturated concentrated suspension of catalyst particles is added 
through opening (9) until the bubble is completely immersed 
under a small layer of sedimented catalyst particles. 

This method is a modification of the procedure used by 
Wimmers (1987, 1988). The bubble is slowly, say in about 30 

Table 3. Values of O0 and K ( * )  

Type of 
Catalyst 
Particle 

90 K . 1 0 "  
Degree N 

10 wt. % Pd/C 2.2&0.08 0.29+ 0.03 
10 wt. Vo Pd/AI2O3 5.3k0.21 4.93+ 0.69 
10 wt. % Pd/BaSO, 11.3 *0.20 142 *22.83 

"'The values refer to the systems consisting of air, water and three different 
types of catalyst particles. 

seconds, pulled out of this small sedimented layer on the bot- 
tom of the small glass cup. In this way, a bubble, partially 
covered by adhering particles, is obtained. An enlarged image 
of this bubble with adhering particles is achieved by projecting 
it with the aid of an optical system on a screen. From this 
enlarged image, the angle of bubble-surface coverage and the 
bubble diameter are obtained. The maximum angle of coverage 
a,, is determined using systems that consist of air-water-cat- 
alyst particles and hydrogen-water-catalyst particles for dif- 
ferent particle and bubble sizes, obeying the condition h< 0.10. 

Results 
The measured angles of bubble-surface coverage amm for 

the above-mentioned systems and for various particle and bub- 
ble radii are listed in Table 2. In the experiments where an air 
bubble is used, it is observed that the adhering particle layer 
is a monolayer; so that the PBA model consisting of Eqs. 23 
and 24, or Eq. 28 may be applied. 

The experimental results show that amax depends on the mod- 
ified Eotvos number Eo of the system, the ratio X of the particle 
and bubble radii, and the G/L/S contact angle. In a previous 
section, it was shown that the particle-to-bubble adhesion is 
governed by an effective contact angle 0 E  which is smaller than 
the contact angle 6, occurring at a straight G/L/S contact line 
(see Figure 1). According to Eq. 36, the values of cos(0,), 
obtained from Eqs. 23 and 24 and the measured values of amax, 
Eo and h against the curvature l/r of the G/L/S contact ring 
calculated with Eq. 37, will result in a straight line for each 
of the different types of catalyst particles. For three of the 
systems investigated, the values of cos(8,) and K were obtained 
from a best-fit procedure applied to the experimental data 
presented in Figures 8a-8c. The values of O0 and K thus obtained 
for the air-water-catalysts systems Pd/C, Pd/A120, and Pd/ 
BaSO, are presented in Table 3. 

From Figures 8a-8c and Table 3, it is found that the value 
of K is: independent of the curvatures of the particle and bubble 
surfaces; and different for G/L/S systems with different O0 
values. These results agree with those of Schulze (1984), who 
states that K values, which are affected by the contact angle 
B0, are in the order of lo-" N to lo-'' N. 

When hydrogen bubbles in water are applied, all types of 
catalyst particles agglomerate. They form relatively large clus- 
ters due to the formation of a hydrophobic particle surface 
which is created after adsorption of hydrogen on the catalyst 
surface. In experiments with Pd/C particles and hydrogen 
bubbles in water, the bubble was always completely covered 
with clusters of particles. In the experiments with Pd/A1203 
particles and Pd/BaSO, particles and hydrogen bubbles in 
water, the angle of bubble-surface coverage was almost zero. 
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Figure 8. Value of cos(BE) vs. llr. 

(a). Air-water-Pd/C system 
@). Air-water-Pd/Al,O, system 
(c). Air- water-Pd/BaSO, system 
The value of OE is calculated with Eqs. 23 and 24 using the meas- 
ured values of am=. 

In this case, clusters of particles are formed and nearly no 
particle-to-bubble adhesion occurs. 

Discussion 
Effect of adsorbed gas 

A hydrophobic catalyst surface is created after hydrogen 
adsorption on the catalyst surface. In polar liquids, growing 
hydrophobicity of the catalyst particle surface does not only 
increase the value of the contact angle and consequently the 
particle-to-bubble adhesion, but also the particle-to-particle 
cohesion, resulting in the formation of clusters. Large clusters 
of high-density particles are unable to adhere to a hydrogen 
bubble in water, as is observed for Pd/A1203 and Pd/BaSO,. 
For the low-density Pd/C particles, however, a hydrogen bub- 
ble in water is completely covered with particles because eE> O* 
(see Eq. 29). Hydrogen bubbles in water have the following 
tendency: Pd/C particles show a particle-to-bubble adhesion 
which dominates the particle-to-particle cohesion; and Pd/ 
A1203 and Pd/BaSO, show a particle-to-particle cohesion which 
dominates the particle-to-bubble adhesion. 

Comparison with existing methods 
In literature, no methods could be found for determining 

contact angles ofporous particles with 8< 15". Existing meth- 
ods for nonporous particles are inaccurate for measuring con- 
tact angles 0 < 15". Therefore, the results presented here cannot 
be compared with those from literature. However, the fact 
that experimentally a linear relationship is obtained between 
cos(8E) and I / r ,  which agrees with the extended Young-Dupre 
equation, contributes to the validation of the present method. 
The BPU method not only includes the effect of the curvatures 
of the interfaces, but is also closely related to the conditions 
occurring during flotation and in slurry reactors. 

Conclusions 
In a G/L/S slurry the particle-to-bubble adhesion depends 

on: the modified Eotvos number Eo of the system; the ratio 
X of the radii of particle and bubble; and the effective solid- 
liquid-gas contact angle &. .The cosine of the effective contact 
angle OE is a linear function of the curvature I / r  of the 
G/L/S contact ring. The contact angle 8,, and the "line energy" 
K are physical properties of a G/L/S system, which are in- 
dependent of the curvature of the G/L/S contact ring. The 
G/L/S contact angle can be affected by the type of gas ad- 
sorbed on the surface of the catalyst particles. 

The PBA model, represented by Eqs. 23 and 24, or by Eq. 
28, may be applied to the investigated systems consisting of 
air/water/catalyst particles, because it has appeared that under 
equilibrium conditions, a monolayer of catalyst particles ad- 
heres to the air bubble in water. For the systems air/water/ 
catalyst particles, the following values of the contact angle Oo 
are found: 00=2.2" for Pd/C; 00=5.3" for Pd/A1203; and 
Oo = 1 1.3" for Pd/BaSO,. A monolayer of catalyst particles will 
cover the bubble surface completely if O , r O * ,  where 8* can 
be obtained from Eq. 29. 

For hydrogen bubbles in water, the Pd/C particles show a 
particle-to-bubble adhesion which dominates the particle-to- 
particle cohesion; and the Pd/C particles can cover the hy- 
drogen bubble completely. The Pd/A1203 and Pd/BaSO, par- 
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ticles for these bubbles show a particle-to-particle cohesion 
which dominates the particle-to-bubble adhesion, resulting in 
the formation of large clusters which are unable to adhere to 
a hydrogen bubble in water. 
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Notation 
A =  

EO = 
F =  

FA = 
F A ,  = 

Ft,, = 

F : =  

P =  

Fc = 
Fp = 

g =  
n =  

nc = 

(nc)- = 
NA = 

N. = 

( n A ) m a x  = 

Ntot = 

PJ,j = 

P,  = 
r =  

RB = 
RP = 
v, = 

BET-specific surface area of catalyst particles, m2. kg- ’ 
modified Eotvos number = (pp- pL)gR$/uLG), 1 
force, N 
apparent weight of a particle in a liquid, N 
apparent weight of a cluster consisting of n,  equal-sized 
spherical particles in a liquid, N 
component of the apparent weight of a particle positioned 
under an angle i . A a  (Figure 4), N 
contribution of all the particles positioned on parallel i of 
a globe with radius RB + RP to the downward force exerted 
on the lowest particle, N 
total downward force exerted on the lowest particle by all 
other particles of the adhering monolayer, N 
capillary force, N 
force due to the capillary pressure in the gas bubble, N 
acceleration due to gravity (g=9.81 m.s-’), m.s-’ 
maximum number of parallels with adhering particles, 1 
maximum number, defined in Eq. 25, 1 
number of equally sized particles in a cluster (Figure 2), 
1 
maximum value of n,, 1 
total number of adhering particles at the gas-bubble sur- 
face, 1 
number of adhering particles positioned on parallel i of 
the globe with radius RE + R,, 1 
total number of adhering particles in a monolayer covering 
the bubble completely, 1 
intersection point of parallel i and meridianj of the globe 
with radius RB+Rp,  1 
capillary pressure in a gas bubble, N.m-’ 
radius of the three-phase contact ring (Figure 2), m 
radius of a gas bubble, m 
radius of a catalyst particle, m 
specific pore volume of a particle, m3.kg-’ 

Greek letters 
Aa = angle between centers of two neighboring particles ad- 

i .Aa = angle indicating the position of a particle at a gas bubble 

a,, = measured maximum angle of bubble-surface coverage, rad 
( = fraction of the gas-bubble surface area covered by catalyst 

particles (Eq. 32), 1 
8 = G/L/S contact angle, rad 

hering to a gas bubble (Figure 4), rad 

surface (Figure 4), rad 

8’ = minimum value of 8 required for complete bubble-surface 
coverage, rad 

OE = effective G/L/S contact angle, rad 
8, = contact angle at zero curvature of the contact line, rad 

K = line energy, N 
h = ratio of particle and bubble radii (h  = RP/RE) ,  1 

pG = density of the gas phase, kg.m-’ 
pL = density of the liquid phase, kg.m-’ 
pp = density of the particle with pores filled with liquid, kg .m-’ 

psx = density of the solid part of a dry catalyst particle, kg.m-’ 
uLG = static surface tension of a gas-liquid interface, Pa.m 
usG = surface tension of solid-gas interface, Pa.m 
usL = surface tension of solid-liquid interface, Pa.m 

‘p = angle characterizing the immersion depth of a particle, rad 
‘pm = minimum value of ‘ps before the particle is released from 

the gas bubble where nc= (n,),,,=, rad 
‘ps = angle characterizing the immersion depth of a particle 

under static conditions, rad 
II. = physical quantity defined in Eq. 33, 1 
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