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ABSTRACT

Driving force for this research is dictated by the fact that resources of crude oil, key
source of energy in our everyday life, are limited. Therefore the extensive work is currently
carried out to find alternatives such as fully synthetic fuels - Fisher Tropsch synthesis (FTS).
Though FTS was developed in 1923 until recently it was nearly forgotten. Recent prices of
crude oil make this technology attractive again and new research aimed at optimisation is
necessary. Crucial step in development/application of this process are new catalyst for
complex, three phase, slurry reactors. To certain approximation the most efficient catalyst can
be identified by analysis of the bubble size (interfacial area), as it often determines overall
reaction rate. Investigations of mass transfer rates at similar to reaction conditions, i.e. high
temperature and pressure in oily liquid, are usually carried out using dry nitrogen/air as a
model of gas phase, forming non-polar gas/non-polar liquid interface. However in a real
system, presence of water as a steam (at high T, P) can change dramatically chemistry of
interface that in turn might affect the particles behaviour at polar gas/non polar liquid interface.

The aim of this work was to investigate the behaviour of different catalyst in gas/oil
dispersion and the effect on overall mass transfer rate. Efficiency of the entire synthesis,
specifically, what is the effect of steam at those conditions was investigated, since there is
practically no information in open literature.

Results showed that the effect of particles on the bubble size strongly depends on
the interface nature, i.e. non-polar gas/non-polar liquids behaviour is entirely different than
polar gas/non-polar liquid. Apparently, reduction of mass transfer rates might occur when
steam is present in the system caused by decrease of interfacial area due to larger cohesive
forces, hence less efficient breakage. Presence of catalyst particles, such as Al,O; might reduce
the mass transfer rates of dry gas since the nitrogen/oil interfacial area was decreased, but the

same catalyst might increase the rate of mass transfer because of the boost of the steam/oil



interfacial area as compared to the steam/oil (two phase) system. It can be therefore concluded
that the simulation of FT synthesis or similar kind of catalysed, slurry reactions using dry gas
might lead to incorrect conclusions. This work shows summary of the similarities and
differences of properties of all the investigated catalyst and evaluation of their performance. It
was shown that the interactions and ultimately the effect that particles have on the bubble size
made of either polar or non-polar gas depends on the particles lyophobicity. Subsequently two
mechanisms are required to explain such behaviour: particles form bridge and enhance
coalescence of bubbles made of nitrogen (non-polar) whereas bubbles made of steam (polar
gas) are reduced due to stabilising abilities of particles firmly attached to the interface.
Commonly used contact angle as a parameter enabling quantification of the
interactions between catalyst/oil/gas was a) measured and b) evaluated using fundamental
(single drop) and practical (emulsion) approach. Several, common methods were tested and the
most accurate for the particles contact angle determination was identified for both types of
liquids (polar, non-polar). The measurements revealed several issues, such as invalidity of
Washburn equation when applied to the liquid rising in highly porous particles bed. Additional
set of experiments aiming at the visualisation of the particles in respect to the air/oil interface
proved that the contact angle not only does not describe three phase interactions of such system
but also leads to wrong conclusions. Therefore novel method, based on thermodynamical
approach, was developed and applied for the quantification of the gas/liquid/oil interactions. It
was shown that most and least favourable attachment, calculated based on the interfacial
energies only, correspond to the experimental observations of the particle to bubble attachment

in oil.



TABLE OF CONTENTS

TABLE OF CONTENTS
LIST OF FIGURES
LIST OF TABLES
NOMENCLATURE
Chapter 1

1  Introduction

1.1 BACKGROUND
1.2 AimS AND OBJECTIVES
1.3 THESIS OUTLINE

1.4  PUBLICATIONS AND PRESENTATIONS

Chapter 2
2  Effect of the particles on the bubble size of the particles on the bubble size

2.1  INTRODUCTION
2.1.1  The concept of Weber number
2.1.2  Effect of operating conditions on the bubble size
2.1.2.1 Effect of elevated pressure on the bubble size
2.1.2.2 Effect of elevated temperature on the bubble size
2.1.3  Effect of gas volume fraction on the bubble size
2.1.4  Effect of particles on the bubble size
2.2 EXPERIMENTAL METHODOLOGY
2.2.1  Experimental rig and materials
2.2.1.1 Steam addition
2.2.1.2 Gas/particles dispersion in oil
2.2.1.3 Investigated systems
2.2.2  Physical properties of materials used
2.2.3  Accuracy of the bubble size measurements
2.3 BUBBLES IN MODEL FISHER TROPSCH SYNTHESIS

2.3.1  Bubbles in diluted (1-5% v/v) dispersions

18
19

20

21
22

24
27
28
29
32
33
41
41

42
46
48

49
55
60

60



2.3.1.1 Effect of type of gas on the bubble size at elevated temperature
2.3.1.1.1 Correlating the data
2.3.1.2 Effect of the particles on the 5% N, bubble size at high temperature and pressure
2.3.1.2.1 Repeatability of the bubble size (distribution) measurements in identical system
2.3.1.2.2 Effect of the type of particles on the bubble size in 5% nitrogen dispersion
2.3.1.2.3 Correlating the data
2.3.2  Effect of steam and type of particles on the bubble size in concentrated dispersions
2.3.2.1 Bubble size models
2.3.2.1.1 Effect of hydrodynamic conditions and surface/interfacial tension
2.3.2.1.2 Effect of mean specific energy dissipation rate on equilibrium bubble size
2.3.2.2 Bubble size — qualitative approach
2.3.2.2.1 Effect of operating conditions on the liquid properties
2.3.2.2.2 The effect of particles on the properties of the liquid phase
2.3.2.2.3 Combined effect of gas composition and type of particles on the bubble size
2.3.2.2.3.1 Gas phase

2.3.2.2.3.2 Particles at the nitrogen-oil and steam-oil interface

2.4 CONCLUSIONS
Chapter 3
3  Contact angle measurements
Chapter 4

4 Surface energy of catalyst particles

4.1  SURFACE ENERGY OF CATALYST PARTICLES
4.1.1  Determination of the solid surface energy
4.1.2  Surface energy form the contact angle measurements
4.1.3 Inverse gas chromatography (IGC)

4.2 MATERIALS AND METHODS

4.3 RESULTS AND DISCUSSION
4.3.1  Surface energy from the contact angle measurements
4.3.2 Inverse gas chromatography

4.3.2.1 Dispersive component of surface energy

60
65
70
70
73
76
79
80
84
86
89
93
95
96
96
98

102

106

109
110

114
115
116
119
121
121
122

122



4.3.2.2 Polar interactions

4,4  CONCLUSIONS

Chapter 5
5 Particles at fluid/liquid interface

5.1 ADSORPTION OF THE PARTICLES AT THE FLUID-LIQUID INTERFACE
5.1.1 Particle to bubble attachment
5.1.2  Force balance of particle attached to the bubble
5.1.3  Particle adsorption at the paraffin oil-water interface
5.2 MATERIALS AND METHODS
5.3 PARTICLES TO BUBBLE ATTACHMENT
5.3.1 Particles adsorption at interface
5.4 RESULTS AND DISCUSSION
5.4.1 Particles to bubble attachment
5.4.1.1 Glass beads attachment to the bubble in water
5.4.1.2 Particles to bubble attachment in water
5.4.1.3 Attachment of particles to bubble suspended in oil
5.4.2  Particles adsorption at interface
5.4.2.1 Particles to droplet attachment
5.4.2.2 Water-oil emulsions

5.5 SUMMARY AND CONCLUSIONS

Chapter 6
6  Conclusions and Recommendations

6.1 SUMMARY AND CONCLUSIONS

6.2 FUTURE RECOMMENDATIONS

REFERENCES
APPENDIXES

130

135

137
138

139
141
144
148
148
151
152
152
152
159
164
168

168
173

176

180
181

183

184
195



LIST OF FIGURES

Figure 1.1 Hlustration of Fischer Tropsch SYNthesiS..........ccoiviiiiiiiiiic e 3
Figure 1.2 Carbene mechanism of hydrocarbons production, a) chemisorptions and
dissociation, b) propagation and C) termMINALION ...........cccviiiieiiiiiie e 4
Figure 1.3 Hydroxycarbene mechanism of hydrocarbons production, a) chemisorption and
hydrogenation, b) propagation and ¢) termination ...........c.cccoeveiiiiiiiiiie s 5
Figure 1.4 CO insertion mechanism of hydrocarbons production, a) chemisorption and
insertion, b) propagation and C) termMINAtION ............coviiiiiieiiie e 5
Figure 1.5 Mass transfer of reagents in Fischer Tropsch Synthesis..........c.cccoovviiiiiniiennnnn, 7
Figure 1.6 Transport of the gaseous reactant to the particle surface through gas-liquid phases
(k%) and through gas Phase (Ki%%).........c.erereririreesieeeessesieseess st 10
Figure 1.7 The position of particles in the SIUrry reactor.............cccoceeiiiiiiniic i, 15
Figure 2.1 Physical meaning of contact angle............cooceiiriiiiiiiiiici e 34

Figure 2.2 Particles to bubble attachment (left) as a function of the contact angle (right)...... 35

Figure 2.3 Sub-processes of the bubbles coalescence (Chesters 1991)........ccccevcvvevveniiieninenn 37
Figure 2.4 The effect of a) hydrophobic and b) hydrophilic particles on the gas bubble
coalescence (Chilekar et al. 2010)........cccuiriiiiiieiiieiie e 38
Figure 2.5 Particle bridging two bubbles — liquid around hydrophobic (lyophobic) particle is
FEMOVED DY ThE GAS . .eiiiieiiie bbb 39
Figure 2.6 Experimental rig for the bubble size measurements............ccccocceviiiiiiiiiiiennn, 41
Figure 2.7 Bubbles (dark) and droplets (bright) of water in the paraffin oil at 1bar............... 43
Figure 2.8 Stable water droplet in paraffin oil at 130°C..........cccooiiiiiiiiiiiiee s 43
Figure 2.9 Steam addition to the particle-oil suspension in a stirred vessel .............c.ccceovee. 44

Figure 2.10 Images of oil in the reactor before steam addition (a) and after steam was
INEFOAUCEA (D) et nnne s 45

Figure 2.11 Alumina particles and steam bubbles at 20bar and 210°C with (no agitation) .... 46

Figure 2.12 The gas dispersion at the lowest, 1W/kg energy dissipation rate...............c........ 47
Figure 2.13 Viscosity of paraffin 0il at 20°C ..o 51
Figure 2.14 Viscosity of paraffin oil at elevated temperature.............cccceverieeiinicienieennn 51
Figure 2.15 Density of paraffin oil at elevated temperature ............ccccocevviniienieenie e, 52
Figure 2.16 Surface tension of paraffin oil at elevated temperatures...........cccccoeeeerveiiiennnnn, 53
Figure 2.17 Interfacial tension measurements between paraffin oil and steam ..................... 54
Figure 2.18 Interfacial tension of oil-water at elevated temperature............ccceveeeieenieennnnn, 54
Figure 2.19 Bubble size measurements with BUBBIEPTO ... 56



Figure 2.20 Sauter mean diameter calculated from different number of bubbles (Nx/oil at

0 O 1 - T o SRR 57
Figure 2.21 Bubble size distribution as a function of a number of bubbles (N in oil at 170°C,
o L T (o ) TSP P TR PPR PP OVRUPRTS 57
Figure 2.22 Nitrogen (left column) and air (right column) bubbles in oil at 90°C and 170°C
respectively at 4W/KQ (1.85 X 1.4 MM)...coiiiiiiiiiiiiiie et 62
Figure 2.23 N bubbles at 90°C (left) and 170°C (right) at the highest energy dissipation rates
(RS (o ) TR 62
Figure 2.24 Surface aeration and velocity profiles in Rushton agitated reactor (Paul et al.
00 ST ORR 63
Figure 2.25 Effect of the gas type on the mean bubble size at elevated temperatures and
turbulence intensity in diluted system (19%) at 1DAr .........cccooveriiiiiiiiie e 63
Figure 2.26 1% v/v air dispersed in oil at 170°C with varying mean energy dissipation rates:
a) 4 W/kg, b) 9.4 W/kg and c¢) 18.3 W/KQ (1.85 X 1.4 MM) ...coouvvriiiiiiieieiie e 64
Figure 2.27 Number probability density functions 1% v/v nitrogen bubbles with varying
mixing intensity at @) 90°C and B) 170°C ........c.coiiiiiieiiieiie e 65
Figure 2.28 Correlation of a) nitrogen and b) air mean bubble sizes with We number (90°C-
blue, 120°C-red and L170°C-grEEN) ......ccuiiiieiieeiieatie sttt ettt be e beenene s 67
Figure 2.29 Bubble size distribution of the 5% N, 1% Titania, 210°C, 10bar system
reproduced and repeated 3 times for different energy dissipation rates ............c.cccevevvvveennnnnn 72

Figure 2.30 Typical images of nitrogen dispersed in a) oil and b) 1% v/v Al2I3-oil at 210°C
and 10 bar at low mean specific dissipation rate (4 W/kg) (1.85X 1.4 mMM) ....cccccovvvvvrrnennnn. 73

Figure 2.31 Typical images of nitrogen dispersed in a) oil and b) 1% v/v Al213-oil at 210°C
and 10 bar at high mean specific dissipation rate (18 W/kg) (1.85Xx 1.4 mm) .........ccccevvrnnee. 74

Figure 2.32 Sauter mean diameters of nitrogen bubbles of investigated systems at 210°C,

Figure 2.33 Volume probability density function of 5% v/v N2 in oil at 210°C and 10 bar ... 75

Figure 2.34 Bubble size as a function of a) We and b) € in 5% N2 dispersed in oil with and
WILNOUL PAITICIES. ... e 77

Figure 2.35 Bubble size distribution of nitrogen dispersed in paraffin oil at 210C and 1bar.. 81

Figure 2.36 Typical images of 35% nitrogen dispersed in paraffin oil at 170°C, at 1bar at
different energy dissipation rate: a) 1W/kg, b) 4 W/kg, c) 9.4W/kg and d) 18.3W/kg (1.85 x

I 1111 1) TSP TP PPR PP PVRUPRTS 81
Figure 2.37 Experimental data on the Sauter diameter of bubbles in 35% v/v of a) nitrogen
and D) SEAM (FNILIOGEN) ...oiuviiiiiieiie ettt 83
Figure 2.38 Bubble size correlated with We number for 35% of nitrogen in oil at elevated
temperature and pressure (170°C - 210°C; 1-20Dar) .....uveeivieeiiieeiiiee e eee e neee s 84
Figure 2.39 Bubble size correlated with We number and gas volume fraction .................... 85



Figure 2.40 Sauter mean diameter of nitrogen bubbles correlated with energy dissipation
rates in different T and P (constant proportionality coefficient, a, exponent according to Table

2 ) TSRS 88
Figure 2.41 Nitrogen bubbles in a) oil, b) SiO2/oil, c) TiO2/oil and d) ZrO2/oil with the
18.3W/kg power input at 170°C and 1bar (1.85 X 1.4 MM) ...ccceeviveeiiiie e eie e 90
Figure 2.42 Sauter mean diameter of investigated systems at the highest energy dissipation
FALES (L8.3VW/IK) ..ttt ettt 91
Figure 2.43 Bubbles at 1 W/kg energy input, 210°C and 1bar in a) N2/ Al203/oil, b) Steam/
Al203/0il Si02, c) N2/ SiO2/oil and d) Steam/ SiO2/0il (1.85X 1.4 MM) ......cccvvvivrvennnnnne 92
Figure 2.44 Bubble sizes of investigated systems at 1 W/kg energy dissipation rate ............. 92

Figure 2.45 Nitrogen (a) and steam (b) dispersed in oil at 210C and 1bar (1.85 x 1.4 mm) ... 96
Figure 2.46 Nitrogen and steam bubble size (35%vV/v) in oil at elevated temperature and

pressure With and WIthOUL CatalYSE............couiiiiiiiiiiie e 103
Figure 2.47 Effect of the catalyst particles on the bubble size (35% v/v dispersion)............ 105
Figure 4.1 The effect of magnitude of surface energy/tension of solid and liquid on the
WETEADTIIEY ..ot 112
Figure 4.2 Gas chromatograph (a) and column (b) used for the surface energy of catalyst
SUPPOITS MEASUIEMEINES .....eeeeeeeeeeeieeeeeeeeeeeeeeeeeeseee et s e e e s s e s e neeeeennee e 121
Figure 4.3 The adsorption free energies of the alkanes on the a) Al,Os, b) SiO; and ¢) ZrO; in
@ TUNCLION OF TEMPETATUIE ......oiiieiiie et 125
Figure 4.4 Dispersive component of surface energy of catalyst supports as a function of
TRIMPETALUIE ... et e s e e s s e e e s e e e e s e e e e e s 126
Figure 4.5 Adsorption energies of acidic dichloromethane (DCM) and basic tetrahydrofuran
(THF) with a) Al,O3 b) SiO; and ¢) ZrOzat 100°C partiCles..........ccovvvveeiieiiiiiiieiieei, 133
Figure 5.1 Forces acting on the spherical particle attached to the gas bubble....................... 141
Figure 5.2 The adhesion force as a function of contact (legend) and penetration angle ....... 142
Figure 5.3 Coverage angle of particles attached to the bubble..............cccoooeiiiiiiiniii 143
Figure 5.4 Particles adsorption at the interface or transfer from one to the other liquid....... 145
Figure 5.5 Surface chemistry of amorphous silica (Zhuravlev 2000) ..........cccccovvviiirinennnn 146
Figure 5.6 The effect of particles partial wettability on the type of dispersed droplets ........ 148
Figure 5.7 Two different methods used to measure particle to bubble attachment............... 150
Figure 5.8 Immersion of bubble in the particles bed using bubble pick up approach in particle
to bubble attachment: a) silica particles and b) glass beads............cccooeeiiiiiniiiiiicn, 153
Figure 5.9 Untreated glass beads attachment to the air bubbles in water (size of the images:
I QN 4 15) 111 11) TPV PRPPPOPRPP 153
Figure 5.10 Trajectory of sedimenting particles around small and large bubble .................. 155

Figure 5.11 Hydrophobic glass beads attached to the air bubbles in water (3.25 x 2.65mm) 156

Vi



Figure 5.12 Silica to air bubble attachment using a) bubble pick up and b) particles
sedimentation methods (1.81 mm needle diameter) .........cccocveeiiiiiieiieeiee e 159

Figure 5.13 Particles attached to the bubble in water using the particles sedimentation (left
column) and bubble pick up (right column) method (4.8 X 3.6MM) .......cccooeiiiiiiiriieiien, 160

Figure 5.14 Sweeping of the particles off the bubble in oil using bubble pick up method (1.81
MM NEEAIE TIAMETET) ...ttt 165

Figure 5.15 Particles to bubble attachment in a) paraffin oil and in b) decane (3.6x2.8 mm)165
Figure 5.16 Alumina and silica suspended in a) oil and in b) water (210x140 um) ............. 167
Figure 5.17 Particles to oil droplet attachment in water (1.81mm needle diameter)............. 168

Figure 5.18 Alumina and zirconia attachment to the water droplet in vara oil (1.81 mm needle
(011001 (T o T TSP P VRO PRPPPPRPP 170

Figure 5.19 Silica particles to water in oil droplet attachment (1.81 mm needle diameter).. 170

Figure 5.20 Consecutive pictures (2 seconds interval) of attraction/repulsion alumina particles
to/from the water/oil INTEITACE .........cooiiiiiie e 172

Figure 5.21 Repulsion between zirconia particles adsorbed at the polar (water) and non-polar
(Paraffin Oil) INTEITACE ......eeiieiee et e e nee e 173

Figure 5.22 Left columns show the mixtures where the particles were initially suspended in
water and right column shows the mixtures where the particles were initially suspended in oil
LG0T 171 1) IR 175

Figure 5.23 Investigation of air bubbles coalescence in a) paraffin oil, b) paraffin oil/silica, )
paraffin oil/alumina, d) paraffin oil/zirconia. Time span for non-coalescing bubbles 0:1:2s, for
coalescing bubbles 0:0.06:0.12s (needle diameter 1.81 Mm)........ccccccvriiriiiniieiiiieneeenienn, 177

Vii



LIST OF TABLES

Table 1.1 Effect of the solid particles on the mass transfer rates in slurry reactors................ 11
Table 2.1 Effect of physical properties on bubble Size ..o, 30
Table 2.2 Effect of operating conditions on bubble Size...........c..ccccoceviiiiiiie e, 30
Table 2.3 Effect of particles and operating conditions on the bubble size in non/aqueous sol.

............................................................................................................................................ 31
Table 2.4 Experimental matrix for low volume of gas phase (in total 33 experiments).......... 48

Table 2.5 Experimental matrix for the 35% v/v of gas phase (in total 160 experiments) ....... 49

Table 2.6 Paraffin oil properties at experimental temperatures ...........cccoceeveviieniieeine s, 55
Table 2.7 Density (kg/m3) of nitrogen and steam at elevated T and P...........cccccevvviveiinnnnnne, 55
Table 2.8 Average bubble size and standard deviations from 500 bubbles..............c............. 57
Table 2.9 Error associated with the bubbles out of focus and human eye and/or software
£=10] 11 o] o SRR 59
Table 2.10 Total experimental error at different power input: StDev/Avg, % ..........cccveeneeee. 59
Table 2.11 Flow regimes of the 1% gas in oil in different operating conditions.................... 68
Table 2.12 ds; and standard deviations of the 5% N, 1% Titania, 210°C, 10bar system
measured in 3 different EXPErIMENTS........cooiiiiiiiie e 71
d 32 c
. _ ) =a(l+b-g)We
Table 2.13 Coefficients of the bubble size correlated witheq.: D~ ... 78
_ b
Table 2.14 Correlations of the bubble sizes of all systems according to d,/D=awe’ 84
— . c
Table 2.15 s Coefficients in d,/D=a(l+b-g)We for different systems ...........cccoevennnen, 85
_ b
Table 2.16 Correlations of the bubble sizes of all systems with € according to dy, =2z .. 87
_ b
Table 2.17 Bubbles sizes correlated with mean energy dissipation rate o =ac” 87
Table 2.18 The coverage of bubble with varying energy dissipation rate at 170°C, 1bar and
the coverage by alumina up t0 SCAIE ..........oooviiiiiii 99
Table 2.19 Effect of particles on the bubble size in 35% dispersion............ccccoccevvveiieeninnn, 105
Table 4.1 The conditions (T, P) and appropriate flow rates used in experiments................. 120
Table 4.2 Properties of liquid probes used in experiments (Rodriguez et al. 1997; Liu et al.
L ) IO PRSPPI 120
Table 4.3 Average retention times (tr) with standard deviations of 3 injections of liquid probes
.......................................................................................................................................... 123
Table 4.4 Average values of dispersive component of Al,O3 surface free energy and standard
deviations from 3 different COIUMNS ...........ooiii i 124

viii



Table 4.5 Dispersive component of surface free energy, Gibbs energy of particle to bubble
attachment and cosine of contact angle of particles in function of temperature.................... 128

Table 4.6 Average retention times (tr) of polar liquid probes in columns filled with particles
.......................................................................................................................................... 131

Table 4.7 Polar component of surface energy of particles (Isp) as a function of temperature
.......................................................................................................................................... 134

Table 5.1 The magnitude of forces involved in particle to bubble attachment as a function of
penetration and contact angle predicted by model, Fg=7.19uN. (R;=50pum, R,=5mm,
pp=1400kg/m3, p;=999KG/M3, Yiy=72 IIN/M) ..coviiriiiiiiiiiiiieie e 142

Table 5.2 Summary of carried out experiments - particle to bubble attachment................... 150

Table 5.3 The effective contact angles of glass beads calculated from the adhesion model add
names of angles t0 the table ...........ooiiiii i 157

Table 5.4 ‘Dry’ contact angles (Nowak et al. 2013), Gibbs energy upon particle to bubble
attachment, coverage angle, adhesion force and effective contact angle of particles attached to

L1 1= 38 10 ] o] o] SRS 161
Table 5.5 The coverage angle, adhesion force and effective contact angle that particles form at
the bubble In paraffin il ... 167



NOMENCLATURE

a — gas-liquid interfacial area, m?
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Mean specific energy dissipation rate: & =

P
N2D?
Weber number: We = P
/4
P
Power number: By = ———
oN°D
pND?

Reynolds number: Re =

u

Xi



Chapter 1

1 Introduction



1.1 Background

Three phase gas/solid/liquid systems are widely used in a range of processes in the
chemical, biological (fermentation), petrochemical industry and separation processes such as
flotation. The most common application of such systems are the heterogeneous catalytic
processes such as oxidation and hydrogenation (of fatty acids), hydroformylation and
carbonylation or high pressure reactions catalysed by heavy metal acetylides, called Reppe
chemistry. Large scale industrial examples of these include methanol and dimethyl ether
synthesis, although the largest by far is Fisher Tropsch (FT) synthesis. Such a gas-liquid-solid
system is very complex and one of the underlying problems is the interaction between the gas
bubbles and particles in a slurry reactors. In the case of the FT processes, the additional
complexity aside from the high temperature and pressure is the presence of steam in the gas
phase. All of them have an effect on the catalyzed reaction efficiency however the
understanding of their impact is rather poor. The FT synthesis presents only one example of
the complex three phase process but because of its current industrial relevance, it is briefly
discussed below.

Brief description of Fischer Tropsch synthesis

Energy industries are constantly searching for economically efficient ways to
manufacture high quality and environmentally clean petrochemicals (Maretto et al. 1999).
Historically, interest in FT synthesis development varied according to the changes of the price
of crude oil, however ongoing research (from 1985) is no longer driven only by the petroleum
price but “by the desire to monetize stranded natural gas and/or terminate flaring the gas

associated with petroleum production and other environmental concerns™ (Davis 2002).



Synthetic fuels production was discovered by two German scientists: Franz Fischer

and Hans Tropsch at the Kaiser Wilhelm Institute for Coal Research in Mullheim in 1923

(Davis 2002). In FT synthesis, the carbon monoxide and hydrogen are converted into liquid
hydrocarbons and water. The feedstock, syngas (CO+H,), can be obtained from any carbon
based sources. The cheapest is natural gas but there are also other sources of feedstock, such
as biomass, coal, hydrocarbons and hydroleum coke (Wilhelm et al. 2001).
In the FT synthesis two gases, carbon monoxide and hydrogen, react on the surface of

catalyst (Figure 1.1) giving the following products with water as a major by-product:

- alkanes: (2n+1)H; + nCO = CyHn+2) + NH0

- olefins: 2nH; + nCO = CyHy, + nH,0

- minor quantities of oxygenates, aromatics, naphthenes and carboxylates (Klerk 2007).
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Figure 1.1 Illustration of Fischer Tropsch synthesis

The FT process is based on building hydrocarbon chains by the addition of methyl
monomers -CH,- to the growing molecule so to some extent it can be seen as polymerization
reaction (Dry 1996; Guettel et al. 2008). The literature extensively describes the possible
mechanisms of the reaction, and the following steps are commonly proposed (Kollar et al.

2010; Cao et al. 2011; Voillequin et al. 2011):



a) Carbene mechanism — carbon monoxide molecule undergo chemisorption on the
catalyst surface which is followed by the completed dissociation of CO to carbon and oxygen
atoms (initiation). Subsequently, the carbon atom is hydrogenated producing CHy entities,

which subsequently form the chains of hydrocarbons due to the propagation of the reaction

and finally a termination process (Figure 1.2).
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Figure 1.2 Carbene mechanism of hydrocarbons production, a) chemisorptions and

dissociation, b) propagation and c) termination

b) Hydroxycarbene mechanism - CO molecules undergo chemisorption and
hydroxycarbene is produced by the hydrogenation of CO molecules (initiation). The chain
growth of hydrocarbon occurs when oxygen containing species are linked and water

molecules are removed (propagation). Figure 1.3 shows the main steps of the hydroxycarbene

mechanism.
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Figure 1.3 Hydroxycarbene mechanism of hydrocarbons production, a) chemisorption and

hydrogenation, b) propagation and c) termination

c) CO-insertion mechanism - chemisorption of CO molecule without its dissociation.
Adsorbed CO is inserted into catalyst surface-C or metal-H bonds which is schematically

presented on Figure 1.4.
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Figure 1.4 CO insertion mechanism of hydrocarbons production, a) chemisorption and

insertion, b) propagation and c) termination

The mechanisms of the Fischer-Tropsch synthesis described above provide an insight
in the molecular scale of the process of the chain growth. Details of Fischer Tropsch reaction
at the molecular level might be useful when interactions between catalyst particles and gas
bubbles are analysed. Undeniably, the polymerization like nature of the synthetic fuel
production requires prolonged proximity of gas and catalyst to assure the chain growth and
such knowledge is important in the design process. Therefore, for the low solubility gases [ in
FT liquids: 4bar, 523K: C*4, and C*co larger than 0.3 kmol/m® (Deimling et al. 1984)] it
appears that the ideal situation is the catalyst sticking to the H,/CO gas bubble surface,
reducing the diffusion through the liquid environment. In such case, the gas concentration

near the catalyst active sites is high and the polymerization process is more efficient.



FT synthesis can be carried out in different types of reactor and there are 3 basic
designs for the hydrocarbons production on a large scale: fixed bed, fluidized bed and slurry
reactors. The overview and the development of Fischer Tropsch reactors to the current
solutions can be found in (Davis 2002; Dry 2002; Samiran 2007; Guettel et al. 2008).

The selectivity towards desired product can be altered by selecting the type of catalyst
and operating conditions, like pressure and temperature, as well as the feed gas H,:CO ratio
which subsequently determine the type of reactor that can be used (Cheng et al. 2008; Guettel
et al. 2008). The main challenge in reactor design is the highly exothermic nature of this
reaction, i.e. enthalpy ranging -150kJ per mole converted carbon monoxide (Guettel et al.
2008). Liquid environment of the slurry reactors ensures a more uniform temperature profile
up the reactor, avoiding hot spots and almost isothermal conditions during the synthesis
(Geerlings et al. 1999). Slurry reactors are economical, the catalyst loading is relatively low
and continuous feed with fresh catalyst is possible (Dry 1990). Moreover, the small size of
catalyst particles assure enhanced intraparticle gases diffusion although the separation of the
fine particles might be difficult (Geerlings et al. 1999).

Slurry reactors where the gas bubbles are sparged through the liquid phase in which
catalyst particles are suspended have rather simple design and are relatively inexpensive both
in terms of investment and running costs. Therefore these types of reactors are commonly
used as heterogeneous reactors despite the fact that scaling up of these reactors is rather
difficult and the reaction kinetics and heat/mass transfer are predicted experimentally.
Empirical correlations based on laboratory studies are very useful and essential for the correct
design of industrial processes; however the limited fundamental understanding of the
behaviour and interactions in gas-liquid-solid systems can lead to enormous errors and costly

mistakes. Whilst the kinetics of the reaction is the system specific are predominantly



determined by the catalyst activity, the mass transfer rate depends on many processing

parameters and is generic, therefore applicable for analogous gas-liquid-solid systems.

Understanding of the hydrodynamics, reaction kinetics and mass/heat transfer rates as
well as the parameters affecting them are essential for the accurate design, modelling and
scale up of slurry reactors. Reactants present in the gas phase are transferred into the liquid
phase (which can contain a second reactant) and the reaction takes place on the surface of

solid catalyst (Figure 1.5).
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Figure 1.5 Mass transfer of reagents in Fischer Tropsch synthesis

The efficiency (overall yield) of slurry reactors depends of the kinetics of the chemical
catalytic reactions and mass transfer of reactants from gas phase through the bulk of liquid
phase to the surface of catalyst (external followed by internal diffusion) and assuming first

order reaction the overall FT synthesis rate with respect to CO (Levenspiel 1999):
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where ka is the volumetric mass transfer rate in given phase, Henry’s constant (He) and p
partial pressure of gas and effectiveness factor (e). Since diffusion, convection and reaction on
catalyst occur simultaneously, the slowest step determines the overall reaction rate. It was
shown that at given gas phase composition the kinetic of Fisher Tropsch reaction is
determined by the catalyst activity and concentration and that the overall reaction is mass
transfer limited for the high concentration and activity of catalyst (Inga et al. 1996).
Therefore, the efficiency of the process is currently limited by the mass transfer rates rather
than the catalyst itself.

Therefore, despite use ‘excellent’ catalysts, the overall reaction rate is expected to be
limited by the rate of mass transfer which can be controlled (increased) by appropriate process
conditions.

One of the key steps of mass transfer which might control the overall reaction rate is
mass transfer from gas bubbles to the liquid phase (Figure 1.5). The resistance in the gas
phase from the bulk of the gas bubble to the gas/liquid interface is usually negligible. If the
gas is highly soluble, the gas-phase resistance has to be taken into account, otherwise only
liquid-side resistance dominates mass transfer. For example, ammonia in water or
hydrocarbon in mineral oil is highly soluble, therefore the resistance lies in gas-phase side,
whereas oxygen in aqueous solutions are liquid-side resistance controlled. For pure gas there
IS no gas-side resistance. The mass transfer to and from catalyst is largely controlled by gas in
liquid solubility and processing conditions especially by energy dissipation rate in turbulent
flow and shear rate in laminar flow. Presence of chemical reactions in slurry reactors
increases the liquid-solid mass transfer and the gas-liquid mass transfer becomes determining
step of the transfer processes since the driving force (concentration) increases (Jin et al.

2006).



The above considerations lead to the conclusion that the gas—liquid mass transfer is
the parameter that plays a key role in the overall mass transfer. Gas to liquid mass transfer
with the resistance lying on the liquid side is driven by the difference between the equilibrium
concentration at the interface and in the bulk of liquid with the volumetric mass transfer
coefficient, kja.

For a multiphase reaction, the correlations for the mass transfer coefficients (kja) that
can be found in literature are often inconsistent because the gas liquid mass transfers
experiments were carried out at elevated temperature but at atmospheric pressure (Behkish et
al. 2002) or at the range of pressures but at ambient temperature (Albal et al. 1984; Chilekar
et al. 2010) or with the particles but at ambient conditions (Vinke et al. 1993; Ozkan et al.
2000). Elevated temperature and pressure noticeably affect the physicochemical properties of
fluids and consequently alter the mass/energy transport and hydrodynamic. Typically, the
effect of temperature and pressure has been investigated without particles (Fillion et al. 2000).
Furthermore, correlations of tested liquids, gases and solids are usually different than those in
FT synthesis, i.e. the Fisher Tropsch liquids are simulated by organic and even aqueous
liquids, the non-porous particles are used and most importantly, the gas phase contains no
water/steam. The presence of water in a gas phase was shown to strongly affect the reaction
rates (Storseter et al. 2005; Das et al. 2007), hence ignoring this in mass transfer tests and
using “‘dry’ gas can be misleading for the design and scale up purposes. It was shown that in a
case of water saturated gas bubbles (H, and CO) in FT liquids kja changes drastically for
instance, at 3.3MPa and 423K the kja of CO increased from 0.0625s™ to 0.1s™ when the gas
was saturated but the kja of H, decreased from 0.3s™ to 0.15s™ (Karandikar et al. 1986). It has
to be stressed here that the presence of steam in the gas phase was often neglected in the gas-

liquid mass transfer experiments (Das et al. 2007) (Israelachvili 2011).



Addition of solid particles to gas/liquid system increases the complexity of the mass
transfer mechanism. Numerous studies showed that the particles enhance the mass transfer
rates in non reactive systems (Alper et al. 1980; Vinke et al. 1991; Tinge et al. 1995;
Kluytmans et al. 2003; Ruthiya et al. 2003; Junmei et al. 2006; Junmei et al. 2008) but also
the completely opposite effect, the reduction of mass transfer rates was reported (Boon et al.
1992; Chang et al. 1992). Table 1.1 summarizes the studies on the effect of particles on the
mass transfer rates in different types of reactors with the indication whether the particles
effect was found to enhanced, reduced or unaltered the mass transfer.

Reported contradictory effects of particles on the mass transfer proves that this process
is still poorly understood in three phase system (Kluytmans et al. 2003). In literature there are
several mechanisms and explanations for the mass transfer enhancement or reduction. For
example, though the mass transfer resistances in series has physical meaning, frequently
showed inaccuracy in modelling (Dumont et al. 2003) leads the researchers to seek for
alternative modelling, such as the shorter route of gas to solid transfer, where the mass

transfer through liquid phase can be significantly reduced (Ruthiya et al. 2003) (Figure 1.6).

GLS-model
_____ GS-model

Gas

Liquid

Figure 1.6 Transport of the gaseous reactant to the particle surface through gas-liquid phases
(k®-°) and through gas phase (k,°°)
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Clearly, the gas transfer route is the shortest for the particle ‘sticking’ to the gas

bubble which might result in significant reduction of mass transfer rate. Such close proximity

of particle and gas bubble brings not only the shorter time for the mass transfer but several

other phenomena can occur, such as: reaction in the boundary layer, mixing of the boundary

liquid layer, shuttling or grazing effect (absorption of gas from bubble and desorption in the

bulk of liquid), bubble coalescence inhibition/enactment (van der Zon et al. 1999; Kluytmans

et al. 2003; Junmei et al. 2006; Omota et al. 2006; Junmei et al. 2008).

Table 1.1 Effect of the solid particles on the mass transfer rates in slurry reactors

Author Reactor | Gas/liquid Solid Effect of particles on
k.a
Kluytmans et | SAR O,/Water with | Carbon particles Increase
al. (2003) sodium gluconate
Ruhiya et al. | SAR 0,, Ha/glucose | SiO,, C particles Increase at low
(2003) solituion, methyl concentrations
styrene
Behkish et al. | SBC Ho, CoO, N, | iron oxides, glass beads | No effect at low
(2002) CH,/mixtures of concentration,
organic liquids (M- Decrease at higher
isopar, hexane) concentration
Fillion et al. | SAR H., No/ soybean oil | Ni/Al,Os- No effect at low
(2002) concentration
(<0.16%)
Ozkan et al. | SAR O,/water, butanol AcC,Kieselguhr, Increase and decrease
(2000) CaCO;, TiO, BaSO, |in both liquids for
Fe,O3 different particles at
low concentrations
Inga et al | SAR H,, Nz, CO, CH,, | Iron oxide catalyst Increase  at low
(1997) C,H,/Hexane concentration and
mixture decrease at higher
conc (12.5%wt)
Joly et al | SAR H,/mixture of | Raney Ni catalyst; inert | Increase with catalyst
(1996) diamine, alcohol and | particles Decrease with inert

water

particles
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Tinge et al. | SAR propane,  methane, | Carbon Increase

(1995) H,/aqueous

Vinke et al. | SAR Ho/water Pd(Rh)/C and | Increase  with C

(1993) Pd(Rh)/AILO, supported and
decrease with Al,O5

Boon et al. | SAR Oy/coal slurries Coal Increase

(1992)

Dietrich et al. | SAR No,H,/Ethanol, water | Ni Raney particles Increase at low

(1992) concentrations and
decrease at higher
concentration (>3%wt)

Hichri et al. | SAR H,/propanol, o-cresol | Pyrex beads No effect and low

(1992) increase at increasing
concentration

Lindner et al. | SAR, H,,O,,air/NH,NO3,H | Pd/C Increase

(1988) SBC PO, buffer

Alper et al. | SAR O2/Na,S C,SiOy,avicell celluloze | Increase with C

(1986) Increase with avice
cellulose
Decrease with SiO,

Deimling et | SAR H,,CO/FT liquids Glass beads Decrease with

al. (1984) increasing solid
concentration

Albal et al. | SAR He, O,/glycerine, | Glass beads, oil shale | Increase at low

(1983) water with CMC particles concentrations and
decrease at higher
concentrations
(>5%v/v)

Joosten et al. | SAR He, NJ/kerosene Propylene, sugar, pyrex | Increase at low

(1977) beads concentration and
decrease at higher

concentrations

TReactors: SAR - agitated slurry reactor, SBC - slurry bubble column

Almost every explanation of the mass transfer enhancement/reduction is related to the

presence of the particles in proximity of the gas bubble. Obviously several mechanisms can

occur at the same time, which complicates the understanding how the particles and operating

conditions affect the mass transfer. Typically, the product of mass transfer coefficient k; and

interfacial area a, kja is investigated instead of the separated values, and such generalization

leads to the limited understanding of the effect of particles on mass transfer (Bouaifi et al.

12




2001; Alves et al. 2002). For a better view and understanding, the investigations could be
improved by the separation of the component in kja.

Gas/liquid interfacial area can be determined independently from the kja, by the
measurements of flow rate and mean bubble size. The kja was found to follow the interfacial
area (Behkish et al. 2002). The understanding of the effect of particles and processing
conditions on the interfacial area enhance the understanding of the mass transfer in complex
multiphase system.

It is clear that the type of particle has an impact on the mass transfer rates and the
ability of particles to attach to the gas/liquid interface is responsible for the effect, i.e. as long
as the particle attachment occurs there are expected mass transfer variations (Vinke et al.
1993). Subsequently, it was shown that the carbon particles are able to remain attached to the
gas bubbles whereas silica particles have no such ability in aqueous solution (Ruthiya et al.
2003). Also similar tendency, i.e. particles to bubble attachment, was reported for the carbon
supported palladium and no attachment was shown for alumina supported palladium (Vinke et
al. 1993). In both cases the particles wettability by water was claimed to be different, i.e.
carbon particles were badly wetted by water as compared to the well wetted alumina/silica
particles. The effect of particles was also observed in organic liquids, where the presence of
silica, alumina and graphite reduced the bubbles size in high-viscosity organic liquids but the

effect was not observed with the low viscosity propanol (Hu et al. 2005).

In bubble columns or stirred reactors where the gas phase is dispersed, the resistance
to mass transfer across the interface is inversely proportional to the interfacial area or to the
bubble size, e.g. the smaller the bubble the larger the ratio of interfacial area to volume and

the smaller the resistance to mass transfer. The interfacial area of 1% gas hold-up, the
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decrease of bubble size from 1 to 0.1mm gives the increase of interfacial area from 60 to
600m”,

In principle, dispersing gas into very small bubbles appears to be the best way of
reducing resistance to mass transfer (in the limit it becomes zero). This approach is not very
practical because of: a) large amount of energy necessary to produce very small bubbles and
b) serious difficulties with removing very small bubbles from the liquid. Therefore the better
approach is to control the bubble size by varying energy input and flow rate of both phases
and their composition which requires good understanding of the effect of processing
conditions on bubble size and/or bubble size distributions.

There is a large body of literature dealing with the bubble size problem in diluted two
phase gas/liquid systems where simple mechanistic models are used to relate maximum stable
bubble size to average energy dissipation rate (Parthasarathy et al. 1991; Machon et al. 1997,
Alves et al. 2002; Hu et al. 2006). Obviously such simple models require experimental data to
calculate unknown constants resulting in semi-empirical correlations relating bubble size to
energy dissipation rate, surface tension and physical properties of liquid phase.

It was frequently reported that the presence of particles significantly affects the bubble
size (Nagaraj et al. 1987; van der Zon et al. 1999; Hu et al. 2005; Behkish et al. 2007) but the
detailed mechanism is unclear. Though there is obvious effect of particles on the slurry
properties such as viscosity and density, the studies showed that similar shape and size
particles affected the mass transfer rates differently (Vinke et al. 1993; Ruthiya et al. 2003). It
appears that the most important factor is the particles location in the slurry reactor, where in
principle (catalyst) particles can be suspended homogenously in liquid, they can agglomerate

or they can adhere to gas bubbles (Figure 1.7).
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Figure 1.7 The position of particles in the slurry reactor

The effect of fine particles on the bubble size is expected to be pronounced when they
are present at the gas liquid interface, commonly expressed as the particle to bubble
attachment (Vinke et al. 1991). If strong, repulsive forces exist between the liquid and the non
wettable particles it is very likely that particles will tend to agglomerate in the bulk of liquid

or they will tend to attach to the gas-liquid interface area (Ruthiya et al. 2005).

Since in gas-liquid system it is expected that the fine hydrophobic (lyophobic)
particles attach to the gas bubble (at given hydrodynamic conditions), the particles wettability
seems to be the most important parameter that is considered when the effect of particles on
the bubble size is investigated. For a given hydrodynamical conditions, the position of fine
particles at the interface is mostly determined by the gas-liquid-solid interaction, described by
the three phase contact angle. In aqueous solutions is called hydrophobicity and in non-

aqueous liquids lyophobicity, and the three phase contact angle is a measure of the solid
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wettability. The solid is hydrophobic, i.e. badly wetted by liquid, when the contact angle
formed with the liquid exceeds 90° and hydrophilic, i.e. well wetted by liquid, when the
contact angle is below 90°.

Clearly the knowledge of the three phase contact angle enables prediction of the
particles to bubble attachment (Vinke et al. 1991; Dai et al. 1999). It is straightforward to
measure the contact angle on the flat solid surface (angle that the droplet creates with the
surface) but the measurements complicates significantly for the particles. In the literature
there are several methods for the measurements of particles contact angle (Lazghab et al.
2005; Chau 2009). Determination of the contact angle of particles significantly complicates
when the particles are porous and/or of irregular shape.

Presence of particles in the interfacial area can act as a coalescence inhibitor, similarly
to the Pickering effect in oil/water emulsions, where the particles sitting at the oil-water
interface create the physical barrier for the droplets to coalesce (Pickering 1907; Stiller et al.
2004; Binks et al. 2005; Saukowski et al. 2005). On the other hand, the presence of particles
can increase liquid film thinning and enhance the bubbles coalescence which is commonly
exploited in antifoaming studies (Frye et al. 1989; Garrett 1993; Karakashev et al. 2012).

Coalescence inhibition was proposed in numerous studies, where the mass transfer
enhancement with the particles was observed (Ruthiya et al. 2003; Ruthiya et al. 2003;
Chilekar et al. 2010). Frequently, the coalescence suppression was attributed to the fine
particles hydrophobicity, i.e. the hydrophobic particles could remain on the interface and act
as a physical barrier for proximal bubbles whereas hydrophilic remained suspended in the
liquid, away from the interface.

Controversially, the negative effect of particles on the mass transfer rates was claimed

to be an effect of the improved bubbles coalescence caused, again, by the hydrophobic
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particles (van der Zon et al. 2002). Though completely opposite particles effects, the
suggested mechanisms lead to the conclusion that the particle to bubble attachment plays a
key role and the main parameter. That the hydrophobic particles are able to stick to the
interface is well known and commonly used in the flotation fields, where the particles
separation and recovery is based on the difference in particles wettability (Schulze 1977;

Yotsumoto 2006; Miettinen et al. 2010; Muganda et al. 2011).

Undoubtedly, the effect of particles on the mass transfer rates in slurry reactors is
strongly dependent on the ability of particles to remain attached to the gas bubble. Particles to
bubble attachment might change the interfacial area by the effect on the bubbles coalescence.
Apparently, the crucial factor is the fine particles wettability, described by the three phase
contact angle which is very difficult to measure for the porous particles. In complex systems,
such as Fischer Tropsch reactions, elevated temperature and pressure and the presence of
water in the gas phase additionally complicates the analysis of the effect of particles on the
bubble size which is mainly manifested by the particle to bubble attachment. Information on
the catalyst wettability by the high molecular liquid together with the consistent study of the
effect of the energy input, operational temperature and pressure gives the understanding of the
major parameters influencing the mass transfer rates in organic liquids, essential for the

correct design/scale up of the process.
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1.2 Aims and Objectives

Crucial step in the development/application of catalysed processes such as Fisher
Tropsch synthesis is the production of suitable catalyst. The aim of this work was to
investigate the behaviour of different catalyst, supplied by Johnson Matthey, in gas/oil
dispersion in order to establish which might produce the largest overall mass transfer rate
therefore efficiency of the process.

Specifically, this work aims to establish how the presence of steam affects the mass
transfer rates via bubble size in gas/liquid but also how it affects catalysts performance at
reaction conditions since there is practically no information in open literature.

Though several recent papers demonstrate the impact of the particles on the bubble
size (and bubble size distribution) in aqueous solutions, there is lack of information on the
particles effect on the bubbles made of steam in organic liquids (non-polar) and this work
attempts to fill this gap.

This work attempts to find the best and most accurate way of quantifying the
interactions between catalyst/oil/gas. One of the research goal is to establish which are the key
properties of catalyst that affect the bubble size, e.g. particles wettability, size, shape etc.

The work subsequently focuses on the prediction whether the particles are prone to
remain at the gas/oil interface. In this context, the most accurate method for the porous
catalyst particles wettability measurements was identified. The results were further compared

with the images that aimed to visualise the particles at the gas/liquid interface.

18



1.3 Thesis outline

The outline of this thesis consists of six chapters, first introducing the background for
the research, the aims and objectives, and last chapter (6™) summarizes conclusions that can
and further recommendations and work. Three experimental chapters are constructed of short
literature review, experimental part, followed by results and discussion and finally
conclusions. The layout of this thesis consists of the following chapters:

Chapter 1 provides background on the Fischer Tropsch synthesis, the main challenges related
to such catalysed multiphase reactions, followed by the aims and objectives for this research.
Chapter 2 describes the effect of four commonly used catalyst supports on the bubble size
made of varying steam concentration in a model of FT synthesis. Semi-empirical correlations
relating bubble size to hydrodynamic conditions at elevated temperature and pressure were
developed for gas/liquid and gas/liquid solid systems with varying gas volume fraction.
Chapter 3 summarizes measurements of contact angle for porous and non-porous particles.
Chapter 4 describes novel method for gas/liquid/solid interaction quantification based on the
energy changes of the system. The ability of particles to spontaneous attachment to the gas
bubble in paraffin oil was determined using equilibrium thermodynamics, based on the
experimentally obtained surface energy of particles using inverse gas chromatography.
Chapter 5 presents set of experiments aimed at imagining/visualisation of the catalyst
particles at the interface. The particles attachment to air bubble suspended in water and in oil
was investigated for porous and non-porous particles. Interactions of the particles with the
polar and non-polar liquid were investigated using fundamental approach (single
droplet/bubble in liquid) and more practical approach (emulsions).

Chapter 6 summarizes key findings and conclusions followed by the recommendations.

Appendixes contain peer review published work.
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1.4 Publications and presentations

Findings from this study have been published in the following journals:

1. E. Nowak, P. Robbins, G.B. Combes, E.H. Stitt, A.W. Pacek, Measurements of contact
angle between fine, non-porous particles with varying hydrophobicity and water and non-
polar liquids of different viscosities, Powder Technology, accepted, 2013 (see Appendixes)

2. E. Nowak, G.B. Combes, E.H. Stitt, A.W. Pacek, A comparison of contact angle
measurement techniques applied to highly porous catalyst supports, Powder Technology, 233
(2013) 52-64 (see Appendixes)

Parts of this work have been presented at:

1. E. Nowak, M. J. H. Simmons, A. W. Pacek, Analysis Of Common Methods For
Measurement Of Contact Angle Between Different Particles and Liquids, OKiChiP21,
Kotobrzeg, Poland, 2013

2. E. Nowak, G.B. Combes, E.H. Stitt, A.W. Pacek, Critical analysis of different methods for
measurement of contact angle of catalyst support, Poster, CAMURE 8 & ISMR-7, Naantali,
Finland, 2011

3. E. Nowak, G.B. Combes, E.H. Stitt, A.W. Pacek, Effect of contact angle between catalyst
particles and liquids on bubble size in a heterogeneous reactor at elevated pressure and
temperature, Presentation, JMAC, Loughborough, UK, 2011

4. E. Nowak, G.B. Combes, E.H. Stitt, A.W. Pacek, Effect of catalyst particles on bubble size
and mass transfer rate in mixed solvents in a heterogeneous reactor at elevated pressure and
temperature, Poster, IMAC, Loughborough, UK, 2010

5. E. Nowak, G.B. Combes, E.H. Stitt, A.W. Pacek, Effect of catalyst particles on bubble size
and mass transfer rate in mixed solvents at elevated pressure and temperature, Poster, IMAC,

Loughborough, UK, 2009
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Chapter 2

2 Effect of the particles on the bubble size of the

particles on the bubble size
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2.1 Introduction

Fisher Tropsch synthesis is an example of a three phase reaction frequently carried out
in a slurry reactor. It is a rather complex system not only because of the presence of three
phases but because the mixture of CO and H; reacts on the catalyst (porous particles)
suspended in the high molecular hydrocarbon liquid at elevated temperature and pressure,
which consequently leads to the presence of steam in the gas phase.

The overall reaction rate in slurry reactors depends on the reaction and mass transfer
kinetics of which a detailed description is essential for the accurate design of multiphase
process. The limiting step that controls the overall rate of the reaction in bubble columns or
stirred reactors where the gas phase is dispersed in the liquid is often the mass gas-liquid
transfer, as previously described in Chapter 1. As the mass transfer from the gas bubble to the
bulk of liquid is directly proportional to the volumetric mass transfer coefficient, ka, is

proportional to the gas hold-up (®) and inversely proportional to the gas bubble size (ds):

a=— (2.1)

Though several studies showed that the bubble size depends on the gas composition
(Wilkinson et al. 1990), there is no data in the open literature on the effect of steam in the gas
phase on the bubble size in hydrocarbon liquids. For instance it was reported that the presence
of steam in the gas phase changes kja for gases in Fisher Tropsch liquids where the kja for H,
was decreased and for CO increased with the presence of steam (Karandikar et al. 1986;
Karandikar et al. 1987) but the mechanism was not given. Studies also showed that in Fischer
Tropsch liquids the overall reaction rates depends on steam concentration in the gas phase

(Storsaeter et al. 2005). For different catalyst supports (Co/Al,03, Co/SiO,, Co/TiO,) that

22



have same number of cobalt active centres and similar dispersion it has been shown that the
presence of steam had a significant effect on the reaction rate (Storsater et al. 2005).
Investigation of the effect of the type of surface (hydrophobic, hydrophilic) of the catalyst
support on the reaction rate showed that hydrophobicity of particles had an important effect
on the ka (Ruthiya et al. 2003). Gas phase that contain steam at elevated temperature and
pressure might become polar and hence the bubble behaviour in the polar gas — non-polar
liquid can change drastically as compared to the non-polar gas/non-polar liquid system.
Therefore, in this work the effect of different catalyst supports on the gas/liquid interfacial
areas with the presence of steam in gas phase has been investigated in order to establish the
effect on the mass transfer rates and ultimately on the overall reaction rates.

With a given gas hold-up, dispersing gas into very small bubbles appears to be the best
way of reducing resistance to mass transfer since the smaller the bubble the larger the
interfacial area and the smaller the resistance to mass transfer. Traditionally, the bubble size
in dilute gas-liquid systems is frequently described in terms of energy dissipation rate which
results in semi-empirical correlations with experimental data necessary to determine unknown
constants (Parthasarathy et al. 1991; Machon et al. 1997; Alves et al. 2002; Hu et al. 2006).
Such an approach leads to the correlating of data with the dimensionless We number which
describes the ratio of disrupting and restoring forces acting on the bubble. Alternatively, a
completely experimental approach has been reported where based on a large number of
experiments, the average bubble size is expressed in terms of the dimensionless numbers
(Calderbank 1958; Akita et al. 1974; Bouaifi et al. 2001; Alves et al. 2002), and for a bubble

column (Akita et al. 1974):

2 -0.50 3 -0.12 -0.12
d, _26(9[) P|] (gD ] Yy (2.2)
= g .
D 14 (O Jab
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where the bubble size (dy) depends on the liquid properties, kinematic viscosity (vj), density
(p1) and surface tension (y). Also diameter (D), gravity (g) and gas velocity (Ug) affect the
bubble size.

Another approach was to relate the bubble size directly to physical properties and

processing conditions (Wilkinson et al. 1994):

db — 394).44}/0.34#0.22pI70.45pg7O.llU970.02 (23)

2.1.1 The concept of Weber number

Theoretical prediction of the bubble size is currently unavailable due to the complexity
of turbulence, especially in three phase systems. The correlations for bubble size in liquid
dispersion (Calderbank 1958) have its origin in the field of liquid/liquid dispersion with the
pioneering work of Kolmogoroff (1941) isotropic turbulence theory that was subsequently
used by Hinze (1955). According to Kolmogoroff’s theory, the complex turbulent motions
can be seen as a cascade of eddies. The largest energy containing eddies are of the order of
magnitude of the turbulence generator, e.g. the impeller diameter in agitated reactors, from
which the eddy takes its Kinetic energy. Large eddies are unstable and break into smaller and
smaller ones with no loss of energy and the resulting smallest eddies dissipate the energy into
the heat (Parthasarathy et al. 1991). Smaller eddies are isotropic and independent from the
main flow. Between the largest and smallest eddies there exist the range of eddies with the
energy transfer entirely due to the inertia, independent of the viscous effects and geometry.
The Kolmogoroff’s scale separates the inertial sub-range and viscous sub-range accordingly

to the following ratio of kinematic viscosity (v) and energy dissipation rates (€) (Hinze 1955):
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Nk = (0_3] (2.4)

To a first approximation there are two major forces acting on the gas bubble dispersed
in liquid, i.e. the deforming bubble inertial forces and the restoring surface tension forces
(Parthasarathy et al. 1991; Pacek et al. 1998; Hu et al. 2006). Inertial forces result from the
turbulent velocity fluctuations (pressure variations) at the bubble surface that act disruptively
on the bubble whereas the surface tension attempts to preserve the bubble size. Inertial range
eddies are believed to be responsible for the bubble breakage since they carry enough Kinetic
energy; largest eddies just convey the bubbles whereas the smallest are too weak and
therefore unable to break the bubble (Parthasarathy et al. 1994).

In equilibrium, there is a dynamic balance between break up and coalescence that
depends on physical properties of the system and hydrodynamics. The coalescence rate
depends on the collision frequency, the efficiency (i.e. the kinetics of liquid film thinning) and
the frequency becomes negligible for the diluted dispersions, therefore in such systems it can
be assumed that the bubble size is determined by breakage only. The bubble will break when
the kinetic energy of oscillations on the bubble surface, expressed as pu?(d)d3, exceeds the
surface energy of bubble, i.e. yd? (Tavlarides et al. 1981). In an agitated reactor, the mean

velocity fluctuations in the inertial sub-range is expressed in terms of the energy dissipation

rate as Ud « (e d)1/3 where £ = PyN3D°/V. Hence the ratio of the kinetic to surface energy
of the bubble describes the maximum size above which the stable bubble is broken. Hinze
(1955) proposed that there exists a critical ratio of inertial to surface forces in stirred tank

reactors above which the bubble will break, called the critical Weber number:

2/345/3
We, = PE T _ const (2.5)
/4

25



and dp.x &« €725 in a stirred tank reactor and the mean energy dissipation rate per unit

volume is € &« N3D? so the d,,,, o We™3/5 relation applies and:

B pN°D?
/4

3/5
d_ :cl(%) g5 2.7)

where d;, o« d,.« I.e. the volume to surface of bubble ratio, ds,. The expression is

We

(2.6)

used as a semi-empirical correlation for low fractions of a dispersed phase (Pacek et al. 1998):
d,=Ce™® (2.8)

d _
% =C,We?® (2.9)

where the constants C; , are system specific, obtained experimentally and mostly depend on
the impeller type (power number), reactor geometry and also on the maximum energy
dissipation rate (Pacek et al. 1998; Hu et al. 2003).

It was frequently reported that the exponents in the bubble size correlated with energy
dissipation rate and We were larger than the theoretical ones, i.e. larger than -0.4 and -0.6
respectively, in liquid/liquid dispersion (Pacek et al. 1998; Desnoyer et al. 2003) as well as
gas/liquid dispersion (Takahashi et al. 1992; Hu et al. 2006). The correlation of the bubble
size with the energy dissipation and/or surface tension is therefore ambiguous and it seems
that the bubbles coalescence cannot be neglected, even in highly diluted systems. Moreover, it
was shown that the bubble size cannot be correlated with the interfacial tension of water-

alcohol/electrolytes mixtures (Machon et al. 1997; Hu et al. 2005). It is therefore clear that
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the bubble size is not only controlled by breakage but also by coalescence, especially when
the volume fraction of the gas phase is high (>>1% v/v).

A large and growing body of literature has investigated the bubble size in aqueous
solutions, usually with the application to the fermentation processes in biochemical studies.
Far less published literature deals with the bubble size in organic liquids and available studies
are limited to air, helium, CO, bubbles, i.e. dry gases (Wilkinson et al. 1990; Schafer et al.
2002; Chilekar et al. 2010). The presence of steam and its effect on bubble size was
notoriously neglected though a range of reaction involves water at elevated temperature. For
instance, Karandikar et al. (1986) showed that the mass transfer of CO and H, was affected by
the presence of water/steam in the Fischer Tropsch synthesis though the understanding of the
underlying mechanisms behind such changes was not explained.

Except for the scattered experimental results on the bubbles in organic liquids there is
a lack of fundamental understanding. It therefore appears that the investigation of the effect of
the presence of water in the gas phase on the bubble sizes in organic liquids can be critical in
the understanding of the underlying mass transfer mechanisms. Also a lack of information on
the relationship between bubbles in viscous organic liquids and process parameters such as

the temperature and pressure might lead to enormous errors during reactor design.

2.1.2 Effect of operating conditions on the bubble size

The effect of temperature and pressure on the slurry hydrodynamics are essential for
the optimum design and subsequently correct operation of multiphase reactors. Empirical
correlations based on laboratory studies are useful in the design of industrial processes.
However, the limited fundamental understanding of the behaviour and interactions in the gas-

liquid and gas-liquid-solid systems can lead to critical errors in scaling up and costly
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mistakes. Inaccuracy increases additionally when the results at ambient conditions are
transferred into different operating conditions, such as elevated temperature and pressure, or
the composition of the phases are altered (Lin et al. 1998; Behkish et al. 2007). Elevated
temperature and pressure noticeably affect the physicochemical properties of fluids and
consequently alter the mass and energy transport as well as overall hydrodynamics. Therefore
it is obvious that studies on the multiphase systems that were carried out under ambient
conditions convey insufficient information (Alves et al. 2002; Schafer et al. 2002) to

extrapolate to high temperature and to a lesser extent pressure.

2.1.2.1 Effect of elevated pressure on the bubble size

The studies of the effect of elevated pressure on the bubble size in organic liquids in
agitated reactors and/or bubbles column appear to be inconsistent. It was found that the
increase in pressure leads to smaller bubbles in agitated reactors (Hu et al. 2003) and in
bubble columns (Lin et al. 1998). Also Jiang et al. (1995) showed that the bubble size
decreases as the pressure increases up to 1.5 MPa but no further effect was observed.
However, it has been also shown that pressure has no effect on the bubble size in an agitated
reactor (Albal et al. 1983) as well as in a bubble column (Pohorecki et al. 2001).

Generally, pressure can affect bubble size because of:
e changes in interfacial tension (Chun et al. 1995; Jiang et al. 1995)
e changes of gas density (Wilkinson et al. 1990; Wilkinson et al. 1994; Lin et al.
1998; Schafer et al. 2002)

since it does not affect the liquid properties (density and viscosity).

The reduction of interfacial tension with pressure can be attributed to the reduction of

surface tension due to the gas absorption on the liquid surface (Lin et al. 1998) and it has been
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suggested that such decrease is almost linear (Massoudi et al. 1974; Massoudi et al. 1974).
Also Chun et el. (1995) showed a linear decrease of the interfacial tension with rising pressure
of carbon dioxide in water-alcohols mixtures. Deimling et al. (1984) suggested that the kja
increase in Fischer-Tropsch liquids with the pressure was caused by the changes of the
interfacial tension and reported at 4MPa FT liquids interfacial tension is reduced by 35-40%
as compared to atmospheric pressure due to the increased solubility of gases in the liquid.

The bubble size in the bubble columns, where the initial bubble size is initially
established by the size of the gas sparger, depends on the gas density such that smaller
bubbles are produced for denser gases due to the higher gas momentum (Wilkinson et al.
1990). Also, higher Kinetic energy cause bubble distortion leading to enhanced breakage
(Behkish et al. 2007). Takahashi et al. (1992) however showed no difference in bubble size
for different densities gases (molecular weights from 4 to 131) in an agitated reactor which
means that another reason must be responsible for the reduction of bubble size with pressure

(Clark 1990).

2.1.2.2 Effect of elevated temperature on the bubble size

The Arrhenius equation describes the viscosity dependence on the temperature, i.e.
shows that as the temperature increases the viscosity of liquid decreases. Reduction of
viscosity with temperature leads to enhanced turbulence and bubble breakage intensifies
(Schéfer et al. 2002) and surface tension also decreases with temperature. Since the
magnitude of disruptive forces increases whereas the magnitude of cohesive forces decreases
with temperature, the bubble size also decreases. Indeed, it was frequently reported that the
bubbles in organic liquids decrease as the temperature increases (Sridhar et al. 1980;

Deimling et al. 1984; Lin et al. 1998; Schafer et al. 2002; Behkish et al. 2007) though in the
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study by Deckwer et al. (1980) of paraffin liquid, the bubble size was similar at 250 and

270°C.
Table 2.1 Effect of physical properties on bubble size
Density of gas, pg T Inertia forces T = ds
Viscosity of liquid, ¥ Turbulence T =3 dsz ¥
Surface tension, y ¥ Cohesive forces | = dsz ¥

d - decreases, T increases

Table 2.2 Effect of operating conditions on bubble size

TT pgi« u|~L Y\L = d32~L

o1 S N

J - decreases, T increases, \ slightly decreases, - remains the same

The results of the investigation of the effect of temperature and pressure on the bubble
size in non-aqueous solutions in bubble columns and agitated reactors are summarized in
Table 2.3. Clearly not much data can be found on the bubble size in organic liquids,
moreover, only few studies investigated simultaneous effect of presence of particles and
temperature/pressure. To the author’s knowledge, there is no published work on the effect of

steam on bubble size in organic liquids.
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Table 2.3 Effect of particles and operating conditions on the bubble size in non/aqueous sol.

Effect of
Rfactor Conditions G/L/S Eﬁ; c;[)slf P,i;l' on particles on Literature
ype HRDIESIZE ) pubble size
Ny, air/ water, isopar- = ]
0.1-1.3Mpa;Cs | = ° P .T P=> Fiszi No effect of (Chilekar et
BC <3% m oil/C 30um, SiO, (irrespective on particles al. 2010)
44pm particles type) (wettability) '
300-473°C; 0.67-
: - Ny, Hefi -M/ = i
BC 3MPa; 0.07 »,Helisopar PT => dgd CsPsdul (Behkish et
0.39m/s; Cs 0- Al,O; (32-42um) TT=>d3d al. 2007)
20%
air/alcohol /alumina .
’ Particl H l.
STR Ambient silica (~20-~200um), i reg:;g 35 ( 2“082;
graphite ~20um %
30-160°C; 0.2-
1.1 MPa; No effect of T and (Pohorecki et
BC | u=0.002-0.085 | NNcyclohexane P on da; al. 2001)
m/s
N loh
ae | 25°175°C; 150 | CIZO/ Eziazofxs\?alr PT => dpl (Schafer et
bar y , Water, TP=>dsd al. 2002)
ethanol
. . _ (van der Zon
BC Ambient air/water/carbon CsT=>d;,T et al. 2002)
BC 1257'2K/?PC'; : 012 N,/paratherm NF PT=dyl (Lin et al.
' 0.0 8?;1 /s. heat transfer fluid TT=>dgd 1998)
373-523K, 10-40 | ' COMFT NGht(Cer
bar Cu)f
str | TV20L 800- i mCEd')L/"r:"T(C”' Pt => dyl (Deimling et
1100 RPM, $ _ TP=>dsd al. 1984)
. heavy(>C,,)/solid:
Solid up to 30
Wt.% glass bed (125-
' 177um)
295K,;:r.8-96.5 He. O,/
' Glycerin,water+CM
400-1000 RPM, . . (Albal et al.
STR TD 10.2 cm, C/ glass beads (75- | No influence of P; 1983)
: 150pm),
Solid up to 30 oil shale particles
vol% P
297-423K, 480- .
' h
STR 1800 RPM, Na/cyclohexane Th=>0pl (Sridhar et
al. 1980)
1-10 bar,

BC - slurry bubble column, STR - stirred tank reactor, Cs — solid particles concentration
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2.1.3 Effect of gas volume fraction on the bubble size

In the bubble column, bubbles are formed at the gas distributor which determines the
initial size together with the liquid properties. In the surface aerated agitated reactors
however, bubbles are formed by the action of impeller and baffles, where initially the gas is
sucked into the bulk of liquid and then disrupted into smaller bubbles. In this case the
equilibrium size depends on the energy input and liquid and gas properties which affect the
bubble breakage. On the other hand there is coalescence of bubbles involved. The coalescence
rate depends on the collision frequency and efficiency (Laari et al. 2003), therefore the higher
gas hold-up, the higher probability of collision. Therefore for the larger gas phase where the
collisions are inevitable, the bubble is controlled not only by the breakage but considerable
coalescence occurs and the larger the gas phase volume fraction, the higher the coalescence
(Hu et al. 2003).

Increasing the gas holdup results in dampening of the energy dissipation rates
(turbulence) and a larger coalescence probability and both lead to larger bubble sizes
(Razzaghi et al. 2010). There were attempts to include the bubble coalescence effect due to

highly concentrated systems and the following expression was proposed:

d—g =C,(1+C,®)We ** (2.10)

where the constant C, is related to the coalescence behaviour of a system with the
experimental values ranging from 3 to 20 and @ represents the fraction of gas phase (Zhou et
al. 1998; Hu et al. 2003). C4¢ also indicates dampening of turbulence for highly diluted

systems (Pacek et al. 1998).
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2.1.4 Effect of particles on the bubble size

It is commonly reported that the presence of particles affect the bubble size. A number
of parameters and solid properties are suggested to be important, such as solids concentration,
size, wettability, ionic strength, etc. though the relative significance of these is still not clear
(Nagaraj et al. 1987; Vinke et al. 1991; Vinke et al. 1993; van der Zon et al. 1999; Hu et al.
2005; Behkish et al. 2007). Moreover, the effect of particles on the slurry properties such as
viscosity and density was often attributed to the observed effect on the bubble size (Deimling
et al. 1984; Karandikar et al. 1986). However, antifoaming studies (Frye et al. 1989; Garrett
1993; Karakashev et al. 2012) and emulsion related studies (Pickering 1907; Binks et al.
2005; Saukowski et al. 2005) reveal the importance of the particles behaviour at the fluid-
fluid interface rather than the effect on properties of the bulk of liquid. Such particles activity
on the interface were used to explain differences in the bubble size when similar
concentrations of particles with similar size that produce similar slurry properties (u, p) were

suspended in the gas-liquid dispersion (Vinke et al. 1993; Ruthiya et al. 2003).

One of the most difficult problems of gas-liquid-solid systems is the interaction
between the gas bubble and particle in the liquid environment. Addition of solid particles to
gas/liquid systems drastically increases the complexity of the interaction between phases and
there is rather limited information on such systems in open literature. It appears however, that
the particles location in the slurry reactor, i.e. homogenously suspended in the liquid or
concentrated on the bubble surfaces, is the crucial factor affecting the bubble size. In
catalysed reactions the particles have even larger significance since reactants (gas/liquid) has
to first absorb on the catalyst surface for the reaction to occur. It therefore is possible to

speculate that the most active catalyst should a) form the smallest bubbles to increase the
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mass transfer rates and b) remain in the close proximity to the gas-liquid interface for efficient

reactants absorption.

If strong, repulsive forces exist between the liquid and the particles it is very likely
that particles will tend to attach to the gas/liquid interface (Ruthiya et al. 2005). Inherently,
such tendency depends on the particles wettability. For given hydrodynamic conditions, the
position of fine particles in relation to the interface is often determined by the gas-liquid-solid
interaction, described by the three phase contact angle.

Particle wettability (hydrophobicity in aqueous and lyophobicity in organic solutions),
quantified by the three phase contact angle has a straightforward interpretation when a flat
solid surface is considered (Figure 2.1). The three phase contact angle, formed when the solid-

liquid, solid-vapour surface energies and liquid-vapour interfacial tension are balanced:

Y = Ve — iy COSO (2.11)

In other words, surface and interfacial forces at a certain contact angle are in equilibrium. The

solid with © > 90° is called hydrophobic (lyophobic) and 8 < 90° hydrophilic (lyophilic).

7

Vapor

Liquid

Solid Yis 2

'S

Figure 2.1 Physical meaning of contact angle
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Similarly, when the same concept is applied to the system, where the particles are
suspended in the gas-liquid dispersion, the higher the three phase contact angle the higher the

affinity of particles to bubbles (Figure 2.2).

Gas bubble

Gas bubble

Liquid
Particles Particle

Figure 2.2 Particles to bubble attachment (left) as a function of the contact angle (right)

A fine particle to bubble attachment is caused by the capillary force arising from the
hydrophobicity (large 8). Thermodynamically, the change in the energy (Gibbs, AG) per unit

interfacial area at the particle to bubble attachment is a function of energies of all three

interfaces:

AG =y, —(}/S, + }/,) (2.12)
which combined with Young’s equation gives:

AG =y, (cos6-1) (2.13)

These changes of free energy correspond to the work of particle-bubble adhesion and express
the work done on the liquid removal from the solid and bubble surface followed by formation
of the solid-gas interface. Clearly, the attachment is favourable for the 6 > 0° and attachment

probability increases with increasing 6 (Norde 2003). It can be concluded that the higher the
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three phase contact angle the higher the particles to bubble attachment and particles are
expected to remain on the gas-liquid interface. The strength of particles attachment on the

interface is related to the magnitude of energy of desorption:
2 2
E ~47r%y, (1-|cosd)) (2.14)

Therefore at the contact angle ~ 90°, and high surface/interfacial tension large particles are

strongly attached to bubble.

According to previous studies (van der Zon et al. 2002; Ruthiya et al. 2003; Ruthiya
2005; Chilekar et al. 2010; Karakashev et al. 2011), the presence of particles on the interface
lead to the changes of bubble coalescence rate and for high gas hold-up, bubbles coalescence
could become as important as breakage. Unlike the breakage, the coalescence involves not
only interaction of a bubble with the liquid but also involves another bubble which
significantly complicates the description. Coalescence can be seen as the action of the
external flow (continuous phase) and internal flow between bubbles flow (Figure 2.3)
(Chesters 1991). The former determines the frequency and force of the collision, but also
duration of the contact. The latter determines the drainage of the thin liquid film separating
bubbles and the deformation of the bubble surface. Coalescence frequency results from the
collision frequency and efficiency (Paul et al. 2004). In principle however, the coalescence is
a fast process that normally takes less than 1s, the controlling step is believed to be the
draining of the liquid film to a critical thickness under the action of the turbulent (external)
flow (Chaudhari et al. 1994).

The presence of particles can decrease the turbulence intensity and subsequently the

bubbles collision frequency and contact force by not only increasing the apparent liquid
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viscosity and density but also the particles can influence the thickness of liquid film and the

rate of its thinning/draining.

S
External flow of continuous phase: Internal flow in the draining film between particles:
* Collision frequency, C * Flattening — deformation of approaching bubbles interfaces
+» Contact force, F, Provideboundary * Film drainage of thicknessh -> Film rupture -> Confluence
+ Contact time, t, conditions for the

internal flow

Figure 2.3 Sub-processes of the bubbles coalescence (Chesters 1991)

In a three phase system the presence of particles at the interface suppress bubble coalescence
(Ruthiya et al. 2003; Ruthiya et al. 2003; Chilekar et al. 2010), however others argue that the
particles enhance the bubble coalescence rate and increase the bubble size (Nagaraj et al.
1987; van der Zon et al. 2002).

Particles can suppress bubble coalescence in a similar manner as they suppress
coalescence of liquid drops (Pickering 1907; Stiller et al. 2004; Binks et al. 2005; Saukowski
et al. 2005) but also in the formation of stable foams (Karakashev et al. 2011; Karakashev et
al. 2012). The particles present on the fluid-liquid interface create the dense coverage mesh; a
physical barrier preventing the droplets/bubbles from coalescing. The strength of particles
attachment to the fluid-liquid interface is related to the magnitude of energy of desorption
expressed by equation (2.14) When the contact angle that the particle forms with the liquid

and fluid (gas or other liquid) phase reaches 90°, the energy of desorption reaches maximum
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and the removal of particles from the interface becomes difficult. Therefore the hydrophobic

particles can form a stable barrier for the coalescing bubbles (Figure 2.4).

a)
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Figure 2.4 The effect of a) hydrophobic and b) hydrophilic particles on the gas bubble
coalescence (Chilekar et al. 2010)

On the other hand, the presence of particles on the interface can enhance the bubbles
coalescence when the bubble coverage with particles is poor which is commonly exploited in
antifoaming studies (Frye et al. 1989; Garrett 1993; Karakashev et al. 2012). Thinly dispersed
particles at the interface are unable to form the physical barrier. Moreover, particles attached
to the bubble surface can form a *bridge’ when another bubble approaches. Bridging effects
becomes more pronounced for the highly hydrophobic particles (large 0), where the liquid is
removed by the gas as shown on Figure 2.5 (Murray et al. 2004). Subsequently the thin liquid
film between two bubbles drains faster and the rupture occurs leading to coalescence. For
instance, the coalescence of bubbles in the foam, due to the liquid film rupture, can be
hindered by increase of interfacial elasticity due to the presence of particles (Karakashev et al.

2011). In a similar way the particles produce viscoeleastic properties at the water-oil interface
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(Tambe et al. 1994). For instance it was observed in the froth that bubbles were stable with
the intermediate hydrophobicity of 26-44um quartz (~65°) and higher hydrophobic particles
tend to destabilise the froth (Johansson et al. 1992). The reason is that the particles with high
hydrophobicity penetrate the gas-liquid interface to much higher degree and destabilise the

liquid film by bridging effect.

Gas bubble

>
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Liquid
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Figure 2.5 Particle bridging two bubbles — liquid around hydrophobic (lyophobic) particle is
removed by the gas

Clearly, the particle’s effect on the bubble coalescence rate is a very interesting
subject where several aspects appear to be significant. However, the importance of particles
wettability, quantified by the three phase contact angle, on the bubbles coalescence is
unguestionable. Nonetheless, the energy of adsorption/desorption, particle size and the
coverage of bubbles by particles are also important contributors.

Unfortunately, there is a lack of information on the particle’s effect on the bubbles in
organic liquids. Foaming/antifoaming studies often involve the aqueous solutions and
emulsions involve two liquids, usually oil and water, therefore the mechanisms suggested for
those systems is not necessarily relevant to the bubbles dispersed in paraffin oils. The

presence of water in the gas phase (steam) can drastically change the particles behaviour on
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the interface and to the author’s knowledge the effect of particles on the steam bubbles
size/coalescence in paraffin oils has yet to be investigated.

The aim of this chapter is to investigate the effect of bubble composition, type of
particles (catalyst support), energy input on bubble size distribution in system similar to the
Fisher Tropsch or methanol slurry synthesis. In those processes carried out at elevated

temperature/pressure, water/steam is frequently present in the gas phase.

The bubbles were investigated using a video-camera system (Hu et al. 2007) in a
turbulent, dead end stirred vessel. A paraffin oil similar to a Fischer Tropsch product liquid
was used as a liquid phase in which a mixture of nitrogen and different concentrations of
steam were dispersed. The effect of the gas composition in the gas-liquid and the effect of
presence of different catalyst supports were tested at elevated temperature, pressure and at a
range of energy dissipation rates.

Analysis of the effect of properties of gas, particles and slurry are discussed in terms
of establishing all the possible factors/properties that might influence the bubble size. The
detailed analysis is divided into two categories: a) how the properties of multiphase system
affect the bubble size at elevated temperature and pressure and b) how different particles

behaviour on the gas-liquid interface affects the bubble sizes.
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2.2 Experimental methodology

In this chapter the experimental rigs and methodology employed for the bubble size
measurements and the physical properties and interfacial tension between oil and selected
fluids are described. Details of the steam addition to the reactor are also given as well as the

analysis of the accuracy and repeatability of the bubble size measurements.

2.2.1 Experimental rig and materials

The effect of type of particles, gas type and holdup and energy dissipation rates on the
bubble size in oil at elevated temperature and pressure was investigated in an agitated reactor
(Figure 2.6). The experiments were carried out in a batch mode in a jacketed 3L vessel
(diameter T=15cm, height H=T) fitted with 4 baffles (width T/10) and Rushton turbine
(diameter T/2) placed at clearance of C=T/3. The images of the three-phase system were
recorded through a glass window which slightly protruded into the vessel (Pacek et al. 1994).
Video technique was used not only to measure the bubble size but also to determine the

position of solid particles in the dispersion.
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Figure 2.6 Experimental rig for the bubble size measurements
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1 side window, 2 strobe lamp, 3 baffle, 4 oil jacket, 5 Rushton impeller, 6 thermocouple, 7
agitated vessel, 8 microscope, 9 camera, 10 computer, 11 photos from the inside of reactor

As the experiments aimed to mimic Fischer Tropsch synthesis, a long chain paraffin
oil (provided by Johnson Matthey) was used as a liquid phase and nitrogen, air, H,O and
mixtures of these as a gas phase. Alumina, silica, titania and zirconia catalyst supports (ds,
between 2-26pm) were added to the reactor. The temperature in the vessel (up to 210°C) was
controlled by the oil bath connected to the reactor jacket. The pressure (up to 20bar) was
controlled by the control valve installed between the N, cylinder and inlet to the reactor. The
volume fraction of gas phase was controlled by addition of precise volume of oil into the
vessel corrected by thermal expansion. The oil and particles were added to the reactor at room
temperature and the reactor was sealed prior to the heating. Whilst addition of nitrogen/air to
the vessel was straightforward, the methodology developed for the steam addition is discussed

below.

2.2.1.1 Steam addition

Initially, it was attempted to generate steam in the reactor by evaporating water drops.
However it was very difficult to completely evaporate water and it was observed that large
number of water droplets as well as steam bubbles was present even at 170°C at 1bar. The
difference between the refractive index of steam and water enabled the resolution of water
drops and bubbles (Figure 2.7). Also, when the stirrer was switched off, the droplets (water)

tend to sink and bubbles (steam) to rise upwards.
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Figure 2.7 Bubbles (dark) and droplets (bright) of water in the paraffin oil at 1bar

Difficulties with the water drop evaporation in the hot oil were also observed in a glass
beaker. The pendant drop submersed in oil was stable even at 130°C (Figure 2.8). Droplets of

water detached from the needle tend to sink to the bottom of the beaker rather than evaporate.

Figure 2.8 Stable water droplet in paraffin oil at 130°C

Therefore, to avoid problems with water evaporation it was decided to add steam
produced outside the reactor. For this purpose, the external steam generator was specially
designed and built. It consisted of a 5L stainless steel vessel equipped with three ports: inlet
(distilled water) and an outlet (steam) at the top cover of the vessel and the outlet (water) at

the bottom. The connections between the steam generating vessel and the reactor were made
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from metal tubing and were air tight. To avoid condensation, the metal pipes were heavily
insulated. The steam generator vessel was also heavily insulated as well as the pipes directing
the steam to the reactor. Furthermore all metal lines were heated prior to steam introduction to
the reactor by passing the steam through the metal pipes for a minimum of half an hour. The
volume of water in the steam generator was controlled by measuring its mass. The
experimental set up for the steam addition is shown in Figure 2.9.

Step b) szo 5;

=

7

Figure 2.9 Steam addition to the particle-oil suspension in a stirred vessel
1 steam generator, 2 agitated vessel, 3 insulation, 4 three way valve, 5 hot plate, 6 mirror, 7

water container

The steam generator (1) was placed on the hot plate (5) below the reactor (2). The
steam generator was completely filled with water in order to produce steam at a slightly
higher pressure than atmospheric. Higher pressure ensured that during the steam addition to

the reactor through the inlet placed at its bottom, oil did not flow into the steam generator.
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The pipe at the outlet from the steam generator was equipped with a three way valve (4),
enabling the steam to be directed into the reactor or to the vent. Prior to the steam addition,
the reactor containing required amount of paraffin oil was heated to 150°C. Initially (step a in
Figure 2.9), steam was passed through the cold metal pipes for approximately 0.5h into the
container with cold water (7) using the three way valve. After such time, all metal connections
were hot enough to avoid steam condensation. Subsequently, the steam was directed into the
reactor with hot (150°C) oil through the inlet at the bottom. After a few minutes of steam
addition, the reactor was completely sealed. It was noticed that if the volume of oil in the
reactor was too large, the mixture of steam and oil tend to overflow and the maximum volume
of oil enabling controlled addition was determined as 1.85L.
The presence of steam in the reactor was qualitatively assessed by:

e the steam condensation on the mirror placed near the outlet from the reactor

e the images taken before and during the steam addition (Figure 2.10).

The images clearly showed that no gas was present before steam addition (Figure

2.10a) and when the steam was directed into the vessel, the images clearly show steam

bubbles (Figure 2.10b).

a)

Figure 2.10 Images of oil in the reactor before steam addition (a) and after steam was
introduced (b)
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When the steam was introduced to the system, the gas phase contained 100% of steam
at atmospheric pressure. The gas composition was controlled using the pressurized cylinder
with nitrogen connected to the reactor. The gas composition was changed and steam
concentration reduced when the nitrogen was introduced to the reactor. Pressurizing the
reactor to 10 and 20bar with nitrogen caused further reduction of the steam concentration in
the gas phase. At the pressure of 10bar the gas phase contained 10% of steam and 90% of
nitrogen and at 20bar 95% of nitrogen and 5% of steam was present in the reactor. Use of
such high pressure, i.e. 20bar at 210°C might lead to the steam condensation (saturation
pressure 19.0810°Pa, (Hobler 1979)). Condensation of ~1L of steam would produce ~0.5g of
water, therefore such amount is negligible when ~1L of gas volume fraction is present in the
system at 20bar and 210°C. Also, the images recorded at 20bar and 210°C when the rotor was

stopped, showed that the bubbles were present in the system (Figure 2.11).

Particle goes down

v . Bubble goes up v

td

Figure 2.11 Alumina particles and steam bubbles at 20bar and 210°C with (no agitation)

2.2.1.2 Gas/particles dispersion in oil

As surface aeration was employed, the additional experiments aimed at the
determination of the impeller speed necessary for complete dispersion were carried out. The

minimum impeller speed for the complete gas dispersion by surface aeration with the highest
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gas concentration (35% v/v) was determined in a glass vessel of the same geometry as the
reactor. Since it was not possible to heat oil to 210°C in this vessel decane, having similar
properties at 20°C as paraffin oil at 210°C, was used as a liquid phase and air as a gas phase.
It was determined that the minimum power input necessary for the reasonable number of
bubbles production for the comparative study between different particles using 35% volume

fraction of gas was 1 W/kg which corresponded to an impeller speed of 380rpm (Figure 2.12).

Figure 2.12 The gas dispersion at the lowest, 1W/kg energy dissipation rate

In a similar qualitative way, the required power input for the alumina suspension was
assessed by placing the light source outside the bottom of the vessel. As more particles were
suspended in the bulk liquid the intensity of transmitted light increased. It was observed that
at a power input even lower than 1W/kg, the particles were uniformly suspended. This was
compared with the calculated minimum impeller speed for the uniform solids suspension

using Zwietering correlation (Nienow 1968; Kresta et al. 2004):

N

sus

0.45
_ gt ( g (ps — P )] X 013 (;.2 D085 (2.15)
P
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The minimum impeller speed for the 1% v/v of the alumina particles was calculated to be
310rpm which corresponds to 0.53 W/kg. Therefore, the 1W/kg, as the lowest power input for
the experiments with high gas concentration was employed to get both uniform gas dispersion
and particles suspension. Though the power number decreases with the increasing gas filling
cavities around the Rushton turbine and behind the blades, the power number taken was 5 for
the similar geometry of the vessel and impeller (Bujalski et al. 1987). For surface aeration, the
prediction of the power decrease in the gassed system is not yet possible since the amount of

gas drawn back into the cavities is not known (Harnby et al. 1997).

2.2.1.3 Investigated systems

The effect of Al,O3, SiO,, TiO, and ZrO,, (catalyst supports), operating conditions, gas
type and holdup on the bubble sizes dispersed in paraffin oil was investigated. The

experimental matrixes for the varying volume of gas phase are given in Table 2.4-5.

Table 2.4 Experimental matrix for low volume of gas phase (in total 33 experiments)

Gas(;or 3;:\?0”' pTa);?i?:IZ]; Typeofgas | T,°C P, bar &, W/kg Re, -
90 ,
~51 No particles ﬁ'zr i;g 110 9.4 | 4,000-80,000
10 183
4
5 1% viv AlLO, N, 210 10 9.4 | 48,000-80,000
183
4
5 1% viv SiO, N, 210 10 9.4 | 48,000-80,000
183
4
5 1% viv TiO, N, 210 10 9.4 | 48,000-80,000
183
4
5 1% viv ZrO, N, 210 10 9.4 | 48,000-80,000
183
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Table 2.5 Experimental matrix for the 35% v/v of gas phase (in total 160 experiments)

Type of particles Type of gas P, bar T, °C &, W/kg Re

No particles 1
1% v/v Al,O4 1 170 4

1% v/v SiO, Nitrogen 10 16,000-80,000

. 210 9.4

1% viv TiO, 20 183

1% viv ZrO; '

No particles 1
1% v/v Al,O4 170 4

1% v/v SiO, Steam 1 210 9.4 16,000-80,000
1% viv TiO, 18.3

1% viv ZrO;

No particles 1
1% v/v Al,O4 4

1% v/v SiO, 10% steam - 90% N, 10 210 9.4 16,000-80,000
1% viv TiO, 18.3

1% viv ZrO,

No particles 1
1% v/v Al,O4 4

1% v/v SiO, 5% steam - 90% N, 20 210 9.4 16,000-80,000
1% v/v TiO, 1é.3

1% viv ZrO;

2.2.2 Physical properties of materials used

The Fisher Tropsch synthesis liquid was simulated using mixture of highly refined
hydrocarbons, heavy liquid paraffin (VARA Oil 600/240 PB, CAS No: 8042-47-5) supplied
by Meade-King, Robinson & Co. Ltd. The physical properties of paraffin oil were measured
at different temperatures and subsequently extrapolated to the temperatures used in
experiments. Metal oxides, used as catalyst support, were supplied by Johnson Matthey® and
their properties such as: size, size distribution, density, contact angle and surface energy are

discussed in Chapter 3 (Contact angle) and Chapter 4 (Particles adsorption on interface).
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Increasing the temperature of the paraffin oil leads to drastic increase of pressure in
the closed reactor due to thermal expansion of oil. For instance, heating of the reactor
completely filled with oil from 23°C to 37°C caused pressure increase to 30bar. In order to
keep the required gas volume, the degree of oil expansion was experimentally determined and
compared with the calculations based on the thermal expansion coefficient that relates the
increase of the liquid volume as temperature increases. The thermal expansion coefficient of
oil used in this work was taken for the mineral oil of similar composition
(www.pantherlubes.com) as 0.00064°C™. Experimentally, the degree of oil expansion was
measured by collecting the liquid flowing from initially full reactor (3L) during heating.
Measured volume of oil that left the reactor when heated from the room temperature to 80°C
was 105ml and to 120°C was 178ml. The calculated thermal expansion of oil, based on initial
3L, gives 111ml of excessive oil when heated to 80°C oil and 192ml when heated to 120°C.
The calculated volumes are slightly larger than the measured ones because of the flowing oil
cooling when transported from the hot reactor to the measuring beaker. Nevertheless, the
volume of expanding oil could be accurately predicted at elevated temperature from
Vexp=2.0384*T[°C]-50.659 and it was possible to calculate the amount of paraffin oil that
needed to be added to the reactor prior to heating.

The rheology of the paraffin oil and the suspensions of catalyst supports were
measured with a Rheometer AR1000. The liquid was Newtonian (Figure 2.13) with a

viscosity 100 times of water at room temperature.
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Figure 2.13 Viscosity of paraffin oil at 20°C

Measurements were also carried out at 25, 40, 60 and 80°C and the viscosity of the

paraffin oil at those temperatures (Figure 2.14) was correlated with the Arrhenius equation:

30827

1 =0.000414 - erTIK] cP
There is good agreement between correlation and the experimental data, indicating

that the extrapolation is accurate.
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Figure 2.14 Viscosity of paraffin oil at elevated temperature
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Density of paraffin oil was also measured as a function of temperature and the
following correlation was obtained (Figure 2.15):
p = 0.6494 - T[°C] + 885.91 kg/m’

900
880
860

840

£ 820 .

2 800

< 780
760
740

720

0 50 100 150 200 250
T.°C

Figure 2.15 Density of paraffin oil at elevated temperature

Surface tension of the paraffin oil was measured using a Kruss Tensiometer. This
equipment employs the Wilhelmy plate method (Miller 1985) and surface tension, o, is

calculated from the following equation:

_ F
G_L-cose

where F is the force applied to the plate, L wetted length and 6 contact angle between
liquid and a plate. In this method, a force is recorded at the moment when rising liquid forms
zero angle with the platinum plate. The Tensiometer was fitted with the water bath enabling
temperature control of tested liquid. However the heating of oil that was opened to the
atmosphere was very slow. Therefore the measurements at higher temperatures were carried
out with the oil preheated to the required temperature. The linear extrapolation of the obtained
surface tensions at 25, 60 and 86°C was found to follow the Macleod-Sugden linear

correlation for randomly chosen molecular weight hydrocarbon (Balasubrahmanyam 2008).
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The surface tension of paraffin oil was linearly dependent on the temperature (Figure
2.16):

y = 0.04879 — 0.6 - 10~* - T[K] N/m

® measurements ® Macleod&Sugden correlation

w
o1

=N N W
o o o1 O

-
o

Surface tension [mMN/m]

o1

o

0 50 100 150 200 250
Temperature [°C]

Figure 2.16 Surface tension of paraffin oil at elevated temperatures

It was also attempted to use the pendant drop method to measure the interfacial
tension between paraffin oil and steam (Figure 2.16). In this case surface tension was

calculated from (Miller 1985):

_ Vdrop Apg

Vi =
27Trneedle

In order to avoid steam condensation, the metal needle tip was wrapped with strongly
hydrophobic PTFE tape. Measured interfacial tension (39.5£3mN/m) was almost 25% larger

than the surface tension of oil with air (see Figure 2.16).
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Figure 2.17 Interfacial tension measurements between paraffin oil and steam

The higher surface tension between paraffin oil and steam was also obtained by the
measurements of oil-water interfacial tension (Figure 2.18) using the Wilhelmy plate method
(KRUSS Tensiometer). The measurements were also performed at elevated temperature and
similarly as for surface tension measurements, the liquids were heated up to the required

temperatures prior to the measurements.

a1
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Figure 2.18 Interfacial tension of oil-water at elevated temperature
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Properties of paraffin oil are summarized in Table 2.6 and the properties of
investigated catalyst supports can be found in Chapter 2. Table 2.7 shows that increasing

pressure from 1 bar up to 10 and 20 bar causes an increase of gas density of 10 and 20 times.

Table 2.6 Paraffin oil properties at experimental temperatures

Paraffin oil Density, kg/m® Viscosity, cP Surface tension, mN/m
20°C 873 128.43 31.21
90°C 827 11.19 27.01
120°C 807 5.13 25.21
170°C 775 1.77 22.21
210°C 749 0.88 19.81

Table 2.7 Density (kg/m3) of nitrogen and steam at elevated T and P

170°C 210°C

1bar N, 0.76 0.697
Steam 0.49 0.45

N2 6.97

10 bar 10% steam + 90% N 6.72
N, 13.9

20 bar 5% steam + 95% N, 13.7

2.2.3 Accuracy of the bubble size measurements

Images taken by the microscope-video system were analyzed using the software
“BubblePro” (Figure 2.19) developed at University of Birmingham since the automatic
bubble size/shape detection could not be used because of the bubbles overlapping and often
poor quality of images. The images were uploaded to the software and the bubbles were

manually marked by placing the cursor on the three points of the bubble perimeter.
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Figure 2.19 Bubble size measurements with BubblePro

Though the imaging method for the bubble size and bubble size distribution
measurement is a very accurate method, several errors are inherently incorporated. The
representative number of analysed bubbles might be one of the sources of errors which might
also arise from counting bubbles out of focus (blurred) and inaccuracy of placing the cursor
on bubble perimeter. Each of these sources of errors is further considered in details and the
total error for the bubble size measurement is calculated.

In order to establish the representative sample population, the system with the highest
gas concentration (35% v/v) was analysed since the widest bubble size distribution was
expected and the images at different energy dissipation rates (1; 4; 9.4 and 18.3 W/kg) were
analysed. Up to 500 bubbles were measured for chosen system (35% v/v N in oil at 170°C
and 1bar) and ds; and bubble size distribution was compared for approximately 100, 150, 200,

250, 300, 350, 400, 450, 500 bubbles (Figure 2.20 and Table 2.8).
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Figure 2.20 Sauter mean diameter calculated from different number of bubbles (N,/oil at
170°C, 1bar)

Table 2.8 Average bubble size and standard deviations from 500 bubbles

e, W/kg Average dsp, um StDev, um
1 182 3.8
4 149 2.8
94 92 15
18.3 76 1.9
001 4y 100 ——167 —o—206 250 309 365 405 500
0.009
0.008
0.007
0.006
e 0.005
=1
o 0.004
[a W
> 0003
0.002
0.001
0 ) -
50 50 150 250 350 450
d, um

Figure 2.21 Bubble size distribution as a function of a number of bubbles (N in oil at 170°C,
1bar, 1 W/kg)
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It appears that the representative sample in investigated system was obtained with 200
bubbles (Figure 2.20) indicating a narrow size range of nitrogen bubbles in paraffin oil
(Figure 2.21). Therefore, for the analysis it was decided to account for 200-300 bubbles
depending on the bubble size distribution, i.e. for the wider distribution, more bubbles were

accounted.

At higher energy dissipation rates, the lighting sometime becomes insufficient with the
result that bubbles tended to be blurred and it became difficult to distinguish the ones out of
focus. Therefore it was attempted to assess the error due to the counted bubbles out of focus.
For this purpose, a pencil and ruler as a small and large object were measured by putting them
out of focus with the same microscope magnification as in experiments. The object was
moved back and forth from the position where sharp edges were visible and images were
recorded. It was noticed that the object was completely out of focus for the shift of approx. 2-
3mm from the sharp position, and was not visible after that range. This suggests that the
bubbles that are far away (or too close) from the focus position are not visible on the pictures.

The error associated with the blurred picture of the bubble where the sharp edges are
difficult to distinguish decreases with the decreasing bubble size (Table 2.9). The bubble size
found in the experiments were below 200um therefore the percentage error (standard
deviation divided by the average size) is assumed to be 2% maximum so to unify the absolute

value.
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Table 2.9 Error associated with the bubbles out of focus and human eye and/or software

resolution

Out of focus (Sharp/blurred) Eye resolution

Pencil, D(um) Ruler, D(um) Big bubble  Medium bubble  Small bubble

773 212 236 157 82
726 207 233 150 81
662 198 235 153 79
650 203 236 153 80
674 199 234 155 78
670 205 232 156 76
Avg, pm 693 204 234 154 79
StDev 47.5 5.3 1.6 2.7 2.1
StDev/Avg, % 6.8% 2.6% 0.7% 1.7% 2.7%

The resolution of the operator eye that marks the bubbles was assessed based on the
marking of the same bubble 7 times (Table 2.9). Three different sized, sharp bubbles were
chosen in order to derive the associated error of different sizes bubbles created by different
degree of energy dissipation rate. The limited resolution of the human eye and software pixels

create the increasing error with decreasing bubble size (Table 2.9).

The overall experimental error associated with different sources can be therefore
summarized for different ranges of the bubble size as shown in Table 2.10. The total error in
different bubble size ranges does not exceed 10% indicating very good accuracy of the
measurements. The highest power input that produces the smallest bubbles carries also the
highest error though it remains within 10%. It can be concluded, that in systems containing
different particles the differences in measured bubble sizes are significant when they exceed

10% of the average size.

Table 2.10 Total experimental error at different power input: StDev/Avg, %
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Source of error 1 Wikg 4 W/kg 9.4 Wikg 18.3 W/kg
Representative sample 2.0% 2.1% 2.8% 4.2%
Bubble out of focus 2.6% 2.0% 1.5% 1.0%
Cursor resolution 0.7% 1.7% 2.7% 2.7%
Total 5.30% 5.80% 7.00% 7.90%

2.3 Bubbles in model Fisher Tropsch synthesis

Initially, the effect of particles on the bubble size was investigated for low gas phase
volume fraction (5% v/v) as the experiments aimed to relate the bubble size to the
hydrodynamic and physical properties using semi-theoretical correlations. However, it was
impossible to add steam to such a large oil volume, therefore the experiments were conducted
with significantly larger gas phase volume fractions (35% v/v). Additionally, elevated
temperature caused oil thermal expansion which subsequently led to increased gas pressure.
Such highly concentrated dispersion however mimics the industrial multiphase reactions, such
as Fisher Tropsch synthesis (Krishna et al. 1997; Maretto et al. 1999). Also, as the bubbles

coalescence is significantly higher in a concentrated dispersion, the effect of the particles on

the coalescence rate is expected to be more pronounced with 35% v/v of gas phase.

2.3.1 Bubbles in diluted (1-5% v/v) dispersions

2.3.1.1 Effect of type of gas on the bubble size at elevated temperature

The effect of the type of gas on the bubble size and bubble size distributions in

paraffin oil was investigated in diluted system at elevated temperatures of 90°C, 120°C and
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170°C at 1bar in closed reactor. The gas phase consisted of either air or nitrogen and the gas
volume fraction in the reactor was decreased from approximately 5% v/v at 90°C to ~1% v/v/
at 170°C due to the thermal expansion of oil.

Typical images of air and N bubbles at 90°C and 170°C at low energy dissipation rate
(4Wlkg) are shown on Figure 2.22. As expected, the mean bubble sizes and bubble size
distributions are very similar for air and nitrogen. In both cases the bubble size is significantly
reduced at elevated temperature due to the decrease in viscosity (e.g. Re: 4,100 = 25,000)
and surface tension. The bubbles were found to be spherical at lower mixing intensity whereas
the bubbles produced at the highest energy dissipation rates suggest coalescence occurrence
since larger and non-spherical bubbles are found (compare Figure 2.22 and Figure 2.23).
Though the numbers of such large bubbles were found to be rather scarce, nonetheless their
presence at high mixing intensity could be attributed to the higher collision rate and higher
efficiency of colliding bubbles since. On the other hand, large eddies formed around baffles
and vortices (Figure 2.24) facilitate gas suspension and higher mixing intensity that might
cause engulfment of larger volumes of gas. Entrapment of such large gas bubble when the
highest energy dissipation rate is applied results in subsequent disruption in the impeller

region, where the velocity fluctuations are the highest.
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Figure 2.22 Nitrogen (left column) and air (right column) bubbles in oil at 90°C and 170°C
respectively at 4W/kg (1.85 x 1.4 mm)

Figure 2.23 N bubbles at 90°C (left) and 170°C (right) at the highest energy dissipation rates

(18.3W/kg)
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Figure 2.24 Surface aeration and velocity profiles in Rushton agitated reactor (Paul et al.

2004)
250 m90'C, 4 W/kg, Re=4,100
@ 90'C, 9.4 W/kg, Re=5,500
200 - 90'C, 18.3 W/kg, Re=7,000
_ 150 m 120'C, 4 W/Kg, Re=8,800
5 m 120'C, 9.4 W/kg, Re=12,000
3 100 = 120'C, 18.3 W/kg, Re=15,000
m 170'C, 4 W/Kg, Re=25,000
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170'C, 18.3 W/kg, Re=41,000
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Figure 2.25 Effect of the gas type on the mean bubble size at elevated temperatures and
turbulence intensity in diluted system (1%) at 1bar

The air and N, mean bubble sizes at different energy dissipation rates are shown in
Figure 2.25. Clearly, there is an insignificant difference between air and nitrogen bubble sizes.
It is not surprising since the air is composed of 78% of nitrogen and clearly the presence of
oxygen (21%) doesn’t affect the bubble size. Moreover, these results additionally validate the
reproducibility of the video method in multiphase systems.

There is a clear effect of temperature on the bubble size (Figure 2.25) regardless of the
type of gas used. The increase of temperature affects the bubble size stronger at the lowest
energy dissipation rate with a reduction of bubble size of 31% compared to the highest energy
dissipation rates (11% reduction). At 90°C and 120°C the flow is transitional (4,000 < Re <
15,000), whereas at 170°C the flow is turbulent (Re > 25,000). However, the comparable

bubble size at all temperatures at the highest rotor speed indicates that even though the Re
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numbers are significantly lower at Re gpoc << Re 120.c << Re 170oc the disruptive forces are
similar indicating turbulent flow even at low Re (7,000). The difference in the bubble size at
different temperatures is directly related to the changes of the physicochemical properties of
the liquid. The disruptive forces are enlarged with a decrease of liquid density and viscosity
with temperature whereas the restoring forces (surface tension) also decreases.

Number probability density functions show that at lower temperatures (in the
transitional flow regime) the bubble size distribution changes insignificantly with energy
dissipation (compare distributions in a) and b) in Figure 2.27). As the temperature increases,
the flow becomes turbulent and the larger fraction of small bubbles is produced due to
breakage as can be clearly seen on Figure 2.26. Evidently, the probability density functions
clearly show that increasing the agitation speed resulted in a reduction of bubble diameter
with a narrower size distribution. It is evident in graphs in Figure 2.27 that in all cases, the
distribution moves toward the smaller bubble sizes with increasing energy dissipation rate.
The reason obviously goes back to the breakage of bigger bubbles due to the high €. Another
factor important in industrial applications is the width of the bubble size distributions or in
other words the range of bubbles sizes. Observation proves that the majority of bubbles are in

a range between 50-250um, however, some bubbles were as small as 15um and the maximum

bubble size was close to 480um.

[

" ’ob, ©

Figure 2.26 1% v/v air dispersed in oil at 170°C with varying mean energy dissipation rates:
a) 4 W/kg, b) 9.4 W/kg and c¢) 18.3 W/kg (1.85 x 1.4 mm)
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Figure 2.27 Number probability density functions 1% v/v nitrogen bubbles with varying
mixing intensity at a) 90°C and b) 170°C

2.3.1.1.1 Correlating the data

The effect of the hydrodynamics conditions and surface tension on the bubble size is
traditionally correlated using the dimensionless We number, i.e. the ratio of breaking to
stabilising forces, developed for liquid/liquid dispersions (Kolmogorov 1949; Hinze 1955;

Nienow 1997). Air and nitrogen bubble size (Sauter mean diameters) correlations with the We
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number (ds»/D vs We) at elevated temperature are shown in Figure 2.28 where the following

correlations were found:

9o _ 0.0896-We %
1% of air at 90°C: D R?=0.9283,

9o _ 0.0256-We %%
1% of air at 120°C: D R?=0.9613,

9 _ 0.0201-We 03
1% of air at 170°C: D R? = 0.9911,

9% _ 0.0986.We o5
1% of N, at 90°C: D ,  R?=0.9674,

& =0.0211-We %%

1% of N, at 120°C: D . R?=0.9853,

9 _ 0.0242-We 0%
1% of N, at 170°C: D . R?=0.9179,

66



0.003
0.0025
0.002

) 0.0015 \
0.001
0.0005

ds,/D, -

0 1000 2000 3000 4000 5000
We, -

b) 0.003

0.0025

0.002

S 0.0015 \
<

0.001

0.0005

0

0 1000 2000 We, - 3000 4000 5000

Figure 2.28 Correlation of a) nitrogen and b) air mean bubble sizes with We number (90°C-
blue, 120°C-red and 170°C-green)

Clearly, the exponent of We number are different from the theoretical values (-0.6)
expected for breakage dominated dispersion in turbulent flow. The exponents were found to
be substantially higher, -0.335 with air and -0.359 with nitrogen. These values indicate that
breakage is not the only mechanism responsible for the equilibrium bubble size. This might
indicate that even at such low gas phase volume fraction, that coalescence occurs. Similar
results were reported for the bubble size correlations with the We number (Re>32,000) where
the 1% v/v air/alcohol systems gave the -0.38 exponents (Hu et al. 2005). With the slightly

higher gas phase fraction (5% v/v), where the coalescence was suppressed using low
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concentration proteins in aqueous system, the bubble size correlation with the We number
gave the exponent -0.4, which is again larger than the theoretical one (Hu et al. 2003). The
rate of bubble coalescence is higher than for liquid droplets (Chan et al. 2011) therefore the
semi-empirical correlations developed for liquid/liquid dispersions that assume no
coalescence in diluted dispersions must be invalid for the bubbles, given the weight of data
across a range of systems. The driving force for thin liquid film drainage between bubbles is
much stronger than between droplets since the density difference in gas-liquid dispersion is
much higher than in liquid/liquid dispersion. It might also be expected that high internal
circulation within the non-viscous bubble increases the rate of thin film drainage.

The transitional flow (at 90°C) produced the bubble size that when correlated with the
We number gave exponents that are more similar to the theoretically predicted, i.e. -0.51 for
air and -0.524 for nitrogen bubbles. Though there is not much information on the
bubble/droplet size in transitional flows (Zhou et al. 1998), Hu et al. (2005) found even
higher exponents than the theoretically predicted, i.e. -0.70 for the 1% of air in non-aqueous
solutions in the transitional flow. It appears that the extent of disruptive forces are comparable

to those in turbulent flow even for the 4,100 < Re < 7,000.

Table 2.11 Flow regimes of the 1% gas in oil in different operating conditions

e, W/kg T, °C Re, - Nk, Um Flow

4 90 4160 158

9.4 90 5540 128

18.3 %0 0930 108 Transitional
4 120 8850 90

9.4 120 11800 72

18.3 120 14750 61
4 170 24660 42

9.4 170 32880 34 Turbulent

18.3 170 41100 28

Mean energy dissipation rate used for Kolmogoroff length scale calculation ¢ = PN*D® /v
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The correlations based on We assume that the breakage results from the turbulence
fluctuations of inertial range eddies, comparable to the bubble size where the viscous effects
are negligible, i.e. nx <<dmax << Dimpelier. HOWeVver, in the transitional flow, at 90°C, the mean
bubble size is of the order of the Kolmogoroff scale (compare Table 2.11 and Figure 2.25).
Also, at 120°C the mean bubble sizes are only 68-72% larger than the Kolmogoroff length
scale. Therefore, to correlate the bubbles that are as small as nk, where the stress on the
bubble arises from the inertial sub-range eddies, the following equation was proposed

(Shinnar 1961; Calabrese et al. 2000; Hu et al. 2006):
d,, 113
E = C3 (ReWe) (216)

The correlation for the 1% v/v air bubble size in transitional flow at 90°C where the
mean bubble size is similar to the Kolmogoroff length scale is:

32

d
7 = 04509(R€ . We)‘°'34

and for nitrogen:

d
% = 0.5176(Re - We)034°

Clearly, the exponents are comparable to those predicted by the theoretical
consideration of the bubble of the order of nk. Correlated bubble sizes that were produced at
120°C and 170°C gave the exponents -0.234 and -0.223 respectively.

The mean bubble size of air and nitrogen were also correlated with the mean energy

dissipation rate in turbulent flow for power input from 4-18 W/kg.

69



For air:

90C: d,, =0.0003 - ¢ % R =0.9283,
120C: d,, = 0.0002 - & 2 R®=0.9613,
170C: d, =0.0002 - °% R®=0.9911,

For nitrogen:

90C:, d,, = 0.0003 - & ¥ R?=0.9674,
120C;, d; = 0.0002 - £ 02 R® = 0.9853,
170C:, d, =0.0002 - g 02 R®=0.9179,

Here again, as in the We correlations, the exponents are larger (closer to theoretical -
0.4) in transitional flow at 90°C, whereas they increase in turbulent region. A similar
discrepancy was observed by Hu et al. (2006), where the bubbles in water/alcohol solutions

correlated with energy to -0.25.

2.3.1.2 Effect of the particles on the 5% N, bubble size at high temperature and

pressure

2.3.1.2.1 Repeatability of the bubble size (distribution) measurements in identical

system

Initially, the repeatability of the measurements of ds; in identical three-phase systems
was analysed. Since the great majority of experiments were carried out at elevated
temperature and pressure, the 1% v/v of titania in (5% v/v) nitrogen - paraffin oil dispersion at
210°C and 10bar was tested. Such conditions produced turbulent flow (Re = 48,000). In order

to assess the degree of error for the different range of bubble sizes, different energy
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dissipation rates were applied, i.e. low and high energy dissipation rates produced large and
small bubbles respectively.

The mean bubble sizes measured in three identical experiments are showed in Table
2.12. The bubble sizes are almost identical for the same energy dissipation rates. The accuracy
of the measurements of Sauter mean diameters (dsz) proves to be very high therefore it was
not repeated for other systems. The bubble volume probability density functions (Figure 2.29)
of three identical experiments at different energy dissipation rates are fairly similar which

additionally confirms the accuracy of the technique used.

Table 2.12 ds; and standard deviations of the 5% N, 1% Titania, 210°C, 10bar system

measured in 3 different experiments

4 Wikg 9.4Wlkg 18.3 W/kg

Exp. | 120um 99um 90um
Exp. 1l 119um 98um 92um
Exp. HI 119um 100um 94um
Average ds; 119um 99um 92um
StDev 0.8um 1.2um 1.79um
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Figure 2.29 Bubble size distribution of the 5% N>, 1% Titania, 210°C, 10bar system reproduced and repeated 3 times for different energy

dissipation rates
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2.3.1.2.2 Effect of the type of particles on the bubble size in 5% nitrogen dispersion

The effect of different particles on the bubble size was investigated at the 5% v/v gas
phase fraction. As discussed in the introduction, the particles can increase or reduce the
bubble size through mostly affecting the bubbles coalescence. Studying more concentrated
dispersions is rarely investigated and may reveal the coalescence more clearly. Also, higher
solids loadings and larger gas holdups are employed in practical applications, e.g. Fischer
Tropsch synthesis employ gas holdups in SBCR in the range of 0.3 — 0.4.

The effect of the particles on the bubble sizes at high temperature (210°C) and
pressure (10bar) was investigated with 5% v/v of nitrogen in oil and typical images with and
without particle are shown in Figure 2.30. At the steady state, the bubbles produced with 4
WI/kg energy dissipation rate were spherical but at the highest energy dissipation rates

(18W/kg) the non-spherical bubbles were also observed (Figure 2.31). This observation might

indicate fast coalescence at 1% v/v gas volume fractions.

Figure 2.30 Typical images of nitrogen dispersed in a) oil and b) 1% v/v Al2I3-oil at 210°C
and 10 bar at low mean specific dissipation rate (4 W/kg) (1.85 x 1.4 mm)
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Figure 2.31 Typical images of nitrogen dispersed in a) oil and b) 1% v/v Al2I3-oil at 210°C
and 10 bar at high mean specific dissipation rate (18 W/kg) (1.85 x 1.4 mm)

160 ~
m4W/kg Re=48,000 m9.4W/kg Re=64,000 = 18.3W/kg Re=80,000
140 -

120 -

100 -

d32! um
[ee]
o

60 -

40 -

20 -

Nitrogen_No particles Nitrogen_Alumina Nitrogen_Silica Nitrogen_Titania Nitrogen_Zirconia

Figure 2.32 Sauter mean diameters of nitrogen bubbles of investigated systems at 210°C,
10bar
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Figure 2.32 shows the bubble size (5% v/v N) dispersed in oil containing 1% v/v
particles/oil at 210°C and 10bar with mean energy dissipation rates from 4 to 18 WI/kg.
Though the effect of different particles on the bubble size was below 12%, there can be
distinguished certain differences between bubbles with and without particles. At the lowest
energy dissipation rates the larger bubbles were produced when 1% v/v of N, was dispersed in
alumina/oil suspension (Figure 2.32) whereas the suspensions of silica, titania and zirconia
gave similar mean bubble sizes. With the increase of mean energy dissipation rate to 9.4
WI/kg, the trend remains the same, i.e. the bubbles in alumina suspension were larger by
approx. 10%. Surprisingly, a further increase of energy dissipation rate to 18.3W/kg led to a
reduction of bubble size in all the particles suspensions. Bubble size in oil without particles
remained similar at 9.4 and 18.3W/kg which can be ascribed to the formation of large, non-
spherical bubbles at the highest energy dissipation rate as shown in Figure 2.31a. The bubble
size distributions for the nitrogen bubbles in oil without particles shown in Figure 2.33
(volume probability density functions) indicate that at the highest energy dissipation rate
(18.3W/kg) there are larger bubbles (>200um) than at 9.4W/kg (<200um). Relatively larger

size and non-spherical shape of bubbles indicates that coalescence occurs.

0.016
0.014
0.012

L oot

;: 0.008 —o—14 W/kg

£ 0.006 —=-9.4 W/kg
0.004 18.3 W/kg
0.002

0 —E —
0 50 100 150 200 250 300

d, um

Figure 2.33 Volume probability density function of 5% v/v N2 in oil at 210°C and 10 bar
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2.3.1.2.3 Correlating the data

It is evident that the bubble size follows the mean energy dissipation rates regardless
whether it is a two or three phase system. Smaller drop formation at higher energy dissipation
rates have been reported in numerous liquid/liquid studies (Shinnar 1961; Pacek et al. 1994;
Pacek et al. 1998; Zhou et al. 1998; Zhou et al. 1998) and gas/liquid dispersion studies
(Parthasarathy et al. 1991; Parthasarathy et al. 1994; Machon et al. 1997; Hu et al. 2003; Hu
et al. 2005; Hu et al. 2006; Hu et al. 2007).

All the investigated systems were well within the turbulent region (Re > 48,000) and
the bubble sizes were higher than Komogoroffs length scale, nk (<25um). The bubble size as

a function of We and ¢ are shown in Figure 2.34 and the following correlations were obtained:

d
No particles: % =0.0077-We #¢ R? = 0.8735,
d
AlL,O3/0il: % =0.04-We 4 R? = 0.9953,
d
SiO,/oil: % =0.0265-We "*¥  R?=0.9969,
d
TiO2/oil: % =0.0119-We™#*  R2=0.9779,
d
ZrO/oil: % =0.0098-We ™ R?=0.9834,
No particles: d,, = 0.0001 - & 01 R®=0.8735,
Al,O/oil: d; =0.0002 - &% R® = 0.9953,
SiOz/oil: d; =0.0002 - g 0% R® = 0.9969,
TiO/oil: d,, =0.0003 - & R?=0.9779,
Zro,/oil: d, =0.0002 - & % R® = 0.9834,
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Figure 2.34 Bubble size as a function of a) We and b) € in 5% N2 dispersed in oil with and

without particles

In two and three phase systems the exponents are larger in correlations than theoretical
ones indicating the presence of bubble coalescence, hence the assumption on the breakage as
the only factor determining the bubble size can not be correct. Though the bubble size is well
correlated as an exponential function of the energy dissipation rates, the exponent determined

experimentally is different from theoretical one (-2/5).
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The bubble size correlated with € and We that gives theoretical exponents of -2/5 and -
3/5 were developed with the assumption that the coalescence is negligible, i.e. for the dilute
dispersions (~1%) where the collision probability is very low. Therefore, the larger than
theoretical exponents obtained indicate that at higher gas hold up (5%) the assumption of
negligible coalescence is not valid. Clearly, the correlation between energy dissipation rates
necessary to break the bubble must be corrected by the coalescence effect, which, as we have
seen previously, is significant even for diluted dispersion (1% of gas). If the gas-liquid
systems with 1% and 5% gas dispersion are compared, the exponents of We of more diluted
system (1% v/v gas) is smaller (-0.335, -0.359) than that of higher gas phase fraction (5% v/v
gas) without particles (-0.216) which indicates pronounced coalescence of the latter. This
agrees with the concept of the presence of coalescence at larger gas phase fractions.

The coalescence can be accounted for by including the volume fraction of dispersed
gas phase into correlation relating bubble size to We (Pacek et al. 1998) in the same way as it

is done for liquid/liquid systems:

%2 a(lb-gwes (2.17)

d 32 c
. _ . =a(l+b-g)We
Table 2.13 Coefficients of the bubble size correlated witheq.: D

System a B c R
N2-No particles 0.0060 7.6024 -0.2261 0.8888
N2-Alumina  0.0189  20.1563 -0.4128 0.9958
N»-Silica 0.0147 14.8598 -0.3782 0.9972
N,-Titania 0.0077  12.4498 -0.2800 0.9804
N-Zirconia ~ 0.0070 9.2163 -0.2469 0.9850
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For the ¢ =0.05 (5% gas dispersed) the parameters a, b and ¢ and R? that were fit to
the (equation (2.17)) are shown in Table 2.13. Clearly, the exponents of the We number are
again significantly different from the theoretical one (-3/5) but it can be seen that they shifted
slightly towards this value as compared to the correlation (equation (2.9)). Hu et al. (2003)
studied bubble sizes in aqueous/proteins solution with different air concentration (5-20%) and
found that the coefficients were a = 0.027, b = 3.85 and ¢ = -0.4 which is similar to the above
results. The coefficient b that is related to the degree of coalescence in the system normally
ranges from 2.5-22 for liquid/liquid dispersions (Zhou et al. 1998; Hu et al. 2003) and the
higher value, the stronger coalescence. The lowest value of coefficient b of the system with no
particles might indicate that the coalescence is stronger when the particles are present in the
system. A value of b as high as 23 was reported in the chlorobenzene/water dispersions,

whereas the exponent was ¢=-0.43 (Pacek et al. 1999).

2.3.2 Effect of steam and type of particles on the bubble size in concentrated

dispersions

The steam addition with the 5% gas holdup was impossible (see Experimental and
methodology) therefore the higher gas hold up used was (35%). In practical applications the
higher gas volume fraction is commonly used, especially in bubble columns, e.g. gas hold-ups
in the Fisher Tropsch synthesis in slurry bubble columns was in the range of 0.025-0.3
(Deckwer et al. 1980) or higher (Krishna et al. 1997; Maretto et al. 1999). Additionally, the
effect of the particles on the bubble sizes proved to be rather insignificant at 5% v/v of gas
phase which did not bring noticeable difference in the bubbles. As discussed in the
Introduction the particles can act in a similar way as a surfactant, e.g. they inhibit or prevent

coalescence of droplets or bubbles. On the other hand however, particles are used as
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antifoaming agents, and can enhance the coalescence of bubbles. Therefore, in order to
observe the effect of particles on the bubbles coalescence, higher volumes of the gas phase
should be employed, because in such conditions, i.e. high gas volume fraction, the
coalescence of bubbles becomes significant.

The combined effect of the presence of steam at different concentrations and the type
of particles on the bubble size was also investigated. Since the effect of particles on the
bubble size is expected to remain similar in mechanically agitated reactors and in bubble
columns, (trend rather than absolute values), the range of energy input in mechanically
agitated reactors was adjusted to resemble those existing in bubble columns. The mean energy

dissipation rates in bubble column is determined by the gas velocity: ¢ = g -u, (Deckwer et

al. 1980). The gas velocities are essentially different for different applications and the energy
dissipation rate ranges from 0.1 to 0.64 W/kg for the three phase bubble columns (Zhang et
al. 2008) but in Fisher Tropsch synthesis, the energy dissipation rate is within 0.26-0.6 W/kg
(Schlesinger et al. 1951) and it does not exceed 0.3 W/kg (Deckwer et al. 1980). Therefore in
the current study the investigated range of energy input was extended and the minimum
energy dissipation rate, that still enabled the dispersing of the particles and the gas phase was

employed, resulting in the range of 1-18.3 W/kg being investigated.

2.3.2.1 Bubble size models

Measurements of the bubble size were carried out in the conditions that mimic the
Fischer Tropsch synthesis, without and with 1% v/v particles (Al,Os, SiO,, TiO; and ZrO,) at
elevated temperature (170-210°C) and pressure (1-20bar). Since the presence of water in the
system is highly relevant, e.g. in Fischer Tropsch synthesis, different concentrations of steam

were used in the reactor: 100%, 10% and 5%vol.
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Typical images of bubbles taken at steady state are shown in Figure 2.36. The bubbles
were sufficiently detectable for the measurements. The mean bubble size are shown in Figure

2.37 and the typical bubble size distributions are shown in Figure 2.35.

0.025 —o—1W/kg =@=4W/kg =4=94W/kg ==>=18.3W/kg

0.02

0 50 100 150 d, um 200 250 300 350

Figure 2.35 Bubble size distribution of nitrogen dispersed in paraffin oil at 210C and 1bar

Figure 2.36 Typical images of 35% nitrogen dispersed in paraffin oil at 170°C, at 1bar at
different energy dissipation rate: a) 1W/kg, b) 4 W/kg, c) 9.4W/kg and d) 18.3W/kg (1.85 x
1.4 mm)
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Figure 2.37 Experimental data on the Sauter diameter of bubbles in 35% v/v of a) nitrogen and b) steam (+nitrogen)
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2.3.2.1.1 Effect of hydrodynamic conditions and surface/interfacial tension

Clearly, the bubble size decreases with increasing power input (Figure 2.37). The
results were lumped together in different T and P conditions and correlated with We, e.g. in
Figure 2.38 the bubbles size are correlated for nitrogen dispersed in paraffin oil without
particles. Since the systems are concentrated and the coalescence cannot be neglected, the

data were correlated using the equation (2.17) as shown on Figure 2.39.
0.003

0.0025

0.002

S 0.0015
x=f

0.001 L JHD4
0.0005 ds,/D =0.0275 We 0383 R2=0.9345
0
0 1000 2000 3000 4000 5000
We, -

Figure 2.38 Bubble size correlated with We number for 35% of nitrogen in oil at elevated
temperature and pressure (170°C - 210°C; 1-20bar)

_ b
Table 2.14 Correlations of the bubble sizes of all systems according to d;,/D =awe

System a b R
No particles 0.0324 -0.406 0.9301
Alumina 0.0476 -0.424 0.8966
e Silica 0.0179 -0.305 0.874
Titania 0.0241 -0.341 0.8157
Zirconia 0.0148 -0.291 0.9175
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Figure 2.39 Bubble size correlated with We number and gas volume fraction

Table 2.15 s Coefficients in

d,, /D =a(l+b-p)We°

for different systems

System a b c R
No particles  0.0116 26.4 -0.3798 0.9219
Alumina 0.0206 13.1 -0.3779 0.8562
= Silica 0.0086 14.3 -0.2773  0.839
Titania 0.0098 19.2 -0.309 0.8087
Zirconia 0.0082 12.97 -0.2791 0.9417
No particles ~ 0.0127 30.9 -0.4003 0.8774
E; Alumina 0.0093 17.4 -0.3121 0.8393
;<\2 Silica 0.0207 12.88 -0.3807 0.8319
g Titania 0.0097 18.8 -0.3103 0.8476
' Zirconia  0.0087 151 -0.2926 0.9357
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The exponents in correlation with We are all in the range 0.29-0.398 (Table 2.14)
whereas in the correlations that include the gas hold up they are within 0.2773-0.4003 (Table
2.15). The flow in all cases is turbulent (25,000-80,000) apart from the lowest energy
dissipation rate (1W/kg) at 170°C (16,000). Obviously, the exponents are very different form
the theoretical value (-0.6) but rather consistent with those obtained previously for the
turbulent flow with 1% v/v dispersed gas and 5% v/v dispersed in two- and three-phase
systems. Obviously, in such a concentrated dispersion, coalescence is inevitable and the
coalescence rate is considerably increased. The coalescence rate depends on the collision
frequency which substantially increases with the larger gas volume fraction (Prince et al.
1990). The bubble collision frequency is much higher and so the equilibrium bubble size is
controlled not only by breakage which ultimately leads to the higher exponents when
correlated with We. The collision efficiency, which depends on the time that the bubbles
remain in proximity during which the thin liquid film drainage occurs (Laari et al. 2005), is to

a certain approximation, independent from the gas volume fraction.

2.3.2.1.2 Effect of mean specific energy dissipation rate on equilibrium bubble size

The mean bubble sizes were correlated utilizing the mean specific energy dissipation
rate, where data for each system were combined together at different temperatures (170,
210°C) and pressures (1, 10, 20bar). The proportionality coefficients and exponents of such
combined bubbles size correlated with the energy dissipation rates are listed in Table 2.16.
The constant a directly follows the sizes of bubbles, in that the larger parameter is related to
larger observed bubbles, e.g. bubbles in alumina/nitrogen suspension are larger than bubbles
in nitrogen (compare Figure 2.37a and Table 2.16). The exponents from the correlations are in

a range of -0.196 to -0.285. Again, these numbers are much higher than the theoretical one (-
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0.4) but consistent with the results obtained for diluted gas nitrogen dispersion in paraffin

oil/particles suspension (-0.144 to -0.28).

Table 2.16 Correlations of the bubble sizes of all systems with € according to ds = as’
System a b R2
pa:igles 181 -0.278 0.92
Alumina 233 -0.285 0.9077

2 silica 189 0204  0.8804
Titania 202 -0.229 0.8309
Zirconia 170 -0.196 0.9269

_ pa:izles 183 -0.265 0.9149

S Aumina 179 0229 0.8604

S Silica 225 -0.271 0.9331

8 Titania 195 0224 08401
Zirconia 178 -0.208 0.9351

_ b
Table 2.17 Bubbles sizes correlated with mean energy dissipation rate dy, =ae

The exponents (b) of the bubbles correlated with energy dissipation rates (1-18.3 W/kg)

170°C, 1bar 210°C, 1bar 210°C, 10bar 210°C, 20bar
(\P) -0.317 -0.288 -0.261 -0.218
Steam -0.32 -0.31 -0.219 -0.209
Al,0O3/ N3 -0.335 -0.294 -0.26 -0.251
Al,O3 /steam -0.282 -0.253 -0.22 -0.161
SiO2 / N3 -0.23 -0.231 -0.192 -0.164
SiO; /steam -0.336 -0.29 -0.235 -0.222
TiO2 / N3 -0.298 -0.263 -0.225 -0.131
TiO, /steam -0.312 -0.244 -0.188 -0.152
ZrO; / Ny -0.258 -0.187 -0.167 -0.17
ZrO, /steam -0.236 -0.232 -0.207 -0.155
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Figure 2.40 Sauter mean diameter of nitrogen bubbles correlated with energy dissipation
rates in different T and P (constant proportionality coefficient, a, exponent according to Table
2.17)

The data were also correlated with energy dissipation for all investigated conditions as
shown in Table 2.17. The exponent (b) in the bubbles correlations for the energy dissipation
rate (Table 2.17) clearly increase when the temperature increases (170->210°C) and
subsequently when the pressure increases (1->10->20bar). Therefore the energy dissipation
rates had larger effect on the bubble sizes at lower temperature and lower pressure, than at
higher temperature and pressure, i.e. the bubbles size reduction was more pronounced in less
severe conditions (Figure 2.40). The character of flow at 170°C and 1bar changes from the
transitional to turbulent (Re 16,000 -> 41,000) which is the reason for the larger exponents at
those conditions, i.e. bubble size reduction with energy dissipation rate. Such a flow regime is
similar to all investigated systems which explain the larger exponents in the correlations at
lower temperature and pressure. Whereas at higher temperature and pressure the Re number is

larger than 30,000, therefore the flow is turbulent.
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2.3.2.2 Bubble size — qualitative approach

In order to determine the effect of different particles on the bubble size, qualitative
rather than a quantitative approach was employed. The results show that the bubble size
depends not only on the energy dissipation rate but also of the type of the particles used and
the gas composition. It is worth to note that the bubbles produced with 4W/kg power input are
of the same size as those produced with only 1W/kg power input. For instance, nitrogen
bubbles in AlLOs/oil at e=4W/kg are of similar size as bubbles at e=1Wr/kg in oil and in
SiO/oil and ZrO,/oil (Figure 2.37). Steam bubbles were also found to be of similar size even
though energy dissipation rates were four times higher. For instance, steam bubbles in
SiOy/oil at e=4W/kg are of similar size as steam bubbles in Al,Os/oil and ZrOy/oil at only
e=1WI/kg. Clearly, the energy dissipation rates can be significantly reduced (e.g. from 4 to
1W/kg, energy saving) and the same bubble size can be obtained by simple addition of a
particular particle type. As the continuous phase properties remain the same at given T and P
with the same particles concentration, the bubble size must result from the effect of the type
of particles and/or the gas composition on the bubble size.

The effect of different particles on the bubble size in this section is analysed
qualitatively, via their effect on the bubbles coalescence rate. At the highest energy
dissipation rates, there is an insignificant effect of operating conditions and the type of
particles and gas type (Figure 2.41 and Figure 2.42). However, at the most severe conditions,
i.e. 210°C and 20bar, the bubbles have a noticeably larger size than in all other investigated
systems. A similar trend was observed for most of the systems at 9.4W/kg and for some
systems at 4W/kg, i.e. the bubbles tend to be larger at 20 bar and 210°C than at lower
pressure/temperature. The reason could be due to the condensation of steam and presence of

water as either droplets or as a layer in the gas-liquid interface. In the Experimental and
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methodology section it was shown however that the steam bubbles were present rather than
water droplets since the bubbles were going up. But if the condensation occurs and the water
remains at the interface, the increase of interfacial tension which occurs should lead to an
increase of bubble size. Such effect however was not observed with the lowest energy
dissipation rates. Therefore, it can reasonably be concluded that this is not the most likely of

reasons.

' 7 A

Figure 2.41 Nitrogen bubbles in a) oil, b) SiO2/oil, c) TiO2/oil and d) ZrO2/oil with the

18.3W/kg power input at 170°C and 1bar (1.85 x 1.4 mm)
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Figure 2.42 Sauter mean diameter of investigated systems at the highest energy dissipation
rates (18.3W/kg)

The largest differences in the bubble size of investigated systems at different
conditions can be observed when the lowest mixing intensity is applied (Figure 2.43 and
Figure 2.44) and these data seem to be the most interesting from the industrial point of view,

where usually lower power inputs are used in the slurry bubble columns.
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Figure 2.43 Bubbles at 1 W/kg energy input, 210°C and 1bar in a) N2/ Al203/oil, b) Steam/

Al203/oil Si02, ¢) N2/ SiO2/oil and d) Steam/ SiO2/oil (1.85 x 1.4 mm)
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Figure 2.44 Bubble sizes of investigated systems at 1 W/kg energy dissipation rate

It appears that in gas-liquid system, without particles, the presence of steam strongly
affects the bubble size at low pressure (1 bar). Clearly, in pure nitrogen and pure steam
results, the steam bubbles are larger. However, in presence of the nitrogen in the steam (10

and 20bar), the bubble size becomes similar as those made of nitrogen only.
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Bubble sizes are different for different particles regardless of the type of gas, for
instance, bubbles in suspension of zirconia are always the smallest. Also, there is a combined
effect of the type of particles and the composition of gas on the bubble sizes. Alumina
particles increase the nitrogen bubbles but reduce the size of steam bubbles as compared to
the bubbles observed in the system without particles. Silica particles do not affect nitrogen
bubbles but only slightly increase the size of steam bubbles as compared to Nj/oil and
steam/oil bubbles. Also titania particles increase the size of nitrogen bubbles and only slightly
affect the steam bubbles. The particles seem to be strongly affecting bubble size, since at the
same T, P and gas composition, the bubble size is measurably different. Elimination of the
possible factors allows establishing what actually influence the bubble size, bringing
understanding but it also offers the possibility of bubble size control by adjusting the particles
properties like size, wettability etc.

Using such approach for the qualitative analysis, first, the effect of liquid/slurry
properties on the bubble size will be considered in terms of the effect of operating conditions.

Subsequently, the presence of particles on the liquid properties will be considered.

2.3.2.2.1 Effect of operating conditions on the liquid properties

The bubble sizes slightly decrease with increasing temperature and pressure. It is well
known that as temperature increases density and surface tension decrease linearly and
viscosity decreases according to Arrhenius equation. Elevated pressure however does not
affect liquid density and viscosity and although there are some studies on the effect of
pressure on the surface tension, in general it can be assumed that the surface tension does not

change significantly (Poling et al. 2001).
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The values of viscosity, density and surface tension at elevated temperature can be
found in Chapter 2. The viscosity of oil at 170°C to 210°C is 0.177 Pas and 0.0885 Pa's
respectively, so decreases by 100% with the temperature increase of 40°C (Table 2.6). With
such a temperature increase, the paraffin oil density decreases by only 3.5% (piu7o'c) = 775.5
kg/m®, piiocy = 749.5 kg/m®). Similarly, with the temperature increase from 170°C to 210°C,
the surface tension of paraffin oil decreases by 12% (y@7o-c) = 22.21 mN/m, y(o10ec) = 19.81
mN/m).

As showed in the Introduction, the bubble size change with the temperature (Table
2.1) which is a combined effect of viscosity, density and surface tension. Decrease of
viscosity increases the turbulence in the reactor, therefore the energy of eddies and bubble
breakage intensifies which leads to the smaller bubble size (Schéfer et al. 2002). The
disruptive forces in the turbulent flow depend on the density, according to T~ p-
((€) - dppax)??, therefore the larger density, the larger the disruptive forces and improved
bubble breakage. Also, the cohesive forces are reduced when the surface tension of liquid is
reduced.

Pressure increase leads to an increase in gas density which causes larger inertia of the
bubbles. It has been postulated that larger inertia of the gas in the fluctuating bubble causes
increased bubble breakage (Sagert et al. 1977; Wilkinson et al. 1994; Behkish et al. 2007).
Increasing pressure from 1 bar up to 10 and 20 bar causes an increase of gas density 10 and 20
times (Table 2.7) so this might explain the smaller bubbles at higher pressure but does not
explain the differences in the bubbles made of nitrogen and steam in paraffin oil (Figure

2.44).
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2.3.2.2.2 The effect of particles on the properties of the liquid phase

The presence of nitrogen in alumina and titania in oil results in larger bubbles. The
presence of particles in the liquid leads to the increase of viscosity and density and
consequently reduces breakage of the bubbles due to reduction of disruptive forces.
Viscosities of 1% v/v particles suspended in oil (Experimental and methodology) changes
insignificantly. The measured alumina/oil viscosity increased by 3%, silica by 1.7%, titania
by 2.2% and zirconia by 3.1% as compared to the pure paraffin oil. Such an insignificant
viscosity increase for 1% v/v particles also agrees with the literature correlations, and for all

investigated systems, there is only 1.5% viscosity increase according to
1y = [L+ 2,56 +10¢% +0.0027316.6¢)| or u, =, expl(5/3)p/1-¢)] (Thomas 1965,

Barnea at al. 1973).

The density of particles/oil suspension, calculated from

p=Pp+ D5 ps

also show insignificant changes (<1%) with 1% v/v particles.

Therefore the combined effect of the density and viscosity increase does not explain
different bubble size in presence of different particles. For example, zirconia and silica
particles do not affect the nitrogen bubble. Additionally, the viscosity and density of the
‘slurry’ where 1% v/v particles were suspended in oil with any chosen particles remains the
same.

Surface tension measurements of micron-sized particles in oil did not reveal
differences. Suspended particles sedimented in the beaker before the measurement with the
Wilhelm plate could be performed. However, the particles can affect the properties of the gas-
liquid interface, and the results on the bubble size measurements show a clear effect of the

varying gas composition, i.e. nitrogen bubbles are significantly larger in alumina/oil than
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steam ones and silica has the reversed effect, i.e. steam bubbles are larger than nitrogen ones
(Figure 2.44). 1t also appears, that at intense turbulence (Re > 40,000), the bubbles remain
similar for each type of particles (Figure 2.37). Apparently, particles tend to affect the
interface at lower energy dissipation rates, as they might remain in the gas-liquid interface.
Nevertheless, the bulk properties of the continuous phase are unaffected by the presence of

solids which is in according with the published conclusions.

2.3.2.2.3 Combined effect of gas composition and type of particles on the bubble size

2.3.2.2.3.1 Gas phase

It appears that steam in the gas phase is a main reason for the significant difference in
the bubble size in paraffin oil without particles (Figure 2.45). The insignificant change of the
gas density does not explain the larger steam bubbles (Table 2.7). Therefore the effect of
paraffin oil-air and oil-steam surface tension was considered in details on the bubble size in

system without solids.

Figure 2.45 Nitrogen (a) and steam (b) dispersed in oil at 210C and 1bar (1.85 x 1.4 mm)

Measured oil-steam surface tension was much higher than the surface tension of oil-air

(see Experimental and methodology), which were 31mN/m and 40 mN/m respectively. When
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water replaces the air contacting the oil, the oil surface energy increases. This was confirmed
by measurements of the oil-water interfacial tension (46mN/m,

Figure 2.18). This is caused by the nature of these liquids, i.e. water is polar (high
dielectric constant) and oil non-polar (low dielectric constant). Polar liquid interacts through
dispersive and polar forces; water surface tension divides into the dispersive part
(20£2mN/m) and polar part (53mN/m) (Israelachvili 2011). Non-polar oil molecules interact
with each other or with other molecules only through dispersive forces and yo=y," (31mN/m)
and hence with water interact only through dispersive forces. The water-paraffin oil interfacial
tension can be calculated from the Dupré equation where the work of adhesion describes oil-

water interactions through dispersive forces:

VOW:VO+VW_VVOW:VO+VW_2,’V(;1V\5

Though calculated interfacial tension is larger (~53mN/m) than the measured one, the values
clearly show that the surface/interfacial tension of oil increases when the air is replaced by
water, i.e. with steam, the interfacial tension increases.

The above considerations agree with the results obtained for gas-liquid system, where
nitrogen bubbles are smaller than those made of steam. The cohesive forces increase and the
breakage is lower. Also, once the pressure of oil-steam is increased (up to 10, 20 bar) and the
concentration of steam is significantly reduced (up to 10, 5%) the bubble sizes are comparable

with the bubbles made of nitrogen only.
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2.3.2.2.3.2 Particles at the nitrogen-oil and steam-oil interface

The effect of particles on the gas bubbles changes considerably when the nitrogen is
replaced by steam and the most pronounced differences are observed with alumina and silica
particles. Though different studies argue whether bubble behaviour is altered by particles due
to bubble coalescence suppression (as in emulsions) or enhancement (e.g. antifoaming
behaviour), the attachment of the particles to the interface is inevitable for both mechanisms
(Pickering 1907; Frye et al. 1989; Garrett 1993; Binks 2002; Binks et al. 2005). The results
(Figure 2.37) suggest that nitrogen bubbles dispersed in the oil are affected by the particles
that enhance coalescence, which is the case when alumina and titania particles are used.
However, with the steam dispersed in oil, alumina and zirconia suppress bubbles coalescence
but silica slightly increases the coalescence rate. If the particles presence in the gas-liquid
interface is the key parameter, it can be concluded that alumina and titania are present in the
nitrogen/liquid interface and silica and zirconia are not. It appears however that all particles
are present in steam-oil interface but influence the bubbles coalescence differently, i.e.
alumina and zirconia significantly reduce coalescence rate and to lower extent titania but
silica enhances steam bubbles coalescence.

The coalescence inhibition, as a result of steric repulsion of the bubbles caused by the
particles sitting at the interface (Pickering stabilisation) requires high coverage of bubbles by
particles. In general, the higher the surface coverage, the better the Pickering stabilisation of
the emulsions since the physical barrier is formed (Boode et al. 1993).

The extent of coverage of bubble by particles is important and can be accounted for by
the concentration of particles used and the bubble sizes for each system. The maximum
coverage that can be obtained is 78.54%, assuming that particles on the bubble surface are

touching each other tightly, creating gaps in between the uncovered bubble surface area. The
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coverage of bubbles in oil can be calculated from the number of particles of given surface

area that occupy the total gas-liquid interfacial area (Boode et al. 1993):

Ap-n
A;

p

Coverage =

where the surface area of cross section of single particle A, = m - d} /4, number of particles

ny, =V, t0e/V, and total surface area of dispersed gas A; = 6 V,,5/d;,. The volume of single

14
particles 1, = w - d;/6 and the diameters of particles and bubbles are assumed to be equal
Sauter mean diameters.

The coverage was calculated for the smallest and the highest energy dissipation rates
with nitrogen and steam as dispersed gas. The coverage model enables an estimate of the
maximum coverage that can be obtained with the amount of particles used and at the highest
mixing intensity, the total gas is entrapped in the liquid therefore the coverage’s are reliable.
Assuming that the maximum coverage obtainable by tightly sticking particles to each other
(78.54% as above) is equal to 100%, the coverage at 170°C and 1 bar is summarized in Table
2.18, where the example of calculated coverage is displayed for alumina particles (up to

scale).

Table 2.18 The coverage of bubble with varying energy dissipation rate at 170°C, 1bar and

the coverage by alumina up to scale

36% Nitrogen 36% 36%
1 W/kg Nitrogen Steam
18.3W/kg  1WI/kg

A/AIZ} 12.2% 4.6% 10.1%

Si02 12.4% 6.5% 15.8%
TiO2 89.9% 38.8% 87.7%
Zr02 5.9% 2.7% 6.0%
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The coverage increases for increasing bubble size since the interfacial area decreases
and the same number of particles are used. At the highest power input (18.3 W/kg) the
coverage is the highest for the titania particles since is the smallest particle (compare ds; and
SEM). The coverage by the silica, alumina and zirconia are rather similar at the highest power
input and this corresponds to the reversed proportionality of the particles diameter, i.e. largest
zirconia forms the lowest coverage. The coverage obviously increases for the lower power
input (1 W/kg) but the trend remains the same, i.e. the highest coverage found for titania and
the lowest for zirconia. The example of coverage of the nitrogen bubble by alumina particles
up to scale (Table 2.18) clearly shows that the alumina, silica and zirconia dispersion on the
bubble surface is scarce assuming the total gas is entrapped in the liquid. As zirconia can form
always the lowest coverage, caused by the large size, the effect on the bubble size is expected
to be the lowest. In case of titania particles however the coverage is the highest due to the

small particles size.

Such a simplistic model of bubble coverage can resolve the differences in the use of
different particles on the bubble size. The coverage with the highest mixing intensity can
explain why there is a small difference in bubble size when different particles are used, i.e. the
maximum coverage by all the particles is the lowest, therefore their effect is less pronounced.
Also, at such high energy dissipation rates, the time of bubbles remaining in close proximity
might not be long enough to allow drainage of the liquid film between the bubbles and
coalescence might not occur.

Nitrogen bubbles are unaffected by the zirconia particles (Figure 2.37). Zirconia
particles creates the lowest coverage and are not able to form a dense cap around the nitrogen

bubble, therefore stabilisation of bubble against the coalescence is inefficient. The lack of
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influence of the zirconia on the nitrogen bubbles suggests that the particles have high affinity
to the oil phase, i.e. are suspended in the liquid and remain absent at the bubble surface.
Though the coverage of steam bubbles is similar, the steam bubble (Figure 2.37) are affected,
i.e. the size decreases as compared to the steam-oil system without particles. This indicates
interactions between zirconia particles and the steam-oil interface in a way that they suppress
bubbles coalescence, although the steric repulsion of steam bubbles by the particles adsorbed
at the interface is rather unlikely due to the low coverage (Table 2.18).

The results show that titania particles affect the bubbles differently: nitrogen bubble
size is increased whereas steam bubble size is slightly decreased as compared to the system
without particles (Figure 2.37). Titania particles are able to form dense coverage on nitrogen
and steam bubbles (Table 2.18). It appears that in the case of nitrogen, the bridging
mechanism occurs whereas with steam, bubbles coalescence seems to be suppressed by
Pickering stabilisation. In the case of bubbles made of nitrogen, particles might have higher
affinity to the air, i.e. are better wetted by an air than paraffin oil and particles remaining at
the interface tend to be pushed into the bubble, drying out the oil film between bubbles. On
the other hand, when bubbles are made of steam and with such high coverage (more than
100%) titania particles might remain strongly adsorbed at the interface without preference as
for the steam or paraffin oil, effectively suppressing the coalescence rate through Pickering
stabilisation.

Silica particles revealed no effect on nitrogen bubble size and only slightly increased
steam bubble size. The coverage that particles are able to form on the steam bubbles is almost
as twice as much as for steam bubbles, so the effect of particles on the bubbles is expected to

be more pronounced with steam bubbles. However, comparable bubble sizes with the systems
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without particles suggest lack of silica activity at the interface, i.e. particles tend to remain in
the bulk of one phase.

Alumina particles tend to increase the nitrogen bubble size in the reactor whereas
significantly decrease steam bubble size (at 170°C). Apparently, the bridging effect is
responsible for the larger nitrogen bubbles where the thin liquid film between two
approaching bubbles is drained more efficiently. Steam bubbles coalescence inhibition is

present only at lower temperatures and the bubbles are enlarged at higher temperatures.

2.4 Conclusions

Differences in the bubble sizes were significantly different between different systems
at low energy dissipation rates, i.e. in a range of crucial energies in the industrial slurry bubble
columns. At high energy dissipation rates the differences between bubble sizes in different
systems were insignificant what implies that at high energy dissipation rates the type of gas
and /or particles does not affect interfacial area. Bubble sizes correlated with We gave higher
exponents than theoretical ones for all investigated systems. The obtained exponents in
systems with and without particles with different gas phase volume fractions were as follows:

1% v/v ~ -0.35; 25,000 < Re < 41,000 and ~ -0.52; 4,000 < Re < 7,000

5% v/v -0.22 to -42; 48,000 < Re < 80,000

35% v/v -0.29 to -0.425; 16,000 < Re < 80,000
Similarly, diluted as well as highly concentrated gas dispersions in oil with and without
particles gave exponents of & within the range of -0.145 to -0.28 regardless of the gas volume
fraction. This indicates that bubble breakage is not the only process determining the bubble

size but also strong coalescence occurs.
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There can be two reasons for such differences of the empirical and theoretical powers

discrepancies. Firstly, at high energy dissipation rate, the amount of gas dispersed in liquid

from the head space increases which lead to a) decrease of power input, therefore less

efficient breakage and b) increased coalescence rate caused by larger volume fraction of

dispersed gas. Secondly, there might be an error in the measurements of the bubble size with

the Mastersizer, i.e. small bubbles (< 20um) might remain undetected, therefore the

equilibrium size shifted towards larger bubbles.

Lun

Bubble size

Correlations/theory with We and ¢ does not explain (Figure 2.46):

Larger bubbles when steam is present in the system

Different effect of catalyst supports on the bubble size
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Figure 2.46 Nitrogen and steam bubble size (35%v/v) in oil at elevated temperature and

pressure with and without catalyst
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The effect of temperature on the bubbles sizes was significant in diluted dispersions
where the temperature changed from 90->170°C at low energy dissipation rates. In the same
systems however, the effect of temperature was insignificant at higher energy dissipation
rates. With the high volume fraction the temperature change from 170 to 210°C show no
difference in the bubble size. In highly concentrated systems, the effect of elevated pressure
was significant when the gas phase consisted of steam. In such cases, the increase of pressure,

i.e. decrease of steam concentration, led to decrease of bubble size.

Presence of steam might lead to significant mass transfer reduction and simulation of
the FTS with dry gas is likely to bring wrong conclusions. Bubbles made of steam were
significantly larger than those made of nitrogen (Figure 2.46) which is a direct result of
increased interfacial tension between steam and oil as compared to air-oil surface tension, i.e.
cohesive forces in steam bubbles are larger, i.e. less effective bubble breakage. Diluted

systems showed no difference in the bubble size when air and nitrogen were compared.

Bubble sizes are different with different particles which in turn strongly depend on the
type of gas used (Figure 2.47). At low gas volume fraction (1-5%) the effect of particles on
the bubble size is unimportant whereas more significant differences are observed at a) high
gas volume fractions (35%) and b) low energy dissipation rates that imitate the bubble
columns conditions (Figure 2.46). The density and viscosity of paraffin oil were unaffected by
the presence of particles, therefore the observed effect on bubbles is due to the particles
activity at the gas-liquid interface.

Clearly, the particles affect the bubble behaviour, i.e. in the non-polar gas/ non-polar
liquid the increase of bubbles occurs whereas in the polar gas/ non-polar liquid the reduction

of bubbles was observed (Table 2.19). Presence of alumina and titania tend to increase
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nitrogen bubbles whereas alumina and zirconia decreased the bubbles made of steam. Also,
steam bubbles were slightly increased by silica particles and marginally decreased by titania.
Though silica and alumina have similar size, there is clear difference between the bubbles
made of either nitrogen of steam. It can be concluded that the surface properties of these

particles are responsible for the observed bubbles size differences.

Summary of results on the bubble size in oil at 170-210°C, 1bar

Nitrogen Steam Inhibits coalescence
(Pickering stabilisation)
Enhance coalescence A
(bridging mechanism) - A \
Bubble -
size _ p

N, Silica or
Zirconia

Steam /[ Alumina L e
Titania  Silica

Figure 2.47 Effect of the catalyst particles on the bubble size (35% v/v dispersion)

Table 2.19 Effect of particles on the bubble size in 35% dispersion

Gas type Alumina Silica Titania Zirconia
Non-polar (nitrogen) T = T =
Polar (steam) N 2 N d

= does not affect, T increases, | decreases, 7 slightly increases, N slightly decreases
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Chapter 3

3 Contact angle measurements
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Three phase interactions were investigated measuring the contact angle between
particles and paraffin oil and water. Series of experiments were undertaken and initially
carried out with the investigated porous particles. Experiments revealed several issues and the
results were published in Powder Technology (see Appendix). It was found that different
techniques produced variables contact angles and the porous particles. Therefore to identify
the best technique for the measurements of contact angle between particles and water and
paraffin oil, the non-porous particles with varying degree of hydrophobicity were tested and
the findings were submitted for publication in Powder Technology (see Appendix).

Three phase contact angles do not fully describe the interactions between paraffin oil —
catalyst particles — gas bubble. The complete spreading of oil over silica, zirconia and alumina
particles (contact angle close to 0) makes differentiation between particles very difficult, and
indicate that none are lyophobic therefore none of these particles tend to remain at the gas-
liquid interface. Contact angle measured at room temperature however can be misleading
when elevated temperature is considered, e.g. in the reaction conditions, since it is known that
the surface tension/energy is a function of temperature. The wettability of particles is also
affected.

The aim of the next chapters, Chapter 4 and 5, was to investigate and assess the
particles attachment to fluid/liquid interface. In the first approach, the ability of particles to
spontaneously attach to the gas bubble in paraffin oil was determined using the variables of
equilibrium thermodynamics, based on the experimentally obtained surface energy of
particles. In the second approach, the set of experiments that aimed to visualise the presence

of particles at the fluid-fluid interface were carried out.
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The following, alternative methods for the particles wettability and attachment at the
interface were investigated:
(i) Surface energy of catalyst particles
The total surface energy is a sum of dispersive and polar components. The dispersive
component of surface free energy of catalyst particles (Al,O3, SiO, and ZrO;) was measured
experimentally using inverse gas chromatography. The tendency of the particles to attach to
bubble suspended in non-polar paraffin oil was subsequently determined based on the gain of
the minimum energy in three phase system (thermodynamical approach).
(i) Particles at fluid/liquid interface
Set of experiments aimed at imagining/visualisation of the catalyst particles at the interface
were carried out. The particles attachment to air bubble suspended in water and in oil was
investigated. Subsequently the particles adsorption at the water-oil interface was investigated
by formation of the droplet of water in paraffin oil and by formation of the droplet of paraffin
oil in water. Finally, the ability of particles to stabilise the oil-water emulsion by adsorption at

the interface was investigated.
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Chapter 4

4 Surface energy of catalyst particles
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4.1 Surface energy of catalyst particles

Three phase contact angles do not fully describe the interactions between paraffin oil —
catalyst particles — gas bubble (Chapter 3, see Appendix). The complete spreading of oil over
silica, zirconia and alumina particles (contact angle close to 0) makes differentiation between
particles very difficult, and indicate that none are lyophobic therefore none of these particles
tend to remain at the gas-liquid interface. Contact angle measured at room temperature
however can be misleading when elevated temperature is considered, e.g. in the reaction
conditions, since it is known that the surface tension/energy is a function of temperature. The
wettability of particles is also affected. Knowledge of the particles surface energy allows
calculations of the strength of the interactions between liquid and solid, which ultimately
enables establishing the particle position with respect to the gas-liquid interface even at
elevated temperature.

The strength of interaction between solid and liquid is directly related to the surface
energy of the solid and the surface tension of the liquid, commonly expressed as work of

adhesion (Israelachvili 2011):

W =71 +7s =74 (4.1)

This means that the higher the energy of adhesion the stronger the bonding between the liquid
and the solid surface, e.g. excellent spreading of liquid on the solid surface. Similarly, the

work of cohesion represents the strength of bonding of similar material, and for liquid:

W, =27, (4.2)

C
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In the case of partial wetting, where the three phase contact angle is formed, the work of

adhesion can be estimated from Young and Dupree equation (Berg 1993):

W4, =7 (1+c0s6) (4.3)

a

In general, the high energy solids are well wetted by liquids and the lower the surface
tension of the liquid the better wetting. On the other hand, the lower the surface energy of
solid, the weaker bonding ability and larger contact angles are formed. For example non-polar
PTFE tape (surface energy approx. 18 mJ/m? (Cosgrove 2005)) forms large contact angle with
water (150°) and relatively high with low surface tension non-polar liquids (e.g. with n-octane
40°). When the liquid surface tension is significantly lower than the solid surface energy
(such as MgO 1,200 mJ/m? and decane 24 mN/m) liquid completely wets solid surface
(Cosgrove 2005).

The relative significance of the relation between surface energy of a solid and the
surface tension with a liquid on the wettability is shown in Figure 4.1. Presented differences
in wettability result from the balance between the force of adhesion (solid-liquid) and
cohesion (liquid-liquid). Larger or comparable adhesive to cohesive forces (Figure 4.1a) cause
complete spreading of liquid over the solid surface whereas adhesion forces significantly

lower than cohesion results in non-wetting (Figure 4.1c) (Cosgrove 2005).

a) Y solid >> 7quuid Wadh ZWcoh

b) Vsotid = Vliquid _Qi W, =W,

coh
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Ysotid << Yliquid Q W, =0

Figure 4.1 The effect of magnitude of surface energy/tension of solid and liquid on the

c)

wettability

Wettability, determined by the magnitude of the solid surface energy and liquid
tension has a direct impact on the ability of solid particles to stick to the bubble (in liquid).
The particle to bubble attachment involves three interfaces solid-gas, solid-liquid and liquid-
gas. The change in Gibbs energy of the initially suspended particle in liquid that is attached to

the gas bubble and remains there is given by (Norde 2003):

AG = Vs _(}/sl +7 ) (44)

The attachment is favourable/spontaneous for the negative changes of Gibbs energy (AG<0);
the larger negative value, the stronger attachment occurs (per unit interfacial area). Such
reduction of the three phase system energy is driven by the reduction of the solid surface free
energy, where the solid contacting gas is replaced with liquid that strongly interacts with solid

surface. Equation (4.4) combined with the Young-Dupree equation yields:
AG =7y, (cosf-1) (4.5)

It is therefore clear that energetically favourable particle to bubble attachment occurs when
the contact angle is larger than 0 (0 > 0°) and ©6>20° is considered as criteria for efficient

attachment (Norde 2003). Therefore the knowledge of the surface energy of particles and the
interfacial energy enables prediction of the three phase contact angle and the particles position

in respect to the gas-liquid interface.

112



The interactions between liquid molecules and solid surfaces have the following

molecular sources (Grajek et al. 2010; Israelachvili 2011):

e non-polar forces where the molecules are attracted by the dispersive (London) forces.
Typical groups are hydrocarbons -CrHzm:1 and silicones, where the electrons are not
preferentially localized, therefore there is lack of molecule permanent polarization.

e polar forces where polarity is caused by the presence of electronegative atoms and
uneven sharing/distribution of the electrons within a bond, hence formation of the
partial charge pole. This type of interactions includes the hydrogen bonding, acceptor-
donor (Lewis acid-base), m-bonds and any other electrostatic forces; the example of
such groups that are responsible for the polar nature of interactions are: -OH, -NH;, -

COOH, -0OS03H, -NHj3", -COO",

The sum of these fundamental polar and non-polar forces gives the total magnitude of
solid-liquid interactions (Fowkes 1987). The dispersive forces are involved whenever two
different surfaces (e.g. solid-liquid) are in contact whereas the polar forces are only present
when both, contacting liquid and solid, contain the polar components. If one of the materials
(solid or liquid) is non-polar, the interactions are only due to the dispersive forces. For
instance, the hydrophilic nature of a metal oxide surface is dictated by the presence of polar
groups (usually -OH) which are able to form hydrogen bonds with water and once those are
not present or accessible for water, the surface reveals hydrophobic nature (PerSin et al.
2004).

The forces that are involved in the solid — liquid (both polar) interactions yield the

dispersive and polar components of the interfacial energy (Fowkes 1962; Fowkes 1964):

1/2

Ya=n+Vs— Z(J/Sd 7 )1/2 - 2()/55‘) -}/,s”) (4.6)
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and for the non-polar liquid, the solid-liquid interfacial energy depends on the surface

tension/energy and dispersive components only (Fowkes 1962):

1/2
va=n+r=2(r 1) 4.7)

Interactions between catalyst supports and paraffin oil are only due to dispersive
forces (always present) as the paraffin oil is a non polar liquid. Therefore knowledge of the
dispersive component of the particle surface energy enables calculation of the strength of the
adhesion between paraffin oil and particles from equations (4.1) and (4.7). Subsequently the
contact angle can be calculated from equation (4.3) which in turn allows prediction if the
particles to bubble attachment in paraffin oil would be favourable in the reaction temperature
(e.g. Fischer Tropsch synthesis ~210°C) based on Gibbs energy of the three phase system

determined from equation (4.5).

4.1.1 Determination of the solid surface energy

The surface energy of solids is usually unknown and the values cannot be tabularised
like surface tensions of liquids because it strongly dependents on the solid surface treatments
or the way particles are produced and for the same material can be very different. Amongst
the indirect methods for the surface energy measurements of flat solid, the contact angle
measurements with selected liquids are the most common. As it was shown in Chapter 3, the
measurements of the porous particles contact angle are difficult and for the porous particles,
the inverse gas chromatography recently been used for the characterisation of

thermodynamical properties of particles (Das et al. 2010; Ho et al. 2010; Shi et al. 2011).
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4.1.2 Surface energy form the contact angle measurements

This approach can be only used when the liquid does not wet the solid entirely, and
the contact angle is formed, i.e. for solids with relatively low surface energies (Schultz et al.
1977). Basically, two components of surface energy of solid can be measured separately, the
dispersive part and the polar part, depending on the nature of selected liquids (polar, non-
polar).

Measurements of contact angles with non-polar liquids of different surface tensions
lead to the calculation of the dispersive component of solid surface energy commonly known
as Zisman’s critical surface tension (Shafrin et al. 1967). Zisman’s approach is particularly
useful for the polymers surface energy calculations since their dispersive part is often equal
the total surface energy (no polar groups on the surface). Based on the contact angle
measurements with non polar liquids of different surface tensions, the experimental values are
plotted against surface tensions of liquids as a straight line. This line is extrapolated to a zero
contact angles (cos6=1) and such obtained from the cross-section value of surface energy is
assumed to be equal to dispersive component of surface energy (Zenkiewicz 2007).

Measured contact angles with polar and non-polar liquids of known surface tensions
are used to calculate both, dispersive and polar components of solid surface energy (Fowkes
et al. 1978; Van Oss et al. 1988). Young equation together with Dupree and the Owens-

Wendt-Rabel-Kaeble approximation can be rearrange to (PerSin et al. 2004):

1/2

7 (1+COS¢9)=2(;/Sd -y,d)l/2+2(yss’)~y,5p) (4.8)

So, from measured contact angles with non-polar liquids, where only dispersive forces affect

the interactions, the dispersive component of solid surface energy can be obtained:
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v, =7 =1/4-y,(1+c0s0)’ (4.9)

Subsequently, (for the non-polar solid) the contact angles with polar liquids give the polar

(polar) component of solid surface free energy:

2

7, =(1/ 27, (1+c0s0)—(y." -9 )ﬂz) 1y, (4.10)

The sum of the respective, polar and non-polar component gives the total value of surface free
energy.

It has to be stressed, that surface free energy of solids obtained from the contact angle
measurements gives the values of energy in the presence of vapour and strongly depends on
vapour composition and pressure. The difference between absolute surface free energy of
solid and the measured in presence of vapour is called surface pressure (ysv = ys - zsl) (van
Oss et al. 1998) and this reduction is caused by the adsorption of the liquid molecules from
the solid-vapour interface. It is important to notice that the high energy solid surfaces are
easily contaminated in the air environment, reducing the surface energy drastically, e.g. in
case of mica from thousands of mJ/m2 measured in ultrahigh vacuum to about 500 mJ/m2 in

air.

4.1.3 Inverse gas chromatography (IGC)

This method is virtually the opposite of the traditional gas chromatography, since here
the known liquid probes are injected into a column filled with investigate solid particles. The
strength of adsorbate (liquid) — adsorbent (solid) interactions reveals as a retention time of
liquid vapour in the column. Using IGC, physical properties, such as adsorption isotherms,

heats of adsorption, solubility coefficients, free energy of adsorption, surface free energy,
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polar and dispersive components can be determined (Diaz et al. 2004). IGC is commonly used
to assess thermodynamical properties in pharmaceutical industry (Grimsey et al. 2002),
coatings (Hegedus et al. 1993) and also of composite particles (York et al. 1998).

In this method, the chromatographic column is packed with investigated solid. The
liquid vapour (probe) is than passed through the column, carried by the inert gas. In order to
avoid the adsorbate - adsorbate interactions, the liquid probes are injected in infinite dilution,
in which case the Henry’s law holds (Mukhopadhyay et al. 1995). The interactions between
adsorbate (probes) and adsorbent (solids) are characterized by the net retention volume. The
retention time (t;) of the liquid probes, i.e. the time that the probe vapour passes through the

packed column, is converted into retention volume (Xie et al. 2000):
Vy = jF(t, —t)CT (4.11)

where the James-Martin factor (j) for the correction of gas compressibility under pressure

difference between column inlet (Pi,) and column outlet (Poy):

2
2]
P
Po | _4
-
P
C=1-2 (4.13)
out
T
T=_co 4.14
T (4.14)

The retention volume is related to the thermodynamic functions by the adsorption energy (free

energy of transfer of molecules from gas to solid phase) (Liu et al. 1998; Grajek et al. 2010):
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AGads:—RTln( PV ] (4.15)

TToOReT

For a given system the P, mp and Sger are constant, hence the adsorption energy takes the form

of:
AG,, =—RT InV, +const (4.16)

As previously discussed the adsorption of probe molecules results from dispersive and polar

types of interactions and it is related to the work of adhesion by:
AG, 4 =-N,a Wy, (4.17)
where a, is a molecular area of adsorbed molecule:

2/3
a, =1.09-10" (lJ (4.18)

PN,

The connection between the adsorption energy and the work of adhesion allows the
surface energy of solid particles calculation. For the non-polar liquids (probes) the dispersive
component of surface energy can be obtained. Similarly, the adsorption of probe liquids
which contain polar groups (polar) can give the magnitude of such polar surface energy of
solids.

The dispersive surface energy of solid can be calculated using two approaches:

e Schultz approach (Newell et al. 2001)
RT InV,, = 2N, (y¢ )1/2 a(y )M +const (4.19)

e Dorris and Gray (Grajek et al. 2010)
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-AG

ads(CH, ) -2 d\Y2 4.20
N, o) (4.20)

where the free energy of adsorption of single chain of hydrocarbons (methylene group) is

experimentally determined from the retention volumes of two consecutive n-alkanes:

AG _RTIn Vs (4.21)

ads(CH,)
N

The polar interactions can be subsequently determined once the energy of adsorption of non-

polar probe is calculated:

A(AG,,)
N,a

19 W = —

adh —

(4.22)

The total surface energy is the sum of dispersive and polar surface components and are
different for different polar probes, strictly dependent on the functional groups of liquid. I*
are the polar component of surface free energy of solid when interact with given (polar) liquid

probe (Xie et al. 2000).

4.2 Materials and methods

Gas chromatograph (GC) Perkin-Elmer 8500 (Figure 4.2a) equipped with the flame ionization
detector and copper columns, that can handle both high temperature and pressure (length of
30cm and inner diameter 2mm, Figure 4.2b) was used. The vacuum pump was used to fill
these columns with powders and subsequently the columns were sealed with silanized wool at
the both ends. It was impossible to fill the column with TiO;, because of its very small size.

Each column was left for 24h at 100°C n the GC equipment with inert gas passing through in
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order to remove impurities and vapour (at least partially). The temperature of the injection
port was set at 230°C to ensure evaporation of injected liquids (above the boiling point of all
liquids). Gas flow rates were measured using bubble flowmeter. The injections were repeated
3 times for each liquid and the average time was used in calculations. The time of passing
non-adsorbing probe (dead time) was measured using methane. Table 4.1 summarizes
conditions used in experiments. The properties of alkanes and acid and base tested liquid

probes are summarized in Table 4.2.

Table 4.1 The conditions (T, P) and appropriate flow rates used in experiments

A|203 S|02 ZrO,
Mass, g 0.4593 0.3691 0.5926
P, bar 5.11 3.44 1.72
S < 100°C 10 4 33
E —
S £
SE 140°C 8.82 3.66 29.9
8 g
&3 180°C 7.69 3.22 25
T S
-
3 € 210°C 7.14 3 18.7
L 2

Table 4.2 Properties of liquid probes used in experiments (Rodriguez et al. 1997; Liu et al.

1998)
Liquid probes ap v Acid number  Donor number
A mN/m kcal/mol kcal/mol

n-hexane 51.1 18.4 - -
n-heptane 57 20.3 - -
n-octane 63 21.3 - -
n-nonane 69 22.7 - -
Dichloromethane (acid) 31.5 27.6 20.4 0
Tetrahydrofuran (base) 45 22.5 8.0 20.1
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Figure 4.2 Gas chromatograph (a) and column (b) used for the surface energy of catalyst

supports measurements

4.3 Results and discussion

4.3.1 Surface energy from the contact angle measurements

Adhesive glass method (Chapter 3) was used for the measurements of contact angles.
Particles were sprinkle over the adhesive tape and the contact angle between the particles and
the range of hydrocarbons (CsHi14-CisHzs) were measured. All these liquids spread
immediately (< 1s) on the surfaces made of Al,Os, SiO,, TiO; and ZrO; particles therefore the
contact angle could not be determined. Therefore the calculation of the dispersive component
of particles surface energy from the contact angles formed with non-polar liquids (equation

(4.9)) was not possible.
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Complete spreading of hydrocarbons (Cs-Cy6) indicates that the surface energies of all
particles are higher than the surface tension of these liquids (see Figure 4.1). The surface
tension of CgH14-C16Haq is between 18.5 and 27.5mN/m (Sigma-Aldrich), and hence it can be
concluded that measurements of contact angles indicate that the dispersive components of
surface energy of all investigated particles are above 27.5mN/m, i.e. higher that the surface

tension of CigHaa.

4.3.2 Inverse gas chromatography

4.3.2.1 Dispersive component of surface energy

The accuracy and reproducibility of the measurements using inverse gas
chromatography was determined by comparison of the retention time of the same liquid probe
injected 3 times into the same column filled with particles. In such a way, the time required
for the liquid probe to pass through and leave the column was compared based on triple
injection. On the other hand, the effect of column packing on the calculated surface energy of
particles was tested by comparing the data from three identically prepared columns, i.e. each
was filled with alumina.

The average retention times of the alkane probes passing through the column filled
with particles are summarised in Table 4.3. As expected, the larger molecular weight, the
longer the time the probe stays in the column. The reproducibility of measurements was very

good confirming that the adsorption was reversible.

122



Table 4.3 Average retention times (tr) with standard deviations of 3 injections of liquid probes

Alumina Silica Zirconia
Temp. Probes t,, min o, mMin t,, min o, mMin t,, min o, mMin
n-hexane 4.1 0.13 4.9 0.07 1.3 0.01
O n-heptane 8.9 0.23 8.3 0.14 3.6 0.21
S noctane | 204 012 | 154 021 | 116 008
n-nonane 45.5 1.35 29.4 0.23 30.2 0.95
n-hexane 1.9 0.1 24 0.20 0.8 0.06
O n-heptane 3.2 0.1 3.5 0.05 2.0 0.10
S noctane 5.8 0.14 5.3 0.08 4.9 0.28
n-nonane 11.1 0.51 8.5 0.01 13.1 0.86
n-hexane 1.1 0.06 1.8 0.39 0.3 0.04
) n-heptane 14 0.08 2.1 0.08 0.5 0.03
8  n-octane 2.3 0.05 2.9 0.22 1.0 0.04
n-nonane 3.9 0.1 3.7 0.19 1.9 0.05
n-hexane 0.8 0.06 1.3 0.17 0.2 0.02
O n-heptane 1.0 0.01 1.6 0.06 0.3 0.03
S n-octane 14 0.03 2.0 0.08 0.5 0.03
n-nonane 2.0 0.01 2.5 0.22 0.8 0.02

High reproducibility and accuracy was also confirmed by the dispersive component of
surface energy of alumina particles obtained from the calculations from three identical
columns. The dispersive components of surface free energies were calculated based on the
Schultz approach (equation (4.19)) and are shown in Table 4.4, where also standard

deviations are given.
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Table 4.4 Average values of dispersive component of Al,O3 surface free energy and standard

deviations from 3 different columns

Temperature yIP
°C mJ/m’ °
100 41.38 3.46
140 31.33 2.92
180 26.87 2.03
210 23.18 0.79

Clearly, the reproducibility is very good. Though differences in column packing are
inevitable and in chromatography it is accepted that availability of the high energetic centres
on the particles surface might be different, the above results suggest very similar distributions

of these centres.

3 ©100'C
12 W 140'C
10

— 180'C

o 8

£ % 210'C

7

= 4 R2 = 0.9949

Z 2

C

E | R2 = 0.9959 /<
2 Rz 259865 >/1E§/< 1.56-21 2E-21
'g R2=0.9952 a, (v9)V2, m? (/m2)/2
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Figure 4.3 The adsorption free energies of the alkanes on the a) Al,Os, b) SiO; and ¢) ZrO; in
a function of temperature

The linear regression show clear proportionality between the adsorption energy, AGagds
(equation (4.16)), and the molecular weight of alkane (Figure 4.3). Additionally, the
regression coefficients were larger than 0.99 for lower temperatures for all particles,
suggesting good correlation between molecule size and adsorption. Regression coefficients
were lower than 0.99 for the highest temperatures (SiO, and ZrO,) what most probably can be
attributed to the entropic contribution related to the modification of the surface caused by high

temperature (Diaz et al. 2004). The free energy of adsorption of the consecutive alkanes
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increased with the increasing molecule size , i.e. for larger number of alkyl groups (-CHs) the
dispersive forces between particles and non-polar liquids increases. The adsorption energies
decrease at higher temperatures which is in good agreement with the van’t Hoff equation (Xie
et al. 2000) according to which there is linear adsorption and retention due to the

thermodynamical equilibrium of adsorbent and adsorbant.
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Figure 4.4 Dispersive component of surface energy of catalyst supports as a function of

temperature

The dispersive components of surface free energy for Al,Os;, SiO; and ZrO; in
function of temperature, calculated from equation (4.19), are shown in Figure 4.4 and in Table
4.4. Diaz et al. (2004) found surface free energy of y-Al,O3 using inverse gas chromatography
to be 59.3 mJ/m® at 200°C whereas this studies gives 25.3 mJ/m? for alumina at this
temperature (Table 4.4). Similarly, literature values for the dispersive parts of surface free
energies of crystalline silica and fused silica are 31.78 mJ/m? and 37.81 mJ/m® at 140°C
respectively and in this study it was found equal to 24.8 mJ/m? (Yang et al. 2007). Though

values are rather similar for silica particles, the disagreement between the surface energy of
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different batches of similar particles is expected to be different. Obviously, one could not
expected the same values of dispersive part of surface free energy of particles used in this
project and the literature data since the surface treatment or the catalyst production method
significantly affect surface properties therefore surface energy.

Common tendency for all investigated particles is the decrease of dispersive
component of surface energy with temperature. Such behaviour was expected since the excess
of surface energy at the liquid surface (surface tension) also decreases with temperature.
Similar tendency, where the surface free energy of particles decreases with temperature was
reported for the Pd/Al,O3 (Diaz et al. 2004), Pd/SDB catalysts (Xie et al. 2000) and the

activated carbons (Diaz et al. 2005).

Knowledge of the dispersive component of the particles surface energy allows
estimation of the strength of particle to bubble attachment when they are dispersed in paraffin
oil (non-polar liquid). Appropriate equations showed in Introduction allowed the calculations
of the dispersive components of surface free energy (y<), Gibbs free energy of particle
attachment to bubble in vara oil (4G), work of adhesion (Wagn) and finally the contact angles
between particle and paraffin oil. All these values were determined for ALOs3, SiO; and ZrO,
particles at room temperature and also at temperatures of the Fischer Tropsch process and are

summarised in Table 4.5.
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Table 4.5 Dispersive component of surface free energy, Gibbs energy of particle to bubble

attachment and cosine of contact angle of particles in function of temperature

Alumina Silica Zirconia
v, md/m? 49 33 81
o AG, mim? 16 2 38
o W, m/m? 78 64 100
cosh, - 1.5% 1.1* 2.2%
9, °
v maim? 29 21 52
O AG, mJ/m? 7 -2 24
S W, mI/m? 51 43 68
~ cosh, - 1.3* 0.9 2.1%
0, ° 23
v mim? 24 17 44
O AG, mJ/m? 4 -3 20
8 Wadh: m.]/m2 43 36 59
N cosh, - 1.2 0.8 2.0%
0,° 33

* calculated with no physical meaning

At ambient temperature, the dispersive component of surface energy of Al,Os, SiO;
and ZrO, particles is higher than the surface tension of paraffin oil (31.15mN/m). Since the
surface tension of paraffin oil is relatively low, as compared to the calculated dispersive
components of surface energies of particles, it can be concluded that the oil will spread over
the particles according to the rule that low surface tension liquid spreads over higher surface
energy solid. Similar results, i.e. complete spreading at room temperature was also observed
when the measurements of contact angle between the paraffin oil and the particles were
carried out (Chapter 3) and zero contact angle was obtained for alumina, silica and zirconia.
The non-zero contact angle obtained for the titania particles allows calculation of the
dispersive component of the surface energy from equation (4.9). The measured contact angle
between titania particles and paraffin oil was 20° using adhesive glass slide technique

(Chapter 3) therefore the dispersive component of titania surface energy at room temperature
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equals to 29.3mJ/m?. Calculated cos® are larger than 1 what indicates complete spreading of

paraffin oil on for alumina, silica and zirconia particles (Table 4.5). The consequence of high
surface energy (dispersive part) is that in the three phase system (air/paraffin oil/particles) at
ambient conditions the particles will tend to remain in the bulk of paraffin oil since the
complete spreading is expected. Indeed, calculated Gibbs energy upon the particles
attachment (AG) is positive for alumina, silica and zirconia particles (Table 4.5), indicating
that the particles tend to stay in the bulk of the oil rather than at the oil/gas interface. The
contact angle between titania particles and paraffin oil (measured in Chapter 3) enables
calculation of Gibbs energy when the particles are attached to bubbles from equation (4.5)
giving negative value (-1.9mJ/m?) and the attachment of titania particles to the air bubble in
paraffin oil appears to be favourable at room temperature.

Interestingly, the results obtained at temperatures of FTS process show that the
dispersive part of surface energy of silica particles are lower than the surface tension of
paraffin oil (yoi, 170.c = 22.21 mN/m and i, 2100c = 19.81 mN/m). Subsequently calculated
contact angle suggest that paraffin oil does not completely spread on the silica particle at high
temperature. Calculated contact angles between silica and paraffin oil are 23° and 33° at
170°C and 210°C respectively. Also, Gibbs energy of the particles attached to bubble is
negative, meaning that this position is thermodynamically favourable and that the particles
will spontaneously attach to the air-paraffin oil interface. Alumina and zirconia contact angles
remain zero, therefore complete spreading is expected at 170-210°C. It is worth to notice that
the work of adhesion, i.e. the strength of particle and paraffin oil interaction, decrease with
temperature for Al,O; and ZrOs, therefore the particles are weaker bounded to oil.
Nevertheless, the Gibbs energy (positive) indicates that the particles attachment to the air-

paraffin oil interface is not favourable.
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4.3.2.2 Polar interactions

The presence of steam in the gas phase, in a contrast to air only, significantly changes
the properties of the gas-liquid interface, hence the interaction of particles with this interface.
The particles interact with paraffin oil through dispersive forces only but might interact with
steam through polar forces and if these are significantly higher than the dispersive, the
interaction with polar medium becomes consequently stronger. The presence of hydrophilic
groups on the particles surface would reveal the affinity of particle to steam. Detection of
particles surface parts that reveal hydrophilic character would prove that the particles are able
to interact not only with paraffin oil (as shown previously) but also with water, i.e. the
amphiphilic character of surface indicates the ability of particles to remain at the interface
made of polar and non-polar medium. Presence of polar groups (able to polarise) on the
particle surface indicate the ability to interact with dipoles (negative or positive) such as water
molecules (Israelachvili 2011). Commonly, the polar group reveals acidic or basic character,
i.e. the group accepts or gives the electron respectively.

The presence of polar groups on the particle surface was measured in the columns
filled with particles by passing through the strongly polar (completely acidic or basic
character) liquid probe. The interactions of these polar liquids with particles leads to long
retention time which indicates the presence of polar forces acting across the particle-probe
interfaces, which contributes to the surface energy of particles according to the equation (4.6).

Two liquids were chosen as probes, both reveal non-polar and polar character at the
same time. The exact contribution of polar parts into the surface tensions are listed in Table
4.2; the dichloromethane (DCM) is the equivalent of acidic polar solvent and tetrahydrofuran

(THF) is basic polar solvent (Liu et al. 1998). As long as the particles reveal polar nature of
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forces, these solvent probes are able to interact with particles through dispersive and polar
forces, hence the interfacial energy (solid-liquid) contains the dispersive and polar parts.
The retention times of polar liquid probes in the chromatography columns filled with

alumina, silica and zirconia particles are listed in Table 4.6

Table 4.6 Average retention times (tr) of polar liquid probes in columns filled with particles

Temp. Probes | (N | Ui | i min
%) DCM 9.4 3.7 0.3
S THF 50.2 | 2353 | 585
%) DCM 1.6 2.1 0.2
S THF 493 | 431 | 372
%) DCM 11 15 0.2
S THF 341 | 116 1.2
o DCM 1.0 14 0.1
= THF 211 | 56 0.1

The retention times of THF are significantly larger than DCM regardless of the type of
particles. The longer passing of basic probe (THF) results from the fact that its molecule is
larger than DCM, i.e. similarly to longer retention time of high molecular alkanes. More
significant reason however for such long retention time is that the particles surface contains
acidic centres which in turn strongly interact with the basic molecule (THF) significantly

extending the time it spends in the column.

The adsorption energies of acid (DCM) and basic (THF) liquid probes are shown on
Figure 4.5. On the same figure, the adsorption of alkanes is also given as a reference. The
polar probes (DCM and THF) adsorption energy is larger than the hypothetical alkane, i.e. the

corresponding alkane with the same molecule size. Polar probe interacts with particles
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through dispersive and polar forces and the magnitude of acting dispersive forces is
comparable to those of alkanes, hence the reference liquid. The excess of energy of
adsorption, i.e. the difference between the reference line and actual AG,gs Of polar probe give
a magnitude of the polar forces across the particles surface (Diaz et al. 2004). These forces
are responsible for the polar component of surface energy of particles and the adsorption
energies of acidic and basic solvent allows estimation of the degree of polar surface energy of
particles (Fowkes et al. 1978; Fowkes 1987). The polar components of surface free energies
were calculated based on equation (4.22) and are listed in Table 4.7 in a function of

temperature.
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Figure 4.5 Adsorption energies of acidic dichloromethane (DCM) and basic tetrahydrofuran

(THF) with a) Al,O3 b) SiO, and ¢) ZrO; at 100°C particles
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Table 4.7 Polar component of surface energy of particles (Isp) as a function of temperature

Temp. Solvent " m.J/mZ
Al,03 SiO, ZrO;

o DCM 59.9 30.2 24.3
o

— THF 41.7 55.7 57.1
o DCM 36.7 30.4 13.8
Q

— THF 554 52.7 61.9
o DCM 40.1 21.8 33.0
(o0}

! THF 65.6 46.7 35.9
08 DCM 46.0 31.6 -
N THF 68.2 40.1 -

Polar components of surface energy (Table 4.7) of particles are relatively high when
compared with the dispersive component of surface free energy (Table 4.5). This provides
evidence that the particles reveal polar character, i.e. interactions with polar liquids occur due
to the dispersive as well as polar forces. Interestingly, the surface appears to have acidic as
well as basic character which might enable interactions with water dipoles as acceptor or
donor of electron, therefore a variety of forms of interactions with a polar liquid. It can
therefore be concluded that all the particles reveal significant contribution of polar forces to
the total free energy of solids when interacting with polar solvents.

Values obtained on the polar component of the surface energy are considered as the
magnitude of polar interactions between measured liquids and particles. Different polar
liquids interacting with particles will convey different values of energy (I**), according to the
magnitude of polarity (Swaminathan et al. 2006). Though the polar component of particles
surface energy differs depending on the liquid in contact and cannot be determined
representatively (like dispersive component of surface energy) the ability of particles to

interact with polar liquid was nevertheless showed.
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4.4 Conclusions

A method that employs unconventional technique for the prediction of the particle
attachment to gas bubble was presented. One of the advantages of this method is the
possibility of prediction of particles attachment in oil at elevated temperatures, i.e. at reaction
conditions. For each of the particles it was determined whether the process of particles
attachment to air bubbles in paraffin oil is energetically favourable, based on the Gibbs energy
of the system. This approach is novel as compared to traditional three phase system
description, where the concept of the contact angle is normally used. For investigated system
however, the contact angle did not show any differences in particles wettability by paraffin oil
(Nowak et al. 2013). Inverse gas chromatography appears to be a very attractive tool for the
assessment of wettability of solid particles at high temperatures. This technique allows
calculation of the contact angle formed between particle and non-polar liquids at high
temperatures, which is virtually impossible using the traditional techniques for measurements
of particles contact angle.

The strength of interaction between particles and non-polar liquid can be precisely
described when the dispersive component of particles surface energy is known. Though such
properties are usually unknown and are rather difficult to measure for particulate solids, the
inverse gas chromatography proved to be a very useful tool to determine them. Measured
energies of adsorption of a set of non-polar liquids enabled calculation of dispersive
component of surface energy of particles. Subsequently, the wettability of particles by
paraffin oil was assessed not only at room temperature but also at the temperatures that
reaction takes place.

It was found that zirconia has the largest dispersive component of surface energy and

hence is the best wetted by paraffin oil, i.e. high surface energy solid reveals high reactivity,
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therefore very good wettability. Alumina particles showed very good wettability by paraffin
oil and complete spreading is expected. The excellent wettability of alumina and zirconia
particles was found to be independent of temperature, i.e. at room and at reaction
temperatures (170 to 200°C), the complete spreading of paraffin oil is expected. Silica
particles however, with the lowest dispersive component of the surface energy, were found to
be wetted at room temperature, but at reaction temperatures the wettability is reduced at high
temperature and therefore the spreading of oil are not complete. Complete spreading of
paraffin oil at room temperature over alumina, silica and zirconia particles was also found
when the contact angle between paraffin oil and particles was measured using the adhesive
slide method. It was shown that spontaneous attachment to the bubble might only occur for
silica particles at reaction temperatures. In those temperatures, the alumina and zirconia
attachment was found not to be thermodynamically favourable.

To conclude, silica particles are the least interactive with paraffin oil therefore appear
to be prone to remain at the air-oil interface in stagnant conditions rather than in the bulk of
liquid. Zirconia particles with the largest dispersive component of surface free energy are the

least probable to find at the air-oil interface.
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Chapter 5

5 Particles at fluid/liquid interface
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5.1 Adsorption of the particles at the fluid-liquid interface

Catalyst particles adsorption at the fluid-liquid interface was investigated qualitatively,
and the following experiments that aimed to visualise the presence and position of the

particles at the interface were carried out:

e Particles to bubble attachment

Catalyst particle to bubble attachment was investigated using bubble pick up method and
particles sedimentation method. The model of particle to bubble adhesion based on the forces
acting on the particle adhering to gas-liquid interface was employed. Prior to the
measurements, both methods (bubble pick up and particles sedimentation) and the model were
verified by analysing the interaction between of non-porous glass beads of different sizes and
hydrophobicity, and gas bubble suspended in water. Subsequently, the attachment of Al,Os,

SiO,, ZrO; particles to the air bubbles suspended in water and in paraffin oil was investigated.

e Particles to droplet attachment

The behaviour of the particles at the interface might drastically change when steam is present
in the gas phase, therefore the attachment of the catalyst particles to water/paraffin oil
interface was investigated. Using the particles sedimentation method, the attachment of
Al,O3, SiO,, and ZrO, particles to the droplet of paraffin oil suspended in water was
investigated. Bubble pick up method was used to examine the particles attachment to the

droplet of water suspended in paraffin oil.

138



e Water/oil emulsions

The adsorption of the particles to the water-paraffin oil interface was investigated. Al,Os3,
SiO,, TiO, and ZrO, were mixed with equal amounts of water and oil and the particles ability
to stabilise such emulsion was tested. Continuous phase of the emulsion stabilised with
particles indicate the preferential wettability, i.e. droplets of water in oil indicate preferential
particles wetting by oil and formation of oil droplets in water implies that the water wets

particles better.

5.1.1 Particle to bubble attachment

Particle attachment to bubble is governed by hydrodynamic, capillary and intraparticle
forces (Preuss et al. 1999). In dynamic conditions, e.g. in flotation column, the attachment of
particles to bubble is considered as a multistep process (Nguyen et al. 1997; Ralston et al.
1999; Albijanic et al. 2010). The first step is collision between bubble and particle and its
frequency depend on the concentration of dispersed phase (bubbles and particles) and
hydrodynamic conditions. After collision, the drainage of thin liquid film surrounding the gas
bubble occurs within a time called induction time and subsequently the rupture of liquid film
and formation of three phase contact line occurs. In the moment of film rupture the particles
slightly protruding into the bubble gas before the equilibrium position is reached, the degree
of protruding can increase, i.e. spreading of the three phase contact line occurs. Depending on
the strength of attachment and hydrodynamics, the particle can stay on the interface or it can
detach.

The thin liquid film drainage/rupture and the three phase contact line formation are
mainly determined by the surface forces, especially the hydrophobic attraction between

particle and bubble that decides whether the liquid film thins and ruptures (Fielden et al.
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1996). The capillary forces, hence the wettability of solid particles, dominate the strength of
particle to bubble adhesion. There is insufficient knowledge/understanding of the energy
dissipation during collision, the bubble deformation, particle-liquid-bubble interfacial forces,
when the particle slides on the bubble surface and finally, the development of the dynamic
three phase contact line and drainage of thin liquid film (Ralston et al. 1999). It therefore

appears that the particle to bubble attachment/detachment is a rather complex process.

The origins of the surface forces are the well known long and short range electrostatic
and Van de Waals forces as well as hydrophobic ones (Israelachvili 2011) and it was
suggested that the hydrophobic attraction is probably the major attracting force between
bubble and particle (Butt 1994; Fielden et al. 1996; Jiang et al. 2010). Also, the same particles
with different charge of surface adhere to the bubble differently. It was also shown that the
flotation was more efficient for the particles having opposite charge to the bubble and that
flotation was not efficient when the charge was the same (Jiang et al. 2010). Clearly, the
electrostatic attraction strongly enhances the particle solid bubble attachment.

The complexity of the particle to bubble attachment in dynamic conditions with all
previously described steps and processes causes the accurate mathematical description
impossible (Ralston et al. 1999). However, numerous studies on the interactions/attachment
between particle and bubble were carried out in stagnant conditions (Wimmers et al. 1988;
Vinke et al. 1991; Omota et al. 2006; Omota et al. 2006). Depending on the relative strength
between the cohesive (particle-particle) and adhesive (particle-bubble) forces the particles can

adhere to the gas bubble or not (Omota et al. 2006).
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5.1.2 Force balance of particle attached to the bubble

The particle to bubble attachment is dominated by the capillary force arising from the
hydrophobicity of particle. Acting on the adhered particle gravitational force is balanced by
the buoyancy force. The forces acting on the single particle attached to bubble (Figure 5.1) in

stagnant liquid are as follows (van der Zon et al. 2002; Omota et al. 2006):

e gravitational force: F, = mg = gan,ppg

e Laplace pressure: F, = 252 R2sin?¢
b

3
e buoyancy force: F, = % (1 + cosp)?(2 — cos @)p,g

o capillary force: F. = 2nR,y,, sing sin(6 — ¢)

Figure 5.1 Forces acting on the spherical particle attached to the gas bubble

The net adhesion force F, (not shown in Figure 5.1) determines whether or not

particle will remain attached to the surface:

F,=F.+F,-F,—F, (5.1)
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and varies with the penetration angle, ¢. For the given solid (R, pp), liquid (o1, 1) and gas
bubble (Rp) the three phase contact angle, 6, penetration angle, ¢, determines the strength of
the adhesion force. The dependency of adhesion force on these angles is shown in Figure 5.2

(Rp=50um, Ry=5mm, p,=1400kg/m?, pi=999g/m*, y1,=72 uN/m).

15.00 0 —10 30 —60 —00
10.00

5.00

0.00
10 30 40 50 60 70 80 90

Adhesion force, mN

-5.00

-10.00

-15.00 .
Penetration angle, ¢ °

Figure 5.2 The adhesion force as a function of contact (legend) and penetration angle

Table 5.1 The magnitude of forces involved in particle to bubble attachment as a function of
penetration and contact angle predicted by model, F=7.19uN. (R;=50pum, R,=5mm,
pp=1400kg/m3, pI=999kg/m3, y,=72 uN/m)

o Fc, uN Fc, uN Fc, uN Fc, uN
?, Fb, uN Fp, uN 0=10° 0=30° 0=60° 0=90°
1 5.13 01 62 101 338 394
5 5.13 17 172 832 1613 1062
10 5.13 6.8 0 1341 3005 3864
15 5.12 15.1 509 1513 4134 5648
20 5.12 26.4 -1341 1341 4966 7261
25 5.10 40.3 2471 832 5475 8653
30 5.06 56.5 -3863 0 5647 9782

For F, < 0 the particle will detached from the bubble, otherwise, it will remain

attached. Clearly, larger contact angles create the larger (and positive) adhesion force.
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Maximum adhesion force is obtained based on the equation (5.1) with the assumption that for
small particles the capillary force exceeds all other forces (Table 4.1), the adhesion force can

be approximated by (Omota et al. 2006):
., 0
Fomex = 27R 7, 81N r (5.2)

Therefore, it can be concluded that in stagnant conditions and sufficiently small particles, the
strength of adhesion of particle to bubble depends on the three phase contact angle.

Force balance for the attachment of single particle can be extended to the case of a
layer of particles adhering to the bubble. In such case when the layer of particles is formed on

the bubble surface, the coverage angle, a., is defined in Figure 5.3.

Gas bubble

Particles

Figure 5.3 Coverage angle of particles attached to the bubble

The maximum adhesion force can be related to the coverage angle and parameters
mentioned above, and based on the force balance (Schulze 1977; Wimmers et al. 1988; Vinke
et al. 1991) it can be calculated from:

3, (F,—-F)(R,~R,)

E - (o —sinacosa) (5.3)

a,max
2R,
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Above equations enable determination of the effective contact angle of particle attached to the

bubbles (Omota et al. 2006):

Sinzﬂz gs(ps _pl)ng(Rp +Rb)
i

(a—sinacosa) (5.4)

This simplistic model of particle to bubble attachment was first validated using
different size (small and large) non-porous, spherical, glass beads of significantly different
hydrophobicity. Accordingly, the glass beads to bubble attachment in water was expected to

be stronger for more hydrophobic particles in accordance to equation (5.4), i.e. bubble

coverage by highly hydrophobic glass beads (6>90°) is larger than by hydrophilic ones

(6<90°).

5.1.3 Particle adsorption at the paraffin oil-water interface

Investigation of the water — oil interface with the presence of the particles (catalyst) is
highly relevant to this project, since the both fluids are present in the Fischer Tropsch
synthesis. Though the water is present most probably as a vapour, nevertheless the behaviour
of the particles at the liquid water-oil interface can be transferred onto the steam-oil system. It
was not possible to investigate particle attachment to a steam bubble suspended in paraffin oil.
Therefore particles attachment to two liquids imitating the properties of such interface were
analysed instead; particle attachment to a water droplet suspended in paraffin oil and to oil
droplet suspended in water was investigated.

The particles behaviour at the water-oil interface not only carries information on the
preferential wettability by these liquids but also on the strength of particles adsorption at the

interface (Israelachvili 2011). For instance, the particles suspended in the mixture of
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immiscible liquids might result in the ejection of particle from one liquid to the other when
particles are well wetted by only one of the liquids (Figure 5.4). Such behaviour indicates
preferential wettability, i.e. particle is very well wetted by the liquid into which was ejected.
On the other hand, the particle can remain at the interface, in which configuration the
system gains the minimum energy (Figure 5.4). The adsorption of particles at the interface is
determined by the wettability of particles by both liquids, nevertheless high energy is required
to remove particle adsorbed at the interface since is proportional to the particle size (Binks

2002):

E = 7Ry, (1£c0s6,, )’ (5.5)

Water Paraffin oil

0

Q{%O Adsorption

Q Engulfing
O or ejection

Figure 5.4 Particles adsorption at the interface or transfer from one to the other liquid

This phenomenon is commonly utilized in the emulsion stabilisation. The particles
which tend to adsorb at the water/oil interface are usually referred as amphiphilic e.g. they
reveal both, hydrophobic and hydrophilic parts at the same time (Binks 2002; Binks et al.
2005). Metal oxides usually contain hydrophilic groups at the interface (-OH) therefore are
able to form hydrogen bonds with water. The particles in the bulk of liquid do not reveal

dipole characteristics, since the centres are saturated by the same interactions with
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surrounding liquid. At the interface however, the particle becomes a dipole, i.e. interacts
through polar forces with polar liquid from the one side (e.g. water) and through dispersive
(non-polar) forces with non-polar liquid from the other side (e.g. oil). The example of
energetic heterogeneity of amorphous silica is shown in Figure 5.5. Such heterogeneity of
polar and non-polar groups on the metal oxide surface subsequently triggers particles
behaviour similar to surfactant, i.e. the particle reveals hydrophilic and hydrophobic parts,

dispersed over the particles surface.

Figure 5.5 Surface chemistry of amorphous silica (Zhuravlev 2000)

The surface energy measurements using inverse gas chromatography revealed that the
particles are able to interact with liquids through dispersive (with hydrocarbons) and polar
(with acid-base) forces (see Chapter 1). Therefore the set of experiments were performed
where the ability of particles to remain at the water-oil interface (adsorption) was tested in

stagnant conditions.

The ability of particles to remain at the paraffin oil-water interface was also

investigated employing the principles governing the emulsion stabilisation. Frequently,
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emulsion of oil droplets in water (or water in oil) is stabilised using emulsifiers. Such
emulsifier creates the steric (non-ionic surfactants) hindrance to droplet-droplet coalescence
(or flocculation, aggregation) which might be additionally strengthened by the electrostatic
repulsion (ionic surfactants) (McClements 2004).

Amongst the several types of the emulsifiers, the most commonly used are surfactants,
biopolymers and particles. The adsorption of particles at the water-oil interface is driven by
the relative wettability but also the particles size (10nm-5um), which exceed significantly the
size of commonly used surfactants (0.4-1nm) (Tcholakova et al. 2008). Such relatively large
particle size results in very high desorption energy (equation (5.5)) leading to stable position
of particles at the interface caused by very low desorption.

Particles can stabilise droplets of oil in water or droplets of water in oil, in similar way
as surfactant, and magnitude of hydrophilic to hydrophobic part decides on the type of
dispersion. More hydrophilic particles have ability to stabilise the oil droplets dispersed in
water (Figure 5.6a) whereas more hydrophobic particles stabilise water droplets in oil (Figure
5.6b) (Ashby et al. 2000). Such ability of formation of different type of dispersed systems can
be exploited to characterise the particles wetting properties.

Attempting stabilisation of water-oil emulsion with catalyst supports enables
observation of their behaviour at the interface. On the one hand, the particles adsorption and
possibly the strength of adsorption at the interface (polar/non-polar liquid) can be determined
by simply observation whether mixed dispersion of oil-water is stable. On the other hand, the
type of stabilised droplets, water or oil, indicates preferential wettability towards the
continuous liquid with which ® < 90° (see Figure 5.6a). Nevertheless, too hydrophilic or too

hydrophobic particles will tend to remain within the bulk of water and oil respectively.
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Oil droplet

Water (continuous phase)

b) Oil (continuous phase)

Water droplet

Figure 5.6 The effect of particles partial wettability on the type of dispersed droplets

Therefore the experiments that aim to stabilise the water-oil emulsion with particles
allow qualitative evaluation of the particles adsorption at the interface and the wettability.
Such knowledge, combined with results of previous experiments (Chapters 2-4) should fully

characterize the particles wettability (if preferential) and ability for adsorption at the interface.

5.2 Materials and methods

5.3 Particles to bubble attachment

Initially, the particle to bubble attachment was measured in stagnant conditions with
the method called bubble pick up (Wimmers et al. 1988; Vinke et al. 1991). Particles were
suspended in water (or in oil) in a glass, rectangular container and were left to sediment for 1h

(24h for oil). The air bubble was formed at the tip of the syringe needle (1.81 mm diameter)
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(Figure 5.7). The container with the particles suspended in the liquid was placed on the
adjustable height stand enabling vertical movement of the container towards the stationary gas
bubble. Using the stand the container with the particles was moved towards the gas bubble
which was completely immersed in the particle bed and subsequently the bubble was
withdrawn from the particle bed by lowering the stand.

The particle to bubble attachment was also investigated using particles sedimentation.
In this case the bubble was stationary whereas the particles were mobile and were allowed to
attach to the bubble whilst sedimenting (falling). This approach enables mimicking the
conditions found in slurry reactors, where wet particles interact with gas bubbles. The wet
particles were introduced to the container with a stationary air bubble using a syringe filled
with particle-liquid suspension (Figure 5.7). This method was also tested for dry particles, i.e.
the particles were sprinkled onto a liquid with stationary bubble and were freely sinking.
When parafin oil was used, the sedimentation of particles was too long comparing to
diminishing air bubble (few hours), hence only the bubble pick up method was employed. It
was not possible to investigate titania particles attachment to bubble in water since it created
stable suspension over the time and did not sediment. Table 5.2 summarizes all the

experiments performed for particle to bubble attachment using both methods.
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Figure 5.7 Two different methods used to measure particle to bubble attachment

Table 5.2 Summary of carried out experiments - particle to bubble attachment

Powders Method used with given liquid
dgp, um Bubble pick up Particles sedimentation
Al,O3 16 water, paraffin oil water
é SiO, 13 water, paraffin oil water
g Zr0, 26 water, paraffin oil water
n Small beads 30 water water
g Large beaads 55 water water
2’ Small beads treated 30 water water
2 Large beads treated 55 water water

Strongly hydrophobic glass beads were prepared in order to ensure the maximum
attachment. Glass beads were treated with chlorotrimethylsilane (CTMS, Sigma Aldrich).
Following the procedure of silanizing of glassware (Seed 2001) the beads were kept in the
concentrated CTMS solution and heated. After the solution evaporated, beads were left in the
oven at 100°C for 14 hours and subsequently cooled for 12 hours at room temperature. Such

prepared hydrophobic particles contact angle was equal to 90° (see Chapter 3 and Appendix).

150



5.3.1 Particles adsorption at interface

Particles to droplet attachment

For the particles adsorption at the interface of the droplet formed in the liquid a similar
method was used as in the particle to bubble attachment. The droplet of one liquid was formed
at the tip of the needle which was immersed in second liquid. Though the particle
sedimentation method was shown to be more efficient (section above) than the bubble pick
up, both were used. It was possible to sediment particles over the paraffin oil droplet formed
in water since the particles were able to freely sink. With a water droplet in paraffin oil
however, the particles sedimentation did not occur, therefore the ‘droplet’ pick up method was
used. Both methods are described above and the principle is shown in Figure 5.7. Using this
method, Al,O3;, SiO, and ZrO, particles adsorption at the liquid-liquid (polar-non polar)
interface was investigated. The TiO, particles formed the homogenous suspension in water
and were not used.

Emulsion

Emulsions were prepared from the equal volume of water and paraffin oil, i.e. 5ml of
each, was mixed together in a low shear mixer (shaker). Before the liquids were mixed, the
particles (1ml) were added to one of the liquid so that with given particles two similar
emulsions were prepared. In one emulsion the particles were initially added to water and then
mixed with paraffin oil and in the second emulsion, the particles were initially added to
paraffin oil and then mixed with water. The emulsions were prepared with all catalyst

supports (Al,O3, SiO,, TiO, and ZrOy).
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5.4 Results and discussion

5.4.1 Particles to bubble attachment

5.4.1.1 Glass beads attachment to the bubble in water

Two methods, bubble pick up and particles sedimentation, showed different coverage
of bubble by glass beads. Using the bubble pick up method, it was impossible to immerse
bubble in the bed made of treated (hydrophobized) glass beads (Figure 5.8a). Strongly
hydrophobic particles tend to attract each other and aggregate in water (Hu et al. 2003),
especially when they are left in contact for prolonged period of time. The complete coverage
of bubble by beads was however possible with the untreated glass beads (Figure 5.8b).
Limitations of the bubble pick up method when used with hydrophobized beads were
overcome by the particles sedimentation method.

The conditions met during the particles sedimentation method, where the beads freely
flow over the stationary bubble mimic the dynamic behaviour found during flotation or in
slurry bubble columns. Collision of beads with bubble, induction and attachment time in
particle sedimentation method is much shorter than in bubble pick up approach. The latter
allows for prolonged bead contact with the bubble. Previously discussed steps involved in the
particle to bubble attachment process are better met using the particle sedimentation method.
In the bubble pick up method, the induction and attachment time depends on the experimental
conditions since the adjustable stand is operated manually, the contact of bubble with the bead
bed strongly depends on the operator and it can take up to a few seconds. Therefore induction
time in both approaches is very different and also might involve additional forces (e.g. bubble

is pushed into the bed) affecting the experiments.
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Figure 5.8 Immersion of bubble in the particles bed using bubble pick up approach in particle

to bubble attachment: a) silica particles and b) glass beads

Small pick up (M e S Small sedimentation

Large pick up
V-

BREE. 5

Figure 5.9 Untreated glass beads attachment to the air bubbles in water (size of the images:
3.25 x 2.65mm)

The attachment of the small glass beads (Figure 5.9) shows that the bubble pick up
gives larger coverage of the bubble than the particle sedimentation method. Comparable

coverage with the large glass beads was observed for both methods. One of the reasons for the
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lower coverage by small beads is the size of an air bubble produced at the tip of the needle.
The bubble size affects the bubble shape; large number of glass beads attached to the large
bubble can cause its elongation. There has to be noted that in the case of a layer of particles
attached to the bubble, there occurs tangential force (detachment force) as a result of action of
the surrounding particle within the layer. It is directed from the centre of particle at the closest
neighbourhood (below and above) within the layer to the centre of the middle particle. At the
most upper layer of particles tangential force is minimum and reaches maximum at the lowest
(bottom) layer. For the vertically elongated bubble the tangential force acting on the adhering
particles increases which causes the lower coverage. Similar tendency of lower coverage for
larger bubble was also found for the mesoporous silica particles using bubble pick up method
(Omota et al. 2006).

The other factor affecting the difference in coverage using both methods is the contact
time between particle and bubble. The time where the liquid film is thinning and ruptures and
the three phase contact line is formed is much longer in the bubble pick up experiments than
in particles sedimentation. Also, when the bubble is pushed towards the particle bed, an
additional force acts and affects the thinning and rupture of liquid film. For this reason the
liquid film is more effectively removed enabling faster three phase contact formation in
bubble pick method.

In particles sedimentation method, the freely moving particles trajectory around the
bubble are different for different sized bubbles. It was observed that the attachment of
sedimenting particle to the bubble starts at the bottom of the bubble and the next layers of
particles build upon the previous (Figure 5.10). Therefore, though the capillary pressure from

the smaller bubble repels the particle more effectively than the pressure from the large bubble,
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the sliding particle on either side of the bubble might attach easier and build the layers with

small diameter of bubble (smaller curvature).

‘e

Figure 5.10 Trajectory of sedimenting particles around small and large bubble

The limitation of the bubble pick up method is evident when the hydrophobized glass
beads are tested. Comparison of both methods applied to hydrophobic (treated) glass beads
clearly indicate that with the bubble pick up method it is not possible to obtain complete
coverage, even for the highly hydrophobic glass beads (Figure 5.11). With the particles
sedimentation method however, bubbles were almost fully covered with the hydrophobic
particles. Dissimilarity of the results obtained using both methods was observed for small
(30um) and large (55um) treated glass beads. It was previously said that the capillary force is
a dominant force responsible for the attachment and determines the adhesion strength. The
capillary force is proportional to the particle perimeter, hence increases with the particle size

(until gravitational force becomes dominant).
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Small treated pick up

=

Large treated pick up

Figure 5.11 Hydrophobic glass beads attached to the air bubbles in water (3.25 x 2.65mm)
The effective contact angles as well as the strength of adhesion were calculated from

the equations (5.4) and (5.3) respectively. Table 5.3 summarizes the coverage angles,
adhesion forces and the effective contact angles of different size, untreated and treated glass

beads.
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Table 5.3 The effective contact angles of glass beads calculated from the adhesion model add

names of angles to the table

Coverage \ Effective
Glass Method Rp, mm angle o, ° Faan, 107 N contact fmgle Oe,
Small Pick up 1.18 44 1.49 1.20
Small Sedimentation 1.46 28 0.51 0.70
Large Pick up 1.20 87 28.2 3.87
Large Sedimentation 1.46 73 23.3 3.51
Small treated Pick up 1.19 65* 4.21 2.02
Small treated Sedimentation 1.55 131 20.2 4.42
Large treated Pick up 1.16 69* 16.2 2.93
Large treated Sedimentation 1.36 140 64.1 5.83

*inaccurate numbers caused by technique limitations with hydrophobic particles

Clearly, bubble coverage (o) is larger for larger glass beads regardless of the method
used (pick up or particles sedimentation) and whether the particles were hydrophobized or
not. As the model shows (equation (5.1)), the gravitational and buoyancy forces are related to
the particle size Rp3, the capillary pressure depends on the sz and the capillary force depends
on the R,. It is therefore obvious that for micron sized particles, the R? and R® drastically
decrease, e.g. R,=5010°, R,’=2.510" and R,*=1.25:10" therefore for the range of particle
sizes used in this study, the capillary force is dominant. This force results from the combined
effect of contact angle and particle size. The capillary forces for the small particle with large
contact angle and the large particle with small contact angle are of the same magnitude.

The bubble pick up method with untreated small and large glass beads gives slightly

higher (by ~0.5°) effective contact angles than the particles sedimentation method (Table 5.3).
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This could be attributed to the enhanced liquid film thinning when the air bubble is pushed
into the particle bed. In this case the time of particle-bubble contact (~5 seconds) exceeds the
time of particle freely moving around the bubble. Furthermore, the additional force, caused by
the bubble being pushed into the particles, is unavoidable in bubble pick up experiment and
this might also introduce an error.

The bubble pick up method was unsuccessful for the hydrophobic particles. The
problem of gas bubble immersion into the strongly hydrophobic particle bed, forming strong
aggregates, resulted in limited bubble accessibility (similar to Figure 5.8a). Because the upper
surface of bubble remained uncovered by particles during the bubble in particles bed
immersion, the coverage angles, therefore the effective contact angles are significantly lower
than measured by the particles sedimentation method.

The effective contact angles of small particles are systematically lower than contact
angles of large particles. The effect of particle size is less pronounced for the hydrophobic
beads where both methods gave very similar coverage angles. The difference between
effective contact angles of untreated particles and treated is significantly lower (~50%) than
the untreated glass beads (300-500%). The differences caused by particle size diminish when
the effective contact angle increases. Obviously, larger contact angle causes larger “attaching’
capillary force and according to the model, the adhesion dependency from the capillarity
becomes more dominant than from the particle size. Adhesion of untreated as well as
hydrophobized glass beads strongly depends on the capillary force which is predicted by the
model, hence it is expected that large particle having the same contact angle as small ones will

reveal higher adhesion.
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5.4.1.2 Particles to bubble attachment in water

Catalyst supports showed similar problems of bubble pick up method as the treated
glass beads, because the particles formed firm solid bed and the complete immersion of
bubble into it was impossible (Figure 5.12a). Therefore only the particle sedimentation
method was used for the effective contact measurement. It was observed, that there was no
difference in the coverage angle between dry and wet particles. Dry particles that were
sprinkled on the liquid surface had the pores fill with water and by the time (<1min) they

approached stationary bubble, they were already saturated.

Figure 5.12 Silica to air bubble attachment using a) bubble pick up and b) particles
sedimentation methods (1.81 mm needle diameter)
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Alumina

Silica

Zirconia

Figure 5.13 Particles attached to the bubble in water using the particles sedimentation (left

column) and bubble pick up (right column) method (4.8 x 3.6mm)

Typical images of the particles attached to an air bubble in water using bubble pick up
and particles sedimentation method are shown in Figure 5.13. Clearly, different particles
reveal very different strength of adhesion to the bubble. The size of alumina (16um) and silica

(13um) particles is rather comparable and since they form very different coverage, it can be

160



concluded that hydrophobicity, i.e. contact angle, is the crucial parameter that determines
particle to bubble attachment. It appears, that alumina and zirconia particles (Figure 5.13a),
c)) are the most hydrophobic whereas the silica particles (Figure 5.13b) are the most
hydrophilic. The zirconia aggregates (Figure 5.13c) indicates the attraction to the particles due
to a high cohesion forces as compared to alumina and silica.

Measured coverage angles of different particles on the bubble surface as well as ‘dry’
contact angles between particles and water, measured with the adhesive glass slide method
(Nowak et al. 2013) are listed in Table 5.4. Based on ‘dry’ contact angles, the Gibbs free
energy upon particle attachment to bubble in water (AG) was also calculated and is

summarised in Table 5.4

Table 5.4 ‘Dry’ contact angles (Nowak et al. 2013), Gibbs energy upon particle to bubble
attachment, coverage angle, adhesion force and effective contact angle of particles attached to

the bubble
Effecti
Catalys Rp, Ry, ‘Dry’ contact AG, Coverage  Fagn, 107 ective
t 2 contact angle 6,
um  mm angle 0, ° mJ/m angle a, ° N
support °
1.35 83 4.45 2.84
AlOs 16 o o T3 81 4.77 2.94
) 1.40 14 0.003 0.07
510 13 149 7 53 12 0.002 0.06
1.37 55 55.0 7.86
210 26 49 25 37 22.0 4.96

The effective contact angles do not follow the coverage angles which was the case
with non-porous glass beads. The lowest coverage angle of silica particles results in the

lowest effective contact angle. However, effective contact angles with zirconia and alumina
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particles do not follow the coverage angles. The weight and size of the zirconia particles is
almost twice that of alumina particles (Table 5.2). According to the force model and to the
previously shown calculations (Table 5.3), the adhesion force depends on the size of particle,
the larger the particles, the larger the adhesion. Though the hydrophobicity of zirconia is
significantly lower than alumina particles, the attachment of heavy zirconia particles requires
higher force of adhesion, therefore larger effective contact angles were obtained. Therefore it
can be concluded that though the ‘dry’ contact angle indicates the degree of particles
hydrophobicity, the size/weight of particles is also responsible for the particle to bubble
attachment. In flotation it was shown (Hewitt et al. 1995)that the particles between 35-50 um
were collected more efficiently than the smaller particles (Hewitt et al. 1995). On the other
hand, the size of bubble affects coverage (Table 5.4). The difference in coverage is most
pronounced for the zirconia particles, where the bubble size differs significantly. The
capillary pressure is higher for the smaller bubbles resulting in lower adhesion. Omota et al.

(2006) also showed in experiments that the larger the bubble, the less particles were collected.

The adsorption/attachment of particles to the gas bubble depends on the electrostatic
interaction between particle surface and the bubble surface. Whilst oppositely charged particle
and bubble surface will attract each other, the electrostatic adsorption barrier will be formed
for the similar charge (Tcholakova et al. 2008). The surface of air bubble in pure water is
charged negatively and has no charge when the water pH is lowered down to 1.5-2.5 (Jiang et
al. 2010). The zirconia and alumina particles in pure water (pH ~7) have a positive charge and
their isoelectric point, (pH of aqueous solution in which particles surface have no charge) are
7.4 and 8.5 respectively (Tang et al. 2002). Therefore the attractive electrostatic forces
enhance alumina and zirconia particle to bubble attachment. On the other hand, silica particles

have negative charge in water, their isoelectric point is 2 (Tang et al. 2002) thus the particles
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are repelled by the negatively charged air-water interface. The exact magnitude of such
electrostatic adsorption barrier is difficult to calculate, not only is system polar but also even
the easiest model requires numerical solution (Deriagin 1989; Tcholakova et al. 2008).

During flotation the attraction between oppositely charged particle and bubble was
sufficient for the adhesion through the liquid film, i.e. the particle remained *attached’ though
the liquid film that was not ruptured and the three phase contact line was not formed (Ralston
et al. 1999). Accordingly, alumina and zirconia particles can form three phase contact line
whilst attached to the bubble which is governed by high contact angle but also can “stick’ to
the bubble through the liquid film because of the electrostatic attraction of negatively charged
surfaces. However, silica particle attachment is expected to be entirely due to the three phase
contact angle formation since the negatively charged surfaces would repulse each other
through the liquid film. Therefore the electrostatic adsorption barrier between silica and
bubble surface is a contributing factor for the low coverage angles as opposed to alumina and
zirconia particles. Indeed, silica contact angle measured with adhesive glass slide method
Table 5.4 was larger than the zirconia particles, 75° and 49° respectively, therefore more
hydrophobic silica is expected to give larger coverage angles than zirconia. However, the
coverage angles with silica are significantly lower than with zirconia particles. The
electrostatic adsorption barrier gives satisfactorily explanation of such reversed situation. The
attraction is between particle and bubble (if oppositely charged) is stronger for larger particles
(Tcholakova et al. 2008). Though high contact angle between water and silica particles should
result in stronger particle to bubble adhesion and hence in large coverage angle, the repulsion
between negative particles and negative bubble surface inhibits the attachment of freely
falling silica particles (see Figure 5.12b). Therefore the hydrodynamic forces causing the

collision of particle with bubble (which pushes particle to bubble) appears to be insufficient to
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exceed such force of electrostatic repulsion and further drain the liquid film between silica
particle and bubble. ‘Dry’ contact angles between silica and zirconia particles and water using
glass slide method were lower than alumina particles (Table 5.4). Also, alumina particles have
largest coverage angles. The combined effect of largest hydrophobicity and electrostatic
attraction between positive alumina particles and negative bubble surface explains the largest

coverage angles with these particles.

5.4.1.3 Attachment of particles to bubble suspended in oil

Investigation of the particle to bubble attachment in paraffin oil was more difficult
than with water due to the high viscosity of oil (~100 times water). Shear produced during
relative motion of bubble and oil (velocity of 0.1 cm/s) caused the sweeping of attached
particles (Figure 5.14). Nevertheless, particles attachment to the bubble was observed in a
stationary system. The alumina, silica and zirconia particles attachment to air bubble in
paraffin oil are shown in Figure 5.15a. The particle to bubble attachment was also
investigated in decane (Figure 5.15b) because it has physicochemical properties similar to
paraffin oil at 210°C (see Chapter 2, Experimental and methodology). This means that the
conditions were similar to Fischer Tropsch synthesis (~210°C) that was used in measurements
of the bubble size in paraffin oil at elevated temperature (Chapter 2). Additionally, the bubble
pick up method could be used more efficiently, i.e. decane has much lower viscosity (0.84cP,
20°C) than paraffin oil which means, that the shear produced by the bubble movement is

significantly reduced and the particles sweeping did not occur.
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Figure 5.14 Sweeping of the particles off the bubble in oil using bubble pick up method (1.81
mm needle diameter)

Figure 5.15 Particles to bubble attachment in a) paraffin oil and in b) decane (é.6x2.8 mm)

Figure 5.15a) shows that particles attach to the bubble attachment in paraffin oil. The
highest coverage was observed with the silica particles but also alumina particles were
attached to the air bubble in paraffin oil but no attachment of zirconia particles was observed.
It appears that zirconia is the least lyophobic and the most favourable position that the
particles take in the air-paraffin oil dispersion is the bulk of oil. The zirconia particles have
the largest dispersive component of surface energy, therefore the interactions between these

particles and paraffin oil are the strongest (as compared to alumina and silica). Also, the zero
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contact angle between paraffin oil and zirconia particles confirm lyophilic character of
particles (Nowak et al. 2013). High dispersive component of surface energy indicates the
complete spreading of non-polar liquid, therefore the zirconia particles preferential position in
respect to the air-oil interface is the oil bulk.

Presence of alumina and silica particles at the air-paraffin oil interface indicates a
certain degree of lyophobicity. The lyophobicity is more pronounced for silica particles; it
forms larger coverage angles than alumina (Table 5.5). Attached alumina particles (Figure
5.15a) have visibly larger size than the silica particles. The microscopic images of particles
pre-suspended in paraffin oil (for approximately 3h) clearly show the alumina aggregates
whereas silica particles is uniformly dispersed (Figure 5.16a). In decane, silica particles were
the only particles that were attached to the air bubble (Figure 5.15b). Silica particles in decane
formed lower coverage angles than in paraffin oil because of lower decane surface tension
(25% lower) and hence lower capillary force that is a dominant force in the particle to bubble
attachment. The effective contact angles that calculated from the coverage angles of alumina
and silica particles are also low (Table 5.5). Measurements of contact angles showed that
complete spreading of paraffin oil on the alumina and silica particles occurred, hence that the
particles are lyophilic (Nowak et al. 2013). Particle to bubble attachment experiments

however show that they tend to remain at the interface oil/ air interface.

166



i --

) “

Figure 5.16 Alumina and silica suspended in a) oil and in b) water (210x140 um)

Table 5.5 The coverage angle, adhesion force and effective contact angle that particles form at

the bubble in paraffin oil

Catalys R Ry Coverage Fug 10% Effective
t contact angle e,
um mm angle o, ° N
support °
Al,O3 16 1.42 6 0.4 0.13
SiO, 13 141 36 14.6 0.87
ZrO, 26 1.46 0 - -

167



5.4.2 Particles adsorption at interface

5.4.2.1 Particles to droplet attachment

The investigation of the particles adsorption at the paraffin oil/water interface in
stagnant conditions was carried out by initially dispersing the particles either in water or in
paraffin oil. Subsequently, images of the particles attachment to formed droplet of water (or
oil) were recorded. Figure 5.17 shows the particles adsorption (attachment at the droplet of
paraffin oil formed in water. When the droplet of oil was formed in water, the particles was

dispersed above such droplet and the images show the particles sedimentation method.

Zirconia

Figure 5.17 Particles to oil droplet attachment in water (1.81mm needle diameter)
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Alumina and zirconia particles adsorbed almost on the entire interface whereas silica
attachment was scarce. Clearly, the silica particles are strongly hydrophilic and only small
attachment at the droplet bottom was observed (coverage angle ~5°). However, such low
coverage of paraffin oil droplet with silica particles indicates presence of small fraction of
hydrophobic/lyophilic parts on the particles surface. There is clear tendency of alumina and
zirconia particles to remain adsorbed at the water/oil interface. These results suggest that
alumina and zirconia reveal amphiphilic character, i.e. they can interact with paraffin oil
through the dispersive forces but also can interact with water through the polar forces, so the
polar groups are present at the surface.

It should be noted that the OH" ions (dissociation of water) that are adsorbed at the oil-
water interface cause the electrostatic, negative charge at the interface (Danov et al. 2006).
Particle suspended in water are charged because the high dielectric constant of water (~80)
facilitate the ions dissociation in the bulk of water and on particle surface (Hsu 2004). So as
previously discussed, the alumina and zirconia particles reveal positive electrostatic charge
whereas silica is negative. Therefore the low adsorption of silica particles is also (apart from
hydrophilicity) caused by the presence of electrostatic repulsion. The positive charge on
alumina and zirconia particles dispersed in distilled water produce the large coverage of oil
droplet in water.

In the second version of this experiment, the particles were initially suspended in the
paraffin oil. Subsequently, the water droplet was formed in the oil and the bubble pick up
method was used to attempted attachment of particles attachment to the water/oil interface.
The images of particles attached to droplets are shown in Figure 5.18 and Figure 5.19.
Alumina and zirconia particles can be seen at the paraffin oil-water interface whereas silica

particles were transferred from the bulk of paraffin oil to the bulk of water and no presence at
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the interface was detected adsorption was observed. Transfer of silica particles from one
liquid to another happened within the fraction of a seconds. Once the silica entered the water

droplet, the random movement of particles inside the droplet was observed.

Alumina ' Zirconia

Figure 5.18 Alumina and zirconia attachment to the water droplet in vara oil (1.81 mm needle
diameter)

Silica

Figure 5.19 Silica particles to water in oil droplet attachment (1.81 mm needle diameter)

The behaviour of silica particles that were initially suspended in paraffin oil is very
interesting because the transfer of particles from oil to water phase occurred. Not only proves

high hydrophilicity (or lyophobicity) of silica particles but also indicates the amphiphilic
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character of alumina and zirconia particles, i.e. the ability to adsorb at the paraffin oil/water
interface.

Silica particles are preferentially wetted by water therefore they are transferred from
bulk of paraffin oil to water. The work of such particles transfer (egulfing in Figure 5.4) from
one liquid to another exceeds the energy of adsorption/desorption at the interface, therefore
the energy of desorption is unimportant Clearly, silica particle interfacial energy with water is
much lower than with paraffin oil, which cause engulfing of the particles by water (AW;,<0).
It is essential that the total work is negative which for the transfer of silica particles (3) from

oil (1) to water (2) equals:
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AW, = 4ar? (Vo3 = V13) (5.6)

When the engulfing occurs, the above equation implies that interfacial energy of particle
silica/water is lower than the interfacial energy of silica/paraffin oil (y23<yi3). This implies
that silica is better wetted by the water than by oil. Of course, the adsorption/desorption
processes have to be taken into account once the particle is transferred from one liquid to the

other through the interface. The final, necessary condition of such particles transfer accounts

also the repulsion from one liquid and attraction from another one, so AW and AW must
have opposite sign, so the necessary condition is that y,3 + y13 > y12. The experiments imply
that the sum of silica-water and interfacial oil-silica interfacial energies is larger than the

water-oil interfacial energy.

It was interesting to notice the presence of long range attraction between droplets of
water and alumina or zirconia particles suspended in paraffin. The example is shown in Figure

5.20, where the aggregate of alumina particles is first attracted to the paraffin oil/water
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interface, remained there 1-2s and was subsequently repelled. The repulsion of the (adsorbed)
small aggregate from the surface was faster than the attraction, and the aggregate behaved as
injected back to the bulk of paraffin oil. Apparently, at the interface charge reorientation takes
place once the particles/aggregate is attracted to the water/oil surface covered with same
particles. Such behaviour was observed many times with alumina and zirconia
particles/aggregates (images not shown). Strong interaction between droplet of water/oil and
particle suspended in oil were previously also observed (Danov et al. 2006; Danov et al.
2006; Tcholakova et al. 2008). Though the dielectric constant of oils (~2) is normally too low
for ion dissociation (from the polar groups on the particle surface) the most probable reason
for such particles attraction from the bulk of oil to the droplet of water is the presence of

electric charge at the oil-particle interface (Hsu 2004; Danov et al. 2006).

W h“ﬁj

Figure 5.20 Consecutive pictures (2 seconds interval) of attraction/repulsion alumina particles

to/from the water/oil interface

The particles layer covering the droplet differs significantly depending on the liquid in
which the particles were initially suspended. Clearly, the coverage is much denser with the
alumina or zirconia particles that were initially suspended in water (Figure 5.17) than those
initially suspended in oil (Figure 5.18). The particles adsorbed at the oil/water interface
undergo very long-range (a few particle diameter) repulsive forces and such phenomena was
observed only for the particles initially suspended in oil phase. This repulsion is much

stronger than that between charged particles in water (Aveyard et al. 2002; Danov et al.
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2006). Particles that are adsorbed at the water/oil (i.e. interface between polar and non-polar
liquid) acquire asymmetric charge distribution on their surface, resembling their behaviour
dipoles (Figure 5.21) (Aveyard et al. 2002). It is caused by dissociation of the polar groups
from the part of particles surface immersed in the water. Adsorbed particles at the water/oil
interface repel each other because of the electrostatic (negative) charge and such particles

form hexagonal arrays at the interface spaced by several diameters (Danov et al. 2006).

Paraffin oil

Electrostatic repulsion

Figure 5.21 Repulsion between zirconia particles adsorbed at the polar (water) and non-polar

(paraffin oil) interface

5.4.2.2 Water-oil emulsions

Alumina, titania and zirconia produced stable emulsions (more than few weeks)
whereas silica particles did not stopped the water and oil phases separation (Figure 5.22).
Lack of emulsion stabilisation proves that the silica particles are highly hydrophilic and
lyophobic towards paraffin oil. Also, titania particles show abilities to adsorb at the water/oil
interface and stabilise the emulsion. The size of produced oil droplets indicates also the
strength of the adsorption, the smaller the droplets the less stable droplets and higher tendency

for coalescence/flocculation. The alumina particles produced smaller droplets to titania and
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considerably smaller than zirconia. It is worth to notice that the particles initially suspended in
water formed more uniform sizes of droplets and particles initially suspended in oil non-
uniform sized droplets of oil.

The liquids that formed continuous and dispersed phase in emulsions were detected
using water insoluble and oil insoluble pigments. Droplets (dispersed phase) were made of
oil. Oil in water emulsion indicates that the particles reveal hydrophilic character, i.e. the
continuous phase wets better the particles and the larger particle volume is immersed in water
according to the Bancroft rule (Ashby et al. 2000). QOil droplets in water indicate that the
particles have water contact angle ® < 90° according to Figure 5.6a. Clearly, the particles
reveal preferential wettability by water, i.e. oil droplets were produced, larger part of alumina,
titania and zirconia particles adsorbed at the interface were immersed in water (Tambe et al.

1994).
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Zirconia

Figure 5.22 Left columns show the mixtures where the particles were initially suspended in
water and right column shows the mixtures where the particles were initially suspended in oil
(5.0x3.75mm)
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5.5 Summary and conclusions

Fundamental study that employs single bubble/droplet immersed in liquid as well as
practical application, i.e. emulsion stabilisation, clearly showed particles adsorption at the
interface. Different behaviour of particles was observed, specifically, there was a clear
difference between silica particles and alumina/zirconia at all investigated interfaces. Though
the experiments with titania particles were difficult due to opaque suspension they form in

water, they stabilised emulsion what proves high adsorption at the water-paraffin oil interface.

Silica particles show the largest degree of lyophobicity in comparison with alumina,
titania and zirconia. The ability of silica particles to remain at the air/oil interface indicates
that the particles might affect the bubbles coalescence rate. Therefore additional set of
experiments was performed in which the effect of particles on the air bubbles coalescence was
investigated. The air bubbles, formed at the tip of a needle, were immersed in the oil or
oil/particles suspension. The air bubbles were brought in the close proximity and when
coalescence did not occur spontaneously, the volume of bubble above was increased until

detachment of bubble from the needle occurred.
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Figure 5.23 Investigation of air bubbles coalescence in a) paraffin oil, b) paraffin oil/silica, c)
paraffin oil/alumina, d) paraffin oil/zirconia. Time span for non-coalescing bubbles 0:1:2s, for
coalescing bubbles 0:0.06:0.12s (needle diameter 1.81 mm)

Images (Figure 5.23) indicate that the air bubbles in pure paraffin oil did not coalesce
and that the presence of alumina (Figure 5.23c) and zirconia (Figure 5.23d) particles did not
affect bubbles in paraffin oil, but silica particles enhanced the coalescence (Figure 5.23b).
Apparently, silica particles enhances coalescence rate due to the bridging effect, where the

particles are pushed towards the gas phase (or try to escape from the oil phase) which lead to
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more efficient liquid film drainage. Similar tendency of bubbles covered with highly
hydrophobic particles was observed in water (Ata 2009). It must be noted that the “stagnant”
conditions can be very different than the conditions present in the stirred tank reactor in
turbulent flow. The significant error is expected linked to the difference in contact time
between bubbles which is significantly lower and hence less efficient liquid film
thinning/drainage. It can be concluded that bubbles coalescence experiments prove that the
particles are able to enhance bubble coalescence. The essential step in the bubbles
coalescence is the thin liquid film drainage between bubbles and clearly, the presence of
particles in such a film increases the rate of its thinning and disruption. Particle in the gas-
liquid interface can bridge approaching gas bubbles in liquid, where the three phase contact

line is created.

Silica particles proved to be hydrophilic, i.e. very small fraction of particles attached
to the bubble in water and the largest amount attached to bubble in paraffin oil. High
Iyophobicity was clearly seen when the particles transfer from oil to water phase occurred and
insignificant attachment to droplet of oil was observed. Finally, the particles did not stabilise
emulsion, hence silica particles were not present at the interface.

Alumina and zirconia particles are amphiphilic and experiments confirm high
adsorption abilities at the water/paraffin oil interface. Larger number of alumina particles
adsorbed at the air bubble/water interface proves particles hydrophobicity which is somewhat
greater for alumina. Some degree of alumina lyophobicity was observed since small amount
of the particles were attached to the bubble in paraffin oil whereas no attachment with
zirconia particles was observed. High adsorption at the paraffin oil/water interface was found

with alumina and zirconia particles initially suspended in water. Alumina and zirconia
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particles initially suspended in paraffin oil attached to the water droplet and the strong
electrostatic repulsion between adsorbed particles occurred. Finally, the ability to stabilise
emulsion by producing droplets of oil in water show that the alumina and zirconia particles,
though amphiphilic, are better wetted by water.

Particles attachment to the interface made of polar and non-polar media can be
extrapolated to the particles effect on the bubble size. For instance, lack of silica particles at
the water/oil interface might indicate that the particles are prone to cause bridging effect with
the bubbles made of steam since is the hydrophilic and would tend to go ‘inside’ the bubble.
Alumina and zirconia however can in principle stabilise steam bubbles via Pickering
stabilisation since are prone to remain at the water/oil interface. In air/oil arrangement, only
small amount of the silica particles and even less of alumina were found in stagnant
conditions whereas no zirconia attachment was observed. This might indicate that when
mixing is applied, the particles attachment does not occur. Therefore the coalescence
inhibition might occur only when the bubbles were made of steam and the results on the
bubble size showed that the reduction of bubbles occurred only for the polar gas/non-polar

liquid.
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Chapter 6

6 Conclusions and Recommendations
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6.1 Summary and conclusions

The gas-liquid interfacial area in the multiphase system strongly depends on the gas
composition. The bubble size in high molecular paraffin oil increase significantly when the
steam is present in the gas phase due to larger restoring forces, i.e. steam-oil interfacial
tension is larger than N»-oil. Reduction of mass transfer rates might occur when steam is
present in the system caused by decrease of interfacial area due to larger bubbles.

Different catalyst supports have different effect on the bubble size because of different
surface properties, however quantification is difficult. The contact angle measurements
showed that only TiO, particles reveal slightly lyophobic character whereas complete
spreading on Al,O3, SiO, and ZrO, suggest that particles are lyophilic. Subsequently, water
contact angles showed that to different degree all particles reveal hydrophobic character.
Therefore such quantified hydro/lyophobicity of particles (contact angles) shows preferential
wetting by paraffin oil and non-wetting by water, hence indicates low particles adsorption at
the paraffin oil-water or gas-oil interface (remain in bulk) and strong attachment to bubbles in
water. However, experiments that aimed to visualise the particles presence at the interface
clearly show that particles have high ability to remain adsorbed at the interface. Experiments
with the droplets formed in other liquid clearly show that Al,Os and ZrO, strongly adsorb at
the paraffin oil-water interface and also these and TiO, particles stabilise the emulsions.
Presence of the polar and non-polar groups at the surface (amphiphilic character) causes the
ability of the particle to remain at the liquids interface. Though particle to bubble attachment
in water confirmed that Al,O3 is more hydrophobic than SiO; and ZrO,, the ZrO, attachment
was stronger than the SiO, particles in contrary to water contact angles. Contact angle does
not fully describe particles/gas/oil interactions. Measured contact angles between oil and

particles and between water and particles is insufficient for the prediction of the behaviour of
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the particles at the water-oil interface. Particles/gas/oil interaction is more accurately
described by interfacial energies, since the favourableness of the particle attachment to bubble
followed the trend of the energy of the three phase system upon particle attachment.
Simulation of FT synthesis with dry gas might lead to incorrect conclusions, i.e.
alumina increases nitrogen bubbles but reduces bubbles containing steam but zirconia
particles do not affect nitrogen bubbles but reduces steam ones. Also, silica particles do not
affect nitrogen bubbles but increases steam bubbles. Presence of different particles affects the
bubble coalescence rate. The degree of particles lyophobicity and size are the major
parameters responsible for the bubbles (N2) size which are either increased (with Al,O3; and
TiOy) or unchanged (with SiO, and ZrOy). The size of steam bubbles in paraffin oil however
is a combined result of particles size, wettability by water and paraffin oil but also the
adsorption at interface abilities. Results show that steam bubbles are reduced with presence of
alumina and zirconia particles whereas increased with silica particles. Apparently, alumina
and zirconia particles have an ability to stabilise and hinder bubble coalescence when steam
(polar medium) is present in the gas phase but silica particles enhance such bubble
coalescence rate due to the bridge formation between the colliding bubbles. Particles that are
able to remain at the water/oil interface characterise with lyophilic and hydrophilic parts on
the surface and are sufficiently small, i.e. 20um particles. Catalysts, characterized by the large
amount of lyophilic/hydrophobic centres on the surface, appear to stabilise the steam bubbles
against coalescence. Since the contact angle fails to predict particles attachment to the
fluid/liquid interface, analysis of particles should be performed using inverse gas
chromatography for the magnitude of dispersive component determination and calculation of
the three phase system energy followed by the set of experiments that are able to visualise

particles at the interface.
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6.2 Future recommendations

The key recommendations for future work arising from this study are detailed below:
Bubble size measurements were carried out in stirred tank reactor in a batch mode
therefore the future work should include the experiments carried out in continues
mode. Thus obtained absolute values as well as observed trends should be compared
with the batch mode, where the equilibrium bubble size was measured. Such
comparison would be very informative, i.e. the effect of particles on the transient and
equilibrium bubble size should follow the same trend.

As the gas volume dispersed in oil increases when the mixing intensity increases the
Po number should be measured for the more accurate energy dissipation rate
calculations which might lead to more accurate correlations.

The higher the energy dissipation rate the larger the input of bubble coalescence since
there is larger amount of gas dispersed in the liquid therefore the larger the collision
probability. In order to exclude the increasing significance of the coalescence at the
highest energy dissipation rates it is advisable to study the bubble sizes in non-
coalescing system with large gas volume fraction.

For the largest steam-oil interfacial areas, it is recommended to manufacture catalyst
particles with varying size, shape and centres on the surface, i.e. hydrophilic, which
are able to form hydrogen bonds with the water molecule but also substantial
hydrophobic centres that are able to interact with non-polar oil via dispersive forces.
Catalyst surface properties should be subsequently tested for the degree of such
centres via inverse gas chromatography (Chapter 4) and attachment at the interface

(Chapter 5).
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