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ABSTRACT

Africa is one of the most water-scarce continents on earth and the lack of potable
water is responsible for the death of approximately 4 900 children every day. Water
can be effectively decontaminated by using a household ceramic water filter. The
local production of low-cost water filters suitable for the removal of suspended
material and pathogenic bacteria from water sources, especially in rural areas,

provides a promising solution to the problem and is therefore important to pursue.

The traditional slip casting process was used develop a micro-porous ceramic water
filter. The method was found to be more suitable than either extrusion or die casting
for manufacturing a locally suitable, low cost ceramic water filter. Slip casting,
requiring limited expensive equipment, usage of locally available raw materials,
labour and expertise makes this the only promising method for manufacturing

ceramic filters in a rural, non-technical setting.

Using milled lithium alumino-silicate had the main advantages of thermal shock
resistance and dimensional stability because of the material’s zero thermal expansion
at firing temperatures. Milling tests based on the Andreasen packing model were
used for obtaining the best particle packing for the raw material recipe. The material
also provides dilatant rheology matching the rheology of the organic carbon pore-
former. The candle- type filter required less raw material compared to the other low
cost filter such as the pot- type filter from (PfP). The particle size of the pore-former
provided us with small pores around 3 microns after firing for the elimination of
bacteria from drinking water. These pores were much smaller and more effective
when compared with Potters for Peace (PfP’s) pore size of 16-25 micron. The zero
thermal expansion (adopted ZTE product name) helped to prevent damage (cracking)
to the product during heating and gave accurate control of the ultimate filter size after
sintering.

The large apparent porosity results of between 67-73 per cent for the finished product
provide a specific surface area of 7 m* g™ and a high flow rate which explains the
filtration efficiency of the filter. The 32 minute retention time of water further helps
with the filtration effectiveness. Bacteriological testing exceeded all expectations.
The product was tested using water contaminated with high concentrations of

selected bacterial cultures as well as with water from local polluted streams.
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The product complies with the WHO (2011) recommendation requirement for
household water treatment (HWT) technologies of a LRV > 4 (log reduction value).

With correct cleaning and basic maintenance, this filter can effectively provide clean
drinking water for rural families affected by polluted surface water sources. This
product can immediately be useful to families placed in situations where polluted
drinking water causes distress. The filter could provide a low-cost solution for the
millions of people without access to potable water in Africa.

Furthermore, such a project provides opportunities for local financing and
innovation. The method of slip casting for the manufacture of porous ceramic used in
this study has been showed to work very successfully. The filter requires fewer raw
materials, energy for the shaping- and firing- process, finishing, storage space, it is
small, compact, and more effective against bacterial load and has a flow rate 3-4
times faster than any other low cost manufactured filter. The low unit manufacturing
cost, places Outbac in a strong position, to also compete on a price-only-basis with
other low cost, ceramic filter producers in the world.

Keywords: bacteria; ceramic filter; micro-porous; slip casting; water filtration



ACKNOWLEDGEMENT

Thank you to my wife, Anita and children, Jean-Francois and Simone, who shared
both the good and the bad times with me.

Thank you to Ron Wilkinson who agreed to edit the thesis for further enhancement of
the work.

Thank you to Prof. Bruce Kelbe, Dr. Albert Basson and Prof. Nerish Revaprasadu for
their excellent guidance and patience throughout the whole research project. Thank
you to Dirk Kotze for his initial guidance and ceramic knowledge.

Thank you to God for the inspiration as well as the original idea to develop the water
filter for improving the living conditions of thousands of poor in the world: “Let Your

living water flow over my soul...”



STATEMENT OF ORIGINALITY

I declare that the research : “DEVELOPING A LOW-COST CERAMIC MICRO-
POROUS WATER FILTER FOR REMOVAL OF MICROORGANISMS THAT
CAUSE COMMON DISEASES” done and reported in this dissertation is original
work done by himself, and was not copied from any source, unless referenced

clearly.

Signed: Date: 13" of April 2013
Jean Jacques Simonis




CONTRIBUTION TO THE BODY OF KNOWLEDGE

The results from the research have been published in three peer-reviewed journals
for which the papers are attached in the APPENDIX:

1.

Paper I: Evaluation of a low-cost ceramic micro-porous filter for
elimination of common disease microorganisms. Elsevier’s Physics and
Chemistry of the Earth, 36 (2011), pp. 1129-1134.

Paper Il: Manufacturing a low-cost ceramic micro porous filter and filter
system for elimination of common pathogenic bacteria. Elsevier’s Physics
and Chemistry of the Earth, 50-52 (2012), pp. 269-276.

Paper I11: Manufacture Of A Low-Cost Ceramic Microporous Filter For
The Elimination Of Microorganisms Causing Common Diseases, IWA
Journal of Water, Sanitation and Hygiene for Development, 03.1, 2013,
pp. 42-50.

The development, manufacture and evaluation of the OUTBAC ceramic water filter
has been demonstrated and presented at Symposia and other important venues
during the past 4 years:

1.

10.

Research Project Registration (UNIZUL): Project Registration No. S 462/09-
developing a low-cost ceramic micro-porous filter for the elimination of
common disease microorganisms

Oral presentation: UNIZUL 4th Annual Postgraduate Symposium (October
2009) which qualified as the best presentation of the Symposium.

Oral presentation: UKZN Durban- Society for Microbiology Symposium
(November 2009)

Oral presentation: UNIZUL 5th Annual Postgraduate Symposium (November
2010)

Poster presentation: 11th International WATERNET Symposium, October
2010, Vic Falls, Zimbabwe

Poster presentation: International Young Water Professionals Conference,
June 2011, Pretoria

Poster presentation: GWSSA 2nd Regional Conference on Groundwater,
September 2011, Pretoria

Poster presentation: 12th International WATERNET Symposium, October
2011, Maputo, Mozambique

Practical demonstration: COP 17, Durban: where a stall was manned for a two
day demonstration and display of the OUTBAC and BACSTER ceramic filters
to international delegates.

Poster presentation at 13™ International Waternet Symposium in Johannesburg
in October 2012: Viral removal through precipitation of nano-sized metallic
salts on a low cost micro-porous ceramic water filter.

<.



11. Oral presentation: IWA Regional Conference on Membrane Technology,
December 2012 in Beunos Aires, Argentina: Making a low-cost ceramic
microporous filter for the elimination of microorganisms causing common
diseases.

TABLE OF CONTENTS

Chapter 1: INErOQUCTION. ......ooiuiiiiie it 1
1.1 BACKGIOUNG.....oouiiiiiiiiieitie ittt 1
1.2 Conventional water treatment..........ccoceeiiriiieiie e 3
1.3 Advantage of using POU, CWF and HWTS .........ccccooiiiiiiiiinie e 4
1.4 Costbenefit usSiNg HWTS.......ooiiiiiiiie e 6
1.5  Water filtration methodology ..........ccoceiiiiiiiiiiiiie e 8

1.5.1 Ceramic water filters (CWF) .....cccoviiiiieiiiee e 10
1.5.2 Making a ceramic water filter...........ccooiiiiiiiiiiii e 10
1.5.3 CeramicC filter Properties.........cceiuieiiiiiieiieere e 12
1.5.4 Standards applied to water fIlters..........cccoveviiiiiiiie e, 14
1.5.5 Local clean water provision SOIULIONS...........ccceviiiiiiiiiiiniie e, 15
1B Mt nneas 17
17 ODJECHIVES ..ttt 17
1.8 HYPOTINESIS ... 17
Chapter 2

2 Filter FOrmMINg PrOCESSES. ......cciuiiiiiiiiiiiie sttt 18
2.1 INEFOAUCTION ..o 18
2.2 Main forming Methods.........ccciiiiiiiiiie e 21

2.2.1 DB PIESSING ..ccuveeiitieiiiieiie sttt ettt 24
2.2. 1.1 DB et et 29
2.2.1.2 Die pressing Problems .........coceoiiiiiieiieiie e 30
2.2.1.3 Examples using die pressing to make porous ceramics................... 31

2.2.2 EXITUSION.....uiiiiiiiiieitieeiie sttt 32
2.2.2.1  AUGET BXETUSION ...t eiiee sttt be e 33
2.2.2.2 Examples using die pressing to make porous ceramics................... 35

2.2.3  SHP CASTING...coteiiitieiiiieiie ettt 36
2.2.3.1 Drain and Volume Casting..........cccovueeiieriieiiienieeniee e 38
2.2.3.2  Consolidation 0f SHPS.......cccviiiiiiiii 39
2.2.3.3  SHP CONLIOL.....eiiiiiiiiiiie e 42
2.2.3.4  Slip dispersion (deflocculation) ...........cccoviiiiiiiiiieniie e 45
2.2.3.5 Raw material requirements for slip casting ..........cccccovvveerieriirnnnn 45

<
=i



2.2.3.6  GEI-CASTING ... 50

2.2.3.7  Freeze CaStiNG.....c.eeiiiiiiiiiie ettt 56
2.2.3.8  Slip casting DENETItS........cccuvriiiiiiiiiie e 56
2.2.3.9 Forming method application SUMMArY ..........ccccoceviieniieeinesiieninnn 59
2.3 Selection of the best forming (shaping) method.............cccccviiiiiiniininnnn, 61
Chapter 3
3 Processing of POrous MaterialS..........cocvuivriiiniieiiiiiiie e 63
3.1 RAW MALEIIAIS......eiiiiiiiic e 63
3.1 1 BACKGIrOUNG....c.eiiiiieiiieiie ettt 63
3.1.2 Raw material CharaCteristiCs..........coovviiiiiiiiiieiiie e 65
3.1.21  Chemical COMPOSITION ......veiiiiiiiieiiie et 65
3122 IMPUIITIES .ttt 66
3.1.2.3  Phase Change .........coceiiiiiiieiieie e 66
3124 GrAIN SIZE ..oeieiii ettt 67
3.1.2.5 Particle size distribDULION ..........cccceeriieiiiiiie e 68
3126 Grain Shape ......ooviiiiiiie e 69
3. 127 AQYIOMEIALES ......viiiiiiiie e 70
3.1.2.8  AQUIOALES ....veeeiiiie ettt 71
3.1.2.9 Material impact on slip rheology .........cccooveiiiiiiiiiin 71
3.1.210  SOHUS CONLENT .....vviieieciiieeiee et 71
3.1.2.11  Particle morphology .......ccoooeiiiiiiiiiiiii 72
3.1.2.12  Particle Size DiStribULION ..........cocviiiiiiiiiiieiieee e 73
3.1.213  Slip floCCUIALION ... 77
3.1.3 Additional raw materialS ...........cccevviiiiiiiiiie e 79
3. 131 POIE-TOMMEIS. ..ottt 79
3.1.3.2 Examples of pOre-fOrmers .........cccooeeiiiiiieiiie e 80
3.1.3:3  COALING . ..eeveieniieiitie ettt 82
3.1.3.4  ACIVated CarbON .......ooiviiiiieiieeie e 82
3.2 Material Preparation..........ccooueiiieiieiiiie e 84
3.2.1 Grinding (Milling) of ceramic raw materials.............cccccerviiiininennnnnn, 84
3.2.2 Small Scale Milling EQUIPMENT........c.eoiiiiiiiiieeiie e 90
3.3 ProduCEt DIYING......cooueeiiieiiieiiie st 92
3.3 1 DIYING SEEPS ..cuveeitieiiieetie sttt ettt ettt ettt 92
3.3.2  Green body Strength..........ccooiiiiiiiie 96
3.3.3  Drying CoNAItIONS.......cccuviiiieiiiiiiie ittt 97
3.34  SBIHING. .. et 98
3.3.5  TYPES OF DIYING ..vveiiiiiiie ittt 98
3351 AN DIYING ..oiiiiiiiieiiee e 98



3.3.5.2  Laboratory OVEN DIYING.......cccoiiiiieeiiiiiie e 98

3.3.5:3  HUMIAILY DIIEIS. ...coiiiiiiieiiie et 98

B4 FIFINQ et 98
AL BUIM-OUL....ceiiice e 99
3.4.2  Final firing (SINEIING) .....veeivveiiieiiieiie e 100
3.4.3  Solid State SINTErING.......cueeiiiiiieiiie s 101
344 SINEEIING STAGES ...vveiivieiiieeiiie ettt 102
3.4.5 Mechanism Of SINTEING .....ccveiiiiiiieiie e 103
3.4.51  Grain bOUNAries ........cccooviiiiiiiiie e 105
3.4.6 Heating SChedUle .........cccueiiiiiiiiii s 106
3.4.6.1  PartiCle SIZE .....eooiiiiiie i 107
3.4.6.2 Particle size distribULION ...........cocoeviiieiiiiiic e 108
3.4.6.3 Particle shape and StruCtUIe ..........cccceviveeiiieeiiie e 109
3.4.6.4  Particle PACKING .......cooiiviiiiiiie e 109
3.4.6.5  Green UeNSItY ....cceeiiuieiiieiieeiie e 110
3.4.6.6 Examples of firing porous CEramic ...........cccoveveereeniiennneennesninenn, 110

3.5 ProducCt SNAPING ....ccveiiiiiiiieiiie e 112
351 PHASTEN e e 112
3.5.2  Plaster Preparation..........cccooveiiieiieeiie et 112
3.5.3 MaSter MOUIT ......ccueviiiiiiiie s 113
3.5.4 UsINg the MOuUld...........cooveiiiiiiiiiii e 115
3541  Mould FIIING .oooiiiiiiiiiiie e 116
3.5.4.2  Air Drying SHp Cast Parts ..........cccvveeiieiiiiiieenie e 116

3.6 SUMMAIY .ottt 116
CRAPTET 4. 118
4 Analysis of Ceramic Filter Properties..........ccccoiiiiiiiieiieenie e 118
4.1 INEFOAUCTION ..o 118
4.2 [N-ProCESS CONIOL......iiiiiiiiieiiie e 119
4.2.1 PArICIE SIZE ...ooviiiiiiiii 119
4.2.2  Slip density (SG) MeasUreMENTS........c.eerrrrriieriieerre e 123
4.2.3  Slip rheology (VISCOSILY)......c.eeiiiiiieiiieiieiiie e 124
4.2.3.1 Factors controlling VISCOSITY ........cccovuveiiiiiiiiiieiie e 126
4.2.3.2  Measurement Of VISCOSITY ......ccorviiiiiiiiiiiie i 128
424 SHP PH oo 130
4.2.5 Thermal ANAIYSES ......c.coiiiiiiiiiiii e 131
4251 TGAAND DTA ..o 131
4.2.5.2  Thermal EXPanSioN........cccocoeiiiiiiiiiiie e 131
4.2.5.3  L0ss on Ignition (LOI).....cccieiiiiiiiiiic e 132



4.3 Final producCt tESTING........coiviiiiiiiieiiie et 132

4.3.1 X-Ray Diffraction (XRD).......cccceuiiiriiieiiiiiie i 132
4.3.2 SUIMACE ATBA ..ot 132
4.3.3 IMHCTOSCOPY ..evenvieitieitie ettt sttt sttt 133
4.3.4 Density (ASG) MEaSUIEMENTS.........cvvueeririiiieiieeniee e 134
4.3.5 Porosimeter (pore volume and pore size distribution) .............cccceevenee. 134
4.3.6 HYArauliCs.......cooviiiiiiiiii s 138
4.4  MicrobiologiCal teSTING .......cccvveiiuiiiiiiiie et 141
O R TS o3 1] - S TP P PP 141
4.4.2 Ceramic filter microbial test reSults...........cccovveiiiiiiiniicne 147
4.4.3 Ceramic filter testing with the membrane filter technique.................... 147
4.4.4 Challenge water verification Of HWT ... 148
445  CONCIUSION ....viiiiiiiiic it 149
Chapter 5
5  EXperimental PrOCEAUIE.........ccueiiiiiiie e 150
5.1 INEFOAUCTION ... 150
5.2 Process FOrmation Map.........ccceiueiiieiiieiieiiie e 150
5.3  Raw materials selection and preparation............ccccoceereeiieeniesiieesiee s 155
5.3.1 SWOT Analysis for material selection.............ccccooeviiiiiiininiicieee, 155
5.3.2  Heat-resistant POroUS CEIaMIC. ........eeiurirurerieeiieeiiesiee e e 156
5.3.3 PSD requirements using ball milling ..........ccccoooiiiniiiiie 158
5.3.4  Size distribution @analysiS...........cccoveriiiiiiiiiiiiie e 158
5.3.41 Hydrometer Method...........cccooviiiiiiiiiiie e 159
5.3.4.2  Laser diffraCtion ..........cccoeiiiiiiiiiie e 163
5.3.5 Application of the packing models .............ccccoovviiiiniiie 163
5.3.5.1 Spreadsheet: cOMPOSItE PSD ........ccoceiiiiiiiiiiiieieiiee e 164
5.3.5.2  SHP TECIPE .eeiiiieie e 164
5.3.6 Raw material SEIECTION ..........covviiiiiiiiiiie e 165
5.3.6.1 Baco-95 Alumina ALOs3 .....ccoooiiiiiiiiii 165
5.3.6.2  ZIrCONIA ZIO2.......eiiiieiiieiie ettt 165
5.3.6.3  Flyash: CenoSpheres..........cccoiiiiiiiieiiie e 166
5.3.6.4 ZTE: Lithium alumino silicate...........ccccceviiiiiiniiiiiciice, 166
5.3.6.5 Metakaolin: Casting Clays...........cccvveiiiiiiiiiiiii e, 166
5.3.6.6  ACtiVated Carbon ..........cceeiiiiiiiiiie e 168
5.4 Filter FOrMINgG PrOCESS .......cciuiiiiiiiieiiee sttt 169
5.4.1 Mould Preparation..........ccooeeiiieiiieiieeie e 169
5.4.2  PlASIEr CASTING ...eiveiieieiieeiee s 170
5.4.3  SHP Preparation.........cccciueeiieiiieiiee e 170



5.4.3.1  Casting PrOCEAUIE. ........ueiiiiiiieiiee sttt 171

5.4.4 Rheological MeasuremMentS...........cceiviriiieiiiieiieeiie e 171
5.4.5 Casting, castability and stripability testing............cccoovviiiiiiiiiciiennn, 172
55  BINAer BUIMOUL .........ooiiiiiiiiiie ittt 173
5.5.1 Developing a firing schedule for both burn-out phase and sintering.....173
5.5.2 Characterisation of the sintered samples..........cccoovriiiieiiiiiicieee, 174
5.6  Final product INVESTIGAtiON .........c.eviiiiiieiiiiiie e 175
5.6.1 Porous material evaluations............ccoceviiiiiiiiiiiiiee e 175
5.6.2 SEM INVESTIGAtION.......eiiiiiiiiiiiieiiie e 179
5.6.3  XRD .ottt et 179
5.7 FIOW TESHING ..ottt 180
5.7.1 Hydraulic CONAUCTIVITY ........coiiuiiiiiiiiiiiic e 180
5.7.2  RetentioN tIME.....ccueiiiiiiiieiie et 182
The calculations used in determining the retention time included:................cc......... 182
5.7.3 Testing the cleanability of the ceramic ............cccooovviiiiiiiciice, 183
5.8  MicrobiologiCal teSTING .......cccueeiiiiiiiiiiie e 184
5.9  Assembly of the filtration SyStemS..........ccccooiiiiiiiiiiiicee e 188
5.9.1  FINISNING STAGE .. ccvviiivieiiiieiiie et 188
5.9.2  FIEr SYSIEM..cciiiiiiiiiie s 188
5.9.2.1  BACSTER.....cot ittt 189
5.9.2.2  BACOUT ..ottt 190
5.9.2.3  OULDAC.....ccuiiiiiiie e 191
5.10 Summary: material consumption (mass balance)...........ccccccovvvriiiinnnn, 192
CRAPTET B 193
B RESUILS. .. ..o 193
6.1  Raw material Selection (SWOT)......ccoiiriiiiiiiiiie e 193
6.2  Selected raw material SPECITICALIONS .........ceeviviiiiiiiiieiie e 195
6.2.1 Lithium alumino SHHCAte..........cccoviieiiiiici e 195
6.2.2 Flyash cenospheres (Cenolite) ........ccccvvviiiiiiiiiiiiinie e 197
6.2.3  Organic carbon POre fOrMEN..........cveiieiiiiiiie e 198
6.2.4  Activated CarbON .........cooiiiiiiiie e 199
6.3 Process flow diagram ..........cocieiiiiiiiiiiciiee e 200
6.4 IMIHIING ...ooiiii 200
6.4.1 Particle size distribution for optimum packing............cccccevvvriniernennnn. 200
6.4.2  SHP FECIPE ..ttt 203
6.5  SHP RNEOIOGY ..cevviiiiiiiiee s 203
6.6  Shaping and StrPPING......ccoveiiiiiiiiie s 204
6.7  Burnout and firing SChedule .............ccooieiiiiiiiie e 204



6.8  Ceramic Filter Product TeSHING........ccoviuiriiiiiiiiiieiieeree e 206

6.8.1 X-ray Powder Diffraction (XRD) analysisS.........c..cccoevvrrivennieiiiecnnennnn 206
6.8.2  POIE SIIUCTUIE .....eiiiiiiitiie it 206
6.8.2.1  Water immersion technique (See PMF 4).........cccccviiiiiiiiiinnnnnnn, 206
6.8.2.2 Hg porosimetry iINVESHIgations ...........coccveriierieiieeiiie e 207
6.8.2.3  Scanning electron microscopy (SEM).......ccccocvviiiiiniiiiiinnninnn, 209
6.8.3 Hydraulic conductivity (K) reSUIS............ccooeviiiiiiiniieiieccce 210
6.8.4 Bacster water retention time and tOrtUoSItY ...........cccocvvvieiiieiiieciieenn, 211
6.9  Microbiological teSt reSUIRS ..........cocvviiiiiiiiiii e 213
6.9.1 Bacster effeCtiVe POre SIZe.........ccooeeiiiiiiiiiiee e 213
6.9.2  Inoculation tECANIQUE ........ccuvviiieiiiee e 213
6.9.3 Membrane filter (MF) teChnique ..........ccoviiiiiiiiee 214
6.10  Water FIlter SYSTEIM .......ooiuiiiiiiiieeiie e 215
6.10.1  BAGCSTER ....oiiiiiiicie ettt 216
6.10.2  OUTBARC ...ttt e 217
6.10.3  BACOUT ...ttt e 218
6.11 Comparison of BACSTER water filter with other low cost filters............ 219

6.12 Input and output flows in the manufacturing of the porous ceramic filter.220
Chapter 7

7 Summary, Conclusions, Impact and Recommendations ............cccccceevvvveeninnnn. 223
7.1 SUMMAIY ittt 223
0 O o 11 ] (0] oSSR 228
7.3 TMPACT. ... 231
7.4 RECOMMENTALIONS......cciiiieeiiiee e ree e naee s 231

RO O BN CES. . oottt e e e e e e e e e e e e e e 2B0
N 0] 0 1=] T o P4 0 X

i
=i



LIST OF FIGURES
Figure 1.1: (a) Membrane and (b) microfiltration: (ceramic) separation processes

(TSUNU, 2003).....eeeee ettt ettt b et e e nbb e bt et e et e be e 9
Figure 1.2: Filter elements and filter system (adapted from Dies, 2000).................... 11
Figure 2.1: General forming process flow for ceramic manufacturing process
(modified from EC, 2007) ......oiiuiiiiieiiieiiie ittt 19
Figure 2.2: Process flow for the pressing of ceramic products (modified from EC,
2007.  Colour coded Pressing FOULE. .........ooveriieeriieiiiesiee et 24
Figure 2.3: Granule shape change during die pressing (Reed, 1995)..........c.ccccevnene. 26
Figure 2.4: Compaction stages during pressing: Stage 1 granule packing; Stage 2
granule deformation and Stage 3 granule sliding (Reed, 1995)..........cccccovvviviiieinennnn. 27
Figure 2.5: Scanning electron microscope (SEM) image of a spray dried mixture for
Pressing (King, 2002) ........ooiiiiiiiiiieiie ettt 28

Figure 2.6: Die assembly, which includes a die body and two punches (King, 2002) 29

Figure 2.7: The four die stripping steps: A. Fill die and insert top punch - B. remove
shim press - C. Invert die and position stripper on top - D. Press body out of die
(THOMPSON, 198L) ...eiiiiiiiiieitie ettt et nnne s 30

Figure 2.8: Forming process flow for the extrusion of ceramic products (modified
from EC, 2007. Colour coding of the extrusion route ( ).....cceveveriieiieenieniieeineeen 32

Figure 2.9: Extrusion processes, which include mulling, pug milling and a vacuum
extruder (King, 2002) .........coiuiiieiiie et 33

Figure 2.10: Porosity and flexural strength of filter samples at various sintering
temperatures (Hamidi et al, 2008). Left facing arrows indicate flexural strength and

right facing arrows the POFOSIEY ........coviiiiiiiiiiiii s 35
Figure 2.11: Forming process flow for the casting of ceramic products (modified

from EC, 2007). Colour coded casting rOULE ( )...coveererriueernieniieniie e 37
Figure 2.12: Comparing the particle size (pore size) to the adhesive surface forces
(YaNg €L @l (2003) ....ooveeieieeiiieeiie ettt 41
Figure 2.13: Hlustration of a deflocculated slip system (A: alkaline pH) and a
flocculated slip system (B: acidic pH) - Fish (2001) ........cccooviviiiniiiiiienic e 43
Figure 2.14: Comparing the surface attraction forces, particles size distribution and
particle sizes used in their study (Gotoh and Higashitani, 1997)..........ccccccevvvviinnnne. 47

Figure 2.15: Distance from the particle surface impacts on the electric potential, with
Vs as the surface potential y; as the zeta potential and o as the zero potential (Hunter
ANA WHITE, 1987) .. eiiiiiiee ettt e et et e e e ne e e e neeeenes 48

Figure 2.16: The influence of the van der Waals attractive forces and the electric
double layer repulsion on the potential energy of two approaching particles in a slip

(Yang et al, 2003).....ccueeiiieiiieiiie et 50
Figure 2.17: Gel-casting process by Akhondi et al (2009).........ccccevieiiiniiiieiienninnn, 53
Figure 2.18: TGA and DTA plots for green bodies in air (Akhondi et al, 2009)........ 54
Figure 2.19: Double-layered porous filter (Takahashi et al 2009)..............ccccccveenene 55

Figure 2.20: A- Model for the forming of the self-hardening slip; B- Equation for the
reaction between epoxy and amine hardener; C- Volume fraction of materials and D-

X1
<



Burn-out schedule for resin (Masaaki and Kurita, 1997) .........cccooovvriiininiiienieinienn, 57

Figure 2.21: The Ozgur and San (2009) mould system for slip casting...................... 58
Figure 2.22: Fabrication process for alumina ceramics (Hotta et al, 2005) ................ 59
Figure 2.23: Ceramic forming processes organized according to equipment
expenditure and processing temperature (Adapted from Bill et al, 2003)................... 62
Figure 3.1: SEM image of green compact defects identified using the liquid
immersion technique (Uematsu, 1996)..........cccoueiiiiiiiiiiieiiieiie e 65
Figure 3.2: Effect of grain size on sintering rate and product density (Coble and
GUPTA, L967) .ottt 67
Figure 3.3: The same silicon carbide powder analysed by various laser diffraction
type analysers (Uematsu et al, 1995)........ccociiiiiiriiiie i cee e 69
Figure 3.4: Particle shape and size of starches (Shui et al, 2001)...........cccocevrvernnene 70
Figure 3.5: Particle sizes for granular packing (Husken and Bouwers, 2008) ............ 76
Figure 3.6: Slip microstructure, inter particle forces and suspension structure
(Sigmund €t al, 2000) .......voeiuieiiieiie s 77

Figure 3.7: Thermo gravimetric (TGA) curve for yeast using a firing rate of 10°C h'80
Figure 3.8: Impact of starch to alumina ratio on viscosity at a constant shear rate (Yin

= IR 001 SRR 81
Figure 3.9: SEM images of GAC prepared from coconut shells (Haarhof and Olivier,
2002) ...ttt R e E b e bt r bt enhe e be et enbeereenreas 83
Figure 3.10: Mechanism of grinding materials- a) impact- and b) friction grinding
(ONMOTT, 2003)....cciieiiie ettt 85
Figure 3.11: Impact of grinding media and milling time on particle size of a +45
micron starting material (Naito et al, 1998).........ccccceviiiiiiiiiii e 88
Figure 3.12: Impact of milling time, ball size and milling time on particles size

(NAITO L A, 1998).....cciieiiiieiie ettt 88
Figure 3.13: Mill rack and motion (King, 2002)..........cccceiviiiiiniieiieeiie e 90

Figure 3.14: Model of solvent distribution in a porous body (Yang et al, 2003) ........ 94
Figure 3.15: The main sintering mechanisms for two individual grains (Gordon,

L973) ettt ettt 104
Figure 3.16: Shows the stability and shape of pores being controlled by the pore
dihedral angle and coordination NUMDET ............ccooiiiiiiniiiiie e 105
Figure 3.17: Responsibility of dihedral angle and pore coordination numbers for pore
stability (Kingery and Francois, 1967) .........ccccuvvuiiiiiiiiiiiiie e 106
Figure 3.18: General heating schedule (Chu et al, 1991) .......cccccoviiviiiiiinniieiieee 107
Figure 3.19: Particle size impact on CeO, powder firing with a constant heating rate
of 10° C min™ (Rahaman and Zhou, 1995) ..........coceeveerimnreesierserssesessenessenenean, 108

Figure 3.20: Particles size distribution impact on the sintering of Al,Os slip, cast
from a wide and narrow particles size distribution with similar median grain size

(GEIMAN, 1992) ...ttt 109
Figure 3.21: Particle packing and sintering for Y,Og3- stabilised compacts at 1 h for
various temperatures (formed by centrifuge and die-pressing) Rhodes, 1981 .......... 110



Figure 3.22: Impact of plaster consistency with a decrease in strength and absorption

increase with more water addition (King, 2002).........cccccceviiiiiiiiiniieeiie e 113
Figure 3.23: Master mould: cylindrical plaster former for casting a crucible shape .114
Figure 3.24: SEM image of set plaster (scale bar 10 micron) - (King, 2002) ........... 115
Figure 3.25: Mind map illustrating best practice impacts on product quality........... 117

Figure 4.1: Filter cleaning methods and mechanisms (short-surface and long-term-
depth cleaning) in terms of flow rate (relative to initial flow rate) improvement (Van
Halen, 2009) ... ittt rre e 119

Figure 4.2: Cummulative particle size distribution plot (Dinger, 2002) ................... 120

Figure 4.3: A slip made from particles of single size (left: ping-pong balls) where
water fills the large pores, and a slip made by optimizing several particle sizes (right:
peas and sand) where pore-size has been reduced because small particles fill the

spaces and act as lubricating ball-bearings (Boisnolt et, 1999)...........ccccevveriirrinnn 121
Figure 4.4: Hydrometer IN USE ........coiuiiiiiiiie ittt 123
Figure 4.5: Slip Rheology Curves (King, 2002) .........cccooeeiieiiiniiieiieeiee e 125
Figure 4.6: Viscosity increase (solid content) as a result of particle-particle contact
(DINGET, 2002) .....citieiiieiiie ettt 126
Figure 4.7: Viscosity increase (solid content) as a result of particle-particle contact
(DINGET, 2002) .....ciieeiiieiiie ettt 127
Figure 4.8: Maximum slip density for three size fractions (King, 2003) .................. 128
Figure 4.9: Orifice Flow Viscometers for measuring the slip flow time (BAMR
Quality Control INStrumentation) ...........coceeiueerieiie e 128
Figure 4.10: Volume of mercury intruded versus pore diameter for samples with
varying starch contents (Palacio et al, 2009) ..........ccccooeiiiii i 135
Figure 4.11: Capillary flow porosimetry method (Jena et al, 2003) ............cccvvennee. 136
Figure 4.12: Using Darcy’s Law to calculate K (Zand et al, 2007) .........cccccovevvenne 138
Figure 4.13: Blind hole approach for measuring permeability (Zand et al, 2007).....139
Figure 5.1: Hlustration of the PFM 1ayout............cccoiviiiiiiiiiiiicce e 151
Figure 5.2: Steps used to develop the PFM: Experimental and testing procedures..153
Figure 5.3: Raw materials selection process using a SWOT analysis....................... 156
Figure 5.4: Quartz (silica) phase inversions at various temperature and pressures (The
QUANTZ Page, 2012) . ..ot 157
Figure 5.5: Particle shape and density issues related to a screen analysis................. 159

Figure 5.6: Physical property of an activated carbon particle (Haycarb Datasheet)..169
Figure 5.7: Mould former (cross-section) used for the making of plaster moulds ....170

Figure 5.8: The Phase system Li,O-Al;03-SiO; (Levin et al, 1985)..........c.cccvvenee. 173
Figure 5.9: Raw material and product testing regime ..........cccoevvvieeiiennee e 175
Figure 5.10: Pore-neck openings (Lyckfeldt and Ferreira, 1998)...........ccccocvvrvennn. 176
Figure 5.11: Variables relative to the filter used in determination of K.................... 180
Figure 5.0.12: Laboratory setup for retention time of the filter using a chloride tracer183
Figure 6.1: The SWOT analysis for the raw material selection process................... 194



Figure 6.2: Testing Outbac for its exceptional thermal shock resistance (3 x

differential heating and co0liNg CYCIES).........covuviiiiiieiie e 196
Figure 6.3: Ceramic filter (OUTBAC) manufacturing and testing process flow
(0110 ] 2=V TP T RO T R UPR PRSP 200
Figure 6.4: Particle size distribution of Lithium Alumino-silicate before and after
METING ettt 201

Figure 6.5: Best fit between slip recipes and modified Andreassen packing model..202
Figure 6.6: SEM image of the filter after the Zone 2 burn-out stage at 200- 300°C .204

Figure 6.7: TGA curve with 3 characteristic zones and percentage weight loss for
each zone during the burn-out and firing phases of the ceramic ............cccccccveeneenn. 205

Figure 6.8: Burn-out (----) and sintering ( —) heating schedules................c..cocoe.... 205

Figure 6.9: Pore size distribution for samples prepared using Lithium alumina silicate
(ZTE) milled for progressively longer times (ZTE12: 12 h milling, ZTE24: 24h

MITING BTC.) 1.t 207
Figure 6.10: Filter pore size distributions obtained from Hg porosimetry................ 208
Figure 6.11: SEM images of the fIlters ..........cccoiiiiiiiiiii e 209
Figure 6.12: Water hydraulic conductivity (cm.sec™) for filters with different starch

(010] 01 (=] | £SO PP PP PP PP PPPPP 211

Figure 6.13: Retention time for the chloride tracer test with break through occurring
after 6 minutes (high flow filter), 20 minutes (medium flow filter) and 32 minutes

(standard, 10w FIOW TIRET) .......ooveiiiii s 212
Figure 6.14: Bacster’s effective pore size relative to the size of pathogenic micro-

(0] (0 Fo a1 ] 0 AT PV PR PRSPPI 213
Figure 6.15: Bacster ceramic water filter datasheet.............cccooovviiiiiiicie 216
Figure 6.16: Outbac ceramic water filter datasheet............cccccoviviiiiiiiii e 217
Figure 6.17: Bacout ceramic water filter datasheet.............ccccovvviiiiiiiiciiiciee 218
Figure 6.18: Material mass flow diagram for the manufacture of the Outbac ceramic
L SRR 221

Figure 6.19: Costing diagram for the manufacture of the Outbac ceramic filter....... 222



LIST OF TABLES
Table 1.1: Filter types based on pores size and driving force with microfiltration the

process used by low cost filter producers (Mulder, 1996) .........ccccccocveviieeiiieeiinnenne, 13
Table 2.1: Parameters required to keep slip stable (Yang et al, 2003)...........c.cccueeee. 43
Table 2.2: Iso-electric points (IEP) of the main oxides from Hunter and White (1987)48
Table 2.3: Summary of the forming characteristiCs ...........cccovveviieeiiiiiie e 60
Table 3.1: Selection criteria for raw materials (Naito et al, 2003)..........cccccevvvernenne. 64
Table 3.2: Common deflocculants used in ceramics (Naito et al, 2003 and Sigmund

BT AL, 2000) ..ot 78
Table 3.3: Classification and features of milling equipment (Naito, 2003) ................ 89
Table 3.4: Mill and Media requirements and advantages (King, 2002)..............c....... 91
Table 3.5: SG of important grinding media (King, 2002) .........c.cccoviiiiinnieniieineenn 92
Table 3.6: Drying steps: causes and equations (Summarised from the work of Yang

et al, 2003 and Puyate, (2009)) .......ceerriiiieiiieiie e s 96
Table 4.1: The equations and units for Stoke’s Law and the Reynolds Number

(FANAY, 2009) .....oieiiieiieie ettt enes 122
Table 4.2: Parameter definitions and equations (Fahlin, 2003) ...........cccccevveiiiennnn 140
Table 4.3: World health impact from waterborne diseases (Lantagne, 2001)........... 142
Table 4.4: A- Bacteria types and sizes (Lantagne, 2001) ........cccoevvviverriveenieniieennenn 142
Table 4.5: B- Waterborne disease causing organisms (Lantagne, 2001) .................. 143
Table 4.6: Water disinfection methods (Kupper et al, 2009)..........c.cccevveviienieennenn 144
Table 4.7: Target ranges and effects of microbial infection (Holmes, 1996)............ 145
Table 4.8: WHO (2011) performance requirements for HWT technologies and

=10 0ot AT o ] (=] - OSSPSR 146
Table 4.9: Recommended challenge water for inoculation of reference microbes
(WHO, 2011) oo et nee st 149
Table 5.1: Porous ceramic manufacturing proCedure...........ccooeeverriieenneeneesieennenn 153
Table 5.2: Hydrometer teSt ProCEAUIE...........ovuieiiieiie e 161
Table 5.3: Physical and ceramic properties of the casting clays (G&W Base
DAtASNEEL) ... s 168
Table 5.4: IMMersion teSt PrOCEAUIE ........ccviiiiiiiieiie e 177
Table 5.5: Constant head permeability test procedure ..........occovveviieiieeiie e, 181
Table 6.1: Selection criteria and selected raw material performance...............c........ 195
Table 6.2: Lithium, alumino silicate datasheet ..............cccoceeieiiiiiiiinic e 197
Table 6.3: Raw material datasheet: CENOIITE ...........coceviiiiiiii e 198
Table 6.4: Raw material datasheet: organic carbon ...........ccccoocevviiiiiiiiciiciiic 199
Table 6.5: Raw material datasheet: activated carbon..............cccoviiiiiiiinnn. 199
Table 6.6: Porosity and water absorption for four CWF types: Low K, Medium K,
High K and Coated (Sample Size, N=5) .....cooviiiiiiiiiiiie e 206

Table 6.7: Sampling positions to test for segregation during slip casting using

Xvili



porosity and water absorption results (Sample size, N=3) .......ccccovviiiiiiiiiiicieen 207
Table 6.8: Total pore area and average pore diameter for selected sample blends and

MITEA POWAETS ...t 208
Table 6.8: Hydraulic conductivity (k) values for the CWF range ...........cccceeevvveennen. 210
Table 6.9: Variables used in calculating the hydraulic conductivity (K), theoretical
water travel length (Le) and tortuoSItY(t). .....ooveeieeiiieiieeie e 212
Table 6.11: Bacteriological test results of the filtrate (effluent water) LRV for the
porous (standard) and coated fIILErS..........oocuiiiiiiiiie s 214
Table 6.12: Natural water influent samples and effluent processed using the
membrane filter (MF) teChNIQUE .......ccoviiiie 215
Table 6.13: Summary of bacterial and viral testing for low-cost CWF (References
listed in Brown and Sobsey (2010) and Simonis and Basson, 2011)..........c.c.ccue...... 219

podl
i



Chapter 1: Introduction

1.1 Background

In 2006 it was reported by WHO (2006) that of the 735 million people living in sub
Saharan Africa, only 44 percent had access to potable water. Du Preez et al (2008)
indicate that in 2000, 66 percent of families in South Africa had access to a reliable
water supply. It is therefore not surprising that in South Africa diarrhea is responsible
for 11 percent of the deaths among children under the age of 5. In the rest of the
developing world this number increases to 21 percent, resulting in 2.5 million deaths
per annum. Lemons (2009) estimates that 40 percent of all child deaths resulting from
diarrhea occurs in sub-Saharan Africa. According to Lemons (2009), most of Africa is
therefore not going to meet the Millennium Development Goals and therefore drastic
action plans have to be drawn up. Pruss et al (2002) and Moszynski (2006) state that
“Unsafe drinking water contributes to a staggering burden of water-related disease in
developing countries, borne primarily by the poor”. According to McAllister (2005),
more than 4 percent of all worldwide deaths occur as a result of diarrhea caused by
bacterial pathogens.

According to Brown et al (2007), the word “diarrhea” is derived from an ancient
Greek word meaning “leakage” or “flowing out/through”. The symptoms of diarrhea
vary with age, immune status and nutritional status. The impact of pathogens is
unequally distributed in the population, with the children, elderly, pregnant and
immune-deficient patients suffering the most. At any moment in time, half of the
people in the developing world have a health problem related to inadequate water and
sanitation (Brown et al 2007).

According to du Preez et al (2001), serious diarrheal disease is normally related to the
pathogens Salmonella-, Shigella- species and Vibrio cholerae, resulting in an
estimated 4.5 million loss of life annually due to diarrhea. The World Health Report
(2008) lowers this number of deaths from polluted water, lack of sanitation and poor
hygiene to 1.6 million diarrheal deaths, mostly of children under the age of five. This

is mostly attributable to fact that 1.1 billion people are without access to potable water
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sources (WHO 2009).

The recent cholera epidemic in Zimbabwe and the RSA has again shown that poor
sanitation levels and insufficient water supply leads to increased diarrheal infection
levels which, in turn, leads to death, poor health and a deteriorating socio-economic
situation in our society. The WHO (2009) reported that 3 759 people lost their lives
from the outbreak with another 80 250 people being infected. People were infected so
quickly that half of the deceased never even made it to the 365 cholera centers. The
open sewage and untreated drinking water resulting from a dysfunctional
infrastructure in Zimbabwe was generally seen as the cause of this outbreak.

The situation in South Africa is no better with the government spending in 2008
slightly more than one percent of the R180bn needed for upgrading the water
purification and sewerage infrastructure (FTE 2008). People are therefore starting to
look for alternative solutions to their drinking water. The poor, however, do not

have the luxury of choice but have to use polluted water as drinking water.

According to the National Water Resources Strategy, as quoted by Tarton (2008),
South Africa has already allocated around 98 percent of the national water resources
at a high assurance of supply to rural and urban requirements, mining and industrial
users, power generation, irrigation, afforestation and transfer of water (DWA 2004).
Our water resources are therefore insufficient to consistently dilute pollutants and
effluent in our streams (Tarton 2008). This has led to increased eutrophication,
treatment complexity and purification/treatment costs. Van Vuuren (2008) estimates
that 35 percent of total storage available in our dams are either eutrophic or
hypertrophic (extremely nutrient enriched). This fact was practically illustrated in the
2008 Duzi Canoe Marathon when more than 40 percent of the participants contracted
chronic diarrhea as a result of contact with the contaminated water of the Duzi River
(FTE 2008).
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1.2 Conventional water treatment

Standard bulk-water purification methods applied in high income countries are
neither cost effective nor technically adoptable to low-income countries (Clopeck et
al 2006). In developing countries, household-scale ceramic filters are being used as a
better treatment option for both unpurified and insufficiently disinfected water at
household level (Lantagne 2005; Clasen and Biosson 2006). Their use is becoming
widespread, especially with the involvement of governments and international
NGOs. Organisations such as Potters for Peace
(http://www.potterswithoutborders.com), have established production facilities in a

number of developing countries.

In short, the reasons why the traditional water treatment and delivery approach
cannot meet the demands of the 1 — 2 billion people who still need potable water are
as follows:

e They require high capital investment

e They require concentrated populations

e They require on-going maintenance (costs)

e They require a high quantity water source

e They require fee-paying users

e They lack adequate chlorination, mostly due to monetary issues
e They result in water losses (> 40 percent)

e They result in supply pressures that are too low

This results in the need for the poor to collect their own water outside their homes

and then clean and store it for use at household level (Sobsey 2002).

The WHO (2009) states that of the 1.1 billion people without access to safe water, 84
per cent live in rural areas where centralised water distributions and treatment
systems are often too complicated or too expensive to install. Even in areas with
piped systems, treatment plants often do not function well. Contamination of
drinking water also takes place between the tap point and the point of use. In all such
cases water can be made safer to drink by treatment at the household level by means
of Point of Use (POU) House Water Treatment Systems (HWTS) or ceramic water
filters (CWF).
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1.3 Advantage of using POU, CWF and HWTS

According to the WHO (2007), a growing body of research has confirmed the key
role that POU water quality interventions can play in reducing diarrheal disease in a

cost-effective manner.

The WHO report makes a strong case for managing water quality in the house. WHO
(2009) have established a network aimed at promoting House Water Treatment
Systems (HWTS). The network has led to HWTS format that optimizes flexibility
and participation and supports coordinated action. The revised Sphere Standards for
emergency relief promote household water treatment as an option in emergencies as

well as in development settings (Sphere Project, 2004).

What alternatives are there to traditional approaches in the developing world,
especially where piped, high quality water systems for households are still decades
away? Point of use (POU) systems at household level can provide such a solution.
The lack of access to piped water has sparked interventions into alternative POU
technologies. Sobsey (2002) reports that out of 37 water treatment options available,
ceramic water filters (CWF) are one of the five best treatment options for reducing
turbidity and bacterial levels by more than 99%. In developing countries, household-
scale ceramic filters are being used as a better treatment option for both unpurified
and insufficiently disinfected water at household level (Lantagne 2001; Clasen and
Boisson 2006). Their use is becoming widespread, especially with the involvement
of governments and international NGOs. Brown and Sobsey (2010) highlight a
number of both published and unpublished microbial investigations of locally
produced ceramic filters worldwide. Clasen et al (2005, 2006 and 2007) shows that
more expensive commercially manufactured filters are effective against microbial
pathogens. Brown and Sobsey (2010) provide further evidence that low-cost ceramic
filters (CWF) can reduce bacteria concentration by 99 percent under laboratory
conditions but find a lower effectiveness rate when tested under actual field

conditions.
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Eisenberg et al (2007) explains that the burden of diarrheal diseases resulting from
inadequate water quality, poor sanitation practices and hygienic conditions remains
high and that there is still limited understanding of the integration of these
environmental control strategies. Eisenberg et al (2007) subsequently tested a
household-level stochastic model designed to capture the interdependent transmission
pathways of enteric pathogens. The model accounted for 5 different transmission
pathways.

In an effort to find which diseases are preventable by water treatment, households that
had been fully exposed to contaminated drinking water were compared to households
that had benefited from water quality intervention. It was found that the benefits of
water quality intervention depended on sanitation and hygienic conditions. The
conclusion of the study showed that reduction and elimination of diarrheal disease is
only possible through integrated control strategies'.

The Eisenberg et al (2007) survey has proven that household water treatment and
safe storage (HWTYS) interventions can lead to dramatic improvements in drinking
water quality and reduction in diarrheal disease, thus making an immediate
difference to the lives of those who rely on water from polluted rivers, lakes and, in
some cases, unsafe wells or piped water supplies. To accelerate health gains to
people without reliable access to safe drinking water, research in the area of POU
filtration and specifically ceramic filters is a necessity and not a luxury.

One of the options recommended by the WHO and UNICEF (2006) and the WHO
(2009) is ceramic filters. The WHO and UNICEF is increasingly seeing ceramic
filters as a user friendly and commercially attractive option to improve the quality of
drinking water at the household level such as in India and Brazil where high cost

commercial ceramic filters are in use.

! more than one control strategy used in series: flocculation followed by filtration or filtration
followed by UV treatment
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Clasen et al (2005) give an example from 2003 of how effective CWF can be in
disaster areas. Poor land-use and heavy rains resulted in flooding of the Montecristi
District in the Dominican Republic. Clean water had to be supplied to thousands of
families whose normal water resources had been destroyed. Oxfam initiated a pilot
study in February 2004 to provide 431 families with household water treatment
system (HWTS). The system was made up of two 20-litre buckets fitted with three
ceramic candles (Ceramica Stefani) and a tap. Due to the success of the pilot study,

more filters were distributed.

Chaudhuri et al (1994) randomly selected filters available commercially in India and
investigated the performance of two ceramic filter candles and one silver-impregnated
filter candle with a layer of activated carbon, using Escherichia coli and poliovirus
challenge water and filtration tests that replicate household water treatment. They
found not one of the filters to be reliable as viralogical water purifiers. They
recommended additional strategies be combined with ceramic filtration during

outbreak of waterborne diseases.

Doulton Filters (2009) furthermore explains that many ceramic water filters (CWF)
are additionally treated with colloidal® silver to further incapacitate bacteria and to
prevent the growth of mould and algae in the body of the filter. Pore size reduction,
metallic and metal oxide coatings as well as addition of slow release iodine resins are
receiving attention as viralcides. By reducing the filter pore size to less than one

micron for bacterial removal also make filters more effective in turbidity removal.

1.4 Cost benefit using HWTS

According to Fewtrell et al (2005), as more evidence is being gathered, the results
show HWTS to be more effective and cost efficient than conventional treatment
approaches.

2 small, finely divided material that stays dispersed in a liquid as a result of their small size
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Potters without Borders (2009) became involved in HWTS by using a low-cost press
to manufacture ceramic pot filters. The micro-porous ceramic filters kept out bacteria
and could, with the addition of a colloidal silver layer (fired into the ceramic),
neutralise the build-up of microorganisms and make the filter effective over a longer
time period.

Non-governmental organizations (NGOs) have used both commercial and locally-
made units to improve the drink ing water of communities in at least 17 countries over
the past five years. Filters have been shown to offer certain advantages over chemical
and other approaches of water treatment, including their high microbial mortality, low
cost, long life, efficacy in a wide variety of water conditions (temperature, pH,
turbidity), and high levels of acceptability by the target population. Clasen and
Boisson (2006) furthermore explain that in order to ensure that the systems continue
to provide sufficient protection against microbial pathogens, programme
implementers must convince householders of the need to replace the ceramic filter
elements periodically. Equally important is the establishment of a means by which
householders can obtain access to affordable replacement filter elements. This cost
may not be a major obstacle, as in follow-up interviews most householders reported
their willingness to pay for replacement filters (Clasen and Boisson 2006).

Clasen et al (2007) used the filtration effectivity data from a recent systematic review,
cost data from programme implementers and World Health Organization databases to
conduct a cost-effectiveness analysis. In the study they compared the cost-
effectiveness of piped (bulk treatment) with non-piped, at source based (dug well,
borehole and communal stand post) and four types of household-based interventions
(chlorination, ceramic filtration, solar disinfection, flocculation/disinfection) to
improve the microbial quality of water for prevention of diarrhoeal disease. When
their results were measured against international benchmarks, it was found that
source- and household based interventions were generally cost effective or highly cost
effective even before considering the estimated saving in health costs that would
offset the cost of implementation. It is also important to ensure that water quality
interventions are guided by local conditions, user preferences, potential for cost
recovery from beneficiaries and other factors (Clasen et al 2007).
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Clasen et al (2007) highlight a UN result that shows how diarrhea morbidity can be
decreased by up to 25 percent by providing potable water. The cost benefit for water
and sanitation improvement at a global level is huge, especially if it results in
significant reduction in disease incidence. The costs of halving the proportion of
people without potable water by using roof rain water collection, borehole or
protected springs, productivity improvements and healthcare costs savings results in a
financial benefit of R 600 for every R10 invested.

1.5 Water filtration methodology

According to Green by Design (2009), water filters have been manufactured and
used for ages. The earliest attempts to filter water date as far back as 2000 BC and
included such methods as boiling water, placing hot metal instruments in water, and
sand and charcoal filters. These old designs predate knowledge about the existence of
bacteria and toxic chemicals. Only with the invention of the microscope, have
scientists identified the harmful waterborne bacteria that can be removed by sand
filtration to reduce diseases. It was only in 1804 that large scale sand filters were
introduced in a municipal water treatment plant in Scotland and later throughout
England. Further advances followed in England with the addition of chlorine to
treated water. The use of chlorine then spread to the USA and afterwards to all parts
of the world. The side effects of using chlorine as a disinfectant has only been
investigated in recent times (Green by Design 2009).

Doulton Filters (2009) explains that with most filtration methods, water is introduced
from one side of the filter, which acts to block the passage of particulate material.
Only water and dissolved constituents will pass through to the other "clean™ side of
the filter. According to the USFilter (2012) there are 7 mechanisms involved in
filtering particles from water:

1. Blocking: particle blocked by a physical barrier
2. Bridging: linked particles prevented from entering together

3. Sieving: particle size prevents access through pores and is retained on filter

surface

4. Inertial impaction: particle enters but loses momentum and is entrapped in the
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pores

5. Molecular dispersive interception: particle trapping due to the random

movement of the molecules.

6. Electro-kinetic adhesion: particle and filter medium charge results in particle

adherence
7. Stoke’s settling: particle density results in gravitation settlement.

Figure 1.1 differentiates between a membrane and a ceramic micro filter. A
membrane can be defined as a selective barrier between two phases (Mulder 1996).
In membrane filtration the feed is separated into two streams, the retentate (waste
stream) and permeate (product) streams. In ceramic micro filtration all of the feed

permeates through the membrane to become permeate.

Feed [ ‘ Retentate
—_—
’ T S L
a) Membrane
Permeate
\
b) Feed l ! Permeate
_’ { —
|
[ |
$ e
Membrane

Figure 1.1: (a) Membrane and (b) microfiltration: (ceramic) separation processes
(Tsuru 2003)

The process of water filtration can therefore be described as the elimination of
suspended material (organic and inorganic) from water by flow through a membrane
(porous or semi permeable). Filtration by means of a candle type filter (or disk type
filter, see Figure 1.2) takes place as the water passes, due to a pressure gradient
caused by a head difference, through the candle (or disk) and housing and is
influenced by flow rate, water density, ceramic density and pore size (USFilter,
2012).
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1.5.1 Ceramic water filters (CWF)

Sobsey (2002) explains that ceramic filters consist of a ceramic material with a high
level of porosity. Porosity lends certain physical properties to ceramic filters, such as
high specific surface area, high permeability and high tortuosity.

Pore size can be created to sub-micron sizes, making porous filters effective in the
removal of suspended solids, pathogenic bacteria and other organisms in drinking
water. Other advantages of CWF include the fact that they are free of chemicals, are
light in weight, portable, low cost and gravity fed without the need for any external
energy sources. They furthermore provide safe water storage, require only periodic

cleaning and have a filter life of at least 0.5 — 1 year.

1.5.2 Making a ceramic water filter

Water filtration methods have been used since antiquity, primarily for removal of
suspended solids, later for odour and taste improvement and when using ceramic
water filters for the removal of suspended solids, pathogenic bacteria, organisms or
other disease causing agents in drinking water. The manufacturing process of
ceramic water filters produces the small pore size in the ceramic material to filter

dirt, debris, and bacteria out of water.

Prior to the shaping of the ceramic water filter, ceramic raw materials (powders) are
selected, prepared and mixed with processing additives (pore former, deflocculants

and water). The mixing stage is then followed by the shape forming stage.
a) Raw material selection and preparation

Raw material are selected and prepared to provide the optimum characteristics such
as particle shape (spherical, irregular) and particle size and particle size distribution
to determine the flow properties during shaping, ceramic grain size and the amount

and size of the pores.
b) Shaping (compaction)

The range of applied pressure, the type of compaction (method: pressing, slip
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casting, etc.) and the type and amount of additives (deflocculants, water etc.)
determine the pores size and the pore size distribution as well as the residual stress.

c) Sintering

Sintering involves the process of atomic diffusion. The diffusion occurs at high
temperature and fuses the particles together into a solid ceramic filter. The powder
grows during the sintering process and therefore will determine the final particle and

pores size and the physical and chemical properties of the ceramic.
d) Main shaping methods

Three common shape forming processes can be used for the shaping of porous
ceramics: pressing, extrusion and slip casting (Hbalze and Gaukler 2003). Each
fabrication method results in a specific range of pore size, porosity, as well as
varying levels of interconnectedness among the pores (Dobrovolskiy 1977). The
number, size and shape of defects in the ceramic filter are also dependent on the
processing method used. Finally, each fabrication method differs in terms of its

overall investment and product cost.

Figure 1.2 illustrates the various low cost filter system options that are currently
being utilized in developing countries. The pot and disk filter element designs, which
are shaped using a hydraulic press, are being used by Potters for Peace and Filtron
systems, respectively (Lantagne (2001). The candle element design is being utilized
in this current study (OUTBAC).

| AT
mAVANE L )

. _
_‘v'_

Filter System Filter Element/Media

Figure 1.2: Filter elements and filter system (adapted from Dies 2000)
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e) Pore formers
Weiguang et al (2005) explain that pores in ceramics can be made by burning out the
pore former® in a sintering® process. There are two general kinds of pore formers,
inorganic materials (such as ammonium bicarbonate and carbon powder) and organic
materials (such as starch, PVA®, PVB®). Weiguang et al (2005) fabricated porous SiC
ceramics using yeast as pore former and investigated their sintering behaviour.
Lyckfeldt (1998) lists some of the main methods of obtaining the pores in porous

ceramics:

e sponge (polymer) method: sponge is filled with ceramic slip, dried, and then

burnt out, and the ceramic material fired, forming an open pore body.

 foaming method: foaming agent is mixed into slip” and by further agitation
foam increasingly builds up; it is dried, building up a pore structure, and
fired, forming a closed pore body (dead end pores)

e ceramic powder blend method: material with a narrow particle size

distribution for obtaining a porous structure

The three forming methods each have both advantages and disadvantages, and factors
that have to be controlled during production. Problems arising from production mostly
include material property and shrinkage (dimensions) variations (Kingery et al, 1976).

1.5.3 Ceramic filter properties

Porous ceramics have porosity that result in properties such as high specific surface
area, high permeability and high tortuosity. These factors make porous filters
effective by physically (non-chemical process) removing suspended solids,
pathogenic bacteria and other organisms in drinking water.

® pore formers are materials that may be removed by a thermal or chemical process which results in
the creation of a pore or pores approximately equal in volume to the material that was removed.

* agglomeration or sticking together of raw materials through heating
> polyvinyl acetate

® polyvinyl butyral

" suspension in water of clay or other raw materials
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Ceramic water filters can be grouped according to various key factors that have a
direct bearing on their properties:

Type of raw material and additions (clay, talc, feldspar etc.)
Production method (slip casting, press or extrusion)

Filter shape (Figure 1.2);

Pore former (organic carbon, resin, sawdust)

Sintering temperature

Function (chemical contaminant and/or bacterial removal: Lantagne (2001))

N ok~ w DD e

Construction: unit consists out of two main components: filter element (candle
or pot) through which water passes and the filter system into which the
element is mounted, normally constructed as a two bucket system for storage

of water.

Mulder (1996) summarises the main filtration processes, pore size ranges, and main
driving force responsible for filtration in Table 1.1.

Table 1.1: Filter types based on pores size and driving force with microfiltration the

process used by low cost filter producers (Mulder 1996)

Membrane process Phase Driving Pore size
Feed Permeate forge

Microfiltration L L AP 0.1-10 pm

Ultrafiltration L L AP 2-100nm

Nanofiltration L T: AP 1-2nm

Reverse osmosis L L AP <lnm
Gas separation G G AP <0.5-1 nm
Vapor permeation G G AP <0.5-1 nm
Pervaporation L G AP 0.5-2nm
Electrodialysis L L AD

Dialysis L L. AC

Membrane distillation L L AT

L, liquid phase; G, gas phase; AP, (partial) pressure difference; A®, electrical potential
difference; AC, concentration difference; AT, temperature difference.
OUTBAC filter pore size range
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Oyanedel-Craver and Smith (2008) however found a large variability in pore structure
(size) among the local ceramic filters tested by them. The majority of the pores sizes
were found to be in the range 12 to 20 micron. Fahlin (2003) also found that the pore
size distribution from these CWF varied widely due to the variety of raw materials
and methods used in their local production.

The filter properties are crucial in maintaining effective protection against
contaminated water but maintaining consistency (quality control) during the
manufacturing process is inhibited by lack of universal quality control standards.
Filter production variables have to be investigated to determine their impact

contaminant removal.

1.5.4 Standards applied to water filters

Although there are standards for POUs in the USA and in some other countries, no
international standards exist for POU devices. Protocols and standards for products
made in developed countries cannot be applied to developing country conditions as
such standards do not take local use and storage conditions into consideration.
Incremental improvements should be encouraged together with more flexibility and
consideration of local needs and conditions (Brown et al 2007). Duke et al (2006)
and Lemons (2009) both agree that household water treatment and safe storage of
water (HWTS) can be considered as low cost alternatives that are effective when
compared to the more centralised water treatment systems (municipal systems) in
the reduction in diarrheal diseases. Hwang (2003) made use of field testing on CWF
in use for a six month period in Nicaragua to show that the CWF were able to
eliminate 89.3 percent of total coliforms and 97.6 percent of Escherichia coli. The
POUs have resulted in dramatic decreases in diarrheal infection rates and death in
some developing countries (Sobsey 2002).

14



However, Brown et al (2007) contend that the microbiological effectiveness of the
CWEF in laboratory and in field testing remains limited. According to them field
testing of ceramic water filters lack most of the following requirements:

e matched pre- and post-treatment samples

e information on analytical methods used

e appropriate sample handling and processing
e sufficient volume sampled

e proper replicate samples

e dilutions descriptions

e incubation periods

e detection limit details

A summary of worldwide testing done on low cost CWF for developing countries
for the period 2000 to 2010 is presented in Table 6.11. The average benchmark
standard for Escherichia coli (E coli) reduction effectiveness was 97 (x 3) whereas
virus testing reduction effectiveness was limited. This compares poorly with the
USA EPA standard log reduction value® (LRV) of 6 (99.9999 percent), but at least
provides a starting point for establishing a useful guideline for the testing of low
cost CWF. The factors mentioned by Brown et al (2007), however, have to be
included in all protocol for future testing.

1.5.5 Local clean water provision solutions

Clean drinking water has always been a major issue in many developing countries,
but with the onset of climate change and droughts, this may become a problem for
industrialized countries as well. There is a simple solution for clean water: ceramic
water filter. Using such a filter people everywhere can drink clean water using
locally available material such as clay.

8 LRV is used to report microbiological filter performance The formula is stated as follows: Log (No.of
bacteria in feed/ No. of bacteria in filtrate)
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The Millennium Declaration (2000) and commitment by the International
community show a political will for increasing access to safe drinking water.
Solutions at country and local level are making progress but dependent on many
factors. Laying pipe for access to water needs a large capital investment and takes a
large concentrated population to justify the investment in construction and suitable
method of treatment. Aid organisations, NGO’s and others are seeking local
solutions at point of use (POU), such as the ceramic water filter made locally, from
local materials. Methods of POU water treatment such as the units developed by
Potters for Peace (PfP) creates a local, low cost solution of creating a ceramic filter
from local materials which the general population can use. Such a solution achieves
the goal of rapidly increasing access to clean water at the lowest possible cost
through a local solution. Such as filter should be simple to create, inexpensive and
made out of local materials. The filter should allow water, but not pathogens or
suspended material, to pass and effectively remove in excess of 99% of a variety of
bacteria from water. One filter should also provide 3 to 5 liter of drinkable water in
one hour. Such an invention should purposely not be patented so that everyone
could create their own water filters. Other organisations such as Engineers Without
Borders and Potters for Peace have introduced similar filters using clay as raw

material.
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1.6 Aim

The main aim is to develop and evaluate a ceramic micro-porous filtration system
using the slip casting technique for application in domestic water supply.

1.7 Objectives

1. Conduct a literature study and evaluation of the best method available for
making ceramic micro-porous material

2. Source, investigate and test (rheology) ceramic materials for their suitability in
the slip casting method

3. Produce ceramic samples for filtration testing and evaluation

4. Evaluate the effectiveness of the micro filtration system for removal of
pathogenic bacteria

5. Design and create an effective micro filtration systems for household use

1.8 Hypothesis

Ceramic filters are effective in reducing microbial incidence by enabling rural
households to reduce life threatening bacterial contaminants in drinking water.
Local manufacture of such filters can provide a practical solution to households
requiring clean water and provide a livelihood for the unemployed.

17



Chapter 2: Filter Forming Processes

2.1 Introduction

The manufacture of ceramic products takes place in different types of kilns with a
wide range of raw materials and in numerous shapes, sizes and colours. The general
process of manufacturing ceramic products, however, is rather uniform, besides the
fact that, for the manufacture of wall and floor tiles, table and ornamental ware
(household ceramics), sanitary ware and also porous ceramics, often a multiple stage
firing process is used (Figure 2.1).

In general, raw materials are mixed and cast, pressed or extruded into shape. Water is
regularly used for assisting in thorough mixing and shaping. This water is evaporated
in dryers and the products are either placed by hand in the kiln (especially in the case
of periodically operated kilns) or placed onto carriages that are transferred through
continuously operated kilns. In most cases, the kilns are heated with electricity,
natural gas, but liquefied petroleum gas, fuel oil, coal, petroleum coke and

biogas/biomass are also used.

An irreversible ceramic structure for the product is reached during the firing process
in the kiln. This demands a very accurate temperature gradient during firing to ensure
that the products obtain the right treatment. Afterwards controlled cooling is
necessary, so that the products release their heat gradually and preserve their ceramic
structure. Then products are packed and stored for delivery.

In this chapter the most important shaping methods for porous ceramic
manufacturing are explained. A literature survey is used to examine and select the
most suitable ceramic forming process for the manufacture of a low cost, porous,
ceramic water filter. The plant, as well as the basic steps and variations in the
production processes are shown in Figure 2.1 and porous ceramic manufacturing will

be further explained in Chapter 3.
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Traditional ceramic products were always shaped from raw materials in the plastic
state, and for several millennia, this was a manual operation. At the present time, the
demand is forever more stringent technical specifications covering such properties as
dimensional tolerance, density, strength, durability and refractoriness”. In many cases,
aesthetic qualities are also of prime importance. The method of forming the ware can
have a profound effect on their ultimate properties and wide ranges of shaping
techniques have evolved in the various sectors of the ceramic industry.
Three main shaping processes were investigated using a literature study:

a) die pressing

b) slip casting

c) extrusion
In the survey, each of the following requirements was examined for the three forming

methods:

a) availability of raw materials with suitable particle size and particle size
distribution properties required from the ceramic raw material

b) pore forming materials (which provide porosity for filtration)

c) milling requirements (to obtain required particle size distribution)

d) forming (shaping) requirements

e) mixing requirements (to obtain uniformity of properties within the body)
f) drying (to control shrinkage)

g) firing (characteristics of the fine fraction, particle size)

h) testing requirements (characterization and product evaluation)

According to Kingery et al (1976), the most critical factors affecting forming and
firing are the raw materials and their preparation. The main influences will be the
grain size and grain size distribution of the powders.

® difficult to melt and therefore resistant to heat
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The fine grained powders, mostly less than 1 micron, are essential for the forming
process since slip suspensions, plastic mixes and dry pressing all depends on small
particles flowing over one another or staying in suspension. This is particularly
important in suspensions where the settling aspect is proportional to the particle
density and particle size. Coarse material (larger than 1 micron) should, however,
form part of the mix as it allows the fines to fill the pores between the medium and
coarse particles. The best size ratio for obtaining maximum particle packing is a 70

percent coarse to 30 percent fine material ratio (Kingery et al 1976).

When a semi dry powder, slip or plastic powder is taken and shaped or formed into a
shape and fired, a ceramic product is the result. High green'® density for restricting
firing shrinkage is the main aim of the shaping process, which limits crack formation
(less rejects) and leads to energy savings (higher density requires a lower firing
temperature and therefore a shorter firing cycle). Shaping processes that do not end
in high green density are therefore put in an unfavourable position.

2.2 Main forming methods

Most ceramic forming operations require raw materials with defined water or bonding
content, and minor additives such as pigments and binders must be accurately dosed
and then uniformly distributed in the mix.

The oldest method of forming malleable clay is by adding sufficient water to dry, clay
powder and kneading the mixture by hand. Hand pressure is usually sufficient to
shape coiled African pottery ware and clay can also be thrown and shaped by hand on
a potter’s wheel. This process can be taken further by simply pressing soft, plastic
clay into a plaster or metal mould. The main forming processes for the shaping of

porous ceramic are shown in Figure 2.1.

Pressing: When the material to be pressed, in dry or slightly moist raw material (less
than 10 per cent moisture), mixed with an organic binder, is compacted in a metal die
(the mould) at high pressure, a dense, strong product is formed.

19 object that has been shaped and dried but not yet fired for conversion into ceramic
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The most commonly used methods of pressing include cold or hot uniaxial pressing™
and cold or hot isostatic pressing™?, and vibratory compaction (Yang et al 2003). The
pressing method is extensively used when requiring a large number of simple shapes
with very tight tolerances. Pressures used ranges between 3 to 30 kbar with the higher
pressures used for harder oxide materials.

Extrusion: Plastic moulding is accomplished by extrusion, jiggering, or powder
injection moulding. Extrusion is used in manufacturing structural porous ceramics,
clay products and some refractory products. For products having elongated shape of
fixed cross section (bricks, cylindrical filters and tiles), a stiff plastic mix is extruded
(forced through under pressure) through a die orifice, with the desired cross section
using a vacuum auger (continuous feed and mixing) or hydraulic piston (batch
process). Jiggering is made by making a pancake of clay know as a bat on a revolving
disk. The clay bat is then thrown into a plaster mould which shapes the front of the
plate and a metal tool is lowered into the mould to form the back of the plate. Powder

injection moulding is used for making small complex shapes.

The extrusion mix consists of a fine ceramic powder with the appropriate additions of
binder(s) and plasticiser(s) to give the desired flow properties (rheology), either cold
or when heated prior to being shaped into a mould or forced through a die. The raw
materials, however, have to be well mixed with 10 to 20 percent water before it can be
forced through the hardened die orifice. In extrusion, vacuum is applied for

eliminating air from the mixture.

Slip casting: Slurry forming of ceramics generally is accomplished using slip casting,
gel-casting, or tape-casting. A suspension or slip forms when more than 20% water,
mixed with a deflocculant, is added to well mixed, powdered, micron sized, materials.
In slip casting, the slip is poured into a porous mould (a negative of the desired shape
and normally made out of plaster-of-Paris), water is absorbed by the plaster from the

contact area, forming a rigid layer on the plaster surface.

1 process of applying pressure in one direction to achieve densification
12 process of using fluid (liquid or gas) pressure to densify raw materials
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By continuing this process the mould interior can be either completely filled (solid
casting) or filled up to the desired wall thickness, inverted (drain casting) to remove

excess slip (Bowen et al 1972).

Gel-casting uses in situ polymerization of organic monomers to produce a gel that
binds ceramic particles together into a shape. Tape-casting consists of forming a thin
film of ceramic slurry of controlled thickness onto a support surface using a knife
edge. For very thin layers; there are also new techniques, such as chemical and

physical vapor phase deposition as well as molecular beam epitaxy (
Ohring (2000).

Each of the processes, from pressing to slip casting, requires increased amounts of
water for the shaping process. Forming water has to be removed with a carefully
controlled drying step to strengthen the body and to prepare it for firing. Ultimately,
the water added contributes to the final porosity of the finished product.

The final step in producing ceramics product involves a heat treatment step (sintering
or firing) where the shaped body is transformed or sintered into a dense solid. In
sintering the micro structure development depends mainly on the variables that
include temperature, grain size, particles size distribution and firing atmosphere.
Because of the pore formers, a two stage firing process is normally required, which
includes a burn out phase and the final sintering phase. Both of these are responsible

for providing the highly porous structure.

Test methods, to characterize the raw materials and the porous ceramic product, give
insight into their properties, which in turn provides clues to the history of the ceramic
— how it was made, processes that occurred during its making, and its environmental
interactions during use. The analytical measurements also provide the opportunity to
compare it with desired standards. Important parameters that are tested include
chemical composition, micro structure, specific surface area, temperature, particle

size, pore size (distributions), and particle classification measurements (Figure 2.2).
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2.2.1 Die Pressing

The typical process flow used in the pressing of porous products is shown in Figure
2.2.
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Figure 2.2: Process flow for the pressing of ceramic products (modified from EC,
2007).  Colour coded pressing route.
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Mechanical pressing

This method is still employed for the manufacture of bricks (e.g. semi-dry pressing)
and of refractory products. Die boxes are charged with a pre-set volume of clay
granules, and pressure is usually applied from above and below, with pistons being
driven by camshaft action and aided by heavy flywheels.

Hydraulic pressing

Modern hydraulic presses can provide high compaction force, high productivity,
consistency and easy adjustment. Many presses are now fitted with electronic control
units, which can check the height of units and automatically adjust the cycle to ensure
size uniformity. Such presses can be readily adjusted to meet a variety of
requirements, including complicated press programs such as those used in forming
complex refractory shapes. Hydraulic pressing is widely adopted for the shaping of
tiles. In the case of ceramic tiles, the moist powder (at 5 — 7 % moisture content) is
pressed in shallow dies, whereas clay roof tiles are usually formed by pressing plastic

clay *bats’ cut from an extruded column.

Impact pressing

This involves a high energy rate forming via pneumatic mechanical impact between a
high velocity ram striking powders in a die. The technique is employed in the
manufacture of special refractory products.

Friction pressing

Mechanically driven friction (screw) presses are, in general, used for producing

refractory shapes, although they are gradually being replaced by hydraulic presses.
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Spray drying

This process is widely employed in the wall and floor tile industry and also carried out

for the manufacture of tableware, technical ceramics and refractory products.

The aqueous suspension of raw material resulting from wet ball milling (solids
content ~ 60 to 70 %) is sprayed under pressure to produce fine droplets which
contact a stream of hot air. Drying of the droplets produces highly uniform, more or
less spherical hollow granules (with moisture content of typically 5.5 to 7 %). This
form of powder has high flowability, facilitating accurate filling of the press dies and

the subsequent pressing of large single tiles.

In die pressing, stress is orientated in uniaxial direction to the ceramic grains loaded in
the mould, to form loose bonds between the grains, giving the particles just enough
strength for handling (Reed, 1995). Stress applied from one side of the mould only
(upper side of the mould), is referred to as uni-axial die pressing. During pressing,
three things (stages) happen to the shape of the ceramic powder (Figure 2.3):

a) granule packing
b) granule deformation

c) granule sliding to reduce the voids between deformed granules

(a) Intragranular pores (b) Pressure

Intergranular pores

Deformed granules

Close-packed spherical granules

Residual
intergranular
pores

(c) Residual
grain
boundaries

Pressed part

Figure 2.3: Granule shape change during die pressing (Reed 1995)
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The advantage of die pressing is rapid and easy automation but with the disadvantage
of leaving pressure gradients behind during the green stage of the product. Figure 2.4
shows how the increase in the applied pressure results in the varying stages of green
density (compaction).
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Figure 2.4: Compaction stages during pressing: Stage 1 granule packing; Stage 2
granule deformation and Stage 3 granule sliding (Reed 1995)

Yang et al (2003) explain that to prepare the raw material for a press, a suspension is
usually first prepared which then has to be dried to form agglomerates. Various drying
methods are available of which spray drying™® is the most common. This drying
method, however, is dependent on the requirements of the press mixture or the desired
property of the pressed body. Some of the more important drying methods used to
provide a uniform, free flowing mixture, are the following:

a) Pan drying: evaporation of water from a heated stainless or glass pan —
results in segregation of the coarse and fine materials and requires

further processing to obtain free flowing mixture

13 process of making a dry powder by spraying a slip/slurry into hot air for rapid drying
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b) Spray drying: a slip pump sprays the slip through a nozzle into a
drying chamber fitted with a conical collection base. Cyclone
separation is necessary to classify the particles. The slip feed rate, air
temperature and air movement have to be managed. Figure 2.5 show
the spherical nature of the particles.

c) Solvent drying: the mixing water is replaced by a solvent. The first step
is the recovery of the solids through sedimentation, filtering,
centrifuging or pouring into a plaster mould. The recovered material is
then remixed using a solvent (acetone or methanol) and dried (solvent
removal).

d) Rotary drying: feeding wet material into a heated, rotating cylinder.

Agglomeration and adherence to the walls are a problem.

e) Freeze drying: where the water is sublimated negating the
agglomeration of the powder. The process involves casting slip into
containers (shallow), freezing and sublimating the water by keeping
the temperature just above that of the cooling coil (all temperatures
below freezing point). Like pan drying, freeze dried powders require
further processing to obtain a free flowing mixture.

Figure 2.5: Scanning electron microscope (SEM) image of a spray dried mixture for
pressing (King, 2002)
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2.2.1.1 Die
According to King (2002), tolerances between the top and bottom punch and the die

body (Figure 2.6) are tightly controlled to prevent powder from entering the gap. Dies
are manufactured from hardened steel or cemented carbides. Die parts are then
positioned and bolted to a press shaft. The cylindrical die assembly is illustrated in
Figure 2.6.

Figure 2.7 shows the various steps of the die process, from filling to pressing the body
out: remove top punch, meter (weight or volume based) press mix into die cavity and
screed off the top of the die; lower punch and mix by removing a shim, insert top
punch and press die to part of the final load; release pressure and allow trapped air to
escape; Double-end press (both punches move) to full pressure; maintain pressure for
a few seconds, release and strip.

Figure 2.6: Die assembly, which includes a die body and two punches (King 2002)
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shim press - C. Invert die and position stripper on top - D. Press body out of die
(Thompson 1981)

2.2.1.2 Die pressing problems
Some of the more serious defects that can occur when pressing ceramics include

(Thompson 1981):

a) Laminations: cracks parallel to press top and bottom punch, caused by

entrapped air

b) End capping: fracture crossing from top edge to center, caused by

frictional forces parallel to punch surface

c) Sticking: press mix sticks to the punch faces, leading to rejects —

resolved by polishing faces, using release agents or a paper divider

d) Hour glassing: density gradients with the center leading to higher firing
shrinkage — resolved by using a more yielding mix, increasing the

pressing pressure or by machining in green state prior to sintering

e) Warping: green density variations results in distortions and product

warping — resolved by more even filling

30



f) Cracking: cracks form during pressing due to uneven cross-sections,
die corners or differences in thickness — resolved by tooling geometry
changes, pressing rate, binder strength, slow firing through critical

stage.

2.2.1.3 Examples using die pressing to make porous ceramics
An example of using a simplified die pressing process for developing a porous

ceramic filter, Bell (1988) prepared a hand mouldable mixture consisting of silica (5¢
with dso™* of 12 micron) and a-olefin oligomer™ (16.4g). The mixture was hand

mixed and hand filled into a mould, and then moulded using a pressure of
200 kg.cm™.
The firing cycle used by Bell (1988) was as follows:

e from room temperature the body was heated to 300°C at rate of 10°C
h-l

e 300°C to 850°C at a rate of 70°C h™
e dwell at 850°C for 12 hours
The resulting product had a porosity of 90 percent and average pore size of 80 micron.

In contrast Liu (1991) used the technique of powder injection moulding (PIM) to
mould an alumina filter. In PIM, 30 to 50% polymeric binders are pre-mixed with
ceramic powders. The mixture is subsequently heated in an auger-fed barrel and
forced under pressure into a die cavity, where it cools and is subsequently ejected.
The polymer is then removed and the component sintered to the required density. Lui
used a range of solids loading from 55 to 70 percent and compression moulded
cylindrical samples at a pressure of 10 MPa at 75°C. From experimentation he
showed that green and sintered density improved linearly up to an optimum of 65
percent of theoretical density, and decreased linearly by increasing the coarse to fine

ratio. The coarse particles slow down the densification process.

Die pressing is a complicated and expensive process for the manufacturing of porous
ceramic water filters. Such a process requires expensive equipment, technical skills
and know-how as well as specially prepared raw materials.

 for particle size distributions the median is called the dso
1> clear, water-white liquid used in the production of polyethylene and has the formula C,H2,
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This technology is therefore outside the scope of producing low cost ceramic water
filters.

2.2.2 Extrusion

Extrusion is commonly used for any three dimensional body and forms parallel
straight lines such as round, square, rectangular, oval or honeycomb shapes. Examples
of extrusion are bricks, solid cylinders and tubes. The extrusion process flow diagram
is illustrated in Figure 2.8.
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Figure 2.8: Forming process flow for the extrusion of ceramic products (modified
from EC, 2007. Colour coding of the extrusion route ( ).
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This forming process consists of forcing a ceramic powder through a constricting die
to produce elongated shapes that have a constant cross section. The powder mix
consists of a fine ceramic powder with the appropriate additions of binder(s) and
plasticiser(s) to give the desired flow properties (rheology), either cold or when heated
prior to being forced through the die.

The mixture is required to be plastic, deflocculated and stiff. Plasticity can usually be
increased by adding ball clay, such as Hectorite'® (alumina silicate) or long chained
organic polymers or alginates'’. The extrusion has to be kept straight as it exits from
the die onto a flat surface before being trimmed to correct length (Von Hoy et al 1998
and Wright and Reed 2001).

2.2.2.1 Auger extrusion
An extruder has an entry port for feeding the mix into the auger, and an auger for both

mixing and extrusion out of a die. Figure 2.9 illustrates a process flow and the
equipment needed for the extrusion process.
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Figure 2.9: Extrusion processes, which include mulling, pug milling and a vacuum
extruder (King 2002)

The material is batched into a muller'® and then moved to the pug mill. The functions

of the various extruder parts are as follows:

18soft, plastic, light coloured clay mineral with formula of Nag 3(Mg, Li)3SisO10(OH)s.

7 polysaccharide found in the cell walls of algae when mixed with water forms a gum capable of
absorbing 200-300 times its own weight in water

'8 muller is a high intensity mixer that applies both compression and shear to a plastic mixture using a
weighted wheel to breakdown agglomerates
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« muller: distributes the mix ingredients uniformly and de-agglomerates the

fines

. pug mill”®: homogenizes the material by shear, providing a uniform batch

for the extruder

. twin compartment extruder®®: a) forces material into the extruder and from
there into the hopper under vacuum for air removal and b) chopped mix is
discarded into the extruder auger, from where it undergoes intense
shearing and mixing and c) auger flights move the material through the
extruder die under pressure to compact the mix and to shape through the
die.

Wear is extensive and auger barrels, liners and blades have to be coated with a wear
resistant material. Another type of extruder is the ram extruder that uses a hydraulic
cylinder in the place of an auger for pushing the mix through the die (Mutsuddy and
Ford 1995 and Ring 1996).

Yang and Tsai (2008) state raw material can be shaped by extrusion only if the
mixture has the rheology of clay. Plasticity is the key to consistent extrusion and this
can be measured by using Atteberg limits. Young and Tsai (2008) extruded
cylindrical porous ceramic filters from a mixture of alumina (dso of 4 micron),
bentonite (dso of 74 micron) and starch (dsp of 53 micron used as pore former).
Additional organic additives, such as methocel*! 122

, amijel* and polyethylene glycol,

were also added for mechanical strength. The firing cycle used was as follows:
e body heated from room temperature to 500°C at 1°C min™
e 500°C to 1200°C at 1.67°C min™
e dwell at 500°C for 4 hours

e dwell at 800°, 1000° and 1200°C for 2 hours respectively

19 extruder-type machine where raw materials are both ground and mixed with a liquid.

20 process of making items with a fixed cross-sectional profile. Raw material is forced through a die
with the required cross-sectional profile.

2 ethers derived from cellulose that are water-soluble

22 pre-cooked starch that thickens instantly in cold water - pregelatinised starch
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2.2.2.2 Examples using die pressing to make porous ceramics
Zuberi et al (2009) in their US patent (C04B3503FI) used mullite fibres (71.29),

isofrax fibres®® (21.9%), MgCOs (5.3%) and CaCOs; (1.5%) to form their target
composition of CapiMg,Al; 0.1SisO15. For the extrudable mixture (binder and
rheology modifier) hydroxypropyl methyl cellulose (16g) was added, and for the pore
former, carbon particles (smaller than 45 micron, 65¢g) together with de-ionised water
(130g) were added. The mixture was then vacuum extruded, samples cut to size, dried
and fired resulting in a honeycomb structure with 88 percent porosity. Most of the
fibres were aligned along the extrusion direction with a low thermal expansion

coefficient and orthorhombic structure.

Hamidi et al (2008) used raw material recipes (F1 and F2 in Figure 2.10) to develop
two extrudable mixtures for making porous samples. They used combinations of
silica (62 and 64 percent), bentonite clay (12 and 9 percent) and carboxymethyl
cellulose (26 and 27 percent). The results of the extrusion, sintered at various
sintering temperatures, are shown for product F1 and F2 in Figure 2.10. The higher
flexural strength in product F2 is due to the higher fiber content.
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Figure 2.10: Porosity and flexural strength of filter samples at various sintering
temperatures (Hamidi et al 2008). Left facing arrows indicate flexural strength and
right facing arrows the porosity

2% alkaline earth silicate wool (fiber) that can withstand high temperatures
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Wittemore (1999) used extrusion for making ceramic filters and had to overcome a
number of problems during the process such as the use of extrusion aids to lessen
the abrasiveness of silica grains. The extrusion aids also allowed trapped air to be
released during extrusion, which together with narrow pore size and particle size
distribution controls, they arrived at a more consistent mixture for extrusion. The
material was weighed into a muller type mixer and mixed for 1 hour before
extrusion into hollow cylinders. His recipe for preparing a 25kg extrusion batch was
as follows:

e 20kg diatomaceous earth
e 5kg bentonite clay
e 12.5kg water

e 12.5 kg gel Methocel* (mix water with Methocel powder, first disperse in

hot water and then gel by quenching in cold water)

Wittemore (1999) showed the advantages of using extrusion as a shaping method
for porous ceramic water filters. Where using extrusion meant that little finishing
was required and that any size and length could be extruded without increasing the
manufacturing costs. Extrusion however requires expensive equipment, technical
skills to operate the equipment as well as additives necessary for raw materials
without the necessary plasticity. Producing low cost ceramic filters using the
extrusion process is therefore not recommended without consideration of the above

mentioned factors.

2.2.3 Slip Casting

Wet forming methods are characterized by the direct consolidation of the green body
from a homogeneous suspension with optimally dispersed powder particles. This
type of shaping method — also called colloidal shaping method — is particularly
preferred for ceramic powders in the nanometer or sub-micrometer range in order to

use the advantages of ultra-fine powders in terms of microstructure and properties.

24 water-soluble polymers derived from cellulose
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Conventional slip casting is a widespread and cost effective shaping method for the
production of complex shaped, large sized components made of advanced ceramics.
Pressure slip casting is an established method and has been used for sanitary and
table ware for many years. In the field of advanced ceramics pressure slip casting is
only used for the production of complex shaped, large size parts made of low price
raw powders in large quantities. The process flow diagram for a typical casting
operation is shown in Figure 2.11.
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Figure 2.11: Forming process flow for the casting of ceramic products (modified
from EC 2007). Colour coded casting route (m).
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For alternative slip casting methods such as gel-casting the green body is
consolidated by polymerization of a monomer solution. Using this method,
components of any shape and with a high level of success can be produced.

According to Ramachandra and Rao (1999), who reviewed the history of slip casting,
this method originated in the 18" century when clay materials were used exclusively.
The first non-clay material used in slip casting was alumina followed by other
oxides, such as silica, magnesia, zirconia and calcia. This was followed by slip
casting of non-oxides, such as carbides, nitrides and borides. Today slip casting is
used as a major forming method for both large scale monoliths and composite

ceramics manufacturing.

Slip casting refers to the filling of a porous mould, a negative of the desired shape,
with a slip consisting of a suspension of micrometer size ceramic particles in liquid.
Slip usually also contains additional material, binders (organic carbon), pore formers
(fibres) and pH modifiers. The capillary action due to the pores in the mould
withdraws the liquid from the slip. As the liquid filters into the mould a cast is
formed on the mould surface (excess slip is then removed: drain casting) or
continued into a solid part (mould is kept full of slip: volume casting). Stable slips
with high solids contents and low viscosities can be prepared by careful adjustments
of the chemistry of the slip by adding deflocculants (King 2002). The main purposes
of slip are for slip casting and for making spray dried mixes for pressing.

2.2.3.1 Drain and Volume Casting
Yang et al (2003) divide casting into two categories, namely drain and constant

volume casting. In drain casting, the slurry becomes solidified by removal of
dispersed liquid accompanied by shrinkage of the consolidated product. In contrast,
in constant volume casting, the slurry becomes solidified while maintaining the

dispersing liquid.

Wet-processing is the most convenient avenue for producing quality ceramic
products from ceramic powders. As a result of homogenous particle packing, fewer
defects develop during further processing compared with dry (extrusion and die
pressing) processing.
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Recently more improved wet processing techniques have been developed that work
by either consolidation or by coagulation® of the suspended grains (Balzer and
Gauckler 2003).

2.2.3.2 Consolidation of slips
Consolidation aims to produce a near net shape part with sufficient strength for

subsequent handling by removal of the liquid phase. A number of methods (gel-
casting, freeze casting, electrophoretic deposition etc.) have been developed for the
removal of the liquid phase. Solvent drainage through porous walls of a mould is
used as the main process for slip casting.

A pressure gradient between the porous wall and the liquid is created by capillary
forces (Pc) resulting from particle size (a) and surface tension (¥Lv) at the liquid-
vapour interface for driving the liquid flow according to the relationship:

_ 2yv
@ (Guo and Lewis 1999)

Pec =

The parabolic decreased growth with time (initially rapid growth, but as the layer
thickness increases it becomes more difficult for water to migrate through the layer)
of the slip cast layer makes slip casting slow and not appropriate for thick layer

castings.

According to Guo and Lewis (1999), osmotic consolidation makes use of osmotic
pressure (higher than capillary pressure in slip casting) between the slip with a
polymer solution and a semi-permeable membrane. With the osmotic consolidation
method the chemical potential gradient, 77, between polymer solutions and membrane
forces the flow of the solvent through the membrane. The formulation for the above
process is given by the following relationship:

MHs — Up
Vi

1T =

Where ps, and pp, are the chemical potential of the solvent in the ceramic slip and the
chemical potential of the polymer solution, respectively, and Vy, is the molar volume
of the solvent.

% process where well dispersed colloidal particles agglomerate
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Alternatively the solvent can be removed through a filter membrane using externally
applied, mechanical pressure, such as filter pressing®®, where the applied pressure is
several orders of magnitude larger than in normal slip casting. This leads to increased
consolidation rates. In this case the liquid flux, described by Darcy’s law, J, through
the porous layer is dependent on the pressure gradient, V¥ p, liquid viscosity, #, and
permeability, D, as given by the following equation from Yang et al (2003):
J= _Pop
n
Gravitational forces can also result in segregation of the solid and liquid phases in a
dispersed slip using a mould fitted to a centrifuge. The settling velocity for an
individual spherical grain in a centrifuge’” can be determined using the following
adaptation from the Stokes equation, v, from Yang et al (2003) for slips :
,_ 28pR'0’

91
where, w, is the angular velocity of the centrifuge, Ap is the solid liquid to density
difference, R, is the particle radius, liquid viscosity, », and z the linear distance
between particle and rotating axis. The linear relationship between layer growths and

casting time provides for easy numerical solution.

In electrophoretic deposition?® an electric field is used to accelerate suspended
particles carrying a surface charge. As in centrifugal casting, steady state particle
velocity, v, is balanced by the viscous forces as described by Yang et al (2003) in the

following equation:

_ &eodE
Bl fun
Where:
® &, Is the dielectric constant of the liquid

o &, is the permittivity of free space®

%8 separates the solids from the liquids (de-waters) for further processing of the raw material
2" process that uses centrifugal force for the sedimentation of mixtures

28 process where clay particles in a slip migrate under the influence of an electric field and are
deposited onto an electrode.

%% how space effects the forces between two charges: physical constant equal to approximately 8.85 x
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e ¢ is the particle zeta potential®
e E, isthe applied electric field strength
e fy, is the Henry constant (values between 1-1.5 dependent on particle size and
ionic strength)
The role of particle (and indirectly the pore diameter which is dependent on the
particle diameter) diameter in the various adhesive forces is shown in Figure 2.12
below. The OUTBAC ceramic filter pore size (filter developed in this study) is also

indicated as a comparison.
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Figure 2.12: Comparing the particle size (pore size) to the adhesive surface forces
(Yang et al 2003)

In summary some alternative slip consolidation techniques of suspended particles
discussed above include:

e gel-casting (Janney 1990; Young et al 1991 and Omatete et al 1992): this
method makes use of monomers in suspension which are polymerized,;
alternatively, polymer gelation is induced by using temperatures increases
(Sarkar and Greminger 1983), UV radiation (Landham et al 1987 & Tormey
et al 1984) or by catalyst use.

102 farad per meter (F/m)
%0 defined as the potential at the surface of an electro-kinetic unit (particle) moving through the liquid
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e freeze-casting: this method uses dispersed particles which are frozen then
stripped from the mould by sublimation (Cowan 1976; Bollman 1957; Grala
1957 and Maxwell et al 1954).

e electrophoretic deposition: where colloidal particles suspended in a liquid
move under the influence of an electric field (electrophoresis) and are
deposited onto an electrode. All colloidal particles that can be used to form
stable slips and that can carry a charge can be used in electrophoretic
deposition. This includes materials such as polymers and ceramic materials.

2.2.3.3 Slip control
In ceramic processing it is the smaller, colloidal particles that have to be controlled.

To produce slip with required properties, a number of slip parameters have to be
carefully controlled. Stability is the most desired property in a ceramic slip where
inter-particle forces play the most important role in determining slip stability.
Particles suspended in a liquid spontaneously agglomerate as a result of the attractive
van der Waals forces amongst the particle surfaces. Preventing such spontaneous
settling requires modification of the particle surface to produce a repulsive force that
counteracts the attractive van der Waals force. High solids loading is another
requirement for slip stability. Normally a high as possible solids loading is preferred
together with a low as possible viscosity for mould filling. Table 2.1 summarises
some of the other important properties necessary for slip stability (Yang et al 2003).



Table 2.1: Parameters required to keep slip stable (Yang et al 2003)*!%?

Property Characteristics

«ion absorption from solution results in particle surface charge

«at low pH, H+ ions results in positively charged surfaces

pH »at high pH, absorption of anions produce a negatively charged surface
sneutral charged surface is called point of zero charge

iso-clectric point is reached for a pH value with zero Zeta potential

simportant only with high solids loading and packing close fo theoretical density which impacts on
viscosity

»with high percent of finer particles results in lower solids loading and thixotropic in character

particle size (increased SSA binds more water and dispersant instead of making available to slip)
distribution »with high percent of large particles results in dilatancy reducing the flow and lowers solids
loading

*with large percentage of medium size particles narrow particles size distribution and traps water
in the pores of the larger particles

sirreversible getting together and adherence due to van der Waals attraction

coagulation o )
«flocculation is a reversible adherence
*colloidal particles contact with similar charge
«overlap of ionic cloud causes increase in ionic strength
double layer =causing depletion of water in the area
repulsion

scausing an increase in osmotic pressure

«diffusion of water into this area to maintain equilibrium causes the particle repulsion- slip
stability

Fish (2001) further illustrates the packing arrangement of particles in flocculated®
and deflocculated slip systems when controlled by pH (Figure 2.3).

Alkaline environment Acid environment

Figure 2.3: lllustration of a deflocculated slip system (A: alkaline pH) and a
flocculated slip system (B: acidic pH) - Fish (2001)

%1 SSA: specific surface area
%2 thixotropic slip: inverse relationship between shear rate and viscosity

%% process wherein colloids (clay particles or fines) come out of suspension in the form of floc when
adding a flocculating agent (opposite for deflocculation where particles are suspended using a
deflocculant)



2.2.3.3.1 Particle packing
Particle packing is based on the perception that with perfect packing of the individual

particles, a minimum amount of water is needed to make it a stable slip. During the
last 100 years or more, quite an extensive amount of work has been undertaken in
order to determine theoretical packing models, Andreasen in 1930 proposed a model
that is simple to use and with proven results (Furnas 1931 & Husken and Brouwers
2008):

d q
CPFT:[—} -100
D

CPFT: Cumulative Percent Finer Than

d: Particle size

D: maximum particle size

q: distribution coefficient (q-value) 34

Funk and Dinger (1994) using the above ideal packing system equation state that the
use of a wide particles size distribution system yields a better packing efficiency
compared to a monosize system (The ideal packing system model will be further
developed in Chapter 3).

Even where flowability is not an issue, efficient particle packing leads to increased

mechanical strength and reduced liquid addition during processing.

2.2.3.3.2 Particle size distribution (PSD)
A slip is in the simplest case a mixture of raw materials from the fine to the super

fines with submicron particle size. The significance of a proper particle size
distribution has been widely recognised in recent years. A precise grading of the
particle sizes enables one to make a slip which is easily mixed and placed and also
has the desired mechanical properties.

The ability to control the particle size distribution is important also in quality control
and production. More flexibility of raw materials choice and reduced costs of the raw

materials are some of the concerns when making slip.

% d: average particle size



In Chapter 5 the section on particle size distribution will be further developed to
show how to construction a composite particle size distribution of the raw materials
giving highest packing density, was used to obtain the best material recipe, and by
manipulating the particle size distribution, shown how to obtain slip with suitable
flow and packing.

Should a milled fraction for some reason change characteristics, it is relatively
simple to adjust the recipe so that the desired PSD can be maintained.

2.2.3.4 Slip dispersion (deflocculation)
Ramachandra and Rao (1999) state that dispersion of ceramic particles can be

obtained as follows:

e controlling electrostatic surface charges through pH adjustments (maintaining
either a positive or negative charge on particles, therefore preventing
flocculation)

e dispersant absorption by particles (deflocculant added to the slip results in
absorption of the deflocculant charge on the particles)

e polymer with long chains absorbed to grain surface (chain results in
separation of the particles)

According to them such well dispersed slips produce homogenous, high density green
products with only minor defects.

2.2.3.5 Raw material requirements for slip casting
The most critical factors affecting formation and firing processes are the raw materials

and their preparation (King 2002). Selection of raw materials forms the first part in
slip preparation process. Essential properties in developing a good slip will include
(Sakar-Deliormanh and Yayla 2002):

rheology control suitable fluidity (low viscosity and minimum water
addition)

e particle dynamics (particle density and shape),

e diffuse double layer interaction, and

e colloidal interaction



Rheology control: It is important to control the rheology®™ to ensure proper
processing by controlling slip viscosity through variables such as particles size
distribution, total solids concentration, and particle packing (Dobrovolskiy, 1977).
These factors determine the amount of water addition and optimum flow properties
during the shaping. Slip viscosity must be manipulated to be high enough to
minimise particle segregation and low enough for mould filling and bubble release
(entrained during the mixing process). Viscosity also affects the shrinkage and
ultimate product density. By optimizing the flow properties, risk of product
deformation or breakage through the various handling steps is minimised.

Particle dynamics: Ceramics are derived from powders which have to be handled
and processed before sintering. To obtain the desired properties, particle sizes in the
submicron size-range are used. With particle sizes smaller than 100 micron, surface

forces equal to gravity result in agglomerates and settling.

When particle sizes decrease from 1 micron to 1 nm, the size of the surface forces
also increased to 3 to 10 orders of magnitude higher than gravity, as shown in Figure
2.4. To control ceramic powders during processing, a full knowledge of the origin
and quantitative measurement of the surface forces are required (Yang et al 2003).

% study of the deformation and flow of materials in a liquid
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Figure 2.4: Comparing the surface attraction forces, particles size distribution and
particle sizes used in their study (Gotoh and Higashitani 1997)

Diffuse double layer: By having a diffuse double layer surrounding a grain, the
shear slippage occurs at some distance away from its surface. The electric potential
at this shear slippage surface can be quantified by using the zeta-potential.
According to Rahaman (2003), silicate particles adsorb ions from solution to form a
surface charge. During hydration at the surface of the silicate particles, at low pH,
H*, ions form a positive charge, whereas at high pH OH" ions produce a negatively
charged surface. The point of zero charge occurs at a pH where the surface is neutral

as shown in Figure 2.5.
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Figure 2.5: Distance from the particle surface impacts on the electric potential, with
ys as the surface potential y: as the zeta potential and o as the zero potential
(Hunter and White 1987)

The pH value at which the zeta potential is zero is called the iso-electric point (IEP).
Some of the more important ceramic compound’s IEPs are shown in Table 2.2

below.

Table 2.2: Iso-electric points (IEP) of the main oxides from Hunter and White
(1987)

Material Iso-electric point

a-Alumina (Al,O-) 9-95

Silica (8i0,) 3-4

Zinc oxide (ZnO) 9

Titania (TiO,) 4-5
Caleium Carbonate (CaCQO;) 9-10

Lead oxide (PbO) 10
Magnesia (MgO) 12-13
Zirconia (ZrQ,) 4-5
Starmic oxide (SnO,) 4-7

Colloidal interaction: Colomban (1989) explains that colloids develop in range from
1 micron to 1 nm. The word is derived from the Greek word for “glue,” because the

grains in this size range have a tendency to stick together.
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These sticking forces have to be controlled during the shaping process to obtain a
stable slip. To prevent the spontaneous agglomeration due to the van der Waal’s
attractive forces, the particle surfaces have to be modified to form repulsive forces to
negate the attractive van der Waal forces — slip stability. This is done either by
absorbing polymer chains onto the surfaces (stearic stabilization) or by adding
charged ions or dipoles to the surface (electric double layer stabilization). It is
furthermore desirable to increase the solids loading at a viscosity low enough for

mould filling and spray drying (pressing).

Hunter and White (1987) state that, in a slip, it is the charge on the surface of a
colloidal particle that results in double layer stabilization. The repulsion between
particles depends on the size of the surface charge and therefore the stability of the
slip. The “diffuse double layer” then forms when oppositely charged ions and polar
molecules in solution are then attracted to this charge. The electric potential at this
surface where shear slippage occurs is called the zeta potential. A local increase in
ionic strength is caused by two particles of like charge approaching one another
resulting in an overlap of their respective double layers. This results in a depletion of
water and osmotic pressure development in this area. Water molecules diffuse into

this area, resulting in particle repulsion, which stabilizes the slip.

When two colloidal particles of like charge approach, their double layers start to
interact and the repulsion, Vg, will oppose the van der Waals attractional forces, Va,
should the repulsive potential be larger than the attractive van der Waals potential,
double layer stabilization results, V', as indicated in Figure 2.6.



“"‘--.__'_VR Electric double layer repulsion

Repulsion

Vr
Vimax
0 I
Distance \/
S Va
5 ‘_,-\'ian der Waals attraction
m K
=
<

Figure 2.6: The influence of the van der Waals attractive forces and the electric
double layer repulsion on the potential energy of two approaching particles in a slip
(Yang et al 2003)

2.2.3.6 Gel-casting
Colomban (1989) presents an overview of the sol-gel*® technology. This

manufacturing route has been used for centuries in earthenware and china production
as a means of sintering at low temperatures. The drawbacks of this route are as
follows: costs, toxicity, solvent recycling, grain growth and the need for special

mould formers.

% process of forming material with specific properties (porosity) at room temperature compared with
conventional glasses needing much higher melting temperatures
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Gyger et al (2007) explain that gel-casting was initiated in the 1990s to create
complex ceramic shapes. Gel-casting is a sol-gel mixture where ceramic powders are
mixed with a monomer solution to form a high solids loading, low viscosity slip that
can be cast or injected into moulds with complex shapes. This is then followed by a
low temperature treatment to polymerise the product and so immobilise the particles.
Gel-casting advantages are as follows:

+ high solids loading and green density without the need for pressure

« uniform particle and density distribution

. removal of green gel-cast body with retention of complex shapes requiring
minimal finishing

. tailor made porosity, mechanical properties and specific applications

Gregorova et al (2004b) found that during gelation there is a continuous rheological
change from viscous to elastic (viscoelastic behaviour), and this transition can be
used as a new shaping process. Gregorova et al (2006) explain that using organic or
bioorganic components in slips requires a focus on viscoelastic behaviour. This is
necessary because gelation (rheological change from viscous, viscoelastic, to elastic)
is important in casting with polypeptides (gelatin) or polysaccharides (starch, agar,
and carrageen). According to them, starch consolidation (rapid starch swelling with
temperature increase) has more than one mechanism for body formation; a change in
rheology after swelling accounts for the total time needed to produce strong green
bodies. A slip of silicon nitride (volume solids loading: 43 percent) and alumina
(volume solids loading: 50 percent) where prepared and consolidated with
carrageenan and other agroids.

Padilla et al (2005) contrasts gel-casting with slip casting. Gel-casting is processed
by gelling (polymerisation) of a concentrated slip, suspended in a monomeric
solution, where the organic polymers surround the ceramic particles, resulting in a
high strength green product. In slip casting the porous mould withdraws water which
results in the solidification of the product. The disadvantage of slip casting is that
fluid flow due to capillary action is slow with a weak green body due to a density
gradient especially in thick walled bodies. This contrast with gel-casting where green

bodies are uniform and strong.
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2.2.3.6.1 Gel-casting types

The binders in gel-casting forms a continuous, strong gelling network that binds the
ceramic particles permanently in position preventing the formation of inconsistencies
during the subsequent drying and firing processes. A number of authors presented
below have used a variety of binders in gel-casting porous ceramics.

Tulliani et al (2009) list the following gel cast monomers that have been used in the
past:

e acrylamide (withdrawn due to neurotoxicity), and
e gelling agents — agar, carrageenan gums, egg white and gelatin

In their study, natural food-grade gelatin (pig derived) was used as gelling agent.
This allowed temperature induced polymerisation — without having to use catalyst
and initiator (used in synthetic monomers) and creating a low environmental impact.
The gelatin was first dissolved in de-ionised water at 60°C before stirring it into the
ceramic suspension, which is also kept at 60°C. The optimum amount of gelling
agent in respect to water concentration of 3 percent gave continuous polymerisation
and strong green product for de-moulding. A de-airing step was added as gelatin
tended to foam. The mixture was poured into non porous Plexiglas and cooled to
room temperature for gelation development. The cast samples were then dried under
controlled humidity and at room temperature before stripping.

Akhondi et al (2009) used sodium alginate (natural product from brown sea weed) to
gel ceramic particles into a solid network. Sodium alginate is first dissolved in water
(room temperature), added to the ceramic mix and then the mixture is gelled using
Ca®*. Their process for gel-casting alumina powders is shown in the flow chart
(Figure 2.7) below.
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Figure 2.7: Gel-casting process by Akhondi et al (2009)

Thermo gravimetric analysis (TGA: in air with 10°C min™ heating rate to 700°C)
and DTA (differential thermic analysis) results of the authors are presented in
Figure 2.18 that demonstrates the 4% weight reduction at 130°C due to evaporation
of the retained water. Most of other additives burnt out between 280-450°C. By
increasing the temperature from 25°C to 600°C resulted in a 17% weight loss. This

rapid loss can cause cracking in the green body during the burn out of the binder.

The DTA and TGA results were then used to design the slow heating rate at

1°C.min.™" allowing the binder volatiles to be slowly released and prevent cracking.
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Figure 2.18: TGA and DTA plots for green bodies in air (Akhondi et al 2009)

Bartuli et al (2009) used fluka agar to produce slip with a solids loading of 55
percent. Their zirconia suspension was prepared using de-ionised water with 1.22
weight percent (wt) Dolapix PC 33 (dispersant) added. A portion of water was used
for dispersion of the zirconia and the remainder was used for dissolving the agar
(2.38 wt percent) at 90°C for 1h. The agar solution was cooled to 60°C before adding
to the warmed ceramic suspension (60°C). When foaming occurs a de-airing step
was added to remove trapped air. The slip was poured into non porous resin moulds
at a temperature of 60°C. Cooling of the product to room temperature caused the gel
structure to develop. The gelling agent resulted in 7 percent porosity after first firing.

Takahashi et al (2009) used gelatin to gel-cast a double layered porous ceramic filter
(see Figure 2.19) using waste material and a non-toxic monomer. The product was
fired under reducing conditions to pyrolise® gel cast ceramics. The formulation used
for ball milling was as follows: water, broken glass (42 to 45 percent), mica mineral
(18 to 22 percent), mining waste (18 to 22 percent), spent alumina (12 to 15 percent)
and gelatin.

%7 process of removing organic volatiles at tempatures ranging between 200 and 900° C under
reducing conditions
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The slip was heated to 80°C and aggressively mixed to a produce a foamed slip, cast
into moulds, and allowed to cool and solidify into a product strong enough for de-

moulding.

Top layer
70% porosity

Interface
o layer

DOUBLE-LAYERED
POROUS ALUMINA

Bottom layer
55% porosity

Figure 2.19: Double-layered porous filter (Takahashi et al 2009)

Liu et al (2001) used gel-casting to shape porous mullite with open porosity of
between 58.5 — 63.9 percent and average pore size ranging between 0.8 — 1.3 mm.
The gelled mixture consisting of kaolinite and AIOH3 was sintered at 1300- 1600°C.
By varying the raw material ratios and firing temperature, the average pore size, pore

size distribution and hydraulic conductivity could be controlled.

Ganesh et al (2009) used alumina powder with dso of 0.8 micron, zirconia powder
with a dso of 0.43 micron together with an AIN powder with dso of 0.33 micron as

gelling and consolidation agent®.

%8 set or bind the suspension making it strong enough for further processing
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2.2.3.7 Freeze casting
Freeze-casting, the shaping of porous structures by the solidification (freezing) of a

solvent (water into ice), have seen a number of developments during the last few
years. Of particular interest for water filtration are the unique structure and properties
exhibited by porous freeze-cast ceramics, which opened new opportunities in the
field of porous ceramics (Hbalze and Gaukler 2003).

In summary Hbalze and Gaukler (2003) emphasized the fact that wet processing has
a better potential to produce high quality ceramics than dry processing because it
results in better particle-to-particle contact, which produces a more homogenous
packing, leading to limited defects in the final microstructure. Two newer slip casting
forming techniques of consolidation of dispersed slip and coagulation of suspended
particles, were discussed. Consolidation is applied in the gel-casting with monomer
polymerisation in the slip (or induced polymerisation by UV, heat or catalyst use),
whereas in freeze-casting and quickset, the dispersed medium is solidified (by
freezing) and then sublimated for removal. The liquid to solid change can therefore
be initiated through either heating, changing the pH or by increasing the suspension’s
ionic strength.

2.2.3.8 Slip casting benefits
Fish (2001) gives a number of reasons why slip casting is still a suitable or preferred

ceramic shaping method. Slip-casting methods provide superior surface quality,
density and uniformity in casting high purity ceramic raw materials over other
ceramic forming techniques. The raw materials used for slip casting are also a mixture

of components that helps reduce the firing temperature.

Masaaki and Kurita (1997) identify conventional slip casting as a method of choice
in Japan for casting near net-shaped castings and suggest the use of polypropylene
moulds instead of the conventional plaster moulds. In thin castings a homogenous
green body is possible but as the wall thickness increases the density decreases
further away from the mould. It is impossible to use a plaster core as the product
shrinks around the core leading to stresses that make stripping difficult or results in
rejects (Takahashi and Kurita 1997).
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To overcome the stresses, they developed a self-hardening slip that rapidly sets in the
mould, making it possible to remove the core. A hardening resin and hardener was
added by the authors to disperse the slip. After de-airing, the slip was cast into a
polypropylene mould. After de-moulding and drying at room temperature, drying
was completed at 80°C in a drier for 12h. The green product was fired at 600°C for
1h to burn out the organics and then at 1500°C for 1h (Figure 2.8).
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Figure 2.8: A- Model for the forming of the self-hardening slip; B- Equation for the
reaction between epoxy and amine hardener; C- Volume fraction of materials and

D- Burn-out schedule for resin (Masaaki and Kurita, 1997)

The advantage of using self-hardening casting slips in the manufacture of ceramic

water filters include:
e forming thick bodies (use of non-porous moulds)
e forming sintered bodies with high strength
e reduced firing temperatures (energy savings)

Ozgur and San (2009) found it possible to develop a fine particle migration technique
for forming a multi-layered, varied pore size filter by using the slip casting
technique. By combining a varying sized mixture of quartz-zeolite-glass particles (10
percent mass by weight loading) the method was used to make ceramic filters with a
350 micron pore size.
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They also improved the filling method as illustrated in Figure 2.9 which resulted in
reducing the time necessary for the labour intensive refilling of the plaster moulds

during casting.

<“— Cylindirical glass tube

“+— Hollow cylinder mold

-

Figure 2.9: The Ozgur and San (2009) mould system for slip casting

Darcovich et al (2003) describe the benefit of using the slip casting technique to
develop a single step sedimentation method for obtaining an asymmetric porous
microstructure. Surface chemical control allows a fine alumina powder slip to
consolidate onto a plaster mould forming an increasing mean pore size from top to
bottom. This structure is made possible by the use of a broad particle size
distribution powder. Normally, sintering of such a structure results in warping. The
authors examined warpage by using a sintering modeling technique that
incorporates particles size distribution as a variable. The model ensured that the
particles size distribution was broad, overlapping and occurred with a significant

tailing of fines.
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Hotta et al (2005) were able to benefit from using a poly-acrylic ammonia acid
dispersant (CELUNA D-305) to cast a low soda alumina (AL-160SG-4). The process
flow chart used in their process is indicated in Figure 2.10 below.

= Low soda Alumina (AL-160SG-4,Showa denko K.K.)
= Polyacrylic acid Ammonium dispersant(CELUNA D-305,

Chukyo yushi Co., Ltd)
= Distilled water 1

| Ball milling : 24hours |

|

| 50vol% slurry |

l Coarse particles
— » 38~45um
| Stirring : Zhours | + 53~63um
1 » 75~ 90um

| De-airing by vacuum : 10min |

l

Slip casting in plaster mold
(100 x 100 x 9mm?)

|

| Drying (105°C:24hours) |

|

[ Ssintering (1550°C : 2hours) |

!

| Ceramics |

Figure 2.10: Fabrication process for alumina ceramics (Hotta et al 2005)

2.2.3.9 Forming method application summary
In the forming step, dry powders, plastic bodies, pastes, or slips are consolidated and

moulded to produce a cohesive body of the desired shape and size.

Dry forming consists of the simultaneous compacting and shaping of dry ceramic
powders in a rigid die or flexible mould. Dry forming can be accomplished by dry

pressing, isostatic pressing, and vibratory compaction.

Plastic moulding is accomplished by extrusion, jiggering, or powder injection
moulding. Extrusion is used in manufacturing structural porous ceramics, clay
products and some refractory products. Jiggering is widely used in the manufacture
of small, simple, axially symmetrical white ware ceramic such as cookware, fine
china, and electrical porcelain. Powder injection moulding is used for making small

complex shapes.
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Slurry forming of ceramics generally is accomplished using slip casting, gel-casting,
or tape-casting. In slip casting, ceramic slurry, which has a moisture content of 20 to
35 per cent, is poured into a porous mould. Capillary suction of the mould draws the
liquid from the mould, thereby consolidating the cast ceramic material. After a fixed

time the excess slurry is drained, and the cast is dried.

Slip casting is widely used in the manufacture of sinks and other sanitary ware,
figurines, porous thermal insulation, fine china, and structural ceramics with complex
shapes. Gel-casting uses in situ polymerization of organic monomers to produce a gel
that binds ceramic particles together into complex shapes such as turbine rotors.
Tape-casting is used to produce thin ceramic sheets or tape, which can be cut and

stacked to form multilayer ceramics for capacitors and dielectric insulator substrates.

Table 2.3 highlights the three main forming methods with their respective material

requirements, equipment, problems and advantages.

Table 2.3: Summary of the forming characteristics

Forming Material Moisture
Method requirement Content Equipment Type Problems Advantages
Laminations,
Dry or slightly Die, die assembly, hydraulic | edge capping,
Die Pressing Finelcoarse grained moist press. Isopressing sticking, hour No drying required
{hydrostatic) glassing, warping
& cracking
Siiff, plastic mixture Extrusion die, vacuum
Extrusion {add clay or 12- 20% auger, hydraulic piston & Dimensional Productivity
hectorite) & moisture hand forming at low controls
extrusion aids pressures
Flocculants & Settling, clogging Homogeneity of
Slip Casting deﬁgc culagts + 20% Plaster moulds of filter cake. properties, low
{Sodium silicate to Plaster mould :
; e : input cost
increase fluidity) drying
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2.3 Selection of the best forming (shaping) method

Currently ceramics are mostly produced through densification of ceramic raw
materials (pressing and extrusion) and sintering. All of these need expensive
production equipment and high temperatures for sintering (Figure 2.11), which make
manufacturing costly. Slip casting, in contrast, although still requiring high
temperature for sintering, requires simple and low-cost equipment for production
with less technical limitations in the type of raw materials than other methods. It is
also hoped that through further development with cement based bonding (in contrast
to high temperature sintering), that low-cost equipment can be combined with lower

firing temperatures.

Other processes, such as solid state burn-out of polymers and sol-gel processes have
been developed and applied to non-oxide ceramics to further decrease firing
temperatures and equipment costs (Segal, 1989 and Narula, 1995). In both
developments, molecular formers are synthesized and changed into ceramics by
heating at lower processing temperatures (see Figure 2.18 above).

Recently bio-mineralization processing (Lowenstam and Weiner 1989; Mann et al,
1989 and Baeuerlein 2000) has illustrated how nature makes intricate shapes and
materials at standard temperature, pressure and atmospheric conditions — something
that is not possible with current artificial processes.
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Figure 2.11: Ceramic forming processes organized according to equipment

expenditure and processing temperature (Adapted from Bill et al 2003)

Guided by the literature study, the slip casting method was selected as the method of
choice for this study as it is the most suitable low-cost (equipment expenditure), low
technology method for shaping and forming ceramic water filters. The benefits of the
slip casting process such as limited finishing, good size tolerance and obtaining high
density castings also played a role in the selection process. It is also the only process
that merely requires ceramic particles to be mixed into a dispersed suspension (slip), a
porous mould to consolidate the aqueous suspension, a drying and burning-out
process where the de-moulded (stripped) green body gains initial strength and finally

the sintering process to give the pores and the final product strength.

Because processed silicates (clays) are not available throughout Africa and also vary
widely in terms of chemistry, mineralogically and physical properties, it was decided
to limit the initial research by sourcing material with more consistent properties,
ability to flow and pack into a dense product and by selecting materials that could be
purchased off-the-shelf and which required minimal further treatment. The selection

of raw materials for the slip casting process is further described in Chapter 6.

[5¥4



Chapter 3: Processing of Porous Ceramics

The processing of porous ceramic products takes place in different types of kilns,
with a wide range of raw materials and in numerous shapes, sizes and colours. The
general processing of ceramic products, however, is rather uniform, besides the fact
that, for porous ceramics, often a multiple stage firing process is used.

In general, raw materials are mixed and cast, pressed or extruded into shape. Water
is used for thorough mixing and shaping. This water is evaporated in dryers and the
products are placed by hand in the kiln. In most cases, the kilns are heated with
electricity but natural gas, liquefied petroleum gas (LPG), fuel oil, coal, petroleum
coke or biogas/biomass are also used. An irreversible porous ceramic structure for
the product is reached during the firing process in the kiln which demands a very
accurate temperature gradient during firing to ensure that the products obtain the
right treatment. Afterwards controlled cooling is sometimes necessary so that the
products release their heat gradually and preserve their ceramic structure.

In the following Sections 3.1 to 3.5, the most important units of a porous ceramic
manufacturing plant, as well as the basic steps and variations in the production
processes, will be explained.

3.1 Raw Materials

3.1.1 Background

According to Lange (1989), raw materials are one of the most important quality
factors in ceramics. King (2002) views the manufacturing of a ceramic product as a
raw material pyramid on which all the other steps are built. The use of the correct raw

material is therefore critical in producing usable ceramics at a low cost.
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Selection of the correct raw materials should be guided by envisaged forming method
and end-product specifications. Further treatment, such as milling and mixing, also
critically affects raw materials and must therefore be controlled. Naito et al (2003)
provides a number of raw material factors that can be used as selection criteria (Table
3.1).

Table 3.1: Selection criteria for raw materials (Naito et al, 2003)

Material Properties Selection criteria
Chemistry
Composition Homogeneous
Impurity Nene
Stoichiometry Stoichiometric
Phase Stable
Particle
Shape Uniform and spherical
Size Srmall
Distribution Adequate

Raw materials should be able to be formed into a physically and chemically uniform
green shape, and with further heat treatment into the final finished product. Uematsu
et al (1995) and Uematsu (1996) provides an example of a green body where the
absence of defects was only due to an inadequate identification tool for identifying

important defects.

Figure 3.1 shows the green body examined by Uematsu et al (1995) and Uematsu
(1996) using a sensitive optical method that detects small defects. The large defects
(at this detection range) are clearly visible. It is clear from this example that the
compact was far from uniform (homogeneous) as it contained a number of structures
(aggregates and coarse particles) that could have resulted in unpredictable variations
in the final product had they not been identified.
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Figure 3.1: SEM image of green compact defects identified using the liquid

immersion technique (Uematsu 1996)

From the above example it should be clear that the raw material quality is often
outside specification and for this reason unexpected variations could occur between
batches. The problems introduced during the green body stages are likely to develop
into defects during later stages, such as sintering, which will ultimately result in

product strength reduction and porosity variations (Naito et al 2003).

The following sections examine raw material characteristics as well as raw material
treatment processes, such as milling and mixing, necessary for raw material forming

requirements.

3.1.2 Raw material characteristics

3.1.2.1 Chemical composition
The aim here is to keep the chemical composition fixed and constant. For simple

oxides and silicates, the stoichiometries stated in datasheets are seldom achieved in
raw material containing transitional metal elements. This can critically affect the

composition and subsequent product properties (Naito et al 2003).

An example given by Hegenbart (1995) describes how chemistry can affect flow
properties for starch grains during slip casting. Starch and oil are the two forms in
which plants can store their unused energy. Starch is stored in both underground
plant bodies, such as tubers (potatoes), roots (cassava), and corms (bulbs), and in

above ground fruits and seeds (for example corn).
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Legumes (beans and peas) and cereals (corn, amaranth, millet, rice, wheat, and
sorghum) are plant groups with seeds containing large concentrations of starch.
Starch grains are important pore-formers that exist in two different chemical
configurations:

a) Amylose which forms linear chains
b) Amylopectin which forms branched chains

Starches mostly consist of the two forms in a ratio determined according to the plant
type. Amylose supplies the gelling character of slips, while amylopectin supplies the
slip viscosity. The higher the concentration of amylopectin, the more water is
absorbed by the starch lowering the gelatinization temperature of the starch grains.
Both starch configurations therefore provide very different slip casting properties.

3.1.2.2 Impurities
Impurities are minor components that occur in raw materials; some of the impurities

can govern the production properties of ceramics and limit their applications.

The standard example of the impact of impurities is the occurrence of sodium in
alumina raw materials. Dispersion in slips and the sintering behaviour are affected by
sodium concentrations that critically influence product quality. Similarly, according to
Handwerker et al (1989), calcia and silica in alumina, separate at the grain boundary,
causing irregular crystal growth in alumina during firing, which affects both the
physical and chemical properties at the boundary of the grains. However, certain
elements, especially elements in the same group in the periodic table, often have
minor effects (Bae and Baik 1994).

3.1.2.3 Phase change
Raw materials containing similar chemistry are significantly affected by phase

changes during heat treatment. The phase changes result in a change in volume with
heating. Karagedov (2006) gives the example of zirconia, which exhibits a cubic
phase at high temperatures and a monoclinic phase at lower temperatures.

The change in volume between the high temperature phase and low temperature phase

can result in cracking should uncontrolled cooling cycle occur.
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3.1.2.4 Grain size
Small grains form persistent aggregates that are difficult to disperse in a slip (Singh et

al 2009). Fractures tend to originate from aggregates and are problematic in ceramic
production. The dispersant must cover the whole grain surface (proportional to the
surface area) to produce repulsion amongst the grains. Large amounts of dispersant
will be needed for very fine grains (large surface area). PH and the use of low
molecular weight dispersants can, however, effectively disperse fine powders.

Rate and temperature of sintering are hugely affected by particle size (Naito et al
2003). In Figure 3.12 various alumina powder grain sizes were sintered for equal time
steps at various temperatures. Theoretical density was achieved at sintering
temperatures of 1600°C and at 1300°C for powders with grain size of half a micron
and one tenth of a micron respectively. According to Coble and Gupta (1967), the
sintering rate varies at 3 to 4™ power of grain size in bulk diffusion and grain
boundary mechanisms, therefore the sintering rate for finer grain size can be up to
between 10- 60 times faster. In contrast, the mass transport rates rapidly slows down
(lower activation energy for the solid state diffusion mechanism) at lower
temperatures, which is compensated for by the faster sintering rate and higher product
density achieved by the smaller grain size as illustrated in Figure 3.2.
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Figure 3.12: Effect of grain size on sintering rate and product density (Coble and
Gupta 1967)
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3.1.2.5 Particle size distribution
According to Reed (1995), particle size distribution is the main factor in the

achievement of higher packing densities. Between 70 and 80 percent density can be
achieved for a mono-deflocculated powder. A too broad particle size distribution
system is however liable to develop extreme grain growth due to nuclei formation of
the larger particles leading to negative property impacts such as low product density
and the development of cracks (Kingery et al 1976). Although large particles are
always present and are poorly identified by particle size analyzers (when their
concentrations are below 1 percent), they can be detected by using the liquid
immersion technique as explained in the previous section (see Figure 3.1 — Uematsu
et al, 1995 and Uematsu 1996). Such large particles are either single crystals or

aggregates consisting of fine grains.

Particle size distribution measurements stay illusive and are dependent on particle size
analyzer type and operator input. Figure 3.3 illustrates the case where the mean
particle size (d50) for the same sample varied between 0.4 to 0.9 micron in one type

of analyser and even more when other analyser types were used.

The significance of a proper PSD has become widely recognised in recent years. A
precise grading of the particle sizes enables one to make slip which is easily mixed
and placed and also has the desired mechanical properties. Incorrect analyses can
complicate the adjustment of the recipe where composite particle size distributions of

the raw materials are used in obtaining desired PSD.
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Figure 3.3: The same silicon carbide powder analysed by various laser diffraction

type analysers (Uematsu et al 1995)

3.1.2.6 Grain shape
The packing structure of green compacts is highly affected by particle shape.

Spherical grains nearly always give good packing density whereas it is impossible to
obtain similar packing with platelet or needle shaped grains. This is well illustrated in
Figure 3.4 where SEM images for starches are indicated. The forming method
(extrusion) can orientate non spherical particles through shear stress resulting in
anisotropic properties after sintering. This happens, when a non-uniform shear stress

exits with movement away from the die wall (Reed 1995).

The shape of a particle (due to anisotropic property on forming) can also affect

sintering and product density (Shui et al 2001).
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Figure 3.4: Particle shape and size of starches (Shui et al 2001)

3.1.2.7 Agglomerates
Agglomerates develop due to attraction (capillary forces, van der Waals forces, and

electrostatic forces as discussed in Chapter 2) between particles (

Lange et al, 1983).

Addition of dispersants and mild mechanical forces (milling) can break down
aggregates into primary particles (reversible process). If aggregates are not dealt with
during the formation process it can have a negative effect on green-compact structure

and therefore the micro structure of the end product, forming localized density
gradients (

Lange et al 1983 and Zheng, and Reed 1989).
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3.1.2.8 Aggregates
In contrast to agglomerates, aggregates form due to strong bonded particles that

develop during the manufacturing process (sintering) of some raw materials. Such
aggregates cannot simply be broken by gentle stirring or by adding dispersants; severe
milling is required for breakdown and use in ceramics (Cutler 1978).

There is also a difficulty in identification of aggregates (coarse fraction) using particle

size analysers in concentrations below 1 per cent as discussed earlier.

Grains formed from aggregates, with size equal to the outer diameter of the aggregate,
have a negative effect on the production of ceramics as they tend to cause defects in
the green body and in the sintered product. Aggregates tend to slow down the
densification process during sintering. Aggregate identification and removal will help
in the sintering process and help in final product quality (Rhodes and Wench 1973
and Dynys and Holloran 1984).

3.1.2.9 Material impact on slip rheology
For raw material selection we can distinguish between the following 2 slip grain

sizes:

1. coarse grained slip (grains size up to 2 mm with some added fines)
2. fine grained slip (grain size range between 0.1 and 5 micron)

For both coarse and fine grained slips there are a number of effects that raw material
fractions play in controlling the rheology of slips during production (Dinger 2002):

a) solids content of the slip

b) particle morphology

c) particle size distribution of the slip

d) flocculation of the slip

e) type and intensity of particle-to-particle collisions

3.1.2.10 Solids Content
In suspensions, the percentage of solids in the solution has an important effect on

rheology. At low solids content suspension viscosity is similar to that of the liquid
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viscosity. At higher solids content, the fractions control the slip viscosity. For every
slip the limiting solids content depends on the particle size distribution and the

ability of the particles to pack together.

3.1.2.11 Particle morphology
According to Dinger (2002) the fine, medium and coarse fractions result in opposing

rheological effects during production and sintering.
The coarse fractions result in:

a) unwanted settling during casting

b) blockages

c) abrasion

d) coarse fractions have much lower specific surface area (SSA), which
needs an increased firing temperature — resulting in coarser crystal

grains, reduced firing density, and shrinkage

The finer fractions in contrast result in:

a) larger specific surface area of the fines during firing, increases the
viscosity but produces a small crystal grain size that allows lower
firing temperatures, increase fired density, and therefore increased
ceramic strength

b) absorption and inter particulate forces in ultra-fines, which changes the
rheology resulting in processing difficulties and lower density (green)
and higher shrinkage® (fired)

The medium sized fraction, in contrast, results in the best compromise with relatively
low firing temperature, medium fired shrinkage, and good fired density.

The sizes of particles affect the stability of suspensions. Clay or colloidal particles
remain suspended within liquid whereas large particles settle out when suspensions
are at rest or at low flow velocities (shear). Settling severity is therefore dependent

% shrinkage takes place as a result of water loss (evaporation) during drying and atomic diffusion and
reduction in porosity during the sintering process thereby increasing the density (fired density)
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on both size and flow velocity of the suspension.

The grain surface properties also impact on the rheology when higher solids content

is used:

a) smooth surfaces (natural or due to organic/polymeric coatings) result in
particles that slide easily past one another

b) rough surfaces increase particle-to-particle friction, resulting in
increased suspension viscosities

c) electrostatic surface potentials can result in particles repelling one
another (deflocculation) or attracting one another (flocculation). Both
of these effects are dependent on mineral type, pH or chemical
additives that alter surface properties.

An example of casting difficulties is given by Ozgur and San (2009) who used
quartz, natural zeolite and lead borosilicate glass to slip cast ceramic filters. The
limiting factors in their slip production were the relative concentration of the
powders and the size ratio of powder (fine grains) and granules (coarse grains).
After sintering, the pore walls were hydrophilic, due to the glassy coating. Large
particle size differences, however, resulted in fines migration and cracking during
drying and firing. Finer particles resulted in a loss of structural integrity. They found
that the combination of a fraction (with a median particle size of 650 micron) with a
fraction with grain size interval between 1.25 and 2.50 mm, worked best for the
multilayer glassy ceramic filter. Pressure casting could also overcome the problem

of fines migration.

3.1.2.12 Particle Size Distribution
Particles size distribution affects the rheology as well as determining the packing

density. It forms a key ingredient in most slip, green and fired properties of ceramics.
Funk and Dinger (1994) and Dinger (2002) looked for three packing requirements for

improved flow when selecting raw material fractions:

1. grains had to be well sorted and well-rounded in shape
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2. ability to fill the gaps (gap size) using fractions that could fit smaller
sizes into the openings created by the next bigger grain size (use a ratio
of 10:1)

3. making use of the natural particles size distribution of fractions and
blend two to three fractions together.

A particle size distribution that packs well with a low porosity when packed will
remain fluid even with high solids concentrations. Particle size distribution, flow and
porosity are therefore directly related. The role of the carrier fluid (water) in this
relationship has 2 functions:

1. saturates the pores, and
2. excess fluid separates the particles

When particle size distribution changes from batch to batch in suspensions where
solids content is controlled, constant correction to either increase or decrease the
particle separation (IPS) will be necessary to increase or decrease the viscosity
(Dinger 2002).

According to Hisken and Bouwers (2008) controlling solid particle packing is
essential when working with granular materials with a mixture of size classes. Their
work concurs with the results from the work on PSD done by Dinger (2002).
Controlling particle packing allows the user to control behaviour and characteristics
of the end product based on the granular PSD. The complexity of particle size,
shape, surface texture results in a variation in packing for various systems (Husken
and Bouwers 2008). Therefore improving the packing capability, by manipulating the
particle size distribution (PSD) of a forming body or slip, allows one to achieve
acceptable rheology and the desired solids content.

Denser packing leads to lower porosity resulting in less carrier fluid needed to
initially fill the pores therefore providing more fluid for particle separation. This
translates into larger inter-particle spacing (IPS- average distance between particles
in suspension), lower viscosities and therefore better flow and less forming problems.
Improved packing densities can result in lower green body moisture content, lower
drying and firing shrinkage (Dinger 2001). These improvements are only possible
when slip is well deflocculated, particles are not tied up by inter-particle attraction
and gelation (Dinger 2001).
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3.1.2.12.1 Particle packing
In each of the forming methods discussed earlier, whether a body will be extruded,

plastically formed, pressed and slip cast, the solid particle packing potential
(determined by the PSD) is the main parameter that influences all the other

parameters.

Optimum packing for slip casting can be obtained by comparing the PSD of the mix
with a continuous distribution packing model where particle size, shape, position and
orientation of particles are recorded.

3.1.2.12.2 Packing models
As discussed in Chapter 2, the Furnas and Anderegg model (Furnas, Anderegg

1931), Andreassen and Andersen model (Andreassen and Andersen 1930) and the
modified Dinger and Funk model (Dinger and Funk 1993) are models that have been
used in the past for obtaining an optimum PSD for dense packing and improved flow
properties. The Furnas and Anderegg model is difficult to use while the Andreassen
model is easier (more empirical) and does not require a shape factor (particles should
be of the same shape) but presumes infinitely small particles (which is impractical).
Dinger and Funk model is a modification of the Andreassen model (presented in
Chapter 2) making it more workable. Both models used for obtaining dense packing

are shown below:

Andreassen model

CPFT = (d/D)*. 100

Dinger and Funk model (modified Andreassen model)
CPFT = [d%dn")/(D%dn")].100

where; CPFT: Cumulative per cent finer than
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d: particle size (mm) as shown in Figure 3.5
dm: minimum particle size (mm)

D: maximum particle size (mm)

g: distribution coefficient (g-value)

According to Dinger (2001) and Husken and Bouwers (2008) both the maximum

and minimum particle size play an important role in determining the packing

density. The finer particles (powders) help to optimise the grading of the entire mix

(slip) by fitting in between the maximum particle size grains and contribute to the

green strength of the demoulded items. The distribution coefficient, g, has an
impact on the ratio between the maximum and minimum particle sizes. A coefficient
with values larger than 0.5 results in coarse mixtures whereas values smaller than

0.25 results in mixtures high in fines.
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Figure 3.5: Particle sizes for granular packing (Husken and Bouwers 2008)

In summary Subbanna et al (2002) state that the conventional thought process of
forming densely packed, uniformly distributed, fine pores, is necessary for slip

(colloidal processing) casting or pressure casting.

Factors such as the firing cycle, shrinkage, residual porosity and microstructure do
not only depend on the size distribution and reactivity of the raw materials but also
on the physical properties of the green product. Packing is a function of size
distribution and through size distribution manipulation, researchers have tried to
obtain dense green compacts.
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3.1.2.13 Slip flocculation
In slip processing, certain important interactions can change the inter particle forces,

including attractive van der Waals, capillary and steric forces, and repulsive electric
double layer and steric forces. Figure 3.6 is a schematic of the relationship between

the slip, inter particle forces and slip flocculation.

Repulsive forces (dispersed systems)

Liquid-like
O O O O O microstructure of
O O individual particles.

O Usually no yield
O ® @ strgss.y g

Weakly attractive forces (weak flocculation)

Particles form loose
OO OO O OO flocs which flow as
O O O units. Shear thinning
O O O is observed.

Strongly attactive forces (coagulation)

Interconnected fractal
networks are formed
with a measurable yield
stress.

Figure 3.6: Slip microstructure, inter particle forces and suspension structure
(Sigmund et al 2000)

Yang et al (2003) gives examples of low molecular weight organic chemicals
dispersants with functional groups for anchoring on particle surfaces include acids
such as citric acid. Other organic dispersants include polymers and poly-electrolytes.

The particle size and the dispersing medium control the van der Waals forces.

Yang et al (2003) identify typical polar or dissociable functional groups for
dispersant as hydroxyl (OH), carboxyl (COOH), sulfonate (SOs), sulfate (OSOs3),
ammonium (NH+), amino (NH;), imino (NH), and poly-oxyethylene (CH, .CH,0)
groups (Sigmund et al, 2000). Some of the main deflocculants are shown in Table

17



3.2.

Table 3.2: Common deflocculants used in ceramics (Naito et al, 2003 and Sigmund
et al, 2000)

Low molecular weight High molecular weight
Sodium borate Poly(acrylic acid) (PAA)
Sodium carbenate Poly(methacrylic acid) (PMAA)
Sodium pyrophosphate Ammonium polyacrylate
Sodium silicate Sodium polyacrylate
Citric acid Polyisobutene
Ammonium citrate Menhaden fish oil
Sodium citrate Phosphate ester

Sodium tartrate Sodium pelysulfonate
Sodium succinate

Glyceryl trioleate

As discussed previously in Chapter 2, stabilisation of slip occurs through an
electrostatic process by pH control (NaOH and HCI addition). Low pH (pH <5)
results in positively charged particles and high pH (>9) particles are negatively
charged. Like charges repel, and particles are therefore dispersed or stabilized. The
degree of stabilization from the repulsive forces is dependent on the type of
mechanism generated which normally originates from the electrical double layer
overlap. By adjusting the pH to the isoelectric point of the slip particles will result in
flocculation of the slip as a result of van der Waals forces (Silakate et al 2008).
Normally, a slip is adjusted to the condition of "controlled flocculation™ staying fluid,
yet ensuring that the finer particles stay agglomerated and in suspension. Slips should
therefore be less fluid than they could be because a totally deflocculated slip results

in free movement of the particles resulting in segregation.

The fines migrate toward the mould surface resulting in changes in the particle size
distribution which causes differential drying shrinkage of the wall resulting in drying

cracks.

An example is given by Silakate et al (2008) where deflocculant as well as pH
changes had a strong impact on both the particle surface charge and particle size of
the slip. When making porous alumina filters using slip casting, they found that the
flocculation increased particles size and slip viscosity through the mechanism of
polymer bridging of the electrolyte on the surface of the particles. Their product had
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an average pore size range of 0.3 to 0.4 micron after firing to 1500°C.

Complications when using casting clays include the ageing properties of a clay body
which will change according to the composition. The biggest problem is the usual
time necessary for the clay to age in order to become stable just before casting. Other
factors to consider included: poor filling (too long to fill moulds), flabby casts (soft
casts — difficult to handle), brittle casts (hard casts — difficult to fettle), poor draining
after casting, wreathing (unevenness on the slip side of casting), pinholes (air-holes
below casting surface), cracking, casting spot (poor flow), and casting flash
(discolouration on the side of the mould). To overcome some of the problems

normally require minor adjustments in deflocculation and flocculation.

3.1.3 Additional raw materials

3.1.3.1 Pore-formers
Porous ceramics can be made through a number of methods such as using particle

size distribution, the impregnated sponge method and the addition of pore former. In
this study the pores for the porous ceramic were produced by burning out the pore
former during the sintering process.

Chi (2004) identifies two types of formers, inorganic materials (NHsHCO; and
carbon powders) and organic materials (starch, polyimide, polyvinylidene chloride,

cellulose, polyacrylonitrile, phenolic resin, microorganisms and yeast).

In order to obtain high porosity, large volumes of pore former have to be added to the
ceramic phase. The decomposition of the binders and pore formers normally result in
the development of large quantities of volatiles (gas) during the burn-out phase.
Burn-out temperatures between 300-700 ° C should be maintained for achieving
slower decomposition and good control of the debinding process (Lu and Lannutti,
2000).

Maintaining the burn-out temperature at this level reduces the risk of cracking in the
green body. But the gas released during the burn-out phase (amount generated and

temperature) also controls the forming of either closed pores or connected (open)
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pores (Colombo, 2008).

3.1.3.2 Examples of pore-formers
The following authors provide examples of various organic and inorganic pore

formers used in developing porous ceramics.

Yeast: Chi (2004) looked at the sintering behaviour of yeast as pore former in pressed
SiC ceramics. To prevent segregation glycerol was used to slow down gravity
segregation. Glycerol has high viscosity that binds the pores on yeast surface. The
heating rate used was 60°C h™ to a holding temperature of 900°C for yeast removal
and then heating at a rate of 300°C h™ with a 1 to 5h soak in air. A three step yeast
decomposition (shown in thermo gravimetric analysis (TGA) graph, Figure 3.7) was

established:
e normal drying up to 100°C
e step 1 from 140 to 200°C with little change in weight,

e step 2 from 200 to 900°C complete oxidation of yeast with volatile release

resulting in fast weight loss and

e step 3 with temperature >900°C where no further weight loss occurred.
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Figure 3.7: Thermo gravimetric (TGA) curve for yeast using a firing rate of 10°C h’

Starch: Yin et al (2009) used starch as binder, consolidator and as organic pore
former in preparing their porous ceramic. They confirmed that amylose causes
gelling of starch slips. Starch can be added in volume fractions from 20 to 50 percent

without resulting in critical defects.
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From studies on the impact of starch on the gelling and flow properties of alumina
slips, it was determined that albumin controlled the gel while starch allowed the
viscosity of the slip to increase. With very high concentrations of starch, in an
alumina system, hydraulic forces played a big role and viscosity was dominated by
particle size distribution, solid loading and starch alumina ratio as shown in Figure
3.8. The starch impact on the slip rheology is clearer in the slip with increased
alumina contents. The viscosities of 52 and 55 vol. % alumina slips showed sharp
increases, with added starch exceeding 3.3 wt. %.
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Figure 3.8: Impact of starch to alumina ratio on viscosity at a constant shear rate

(Yin et al 2009)

Rice starch: Yeh and Li (1996) used a polarizing microscope, with a hot stage and
image analyzer, to examine rice starch. A small change in granule size, between
temperatures of 35 to 55°C, occurred with a more rapid size increase at 65°C.
Finally, a 16 micron increase resulted at 65°C. The viscosity changes resulted from

the increased volume fraction of swollen granules.

At low concentrations the particles are far enough apart to not affect the viscosity but
at larger concentrations the interactions due to swelling became more accentuated,

resulting in a higher viscosity.
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Paraffin: Neirinck et al (2009) used paraffin as a pore former. This had the
advantage of eliminating the burn-out phase of firing. They consolidated alumina
powder, using a solution of paraffin in ethanol, onto a porous object using
electrophoresis. By evaporating the paraffin prior to sintering, the time consuming
first firing process (burn-out) was eliminated and large spherical pores 20 to 200
micron could be customised. By altering the emulsion composition, both open and

close cell porosities could be obtained.

3.1.3.3 Coating
Coating of porous ceramic is an additional step added to augment ceramic filter by

coating for improved reduction of viruses in drinking water. The coating can either
result in sorption or the inactivation of viruses on the modified ceramic surfaces. In
this study the porous ceramic filter was coated with a finely milled non-porous,

lithium-alumino-silicate coating.

Masuda et al (1994) gives an example of coating an alumina ceramic with a thin,
dense zeolite film on the outside of the filter. The zeolite’s silica source was sodium
silicate (Na,SiO3). They used a two-solution slip of sodium silicate and aluminates in
a reactor to thinly coat a zeolite coating, hydro-thermally, on an alumina filter. The
structure and composition were tested using the following methods: X-ray

diffraction, nuclear magnetic resonance and electron probe microanalysis.

3.1.3.4 Activated carbon
Granular Activated Carbon (GAC) is a charcoal (various sources) treated with

oxygen (steam) which creates millions of tiny pores in between carbon atoms. The
large specific surface area of GAC provides an infinite number of chemical bonding
sites. Chemicals (organic) in water that passes through the GAC are absorbed to the
activated carbon surface and become trapped.

The high surface area (texture) and porous nature of the GAC is clearly visible from
the SEM images illustrated in Figure 3.9. Haarhof and Olivier (2002) made the
following conclusions for the use of granular activated carbon GAC) in water
purification during their study of three South African water treatment plants:
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absorption of coal based activated carbon was much better than wood based
activated carbon

organic constituents in water differed substantially between each site

high levels of organics in water due to indirect re-use as well as extremely
naturally high humic and fulvic acid in coastal areas

limited use of GAC in SA water plants, only used as an emergency measure

Figure 3.9: SEM images of GAC prepared from coconut shells (Haarhof and Olivier
2002)

Using a ceramic water filter in combination with GAC enables suspended matter to
be removed first by the ceramic and before allowing the clean water to pass through
the GAC, thereby effectively removing organic material (humus, algae, fungi),
highly concentrated chemicals (chlorine, trihalomethanes, fluoride) as well as
microscopic contaminants such as pesticides and herbicides (Water Filter Info,
2012) from the contaminated water.
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3.2 Material Preparation

3.2.1 Grinding (Milling) of ceramic raw materials

The physical process of milling produces de-agglomeration and a specific particle
size distribution in powders. The milling process results from crushing, impact and
shear between two hard surfaces to produce the desired particle size. The work
necessary to fracture a solid particle results from the increased surface area of the
powder which releases energy. Agglomerates result from mining, fusion, and
sintering and are normally milled and screened into various fraction sizes by the
supplier. Even after the initial milling by the supplier the powders may need further

milling to achieve specific particle size requirements.

Definition: According to Zaspalis et al (2003) grinding is the mechanical breakdown
of solid grains into fine powders. Milling of ceramic materials provides powder with
a certain particles size distribution and no agglomerates. The mechanical breakdown
includes the following physical processes:

e impact
e shear
e crushing

In the milling process, energy is released in the form of heat as a result of fracturing
and friction by mill equipment and the creation of new surface areas. The largest
contribution of heat comes from energy released during the creation of new surface

area.

Through the process of mining and beneficiation, lumpy materials are obtained
which have to be crushed, milled and screened by the supplier into different sized
fractions. The milling is normally done as a dry milling process as this eliminates an
additional drying process and the associated hard lumps (agglomerates) that form
during drying. Material requirements then dictate whether further milling (usually
wet ball milling) is required by the user to obtain optimum particle size and
distribution.
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Yokoyama, et al (1987) furthermore classify milling (grinding) into two categories
(Figure 3.10):

a) volume grinding through impact: breaking larger agglomerates into

smaller agglomerates

b) surface grinding by frictional forces: fines are formed from grain-to-

grain surfaces more effective in delivering sub-micron powders
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Figure 3.10: Mechanism of grinding materials- a) impact- and b) friction grinding
(Ohmori 2003)

Naito et al (2003) lists some of the factors that have to be taken in consideration in

grinding:

a) choice of production of submicron powders in dry and wet form: volume
grinding and surface grinding (fine grains due to frictional forces between
surfaces of the particles) see Yokoyama, et al (1987) above

b) types of grinding aids for milling improvements (the aids are added to
increase the surface area- grinding surfaces)

c) cake formation (where dead spots form in the mill where no particle
reduction is taking place)
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d) quality control of ground materials (important to produce raw materials
with consistent properties)

Dry and wet milling: The most common type of milling is done in a ball mill using
grinding media of appropriate size. Ball milling can be either done dry, for pressing,
or wet, with water added for slip preparation. Dry milling in contrast to wet milling is
less effective in smaller mills with less energy to break apart the grains.

There exists a lower particle size limit that will not change even with increased dry
grinding times (Yokoyama et al 1988). This smallest particle size is known as the
equilibrium particle size (Jimbo 1992). The equilibrium particle size limitation can

grouped into the following two categories:

a) Equipment issues: particle evasion from the grinding zone and
coating of grinding media resulting in cushioning of the grains
(Rumpf 1959).

b) Grain size issues: Limitation in brittleness below 1 micron
(Schoenert and Steier 1971) and agglomeration of newly produced

fines.

Dry milling: According to Kingery et al (1976), dry milling is a great tool for
avoiding an extra drying step (wet milling) and resultant agglomerate formation
(during drying). Dry milled raw materials are normally used in pressing. Dry milling
in a ball mill with grinding media can become ineffective if certain precautions are
not taken. These precautions include prevention of the caking of dry powder on the
sides of the mill, which prevents further reduction in grain size.

Wet milling: According to King (2002), wet milling is more frequently applied than

dry milling for slip preparation.

Grinding aids: Grinding aids materials can be in a solid, liquid or gas phases. The
following mechanisms can be used to explain the function of grinding aids (Naito
and Jimbo 1985):
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a) Strength reduction of the solids using additives prior to milling to

reduce aggregate or agglomerate bond strength
b) Mechanical properties control of the raw material:

I. Wet grinding:  liquids are added as grinding aids to
deflocculate materials and reduce viscosity of the slip in the

mills.

ii. Dry grinding: a variety of aids are added to both disperse (fine
powder) and lubricate (liquid) the materials.

Cake forming: According to Naito (2003), both types of milling (dry or wet) can
result in serious under milling (not achieving the pre-determined PSD) of raw
materials. In dry milling material, caking forms in the dead corners of the mill
(outside the grinding media contact zone), which limits further size reduction. Only
through a complete discharge of the mill (both grinding media and milled material),
and the scraping of the material from the corners can the problem be reduced. In wet
milling, dead spots normally occur at the lid end of the mill, which results in un-
milled slip contaminating the rest of the slip during discharge.

Ground powder quality control: It is important to accurately determine the milled
material particle size distribution. The size range between 5 — 95 percent can
determined without problems, but determination outside this range proves to be
difficult (alternative methods are required for accurately identifying low
concentration of coarse grains) and time consuming (dispersing, and slow settlement
— fines). Figure 3.11 shows the effect that factors such as grinding media size and
milling time have on a + 45micron starting powder. From the PSD seems like there
were no particles in excess of 20 micron after 4h of milling but from Figure 3.12 it
is clear that a small quantity of (+45 micron) coarse particles were still present even
after milling for 24 hours (Naito et al 1998).

Combining grinding media sizes, grinding aids, regular cleaning (cake forming))
and ball mill design (reduce the number of dead spots) could therefore give better
result in achieving the necessary amount of fines and reducing the coarse particles

present.
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Figure 3.12: Impact of milling time, ball size and milling time on particles size
(Naito et al 1998)

Furthermore contamination due to wear in the lining, grinding media, and previous
milling waste in the milled powders affect the quality of the final product and should
therefore be minimized.

Milling equipment: Table 3.3 identifies the features of some of the existing grinding
equipment available from which a large range of particle sizes can be obtained (Naito
et al 1998). The table summarises the different types and features of grinding
equipment available today.
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Table 3.3: Classification and features of milling equipment (Naito, 2003)

Classification

Types of machines

Examples

Primary crusher

Secondary crusher

Fine grinding mill

Compressive crusher
Shearing crusher
Impact crusher
Roller mill

Hammering type
High-speed impact mill

Roller mill
Frictional grinding mill

Autogeneous mill
Ball mill

Agitating ball mill

Jet mill

Wet grinding mill
Others

Jaw crusher
Cone crusher
Cutter mill
Hammer crusher

Roll crusher

Edge runner mill

Cage mill

Stamp mill

Hammer mill

Pin mill

Disc mill

Centrifugal classifying type
mill

Roller mill

High-pressure roller mill

Angmill

Aerofall mill

Tumbling ball mill

Vibration ball mill

Planetary ball mill

CF mill

UF mill

Tower mill

Mixing vessel type

Tube type

Annular type

Annular agitating type

Jet mill

Liquid jet mill

Colloid mill

Mortar

Stone mill

Summary: Particle size and particles size distribution of raw materials obtained by
milling are critical factors for both the drying and firing stages of ceramics. The fine
particle fraction is also critical to the forming processes since colloidal suspensions
(slip); plastic mixes (extrusion) and dry pressing all depend on the small particle flow
or particles remaining in suspension. In addition to particle size and particle size
distribution, milling also assists in intimately mixing the material and for obtaining

uniformity of properties during the forming process.
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3.2.2 Small Scale Milling Equipment

Small wet mills (jar mills) are cylindrical in shape with a capacity of about 10 to 20
liter and have been used in preparing slip in this project. Mill racks, rather than an
individual drive, provide the rotation propulsion for small jar mills (Figure 3.113).
Steel is normally used for manufacturing these mills because of its strength and low
price. Mills are normally lined with polyurethane to prevent contamination (wear
from the lining) from the steel lining. The mill consists of a cylinder, lid (lined with
polyurethane) and a clamping system to keep lid in position. The mill is half filled
with grinding media that together with the rotation propulsion is responsible for
milling the material. The type of grinding media is normally selected to prevent
contamination and sized to provide maximum impact energy for fracturing the
particles. High alumina (> 90 percent Al,O3) is the most common choice for grinding

media.

Figure 3.113: Mill rack and motion (King 2002)

Factors affecting the milling rate of the raw material include the grinding media
shape and size, grinding media specific gravity, grinding media type and mill type.
Smaller media are more efficient (due to the greater contact area) than larger media
but lack the energy (by mass) of larger media (Table 3.4 and Figure 3.12).
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Table 3.4: Mill and Media requirements and advantages (King 2002)

Media/Mill Advantage/Requirement
Property
1 2 3 4
8G milling energy determines
media mass
Size Small: more Large: more Select
confact area energy due to smallest size
mass sufficient
energy to
grind
Shape Maximum
contact area
Type Same Minimum wear
composition as {less
batch contarnination)
makes TZP &
Alumina most
COMIMOon
Milling rate & gravity force > 60 —75%
Critical speed centrifugal force | critical speed
Wet milling Slip preparation | breakdown less dead
agglomerates spots
Dry milling No drying step no dried lumps
Mill rack variable speed roller with adjustable rubber lined
downward idler roller roller
force vector on

The grinding media SG determine the energy that is available for crushing and
grinding. The higher the ball density (mass) the more energy can be transferred to the
raw material. Table 3.5 below presents some of the most commonly used grinding
media SGs.
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Table 3.5: SG of important grinding media (King 2002)

Media Material Type Ball SG g/em®
WC/Co (Tungsten carbide) 13.0- 15.0
Iron 7.8
TZP (Tetragonal Zirconia) +6.2
Zircon 4.7
Alumina 398
Silicon Carbide/Silicon 3.21/3.18
Nitride +2.7
Porcelain +2.62

Dinger (2002) established that smaller lab mills (jar) have to be more than half filled
with grinding media to be effective. Overfilling, leads to increased media wear (chip
and break) and insufficient energy for the fracturing process. In contrast, under filling

results in media-to-media contact, this chips and breaks the grinding media.

3.2.3 Product Drying

3.2.3.1 Drying steps
In Chapter 2 it was noted that for each of the shaping processes the addition of water

was required. In the drying step, the water is removed by careful control, especially
for slip casting where a higher liquid content is used. In the dry pressing process the
drying difficulties are minimised, which is a major advantage of using this method.

According to Puyate (2009), for firing to succeed, it requires a thorough drying
process. Drying typically evolves through a series of processes:

e continuous water film on the surface

e evaporation of this film brings the grains closer together resulting in minor
shrinkage which requires controlled drying to prevent additional warping and
cracking

o diffusion of water through the pore matrix

e particle-to-particle contact allows for rapid drying until all absorbed water is

diffused and evaporated allowing the product to be fired
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Yang et al (2003) point out the importance of reducing the non-uniform drying
stresses during the drying process in order to prevent cracks, differential
deformation and density gradients in green structures. These differential drying
stresses are related to pressure gradients in the pore liquid and gas phase in the
unsaturated pores as well as to temperature gradients resulting in differential thermal
expansion. These pressure and temperature distributions depend on transport
processes such as diffusion of water molecules, water flow and heat conduction,
whereas the particle network’s inter-particle forces, frictional forces and particle
visco-elastic properties result in particle repositioning and deformation due to
drying stresses.

The pressure change between the liquid-vapour interfaces of a cylindrical pore is
given as (Puyate 2009):

AP = yiv/a

Where yLV, is the specific energy from the liquid-vapour interfaces and a, the radius
of a cylindrical capillary.

This is derived from the Laplace equation with R; and R; as the curved radii of the

liquid-vapour contact:

1 1
AP =yv| 5+

Ri Ry

The capillary pressure results in liquid being forced from inside the green body to
the outside as the body shrinks. This volume change is equal to the volume of water
evaporated from the surface. This shrinkage of the particle framework forms part of
the first drying stage. The more shrinkage occurs, the stiffer the body becomes,
resulting in maximum capillary pressure which could eventually lead to cracking of
the green body during this stage of drying. Furthermore localised capillary gradients
lead to localised shrinkage. These pressure gradients occur at the drying front where
liquid tension is higher than in the saturated pores of the body.

From expression of the capillary pressure, P, for a circular capillary with radius, a,
and ‘& s the contact angle, it can be shown that the magnitude depends on the pore

size (a) expressed as follows:

20y —ys) | 2nvceos(®)
43 o a

Pe =
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The equation shows that the capillary pressure is determined by the pore size.
Smaller raw material particle size, green body thickness and drying rate will
therefore all lead to an increased development of non-uniform drying stresses
(related to pressure gradients in the pore liquid and in the vapor phase of unsaturated
pore space, and to temperature gradients that cause differential thermal expansion,
Yang et al 2003).

Figure 3.14 shows the position of water in a porous body during the various drying
stages. During the CRP (Constant Rate Period*® or Leather-hard Period) particle-
particle compressive strength is larger than the capillary pressure. The drying rate is
now controlled by external conditions and no further contraction occurs and the
larger pores drain and fluid is forced into the smaller pores due to higher capillary
suction and become partially filled with liquid. The body now enters the Funicular®
or Falling Rate Period (FRP) with a lower weight loss rate compared with CRP and
where a drying front is gradually moving into the interior (evaporation takes place
from the fluid menisci).

Saturated Funicular Pendular

Figure 3.14: Model of solvent distribution in a porous body (Yang et al 2003)

Liquid movement is initially driven by evaporation from exterior surface which
creates a pressure gradient toward outside surface described by Darcy’s Law. At this
stage vapour diffusion through the partially drained pores is minimal:

“0 period during which the green body mass reaches or decreases constantly
L continuous liquid phase distribution along pore walls
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With J, the pressure driven fluid flux, D, as the porous structure permeability and, 1,
as the liquid viscosity. Higher pressure gradients are needed with lower

permeabilities and higher flow resistance (viscosity) for draining the pores.

According to Yang et al (2003) the evaporation (outside surface) results in a lower
temperature (endothermic) relative to the temperature inside the pores. This result in
a surface tension decrease (temperature dependent) and vapour pressure increase on
the surface. Both factors help to move the liquid from the inside to the surface. The

drying front movement has an inverse relationship to time (t*?).

At the stage that the pressure gradient is not sufficient to move the water (long
distance between drying front and surface), the transition between funicular to
pendular state* takes place with isolated fluid pockets. The dry pores that appear
are not connected to the water film of the neighbouring pores (Figure 3.14). The
water phase change in the pores (evaporation- vapour phase diffusion) now
determines the rate of movement. Fick’s Law relates the concentration gradient, C,
to the diffusive flux, Jpo. With D¢ as a diffusive constant (Puyate 2009):

Jp = —DcVC

It is now clear that both heat and mass exchange processes work together to
determine the kinetics for the total drying process. The control of these two
mechanisms is important in controlling drying stresses, cracking and non-uniform

deformation of the green body during drying.

Table 3.6 summarises the result, cause and equations necessary for understanding
and controlling the various drying steps outlined above.

“2 state when insufficient water is left for maintaining a continuous film in the pores
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Table 3.6: Drying steps: causes and equations (Summarised from the work of Yang
et al 2003 and Puyate 2009)

Step Result Cause Equation

independent of water concentration-
i continuous water film at surface; slow
stresses due to local variations in N i
Laplace Eq.:
Saturated water content; warping & cracks drying rate, temperature & pressure p! q
¥ develop- depends on water diffusion,
water flow & heat conduction

AP = yv L + L
" \Ri R

shrinkage until particle contact is

Funicular made; volume change equals particle contact free from water; more rapid ~ p_ _ _205v —ys) _ 2%v cos@)
volume of evaporated water; drying rate a a
maximum pressure capillary

Leather hard . . Darey's Law: | = - 2vp

Point/Critical pores partially drained, no further compressive strength > capillary pressure cy n

Poi shrinkage

oint
Falling rate period drying front moves into green rate of weight loss decreases compared to
9 P body at rate 1/t CRP; evaporation at surface by water flow
pressure ¥ for water flow not drained pores not connected by liquid film .

Pendular State enough to balance evaporation at  therefore liquid moves as vapour becomes FicksLaw  Jo = —DcVC

surface the rate determining step

Units: R & R radii of curved liquid-vapour interface; a- capillary radius; D- permeability of pores; - liquid viscosily; Jpo- diffusive flux & De-
diffusive coefficient; ¥ C- concentration gradient

3.2.3.2 Green body strength
It is important to note that green body strength should be sufficient to prevent

cracking from taking place during the drying and subsequent handling processes. The
microstructures that develop during this stage will continue through the firing and are
therefore more likely to become the start of flaws during firing. It must however be
remembered that pores are actually the main cause for the reduced fracture strength

of the final product.

Kingery et al (1976) agrees with the notion that shrinkage occurs due to removal of
the water film between the particles in the green body. However the film thickness is
determined by the particle size, with the result that smaller particle sizes increase the
number of films and therefore results in higher shrinkage, subsequent warping and
reduction in green body strength. Apart from particle size and particles size
distribution, proper mixing will ensure uniform properties within a green body, also

helping with the subsequent reaction of the particles during the firing process.
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King (2002) warns that permeability allows the evaporating water to escape from
inside the green body during drying. The lower the permeability (finer particles) the
higher the internal pressure build-up resulting in cracking and warping. Decreasing
the drying temperature to 60°C reduces this problem. For coarse grained green
bodies with a higher permeability, the final drying stage can be completed during the
initial firing stage. Proper air flow in the drier, for the removal of the water vapor

from the drier (open vents), is important.

As discussed earlier, Dinger (2002) emphasizes the importance of modifying the
inter-particle space (IPS) in different production batches. This requires the particle
size distribution of the raw material to be regularly monitored and adjustments to be
made using slight changes in mixing recipes instead of chemicals to modify the
changes. By keeping the IPS (particle size distribution of the mixture is kept
constant) constant, instead of making unnecessary additions, the drying properties of
the different production batches can be kept constant. Chemical additions, however,
can result in change in the flocculated/de-flocculated rheology of the suspensions,

resulting in changes in the drying rates.

3.2.3.3 Drying Conditions
King (2002) and Kingery et al (1976) describe what happens when a green body is

being dried as well as actions to be taken during the drying process. Some of the

points mentioned by King (2002) and Kingery et al (1976) include:

a) Particle packing (IPS and PSD) will determine the amount of
shrinkage (most parts will shrink when dried)

b) Shrinkage starts at the outside and because of the resistance from the

inside of the body, cracking may develop

c) A good drying program should ensure that tensile strength of the
body is not exceeded by the differential shrinkage (surface and

interior link)

d) Body permeability will determine the drying rate with enough
allowance for the water vapour to diffuse to the outside (so
preventing the body from explosive popping especially with fine
grained, dense bodies — volume change ratio from HzOyjiquidg) : H20(gas)
is 1: 1244).

97



3.2.3.4 Setting
During drying it is important not to set the wet body on an impervious surface as this

creates a non-uniform drying rate, resulting in rejects due to distortion and cracking.
It is best to place the drying body on a welded mesh surface, allowing air to reach all
surfaces of the body and to regularly rotate it to expose all surfaces (King, 2002 and

personal experience).

3.24 Types of Drying

3.2.4.1 Air Drying
Body parts are set outside in suitable area and on an open mesh or on porous

material. Parts can dry slowly under ambient conditions. Parts should also be
protected from rain and covered from dust (Kingery et al 1976).

3.2.4.2 Laboratory Oven Drying
The standard laboratory oven should have ventilation, correct shelving and

temperature control and temperature indicator. According to King (2002) it helps to
place thermocouples at various levels to identify cool spots that can mostly be
resolved using proper air circulation (air blower and air vents). It also helps to have

the heating elements at the bottom for hot air to then rise through the stack.

3.2.4.3 Humidity Driers
Humidity driers should have humidity and temperature controls to better maximize

drying. Humidity can be slowly lowered as the parts dry and, together with
temperature control, these safeguard parts that warp or crack easily.

3.3 Firing

After drying, the ceramic body is fired to temperatures ranging between 700 to
1800°C depending on the composition and properties required. The heat treatment
step is required for the shaped powder to be transformed or sintered into a dense

solid final ceramic product (Kingery and Francois 1967).
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In sintering one has to understand how production variables (particle size, particles
size distribution, particle packing, temperature and firing atmosphere) influence the
micro-structure formation. This section outlines the basic principles of sintering as

applied to the production of ceramic filters.

3.3.1 Burn-out

As mentioned previously for pore formers, large concentrations of organic additives
have to be burned out at lower temperatures, prior to final firing, to reduce the
violent discharge of volatiles. Uncontrollable volumes of volatiles lead to an internal
stress gradient that exceeds green body strength, resulting in cracked product (Lu and
Lannutti 2000).

Slowing down the burn-out rate, lead to improved control during this phase. Ring
(1996) recommends keeping the burn-out temperature at levels where the partial
pressure of the volatiles is kept below 1 atm (atmospheric pressure). Tensile stresses
develop at the surface when the pressure inside the pores exceeds the surface
pressure at higher temperatures. Thompson and Harmer (1993) provide the
alternative of increasing the surrounding pressure to thereby reduce the volatile
partial pressure.

Pathways for the breakdown of organic components depend on a number of factors,
including (Yang et al 2003):

« chemical structure of the organic polymers

« burn-out temperatures as well as rate and length of temperature steps
« solid and gas phase composition

« reaction products (liquid or gas)

«+ cause of the polymer breakdown (thermal activation or oxidation)

. reaction of polymer breakdown (endo- and exothermic reactions)

« green body pore size distribution and pore size
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According to Ring (1996), the polymer elimination starts by chain separation caused
either by thermal or oxidation degradation. This is followed by sublimation of the
now lower molecular weight section of the separated chain. The slow diffusive
movement of oxygen through the pores usually becomes the rate determining step.
Oxygen levels in the pores can be enhanced through the presence of metallic oxides
in the green body composition. It is important to note that the low molecular weight
products volatilize instead of remaining as solid carbon in the product after burn-out.
Residual carbon can only be removed in an oxidising atmosphere with temperatures
in excess of 700°C (Yang et al 2003).

The initial stage (loss of volatiles: temperature between 200- 300°C) must be
controlled (slow firing rate) for the pyrolising*® (carbonisation) of the pore former
(German 1996). This will decrease stresses and flaws in the ceramic body during the
latter sintering process. Air intake into the kiln has to be minimised during this stage
for the proper development of the carbon skeleton. Controlled (rate and air intake)
burn-out of the carbon framework can then proceed with a temperature increase to
600°C (Chi 2004; Almeida 20009).

3.3.2 Final firing (sintering)

After the burn-out stage, the body is ready for the final firing process. In this stage
the ware is fired in an oxidizing atmosphere to the final temperature of between
950°C and 1250°C. This is the stage where the oxidizing atmosphere drives off the
carbon framework, leading to a highly connected, highly porous ceramic product.
The temperature depends on the composition and final properties that will be
required.

It is the rise in temperature that makes the atoms more mobile in the solid state for
grain growth, chemical reactions, and sintering to proceed — allowing the forces of
surface tension to strengthen the ware and lower the porosity. Dwell** at high
temperature can lead to changes in porosity unless it is controlled (Kingery et al
1976).

*® decomposition of organic material at high temperatures under reducing conditions
* holding temperature
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Composition and phase changes of the constituents during sintering will determine

the four sintering categories that develop during heat treatment (Evans and De Jonge
1991; Rahaman 1995; German (1996) :

a)

b)

d)

Solid state: heating the shaped green body to 50-90 percent of the
body melting point, but without the presence of liquid where atomic
diffusion joins the grains and reduces the porosity.

Liquid phase: sintering temperature results in a liquid of small
volume (relative to the volume of the solid material). The liquid does
not fill the pores and is therefore insufficient to achieve full density.
This category forms the basis of industrial ceramic production.

Vitrification®: sintering temperature resulting in a volume one
quarter smaller than the original. Product density is achieved through
liquid formation, diffusion into the openings which crystallises
(vitrifies) from cooling.

Viscous: where a mass of glass grains are heated to their softening
point (or above) and densification develops through viscous flow
forced by the surface tension.

Another category called pressure sintering can be applied when
product density cannot be achieved through the other categories
(conventional sintering). Pressure is applied during heating (example:
hot isostatic pressing or hot pressing)

Only solid state vitrification which is more applicable to filter production will be

further explained.

3.3.3 Solid State Sintering

The main driving force for the sintering of a product is the lowering of free surface

energy as a result of the removal of internal surface area, from the pores. This

process is small (£ 100J/mol for grains with starting diameter of 1 micron) in

comparison to other chemical reactions.

** process of changing or making raw material into a glass or a glassy substance through heat fusion

101



Sintering proceeds at a moderate rate at reasonable temperatures because of the short
transport distances (grain diameter distance) required.

According to Rahaman (2003), it is the roundness of the grain surface and the
specific energy of the grain that result in stress in the atoms just below the surface.
For curved surfaces, the two main grain curvatures of ry, r, and the stress, ¢, is

obtained from the Young and Laplace equation:

0 = Vev (l + l)
non (1)

With, ys, as the specific surface energy. Matter diffusion is driven by the diffusion
potential, «, which is determined by setting the mechanical work performed by the
stress equal to the thermodynamic work required for the lowered free surface energy:

p=a2 (2)
Where Q is the molecular volume. For polycrystalline ceramics, u, is more
complicated when the pores are in contact with particle boundaries (De Jonge and
Rahaman 1988). Raj (1988) gives an equation, in the final firing stage, for spherical
pores:

2 2
w=S ( Veb + ysv)
G r

3.
With, yg», as the surface energy of the particle boundary, G, particle diameter, and, r,
the pore radius. From equation 3, it is clear that the diffusion potential, x, consists of
the pores and boundary energy contributions.

This concept can be further developed (De Jonge and Rahaman 1988) by relating
diffusion potential, x, to an external stress, E, with similar impact on sintering as the
rounded pore and particle boundaries. This stress provides a basis from which

experiments for the measurement of sintering stress can be devised.

3.34 Sintering Stages

The initial discrete (unbonded, individual grains) grain structure (micro-structure) of
a body changes constantly during sintering (De Jonge and Rahaman 2003). The
micro-structural changes can be divided into three stages:
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a)

b)

Initial stage: as a result of atomic mobility, concave necks form
between individual grains (necking), resulting in £ 5 percent linear

shrinkage (depending on grain growth)

Middle stage: the necking in stage one develops into a continuous
framework of solid grains and cylindrical type pores. This stage
contains most of the densification (linear shrinkage) and is valid up
to the stage where the pre-fired body porosity is reduced to between

5 to 10 percent. Grain growth (agglomeration) becomes important.

Final stage: the pore channels develop into isolated pores and grain
growth becomes more important, making it difficult to remove the
remainder of the original (pre-fired) porosity and to therefore obtain

theoretical constituent density.

3.35 Mechanism of sintering

According to De Jonge and Rahaman (2003) and Gordon (1973) crystalline raw

material sintering takes place as a result of a number of atomic diffusion (transport)

mechanisms as indicated in Figure 3.15:

1.
2.

surface diffusion

lattice diffusion from the surface
vapour diffusion

diffusion from the grain boundaries
grain boundary lattice diffusion

plastic flow

Gordon (1973) shows the sintering diffusion transport paths for two grains in Figure

3.15. Note that surface and lattice diffusion as well as vapour transport from the

particle surface to the neck result in zero densification during the processes of neck

growth and grain coarsening. It is however from the combined grain boundary and

framework transport (between grain boundary to the neck), that most of the increase

in density occurs.

103



It is from the grain boundary to neck transport that results in growth and densification
(shrinkage) in the neck area. Grain creep®®, from firing stress, causes plastic flow
which results in neck growth and shrinkage.

Non-densifying mechanisms 1, 2,
and 3 produce microstructural
change without causing shrinkage
Neck growth area
Densifying mechanisms 4, 5, and 6

remove material from the grain
boundary region leading to shrinkage

Figure 3.15: The main sintering mechanisms for two individual grains (Gordon
1973)

Additional complications result due to alternative mechanisms, such as different
ionic species’ diffusion rates and pathways, for the compound to form (Howard and
Lidiard (1964); Ruoff (1965) and Readey (1966)). Gordon (1973) gives the

diffusion coefficient, D, for an oxide, MOy, as:

(x + WIDM + w8 DYy /GIDPY + wép Dy, /Gl
yIDY + 78Dt /Gl + xIDP + w8 D /G

D=
(4)

with, D, as the transport (diffusion) coefficient, ¢, is the grain boundary thickness,
G, is the particle size, subscripts | and g, as lattice framework, grain boundary
transport respectively, and M and O as metallic and oxygen ions. From equation 4 it
should be clear that regardless of the magnitude of the four diffusivities types, rate is
controlled by the slowest diffusion species and along its quickest path.

“¢ deformation over a period of time
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The rate controlling step for a particular raw material will change as particle size,
chemical composition and temperature changes (

Coble and Cannon 1978).

3.3.5.1 Grain boundaries
It is the grain boundaries that will be determining the pore shape. For the chemical

potential of the atoms at equilibrium to be the same is equivalent for the pore surface
curvature to be the same right round the surface. The forces between the contact of the
particle boundary and pore surface must be balanced. Figure 3.16 indicates the
balance of forces which results in (Howard and Lidiard 1964; Ruoff 1965 and Readey
1966):

( 'ﬁb ) __ Vb
cosl — | =
2 2¥e (5)

With, y, as the dihedral angle, y4, as the grain boundary specific energy and, ysy, as

the surface specific energy. For concave pore surface during the firing (Figure
3.16(a)), the surface will move to the center and shrink. Whereas in Figure 3.16(b)
with pores surrounded by numerous particles (coordination number®’ of the large

pores) the pore surface will expand or become unstable (Kingery and Francois, 1967).

(@) (b)

Figure 3.16: Shows the stability and shape of pores being controlled by the pore
dihedral angle and coordination number

*" grains packed around a pore
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Figure 3.17 shows how control (maximizing) of particle packing result in high
density. In the example for a w angle of 120° pores with N (number of grains
surrounding a pore coordination number) of less than 12 (critical value- N¢) will
reduce in size, while pores with N>N. will expand, resulting in increased porosity in

the fired product.
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Number of grains surrounding a pore (in space)

Figure 3.17: Responsibility of dihedral angle and pore coordination numbers for
pore stability (Kingery and Francois 1967)

3.3.6 Heating Schedule

In determining the heating schedule, compositional phase diagrams (binary or ternary
systems) have to be investigated that represent the various phases of a substance and
the conditions under which each phase exists when fired. There are normally only
four additional steps in firing the ceramics that have to be considered: binder or pore
former burn-out, ramp-up, soak and ramp-down. Figure 3.18 shows a heating
schedule with a number of control stages (soak):

. Stage 1- controls heat up rate for the binder burnout, volatiles such as
water and polymers. A too rapid heat-up rate can result in bloating*® or
cracking.

. Stage 2- promotes chemical homogenisation or reaction of the raw
material components

« Stage 3- heat-up (ramp-up) to the final firing temperature

48 boiling and evaporation of organic additives from a too rapid heating in the specimen resulting in
visual defects
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« Stage 4- where most of the density increase and micro-structure occurs
(soak)

. Stage 5- cool-down (ramp-down) where an additional step can be
added to release stresses

. Stage 6- final cool-down

o)
] 3 5
©
) 2
o
£
2 6
1
Time

Figure 3.18: General heating schedule (Chu et al 1991)

Cracks can also develop when the stacked product is prevented from shrinking due to
friction (free movement restrictions) and due to an uneven shrinkage rate. The firing
rate, temperature distribution through the ware, as well as kiln atmosphere must be
controlled to improve porosity and shrinkage variations. Important variables that have
to be under control to best utilize such a firing schedule include: particles size
distribution, particle size, particle shape and particle structure of the raw material as
well as the green body particle packing.

3.3.6.1 Particle size
Equations 3 and 4 show the dependence of diffusion rates on the grain size of the raw

material. For a heating schedule where densification is dominant (Figure 3.19), the
densification rate varies with 1/G™, with grain size G and the exponent (m) for grain
boundary transport exponent is equal to 4 and for lattice diffusion is equal to 3 (Zhou
and Rahaman 1993 and Rahaman and Zhou 1995. It has to be noted that packing
problems can also lead to a lowering of the sintering rate due to particle size
reduction. Nano-sized particles are more prone to packing difficulties and
contamination, due to large surface area, which leads to lower green density.

107



100

] H 10nm
A 100nm
7 O 1000nm

Relative density (%)

50 ity e e

T ¥ T ¥ T T T ¥
700 800 900 1000 1100 1200 1300 1400 1500 1600
Temperature (°C)

Figure 3.19: Particle size impact on CeO, powder firing with a constant heating
rate of 10° C min™ (Rahaman and Zhou 1995)

3.3.6.2 Particle size distribution
Because finer grains fit into the larger grains’ openings, the use of a wide size

distribution normally results in increased packing density and therefore reduced
shrinkage. Shrinkage becomes a factor when firing large shapes. Figure 3.20
demonstrates the positive impact of small grains in a wide particles size distribution
during early stages of sintering. The final stages of firing, in contrast, depend more on
the green compact’s particle packing (Patterson and Benson 1983; German 1992 and
Chapell et al 1986). Particle size distribution effects, on firing rates, are in Figure
3.20.
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Figure 3.20: Particles size distribution impact on the sintering of Al,Os slip, cast
from a wide and narrow particles size distribution with similar median grain size
(German 1992)

3.3.6.3 Particle shape and structure
Packing of green bodies is influenced by particle shape with divergence from

spherical shape resulting in lower densification. Should tubular particles be aligned

compacts can be sintered to higher density (Yamaguchi and Kosha 1981).

3.3.6.4 Particle packing
Rhodes (1981) states that homogeneous packing with good packing density results in

improved sintering rates and high density. Such packing results in small, uniform pore
size and a low pore coordination number (See Figure 3.21: shrinking pores). From
Figure 3.21 it is clear that after 1h sintering at 1100°C (centrifuge forming method)
nearly complete densification in contrast with die pressing where only 95 percent
density was achieved after 1 h sintering at 1500°C.
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Figure 3.21: Particle packing and sintering for Y,O3- stabilised compacts at 1 h for

various temperatures (formed by centrifuge and die-pressing) Rhodes 1981

3.3.6.5 Green density
According to Rahaman et al (1991), increased green density of a shaped compact,

leads to a decrease in shrinkage and higher firing stress (smaller pore volume) during
sintering. Research shows a correlation with green and sintered density where a
decrease in firing density resulted, for green densities, in the range 50-60 percent of
theoretical value. Products with green densities in the range lower than 40-50 percent
of theoretical value were harder to densify during sintering (Palmour et al 1992).
However, it has been found that the highest green densities delayed the onset of grain
growth from large coordination number (reduced green density) pores together with
an increase in non-homogeneous densification (Mansur and White 1963).

3.3.6.6 Examples of firing porous ceramic
Hung et al (2006) looked at the meso-porous structure at various calcination

temperatures. By observing the shape of the isotherm, pore size, surface area and
total pore volume, it was noticed that only small changes occurred in the meso-pore
properties between 600- 700°C.
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Above 800°C the pore walls surrounding the meso-pores started breaking down
leading to an extensive pore-framework. The average pore size was higher, as the
firing temperature increased to 900°C. It was only when temperature was increased
to above 1000°C that meso-porous structure collapsed and the necking structure
(Figure 3.15) started forming.

Chi (2004) in contrast coated cordierite ceramics with a polymer blend of furan resin
(liquid) and polyethylene glycol (milled to -100 micron). 0.5 ml of HNO3 (65
percent) was added to initiate polymerisation and acetone was used to adjust the
viscosity of the blend. Trials were done using the following ratio of PEG: 0.3, 0.5
and 1.0. The carbon content of the 100 percent PEG was low and would have

required repeated dipping.

After dipping, compressed air was used to remove the excess polymer from the

pores. The curing and carbonisation temperatures were as follows:

e overnight curing at room temperature

e drying at 383°C for 24 hours

e carbonisation in an argon atmosphere at 973°C
e activation with CO, at 1073°C after 8hrs

This resulted in a carbon loading of 8 per cent with a carbon burn-off of 10 per cent.

Controlled firing is necessary to minimise the development of stress or build-up of
pressure during the release of volatiles or phase changes that occur during firing. The
firing cycle determined using techniques that will be described in Chapter 4. Once
determined the firing cycle has to strictly adhere to, to minimise product defects.
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3.4 Product shaping

34.1 Plaster

In the slip casting process, ceramic particles are mixed into a dispersed suspension
(slip) which then has to be poured into a plaster mould to shape and form the aqueous
suspension into a green body. Traditionally plaster of Paris moulds have been used

for this type of forming process.

Plaster of Paris is derived from the calcination of gypsum where half a molecule of
water remains in the structure. Care must be taken not to remove this crystal water

during mould drying as the material then becomes anhydrous and useless for casting.

Ergun et al (2004) looked at various moulds types that could be used for slip casting.
Plaster of Paris is usually used. Plaster moulds have an open cell structure with an
average pore size of about 1 micron and uses capillary forces to absorb water from
the slip. Although plaster moulds are inexpensive, plaster still has a number of

disadvantages:

« long casting period
. low wear resistance and therefore limited life

. after use water has to be removed by drying

In contrast, open cell, polymethyl methacrylate moulds have high strength and can
withstand the high pressures needed for pressure casting (13-15 bar). These moulds
furthermore require shorter casting periods and the water can be removed by air

pressure after casting.

3.4.2 Plaster preparation

Plaster moulds are prepared by mixing plaster at a set ratio into water. According to
King (2002), the ratio of water to plaster is referred to as the plaster’s consistency.

Normal tap water is used to mix plaster to a consistency range 60-70 for slip casting.

For example, to prepare a 66 consistency, two parts of water is mixed into 3 parts of
plaster. The plaster is mixed through the fingers and left to slake* for a few minutes

allowing lumps to be easily broken with the fingers.

9 absorbtion of water
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Plaster is sensitive to mixing intensity, therefore a quick, but thorough mix is

recommended.

Viscosity increases rapidly and once stirring motion is retained in the mixture, the
plaster is ready for pouring into the master mould.

Figure 3.22 shows the impact that water addition has on plaster consistency where

plaster strength decreases but water absorption increases.
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Figure 3.22: Impact of plaster consistency with a decrease in strength and
absorption increase with more water addition (King 2002)

3.4.3 Master mould

A master mould is required from which a former can be prepared to cast the actual
plaster mould. The master mould’s dimensions and shape are determined by the
geometry of the product and by making allowances for shrinkage (drying and firing).
The master mould is precision turned on a lathe using non porous material suitable
for turning (aluminium, plastics and wood). The base plate and the shell complete the
assembly for simple moulds (See Figure 3.23). Mould release agent (silicone or
lithium stearate) is applied to all mould surfaces that will be in contact with plaster.
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The master is then positioned onto a glass, polished granite surface or base plate. The
outer shell of the mould is centralised around the master. A thin fillet of mixed
plaster is placed around the outer core and base contact and allowed to set. This will
prevent plaster leaking through the edge. The plaster is now poured into the mould,
de-aired by slight vibration, slightly overfilled and left to set.

Just before final set the upper surface is leveled using a flat scraper. Figure 3.23
below indicates all the mould parts necessary for successful plaster moulding. The
set of the plaster is exothermic, resulting in the mould becoming warm to touch.
After one to two hours the mould cools down and can be removed from the base
plate and the master mould can be extracted from the plaster. This action is helped
due to the fact that plaster expands slightly during curing. The mould is now turned
upside down to prevent salts in the plaster from migrating onto the casting surface.
After curing the mould is oven dried at a maximum temperature of between 50-
60°C.

Figure 3.23: Master mould: cylindrical plaster former for casting a crucible shape

The porous nature of the plaster allows water to be absorbed by capillary forces from
the slip during the casting process. Figure 3.24 shows an SEM photo of interlocking

texture of plaster which allows for the movement of water.
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Figure 3.24: SEM image of set plaster (scale bar 10 micron) - (King 2002)

3.44 Using the mould

Casting is initiated by pouring slip into a plaster mould in such a way as to prevent
the inclusion of air bubbles. On contact with the plaster a slip cast wall develops
which subsequently affects the remainder of the cast. Sufficient plaster permeability
and capillary pressure are necessary but it is the permeability of the initial casting
wall (less permeable than plaster) that determines the casting rate.

The plaster mould saturation status will impact on the initial casting conditions which
might then require minor modification:

« when the plaster is too dry it results in a too fast and irregular cast (fill
mould with water, decant immediately and let it stand)

« when the slip is too deflocculated it results in a hard and impermeable cast
which will be difficult to remove due to the negligible drying shrinkage
(adjust slip pH, surfactant or binder concentration)

« then test the density and drying- and firing shrinkage — too hard rather than
too soft is preferable: linear shrinkage < 20 percent is obtained when
using fine- grained slip. Coarse-grained slips have densities in the range
65-90 percent, because of limited shrinkage.
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3.4.4.1 Mould Filling
With water being withdrawn during casting, the slip level decreases and has therefore

to be constantly topped up to prevent drying and later difficulty in removing the cast
piece. For this reason it is the practice to position a non-porous ring over the casting
opening to contain a reservoir of slip. (Chapter 2, Figure 2.21).

Segregation of coarse-grained slips result in a differentiation between coarse and fine
particles that causes non-uniform drying and firing with cracking problems.
Segregation can be prevented by increasing the slip viscosity by addition of organic
thickeners, or by increasing the fines or by adding flocculants. Higher viscosities can
lead to slower casting rates.

3.4.4.2 Air Drying Slip Cast Parts
Normally the cast part is left in the mould to first air-dry until it is strong enough for

removal. As water vapour is denser than air, it is standard practice to invert the
mould until the part self-separates from the mould (due to shrinkage as well as from
the slight taper of the mould). This minimises any stress formation and prevents
cracks from developing. Drying shrinkage for mould stripping can be manipulated
by pouring a dilute water corn starch suspension into the mould and leaving for a few
minutes before inverting and leaving to dry or it can be obtained by preparing a
slightly flocculated slip (Dobrovolskiy 1977).

3.5 Summary
In this chapter, the production processes and factors influencing porous ceramic

properties are summarised from the comprehensive literature survey and presented in

the mind map as represented in Figure 3.25.
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Figure 3.25: Mind map illustrating best practice impacts on product quality
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Chapter 4: Analysis of Ceramic Filter Properties

4.1 Introduction

Low cost water filters are important in safeguarding household health where
existing potable water such as bulk water supply or other sources, are left untreated,
are poorly treated or become contaminated during use (WHO and UNICEF 2006).
For this reason formulated and relevant test methods and performance specifications
are needed for testing and evaluating ceramic water filters. This chapter identifies
relevant production test methods as well as methods for evaluating final product
(filter) performance. It covers the physical and analytical criteria against which the
quality of the raw powder and solidified product can be measured. Properties
manifested in the ceramic filter are the effect of temperature and time on the green
structure made up of starting powder and water. These methods include surface
analytical methods such as chemical composition, structure, surface area, thermal
and particle size. The discussion concentrates on the use of these techniques in the

manufacture of low cost ceramic water filters.

In-process testing is necessary for product certification and Van Halen et al (2009)

provide the main criteria for the final testing and evaluation of a household filter:

a) filter system cost and accessibility to the user: cost for the filter system and
filter replacements have to be kept low by providing local distribution
networks close to the manufacturing facility.

b) guaranteed water quality improvement: filtrate quality is affected mainly by
the maximal elimination of pathogenic microorganisms, heavy metals,
nitrogen, turbidity, colour and odour, pesticides and pharmaceuticals from
polluted water. The focus is to reduce incidences of diarrhea. The removal
efficiency is checked by using indicator organisms such as Escherichia coli
which should have a LRV value in excess of 2-3.

c) sufficient water production from filtration process: evaluate the clogging
mechanism by selecting a suitable cleaning method. Some examples of
cleaning method effectiveness are presented in Figure 4.1.
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d) functionality: testing the filter flow rate, lifespan before replacement, filter
breakage and cost of treated water
e) environmental footprint: comparing chemical and energy use relative to other

water purification processes
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Figure 4.1: Filter cleaning methods and mechanisms (short-surface and long-term-

After 12 weeks

depth cleaning) in terms of flow rate (relative to initial flow rate) improvement (Van
Halen 2009)

4.2 In-process control

4.2.1 Particle Size

According to Darcovich et al (2003), one of the key characteristics of a ceramic
material is the particle size and particle size distribution, as both controls the surface
area of materials. These properties are determined by using screen analysis, a
hydrometer or more sophisticated X-Ray or laser technology (discussed in Chapter 3
with their related problems in measurements of low concentration of

agglommerates).
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The results from an particle analysis is normally plotted on a graph with the
cummulative % passed (finer than) on the verticle axis and the log of the particle
size on the horisontal axis. A typical particle size distribution plot is shown in
Figure 4.2.

As size decreases, surface area per unit mass of material increases rapidly. In order
to change the specific surface area of a mixture, it is necesary to change the PSD
through milling. The ability of particles to pack is directly related to the PSD. The
broader the PSD, and the more size ranges of materials are available, the better the
particles can pack, forming low viscosities even with high solids content. Very
narrow PSD packs poorly and forms dilatant rheological properties resulting in

lower solids content.
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Figure 4.2: Cummulative particle size distribution plot (Dinger 2002)

The steeper the curve, the narrower the distribution, whereas the lower the angle the
wider the distribution. As indicated in Figure 4.2 the measurements of d50, d10 &
d90 are normally used to summarise the distribution.

Boisnolt et al (1999) graphically illustrate, in Figure 4.3, the impact of particle size
distribution on flow properties contrasting single particle size slurry and with an

optimised blend (packing model) of several particle sizes.
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According to them the smaller particle size acts as a lubricant between the larger
sizes. The analogy of pumping slurry or slip casting can be used as a comparison by
contrasting a mono particle sized system with ternary particle sized system.

When combining at least 3 particle sizes (ternary system) higher packing density,
lower cemented porosity (35% in contrast to the 75% of normal slurries), higher
compressive strength (due to lower water content and thus higher cement: water
ratio), lower permeability and increased solids per unit volume of slip can be
obtained. Packing volume fraction (PVF) was used for optimising their
distributions. The PVF is defined as the ratio of the sum of the absolute volumes of
all the individual material components in the dry blend to the total bulk volume of
the dry blended components together. PVF values of 0.64 - 0.74, for random and
hexagonal packing when using identical spheres, can be obtained. According to

Boisnolt et al (1999), PVF in excess of 0.8 was routinely obtained for the optimised
blends resulting in the improved properties stated above. PVF values can also be
seen as a packing model as discussed in Chapter 2 and 3. In Figure 4.3 below a
simple example of using ping-pong balls, peas and sand combination is used to
visually explain the relationship between their ternary optimised systems.

= 4 P
‘) . 3“‘ J) ))
J ‘)J " J

Figure 4.3: A slip made from particles of single size (left: ping-pong balls) where
water fills the large pores, and a slip made by optimizing several particle sizes
(right: peas and sand) where pore-size has been reduced because small particles fill
the spaces and act as lubricating ball-bearings (Boisnolt et 1999)
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Fahay (2009) provides a number of equations for the sedimentation method for
particle sizes analysis as well as for the pipette method. A list of the instrumentation
required for the hydrometer method is presented.

The Soil Moisture and Porous Ceramic Catalogue (2008) summarises the
sedimentation method for determining the particle size distribution. Screen analysis
is applicable only to particles larger than 60 micron. For particles below this size it
is recommended to use the sedimentation methods (pipette or hydrometer methods),
making use of Stoke’s Law, Table 4.1, which depends on the buoyant sphere
weight, sphere diameter and fluid viscosity.

Table 4.1: The equations and units for Stoke’s Law and the Reynolds Number
(Fahay 2009)

(v —¥,,)D"
18N

where v and y¢ are the unit weights of the solid and the fluid (y,, if water)

Resistance = 3anvD = Weight = g(ys =417 D= v=

*  Thus, a sphere of diameter D will fall distance /# in water in time 7,
18nh
7)
(Ys ~ T )D

*  where 1 is the fluid viscosity (1 = 10 kPa.s for water @ 20°C). v, is the unit weight (= pg) of the sphere
material (26.5 kKN/m’ for silica material), and y_ is the unit weight of water (9.91 kN/m? = 10 kN/m?)

sz

*  This is the basis of the “pipette” method of determining the sizes of fine soils — easy to explain, but requires
high precision
+  Also the basis of the “hydrometer” method — more complex to explain. but simpler to do

*  Only valid for Reynolds’ Number R, < 1 (Reynolds” Number determines if flow is ‘laminar’ or ‘turbulent’)

R, = % For water, n=1x 10°° kPa.s. For (Vs =vw)= 16 kN/m°>. and D = 103um. tp =10.3s.and R, =1.0

In the hydrometer method, which follows the Archimedes’ Principle, which states
that an object less dense than water will float to a depth equivalent to the mass of the
water displaced. With mass being equivalent to density x volume, it is clear that an
object floated in water of different densities, will displace different volumes of
water. The hydrometer has a tube of constant mass calibrated to measure density by
measuring readings on the stem showing the fraction of the hydrometer submerged
(Figure 4.4). This reading is converted into density, and therefore the mass of

material suspended in the water.
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Graduated scale

Figure 4.4: Hydrometer in use

4.2.2 Slip density (SG) measurements

Accorging to Funk and Dinger (1994), specific gravity (SG) of a sample is an
important material property. Slip density or specific gravity (SG), is measured by
weighing the 100cm? slip in a tarred measuring cylinder. Slip SG is an important
measurement used in controlling slip quality during the production of porous
ceramics.

A pycnometer®® is the more expensive instrument used for the measurement of
density. By measuring the gas displacement for a fixed volume, the sample volume
can be obtained. The sample volume and weight is then used to determine the
density (King 2002).

%0 container with a fixed volume used for determining the density of a liquid or powder
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4.2.3 Slip rheology (viscosity)

Rheology is the science that measures the viscous behaviours of fluids, suspensions
and forming bodies resulting from applied shear. The viscosity of a fluid
characterizes how easily it will flow when sheared. Water, petrol, and paint thinners,
for example, have low viscosities. In contrast, molasses and cooking oils have
higher viscosities. We associate low viscosities with thin fluids that flow quickly,
and we associate high viscosities with thicker fluids that flow slowly. The dynamic
viscosity of any fluid under any set of conditions is the ratio of the measured shear

stress to the measured shear rate (Dinger 2002).

Dinger (2002) illustrates the shear range in water, as follows: low shear can be
pictured as water being stirred with a spoon, whereas high shear would be water
passing through a garden spray nozzle, with most of it disintegrating into spray — or
small droplets. When a fluid’s viscosity changes with a change in the applied shear,
the fluid is characterized by more complex rheology and is not a simple fluid. In
such cases the rheology has to characterise and quantify the varying viscous
behaviours of the fluid, slip or forming body.

Fluids, such as water, characterised by a single viscosity at constant temperature
with applied shear it is called a Newtonian fluid and there is no need to quantify
(define) the applied shear. But many fluids have viscosities that are NOT constant
with the applied shear rate. These fluids are called non-Newtonian fluids and in such
cases the shear rate at which viscosity was measured should be given. Non-
Newtonian rheology’s fall into several types of viscous behaviours (or categories).
Each fluid exhibits a single, characteristic time independent rheology as illustrated
in Figure 4.5:

e dilatant rheology: fluids with viscosities that increase as shear rates increase
(Outbac rheology)

e shear thinning rheology: fluids which decrease in viscosity as shear rates
increase exhibit pseudo plastic rheology’s. Example is ketchup

e yield dilatant, Bingham, or yield pseudo plastic rheology’s: suspensions which
gel and exhibit yield stresses

e thixotropic: slip suspensions which decrease or increase in viscosity with time

at constant shear rate
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Figure 4.5: Slip Rheology Curves (King 2002)

Non-Newtonian fluids can, however, also simultaneously exhibit time dependent
rheology’s. Depending on their characteristic rheological behaviour, each fluid can
exhibit a variety of measured viscosities as they are exposed to constant shear rates

for periods of time.

King (2003) further simplifies rheology (viscosity of slip) definition in terms of its
two common types by analogy of pouring slip out of a beaker or squirting from a
syringe (makes large difference in subsequent processes- See Figure 4.6 below):

1. pouring from a beaker (low flow rate therefore low shear rate)
a) high viscosity: pours slowly like molasses
b) low viscosity: pours out like water.
2. squirting the slip out of a syringe (high shear rate):
a) difficult to force out: making it more difficult to cast or extrude
(dilatant)
b) easier to squirt with increasing velocity: easy to cast, pump or extrude
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4.2.3.1 Factors controlling viscosity
According to Funk and Dinger (1994), viscous behaviour is important in ceramic

processing. Factors that can control viscosity are as follows:

e solids content (expressed in volume per cent solids) leads to a rapid in
viscosity increase in excess of 50 volume per cent solids as particles-particle
contact occurs in slip (Figure 4.6). The increased viscosity prevents settling,
improves the tempo of casting, leads to a more uniform cast, and results in

improved density.

Particles Touching

/ Sharp Viscosity Increase

Viscosity

1
50v/o
Volume % Solids

Figure 4.6: Viscosity increase (solid content) as a result of particle-particle contact
(Dinger 2002)

e deflocculant concentration helps in keeping the casting permeable for
drying and develops just enough shrinkage for stripping from the mould.
Figure 4.7 indicates the relationship between viscosity and deflocculant
amounts. With deflocculant addition the viscosity initially decreases
rapidly before reaching a minimum (A) and then increases again (C- B).
Some of the deflocculants available include acrylate compounds, sodium
silicate, ligno-sulfonates, and some phosphates.

126



2000

1000 B )
A Swface Saturation

B Excess Surfactant
A C Optimum
Partially Flocculated

Viscosity, ¢ps

0.5 1.0

% Surfactant

Figure 4.7: Viscosity increase (solid content) as a result of particle-particle contact
(Dinger 2002)

dissolved polymers (starch) act as a binder that increases green strength and
provides porosity

pH changes results in charges on the particle surface (Chapter 2 and 3).
Similar charge repels, deflocculates and therefore decreases slip viscosity.
Zeta potential and pH measurements can be determined to obtain S-shaped
curves that can be used for determining the slip flocculation point for a
specific pH value.

packing of the grains where medium and fine grain sizes fill the pores
(Chapter 3 packing models), will determine the slip volume. Solids content of
above 80 per cent can be achieved although content for fine grained slips
range from 50-55%. Figure 4.8 shows where coarse, medium, and fine
fractions give the best particle packing

ionic strength is determined by electrolyte concentration

temperature increases during milling with the creation of new active surface

area which results in an increase in slip viscosity.
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Figure 4.8: Maximum slip density for three size fractions (King 2003)

4.2.3.2 Measurement of Viscosity

4.2.3.2.1 Orifice Flow Viscometers
The inexpensive orifice flow viscometers make use of funnels or cylinders with an

outlet in the center of the base (See Figure 4.9). The measurement is made by
adding a set volume of slip to the funnel while keeping the opening closed with a
finger, and then opening the hole and obtaining the time that it takes until the flow
stops. This time (flow time/rate) number can be used for production quality control
purposes but cannot be used for calibration purposes due to the change in strain
rates (higher shear rate - full funnel and lower shear rate — as funnel empties).

Wire Handle

L~ Stainless Cup

Hole

e

«—Slip Stream

Figure 4.9: Orifice Flow Viscometers for measuring the slip flow time (BAMR
Quality Control Instrumentation)
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According to the supplier, BAMR Quality Control Instrumentation, flow cups
(process of flow through an orifice) can be used as good relative measurement of
kinematic viscosity. The flow time can be converted into centistokes through the use
of a viscosity disc calculator. The slip cups, in contrast, provide the means of
obtaining a quick viscosity measurement on the production floor. The cone-and-

plate viscometer can be used for non-Newtonian liquids.

Fish (2001) suggests making an orifice flow viscometer by using a PVC pipe of 200
mm, with a 4 mm hole drilled in the end cap, for determining the casting rate (flow
time viscosity). The larger the volume of slip tested the more accurate the reading

becomes.

The author suggests a further improvement by drilling another 4 mm outlet hole just
below the top of the PVC pipe. Slip is added constantly allowing excess slip to drain
through the upper hole thereby resulting in a constant head viscosity flow
measurement. In the normal variable head flow test the shear varies as the slip level
in the PVC pipe declines resulting in a variable shear measurement of flow. The
constant head allows the measurement of slip flow rate (viscosity) at constant shear
rate. This overcomes the limitation of the flow cups and orifice flow viscometer and
places this method one the same plane as the more expensive viscometers.

4.2.3.2.2 Viscometers and Rheometers
According to King (2002), several types of the more expensive viscometers are

available for measuring rheological properties. Viscometers measure the viscosity of
a fluid or slip. The two main types of viscometers are the rotor cup geometry type
and the plate and cone geometry type, of which both are used for fine-particle size
slurries. The rotor type works best for coarse particles. The viscosity is determined
indirectly by measurement of the rotor’s rotations per minute (rpm).

In contrast, a rheometer measures the shear rate. The two types of rheometers are a
shear-rate-determined rheometer and a stress-determined rheometer. Rheometers are
mostly shear-rate controlled, whereby the rotor speed is adjusted and shear stress
determined. Strain-rate-controlled viscometers are the most effective for all ceramic

slips.
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Holdridge and Moore (1952) explain that the rotational viscometer consists of two
concentric cylinders and uses the torque that is generated when one of them is
rotated relative to the other for measurement. The shear stress varies inversely as the
square of the distance from the rotational axis. Small differences in radii result in a
small range of shear stress, which has a major advantage over the capillary type of
viscometer, for non-Newtonian materials. This system also works better for
thixotropic materials, where the material for the same sample can be repeatedly

broken down and built up again and the thixotropic level related to the power input.

For fine-grained slips, special attention must be given to viscosity measurements,
which helps in optimising some of the following production variables (King 2002):

e Milling time impact

e PSD and milling time

e Mill critical speed

e Effect of solids content

e Type and amount of deflocculant

e Selection and addition of the pore former

e Effect of pH, Zeta potential

4.2.4 Slip pH

pH is measured using a standard, calibrated pH meter. pH is one of the first
properties of the interparticle fluid chemistry to check to control suspension
rheology. The pH of suspensions is important because each particular powder
material will have an isoelectric point at a pH controlled by the powder’s
composition. The isoelectric point is the pH at which the electrostatic surface

charges on the clean powder surfaces are zero (King 2002).

Powders typically flocculate at the isoelectric point and they deflocculate as the pH
increases or decreases away from that point. Depending on the nature and
concentrations of impurities that occur in the raw material, suspension pH can
fluctuate from batch to batch (Dinger 2002).
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4.2.5 Thermal Analyses

Some of the more important techniques that can be used in thermal analysis include:
thermal conductivity/expansion, differential scanning calorimetry (DSC), loss on
ignition (LOI), differential thermal analysis (DTA), thermal gravimetric analyses
(TGA) and specific heat (King 2002). These techniques are important for
determination of the firing curve to match reactions that occur as a result of

temperature.

4.25.1 TGA and DTA
Dinger (2002) states that TGA is used for determining the weight loss/change of a

sample during heating in an oxidizing or reducing atmosphere (air, nitrogen or
argon). TGA can be used to analyse for thermal decomposition in carbon burn-out,
dehydration and desorption. In contrast, DTA determines the change in temperature
between an inert material and the sample during heating. DTA is used for
identifying melting, phase changes, and oxidation reaction temperatures. DTA is
used for identifying temperatures at melting, phase changes, and for oxidation-
reaction. The weight and temperature changes can be measured by both instruments.

4.2.5.2 Thermal Expansion
High thermal expansion results in thermal shock occurrence. Yang et al (2003)

indicate that thermal expansion is obtained by measuring the difference between a
predetermined length of sample and the same sample when heated. The expansion is
measured with a dilatometer. Ceramics can have a wide variation in thermal
expansions with alkaline earth oxides topping the expansion coefficient list. The
expansion coefficient is determined by measuring the expansion percentage and
multiplying it by the inverse of temperature (°C™) . Fused silica glass and Li
aluminium silicate (lithium alumino silicate) have low coefficients of expansion and

are generally used in applications where zero thermal expansion is required.

Thermal shock is determined by rapidly heating a ceramic filter to a red hot
temperature and then rapidly cooling it in water. The filter either cracks or shatters
or is resistant to thermal shock and can be applied under inceased temperature

conditions (Hasselman 1969).
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4.2.5.3 Loss on Ignition (LOI)
LOI is determined by measuring the weight loss caused by dehydration as a result of

burn-off of the organics in the sample (Dinger 2002).

4.3 Final product testing

The most common analytical methods include surface and chemical analytical
methods.

4.3.1 X-Ray Diffraction (XRD)

X-ray diffraction results in a series of peaks caused by the crystal lattice in contrast
to spectra of wavelengths used to identify oxides in the X-Ray Fluorescent analysis.
XRD is used for the identification of minerals in a ceramic sample. The mineral
gives a characteristic (fingerprint) diffraction pattern that is used for identification
purposes. X-ray analyses can furthermore be used for grain-size analyses (PSD).
Sample preparation requires a powdered sample packed into a sample holder. The
grains have to be randomly orientated for best results (not possible in elongated or
planar particles). The lattice planes and their spacings diffract the X ray beam at
different angles, resulting in the unique diffractogram.

In X-Ray Fluorescence, tests samples for the determination of major and trace
elements in solids. When materials are exposed to short-wavelength X-rays
ionization of the atoms take place which releases one or more electrons from the
inner orbital of the atom. The release of an electron makes the structure of the atom
unstable, and electrons in higher orbitals move into the lower orbital to fill the
orbital left behind. In the process, a characteristic energy is released in the form of a
photon, which is used for elemental analysis (Jenkins 1984)

4.3.2 Surface Area

The Brunauer-Emmett-Teller (BET) surface area analysis method is used for
determining ceramic surface area (Brunauer et al 1938). For this method the sample
is heated under vacuum to remove the absorbed water vapour and any other gasses.
The material is then coated with a monolayer of nitrogen gas.
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The amount of gas used is a reflection of the surface area. Sample heating is

normally the most time consuming step.

Martin et al (1998) describes an in situ method of indirectly measuring the reduction
of surface area during sintering. The technique makes use of longitudinal wave
ultrasonic velocity measurements and has been measured in AlL,O; and ZnO
systems. Martin et al (1998) found that PSD has an effect upon this correlation.
They found that materials with a narrow particle size distributions exhibited a linear
relationship between the longitudinal wave velocity and surface area reduction and
the over sintering period. In contrast, materials having wide PSD exhibited a much
larger decrease in the SSA during the early stages of vitrification. They attribute
these influences to differences in the thermodynamics during vitrification of the
particles.

4.3.3 Microscopy

King (2003) explains that the stereo-binocular or petrographic/metallographic
microscopes have either reflected or transmitted light options. These microscopes
are used to examine ceramic surface texture and structure with a magnification of up
to 40x optically and 100x digitally. Lighting is oblique, shining on the surface and
through the optics. Digital photo capability can be used for recording and quality
control cases. The microscope can also be used for particle size and microstructure

determination.

The method works by digitally projecting microscopic images of the grains to a
screen for further viewing and processing. The screen is ruled into squares for

convenience in counting and size determination (Dunn 1930).

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy
(TEM) are microscope techniques which are fitted with analytical chemical
capability by measuring the X-ray fluorescent or diffraction spectra radiating away

from the sample location when receiving energy from the electron beam.
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4.3.4 Density (ASG) Measurements

Accorging to Funk and Dinger (1994), apparent specific gravity (ASG) of a sample
is an important material property for measurement of finished product. The density
can be determined for a porous material by 2 methods: either by sealing the surface
(wax or resin) or by saturation of the sample for the determination of bulk density
and apparant porosity. For the ASTM C 20-87 (ASTM, 1988) method , the sample
is boiled in water for 2 hours and then submerged for an addional 12 hours to
saturate the connected pores with water.

4.3.5 Porosimeter (pore volume and pore size distribution)

Pore volume is measured with a porosimeter, by forcing a non-wetting liquid, such
as mercury, into the pores of a sample in order to measure the pore sizes, pore
distribution and pore volume. Mercury intrusion porosimetry involves placing a 1
cm® sample into a container and evacuating the air from the container for removal of
air and water vapour. Mercury is allowed to enter into the container. The container
is pressurised and the volume of mercury entering the pores is measured (van Halen
2006). For the apparatus used in our tests (Micrometrics Mercury Intrusion
Autopore), a maximum of 210 MPa was used to fill pores with with sizes up to
0.006 um. By calculating the mercury pressure and volume displaced, the pore size

distribution can be calculated.

A number of alternative techniques for measuring pore dimensions and distributions

are discussed below:

1. Roeek and Uchytil (1994) describe a technique of using only mercury for
penetration of the inner part of sample. The Wasburn equation was presented
as giving the change in pressure with which mercury is forced into a
cylindrical pore of radius, r:

r=2ycos¢/Ap

with y, as the mercury surface tension, ¢, as the mercury and sample surface

contact angle and Ap, as the change in pressure (mercury penetration).
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By embedding the sample in mercury (on side testing) and using the Coulter
porosimetry method, it is possible to compare sample porous structures as well

as use it for membrane defect detection.

Palacio et al (2009) gives an example and shows results were they used Roeek
and Uchytil (1994) technique for testing their pressed membranes. Palacio et
al (2009) made ceramic membranes by pressing clay and phosphates from
Moroccan ores with starch as the pore formers. Use of different starch contents
resulted in filters with different hydrophilic properties. The results for a range

of starch contents and the resulting pore diameters are shown in Figure 4.10.
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Figure 4.10: Volume of mercury intruded versus pore diameter for samples

with varying starch contents (Palacio et al 2009)

2. Jena et al (2003) describes the capillary flow porosimetry method, where the
sample pores infiltrated with a wetting liquid with a free surface energy less
than free surface energy of sample. By increasing and measuring the pressure,

the liquid is forced out of pores (see Figure 4.11).
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Figure 4.11: Capillary flow porosimetry method (Jena et al 2003)

The measured pressure needed to force wetting liquid out of pore is also
calculated by using the Washburn equation explained by Roeek and Uchytil
(1994) in the previous section.

A simplified equation is presented for the determination of the pore diameter
(size) by defining the bubble point, using the following equation: p = 30y/D
and conversely, the pore size of the ceramic by the equation: D = 30y/P. The
variables listed are as follows:

e D - pore diameter in micron
e y—surface tension of water (dynes/cm) at 20°C y = 72 dynes cm™

e p - bubbling point (air entry pressure) measured in mm Hg

From the equation it is clear that the bubbling point pressure will increase
with smaller pores and decrease with larger pore sizes. The pore size of
ceramics directly affects the bubbling pressure (pressure with which air
breaks through a wetter pore channel) as well as the hydraulic conductivity,
K, rate at which ceramic, of known thickness, conducts liquid from one
surface to opposing surface. Water is normally used but K varies with liquid
type used. According the Soil Moisture and Porous Ceramics Catalog (2008)
the effective pore size is defined as the minimum opening within a channel or
pore. The porous material behaviour is directly related to the pore properties

as well as the material type used in the manufacturing of the ceramic.
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3. Okada et al (2009) used Archimedes water method and the pore volume of
the sample using mercury intrusion porosimeter>* for testing porous ceramics.
According to Okada et al (2009) the many applications for porous ceramics
implies a large variation in properties that need to be tested. These include:
surface, pore volume, pore size and pore size distribution of the pore.

4. Mohd (2002) made modifications to the Archimedes water method (ASTM
Standard- C97-83) that required a test specimen to be immersed in water for
48 hours. They found however that the majority of absorption occurred
during the first few hours, thereby confirming that 24 hours should be
sufficient for water absorption, density and effective porosity determination,
with the following variables:

e bulk density (g cm®) - mass of oven dried sample/total volume
including pore space

e dry density (g cm™) - mass of oven dried sample/total volume by 24 h
immersion

e grain density- mass of oven dried sample/sample volume (excluding
pore space)

e water absorption: water absorbed (mass) in the sample after 24 h
submerged in water/oven dried sample mass expressed as %

e apparent porosity (%): % of void volume/total rock volume

o effective porosity (%): connected pores volume — (water absorption x
BD)

e saturation (%): % pore volume filled with water after 24h immersion

5. Van Halem (2006) and Van Halen et al (2009) combined some of the
techniques discussed above for testing porous ceramic filter properties. The
samples for testing was taken from 3 positions in a pressed filter (bottom,
middle and lip of filter wall) to determine how homogeneous the filter
element had been pressed by determining the porosity (pressure used not

equal over the length of the sample).

*!injection pressure of 200MPa and a contact angle of 130° and surface tension of 0.485N/m
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4.3.6 Hydraulics

Hydraulic conductivity (permeability), K, is defined as the ability to conduct water
under a unit hydraulic gradient. The K is intrinsic to the ceramic and is determined
by the pore size, pore size distribution, tortuosity and total porosity. K is normally
expressed by Darcy’s formula: K = Q L A" 4h™ ¢, where K, hydraulic conductivity
(cm sec-1); Q, volume of water (cm®) flowing through a given area in a given time;
L, length through which water flows (cm)- or thickness of the ceramic filter; A,
cross-sectional area through which water flows (cm?); Ah, hydraulic gradient across
which flow takes place (cm, height of water column) and t (sec), time interval

during which flow was measured (Poehls and Smith, 2009).

A number of authors investigated the relationship between permeability and other
pore related factors:

1. Zand et al (2007) pointed out the importance of permeability when they
tested a range of natural and cement-based materials and showed that
although porosity only varied between 0.1 and 0.3, permeability for
construction materials varied by a factor of 100. This showed the sensitivity
of permeability to pore size (length of the scale system). Zand et al (2007)
further tested this variation by using a different approach to the measurement
of permeability. They drilled a small opening (blind hole approach) in the
material to be tested which was then filled with water. Calculations are
illustrated in Figure 4.12 and the blind hole in Figure 4.13:

U
a b
—

A

L
U = [-(KAYHI*[( Po-Pa)/L]
K = Medium Permeability L = Length of the Pressure Drop
A = Surface Area of the Flow Py-P4 = Pressure Drop
u = Viscosity

Figure 4.12: Using Darcy’s Law to calculate K (Zand et al 2007)
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From Darcy’s law, that provides the radial water velocity, u, with viscosity,

U, through an isotropic porous filter of permeability, K, as:

u, :—Edi (1)
Modr

With dp/dr, pressure gradient across radius and radial velocity defined as u, =
pddd;, and ¢ as the porosity of the filter. According to him the test can be
conducted either using constant flow rate or constant pressure. In the constant
pressure example, 4p, radius of the hole at t = 0, ry, the radial flow front, r;,

moves with time as follows:

ST R Y = (2)
' i g
0

The linear form for equation 2 can be simplified to Y (ro, If) = «t.

Then permeability, x, can then be directly determined from the slope of a

straight line (linear) drawn through a best fit of the data points:

k=" (3)
4Ap
T pasteur Pipette
Substrate

i —

; . 4__\ Blind

! cylindrical
J ittt tetetelteelelelnlelaleltele -- hole

Figure 4.13: Blind hole approach for measuring permeability (Zand et al 2007)

2. Vidal et al (2009) looked at permeability and packing structure. They
determined that porosity was not sufficient for describing the ceramic
packing structure, but rather that permeability (hydraulic conductivity) was a
much better indicator of packing structure, because of its sensitivity to
structural differences. Permeability is furthermore uniquely defined at low
Reynolds numbers by the Darcy’s equation.
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3. Fahlin (2003) determined the tortuosity of a ceramic filter by using bromine

as a tracer and measuring the retention time of the bromine during a filtration

test. The conclusion from the study indicated that water spent a minimum of

50 minutes within their filter before breakthrough of the tracer occurred.

Table 4.2 lists the variables they used for calculating tortuosity and hydraulic

conductivity (constant flow rate).

Table 4.2: Parameter definitions and equations (Fahlin 2003)

Q mL/min | Flow through the filter; O = KAATh
K cm/min Hydraulic conductivity (measure of how well water travels through the media)
A oy’ Cross Sectional Area of the filter the water travels through
?h cm Difference in head between the influent and effluent of the filter
L ci Shortest linear length the water travels through the filter
L Dispersion coefficient (movement of molecules away from each other):
D cm”/min D=D,7+0c,v
D, cm”/min Molecular dispersion coetfficient of the tracer used (bromide)
Tortuosity is the ratio of the actual distance the water travels over the shortest linear
t unitless Le
length: T =—
Ls
ar cm Longitudinal dispersivity, which is a property of the porous medium and i1s related to
pore structure.
v om/min Theoretical actual \.-'elocily of the water through the pores— should not be confused
with Darcy’s velocity
Le ci Theoretical actual distance the water travels
Ls ci Shortest linear length the water travels through the filter

4. Finally Li et al (2006) investigated the relationship between permeability

and microstructure parameters for improving filtration. Microstructure (pore

diameter and porosity) have a large impact on filtrate flux and retention.

In the past the ceramic filtration has been viewed as a black box with only product

variables such as porosity and particle packing being tested. The importance of

permeability and the relationship of permeability with these variables have been

shown to be more important in filter characterisation.
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4.4 Microbiological testing

4.4.1 Test criteria

This section identifies relevant water filter microbial performance specifications

from literature that provides a microbial performance target and testing protocol for

household water treatment systems (HWT).

Lantagne (2001) describes the three modes of waterborne disease transmittal and

presents their worldwide impacts in Table 4.3 below:

a)

b)

waterborne diseases: from human or animal waste infected by
pathogenic bacteria and viruses, transferred by drinking contaminated
water or food

water-washed diseases: from lack of sanitation (lack of adequate
supply of water) certain diarrheal diseases and communicable eye and
skin infections can result

water-supported diseases: part of parasite life cycle development in

water.
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Table 4.3: World health impact from waterborne diseases (Lantagne 2001)

Disease Morbidity ~ Mortality Population at

(per year) | (deaths / year) risk
Waterborne & water-washed

Cholera
Diarrheal disease 1,500 million 4 million in Over 2,000
¢pisodes in children under 5 million
children under 5
Enteric fevers 500,000 cases 25,000
Poliomyelitis 204,000 25,000
Ascariasis (roundworm) 1,000,000 20,000
Leptospirosis
Trichuriasis
Water-washed
Trachoma 6 — 9 million blind 500 million
Leishmaniasis 400,000 new 350 million

infections / yvear

Relapsing fever
Typhus fever

Water-based
Schistosomiasis 200 million 200,000 500 — 600 million
Dracunculiasis Over 10 million Over 100 million

Lantagne (2001) furthermore presents an additional table (Table 4.4 and Table 4.5)
with the waterborne bacteria types, sizes (A) and disease causing organisms (B):

Table 4.4: A- Bacteria types and sizes (Lantagne 2001)

Shape Name Size
Spherical cocci, coccus 1 — 3 pum in diameter
Rod bacilli, bacillus 0.3 — 1.5 pm in width

1.0 = 10 um in length
Curved rod vibrios 0.6 — 1.0 pm in width

2 — 6 um in length
Spiral spirilla up to 50 um
Filamentous up to 100 um and longer
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Organism
Bacteria

Disease

Table 4.5: B- Waterborne disease causing organisms (Lantagne 2001)

Remarks

Escherichia coli

Gastroenteritis

Diarrhea

Legionella pneumophila

Legionellosis

Acute respiratory illness

Leptospira Leptospriosis Jaundice, fever

Salmonella typhi Typhoid fever Fever, diarrhea

Salmonelia Salmonellosis Food poisoning

Shigella Shigelloisis Bacillary dysentery

Vibrio cholerae Cholera Heavy diarrhea, dehydration
Yersinia enterolitica Yersinosis Diarrhea

Viruses

Adenovirus

Respiratory disease

Enteroviruses (67 types,
including polio, echo, etc.)

Gastroenteritis, heart
anomalies, meningitis

Hepatitis A Infectious hepatitis Jaundice, fever
Norwalk agent Gastroenteritis Vomiting
Reovirus Gastroenteritis
Rotavirus Gastroenteritis
Protozoa
Balantidium coli Balantidiasis Diarrhea, dysentery
Cryptosporidium Cryptosporidiosis Diarrhea
Entamoeba histolvtica Amebiasis Diarrhea, bleeding
Giardia lamblia Giardiasis Diarrhea, nausea, indigestion

Helminths

Ascaris lumbricoides

Ascariasis

Roundworm infestation

Enterobius vericularis Enterobiasis Pinworm
Fasciola hepatica Fascioliasis Sheep liver fluke
Hymenolepis nana Hymenolepiasis Dwarf tapeworm
Taenia saginata Taeniasis Beef tapeworm
T. solium Taeniasis Pork tapeworm
Trichuris trichiura Trichuriasis Whipworm

From Table 4.4 and Table 4.5, together with the WHO (2011) performance
requirements for HWT technologies, it is clear that a standarised approach that
combines microbial performance with health outcome targets are necessary for

testing water filters.

Kupper et al (2009) list and compare alternative water disinfection methods (Table
4.6). They found ceramic water filters to be the only absolute safe disinfection
method at higher altitudes.
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Table 4.6: Water disinfection methods (Kupper et al 2009)

Safe for

Procedure Remarks
Viruses Bacteria Cysts Cryptosporidium
(Giardia,
amebic) &
eggs of
helminths
Boiling 4 1= 4 4F Fuel consuming/
deforestation
Chemical + + (+) e May be critical if water is
disinfection® very cold or contains
organic substances®
Ceramic filter? (+)¢ + + AL Type specific failures/
limitations may become clogged,
need to clean
Chemical 4 4= 4 il The only absolute safe
disinfection -+ procedure at high altitude
ceramic filter
Sand filter — (+)¢ (+)8 n.d. Fine sand and low flow
necessary
Charcoal filter — = (+)2 n.d. Low flow necessary
Sand + charcoal — = (+)8 n.d. Fine sand and low flow
filter necessary
Textile filter — (+)¢ (+)f n.d. The tighter the textiles, the

better the filter effect

(+: safe; (+): safe with some limitations, see footnotes; —: not safe; n.d.: no data available).

2 With (hypo-) chlorite.

m -~ o a n T

High ct constant necessary.
Longer disinfection time or higher concentration of disinfectant necessary.
(or other filters with pores <0.2 um).
Not safe, but reduces concentration of microorganisms.
Pore size <1 um necessary.
“nearly safe”” (up to 100% elimination of most microorganisms, but a total remove of cysts and eggs cannot be guaranteed).

Some of the performance criteria for ceramic water filters, as derived from the

literature, are as follows:

e According to Aqua Rain (1998), the US EPA standard for bacteria is the
removal of 99.9999% (LRV = 6) of Klebsiella terrigena with a new filter.

e EPA (2006) shows the importance of pore size (the full stop at the end of this

sentence is 500 micron in size). The recommendation is to use the criteria of

absolute (largest) pore size and not nominal (average) pore size. An absolute

one micron filter is recommended for removal of Cryptosporidium.

e According to Wegmann et al (2008a), there are a number of technologies

(each of them aimed at providing proficient performance while reducing

complexity and costs) available for eliminating viruses from water. Sometimes

it is only by a combination of methods that virus removal is in excess of 99.9
per cent (LRV= 3).
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Reverse osmosis membranes is the only technology that provides this high
level of protection but it is also restricted in terms of low flow rate, membrane
blockage and extreme costs.

e Holmes (1996) provides the South African drinking water testing criteria for

heterotrophic, total- and faecal coliform plate count ranges (Table 4.7).

Table 4.7: Target ranges and effects of microbial infection (Holmes 1996)

Heterotrophic Plate
Count Range
(counts/1 m*)

Effects

Target Water Quality

Negligible risk of microbial infection

Range

0-100
Indicative of inadequate treatment, post-treatment

100 - 1 000 contamination or aftergrowth in the water

distribution system. Slight risk of microbial
infection
Indicative of poor treatment, post-treatment

> 1000 contamination or definite after-growth in the water

distribution system. Increased risk of infectious
disease transmission

Total Coliform Range
(counts/100 me)

Effects

Target Water Quality

Negligible risk of microbial infection

Range
0-5

5-100 Indicative of inadequate treatment, post-treatment
contamination or growth in the distribution system.
Risk of infectious disease transmission with
continuous exposure and a slight risk with
occasional exposure

> 100 Indicative of poor treatment, post-treatment

contamination or definite growth in the water
distribution system. Significant and increasing risk
of infectious disease transmission
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Faecal Coliform Range Effects
(counts/100 me)

Target Water Quality Negligible risk of microbial infection
Range

Slight risk of microbial infection with continuous
0-10 exposure; negligible effects with occasional or short-
term exposure

Risk of infectious disease transmission with
10 - 20 continuous exposure; slight risk with occasional
exposure

Significant and increasing risk of infectious disease
>20 transmission. As faecal coliform levels increase, the
amount of water ingested required to cause

infection decreases

The WHO (2011) takes the test criteria listed above a step further by providing logio
reduction criteria for reference microbes for interim, protective and highly
protective performance. Table 4.8 presents health-based microbiological
performance targets for HWT systems. Their testing protocol includes bacteria,
viruses and protozoa and makes suggestions and recommendations for reference
microbes to be used. WHO (2011) recommend that technologies should be as
effective as possible against all three classes of microbes. Should they be effective
against two and not three classes of microbes, the technology used should also show

epidemiological evidence of improved health impacts.

Table 4.8: WHO (2011) performance requirements for HWT technologies and

reduction criteria

log,, reduction req vired
Assumed

. number of
Relterence mlcr’obe USEC'

Pathogen o A
in dose-response model litre vsed in risk class Interim Profective

microbes per
calculations®

Requires correct, consistent and continuous use fo meet
performance levels

‘Ccfmeyfobacfer 1 Bacteria Achieves =2
'e,un' " . "
protective
target for two
Rotavirus 1 Viruses classes of =3
pathogens and
results in health
Cryptosporidium 0.1 Protozoa gains =2
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4.4.2 Ceramic filter microbial test results

Bielefeldt et al (2009) showed that meeting the criteria for ceramic filters to be
difficult for low cost ceramic filter producers. They tested 6 different ceramic filters
using a concentration of 10° CFU/ml of E coli influent water and obtained only a 3
to 4 Log (LRV) improvement.

For viral protection, Wegmann et al (2008b) went a step further by modifying
commercial micro porous ceramic filters to adsorb viruses by coating the ceramic
filter with ZrO, nano powders through dip-coating and heat treatment. The result
was that the target virus was attracted to the positively charged filter surface. The
coating changed the iso-electric point from pH 3 to pH range 5 to 9. The original
uncoated filter retained 75 per cent of MS2 bacteriophages, whereas the coated filter
resulted in a 7 log removal. The specific surface area also enlarged from 2 m* g™ to

between 12- 25 m? g, providing a larger absorptive surface for virus removal.

4.4.3 Ceramic filter testing with the membrane filter technique

The membrane filter technique is one of the standard methods of water analysis; it is
mainly used as a technique for measuring coliform density in water, as recommended

by the American Public Health Association.

This technique is known to have various advantages over other techniques which
could possibly be used for water analysis, including the pour plate technique and the
spread plate technique. Advantages of these techniques include (Mathibela 2012):
e The ability to obtain results in a shorter time (24h)
e Permits a direct count of coliform colonies or colonies of other kinds of
bacteria, e.g. Salmonella.
e Larger volumes of water can be tested (100ml or more)
e Accurate and reproducible results are possible
e Requires less procedures than many other equivalent methods, and is
makes it possible to both isolate and enumerate microbes.
e A technique that is both effective and acceptable for monitoring drinking

water.
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According to Mathibela (2012), the principal behind the membrane filter technique
is that a measured amount of the water sample is filtered using a sterile membrane
filter (pore size of 0,45um or smaller), depending on the microbe to be isolated. The
filter traps the bacterial cells on the membrane; it is then transferred from the filter
assembly onto a selective medium to grow and to differentiate between different
groups of bacteria (WHO 2009).

After incubation of the plates, the colony forming units (CFU) are counted to
estimate the concentration of bacteria present in the water sample. The CFU should
not be less than 20 and a maximum of 80 should be counted in order to confirm the
accuracy of the test being conducted. However, if more colonies are detected on the
plate containing medium, then tenfold dilutions with sterile water should be made to
decrease the bacterial count to a sizable value. If the bacterial count is less than the
minimum, then a larger sample should be used to ensure that more bacteria form on

the plates for an accurate and effective count to be made (Mathibela 2012).

4.4.4 Challenge water verification of HWT

According to the WHO (2011), the experimental setup for testing the HWT systems
should model actual use conditions as closely as possible. Enough test microbes
must be present in, or be added to, the test water to enable quantification of the
reduction required for the specified health-based target (Table 4.9). Sterile water is
inoculated with known concentrations of microbes with different morphologies and
filtered through the ceramic filters. Both the influent and effluent water are assayed
(enumerative — counting colonies on agar medium) to determine the microbial
reduction (WHO 2011).

Choice of microbes

The choice should be based on local and regional pathogens that either present the
greatest waterborne disease risk or contribute the most risk. If the laboratory cannot
test for such a pathogen, an indicator microbe can be used (Vibrio cholerae and be
replaced by E. coli as indicator organism) Clasen et al (2007b).
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Challenge water used for inoculation

The WHO suggests two challenges for water to be laboratory-tested (2011), as set
out in Table 4.9. For test purposes, the water should model as closely as possible the

whole range of possible untreated water sources.

Table 4.9: Recommended challenge water for inoculation of reference microbes
(WHO 2011)

Test water 1 Test water 2

High-quality groundwater, surface High-quality groundwater, surface water, rainwater or
water, caught (newly harvested)  other water free of disinfectant residual with 20% by

Description rainwater or other water free of volume primary wastewater effluent or 1% by volume
disinfectant residual untreated raw sewage, sterilized or pasteurized

Turbidity < 5 NTU > 30 NTU

pH 7.0-9.0 6.0-10.0

Temperature 20°C = 5°C 4°Cx+1°C

NTU, nephelometric turbidity unit

4.45 Conclusion

The wet processing route was selected as one of the more promising methods of
making high-quality ceramic filters. By better controlling the particle contacts,
reduction in the size and number of defects could be expected in the finished
product. This is as a result of increasing the homogeneity of particle packing in the
wet processing stage compared to dry processing methods. Test methods more
specific to wet processing evaluation and testing were therefore emphasised in this
chapter.
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Chapter 5: Experimental Procedure

5.1 Introduction

In this chapter a comprehensive description of the experimental procedure used in
producing a porous ceramic filter using the slip casting technique is presented. A
newly developed technique, a process formation map (PFM), is presented and used
for illustrating the experimental procedure. The remainder of the section will
concentrate more on the use and application of the methods used in the experimental
procedure, sample preparation and the taking of measurements, whereas the PFM
will provide a more detailed outline and methodology which was followed in the

filter manufacture.

5.2 Process Formation Map

Putting together a Process Formation Map (PFM): A PFM has been developed as an
easy guide through the ceramic water filter production and testing processes. A PFM
is printed on a single sheet of paper, double-sided and typically laminated as
illustrated in Figure 5.1. Once completed, the PFM two-pager represents the

production process at various levels on the front and back pages (Figure 5.1):

a) Column 2: Block flow diagram with 4 to 8 major production steps called
Logically Associated Tasks (LATS),

b) Column 3: Sub-steps within each major step with instructions and
explanations, usually 1 to 6 sub-steps

c) Column 4 and back page: Supporting photos or graphics

d) Column 1: Defines all the safety and other symbols used (legend)

e) The back page has a variety of supporting information and is customizable
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Figure 5.1: Illustration of the PFM layout

The PFM was used in this study to summaries the production process (Table 5.1:
Experimental procedure) and the test methods used in the study (hydrometer test,

immersion test, constant head permeability test and bacteriological testing).

Figure 5.2 explains the sequence of steps necessary in preparing a PFM for the
experimental procedure of the filter manufacture process. The steps involved in

preparing the PFM Experimental Procedure:

1. summarise the research and best practice (combination of literature review,

practical experience and research)
2. identify and list the main manufacturing steps
3. observe task and take photos to simplify the manufacturing process
4. establish pre-checks, process checks and product tests

5. write procedures(front page): instructions and explanations, insert photos,

cross-references
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6. write additional information (back page): expand on the steps, include
hazards and reminders

7. complete the PFM template

8. review for best practice: check against documentation and test procedures
using PFM

9. use relevant symbols and place next to steps by using Copy & Paste.

10. present the final PFM procedure for producing the ceramic as shown in the
Experimental Procedure,

 Detemine‘bestpractice’ ¥

Identify the processing steps ( LATs)
NO
¥
Determine “pre-checks”
' Use PFIIl":If
to -
"ot = 4
 Note tools, materials S :
: * o,

Make the PFM using template E—

Figure 5.2: Steps used to develop the PFM: Experimental and testing procedures
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Table 5.1: Porous ceramic manufacturing procedure

4L

University of
Zululand

Procedure Overview Instructions & Explanations

UTBAC

Ceamic Waler Flters

N

& Safety

i Use lab ccat for
processing and
finishing steps

T Surgical ploves
when handhng
final product

T eather gloves
or clamp tool
when loading
and off-loading
kiln

O Pictue on ot
side

O, Jar Mill

0.

Plaster molds
O; Slip Casting
O, Packing for

Tiring

ﬂ?l Enlarged
picture on reverse
side

1 Milled PSD

% 2 Firing schedule
5 3 Finishing

& 4 Testing

& 5 Filter uperation

S Related SOPs,.

PEM 1:
Microbivlugival
Tesling

PEM 2: Constant Hezd
Permeability

PFM 3: AP, WA,
ASG, BD resiing by
boiling water

PFM A: PSD

Source and

prepare raw
materials

1.1

n e fo

Source raw materials (RM) from suopliers

Test the particle size distribution (PSD)
Develop recipe and then batch the EM

Prepare RM by ball milling for 15hand 30h O,
Add carbon source to milled fractions and
condition for 1-2 hin ball null.

Remove from mill and pour into slow RPM
planztary mixer (Kenwood).

Test for flow time and slip density (SG)

[0, _L.5 Jar (Ball) mill

(3]

Make and
condition mold

[ S )
e L Pk

[SUNTNY

[ R
-1 L

Clean master mold

Position master on clean glass plate and
centralize PVC pipe ring arcund master,

Closc all zaps with st:cky plaster

Mix plaster into water (2:1 ratio), remove all
lumps. Cast into mold and wait for hydration to
start (plaster heats-up)

Remove master using a twisting sction

Leave overnight to set then dry for 24 hr at 50°C

Condition by pouring water into mold and
decanting immediatelv,

[0, 2.6 Master- and plaster molds
and product after stripping

Cast the slip into
plaster molds

Dry and bumn-out
the green body

[P}
B =

3.3

Pour slip from mixer into plester molds

Keep mold full and leave slip in mold until
sufticient wall thickness has been achieved !!!
Decant excess slip and leave upside down for
casting to dry and exeess slip to drainCd;
Strip product. and place in drier at 90°C O

O; 3.3 Slip casting process

Slip Casfing
(B EYY]

Fire the body

Remove product from drier (24 hr) /A

Paclk filters on expanded metal trays in kiln
Pre-fire using pre-cetermined firing cvele 3§
Ensure kiln is well ventilated for removal of
vilaliles Oy iy

Finish and gluc
filter to plastic
fitting

Check for cracks or defects

2 Cover kiln trays with 3-5mm layer of fused O,

silica fines. Re-pack with gaps onto Kiln trays

Fite using pre-determined firing cycle €5 /A

Orain Casting

O, 4.4 Pecking for pre (A)- and

final firing (B)

QA Test the filters

Assemble filter
system

6.7

Inspect for cracks or defects ¢

Finish filter evenly on disk sander® 3

Drill 1.5mm1 hole in plastic flange

Heat-seal screen orto flange opening.

Clean plastic with acetone to remove oil layer.
Brush primer (Primer 3-N) on filter base. L.eave
to stand for 2 hours.

7 Till ceramic with activated carbon granules,
& Glue ceramic onto plastic fitting and remove
excess glue, Leave te dry for 24 ar and package.

Determine porosity using 3 methods: water
immersien, Hz porosimetry and SEM =

Carry cut XRD analysis on the sintered product
Perform constant head permeability test ;_L 4}4
Conduct micrabiological testing on filtrate 5]

Drill holes in buckets and lid for filters and tap.
Assemble and package 5
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v Pre-Checks (Things to check before starting this process)

#, 7 Burn-out (---) and sintering (—) schedules

O Raw material particle size distribution

[ Plaster mold cleanliness and state of drying

) Equipment & Materials Required

ID |OQty Description Step
3 | O Raw materials 1
1 | O Ball Mill 1
1 | O Planetary Mixer 1 &3
| O Dryer & Kiln 4 &5
O Test equipment (Sn‘c:—._..} 7
O Containers & parts for filter assembly 8
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#3 6 Finishing of the filter

v Post-Checks (Things to check after completion)

100% Inspection for cracked items (reject all items with cracks)

Porosity by water immersion (BD & SG) and SEM tests =

Pore Size Distribution using Hg

Microbiological test results |~ |

O

O

O

O Constant head permeability tests =]
O
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1 PSD requirement for milled raw material
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5.3 Raw materials selection and preparation

Based on the literature review, the aim was to select raw material suitable for the
preparation of an acceptable slip with possible dilatant or shear thickening rheology
(where particle collisions intensify as shear rate increases). Dilatancy would maintain
the viscosity at a level that would support the largest grains, ensure a homogenous
suspension, prevent segregation and give a high density cast, strong enough for
further processing steps.

SWOT analysis, personal experience, as well as the following factors from literature

study was used in selecting the most suitable raw material:

« high temperature properties of materials

« chemical and physical properties of RM

« PSD of the raw material components

« green body particle packing

« maximum slip solids content

« slip (de)flocculation status (no additives required)
« particle-particle collision intensity

« settling from the slip

5.3.1 SWOT Analysis for material selection

The SWOT analysis, as shown in Figure 5.3, was performed to narrow down the
number of raw material possibilities. The responses for the analysis came from
personal experience as well as from the extensive literature survey presented in the
previous chapters. The chemical analyses and datasheets for the final selection
(containing PSD) were sourced from the suppliers and are presented in Chapter 6.
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Favourable Properties Unfavourable Properties

Strengths Weaknesses
a)  What is the material’s strengths? a)  Material weaknesses?
by  Why does it work better than other b)  Why does it not perform better than other
= materials? materials?
% ¢)  What unique capabilities and properties ¢)  What can be done to improve the
L,E does the material possess? material?
d)  What is the material’s perceived d)  What are the perceived weaknesses of
strengths from literature? the material from literature?
Opportunities Threats
g a)  What material trends or conditions may a) What'matel_*ial trends or condit:iﬁns may
3 positively impact manufacturing? negatively impact manufacturing?
= b)  What opportunities are available for b)  How can materials used by low cost
using the material? competitors impact manufacturing?
¢)  How will material price hikes or
shortages impact manufacturing?
d)  What impact do material weaknesses
have on manufacturing?

Figure 5.3: Raw materials selection process using a SWOT analysis

5.3.2 Heat-resistant porous ceramic
The thermal shock resistance of the product was important in the raw material

selection process. Normally ceramic materials have improved high temperature
properties compared with metallic or high molecular materials (Park et al 2010).
Materials with heat resistant properties are, however, not sensitive to thermal shock
which allows the green body to be fired and cooled at a more rapid rate than materials
susceptible to thermal shock.

Critical also to the process is the first firing process (burn-out) where huge amounts of
volatiles are generated requiring sufficient time for the process to be completed. The
process is exothermic and therefore difficult to control the temperature and therefore
the use of thermal shock resistant materials is important.

Free silica (quartz) in the raw materials was limited due to its volume expansion at

570°C and 870°C. This volume expansion is shown in Figure 5.4.
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6 Coesite

R-Quartz

pressure [GPa]
w

B-Cristobalite
11 a-Quartz s-Tndleie N Silica Melt
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573°C 870°C 1470°C 1705°C

temperature [°C ]

Figure 5.4: Quartz (silica) phase inversions at various temperature and pressures
(The Quartz Page, 2012)

To overcome the quartz inversions (Figure 5.4) the LAS (Li;O-Al;03-SiO;) system
was looked at for the preparation of slip and product with thermal shock resistance
properties. Based on Hummel (1951), lithium alumino silicate was selected because of
its zero thermal expansion (“ZTE”- acronym) at 1250°C and therefore its superior
thermal shock resistance in ceramics, its price and availability in South Africa as well
as its particle size range (-200 mesh). Cenospheres, part of the ash discards from coal
fired power stations, was looked at to act as a heat resistant filler (already been
exposed to heat treatment), particle shape (spherical) and as coarse particle size
contributor to the slip PSD.

Initially slip was prepared by ball milling lithium alumino silicate (Li,O-Al;03-8SiO5)
and cenospheres (Al,03-2Si0,- 0.2Fe,03) until suitable PSD was obtained. The slip
was cast into plaster moulds, stripped, dried and the green product fired to 1250°C as
prescribed by Hummel (1951).

The thermal shock resistance of the fired product was determined by using a direct
heating method (LPG-gas flame) to simulate extreme differential thermal expansion
before inserting into water at room temperature. The sample was then inspected for

defects (cracks). The process was repeated 3 times.
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5.3.3 PSD requirements using ball milling

The raw materials selected required further processing to obtain a better particle size
distribution, agglomerate reduction and particle shape for the final batching (recipe)
step. A laboratory-sized jar (ball) mill that operates on a rotating mill rack was

developed for the purpose of further milling of the raw materials.

The mill was made with a steel shell of which the inside, including the inside of the
lid, had to be covered with a food-grade, polyurethane liner. This prevented
contamination from the steel lining affecting the slip. The other parts of the mill
included a clamping mechanism for sealing the lid to the shell. Another mill could be
acquired to double production. The mill has a capacity of 8-10 I. See the Table 5.1 for
a photograph of the jar mill.

For the milling rack, a strong steel frame was welded together and 3 rubberised rollers
with bearings were fitted to the rack. An electric motor (single phase) was then fitted

with a pulley system supplying the correct rotation speed to the mill.

5.3.4 Size distribution analysis

As discussed in Chapters 2 and 3 a precise grading of the particle sizes enables one to
make a slip with good mixing, casting properties and with good mechanical
properties. Particle size analysis, as explained previously, can be performed using the
following methods:

e Sieving

e Hydrometer sedimentation technique

e Laser light scattering technique (Particle size range 0.02-2000um)
e X-Ray scattering method

e Microscopy

Hydrometer sedimentation and laser light scatttering analyses were used to best

determine particle size distribution of the raw materials.
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The other methods were not used due to their particular limitations in measurement of
particle size. The microscope was only used in pore size identification because of the
severe limitation of optical microscopy which was its small depth of focus at large
magnification and its diffraction effects that increase and causes blurring at the edges
for particles < 3um in size. For submicron particles (0.001-5um) it is necessary to use
either, TEM (Transmission Electron Microscopy) or SEM (Scanning Electron
Microscopy). Sieving was also not practical because the materials were already
smaller than 75 micron (200 mesh) in size. Figure 5.5 furthermore illustrate some of
the problems of trying to force a particle through the welded mesh of the screen.

Sphere of same Sphere of

Sphere of same minimum length ;
maximum length 9 same weight
L P ~~
d Sphere of
Sphere having B v | same volume
same -
sedimentation dged \ \
rate
. Sphere of same
Sphere passing /\ ds sé)rfaca area
same sieve | dsieve)
aperture \/

Figure 5.5: Particle shape and density issues related to a screen analysis

For some of the materials the PSD’s were also obtained from the raw material
suppliers’ datasheets. The hydrometer is discussed using the PFM: Hydrometer

Particle Size Analysis in Table 5.2.

5.3.4.1 Hydrometer method
The PSD of the fine material was determined by examining the settling from a

suspension of the powder (Table 5.2). The method required two categories of

measurement:

1. incremental: concentration of the suspension at known depths over a
set time period was measured. The method used is either a fixed time
or a fixed depth technique. Fixed depth method was used.
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2. cumulative: the rate at which the powder is settling from the
suspension was calculated; the accumulation of particles was measured

at specified depth.

Advantages

» Equipment required was relatively simple, available and inexpensive.

» Accurate and reproducible measurement of a wide range of sizes.

Disadvantages

» Large particles created turbulence, slowed down and were therefore recorded

as undersize.

» Sediment analyses were determined at low concentrations for interaction
between particles to be reduced so that their terminal settling velocities could
be taken as equal to those of isolated particles.

» Particle size lower limit had to be set due to increasing Brownian motion.

» Careful temperature control was necessary to reduce convective movement.

» Particle re-aggregation during extended measurements could have occurred.

» Particles had to be completely insoluble in the suspending liquid thereby
limiting the analyses to the inorganic particles only.
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Table 5.2: Hydrometer test procedure

.@ Hydrometer Particle Size Distribution (PSD) PFM-1
University of UTBA
o o,
Zululand . . . m....g
Procedure Overview Instructions & Explanations T
O, StepNumber_ Variable
. 1.1 Stir 40g sodium hexametaphospahate into | clescnptlon_
GMP | distilled water. A\ j O  a:correction factor (Table 1)
guidelines apply -S tied water. R - O  P: % matenial remaining in suspension
1.2 Weigh out 30g of dry material into mixing o R dr‘ :ﬁ < 1 suspen:
- hydrometer readin;
f Std Site Clothing cup. N ) I " e
and PPE Req’d for 1.3 Add 125ml of dispersant water into 250 ml - sample mass (OT en dried)
CALGON A mixing cup to cover sample. Soak 0 D:diameter of particle, mm
overnight, s O  n: coefficient of suspension viscosity
W Rubber gloves 1.4 Add more distilled water while stirring O L: effective reading depth (Table 2)
f{;r CALGON until cup is half full. Stir for 1 m O T:cumulative time at taking of reading
| Di : O K:constant depending on T and SG of
isperse sample sample
& Warnin| . . . . .
¢ 2.1 Immediately after dispersion, transfer
. ) sample slurry into cylinder making sure O, StepNumber  PSD by
1 Special note that full sample transfer occurs (wash cup application of Stokes Law
with “-al?r) = E,I" ) test accuracy depends on obtaining
@ Additional 2.2 Close cylinder with hand palm and mvert a complete and stable deflocculating of
person(s) required number of times for 1 m (60 times) sample
2 Test with 2.3 Slowly insert hydrometer and take readings |0 apply law by sedimentation of
O, Picture on front hydrometer (SG) at the following time intervals: 1, 3, particulate material from initial
side 5.10,20,30 mand 1,2.4, 7, 14, and 24 h, | homogencous suspension
reading from the top of meniscus. O, t'f]:ijg-‘p::::;“;‘:::;ei:;’i::g;““'“"ms
O Dispersion 2.4 After every reading remove hydrometer, suspension density (% solid)
) rinse and ﬂt_ml n blank reference eylinder |5 | oo ied at some defined distance
0O, Measuring 2.5 Record, T. time and reading on attached beneath surface of suspension
cylinder with form .
hvdrometer O  measured at some appropriately selected
v - series of sedimentation time durations,
3 Perlorm_ can be converted into PSD
'EF' 1 SG correction Calculations 3.1 Calculate % sample remaining in O  observe suspension density at effective
o . . . distance below surface of center of
suspension at the measuring depth of gravity of flcating hydrometer at a series
'Eb'g Viscosity/T hydrometer, P = (Ra/W) x 100 00,0, of convenient time intervals
corrections 3.2 Calculate diameter of sample at time T, D = (exponential)
K*SQRT L/T O,
H 3 T recording 0. StepNumber Dispersion
) 4 Report 4.1 Record readings on table O,
@ Obtain all tools 4.2 From table plot a graph of particle diameter
& matenals_lélsled on the x- axes (Log scale)
on reverse side 4.3 % Smaller than corresponding diameter on
- y- axes using a normal scale I
% Related PPMs
=] ASTM D3360- : 5.1 Hydrometer is calibrated at 20°C,
96 5 Calibrate variations in tem duces
perature produces
inaccuracies in readings
5 ASTM D 422- 5.2 Readings should be taken at bottom,
63 therefore correction have to be applied
when taking reading at top of meniscus
5.3 Prepare cylinder filled with dispersant and

water (ratio) and 2 ranges of temperatures.
Read at top of meniscus at T1 subtract
from 0, repeat for T2

This hydrometer
reading 15 1.008
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.

Hydrometer Particle Size Distribution (PSD)

PFM-1

v Pre-Checks (Things to check before starting this process)

#, StepNumber Viscosity, temperature correction

O Distilled water at constant temperature of 20°C

1 ]

O Deflocculated sample \"\
. - 110

) Tools & Materials Required
Quantity & Description Step 106

O  Sedimentation cylinder \ : —

O  Thermometer L] e e 111

O  Stopwatch

O  High speed stirrer i \ BN

O Dispersant g N | \

ase|— i .

O Hydrometer | \\

&, StepNumber SG Correction o ‘ (

TABLE 1 Values of Correction Factor, «, for Different Specific ) ) 9

Gravities of Soil Particles” o (
Specific Gravity Correction Factor® AN

295 0.94 082 —Pg
290 0.95 S -
2.85 0.96 ol ‘
2.80 0.97 1516 R R PO R A
275 0.98 emperahure
2.70 0.89 .
265 1.00 3 StepNumber Temperature recording
2.60 1.01
255 1.02
250 1.03
245 1.05

A For use in equation for percentage of soil remaining in suspension when using
{vdrometer 152H.
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5.3.4.2 Laser diffraction
Particle size distributions for all raw materials as well as the ball milled fractions

were determined using the MALVERN laser diffraction analysis for determining
particle size distributing following Stokes Law. Laser diffraction analysis was
performed by a laboratory (Syncat, Richards Bay). The particles fall through a laser
beam and the light scatter is collected for a range of angles. The angles of diffraction
are inversely related to the particle size. Distribution of scattered light intensity is

then calculated by computer software to yield the PSD.
Advantages:

e Fast and typically took about 5 minutes to take a measurement and analyse.

e Precise and wide range of 64 size bands could be displayed covering a wide
range in particle size.

e [t is an absolute measurement, which required no calibration
e Simple to use

Disadvantages:
e Expensive
e Assumes spherical particles

e There had to be a difference in refractive indices between particles and
suspending medium

5.3.5 Application of the packing models

Previous packing models (Furnas and Andreassen) have shown that a slip with a
particle size distribution that follows the models (best fit PSD) pack into a dense
body. The packing model and best fit PSD depends on the chosen distribution
coefficient, g-value (assuming constant water addition and a well dispersed system) as
explained in Section 3.1.2.12.2: Packing model. Previous authors (Dinger and Funk
1993) found a g-value of 0.30 to give good flow and dense packing.
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5.3.5.1 Spreadsheet: composite PSD
Using the EMMA Mix Analyser programme (EMMA 2012), composite particle size

distributions of the raw materials was prepared. By manipulating the particle size
distribution, it was possible to fit the composite distribution to the packing model of
Funk and Dinger (1993) and thereby predict the flowability and packing of the
selected raw materials. Using the spreadsheet, it was also possible to reduce the
number of raw material fractions by using overlapping fraction sizes. By using this
method, raw material recipes for the slip could be prepared according to a
predetermined PSD. The predetermined PSD either worked well (casting and body
density) or had another mixture property that could be repeated using alternative raw
materials. Should a milled fraction change its characteristics (new batch number), the
recipe can be adjusted to the desired PSD and therefore correct inter particle spacing
(IPS). The results for the selected the raw materials fractions are shown in Chapter 6:

Results.

5.3.5.2 Slip recipe
Recipe determination was applied by investigation the PSD of a combination of

materials, each with its known PSD. The steps used in obtaining the recipe are

described as follows:

1. A library of particle size distributions for different materials (use the particle
size distributions from laboratory work or from the supplier’s datasheets) was
created (Appendix A: PSD for raw materials)

2. The volume per cent (not the weight %) of each fraction was calculated using

the density of each material.

3. The composite particle size distribution (EMMA spreadsheet program) for any
combination of these materials using the quantity of the individual materials
was determined. The parameters g-value and maximum particle size as
required by the Andreasen Model (Andreasen and Anderson 1930) were used

as input.
4. The distribution in a graphical format was plotted

5. The graph was compared with the graph of the Andreasen model.
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The distribution was adjusted to best fit the Andreasen curve by modifying the recipe
(Repeat steps 1-4 until closest fit to model can be obtained).

With only a limited number of raw material components available, some sizes were
therefore not available in the mix. A "perfect” fit was therefore not always possible, as
the distribution of Andreasen is based on a continuous feed of finer-and-finer material
(Andreasen and Anderson 1930).

5.3.6 Raw material selection

From the developmental testing of various combinations based on the SWOT
analysis, thermal expansion and composite PSD study which included castability tests
and rheological measurements, the list of raw materials used in the testing process are
presented in the following section. Some of the main properties of the materials are
highlighted.

5.3.6.1 Baco-95 Alumina Al,0O3
Alumina has stable chemical and physical characteristics, and is used widely in

ceramic. Various grades of high-purity alumina such as calcined, low-soda calcined,
tabular and fused, hydrated, reactive, activated, and cement aluminas are available
in the market and can be selected for slip casting (Naito et al 2003).

Calcined aluminas in the form of a-A1203 are very stable. The aluminas are
produced as a low soda content alumina with particle size and calcination to fit the
needs of the ceramics industry. Calcined alumina is ball milled to produce a fine

powder, which is called a reactive alumina.

5.3.6.2 Zirconia ZrO2
According to Naito et al (2003), zirconia with high purity has an extreme melting

temperature of 2700°C which provides for good thermal shock properties. The pure
zirconia crystal structure is monoclinic at room temperature but transforms to a
tetragonal structure at 1170°C and cubic structure at 2370°C. Unfortunately the
monoclinic structure to tetragonal structure transformation is accompanied by a

change in volume which results in cracks forming within the sintered structure.
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The structure can be stabilized (volume change reduced) by the adding oxides
stabilizers (CaO, MgO and Y03). The stabilisers form solid solutions with zirconia
which makes the tetragonal crystal structure stable at 1170°C. This eliminates the

negative phase transformation (volume change) when heating and cooling ceramics.

5.3.6.3 Flyash: Cenospheres
e Cenolite is a lightweight ceramic hollow sphere (balloon), made from SiO,

and Al,Os. Also referred to as microspheres, micro balloons, hollow ceramic
microspheres or glass beads, they are separated from flyash by electrostatic
followed by flotation methods.  Advantages well-rounded geometry

increases material flow
e reduced water absorption of the closed spheres

e lightweight with the inorganic hollow spheres controlling slip specific

gravity and therefore increasing thermal resistance

5.3.6.4 ZTE: Lithium alumino silicate
Lithium alumino silicate can be used as a source of Lithia (LiO) ceramics where it

acts as a powerful flux that reduces the melting point and lowers thermal expansion.
As explained earlier it strongly reduces the coefficient of thermal expansion (less than
1 x 10°® °C), thereby increasing resistance to thermal shock and increasing the number
of firing cycles possible without cracking. Lithium alumino silicate is available only
in 200 mesh (smaller than 75 micron) size and therefore requires further milling to
obtain sufficient amount of fines (less than 1 micron fraction) for rheology and

strength development during slip casting.

5.3.6.5 Metakaolin: Casting clays
Casting clays are normally used in the production of traditional ceramic ‘'white

wares' and consists of ball clay, china clay, filler and flux in various proportions
depending upon the application (WBB Datasheet). The ball clay dispersion is
difficult and therefore has to be mixed and aged before casting. As mentioned in
previous chapters the deflocculant used reduced the amount of water needed, which
reduced problems such as shrinkage and warping. The clay body needs 0.3% to
1.5% (by weight) deflocculant.
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Complications when using casting clays include the allowance for ageing of a body
which depends on the compositional make-up. The biggest problem is the usual time
delay for the clay to age in order to become stable for casting. Other factors to
consider included: poor filling (too long to fill moulds), flabby casts (soft casts —
difficult to handle), brittle casts (hard casts — difficult to fettle), poor draining after
casting, wreathing (small uneven fringes on slip side of cast), pinholes (small holes
just below surface on mould side of cast piece), cracking, casting spot (poor flow),
and casting flash (discoloured patch occurring on the mould side of the article)-
WBB Datasheet.

Three metakaolin clays were investigated for possible use in ceramic filter
manufacture: CS5, Superwhite and Terradura (G&W Base Minerals)- Table 5.3.

Procedure used in mixing the clay:
1. Add 1 liter of water for every 1 kg of casting clay into a mixer

2. Initially add the minimum amount of required deflocculant to the mixing

water

3. Slowly add and mix casting clay powder and pore former to water until no

lumps are present

4. Leave the slip to stand for 15 minutes, if the clay thickens add a few more
drops of deflocculant. Repeat until correct consistency (test slip specific
gravity and flow rate) is obtained.

5. Dry and fire the samples to bisque®® firing temperature. Test for water
absorption and strength.

52 jnitial firing to a porous state for application of glaze. After glaze application sample is fired to
glaze temperature (see datasheet)
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Table 5.3: Physical and ceramic properties of the casting clays (G&W Base
Datasheet)

CASTING SLIP 5 SUPERWHITE TERRADURA
Powder Colour Light grey Light grey Light grey
Fired Colour White Off-White White
Deflocculant:
Sodium Silicate (ml) 85-110 80-120 60-80
Alcosperse 150 (ml) 85-110 75-120 60-80
Bisque temp °C 1000-1040 1000-1040 1000-1040
Glaze temp °C 1100-1140 1100-1120 1100-1140
Green Shrinkage % 2-4 3-5 2-3
Total shrinkage % 3-4 3-5 3=5
Water absorption % 10-15 12-18 10-15
Strength (MOR) Mpa 30-34 30-34 45-55

5.3.6.6  Activated carbon
According to the supplier (Haycarb 2012) datasheet, activated carbon is made from

carbonised coconut husks, wood, peat, coal, bituminous coal, and various other
materials. The carbonised material is heated to high temperatures before being
chemically or steam activated. This results in a highly porous adsorptive medium
with a complex structure composed of carbon atoms. It is the pore network within a
rigid carbon skeleton with its disordered layers of carbon atoms linked by random
chemical or carbon bonds that makes it highly absorptive.

Activated carbon removes impurities from gases or liquids through a process of
adsorption where molecules are attracted into this network of pores. Adsorption is
responsible for the performance of activated carbon in water. One gram of carbon
has a pore surface area of 1200— 2500 m? and this large surface area gives it an
exceptional ability to adsorb taste, odour, and chemicals on to its surface (Figure
5.6). Activated carbon is therefore used in water purification to remove by
adsorption; chloroform, chlorine, VOCs (volatile organic compounds), hazardous
chemical substance, bad smell, heavy metal and pesticides from water (Haycarb
2012).

The Outbac candle shaped filter is filled with activated carbon after the finishing
stage. After filling, the plastic fitting is glued onto the ceramic thereby
encapsulating the carbon inside the filter.
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Gasses & Chemicals

Figure 5.6: Physical property of an activated carbon particle (Haycarb Datasheet)

5.4 Filter Forming Process

5.4.1 Mould preparation

A number of master moulds were manufactured by an engineering shop from both
aluminium and stainless steel. The primary concern of the mould was the final
geometry and dimensions of the finished product as well as the plastic flange
(diameter) that would later be glued to the ceramic to complete the filter (Table 5.).
Allowance also had to be made for shrinkage caused by both drying and sintering
stages. The master mould that gave minimum breakage and ease in stripping was then
selected for the plaster mould making stage. The final master was manufactured with
a slight taper running from top to bottom. The taper helped with the stripping as the
material combination and high density achieved provided only a very small drying
shrinkage.

Figure 5.7 shows a cross-section of the set-up that was used for preparing the plaster
former necessary for making the plaster moulds. It was not necessary to use any
release agent on the master. A polished granite slab was used as a smooth base on
which the former was placed. A plaster fillet (plaster/water mixture with a plastic
consistency) was prepared for attachment to the granite base as well as to prevent any
plaster from escaping.
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Figure 5.7: Mould former (cross-section) used for the making of plaster moulds

5.4.2 Plaster casting

Plaster of Paris (which the slip casting molds was made from) is composed of calcium
sulfate (CaSO,4 * 0.5 H20). Mixing plaster of Paris with water, allows the plaster to
hydrate and cure into a solid, hard structure with a chemical composition of CaSOy *
2H,0. The Plaster of Paris with a consistency 67 parts plaster to 33 parts water was
prepared by hand mixing and poured into the prepared plaster former (Figure 5.7).
After setting for about 30 minutes to an hour, the plaster mould was stripped from the
former, left to hydrate overnight before drying for 12 hours at 56°C (See procedure in
Table 5.1).

5.4.3 Slip preparation

The mill was opened and 35 weight % of the organic carbon (pore-former) was added.
After 1-2 hrs. of milling homogenization and conditioning the slip was transferred to a

planetary mixer and kept in suspension by slow mixing (stirring).
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5.4.3.1 Casting procedure
1. Pour slip quickly and accurately into the mold. Over-fill mold slightly above

the pouring hole.

2. Allow the ceramic slip to sit in the mould until desired thickness is reached
(about 8-10mm). Keep the mould full. Allow only three castings with the same
mould (monitor the wall thickness as a function of time).

3. Wait until the correct wall thickness has been achieved, decant the mould over
a screen and wait until all the slip has been removed. Leave the mold inverted on a

drying tray to drain and allow the green product to be released from the mould.

4. Carefully remove the casting from the mold by bumping against table with
hand catching body. Use a knife with great care to remove the excess hardened
slip. Put the mold in the mould drier to dry out and stay clean (Keep the drying

temperatures below 57 °C).

6. Place the casting into a drier at 99°C to dry. The casting is now ready for
firing.

5.4.4 Rheological measurements

The slip was then put through a number of basic production-type rheology
determinations. As raw material particle size distribution changes from batch to batch,
it was decided to use the measurements of SG and flow time to obtain a feeling for the
inter-particle spacing (IPS) of the slip. IPS, the average distance between particles,
should be held as constant as possible by making slight recipe adjustments (maintain
constant material PSD) or by increasing the moisture content.

Variable shear (flow time) was taken as a measurement of viscosity by using only a
cylindrical funnel with a 2 mm opening and a stopwatch, eliminating the need for
expensive and sophisticated instruments and allowing for easy, on-site production
measurements. The funnel opening was closed and then filled with 100 cm® of slip.
Timed release (seconds) from the funnel was measured with a stopwatch.
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The specific gravity (SG) of the slip was determined by tarring a 100 cm® measuring
cylinder on a scale, filling it exactly to the 100 cm® mark, and then from the mass and
volume obtaining the SG, expressed in g.cm™. The SG is a reflection of the water

content of the slip.

5.4.5 Casting, castability and stripability testing

Every time a new batch was used, experiments had to be performed on the raw
materials to obtain optimum slip density, PSD (as explained previously), maximum
slip solids content and flow properties (flow time). The data was then used to
optimization adjustments (PSD, packing density, proportion of raw materials and flow
property), resulting in slight adjustments to the recipe. The aim was to adjust the solid
content to range between 65-70 weight percent to minimise segregation of the raw

materials during casting.

Due to the fact that the pore-former (organic carbon) played such an important role in
the rheology of the slip, it was decided that instead of the initial plan of performing
the experiments in two sets (without, and with pore-former), to include the pore-
former from the outset into the process.

After thorough mixing and 2 h ball milling, the slip SG and flow time was measured
and recorded and the necessary adjustments (water addition) made. The slip was then
cast into plaster moulds (at room temperature) using the traditional method of drain

casting.

The slip was allowed to stand for a predetermined period of time. Cake thickness was
visually inspected at 5, 10 and 20 minute intervals (similar process followed by Sakar-
Deliormanh and Yayla 2002) until the required thickness (wall thickness of between
8-10 mm or until no further increase occurs) was achieved. The excess slip was then
poured or decanted from the mould, the mould inverted, placed in an elevated position
for draining, and left until the body could be stripped. Ease of stripping is a reliable
indicator of good slip properties. The stripping of the cast product was determined by
looking at factors such as sticking to the mould (segregation), flabby casts (poor
packing density), poor draining after casting (segregation) and cracking (excessive
shrinkage).
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Poor stripping, poor wall thickness development and weak green body indicate
particle segregation or show that too much organic carbon has been added — requiring
modification to the recipe.

After stripping from the moulds, the sample was left to dry at room temperature for
one hour before being oven-dried at 90°C overnight. On completion of drying, all the
filters were visually inspected for cracks. Cracked items were removed and destroyed
and possible modifications were again made to the slip recipe.

5.5 Binder Burnout

5.5.1 Developing a firing schedule for both burn-out phase and
sintering

Before determining the burn-out and firing cycles, the phase diagram for the LAS
(Li,O-AlL03-Si0y) system was investigated to identify the various phases of the LAS
system and the conditions under which each phase exists. The phase diagram for the
Li,O-Al,03-SiO; system is shown in Figure 5.8. The composition and position of the
raw material (Lithium alumino silicate) used in the research is indicated as position in
P and R in Figure 5.8. The reduction in the melting points for the end-members (SiO,
and Al,O3) resulting from lithium addition to around 1100°C is also shown.

78 3ALO, 250,
{Muliite)

A0y
{Corundum)
Z050"

Figure 5.8: The Phase system Li,O-Al,03-SiO; (Levin et al 1985)
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After drying, the carbon additives (pore formers) in the body had to be burned out
during a special burnout cycle or during the normal sintering cycle. Burn-out

considerations included:

e organic additives had to carbonised at slow heating rate and long holding

times
e aseparate firing cycle was allowed for the burn-out (carbonisation step)
e the burn-out step was followed by final sintering

e the firing cycles for both burn-out and final sintering were derived from the

TGA results to avoid cracking during firing

The firing schedule was obtained using a modified thermal gravimetric analysis
(TGA). In a thermo gravimetric analysis (TGA) a sample is heated and the loss in
weight is measured as a function of temperature. With the temperature increase,
chemical reactions or loss of crystal water cause it to lose weight with the release of
volatiles (gasses). The results derived through use of this apparatus, in the form of a
TG curve, were used to determine the optimum firing curve (ramps and holds).

The test was modified by using a makeshift apparatus using a micro-balance and
small furnace. The small sample was suspended freely from the balance by a
stainless steel wire into the kiln. A heating rate of 2 °C min™ was maintained to

observe the carbon decomposition in air.

Final sintering was then followed by using an electric kiln with a final temperature of
+ 1200°C and a holding time of + 1 hr. (with minimum shrinkage).

5.5.2 Characterisation of the sintered samples

On completion of sintering the samples were physically tested for thermal shock,
shrinkage, water absorption, porosity, pore size distribution, pore size, specific surface
area (SSA) as well as hydrodynamic aspects (permeability- hydraulic conductivity).
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5.6 Final product investigation

This section concerns itself with analytical, electron microscopy, XRD,
microbiological and physical properties, with the emphasis on how the methods were
used to characterise the materials and the densified porous filter. A comprehensive
summary of these test methods are given in Table 5.1 to 5.4. Figure 5.9 gives an
overview of the testing regime applied to the characterisation of the porous ceramic
filter.

Pore size
(distribution) Permeability and
Removal efficiency tortuosity
micro organisms

Role of activated
Leaching/removal of carbon

metals

CERAMIC

WATER FILTER

Filter discharge
Turbidity, colour,
taste and odour

Operation

pH; Temperature (recontamination)

and conductivity

Figure 5.9: Raw material and product testing regime

5.6.1 Porous material evaluations

The evaluation of the porosity for the fired pore structures was done using three test
methods: SEM, water immersion and Hg porosimetry determinations (similar
evaluation process followed by Lyckfeldt and Ferreira (1998). Water immersion and
Hg porosimetry were used for identifying and measuring the smaller pores and necks
formed by the contact between larger spherical openings left by carbon particles (See
Figure 5.10). SEM focused more on the visual identification of the larger pores left
behind by burnt-out carbon particles. For use as an effective bacterial filter as well as
for adequate hydraulic conductivity, the connected pores at the neck points will be
the important limiting factor.
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Pore Liquid

Pore neck
‘M.___‘___
(D1)

Pore diameter
{(D2): mecury
porosimetry

D2

Open pore

Figure 5.10: Pore-neck openings (Lyckfeldt and Ferreira 1998)

Porosity and density measurements (Table 5.4). The density and porosity of the
vitrified product was also evaluated through the use of the water immersion method.
The sample mass was determined on removal from the kiln to establish dry weight,
after which product was placed in water and boiled for 12 h. The water was replaced
by room temperature water. The sample was dried using a wet cloth (remove water
drops on surface) and then weighed (wet weight). Finally mass suspended in water
was determined. Apparent specific gravity (ASG), apparent porosity (AP) and water
absorption (WA) were then calculated from the 5 weights, using appropriate
equations (Section 5 in Table 5.4). Average values and standard deviations were
determined for the results.
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Table 5.4: Immersion test procedure

e

Immersion Test for WA, BD, AP and ASG

PFM-2

University of
Zululand

Procedure Overview Instructions & Explanations

UTBAC

Caramic Water Fiters.

NN

®..

guidelines apply

i Std Site Clothing
and PPE Req’d

il

7 Leather gloves
for steam protection

A Warning

1 | Special note

€ Additional

person(s) required

O, Picture on front
side

H 1 Enlarged
picture on reverse

side

@ Obtain all tools
& matenials listed
on reverse side

ASTM C20-
87

W

]

=] ASTM C373-
72 (1982)

(I

ASTM C830-
83

o

ASTM C1039-
85

= ppM2:
Permeability

0O, StepNumber Importance of
proper saturation

L1 Select 5 representative test specimens in excess |, .
mass of 50g £ -
1.2 Naturally freshly fracture sample surface 5 Coarse: ‘gand
1.3 Remove sharp edges/corners s 08
1.4 Ensure that sample contains no cracks 2
o 0F
. =~
2.1 Dry samples to constant mass by heating to I 0. 7
i X o o
150°C 1 g
2.2 Place in desiccator for weighing w02
. =) N
2.3 Determine the dry mass, D, to nearest, o.0lg /
= [=3
1 Selecti : °
electing test . o 0 20 40 60 80 100
) € 3.1 Place samples in pan, covered with distilled = SATURATION, IN PERCENT
sampe water. Allow capillary forces to draw in water
until initially saturated 0,0, O, O, StepNumber Capillary rise in
3.2 Baoil folr 5h, taking care to keep sample covered porous material
at all times. O,
- 3.3 Keep samples away from bottom, sides and each ki P oy s b e e
2 Drying test other. T
- .. Sand
samples 4 Soak for additional 24h. calimn || -
3.5 Remove and blot each sample with wetted cloth |
to remove excess water and determine saturated | 0 aarer gk
mass, M, to nearest 0.01g (avoid evaporation) | "' columo
3 Boiling test 4.1 Tare scale with wet cotton thread suspended in ET————
samples water container on balance
4.2 Perform weighing by tying wet cotton thread . . - .
avound sarple O; StepNumber  Capillary rise for
4.3 Suspend sample in container making sure that granular material
sample is not touching bottomy/sides and weigh | APPRONIMATE HEIGHT OF CAPILLARY RISE (i} IN
- . CRANULAR MATERIALS
4 Determine suspended mass, S, to nearest 0.01g
suspended mass e B )
. . Sand:
5.1 Exterior volume in em’: V=M - § Canmse 125
5 . ) . . . . Y p—— 50
5.2 Volume of open pores and impervious portion Finwe 0o
. S 1,000
O volume of open pores in em’: M -D —_ ——
5 Performing EI% volume "f"“l"’”("‘_“’l“’”"’“& em ; D-5 ; O, StepNumber Results of
calculations 3-3 Apparent parosity, P as %, volume of open stratified flow through porous
pores to exterior volume: P=[(M —D)/'V] x 100 membrane
5.4 Water absorption A as %, relationship of mass . ‘; oot
of water absorbed to mass of dry sample: L mossl i
A=[M-DyD]x 100 {
_ 5.5 Apparent specific gravity, T, portion of sample
6 Reporting

5.6

impervious to water measured in g/ em
T=D/(D-5)

Bulk density. B, in ¢/ ent’ is the quotient of its
dry mass divided by the exterior volume,
including pores: B =DV

6.1

6.3

For each pmper[y, l'epnrl average 01‘ values
obtained with 5 specimens

Test another 5 samples if large differences occur
between individual values.

Report individual and average of all 10
determinations
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Immersion Test for WA, BD, AP and ASG

PFM-2

v Pre-Checks (Things to check before starting this process)

O Assume that 1 em® of water weighs 1g
O Item

0 Tools & Materials Required

#, StepNumber Porosity values for natural
materials

Quantity & Description
O Micro-balance (weigh to 0.01g)

Step |

O Drier (150C)

O Plastic container for immersion of sample on seale

O Pan for boiling samples

v Post-Checks (Things to check after completion)

O Use wet cloth to dry samples before weighing

O Ensure that balance in water is swinging freely

#, StepNumber Porosity definition

PRIMARY OPENINGS

Volume of voids (V) 0.3 m?

Porosity [(R) =

Tolal volume (V) ) 1.0 m?

SELECTED VALUES OF POROSITY

Palues in percent by volume)

Materal Primary openings  Secondary openings

bqual-size suheres (marbles):

Loosest packing ——————————=— 48 —

Tightest packing === ——==r———— 26 -
S0il = 55 —
1 — 50 —
Sand ——-————- - 25 -
Gravel 20 _
LIMestone ———————————— e~ 10 10
Sandstone {semiconsolidated) 10 1
Granitg —————— e - 1
Basalt (young) ———— o 10 1

3 StepNumber Immersion Test Results for
medium- high & very high, K, filters

Abbreviations

AP: Apparent porosity (%)

WA Water absorption (%)

ASG: Apparent specific gravity (g/cm’)
BD: Bulk density (g em®)

Sample A_P WA ASG BD
AVE MED K &7 85 242 79
SD MED. K 0 0 0. o
AVE HIGH K 3 13 241
SD HIGH K 0 0 0.05 ]
AVE ¥V HIGH K 3 108 244 a7
8D VHIGH K 0 1 0.01 [
8 Key Learning/Performance Points

ITEM C | Step

3 b2 | —

Pore size distribution. The sintered product’s pore size distribution was analysed

with a Micromeritics mercury porosimeter (Micromeritics, Datasheet). The pore size

distribution gave a measure of the interconnected pores left behind by the carbon

particles (Tari 1999). Surface area determinations were also made after firing the

product using the Micromeretics Porosimeter. This process allowed the pores in the

sample to absorb single (mono) layer gas molecules.
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To measure even the smaller pore structure, the gas has to be condensed in the pores

before evaluation can take place, as pressure increases:
a) gas condensation fills the smallest pores first
b) pressure is further increased until all the pores are saturated with liquid

c) pressure is released incrementally, allowing evaporation of the condensed

gas to take place

d) measuring the adsorption and desorption branches for preparing isotherms
and hysteresis curves

e) use the isotherms and hysteresis curves for obtaining the pore size/shape,
pore size distribution, pore volume, and the surface area (SSA) of the

fired ceramic sample.

5.6.2 SEM investigation

The overall pore size and structure formed by the burned-off organic carbon particles
were visually studied using SEM. Images were taken at two different magnifications,
one at 300 x and one at 700 x magnification. The images were recorded and recorded
for record keeping.

5.6.3 XRD

A standard XRD analysis was carried out on the sintered porous ceramic. A
representative sample from a fired ceramic filter was taken. The sample was prepared
as follows:

1. obtain an approximately 20 g section of the sample

2. wet grind the sample down to — 10 micron grain size using acetone (75-
100mg of powder required)

3. load powder on to glass slide which completely occupy the square glass well,
sample must be flush with top surface of glass slide. Avoid excessive
agitation of sample thereby preventing preferred orientation of the sample

4. prepared sample was supplied to UKZN Material Sciences Laboratory in
Durban for analysis.
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5.7 Flow Testing

5.7.1 Hydraulic conductivity

The hydrodynamic aspects of the ceramic filter design and operation will be tested to
ensure the proper distribution of flow through all the pores (not just the largest pores)
under highest hydraulic pressure and effective retention time through the activated
carbon. Hydraulic retention time will be a key parameter in the filter’s performance.

The test procedure and apparatus used in the constant head permeability tests are
explained shown in Table 5.5. Figure 5.11 illustrates the equation as well as the
variables necessary for calculating the hydraulic conductivity
permeability).

L (itter wall thickness) —>

U = [-(KAYM][( Po-Pa)/L]

K = Medium Permeability
A = Surface Area of the Flow

da
u = Viscositv L A
L = Length of the Pressure Drop -

Py-Pa = Pressure Drop

U

Figure 5.11: Variables relative to the filter used in determination of K
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Table 5.5: Constant head permeability test procedure

E:

Constant Head Permeability Test

PFM-3

University of

Procedure Overview

UTBAC

Zululand Instructions & Explanations et rheed
N
1.1 Measure ability of ceramic to conduct water O, 1.3 Cross sectional area
. - - under a unit hydraulic potential g‘adiem‘EB' 1 calculation (cone)
GMP I Describe hydraulic | 1.2 Intrinsic property of the porous ceramic and 1s O  m=SQRT (D-d/2)*+hi= 6.2721706
guidelines apply conduetivity governed by pore size, total porosity, pore size | g A= 7/2 m(D + d)=99.21 cm®
distribution and degree of saturation _ .
. i i . P X o O D= membrane base diameter (cm):
f Std Site Clothing 1.3 Express, K, in em/sec after Darcy: K= 5.20¢cm
. T/AAhAt em/secs : o
and PPE Req’d Q ) cnpsect= . O  d= membrane cone diameter (cm):
O Q= volume of water, cm3. flowing through given area 487cm
In a given time .
i X . O b= filter height (¢m): 6.27 & 2.1
& Warning O L= length of ceramic, cm (wall thickness) through g
which water flows 0. 1.3 Darcy’s Law
1] Special note O A cross sectional area through which water flows, O Darcy showed that rate of water, g,
em’ (outside surface area of ceramic membrane) O, flowing through sand of cross-sectional
. . - area, A, 1s proportional to the imposed
O, Picture on front O Ah= hydr_aullc gm_dmm responsible for flow, oradient Ii prop p
side measured in em height of water column o Al KiA
2 Set up the O  At=time interval for flow was measurement (sec.) ara-ia l ) .
- 3 )crmeqmctcrﬂ} O Kor hydraulic conductivity, coefticient
O, Cross-sectional 1 ‘ 2 . of permeability or permeability and
Area Calculation 2.1 Determine and record membrane h, L & Ah indicates the ease with which water will
2.2 Silicone the membrane on to the rubber gasket flow through a soil'sand/ceramic
O, Darey's Law glued to perm eater tube base. allow to dry for membrane
90mO:&Ds . O; 2.2 Rubber gasket
O, Permeameter 2.3 Apply the support frame and clamps, ensuring a
Gasket tight seal on the top/bottom tube gaskets
2.4 Allow the water, from the supply funnel, to
0O, Membrane saturate and fill the inside chamber of the
(filter) position ceramic (10-15 minutes), suction can be
supplied to speed saturation of filter
‘EH' Enlarged . L
. 1 = 3.1 Adjust the flow to maintain constant head
picture on reverse
side conditions in the funnel. ‘$’ 3
3 Perform constant 3.2 Place thermometer in funnel, and record water
; head test temperature. _ .
.EB 1 Flow &K 2 3.3 Allow a few minutes for equilibrium conditions
value through to be reached while taring glass beaker and
membrane zeroing stopwatch.
3.4 Start stopwatch and collect sufficient amount of
5 Experimental filtrate water. Record volume and time in
S et-_up attached Recording Sheet
3.5 Record water temperature for viscosity
determination
# 3 Water 4 Perform
Viscosity at T calculations 4.1 Reduce the permeability at temperature T, Ky, to
that at 20°C, Kyg:c by using:
@ Obtain all tools O Kuwe = Krur/tae
& materials listed O  Kaoe : permeability at temperature 20°C 0O, 2.2 Membrane position
on reverse side O Ky  permeability at temperature T
O  pueec : viscosity of water at temperature 20°C
Related PFMs O wr : viscosity of water at temperature T
4.2 Obtain  py/tyye from indicated table and
; Soil Testing perform caleulation 'H}J
for Engineers
Lambe TW, X 1t . - .
(196"5) 5 Presentresults 5.1 Compare hydraulic conductivity to geological
materials are showed in the diagram'EE‘ 1
= 5.2 Use classification below as reference
} Degree of K in em/sec
permeability
High > 107
Medium 10" to 107
Low 107 10 107
Very low 107 to 107
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5.7.2 Retention time

As per the work by Fahlin (2003) who determined the tortuosity of a ceramic filter
by using bromine as a tracer. This study used chloride as a tracer and measured the
breakthrough (retention) time of the chloride during a filtration test. The apparatus
used consisted of a similar experimental procedure followed for Constant Head
Permeability Test (Table 5.5). The area of filtration and the hydraulic head was kept
constant to simplify the determination of hydraulic conductivity. An Aquameter
AQUAPROBE was used to measure electrical conductivity (EC in pS/cm) of the
filtrate at a 1 minute recording interval. The schematic in Figure 5.12 illustrates the
experimental setup for the tracer breakthrough test.

The calculations used in determining the retention time included:

a) flow through the filter: Q = K.A.AAh.L? (mL.min.™) to obtain the
hydraulic conductivity, with Ah set at 30cm, L at 0.8cm (wall
thickness of the ceramic filter) and A set at 91 cm?® (cross-sectional
area of the ceramic filter).

b) tortuosity (ratio of the actual distance the water travels divided by the

direct linear length across the filter:

A = LeLs™(unit less).
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@ Chloride solution

—>

Constant rate

Permeameter

!

— Outbac AQUAPROBE

Figure 5.12: Laboratory setup for retention time of the filter using a chloride tracer

The filter was fully saturated by running 2500 cm?® through the system. The delay
volume of 330 cm®, for water in the tube, permeameter, measuring cup, the volume
first has to be displaced before the tracer could be detected. The hydraulic
conductivity for each filter was used to calculate time required to displace one
complete volume (bed volume) once. The delay due to the bed volume displacement

was taken in consideration for determining the retention time and tortuosity.

5.7.3 Testing the cleanability of the ceramic

After the filter has been used for some time, it is important to be able to clean the
filtration surface to restore the flow through the filter. Various possible cleaning
methods were looked at for effective removal of biomass. Cleaning methods

evaluated included:
a) flushing the surface with fast flowing water,
b) backwashing by reversing the normal flow through the filter

c) flushing the filter with citric acid to dissolve carbonate deposits on the

surface

d) cleaning the filter surface using coarse water-sandpaper under running water.
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5.8 Microbiological testing

Two bacteriological techniques (See Table 5.6: Bacteriological investigation) were

used for the preparation and testing of influent and effluent from the CWF:

a)

100ml of broth cultures (E. coli, S. faecalis and B. cereus) of different bacterial
strains (Gram positive- and Gram negative bacteria) were inoculated in 1000ml
sterile distilled water for influent filtration water. The spread plate technique
was used to determine the CFUs (colony forming units). Ten-fold dilutions
were used for the influent water, 0.1 ml of the tenfold dilutions was aseptically
conveyed, by means of a sterile pipette, onto the nutrient agar plates and spread
with a sterile glass spreader. All plates were incubated at 37 °C for 24 h.
Samples were prepared in triplicate and CFU and LRV per 100ml average were
calculated for each of the samples

b) Influent and effluent water samples were processed using the membrane filter

(MF) technique for heterotrophic count (nutrient agar, MERCK catalogue no.
HGO0000C1.500), total coliforms (Eosin methylene blue agar, MERCK
catalogue no. 1.01347.0500) and faecal coliforms (ChromoCult agar, MERCK
catalogue no. 1.10426.0500). The filtration unit used a sterile membrane
(Millipore catalogue no. 0.45) with pore sizes of smaller than 0.45 pm
(Simonis and Basson 2011).

Natural water from three local water sources in close proximity to the
University of Zululand (KwaZulu-Natal, Republic of South Africa) was used
as influent water for the filters (used as a drinking water supply when the local
centralised water distribution system breaks down):

e University Stream flowing into Lake Mangeza (a naturally formed lake
adjacent to the Mhlatuze River) — due to informal student residences
without necessary sewage connections is polluted due to informal
student residences without necessary sewage connections

e Mangeza Stream also flowing into Lake Mangeza and draining rural
and agricultural land-use type catchments

e Lake Mangeza
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Three CWF for each filter grade (permeability: low, medium and high) filters were
tested in parallel. Filters were first flushed using sterile distilled water (at least 10
volume displacements). Water influent (250ml) was completely filtered through the
filters using a siphon vacuum principle. The MF technique was then used to analyse
both influent water and filtered water and analysed for the presence of bacteria.

Each of the samples was filtered through the ceramic filters and the filtrate was then
also filtered through a sterile membrane filtration unit containing sterile
nitrocellulose membranes. Different volumes for the membrane filtration (0.1ml,
1ml and 10ml of the CWF filtrate as well as 0.01ml, 0.1ml and 1ml of the raw water
samples) and raw water samples were then aseptically placed on Nutrient agar,
Chromocult agar and Eosin Methylene Blue agar to conduct the heterotrophic count,
total coliform count and to detect faecal coliforms. All plates were incubated at 37
°C for 24 h. The filtered water (filtrate) and control (raw sample) were both
analyzed and compared with regard to the occurrence of microorganisms and to
establish whether there was any reduction in the occurrence of microorganisms in

the CWF filtrate, which would indicate an increase in microbial quality.

The results were expressed in LRV units (Simonis and Basson 2011).

LRV = no.ColiformsInfluent log,,
no.ColiformsEffluent
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Table 5.6: Microbiological test procedure

4¥>

-

Microbiological Testing of Filtrate

PFM-4

University of procedure Overview Instructions & Explanations UTBAC
Zululand P g
I1 Suspend 31g nutrient agar) in 11 distilled autoclaved
) \l.l;l';er" 2 nuiren ﬂgﬂr) m 1st1lled autoclave D] I_.- POU] pla[c
¥ Lab coat :

Sterile gloves
A Warning

1 | Special note

Do not streak until
medium is firm

ig Allow loop to
cool before
streaking

i_: Final plate with
30- 300 CFU

O, Picture on front
side

'EE'l Enlarged
picture on reverse
side

L@ Obtain all tools
& materials listed
on reverse side

E:| Microbiology

| Merck
Microbology
Manual 12th
Edition

(T

Manual for
identification of
medical bacteria
(Cowan ST)

Medical
Microbiology
(Cruickshank R
etal)

Microbiology
Laboratory
Exercises
(Barmett M

1

Prepare culture

Autoclave for 15 minutes at 121°C and allow to cool
to between 43- 55°C

Pour plate: lift lid with left hand. pour nutrient agar
with right hand into labeled petri dish covering
surface completely. gently tilt and rotate. Flame to
remove bubbles[],

0O, StepNumber  Siphoning of
filtrate

0O, StepNumber Counting
colonies

O After incubation, select plate that
contains desired no. of colonies

O Take an accurate colony count

1.4 Slant: remove screw cap (McCarthy bottle) with left
I‘JlCdia'EE' 1 hand, half fill bottle with nutrient agar. Allow to setat
angle with thick butt at bottom end
1.5 After solidification, invert plates and set slants in
upright position, tighten screw caps. Store in fridge
for inoculation
2.1 Place gas burner and inoculation loop to righ of bench
and uninoculated plates to the left of flame.
2.2 Use sterile technique to obtain loop-full of inoculum
2 Inoculate streak from pure cullurelbrolh_ "
plate 2.3 Tiltopen lid and glide loop rapidly back & forth
across center of labeled plate
2.4 Incubate streaked plate for 24 hours at 37°C
2.5 Check contamination and active growth on plate
3 Inoculate slant
3.1 Place gas burner and inoculation loop to right of bench
and uninoculated slant to the left of flame
3.2 Touch one culture from streaked plate lightly with
flamed-cooled moculation loop.
3.3 With left hand remove screw cap, flame bottle, streak
once from bottom to top of surface.
3.4 Incubate slant in upright position for 24 hours at 37°C
3.5 Check for contamination and active growth on slant
4.1 Suspend 1.6g nutrient broth mto 100ml of distilled
autoclaved water. Shake until material is completely
dissolved
4.2 Autoclave for 15 nunutes at 121°C and allow cooling
to between 45- 55°C.
X 4.3 Lightly touch slant surface colony with flamed. cooled
4 Prepare nutrient inoculation loop. Stir broth with inoculation loop.
broth 4.4 Incubate moculated broth for 24 hours at 37°C
5.1  Add the 100ml of incubated broth to 2 1 of distilled
autoclaved water. Shake well
5.2 Add diluted broth to class beaker containing ceramic
membrane
5.3 Siphon filtrate through the membrane into sterilised
beaker (use sterilised syringe to draw vacuum) [,
3 Prepare diluted 5.4 Retain raw and filtered water for testing.
broth for filtration
6.1 Prepare a range of dilutions to obtain 1 within colony
range i;
6.2 Prepare inital dilution by placing 1ml in a 9ml
dilution blank
6 Use plate-count 6.3 Shake vigorously to obtain uniform distribution
6.4 Continue by taking 1ml measured aliquots into
method O, -EE— 2 additional dilution blanks (107 for raw water & 107
for filtered samples)
6.5  Pipette Iml from the dilution blanks into labeled
sterile Petri dishes (triplicate) O
6.6 Pour melted, cooled agar medium (25ml) into each
dish while rotating gently
6.7 Allow medium to solidify. place in incubator at 37°C

for 24 hrs

O Caleulate: colonies x dilution = CFU/ml
Repeat for duplicate and average CFU’s
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¥

Microbiological Testing of Filtrate

PFM-4

4 Pre-Checks (Things to check before starting this process)

O Ensure that filter connection are properly sealed

O Area is continuously flamed (gas burner)

O All glassware/water autoclaved

O Agar medium properly melted and temperature maintained
O Flame bottles on opening

() Tools & Materials Required

Quantity & Description Step

Bacterial suspension (raw & filtered)

9ml dilutions

Petr1 dishes

Nutrient agar (Merck: 1.05450.0500)

Sterile 1ml micro-pipette tips

Bacterial suspension (raw & filtered)

O
O
O
O
[0 Nutrient Broth (Merck: 1.05443.0500)
O
O
#$

1 StepNumber Experimental Layout

#, StepNumber Plate count method

— e
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5.9 Assembly of the filtration systems

5.9.1 Finishing stage

After testing and 100% inspection of the filter for cracks and other defects, the

finishing section involved the following steps (Experimental Procedure for the

Finishing Section):

a)
b)

9)

h)

the filter is handled during all stages of manufacturing using sterile gloves

bottom surface (cast surface) is ground on grinding disk (to make it flat and
smooth)

ceramic is cleaned with an air blower (to remove all dust)
surface to be glued treated with Sika Primer-3N and left to dry for 2 h

plastic flange is prepared by drilling a 3mm hole through the center, heat-
sealing stainless steel mesh over the hole and cleaning the plastic surface
with Sika Cleaner 205

ceramic unit is inverted on holding rack and the inside is filled with
activated carbon

ceramic unit is glued to plastic flange (hole drilled and stainless screen
fitted) and left to dry (set) for 24 h

completed filter is inserted into small plastic bag and the bag is closed by
heat sealing

5.9.2 Filter system

Three types of filter systems have been developed for domestic purposes:

1. gravity system — low pressure households (BACSTER)

2. siphon system — camping (OUTBAC)

3. high pressure — high pressure households (BACOUT)
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The systems components are all sourced locally, modified and fitted together to
provide a variety of solutions for HWTS. Datasheets have been developed for all

three filter systems and are shown in Chapter 6.

5.9.2.1 BACSTER
The Bacster system makes use of gravity to feed the water through the porous

ceramic filter (Clasen et al 2006). The product name, BACSTER, is derived from the
words bacteria and sterilized (water), i.e. BAC and STER combined in BACSTER.

The system is assembled using two plastic buckets that have been sourced from a
local supplier as shown in Figure 5.13:. Two holes (equal to filter outlet diameter) are
drilled with a hole-saw into the bottom of the one bucket and through the lid of the
other bucket. A hole is also drilled (diameter equal to the tap inlet) through the lower
side of the bottom bucket. Two of the BACSTER porous ceramic filters were fitted
with rubber washers and threaded into the two holes of the one bucket and lid of the
other bucket. Nuts are used for hand tightening the filters to the bucket/lid assembly.
The nuts were hand tightened to prevent untreated water leaking through into the
bottom storage container. The tap is now fitted to the bottom bucket. The bucket/lid
assembly is then fitted on to the bottom bucket (with attached tap). The assembly is
now complete and water can be added to the top bucket. The water passes through
the ceramic candles and activated carbon core (inside the ceramic) into the bottom
bucket for storage. Clean, filtered water can then be removed by opening the tap. The
ceramic filter lifespan is dependent on the quality of water used (datasheet).

189



Figure 5.13: Bacster assembly, operating and cleaning instructions

5.9.2.2 BACOUT
A high pressure inline filter (BACOUT) assembly and application are shown in the
datasheets in Chapter 6. The filter uses a cylindrical ceramic element and is fitted

into filter assembly as shown in Figure 5.14. The installation and cleaning
instructions are also shown in Figure 5.14.
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Figure 5.14: Bacout installation and cleaning instructions

5.9.2.3 Outbac
The camping and outdoors filter, Outbac, uses a similar ceramic element used in

Bacster, fitted into a 5 liter wine gasket bag. The bag is modified by cutting one end
and fitting a draw- string into the open-ended section of the bag. The Outbac
datasheet is shown in Chapter 6.
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The Outbac installation and cleaning instructions is shown in Figure 5.15.

YOUR OUTBAC FILTER SET CONTAINS:
Drawstring bag.

Bacster ceramic filter (installed).

Spare Bacster ceramic filter.

Silicone tube.

PLEASE NOTE: 500mi syringe NOT included.

OPERATING YOUR OQUTBAC FILTER:
Unfold water bag.
mmnmmmmwmmmrm.mmmommm

mimmwmmappmﬂnmwsnm

With the drawstring, suspend the bag from an elevated position.

The higher the tube extension, the faster the water will flow.

NEWFILTE!.Hoooluboondhlocelmeonm- !

15 minutes & discard the water. Start filtration.

NE\UHL‘I‘R:Unwo&d nobuq'
dlownuiboﬂomﬂgmupago

o 0 re M=

N o

CLEAN FILTERS. Clean

decreased substantially.

from bag.

6. Dmolvolsachet(mg)orhdaﬁcuddha — O
upside down (open end to top) in the water level is
below filter outiet. Leave overnight in solution. &':mb !llor under running
water with 100 grit water sandpaper.

Rinse with filtered water. Fit the filter (see Operating your QUIBAC filter -

i<
8 STOR;c)s‘-E h
i At home, leave the with the filter in an open position (freat
like any water bottie) until borhm% and filter are dry.

CARING FOR YOUR OUTBAC FILTER:

1. Haondle the ceramic filters with care, they can break!

2. |f water contains large amounts of sediment, it should be allowed to setfie
before putting it through the filter.

3. Do not pour boiling water lhrough the filter.

Figure 5.15: Outbac assembly, installation and cleaning instructions

5.10 Summary: material consumption (mass balance)

In this chapter the experimental procedure responsible for producing the filter was
presented. The slip casting technique (Best Available Low-cost Techniques) and the
conditions under which the filtration performance levels were achieved were

examined.
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Chapter 6: Results

6.1 Raw material selection (SWOT)

A ceramic filter was manufactured by shaping a solid article composed of inorganic
nonmetallic materials by the action of heat. The major charcteristic of the ceramics is
its heat resistance, large apparant porosity and effective bacteriological control.

The results from the raw material SWOT analysis are shown in Figure 6.1. It helped
to highlight various strength and weaknesses of each of the materials investigated.
The SWOT analysis results, the literature survey (Chapters 3 and 4) and practical
experience assisted with the selection process as shown in Table 6.1.

The raw materials selected for making the ceramic filter was based on the property
interplay between availability, price, rheology (in slip), special control of particle
shape and particle-size distribution and thermal stability during the firing and cooling
stages. The raw materials selected provided the best properties that were needed for
both the forming process (slip casting) as well as for the final use of the product
(filtration).
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Figure 6.1: The SWOT analysis for the raw material selection process
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Table 6.1: Selection criteria and selected raw material performance

Raw Materials Th_ermal Firing Chemistry M|II_|ng Packl_ng Deﬂoct_;ulant Rheology  Selected
resistance  temperature required density required
Alumina
. More . . .
Baco-95 Medium  1400-1600°C a Al;,03 . Medium Yes Thixotropic No
fractions
Alphabond Medium 600°C a Al,Og Mo_re Medium Yes Thixotropic No
fractions
Zirconia High 1400-1600°C Zr0, Mo_re Medium Yes Thixotropic No
fractions
Flyash
Cenospheres Medium 1200°C SiO; and Al,O3 15h N/A N/A N/A Yes
Lithium alumino slicate
X LiO,SiO, and ) .
ZTE 12 Very high 1200°C ALO 15h High No Dilatant Yes
23
LiO,SiO, and . .
ZTE 24 Very high 1200°C Al 02 None High No Dilatant Yes
23
LiO,SiO, and
ZTE 200 Very high 1200°C Al 02 15h &30h N/A No N/A No
23
Starch N/A C None High No Dilatant Yes
Fume Silica Medium 1400-1600°C SiO, None Medium Yes Thixotropic No
Metakaolin
CS5 Low 1050°C Al,Si;05(0H),4 8h Low Yes Thixotropic No
Superwhite Low 1050°C Al,Si,05(0OH), 8h Low Yes Thixotropic No
Terradura Low 1050°C Al,Si;05(0H),4 8h Low Yes Thixotropic No

6.2 Selected raw material specifications

The materials that corresponded best to the basic manufacturing demands and
operating conditions of the finished product, the ceramic water filter, are discussed
below and the datasheets shown in Tables 6.2 to 6.5.

6.2.1 Lithium alumino silicate

Lithium, alumino silicate a local raw material provided the bulk of the product

volume. The main factors for selecting lithium, alumino silicate included as follows:

« the starting (ZTE 200) particle size distribution did not provide sufficient
flow properties for slip casting and had to be further ball milled to obtain
the necessary sizing (15 hr. (ZTE 15) and 30 hr. (ZTE 30) milled fractions.

« the material required no addition of deflocculants or dispersants for
obtaining the necessary flow properties. This advantage of not using
deflocculant extends the life of the plaster moulds as well as leading to
faster drying rates.
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« the material was however mainly selected for its zero thermal expansion
during heat treatment. This made the drying and firing rates both faster and
the product stronger in terms of thermal stresses initiated during the
forming and drying processes. The product also showed exceptional
thermal shock results after the three heating and cooling cycles (Figure
6.2).

« the product also fired to a creamy white colour making it more appealing

for household use.

Figure 6.2: Testing Outbac for its exceptional thermal shock resistance (3 x
differential heating and cooling cycles)

Table 6.2 show the chemical analysis and particle size distribution for lithium,
alumino silicate from the supplier datasheet. The importance of LiO, concentration
which is responsible for the low thermal expansion coefficient was a very important

reason for choosing this material.
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Table 6.2: Lithium, alumino silicate datasheet

Lithium alumino silicate ( ZTE 200)
Chemical Analysis

Oxide Units Value

Lio, % 4.28
K,0 % 0.12
Na,O % 0.53
Al,O3 % 17.4
Si,O % 73.96
Fe,O; Total % 0.03
Fe,Os Inherent % 0.02

Partice Size: Cummulative
Size Units  Percent Retainec

212 - 150 pm Trace
150 - 106 pum 0.51
106 - 75 pum 3.64
75- 53 pum 24.45
-53 pum 75.55

6.2.2 Flyash cenospheres (Cenolite)

Cenolite is a coal ash waste product from coal fired power stations. The main factors
for selecting cenolite as filler in the recipe include the following:

« Cenolite is shaped as a perfectly spherical bead that provides the coarse
size particle fraction necessary for both flow and particle packing density
(Table 6.3).

« the material has to be milled for 15h to obtain a combined PSD with
lithium, alumino silicate that provided a good packing density.

« the material is composed of the minerals fused alumino silicate and
mullite (thermally stable) that provide a thermally stable material for

inclusion into the slip

The addition of cenolite to the slip therefore assists in providing the necessary coarse
fraction (PSD), perfectly spherical particle shape (enhanced flow) as well as assisting
in thermal shock resistance of the product (a property that makes the filter useful in
application other than for water filtration such as aerators in molten aluminium
industry). The Cenolite together with the Lithium, alumino silicate also assists in
lowering the firing temperature to levels where the dried product can be fired in an
ordinary pottery-type kiln.
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Cenolite is ball milled for 15 hrs. together with the lithium alumino silicate to ensure
that all agglomerates have been properly dispersed.

Table 6.3: Raw material datasheet: cenolite

Flyash: Cenolite
Mineralogical Analysis

Mineral Units Value
Fused alumino silicate % 65 - 80
Mullite % 25-35
Quartz % 0-1
Calcite % 0-1
Particle size um 150 - 300
Relative density glem® 0.6-0.8
Bulk density g/cm3 0.4
pH 6-8

6.2.3 Organic carbon pore former

Two pore former materials used in the study were organic carbon and dextrin. The
organic carbon is made up of alpha glucosidic bonds, which cause helix-shaped
molecules, giving a near perfect spherical particle (Figure 3.4). The main factors for
selecting organic carbon as pore-former in the slip included the following:

« showed excellent flow (spherical particle shape) and dispersal properties

when mixed with the other raw materials.

« required no dispersants or flocculant which ensured high solid load

concentration in the slip.

« provided the slip with a strong dilatant rheology perfectly matching the
combined rheology of the other raw materials in the slip. This resulted in
limited segregation and high casting density, which provided a strong

green product with good stripping and handling properties.

Some of the properties of the organic carbon are shown in Table 6.4. Particle size is
99.9 per cent finer than 150 micron with a PSD that combines well with the other

raw materials.
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Table 6.4: Raw material datasheet: organic carbon

Chemical/Physical Property Units Value
Brabender viscosity @ 92°C BU 260
Grits 150 micron pm 0.1
Moisture % 10-14
pH 5-6
Sulphur Dioxide ppm 100
Amylose % 26
Amylopectin % 74

6.2.4 Activated carbon

Granular activated carbon (GAC) has a high surface area (SSA) and is prepared
from coconut shells or coal, which has a relatively wide pore distribution ranging
from micro- to mesopore size. Due to its large specific surface area as shown in
Table 6.5, GAC has a wide use in water treatment. It was therefore selected for
addition (added to the inside of the ceramic candle) to the final product. It is added
to the final product in granular form and assists in the removal of odours, tastes and

trace metals from water.

Table 6.5: Raw material datasheet: activated carbon
Activated Carbon (12 x 30 mesh)

Property Units
Origin coconut shell
Mesh size USASTM  12x30
Surface Area m2/g 1100-1250
CTC %mm 60-70
lodine No. 1050-1200
AP g/lcm3 0.44-0.48
Hardness % 95-99
pH 9-11
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6.3 Process flow diagram

The flow diagram, Figure 6.3 demonstrates the process flow required for both the
manufacturing as well as the testing of a porous ceramic water filter. The process

was explained in Chapter 5: Experimental Procedure.

Vwvater Powder

Milling 12-
24 hrs

=
Slip
Preparation
& Mixing
= Organic
| Carbon
- 4
Mold - =
Preparation ~SEECastue
-
Draining
and
Stiffening
b 4
Drying @ i Characterisation
40 C = 1
-
Sintering | & 5 Characterisation
1n 1
. Activated
Carbon
>

Filtrate

Characterisation

Figure 6.3: Ceramic filter (OUTBAC) manufacturing and testing process flow
diagram

6.4 Milling

6.4.1 Particle size distribution for optimum packing

Milling of the lithium alumino silicate was necessary for obtaining adequate particle
size and size distribution for optimum packing. The solid particle packing potential
is the main parameter that influences all the other parameters as was explained in
Chapter 4 and 5. Optimum packing for slip casting was obtained by comparing the
PSD of the mix with a continuous distribution packing model where particle size,
shape, position and orientation of particles play an important role. The Dinger and
Funk model, a modification of the Andreassen model, was used in determining the

optimum packing.
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The particle size analysis for the distribution giving optimum packing was analyzed
using a Malvern- particles size analyzer as well as the hydrometer analyses. The
results are presented for both the starting material (100% finer than 75 micron) and

the milled material (15 h and 30 h fractions respectively) in Figure 6.4.

The important advantage of both the 12-15h and 24-30 h milled fraction is the
percentage of smaller than 1 micron (-1 micron) fraction of 5 per cent and 10 per
cent respectively for the two milled fractions. The finer particles help to optimise
the grading of the entire mix (slip) by fitting in between the maximum particle size

grains and contributed to the green strength of the demoulded items.

100 -
/(‘
4
75 7
;
fl
B A 150 ym
50 7 ’ =====15h
X -
; — 30 h
//
25 e
0 1 1
1 10 100
Particle Size (micron)

Figure 6.4: Particle size distribution of Lithium Alumino-silicate before and after
milling

The optimum packing for slip casting was determined using spreadsheet software
where the PSDs of various fractions were compared with the continuous packing
model. The best result was obtained by using the four fractions (combined 15h
milled Cenolite and ZTE 15, ZTE 30 and organic carbon) is illustrated in Figure 6.5.
The amount of each fraction used, in obtaining the best fit with the model, became

the mixing recipe.
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6.4.2 Slip recipe

From the milling tests and particle packing (best fit model) the best slip recipe and

mixing procedure was derived. The recipe:

Add 55 weight % lithium alumino silicate to 37 weight % water and bring
into a suspension

pour mixture into ball mill and mill for 15h
decant suspension from the ball mill into a bucket
split the suspension into two equal volumes

add 8 weight % cenospheres to one of the suspension volumes and mill for
30h

decant the contents of the mill into a large bucket, add the 15h suspension
as well as 37 weight % pore former

add the remainder of the water and hand mix and bring the material into
suspension until all of the lumps have disintegrated

add the suspension to the ball mill and mill for another 1h to break-up all
lumps and aggregates and to condition the slip.

decant the slip from the mill.

The solid content was adjusted to range between 65-70 weight per cent. This was

followed by another 1h of milling for conditioning the slip.

6.5 Slip Rheology

As expected the slip gave a dilatant rheology with an increase in viscosity as the

shear rate increased. Dilatancy increased and green body strength decreased with

addition of organic carbon which limits the amount of organic carbon addition to

42% by weight. After the short 1h milling the slip was quality tested for slip SG and

slip flow rate. The slip had to show a flow rates between 10-20 seconds and a SG of

between and 1.53-1.72 g.cm™ respectively before the slip was quality passed for

production (casting). These test values (flow rate and SG) was used the production

standard (giving the least amount of rejects).
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6.6 Shaping and stripping
Although high viscosity dilatant slips were prepared, the slip was easy to pour, which

filled the mould quickly without leaving pouring marks on the outer surface. After
consolidation in the mould the product stripped cleanly from the mould indicating
that little or no segregation had occurred (Table 6.7). Very little shrinkage occurred
but it was sufficient to release the product from the mould.

6.7 Burnout and firing schedule
Figure 6.6 illustrates the results from the modified TGA test for the burn-out cycle.

The curve in Figure 6.6 can be distinguished in 3 zones:

« Zone 1 with a temperature range of 50-200°C is characterised by a 15 per
cent loss in mass. The loss is due to evaporation of the mixing and bonded

water.

« Zone 2 with a temperature range of 200- 300°C is characterised by 82%
loss in mass. The loss is due to the loss of volatiles resulting from the
oxidation of the pore-former (decarbonisation) which generates large
amounts of gas, resulting in a dramatic loss in weight (Figure 6.7).

« Zone 3 with a temperature range of 300- 500°C the weight remained
constant with a 3% mass loss.

Figure 6.6: SEM image of ceramic after the Zone 2 burn-out stage at 200- 300°C
(Unknown)
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Figure 6.7: TGA curve with 3 characteristic zones and percentage weight loss for
each zone during the burn-out and firing phases of the ceramic

The TGA curve was very helpful (especially Zone 2 with its 83% loss in mass) in

designing the burn-out firing cycle and for contributing information (mass loss) to

the design of the final sintering cycle. The design of the two firing curves used for

the heat processing of the porous ceramic is presented in Figure 6.8.
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Figure 6.8: Burn-out (----) and sintering ( —) heating schedules
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6.8 Ceramic Filter Product Testing

6.8.1 X-ray Powder Diffraction (XRD) analysis

From the XRD diffraction analysis two crystalline phases were identified from the

sintered ceramic product:

1. LiAlISi;Og forming the dominant phase

2. SiOy in trace quantities but acting as internal standard

The dominant phase obtained compared best with that for tetragonal high
temperature phase of LiAISizOg (International Index Reference Pattern: 35-794) and

forms the end member of a complete solid solution series with beta-spodumene.

6.8.2 Pore structure

6.8.2.1 Water immersion technique
Water absorption test results are shown in Table 6.6. The range of porosities and

water absorption are indicative of an increase in permeability for the various CWF
products. Table 6.7 indicates, from porosities and water absorption results, the
limited amount of segregation that takes place during slip casting.

Samples were taken from three filter localities (top T, - casting side, middle, M, and
bottom, B) as indicated in Table 6.7.

Table 6.6: Porosity and water absorption for four CWF types: Low K, Medium K,
High K and Coated (Sample size, n=5)

et Sample AP WA ASG
(%) (%) _ (9.cm-3)
M Low K 67 85 242
S Low K 0 0 0.01
x Medium K 73 109 2.44
S Medium K 0 0 0.05
; High K 73 113 241
] High K 0 1 0.01
- Coated 30 19 2.27
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Table 6.7: Sampling positions to test for segregation during slip casting using
porosity and water absorption results (Sample size, n=3)

(%) {g/cm3)

SAMPLE  ,p WA ASG BD

B3 68 87 2.44 78

Bl 68 g7 242 7

B2 70 95 2.44 74
AVE 69 90 2.43 76

SD 1 4 0.01 2
T1 68 86 2.44 79
T2 68 g7 2.45 7 Bottom (B)
T3 68 87 2.44 78
AVE 68 87 2.44 78

SD 0 0 0.01 0 :

M1 68 86 2.44 79 Middle (M)
M2 68 86 2.44 79
M3 68 86 2.45 7
AVE 86 2.4 79 Top(T)
SD 0 0 0.01 0 Casting Side

6.8.2.2 Hg porosimetry investigations
The pore size distribution of sintered samples were analysed with the use of a

Micromeritics mercury porosimeter. The pore size distribution gave a measure of the
interconnected pores left behind by the carbon particles. Figure 6.10: illustrates the
pore size distributions for the samples milled at different times (12, 24, 35 and 40

hours).
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Figure 6.9: Pore size distribution for samples prepared using Lithium alumina
silicate (ZTE) milled for progressively longer times (ZTE12: 12 h milling, ZTE24:
24h milling etc.)
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Figure 6.10: illustrates the pore size distributions for different recipes using variety
of LAS raw material fractions. Recipes consist out of a coarse fraction (dso of 2.5; 3.8
or 5 micron) combined with equal amounts of the regularly 12-15 h and 24-30 h
milled fractions (1224). Lastly the pore-former added amounted to either 25 or 40 per
cent. Most of the pore size distributions are positioned around 3 micron. The Outbac
sample however shows a pronounced bi-modal distribution around 3 (24%) and
0.008 (63%) micron.
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Figure 6.10: Filter pore size distributions obtained from Hg porosimetry

Table 6.8 provides a summary of the total pore area (pore specific area) as well as
the average pore diameter for either the milled fractions or for the samples prepared
using the recipes listed above.

Table 6.8: Total pore area and average pore diameter for selected sample blends
and milled powders

Total area  Ave. dia.
Sample

(m?/g) (micron)

5/24/25 4.39 0.39
5/1224/40 7.26 0.16
3.8/1224/40 9.32 0.28
2.5/1224/40 9.16 0.52
0/1224/40 287.41 0.03
ZTE12 5.12 0.04
ZTE24 6.80 0.04
ZTE35 6.80 0.04
ZTE40 17.14 0.02
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6.8.2.3 Scanning electron microscopy (SEM)
Figure 6.11 show the SEM images photographed at two scales for the microstructure

of the sintered samples. The large spherical shaped pores correspond to the shape and

size of the original organic carbon.

Figure 6.11: SEM images of the filters

The SEM images showed the following textural features:

1. Sintered fine grained equant particles 0.2 to 3 microns in diameter in a glassy
matrix that tends to fill all the spaces between the individual particles with
very few micro-pores of submicron size

2. Course vesicular structure where the rounded pore spaces are mostly between
2 to 4 microns. These pores appear to provide the main interconnecting

channel ways.
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6.8.3 Hydraulic conductivity (k) results

The standard organic carbon content was varied within the limits of still maintaining
adequate flow properties, sufficient green strength for handling and firing. Table 6.9
shows the k values for the filter samples produced from 36.4 % (standard filter
classified with a low degree of hydraulic conductivity as shown in Figure 6.12),
41.6% (low to medium flow classification) and 46.2% (medium classification)
organic carbon additions.

A standard filter was dip coated with a 50h milled lithium alumino silicate, refired
to 900°C before testing the hydraulic conductivity. The coated filters gave a very
low k value excluding their use to highly polluted water only (Figure 6.12). The low
k value obtained for the porous filter translates to a 0.5-11 h™ filtration rate. The
BACSTER filter with two fitted filters can therefore supply up to 2 | h* of filtered
water which compares well with other low cost filter developments.

Table 6.9: Hydraulic conductivity (k) values for the CWF range

Degree of conductivity K in cmsec™ CWF

High Above 10

Very Low 10°to 107 Coated
Practically impermeable  Less than 10”

U = [-(KAYH]*[( Pe-Pa)/L]

K = Medium Permeability a b
A = Surface Area of the Flow

u = Viscositv L A
L = Length of the Pressure Drop

Py-Pa = Pressure Drop
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Figure 6.12: Water hydraulic conductivity (cm.sec) for filters with different
organic carbon contents

6.8.4 Bacster water retention time and tortuosity

The conclusion from the study indicated that for the standard filter (low flow) water
spent a minimum of 32 minutes within the ceramic filter, as shown in Figure 6.13,
before breakthrough of the chloride tracer occurred. The variables used for
calculating tortuosity and hydraulic conductivity (constant flow rate) are shown in
Table 6.10. Variables used in calculating the hydraulic conductivity (K), theoretical
water travel length (Le) and tortuosity(t).

The water retention time of 32 minutes for the low flow filter compares well with
the work of Fahlin (2003) where the water spent a minimum of 50 minutes within

their filter before breakthrough of the tracer occurred.

The PTP filter described by Fahlin (2003) had a wall thickness of 10mm compared
with the Outbac filter’s thickness of 8mm which explains the slightly longer

retention time of the PfP filter.
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Table 6.10:

Variables used in calculating the hydraulic conductivity (K),
theoretical water travel length (Le) and tortuosity(t).

Parameter Units Description Low flow Medium flow High flow
Q mL/min. Discharge through filter 112 170 331
K cm/min.  Hydraulic conductivity 276x10%  49x10-2 81x10-2
A cm? Cross sectional area of the ceramic filter 91 91 91
Ah cm Head difference between influent and effluent (filtrate) of the filter 31.50 31.50 31.50
L cm Shortest linear length of water travel through filter 0.8 0.8 0.8
t unitless  Tortuosity as ratio of actual- divided by shortest distance linear length 1.14 1.225 0.61
Le cm Theoretical actual distance water travels 0.91 0.98 0.49
Ls cm Shortest linear length of water travel through filter 0.80 0.80 0.80

Retention min.  Time before breakthrough of the chloride tracer occurred 32 20 6

450 /
Low flow Medium f]
High hﬂew / edium Low
o - -
RN v
425 -
~~ —
E N — \ — ’ P /
=2 g BN P L -
B g0 X AT = v A
= 400 3 l
S’
) 6 min. 20 min| 32 min
= A
375
35{} rrrirrirryrrirrrrirTrra Pifrtibrryrrrrirrrirrrrrrrrrya
1 4 7 10 13 16 19 22 25 28 31 34 37 40 43 46 49 52

Time (min.)

Figure 6.13: Retention time for the chloride tracer test with break through
occurring after 6 minutes (high flow filter), 20 minutes (medium flow filter) and 32
minutes (standard, low flow filter)
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6.9 Microbiological test results

6.9.1 Bacster effective pore size

Figure 6.14 indicates the effective pore size (determined by the pore porisimetry,
Figure 6.9) for the BACSTER water filter relative to the size of pathogenic micro-
organisms.

Effective pores

0.01 ym 0.1 pm 1'um

4 Viruses

10 pm 100 pm

Bacteria

y N
1!
T

Helminthes >

Figure 6.14: Bacster’s effective pore size relative to the size of pathogenic micro-
organism

6.9.2 Inoculation technique

The results for the two bacteriological techniques (Table 5.6: Bacteriological
investigation) was applied and used in the preparation and testing of influent and
effluent from the CWF. Table 6.11 applies to the pure culture inoculation and
concentration of the influent water. The results show the micro-porous ceramic
filters to be more than suitable for eliminating bacteria from highly polluted

drinking water.
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Table 6.11: Bacteriological test results of the filtrate (effluent water) LRV for the
porous (standard) and coated filters

Bacterial species Influent Effluent (LRV)
P CFU/ml Standard Coated |Med. Flow High Flow
E. coli 6.0 x 10° 55 6.8
S. faecalis 1.5x 10* 4.2 4.2
B. cereus 1.1x ltf5 36 3.6
Total coliform 1.0x10° >6 56 4.9
Feacal coliform 57x 10" =6 =6 > 6

Note: The log,; reduction value (LRV) is used to describe the bacterial removal
efficiency. The LRV is calculated as: LRV=log, {influent CFU)-log,,(effluent CFU).
1 LRV = 90% reduction; 2 LRV = 99%,; 3 LRV = 99,9%; 4 LRV = 99,99%,; S LRV =
99.999% & 6 LRV = 99.99999%

LRV

High

E. Coli
S. Faecalis
B Cereus
T. Coliform
F. Coliform

O Std. ® Medium O High O Coated

6.9.3 Membrane filter (MF) technique

Table 6.12 shows the results for both the natural water influent samples and effluent
from the filter water samples processed using the membrane filter (MF) technique for
heterotrophic count, total coliforms and faecal coliforms. Table 6.12 also shows the
excellent results from the bacteriological testing. The results showed these micro-
porous ceramic filters to be more than suitable for eliminating bacteria from polluted

drinking water.
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Table 6.12: Natural water influent samples and effluent processed using the
membrane filter (MF) technique

Total Coliform Feacal Coliform Heterotrophic bacteria
Mangeza Stream

Influent (CFU/100ml) 9x10° 0 1.3x 10"
Standard filter >6 >6 2.8
£  Low Flow Filter > 6 >6 31
2 & Medium Flow Filter > 6 >6 2.3
10 = High Flow Filter 2.5 > 6 2.2

University Stream

Influent (CFU/100ml) 1.0x 10 5.7 x 10° 1.8x 10’

Standard filter >6 >6 >6
£  Low Flow Filter > 6 >6 6
2 & Medium Flow Filter 5.6 >6 5.7
10 = High Flow Filter 4.9 > 6 5.1
Lake Mangeza

Influent (CFU/100ml) 45x 10" 2.0x 10 43x 10"
Standard filter N/T N/T N/T
£  Low Flow Filter > 6 >6 4.2
2 & Medium Flow Filter > 6 >6 3.7
0 = High Flow Filter 3.7 >6 2.7
Mean 5.3 6.0 4.0
o 1.2 0.0 1.5
n 29 29 29

Mangeza Stream University Stream Mangeza Lake

Std
Low

Medium
High
Std
Low
Iedium
High
S
Lowr
Wediur
Figa

m Heterotraphic m Total coliform L Feacal coliform

6.10 Water Filter System

Figure 6.15 to 6.17 show the 3 types of filter systems with their respective
specifications, assembly instructions and cleaning hints that have been developed for
domestic purposes:

a) gravity system — low pressure households (Figure 6.15: BACSTER)

b) siphon system — camping (Figure 6.16: OUTBAC)
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c) high pressure — high pressure (- 2.5bar) (Figure 6.17: BACOUT)

6.10.1 BACSTER

OPERATING YOUR BACSTER
FILTER: )

LAl

1. The BACSTER FILTER will filter up to 1800 litres of water (6

2. The quality of water in your area can however influence fitter
life. Un-treated river water for example can require filler
sooner (3 months).

3. Indicate the date of purchase on your bucket lid as a reminder.

Figure 6.15: Bacster ceramic water filter datasheet
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6.10.2 OUTBAC

@ For use of untreated fresh water sources
such as rivers, dams and streams.

® |deal for outdoor enthusiast such as hikers,
campers, overlanders, hunters,

CARING FOR YOUR QUTBAC FILTER:

1. Honds P ceromic lillen with came, they con break!

T M woled conlaing lange amounts of iediment, it should be allowed 1o seitle |
Bedore pufling & heough Me fiter.

3. Do nol powr boling waber Browgh 1t fiter

Figure 6.16: Outbac ceramic water filter datasheet
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6.10.3 BACOUT

(] FILTER LIFE: ' -
llnma-m:mumﬂm

0 o koo acd o @ cup of waten.
Leave B in the sokitkon for of leost 3 kour . uncher running woler with 100 grit woler sand paper, Flush
Mﬁhﬂ:-_-lnhlm“ “m?uimmm

. Should the fiow nol improve offer cleaning, the filter element should be reploced.

Figure 6.17: Bacout ceramic water filter datasheet
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6.11 Comparison of BACSTER water filter with other low cost filters

Table 6.13 shows a summary of worldwide testing done on low cost CWF for the
period 2000 to 2013. The average benchmark standard for Escherichia coli
effectiveness was 97 per cent, whereas virus testing effectiveness was limited with a
LRV®® > 4 (99.99 per cent) as shown in Table 6.13, Bacster/Outbac performs far

better than other low cost producers.

Table 6.13: Summary of bacterial and viral testing for low-cost CWF (References
listed in Brown and Sobsey 2010 and Simonis and Basson 2011)

REFERENCE BACTERIAL TYPE LIREDUCTION REMARKS
% LRY (log,p
Benchmark standards for low cost CWF
Tres (2000} Escherichica coli > 98 Katadyn filter
Sagara (2000) Escherichia coli Mepalese CWF
CHirdi lamblic 4.6
Lantagne (2001) Cryptosporidium 43
pOrvLey ‘
(Lantagne 2001, Roberts 2004; Escherichia coli GM 98 Brown (2007); 80-29%
Duke etal. 2006) Brown et al disrrhoeal disease mean 46
(2007
Hwang (2002) Total Coliform  94-99.9 gzgag filter (Low
Escherichia coli 28 Whate Clay CWF
Dies 2003 Escherichizcoli =58 ?'Shlte Clay CWF with
Escherichiacoli >98 Hong Phue CWF
Coulbert (2005 Escherichiocoli 958 Pozzam CWF
Franz (2005) Bscherichiacoli  92-100 bested 3 types of
eorrunercial filters
. Potters for Peace with
MeoAllister (2005) Bacteria 9 cs
Viruses 20
meanreduchion of 39 -
Clasen et al (2008) 4454 in diarrheal
disease
Escherichiacoli 3-568
Van Hajem (2006) Clostridivm spores 3349
Escherichia coli 3%.8 . .
Baumngartner (2007 Total Coliform 204 Filtronwith CF
. . S0% reductionin
WSP (2007) Escherichio coli UPTO 98 17 Siarrhesl disease
Escherichia coli boiling: $%
Cyanedel-Craver & Sruth (2008) EBecherichincoli >978
Viruses < 90
Brown (20107 Escherichiacoli mean 99 21-2%
Bacteriophages MB2 90 -99 12-41
Usednanosilver as
Momba et al (2010) Escherichia coli 21.8 12 costing which leached
at a rate of 0.5 mg/l
Cryptosporidium
Momba (2013) oocysts 72-98 CCF cerammic candle
Giardia cysts 93.98 filter
Somatic coliphages 30-100
USA and other standards for producing drinking water
Bacteria & Bpecification for filters
(USEPA 1987, D8F 2003, Viruses 4
profozoa 3
Brezil ARNT NER 14508 Escherichia coli 2 ‘ y
Viruses Mo reductionrequired
WA ORDO90T Escﬁz?rsr:}z:a col 3
Bacteriophages MS3 3

%% |og reduction value, LRV= log;o([un-filtered].[filtrate] ™
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6.12 Input and output flows in the manufacturing of the porous
ceramic filter

In this section factors such as consumption levels, associated emissions and unit

costs, were determined for presentation as mass flow diagrams (Figure 6.18 and

Figure 6.19). All production variables (raw material usage and costs, electricity
consumption and costs, waste costs) were quantified for the presentation and for
determining the unit cost of producing a low cost porous ceramic filter (EC 2007).

The manufacture of porous ceramic filter took place in an electric kiln, with a
limited range of raw materials and two different shapes. The raw materials were
further processed (milled) before mixing and casting (water was added for mixing
and shaping) into shape using plaster moulds. The water was evaporated drying
before the product was placed by hand in an electric kiln. The two-step firing
required a pre-determined temperature gradient to ensure that the porous ceramic
filters obtained the right treatment. After firing the kiln was allowed to cool
(uncontrolled) for the product to release heat and prevent cracking of the ceramic

structure.

Raw material, water and electricity consumption data for the manufacture of the
porous ceramic filter are shown in, Figure 6.18, as a mass flow diagram. Emissions
and process losses that arise from the manufacturing process of the porous filter are
shown in Figure 6.18.

Process losses and waste

Broken ware can arise during the several manufacturing process steps (in particular
shaping, drying, firing and subsequent treatment). Broken plaster moulds can arise
through extended use of the moulds or during stripping of the body. Parts of the
accumulated process losses mentioned above, can be recycled and re-used within

process.
Filter costing

The unit cost of the filter (excluding labour costs) is shown in Figure 6.19. The
diagram includes the costs for raw material, electricity costs and water costs.
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Activated

carbon Carbon Al silicate Cenosheres Water
1.46 kg 42 kg 6 kg 1 kg 5.25 kg
16.45 kg
Y
15 KW.hr Preparation Slip waste and
14.9 kg washing water
{1.55kg)
4
isihap;r;}g Slip waste and
(s ’lg ogiskng} washing water
L R (1.96kg)
2
g.j ¥
-
§ 36 KW.hr Drying Water vapour (3.86kg) R
= g 9.08 kg
0]
&
~
§ kA
42 KW.hr 1%t Firing Volatiles & broken ware
7 6.99 kg (2.09kg)
& 4
92 KW.hr Firing Volatiles & broken warg
5.56 kg (1.43 kg)
. Finishing Sanding waste( 0.24 kg),
6.78 kg

Figure 6.18: Material mass flow diagram for the manufacture of the Outbac

ceramic filter

!

Qutbac Ceramic Filters

73 filters: Total mass of 5.32 kg
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carbon
1.46 kg

R 25-00

Carbon Al silicate Cenosheres Water
4.2 kg 6 kg 1 kg 525kg
R 37-00 R 38-00 R 26-00 R 3-57
16.45 kg
)
15 KW hr Prepag‘atign Waste water (25 E)
R 15-00 14.9kg
501
R 34-00
i 4
3"‘395“9 Wastewater 25 1)
{slip casting)
m 12.84 kg
)
Q
gﬁ L 2
<
38 kW.h j
% r Drying
- R 36-00 9.08 kg
)
o
=
2 }
42 kW.hr 1% Firing Broken ware s
R 48-00 6.99 kg
¥
92 kKW.hr Firing Broken ware (0.07 kg) |
R 92-00 5.56 kg
A
. Finishing Sanding waste(0.24 kg) |
" 6.78 kg
R 354-57 l
Qutbac Ceramic Filters

73 filters: Total mass of 5.32 kg @ R 4-86ffilter

Figure 6.19: Costing diagram for the manufacture of the Outbac ceramic filter
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Chapter 7: Summary, Conclusions and Recommendations

7.1 Summary

The slip casting shaping method was successfully used for the manufacture of a
porous ceramic water filter. The method was found to be more suitable than either
extrusion or die casting for manufacturing a locally suitable, low cost ceramic water
filter. Slip casting, requiring limited expensive equipment, makes this the only

promising method for manufacturing ceramic filters in a rural, non-technical setting.

The candle- type filter required less raw material compared to the other low cost filter
such as the pot- type filter from Potters for Peace (PfP). To make the PP filter clay,
sawdust and water is mixed and then pressed into a pot shaped mould (10 | bucket
size) using a press. The pressed items are large with thick walls requiring between 4-
21 days for drying. The items are also large, with a 10 | storage capacity, which allow
only a few to fit into the kiln space for firing as compared with Bacster filter shown in
Figure 7.1. The low flow nano-coated filter can be effective in extreme conditions;

however, low flow negates effectiveness in a gravity-fed filter system.

sl
|

[
L 8

Bacster candle filter PP pot silver with Ag*

Figure 7.1: Comparison of the Bacster candle filter and the PfP pot filter, with
special reference to size
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Raw Material selection: Using milled lithium alumino-silicate has the main advantage
of thermal shock resistance because of the material’s zero thermal expansion at firing
temperatures. The zero thermal expansion (adopted ZTE product name) helped to
prevent damage (cracking) to the product during heating. The material also provides
dilatant rheology matching the rheology of the organic carbon pore-former. The
dimensional stability (low drying and firing shrinkage) of the product over the firing
range also prevented unnecessary expansion and cracking of the product. Cenolite has
a perfectly spherical grain shape as well as thermal stability (pre-fired in heating
process in coal fired power stations). Both these materials (Cenolite and lithium
alumino-silicate) were therefore selected as starting material. The organic carbon
pore-former, with its dilatant rheology and spherical particle size, used also

complemented the properties of the two main raw materials.

Ball milling, PSD and particle packing: A small scale, laboratory, ball-mill was
developed and successfully used for obtaining the necessary PSD from the lithium
alumino-silicate and cenospheres raw materials. Milling tests based on the Andreasen
packing model were used for obtaining the best particle packing for the raw material
recipe. The use of four raw material fractions from the milling process provided the
required rheology, flow properties and high density of the green body. The fractions
consisted out of the following materials:

a) lithium alumino-silicate (ZTE 15) obtained by milling for 15h,
b) Cenolite milled for 15h,
c) lithium alumino-silicate (ZTE 30) obtained by milling for 30h,

d) organic carbon pore-former

Slip casting rheology: The selection of organic carbon as the pore-former for the
ceramic actually gave a number of additional benefits to the operation and
manufacture. The dilatant rheology, excellent flow properties and dispersability of
organic carbon when mixed with water negated the use of any dispersants or
flocculants ensuring that we obtained high solid load density. This ensured that
minimum segregation and maximum casting densities were obtained, giving us a

sufficiently strong green product that could be stripped and handled without breakage.
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The firing temperature was therefore also lowered allowing us to sinter at a

temperature of 1230°C.

The particle size of the pore-former provided us with small pores around 3 microns
after firing for the elimination of bacteria from drinking water. These pores were
much smaller and more effective when compared with PfP’s pore size of 16-25

micron.

Master mould design: For the plaster mould making stage, a master mould (shape)
was selected that would result in minimum breakage and easy stripping. The final
master was manufactured with a slight taper running from top to bottom. The taper
helped with stripping as the material combination and high density achieved provided
only very small drying shrinkage.

Slip properties: Two easy, on-site production measurements were used to fine-tune
the slip rheology. The SG, as a reflection of the water content of the slip, and the
variable shear (flow time), as a measurement of viscosity, were used to obtain a
measurement of the relative Inter Particle Spacing (IPS) and therefore the slip
rheology. It was found that the IPS could only remain constant if the solids content
was varied in response to the changes in packing capability of the changing PSD
from milled material. By slightly modifying the solids content (recipe) it was
possible to ensure that the particle-particle interactions (particle attraction-repulsion
characteristics) remained similar from milled batch-to-milled batch. This also
resulted in no chemical dispersants (additives) being required. This process was
repeated until we came up with a recipe that could give us the required product
qualities (filtration and hydraulic conductivity requirements).

Burn-out: The decarbonisation process was carried out separately from the sintering
process. The two-stage process had the advantage of both improved de-gassing by
stacking on an open grid and by yielding the least number of final defects. The
defects could be removed prior to further firing. Even with a wall thickness in excess

of 10 mm, less than 5% of defects were obtained.
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Cracking normally results from stresses generated during the decarbonisation process
and the low strength of the ceramic matrix. Although the process requires more time
and energy, the inspection stage built in prior to the second stage of burn-out and

sintering resulted in a reduced reject rate.

Firing cycle: In general the organic carbon containing bodies were burned out
without any problem. This shows the importance of using the 2 stage firing process
with regard to time efficiency and crack avoidance.

Sintering was performed with limited deformation and shrinkage indicating good
homogeneity of the raw materials preparation and thermal stability of the raw
materials used. Limited dimensional change (shrinkage) gave accurate control of the

ultimate filter size after sintering.

Filter porosity: The overall pore size, obtained from the SEM images after firing, and
the pore size distribution from Hg porosimetry, agree with each other. When
comparing the bi-modal pore size distribution with the size of pathogenic micro-
organism, it is clear why the filter has such an excellent capability, for filtering out
bacteria. The pore size of the filter covers, in size range, from bacteria, protozoa,
helminthes and to viruses (the latter only to limited extent). The pore-former provided
us with small pores that are much smaller and more effective when compared with

PfP’s pore size of 16-25 micron.

The large apparent porosity results of between 67-73 per cent provide a specific
surface area of 7 m? g™ and a high flow rate which explains the filtration efficiency of
the filter. The 32 minute retention time of water further helps with the filtration

effectiveness.

Hydraulic conductivity: The hydrodynamic aspects of the ceramic filter design and
operation was tested to ensure the proper distribution of flow through all the pores
(not just the largest or pores under highest hydraulic pressure and effective retention
time through the activated carbon. Hydraulic retention time in the ceramic and
activated carbon core is a key parameter in the filter’s performance. Three filter types
were developed with variable hydraulic conductivities, a low (standard)-, medium-

and high- flow.
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The balance between filtration and conductivity was tested by conducting both the
conductivity (flow) tests and subsequently conducting the microbiological tests on the
same filters. The best compromise was found with the medium flow filter that gave a
k of 10" and 10 cm s™ (flow of 1.5- 2.0 | h™* for the Bacster Filter System and a
water retention time of 20 minutes) and LRV for faecal coliform of > 6 (99, 9999%
effective).

Microbiological testing: Bacteriological testing exceeded all expectations. The WHO
(2011) recommends a performance requirement for household water treatment
(HWT) technologies and associated logso reduction criteria as interim, protective and
highly protective for reference microbes (virus, bacteria and protozoa). The log10
reduction for bacteria specifies a > 4 requirement. The National Sanitation
Foundation (NSF) specifies that POU water treatment systems should produce
potable drinking water that meets a 6 log;o reduction of bacteria, 4 log;o reductions of
viruses, and a 3 logyo reduction of protozoa (USEPA 1987). The low cost filters
developed and tested in this study came close to meeting the extreme performance
criteria for the elimination of bacteria. This product can immediately be useful to
families placed in situations where polluted drinking water causes distress. The PfP,
with a much larger pore size, required an additional coating of silver to effectively
removing only 46% of diarrhoea-causing bacteria.

The method of slip casting for the manufacture of porous ceramic used in this study
has been showed to work very successfully. The filter requires fewer raw materials,
energy for the shaping- and firing- process, finishing, storage space, it is small,
compact, and more effective against bacterial load and has a flow rate 3-4 times faster
than any other low cost manufactured filter. The low unit manufacturing cost, places
Outbac in a strong position, to also compete on a price-only-basis with other low cost,

ceramic filter producers in the world.
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7.2 Conclusions

Aims

The main aim is to develop and evaluate a ceramic micro-porous filtration system

using the slip casting technique for application in domestic water supply.

A micro-porous ceramic water filter with micron-sized pores was developed using
the traditional slip casting process. The filter has the advantage of low cost due to the

usage of locally available raw materials, labour and local expertise.

The product was tested using water contaminated with high concentrations of
selected bacterial cultures as well as with locally polluted stream water. The filter
was found to be highly effective in the removal of bacteria and suspended solids
found in natural water. With the correct cleaning and basic maintenance this filter
technology can effectively provide clean drinking water for rural families affected by

polluted surface water sources.

Objectives

1. Conduct a literature study and evaluation of the best method available for
making ceramic micro-porous material
An exhaustive literature study identified three common forming processes
suitable for shaping porous ceramics: pressing, extrusion and slip casting.
Each of the fabrication methods result in a specific range of pore size, pore
size distribution, porosity, as well as varying levels of interconnectedness
among the pores. Furthermore the amount, size and shape of defects in the
ceramic are also dependent on the processing method used. Finally, each
fabrication method differs in terms of overall investment cost and cost per
product and quality requirement for making a ceramic filter.
The traditional slip casting process was selected as most suitable for the

development of a porous ceramic, water filter.
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2. Source, investigate and test (rheology) ceramic materials for their suitability
in the slip casting method

The raw materials selected and used in the development process gave the best
fit for the important slip casting criteria:

a) limited further processing was necessary

b) rheology that formed stable suspensions with minimum segregation

c) allowed quick release (without damage) of the product from the mould

d) the pore former matched the slip rheology, releasing volatiles without
creating any defects

e) the product proved to be temperature insensitive (minimum thermal
expansion and thermal shock) over the firing range and fused together
during sintering stage to give a strong product with a maximum degree of
porosity

3. Produce ceramic samples for filtration testing and evaluation

Slip preparation: Particle size distribution and its related factor, the packing
density, were fine-tuned with milling processes and resulted in the inclusion
of two ball milled fractions. The milling reduced the dso (average particle
size) from 30 micron to 4 micron as well as increasing the -1 micron (fines)
fraction. The organic carbon pore-former provided additional stability to the

slip as a result of its dilatant rheological properties.

Flow properties: Density and flow measurements were kept within pre-
determined limits to avoid variations that could have resulted in casting

defects.

Forming: Stable slip was poured into plaster moulds and kept full of slip until
the desired wall thickness had been achieved. The forming process was then
stopped by inverting the moulds to remove the excess slip (drain casting). The
high density achieved during casting resulted in the green product stripping

within seconds after casting for overnight drying.
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Pyrolising, burnout and sintering: The two stage firing process gave minimal
defects (less that 5%). Although the process required slightly more
time/energy, the inspection stage built in prior to the second stage of burn-out
and sintering resulted in a reduced reject rate. Sintering was completed with

minimal shrinkage.

Product testing: Physical tests and scanning electron microscope images
provided us with the evidence why this filter is such an effective micro-sieve:

a. Course vesicular structure where the rounded pore spaces are between
2 to 4 micron in diameter with a few micro-pores of submicron size
also visible. These pores provide the main interconnecting channel

ways.

b. The bi-modal pore size distribution provided a combined 7 m? g*
surface area for filtration.

c. The medium k (permeability) value obtained for the high flow type
porous filter translated to 8-10 L h™ filtration rate, making them
suitable for providing sufficient drinking water for an average sized
family.

4. Evaluate the effectiveness of the micro filtration system for removal of
pathogenic bacteria
Two bacteriological techniques were used for the preparation and testing of

influent and effluent from the filter:

a. using naturally occurring water from two streams, samples were
processed using the membrane filter (MF) technique for heterotrophic
count, total coliforms, and faecal coliforms

b. pure cultures of E. coli, S. faecalis and B. cereus were inoculated in

water for the influent water.

Bacteriological testing exceeded all expectations and came close to the
USEPA standards developed for developed countries, exceeded the WHO
recommendation for purification units and provided better protection than
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most of the previously tested low cost ceramic water solutions.

5. Design and create an effective micro filtration systems for household use

Three filter systems were developed benefitting from the small omni-directional,
ultra-fine pores (0.3um) creating capillary suction involving every pore in the

filtration process:

a. High pressure filter: BACOUT
b. Gravity filter (2 bucket system): BACSTER

c. Syphon filter: OUTBAC

7.3 Impact

A micro-porous ceramic water filter with micron size pores was developed using the
traditional slip casting process. This locally produced filter has the advantage of low
cost, less raw materials, less labour, less energy, less expertise and the opportunity
for local financing and innovation. Enhanced flow is obtained through this filter
system. The product was tested using water inoculated with high concentrations of
different bacterial cultures as well as with locally polluted stream water. The filter
was found to be more than effective than other similar low cost filtration units in
providing protection from bacteria and suspended solids found in natural water. With
correct cleaning and basic maintenance this filter technology can effectively give
drinking water to rural families affected by polluted surface water sources.

7.4 Recommendations

Low cost production: Proceed immediately with the initiation of small micro
enterprises for the production of porous ceramic, assembly of OUTBAC water filter,
as well as the marketing and sale of the product to needy communities suffering from

a lack of potable water.

Initiate the process by both providing training in the slip casting technique. Start with
a pilot programme that could provide a model for similar production unit’s through-
out Africa.
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Viral protection: With more than 100 viruses occurring in drinking water, none of the
filters indicated in Table 6.13 could effectively remove viruses. To be 100% effective
further research has been initiated at Unizulu. Initially a two-step treatment is

recommended:

e disinfection by bleach treatment or use of an non-chemically, nano coated
CWF

e physical and chemical removal (bacteria, chlorine) using CWF system

combined with activated carbon

The removal of pathogenic viruses from polluted drinking water is technologically
challenging. The small particle size of viruses (25-200 nm) makes it possible to
remove them using expensive nano-filtration and reverse osmosis, which are not
suitable or affordable on a domestic scale. Viruses do not travel independently in
water, however, but "hitch a ride” on larger host particles such as microbes. Initial
results have shown that the larger hosts, to which the virus is attached, may then be
removed together with the viruses, either, by filtration, or by their inactivation by
incorporation of metallic ions into their enzyme system in a chemical reaction, or by

a combination of the two methods.

Further research is in progress with a silver-impregnated filter tested on water
samples contaminated with Escherichia coli, Proteus mirabilis, Pseudomonas
aeruginosa, for its oligiodynamic effect, as well as somatic bacteriophages. The
ceramic filters reduced the viral count by 94-99%. We believe that, with further
development, our prototype is easily capable of achieving the WHO criterion at

modest additional cost.
WHO recommendations for household purification systems

An added requirement is satisfying the above mentioned recommendation of the
WHO for household water-treatment systems to eliminate 99.99% of microbial
contamination. This is proving to be exceptionally difficult to achieve in poor

countries at a cost they can afford.
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Further testing as required by WHO (2011) standards for household water treatment
systems for correct, consistent and continuous use should be applied to the filter for
certification and will include testing using virus and protozoa reference microbes.

We therefore believe that if implemented on a large enough scale, the improved, low
cost, ceramic filter offers the prospect of providing safe, affordable drinking water
to millions of people in Africa who currently are at risk of waterborne diseases from

microorganisms.
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