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ABSTRACT

Fly ash is a coal waste produced as a result dfamabustion in coal fired power
plants and it is considered as a potential soufcaltominium because it contains
14.8-31 wt% aluminium(lll) oxide in amorphous andllite phases depending on the
coal type. Mullite is a crystalline structure forandy aluminium(lll) oxide and
silicate. The extraction of aluminium from a miaéuwf 31 wt% aluminium(lll) oxide
and silica as well as from fly ash collected frosk&n, Kendal Power Station using
acetylacetone has been studied. A mixture of 31 alt#minium(lll) oxide and silica
was prepared based on the aluminium(lll) oxide Wepgrcentage in the fly ash. The
extraction temperature, reaction time, acetylacettbow rate, fly ash particle size
distribution and bed weight were varied. The extomcwas shown to be dependent
on the reaction time, temperature, bed weight acetytacetone flow rate. The
extraction increased with increasing temperaturenf®0°C to 250°C, 250°C was
chosen as maximum temperature to avoid the decatigpof aluminium(lil)
acetylacetonate. The extraction increased witheesing acetylacetone flow rate
from 2 to 6 mL/min and stabilized at 6 mL/min antk textraction percentage
increased with decreasing bed weight. A maximuné4$% of available aluminium
was extracted from a 31 wt% aluminium(lll) oxidedasilica mixture after 600
minutes at 250C using 6 mL/min acetylacetone flow rate. The esttca from the
fly ash stabilized at about 18% after 360 minute858°C, 6 mL/min acetylacetone
flow rate. The result showed that extraction isetefent on the mineralogy of the
feed material. The result also showed that theigbarsize distribution and the
introduction of nitrogen, a carrier gas, have gnsicant influence on the extraction
of aluminium from the fly ash. A kinetic model wdsveloped and used to model the
extraction results. The model fits the data obwiftem the extraction of aluminium
from a 31wt% aluminium(lll) oxide and silica mixeurat 250°C and 6 mL/min
acetylacetone flow rate well. When used to modélaetion data of a fly ash sample
at similar reaction conditions, the model fits #heerimental results only up to 240
minutes extraction time. The activation energyhs teaction was found to be 11.5
kJ/mol. There is need however to develop a modetiwkakes into account the
influence of temperature and acetylacetone flow.rat



DEDICATION

In the memory of my Father

Shortie William Mpana



ACKNOWLEDGEMENTS

I would like to thank the following persons for th@valuable support during the

completion of my report:

Dr Lizelle Van Dyk; for invaluable input, patiencéme and interesting
discussions during meetings. The presence of tldegdhread in the report
structure and the report structure can also bivatitd to her since it is one of
the first and most important lessons she taught me.

Dr S Ndlovu and Dr V Sibanda for the suggestiory tmade during research
meetings and feedback on the reports.

My mother, Julia Mpana, for her continuous prayése and motivational
messages at the right times.

My siblings, Sello, Moloko, David, Safira, Maphasind Sharon. Mostly
David and Sharon, for encouragement and believinge.

Edmore, for training me on how to use Ultra Viokesible Spectroscopy.
Nuclear Energy Corporation of South Africa and SAARP, for the financial
support throughout my university days.

Alan Shemi, for discussions and information abbatfty ash.

Bruce and Doctor, for helping with glassware armbtatory materials.
Timothy Leedham from Multivalent, for the advice ocalb aluminium
acetylacetonate.

Prof Luke Chimuka, for the discussion we had ab@@ analysis of
acetylacetone.

My friends, Pheladi, David, Lizzy, for making myagt at Johannesburg
interesting.

Lastly, but not least, | would like to thank Godr fyiving me the ability and

perseverance to complete this report.



TABLE OF CONTENTS

DECLARATION L.ttt e et e et e e e e et e e e e amann e e e e aan s [
AB ST RACT it rrrmm ettt e et e e rnnr s ii
DEDICATION ..ttt e et e e e e e e e e b e e e aneaeeeseeesnennnns iii
ACKNOWLEDGEMENTS ..ot earn e e e iv
TABLE OF CONTENTS ..ottt eneenneenns %
LIST OF FIGURES ..o ettt e e e e e e nneeannaes viii
LIST OF TABLES ..ot ettt e et e e et e e e e e bea e e e e ean e X
LIST OF SYMBOLS ... ettt e e e e s eneeeneae s Xil
NOMENCLATURE ...t rmmm ettt eennneeae Xiv
1. INTRODUCGCTION ...ttt e e e eae s 1
1.1 Background and ratioNale ................... e seeeeeeasesseeeaesasseeaeeeeeaeeeeea e e e 1
1.2 Gas phase extraction of aluminium from fly @aShe.............ccccc 2
1.3 ODJECUVES ..o e 5
1.4 REPOIT IAYOUL ...ttt e e+ e e e e e e e e e e e e e e e e e e e aaaaaaaaaaaaaaaaaaaaaaaaans 5
2. LITERATURE REVIEW ...ttt 6
N R o Y- 1] o F PP ORRPRRP 6
2.1.1 Production of ash from coal ............cccccceeeriiiiiiiii e 6
2.1.2 Application of coal fly @sh .........ccccooiimmmmm i, 9
2.1.3 Potential application of coal fly ash ..., 10
2.2 AIUMINIUM oottt e e e e e e e e e e e e s nnneeeee s 12
2.2.1 Industrial production of aluminium ...........ccccciiiiiiiiiiiiiiiine e, 12
2.2.2 Alternative processes for production of aluminium....................... 14
2.2.3 Industrial applications of aluminium ..o, 17
2.3 Gas phase extraCtion PrOCESS ...........utumeemrmemreaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaaans 18
2.4 SUIMIMAIY ..ttt ettt aeee e e e e e e e e e e e ee b e e e e e e eeebtna s aeeaaaeeeeas 19
2.5 Kinetic modeling of the extraction of aluminium fnofly ash....................... 20
2.5.1 Reaction MeChaNISM ........c.oiiiiiiiiiiees sttt e e 21
2.5.2 Mathematical Model ... 23



3.

© N o 0

EXPERIMENTAL . ..ottt 26
3.1 CREMICAIS ...eeiiiiiieeee ettt et e e 26
3.2 RAW MALEIIAIS ... .eueiiiiiiiiee ettt e e e e e e e 28
.21 FIY @SH e ettt aeeas 28
3.2.2  SIlICA SANG ... 29
3.3 A mixture of silica and 31 wt% aluminium(lll) oxide.............ccccccviiinnnnnnn. 29
3.4 Gas Phase Extraction Experimental Set Up ..o, 29
3.5 Experimental Method ..............uueiiiiiiiiceeeeeiiiiiiieiieieeeie e 31
3.6 Experimental ConditioNS ...........coooiiiiiiceeeaciiiiii e 32
3.6.1 Extraction from AjOs and Silica MIXture ..............coeveveviiiiceeccnnnnnes 32
3.6.2 Extraction from fly ash...........ooooo s 32
.7 ANAIYSES ...ttt eeeeee ettt ettt ettt bt et et tatbaette bt e ar ettt arnnneeeeeeeas 33
3.8 Liquid Phase Extraction of Aluminium ..........ccccuuviiiiiiiiiiiiiiiiiiiiiieiieieieens 34
RESULTS AND DISCUSSION.......coiiiiiiiiieeeiieeeeniieeeeessieeee e e s snnaenaesennees 35
4.1 The effect of temperature on the extraction of atuam............................. 35
4.2 The effect of acetylacetone flow rate on the extoac................ccccccvvvnnnnn. 39
4.3 Introduction of a carrier gas to the system (fleedl bed)....................coo. 43
4.4 The effect of the bed weight on the extractionlafranium from fly ash.... 45
4.5 The effect of the bed weight and acetylacetone flaw.............................. 46
4.6 The effect of particle size distribution on theragtion of aluminium from fly
= [T PPPPRTRP a7
4.7 Kinetic Model ... 48
CONCLUSIONS ...ttt eeemee et e inreeeeaa 57
RECOMMENDATIONS . .....ooitiiiiiiiiiee et itaee e e snnaee e e e e nnnaeeeeeannes 59
REFERENCES ...ttt seee e snne e ae e 60
APPENDICES .....ooiiiiiiiiie ettt e e e b e 65
8.1 Appendix A: Determination of Mass Extracted ............ccccccceeeeeriiiiirinnnnn. 65
8.1.1 Extraction Percentage of AlUMinium..........cccceeieiiiiiiiiiiiiiiiniienenee. 65
8.1.2 Density of the fly ash from Kendal Power Station......................... 66

Vi



8.1.3 Amount of acetylacetone required for complete iieact................... 66

8.2 Appendix B: Summary of Experimental ReSultS ..ooovveveviiiiiiiiinnne..... 68

8.3 Appendix C: Experimental set up and standards pa¢ipa......................... 82
8.3.1 Gas Phase Extraction Experimental Set up.....ccceeovvvviiiiiiiiiiinnnnnn... 82
8.3.2 Preparation of Al(acagptandards...............uuevrevreerirreess i eeeeeeens 84

8.4 Appendix D: Determination of aluminium(lll) oxide ithe mullite phase and

the amOrphoUS PRASE ........uviiiiiiiiiiiiicmmmmmmm e 84

Vii



LIST OF

Figure 1:

Figure 2:

Figure 3:
Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

Figure 10:

Figure 11:

Figure 12:

Figure 13:
Figure 14:

Figure 15:

FIGURES

Process flowsheet for production of ahiom(lll) oxide from fly ash
uSing gas phase extraCtion. ............... e eeeeeeeeeee e 3.
Schematic diagram of aluminium extraction
(http://www.encyclopedia.farlex.Com).........ccceeiuiiiiiiiiiiiiiiiiiiiiiiiienene 13
FIy @Sh PartiCleS.......c.cvvvviiiiiiiiieiiiiiiiiiiieieeeeeeeetee e enee e ee e 21
Steps for the formation of aluminium(Bigetylacetonate from
AlumIiNIUM(IT) OXIAE ... 22.

Mechanism of formation of aluminium(ldgetylacetonate from fly ash

Gas phase extraction experimental Set.Up.......ccooeveeeiiiiiiiie, 31
The effect of temperature on the extogctif aluminium at 6 mL/min
acetylacetone flow rate and 50 g of a mixture o aluminium(lll)
OXide AN SIHCA. ... ettt 37

The effect of acetylacetone flow ratetmmextraction of aluminium at

250°C and 50 g of 31 wit% aluminium(lll) OXide......cccecveevereerrvrennne. 40
The effect of acetylacetone flow ratetmextraction of aluminium at
250°C and 50 g flY @SN ...vcveveieceeiceie ettt 41
Comparison of aluminium extraction frélynash and a mixture of silica
and 31 wt% aluminium(l) oXide ...........coiceeeeeeeeeeeee e, 42
The effect of nitrogen flow rate on theraction of aluminium at 251,
2 mL/min and 50 g fly @Sh .........ouiiiiiiiicemeee 44
Effect of the fluidized bed size on éx¢raction of aluminium from fly
ashat2 mL/min and @t 280 ...........ccevveeeeeee e 45
Effect of fluidized bed size and acetgtane flow rate at 22T.......... 46
Effect of PSD on the extraction of aiiomm at 220°C, 2 mL/min and 50
Ofly ash . 48
Comparison of the kinetic model andekperimental data obtained at
250°C, 6 mL/min and 50 g of 31 wt% aluminium(lll) oxide.............. 49

viii



Figure 16:

Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Comparison of the kinetic model and expental data obtained at 220
°C, 6 mL/min and 50 g mixture of silica and 31 witrainium(lIl) oxide

Comparison of the kinetic model and expental data obtained at 190

°C, 6 mL/min and 50 g mixture of silica and 31 wittrainium(lIl) oxide

Arrhenius plot at 6 mL/min acetylacetdlogs rate and 50 g mixture of
31 wt% aluminium(lll) oxide and SiliCa ... eeeeeeeiiiiiiiiiiiiiiiiiiiiiees 52
Comparison of the kinetic model, pr@geckinetic model and
experimental data obtained at Z&Dand 50 g 31 wt% aluminium(lll)
oxide using 6 mL/min acetylacetone flow rate ...............ccccvviviriennnn. 54
Comparison of the kinetic model and expental data obtained at 250

%C, 6 mML/Min and 50 g fly @Sh .....c.oveveereeememeeeeee e 55
Comparison of the kinetic model and expental data obtained at 250

%C using 2 mL/min and 9 mL/min respectively .............ccccceveveeennnee. 56



LIST OF TABLES

Table 1:  Mineralogy of fly ash from Kendal Poweat8in ...............cccccvvvvvvevinnnnns 7
Table 2:  Chemical composition of fly ash from Kehdawer Station................... 8
Table 3:  Properties of acetylacetone.......ccooeeeveeeieiiiii e, 26
Table 4:  Properties of aluminium(lll) acetylacetta...............cccevvvvvvninininennnnnns 27
Table 5:  Properties of aluminium(l) oXide .........ouvvviiiiiiiiiiiiiiiiiiiiiiiiieiiiienn. 21.
Table 6:  Mineralogy of Kendal Power Station fly ash...............cccviiiiiiiiiiinnnes 28
Table 7:  Composition Of SIliCA..........eeuiiece e 29
Table 8:  Variable values of experiments carried.Qut.................oevvvvvvevivineninnn. 32
Table 9:  Variable values of experiment carriedaufly ash.............................. 33
Table 10: Liquid phase extraction of aluminium frélgnash and 31 wt%
aluminium(lll) oxide at various temperatures afté0 minutes............. 36
Table 11: Fly ash particle size distribution ... a7
Table 12: Values of reaction constant and regrassiefficient at different
TEMPEIATUIES ...eeii et e e e e e e e e e e e e e e eeeaesnnas 50
Table A. 1: Determination of fly ash denSsity ..., 66
Table A. 2: Mass balance of 1 mole;®} reacting with 6 moles acetylacetone........ 66
Table B. 1: The extraction of Al from 50 g 31 wt%@; and silica at 208C and 6
ML/Min acacH flOW rate/...........coooiiiiiiieeee e 69
Table B. 2: The extraction of Al from 50 g 31 wt%B; and silica at 208C and 6
ML/min acacH flOw rate..........c.ouviiiiiiii e 70
Table B. 3: The extraction of Al from 50 g 31 wt%@; and silica at 226C and 6
ML/min acacH flow rate..........c.oueviiiiiii e 71
Table B. 4: The extraction of Al from 50 g 31 wt%@; and silica at 256C and 6
ML/Min acacH floW rate..........oooveiiiiiiiiceeee 72
Table B. 5: The extraction of Al from 50 g of a ruire of 31 wt% AJO; and silica at
250°C and 9 mL/min acacH flow rate............c.oceeerevveeeees e 73
Table B. 6: The extraction of Al from 50 g of axtuire of 31 wt% AJO3 and silica at

250°C using 2 mL/min acacH flow rate............coceeevevrveeeeenenensennns 74



Table B.

Table B.

Table B.

Table B.

Table B.

Table B.

Table B.

Table B.

Table B.

Table B.

Table B.

Table B.

7: The extraction of Al from 50 g fly aah250°C using 9 mL/min acacH

FIOW FALE....c e e 75
8: The extraction of Al from 50 g fly aah250°C & 6 mL/min acacH flow

L et ———— e e re e 76
9: The extraction of Al from 50 g fly aah250°C & 2 mL/min acacH flow

L et ———— e e re e 76
10: The extraction of Al from 50 g fly a8h220°C & 2 mL/min acacH

FIOW FALE....c e e 77
11: The extraction of Al from 30 g fly a8h220°C & 2 mL/min acacH

FIOW L@, e 77
12: The extraction of Al from 70 g fly a8h220°C & 2 mL/min acacH

FIOW L@, e 78
13: The extraction of Al from 100 g flyheat 220°C & 4 mL/min acacH

FIOW L@, 78
14: The extraction of Al from 100 g flyheat 220°C & 6 mL/min acacH

FIOW L@, e 78
15: The extraction of Al from 50 g fly aah220°C & 2 mL/min acacH

flow rate and -75 M PSD ....ccoooiiiiiii i, 79
16: The extraction of Al from 50 g fly a8h220°C & 2 mL/min acacH

flow rate and -150 pm +75 UM PSD ....ooooiiiiee e 80
17: The extraction of Al from 50 g fly aah250°C & 2 mL/min acacH

flow rate and 10 ML/MIN NItFOGEN...........c i 80
18: The extraction of Al from 50 g fly aah250°C & 2 mL/min acacH

flow rate and 20 ML/MIN NItFOQEN...........oo i 81

Xi



LIST OF SYMBOLS

Symbols Units Names
Cq Ppm Concentration of Al(acag)in the diluted
solution
Cacach mol Initial concentration of gas reactant
l-min
Ce ppm Concentration of the sample
kq Rate constant due to the reaction of acacH
and aluminium(lIl) oxide
k, Rate constant due to removal of products
n mol Number of moles
My, g Mass of aluminium
M3, g Initial mass of aluminium
Mgy ash(1-8) g Mass of aluminium(lll) oxide in fly ash
M](”)lyash(l—ﬁ) g Initial mass of aluminium(lll) oxide in fly
ash
R J/(mol - K) Ideal gas constant
T Rate of the reaction
7 Rate of the removal of products
¥ Rate of the consumption of aluminium(lll)

oxide

Xii



S m?/g Surface area
t minutes  Time
Upyf m/s Velocity at minimum fluidization
Q ml/min  Volumetric velocity
Wy, g/mol Molar mass of aluminium
Wi, o, g/mol Molar mass of aluminium(lll) oxide
Xa1 % Mass fraction of aluminium
Greek symbols
a; Fraction of the surface area
oy Fraction of the surface area
m Amorphous factor
1-6 % Weight percentage of AD; in fly ash

Xiii



NOMENCLATURE

Abbreviations

Names

acacH

acac

CvD

MOCVD

Acetylacetone
Acetylacetonate anion
Chemical Vapour Deposition

Metal Organic Chemical Vapour Deposition

Xiv



1. INTRODUCTION
1.1 Background and rationale

Aluminium is the third most abundant element in #ath’'s crust and the most
common metal. It is usually alloyed with other edts such as silicon, copper or
magnesium. Pure aluminium is not very strong afayialg adds to its strength. The
aluminium demand has increased mostly in emergountries, driven by greater
urbanization and it was estimated at 4% global dehgaowth in 2010 (Novelis Inc,

2010). Bauxite is the principal ore for the prodoctof aluminium metal via a two-

stage process that involves, firstly the refinifigpauxite to aluminium(lll) oxide by a

wet chemical caustic leach process (the Bayer psjand secondly the electrolytic
reduction of aluminium(lll) oxide to aluminium météhe Hall-Heroult process)

(Green, 2007).

World reserves of Bauxite were estimated at 270@0nV2008 (Bray, 2009). If an
annual Bauxite production growth rate of 5% is ¢deed, the current known
reserves of 27000 Mt will be exhausted within thextn20 years. One of the
aluminium industry’s long term targets is to reaoauminium from other sources.
One such alternative resource is fly ash as in@®an to contain about 14.8-31 wt%
of aluminium(lll) oxide (in amorphous and mullitehgses) depending on the

precursor coal type.

Fly ash is a predominantly inorganic residue olgtdifrom the flue gases of boilers at
coal power plants. When coal is burnt in pulverizamhl boilers, the minerals
contained in the coal are thermally transformed oitemical species that are reactive
or could be chemically activated (Landman, 2003kdm, a major power utility in
the Republic of South Africa, is a major producérfly ash. Eskom produced
approximately 36.7 million tonnes of fly ash in 2068f which only 2.1 million tonnes
(5.7%) were used (Vadapalli et al., 2010). In thald/only 20% to 40% of the fly
ash produced is used for productive purposes sschnaadditive in cement. The

remaining amount of fly ash produced annually naister be disposed in controlled

1



landfills or waste containment facilities. Numerotesearchers are investigating
economical ways to use the higher volumes of fly asd to convert fly ash into
valuable products at low cost. One of the economisas of fly ash is the extraction
and recovery of its mineral contents. Fly ash dostalements such as aluminium,
iron, silicon, calcium, chromium, magnesium, maregmand titanium. There is no

commercial process for the extraction of mineradsnffly ash.

The conventional Bayer process for the recoveryaloiminium(lll) oxide from

bauxite cannot be used for the extraction of aliummnfrom fly ash due to the high
silica content (22-61 wt%) in fly ash as compam@d8 wt% silica content in bauxite
(Adrian and McCulloch, 1966). Due to the high sil@ontent (22-61 wt%) in fly ash,
removal of silicon species from the aluminate sotutprior to the precipitation of

AI(OH)3 is a major concern if the Bayer process is todresiclered.

An alternative process therefore needs to be dpedlofor the extraction of
aluminium from fly ash. The product of such a pssevould be aluminium(lll)
oxide and the challenge would lie in the fact #datinium smelters require iron free
aluminium(lll) oxide with a purity of at least 98wWt%. The research work presented

here will focus on one such an alternative procefied gas phase extraction.
1.2 Gas phase extraction of aluminium from fly ash

The process flowsheet for the recovery of alumirflijnoxide from fly ash using

acetylacetone in gaseous phase is shown in Figure 1
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Figure 1:  Process flowsheet for production of alunmium(lll) oxide from fly
ash using gas phase extraction.

Evaporated acetylacetone is mixed with hot nitroged fed to a fluidized bed
reactor. A mixture is passed through a bed of fh at the required reaction
temperature maintained. The acetylacetone readts the aluminium(lll) oxide in
the fly ash to form aluminum(lll) acetylacetonaléhe reaction between gaseous
acetylacetone and aluminium(lll) oxide can be \ritas follows:

AL 035 + 6H(CsH707)(g) = 2AL(CsH702)3(,y + 3H20(y) 11

The reaction is environmentally friendly as waterthe only by-product and the
unreacted acetylacetone can be recycled to théorediitrogen is used as carrier gas
to remove volatile aluminium(lll) acetylacetonaterh residue gangue (Potgieter et
al., 2006). Nitrogen is separated from aluminiuth(kcetylacetonate and it is
recycled. Iron(lll) oxide is present in the fly asind it reacts rapidly with
acetylacetone (Allimann-Lecourt et al., 2001).

However, aluminium(lll) acetylacetonate can be saga from iron(lll)

acetylacetonate through crystallization as these tomplexes have different



crystallization temperatures, 180 and 16(°C, respectively. The recovered iron(lll)
acetylacetonate can be sold separately as it & foseseveral industrial applications,
alternatively it may be converted into iron and tgleeetone by reduction with

hydrogen (Potgieter et al., 2006).

After the extraction using acetylacetone the proddeminium(lil) acetylacetonate
can be sold separately or it can be convertedutmiaium(lll) oxide by metal organic
chemical vapour deposition (Pflitch et al., 200fgB and Shivashankar, 2002 &
Troester et al., 2005) as indicated by the dottedslin Figure 1. Aluminium(lll)

acetylacetonate is decomposed into aluminium(ldide and acetylacetone in the
presence of oxygen. Acetylacetone is recycled bckhe extraction process.
MOCVD produces an aluminium(lll) oxide with a pyrigreater than 99% and 0%

iron acceptable for use in the aluminium smelters.

As mentioned previously, the aluminium(lll) acetgtonate can also be sold to

various industries for the following applications:

» Catalysis and synthesis

* Adhesive tape for sealing window flanges in automesb (Boehm and
Krupke, 2006),

» Translucent flame-retardant tapes and manufadereof (Kavature, 2007).

» Skin adhesive compositions for electrode patchesistlermal patches and
adhesive tapes (Kamiyama and Quan, 2006).

e Aluminium(lll) oxide thin films prepared by chemioczapour deposition from
aluminium(lll) acetylacetonate (Maruyama and A2409),

» Organometallic vapour deposition of crystallinenaimium(lll) oxide films on
stainless steel substrates (Pflitch et al., 2007),

» Fabrication of transparent alumina nano fiberslbgteospining (Azad, 2006).

« MOCVD of environmental barrier coatings for ceranmmatrix composites
(Troester et al., 2005),

» Coating materials for forming anti-reflecting traasent thin films (Hosono et
al., 2007).



The main focus of this study is the extraction ainanium as aluminium(lll)

acetylacetonate using acetylacetone.
1.3 Objectives

Numerous research efforts are devoted to the @dmaof aluminium from Bauxite
ore and other alternative sources of aluminiumhsag kaolin clay and fly ash. The
present study aims to extract aluminium from flj asing acetylacetone in gaseous

phase. The following objectives have been set:

* To investigate the effect of acetylacetone flowerain the extraction of
aluminium from fly ash.

» To investigate the effect of temperature on theaetion of aluminium from
fly ash.

» To investigate the effect of bed size (mass) onetkteaction of aluminium
from fly ash.

* To investigate the effect of carrier gas (flow yate extraction of aluminium
from fly ash.

* To derive a kinetic model for the extraction ofralnium as aluminium(lIl)

acetylacetonate using acetylacetone in the gaephas
1.4 Report layout
The structure of the report is as follow:

Chapter 2 is the literature review which presenésgroduction and application of fly
ash, industrial production and application of aloinin, fly ash as source of
aluminium and gas phase extraction process. Ch8pgeesents the chemicals and
raw materials used and describe the experimentap ssad equipment used. Chapter
4 presents the experimental results and discusai@ha comparison of the data with
the developed model for gas phase extraction. @h&psummarized the conclusions
of the study, whilst Chapter 6 gives the recommegadsa of the future work to be

carried out. A list of references and appendicesgaren at the end of the report.



2. LITERATURE REVIEW

2.1 Fly ash

Fly ash is a predominantly inorganic residue olgtdifrom the flue gases of boilers at
coal power plants. When coal is burnt in pulverizamhl boilers, the minerals
contained in the coal are thermally transformed oitemical species that are reactive

or could be chemically activated (Landman, 2003).
2.1.1 Production of ash from coal

Coal used for the generation of electricity is puised into a very fine dust before
being fed into the boilers to ensure efficient costmon. Almost 90% of ash
produced in the generation process is called fly @spulverised fuel ash (Eskom
annual report, 2010). The larger particles of thie @e called coarse ash, which make
up the rest of ash produced at the power statiaarse ash drops down from the
furnace and is collected at the bottom in the agbphr of the boiler. The fly ash is
removed from the flue gas stream by means of elgtettic precipitators. The fly ash
and coarse ash are mixed and stored in the ash a@adh&ndfills (Eskom annual
report, 2010).

The characteristics of fly ash differ dependingtba source of the coal used in the
power plant and the method of combustion. Fly ash be approximated as an
aluminosilicate glass and can be used like othenerals. The amorphous
aluminosilicate nature of fly ash makes the chehstacture of fly ash difficult to
characterize, but also very versatile, since tlesgyl phase reacts first before the
crystalline phase and also goes into solution firshdman, 2003). The mineralogy
of fly ash is closely related to the minerals corgd in the coal. Different minerals

within the fly ash have been identified using X-chffraction.



Table 1: Mineralogy of fly ash from Kendal Power Sation

% composition
Mullite (3A1,052Si0,) 30.68
Quartz (SiQ) 13.97
Hematite (FgO3) 0.8
Magnetite (FgD,) 1.65
Amorphous 52.9

The common phases in fly ash are glass (amorphoud)ite, quartz, magnetite,
hematite and anhydrite. The mullite present inaiy is formed by the decomposition
of kaolinite which is contained in the coal. Mudlits a crystalline structure formed by
alumina and silicate, and it has a chemical forn8#d,0;-2Si0,. Quartz has a
chemical formula Si@ Hematite is the mineral form of iron(lll) oxid&€&0s3). The
magnetite referred to in Table 1 should be classifis ferrite, due to the different
rates of substitution of ferrous and ferric ions dtyer ions, such as chromium,
manganese, cobalt, nickel and zinc (Hulett & Weigbg 1980). A hard glassy
mineral occurring as octahedral crystals of vagatlor and consisting mostly of
magnesium and aluminium(lll) oxides, containingnirchromium and nickel impart
magnetic properties of magnetite to approximat&%f the particles. This leads to
the concentration of these elements in these dnastand makes fly ash a valuable

ore for these metals (Landman, 2003).

The chemical compositions vary for different fljhasamples. Four major elements,
silicon, aluminium, iron and calcium, constitutes ttnajor part of the fly ash. X-ray
fluorescence is mainly used to determine the coitipoof fly ash. The composition
of Eskom Kendal Power Station fly ash given in Bak? was obtained

experimentally.



Table 2: Chemical composition of fly ash from KendaPower Station

Compound wt% Composition
Sio, 56.14
Al,O; 30.52
CaO 5.03
FeO 3.23
F&0; 0.40
TiO, 1.67
MgO 1.43
P,Os 0.60
K,0 0.71
MnO 0.03
Na,O 0.24
Cr,0s 0.03
NiO 0.01
L.O.l 1.43

The major elements silicon, aluminium, iron andccah constitutes 95.32 wt% of
the total weight (Table 2). L.O.l in Table 2 is tloss of ignition. Loss on ignition
measures the amount of moisture or impurities\wigtn the sample is ignited under
conditions specified. It can be seen that fly asttains a high silica content of 56.14
wt% for ESKOM, Kendal Power Station fly ash. It o be seen that iron exists as

both ferrous and ferric ions and it contains 3@%% of aluminium(lIl) oxide.

When comparing fly ash with the principal sourceabfminium, bauxite; fly ash is
the ore that contains the second highest contenalwhinium(lll) oxide. The
aluminium(lll) oxide in fly ash differs to aluminm(lll) oxide in bauxite due to the

difference in the mineralogy of fly ash and bauxite



The worldwide production of fly ash was estimate@@0 million tons in 2010 and it
was anticipated to be 2000 million tons in 202@ierdo et al., 2009 & Malhotra et
al., 2002). Only 20% to 40% of the fly ash produwsextidwide is used for productive
purposes, such as an additive in cement. The remgaamount of fly ash produced
annually must either be disposed in controlled filledor waste containment
facilities. Fly ash causes environmental problenssich as ground water

contamination, spills from bulk storage, etc.
2.1.2 Application of coal fly ash

Fly ash is classified as the sixth most abundasbukee in the United State of
America (Landman, 2003). The use of coal as themgor of electricity is increasing
worldwide, thus increasing the production of fijhaBue to the problems caused by

fly ash the application of fly ash is vital. Listedlow are some of the uses of fly ash.

* The most common use of fly ash is in the cemenistigl, where the presence
of fly ash adds strength to concrete. Fly ash exuss cement extender in the
manufacture of building material, such as panet$ lamards. In general fly
ash reduces the water consumption of cement, ipesethe setting time,
reduces the heat of hydration and add long termngth to the cement
products (Landman, 2003).

* Fly ash improves corrosion protection by decreasiogcrete permeability.
Fly ash can reduce the rate of ingress of water @rdosive chemicals;
therefore protecting steel reinforcements from @sion.

* Fly ash fineness and spherical shape makes flyaasieffective filler in
improving the rheologycal behaviour of fresh certents mixtures,
increasing its workability (slump) and pumpabilityhile reducing the risk of
bleeding and component segregation during moul(Begry et al., 2009). Fly
ash is used as a major ingredient in the manufadtwf ceramic tiles due to
the mullite and quartz in the non-magnetic fractdrly ash (Mishulovich &
Evanko, 2003 and Zimmer & Bergmann, 2007).



* Fly ash is used as an adsorbent for the uptakegainec compounds from
petrochemical waste effluents. The availabilityexpensiveness and its
adsorption characteristic had made it an alteraatmedia for the removal of
organic compounds from aqueous solution (Bada &giBder-Vermaak,
2007).

* Fly ash is used as soil modifier and nutrients 8apfor upgrading soil for its
use in agriculture and to improve the productiortepbtal. It improves
permeability status of soil, fertility, soil texeirwater holding capacity and
porosity, soil aeration, and reduces bulk densitgad, crust formation, and
provides micro nutrients, such as iron, zinc, copperon, etc, and macro
nutrients, such as potassium, phosphorus, calcimagnesium, etc (Aktar,
2007; Arivazhagan et al., 2011 & Basu et al., 2009)

* Fly ash is used for the synthesis of zeolites &edzeolite formed from fly
ash cover a substantial range of the known stredturzeolites (Vadapalli et
al., 2010 & Landman, 2003). Mullite is the leasdateve component in fly ash

during the formation of zeolites, while the glagsige reacts first.
2.1.3 Potential application of coal fly ash

Due to its chemical composition, fly ash is constdeas a valuable resource and
research has been carried out on fly ash, in daléacilitate its application to new
and innovative areas of economic interest. Onénefeiconomical uses of fly ash is

the extraction and recovery of its mineral contents
2.1.3.1 Extraction of heavy metals from fly ash

Seidel and Zimmels (1998) used sulphuric acid toaek aluminium and iron from
fly ash and studied the mechanism and kinetichefextraction of aluminium and
iron. They showed that in the extraction processtigles follow the shrinking core
model with respect to the formation of unreactedecthnat is encapsulated by a

leached, porous, layer.
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Allimann-Lecourt and co-workers, (2002) have useetyacetone, bis-(pentane-2,4-
dionato) propan-1,2-diimine and tetra-iso-propylsiphosphoramide to extract iron,
vanadium, lead, nickel, copper and zinc from ddferfly ash samples. Prasad and
Mondal (2008) extracted zinc, iron, manganese, mium, lead, copper, nickel and
chrodium from Indian fly ash using sulphuric acithey showed that the metals
extraction efficiency differs with respect to thge fly ash sample used. The metal

extraction was shown to increase with a decreaggHon

Luo and co-workers (2009) used synthetic ammonisedbawet fine gas
desulfurization conditions to extract iron from fgh. They showed that extraction
increased with the reaction temperature, and vidmwdtequency and the decrease of
the pH value and liquid/solid ratio. There resalggee with the work done by Prasad
and Mondal (2008). Nayak and Panda (2009) usedhsttp acid to extract
aluminium, iron, calcium, titanium, potassium, sodi and magnesium from the
Talcher thermal power station fly ash. They exwdca maximum of 41.30%
aluminium and 53.0% iron from raw fly ash, while fila and co-workers (2005)
achieved a limit of 24% aluminium extraction froewr fly ash generated from low
rank bituminous South African coal. These resutididate that the degree of

extraction of metals depends on the extractant.used
2.1.3.2 Challenges encountered when leaching fly ash

The metals in fly ash that are in the mullite phake not readily dissolve in
mineralized acids such as nitric acid, hydrochl@wed or sulphuric acid (Matjie et
al., 2005). This makes fly ash a complex resoufceetals. Numerous researchers
have used sintering processes to overcome thideogal Fly ash particles are
pelletized before sintering at 88G to 1200°C. The main purpose of sintering is to
destroy the crystalline mullite phase (3@4-2SiQ) releasing free aluminium(lil)

oxide that is available to be leached (Matjie et2005).

The aluminosilicate reacts with calcium oxide tonioglassy phases such as calcium

silicate (CaSibOg) and calcium aluminate (galsO,,) during the calcination of the
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pellets prepared with lime, fly ash and washed ¢biakt al., 2009). The reactions
occurring during the sintering of pelletised flyha elevated temperatures are:

(3Al303 '25102) + 5Ca0 - Ca25i206 + CagAl6012
2.1

(3Fe305 - 25i0,) + 5Ca0 - Ca,Si,04 + CazFeg0y,
The extraction efficiency increases for sintergoefth pellets. Matjie and co-workers,
(2005) improved the extraction efficiency of alumim from 20% achieved from raw
fly ash to 85% achieved from sintered fly ash pelldi and co-workers (2009)
extracted 94.60% iron and 86.50% aluminium frontesed boiler slag pellets. These

results agree with work done by Matjie and co-woskK@005).
2.2 Aluminium

Aluminium is the most widely used non-ferrous matalthe world. It is usually

alloyed with other elements due to its lighter digns
2.2.1 Industrial production of aluminium

The industrial process for aluminium productiorgigen by Figure 2. It is a step by
step illustration from the mining of the bauxiteedo the production of aluminium
metal. Bauxite is the principal ore for the prodoct of aluminium metal.
Aluminium(IIl) oxide constitutes 26 to 60 wt% of ipdte (Grafe et al., 2009).
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bauxite being mined bauxite is crushed sodium hydroxide added
o into small pieces W  and this, with the addition
P 28ee of heat and high pressure,
~ "= breaks down the bauxite

crystals of aluminium
oxide form on cooling <

crystals reheated to
form a powder

carbon anode

aluminium oxide is
dissolved in cryolite

¥

crucible

_molten electrolyte
- carbon cathode
lines the cell

—molten aluminium
collects at the cathode

Figure 2:  Schematic diagram of aluminium extraction
(http://www.encyclopedia.farlex.com)

Aluminium metal is industrially produced via a twtage process that involves, firsly
the refining of bauxite to aluminium(lll) oxide by wet chemical caustic leach
process (the Bayer process) and secondly the @lgatrreduction of aluminium(lll)

oxide to aluminium metal (the Hall-Heroult proce&ge Figure 2).
Bayer process

Crushed bauxite is dissolved in sodium hydroxidiitgm at typical temperatures
ranging from 140-286C (Green, 2007). Alumina and silicon oxide in theuxite
dissolve in the sodium hydroxide to yield the solitof aluminium(IV) hydroxide
and silicate i (OH)¢™) precipitates. This solution is clarified to remeowall the
impurities. The precipitateli (OH)¢~and undissolved impurities from the digestion
stage are filtered and stored in the huge lago@nsef, 2007). The clarified solution
is cooled and seeded with aluminium hydroxide tonfehe precipitates ofl(OH);.
The aluminium hydroxide precipitates are heatetemiperatures above 108G to

yield aluminium(lll) oxide. This process is calldge calcination process and it must
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be carefully controlled since it dictates the phgkiand chemical properties of the

final product.
Electrolytic reduction

Approximately 90% of the aluminium(lll) oxide procked is smelted in the Hall-
Heroult process in order to produce aluminium métweyer, 2004). The chemical
bonds of aluminium(lll) oxide are broken into alumioim metal and oxygen through

electrolytic reduction.
Limitations of the Bayer process

The conventional Bayer process for the recoveryaloiminium(lll) oxide from

bauxite (4-8 wt%) involves the dissolution of almmim(lll) oxide and trace amounts
of silica in sodium hydroxide. Due to the highalicontent (22-61 wt%) in fly ash,
removal of silicon species from the aluminate sotutprior to the precipitation of
Al(OH)3 is a major concern if the Bayer process is to tesidered (Adrian and
McCulloch, 1966). Thus, Bayer process can only $eduo recovery aluminium(lil)

oxide from low silica content aluminium sources.
Bauxite reserves

The current annual production of bauxite was edgchat 211 Mt in 2010. The
reserves of Bauxite were estimated at 27000 MtO@82(Bray, 2009). If an annual
Bauxite production growth rate of 5% is consideri, current known reserves of
27000 Mt will be exhausted within the next 20 yedtss therefore important to
develop new technologies for the extraction of alwam from alternative sources

such as fly ash, kaolin clay and recycled aluminarabs (Meyer, 2004).
2.2.2 Alternative processes for production of aluminium

There are a number of research initiatives culyamiderway to produce aluminium

from alternative sources of aluminium. These inetud
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2.2.2.1 Kaolinite Technology

Kaolinite technology is a process whereby aluminismproduced by the reduction of
aluminium(lll) chloride. The raw material used mg process is kaolin clay. Kaolin
clays contain kaolinite which is composed of hyddagluminium silicate, titanium

dioxide and other materials. Green (2007) propdbkat the thermodynamics of the
Kaolinite process provides higher-conversion reactvith lower electrical demand
as compared to the Hall Heroult and the Carbotlermpnocesses. The kaolinite
process takes places in two steps, namely carlmwichtion and electrolytic

reduction.
Carbo-chlorination

The carbo-chlorination step is a catalyzed exotiereaction of calcined clay with
chlorine and coke to produce aluminium(lll) chl@idAluminium(lll) chloride must
be purified for easy operation of the electrolyteduction cells and for the final

aluminium quality.
Electrolytic reduction

An aluminium(lll) chloride smelting cell is used cant comprises of a stack of
horizontal bipolar graphite electrodes between thikke aluminium chloride is
converted into high-grade aluminium and chlorine.g@hlorine gas produced is

recycled back to the carbo-chlorination step (Gree07).

2.2.2.2 Recycling of Aluminium

Recycling of aluminium is a major consideration ¢ontinued aluminium use,
representing one of the key attributes of aluminmgtal, with economic, ecological,
environmental and social implications. More tharthad of all the aluminium
currently produced globally originates from recggliand more than half of all the
aluminium currently produced in European Union iodges from recycled

aluminium (International Aluminium Institute, 2009)
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Aluminium scraps, such as aluminium cans are daltt@nd serves as source of
aluminium. The aluminium recycling industry incledeoth refiners and re-melters to
transform aluminium scrap into standardised aluammiln 2007, 18 million tonnes
of recycled aluminium was produced from aluminiwraps, while 38 million tonnes
of aluminium was produced through electrolysis e tsame year (International
Aluminium Institute, 2009). Recycling aluminium aps is less expensive and energy
intensive than producing aluminium through elegis@™ of aluminium(lll) oxide. It

requires only 5% of the energy used in the elegsislof aluminium(lll) oxide.
2.2.2.3 Extraction of aluminium from fly ash

Numerous researchers have studied the extracti@uaiinium from fly ash using

inorganic acids, such as sulphuric, hydrochlorid aitric acid.
Direct leaching of aluminium

The direct leaching of fly ash with sulphuric asidlution (6.12 mol d) at a solid
to liquid ratio of 1:4 yields an extraction effiaey of 12-24% AJO3 even after 6
hours of leaching under reflux (Matjie et al., 2pBansen et al., 1966). Matjie et al.,
(2005) proposed that this is due to the highergregege of aluminium(lll) oxide in
fly ash consisting in the crystalline mullite phaseaking it inaccessible to react with
the acid.

Allimann-Lecourt and co-workers, (2002) used a@agtone, bis-(pentane-2,4-
dionato) propan-1,2-diimine and tetra-iso-propyldiphosphoramide to successfully
extract iron, vanadium, lead, nickel, copper amd Ziom difference fly ashes.

Indirect leaching of aluminium

Fly ash was pelletised and sintered at elevateghéestures by Torma, (1983) and
Matjie et al., (2005). The main objective of simegrstep is to break the crystalline
mullite phase (3AI03:2SiQ) presenting free AD; that is available for leaching. The
aluminosilicate reacts with calcium oxide to forfagpy calcium silicate and calcium
aluminate during the calcination of the pelletspared with calcium oxide, fly ash
and fine coal (Torma, 1983; Matjie et al., 2005péa & Stoll, 1982). Matjie and co-
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workers, (2005) used sulphuric acid to obtain 89&tnaium extraction during the
leaching of the sintered pellets (50% Fly ash: 4fige coal: 10% CaO) with
sulphuric acid at solid to liquid ratio of 1:3 aB@ °C for 8 hours from SASOL fly
ash. Betterr aluminium extraction can be achieveth a sintered fly ash sample

compared to that from raw fly ash.

2.2.3 Industrial applications of aluminium
Aluminium is used industrially for the following plications due to its properties:

« It is a very light metal with a specific weight 8f7 g/cni. This makes it
suitable to be used in vehicles to reduce deadhweigd energy consumption
while increasing load capacity. It is also usedhia construction for aircraft
(European Aluminium Association, EAA, 2002).

* It is strong when alloyed. Magnesium, silicon, cep@nd zinc are most
commonly used alloying elements in aluminium whiive sufficient solid
solubility. High purity aluminium has a very loweyd strength (7-11 MPa),
but can be strengthened by solid solubility handgnMagnesium is the most
effective strengthener on a weight basis due thigh solubility (Udomphol,
2007).

» Itis an excellent conductor of both heat and elgty and due to its weight is
almost twice as good a conductor as copper. Thust mmjor power
transmission lines use aluminium.

» It resists corrosion because of the strong thieday aluminium(lll) oxide on
its surface. This layer can be strengthened furthgr anodising the
aluminium.

» Itis recyclable and when recycled there is no degtion in the properties and
recycling requires only ~ 5% of the input energguieed to produce primary
aluminium metal. Currently about seven billion pdsnof aluminium are

recycled annually and ceramic-based materials aexl un the melting,
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holding, transfer and forming of recycled aluminiiumthe same ways they
apply to processing of shapes of primary alumin(&icherson, 2006).

* It is non-toxic and also does not release any swiedin it is in contact with
other materials. This makes it suitable for usepatkaging for sensitive
products such as food and pharmaceuticals wheseisted as foil.

» ltis a good reflector of visible light as well beat and that together with its
low weight makes it an ideal material for reflestan light fitting or rescue
blankets (Green, 2007).

2.3 Gas phase extraction process

Gas phase extraction is an emerging technologyhirextraction of heavy metals
from matrices such as a low grade ore, soil sedirmed industrial waste, by using a
volatile organic reagent (Allimann-Lecourt et d1999). The volatile organic reagent
passes through a heated feed material and redetdivsgly with the metal to be

extracted. The metal to be treated must be preseoxides, hydroxides or sulphides,
because the organic chelating reagents are weals d8ilimann-Lecourt et al.,

2002). Products of the reaction are volatile metahplexes which can be removed

from the residual solids by a carrier gas.

These complexes can then be reduced in the vasepb produce a metal product
and regenerate the organic reagent for recyclingreated by dilute mineral acid to
decompose the complex and following separatiornefliguid phase both the metal
and organic extractant can be recovered by ap@tepieéchniques (Allimann-Lecourt
et al., 2002; Potgieter et al., 2006 & Van Dyklet2010).

Allimann-Lecourt and co-workers (2002) used gassphextraction to extract iron,
vanadium, lead, nickel, copper and zinc from flyhess using acetylacetone, bis-
(pentane-2,4-dionato) propan-1,2-diimine and tetoapropyldithiophosphoramide.
They extracted 18.7% iron, 18.6% vanadium and 13&#6mium at 136C to 235

°C after 120 minutes. They also showed that by dnanthe ligand used one can

selectively extract some metals while others renmathe solid matrix.
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Potgieter and co-workers (2006) investigated thiecefof temperature on the
extraction of aluminium, iron, vanadium and chromifrom their oxides mixed with

silica using gas phase extraction and acetylacetsna ligand. They successfully
extracted more than 60% of each metal.

Van Dyk and co-workers (2010) studied factors saglemperature, ligand flow rate,
mass percentage of iron(lll) oxide that affects ghsse extraction of iron on a
mixture of iron(lll) oxide and silica in a fluidikebed reactor. They showed that
temperature, ligand flow rate and iron(lll) oxideass percentage influence the
extraction of iron.

The volatile metal complexes formed can be usedasalysts in a wide variety of
organic transformations, such as polymerizatiomrbgenation, isomerisation. They
are also used to produce the nano particles ofl oeides (Pflitch et al., 2007; Singh
and Shivashankar, 2002 and Troester et al., 200%. production of metal oxides
from their acetylacetonates occurs by metal orgamemical vapour deposition
(MOCVD) where the metal complexes act as the pemgar and has been
demonstrated for the acetylacetonates complexesraof(lll), aluminium(lil),
chromium(lll) and nickel(ll) (Siddiqui, 2009, Pal &haron, 2000). The metal oxides
produced by MOCVD have been found to be of hightpuPr99%), thus the gas

phase extraction process can be used to produeenmial oxides.
2.4 Summary

Fly ash is a coal waste produced when coal is barmulverized coal boilers. In

2010 approximately 900 million tons of fly ash wasduced worldwide and only 20
to 40% of fly ash produced was used and the restased in the storage dams,
landfills which causes environmental and ecologmablems. These problems can
be solved if an industrial process which uses largeimes of fly ash can be

developed. Extraction of heavy metals from fly asin be one of the industrial
processes to utilize large volumes of fly ash siiig@sh contains minerals, such as

aluminium, iron, silicon, calcium, chromium, mages, manganese and titanium.
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Fly ash is an alternative source of aluminium bseaticontains about 14.8-31 wt%
(in amorphous and mullite phases) of fly ash (ddpenon coal type). Thus, the
extraction of aluminium from fly ash can presemiesav industrial use of fly ash.

Due to the high silica content in the fly ash tlmaeentional Bayer process for the
recovery of aluminium(lll) oxide from bauxite carinee used for the recovery of
aluminium(lll) oxide from fly ash. A new procesdled gas phase extraction process
which is a promising emerging technology for thdrastion of metals from low
grade ore, soil sediment and industrial waste wimcludes fly ash is proposed for
the extraction of aluminium from fly ash using atetetone as a ligand.
Aluminium(lIl) acetylacetonate is the product oetbxtraction process and it can be
used for the recovery of aluminium(lll) oxide thgtumetal organic chemical vapour
deposition (MOCVD). Aluminium(lll) oxide producedhrough MOCVD is of
highest purity (>99%) and would be suitable for #leminium smelters for the
production of aluminium metal. Alternatively alurim(lll) acetylacetonate can be

used as a catalyst, adhesive tape and for theesatbf thin films.
2.5 Kinetic modeling of the extraction of aluminium from fly ash

Fly ash is a heterogeneous material. The extradfi@uminium depends not only on
the chemical composition of fly ash, but largelyimmmineralogy. XRD have showed
that fly ash contains aluminium(lll) oxide in batlbn-crystalline amorphous (ADs)
and crystalline mullite (3AD;-2SiQ) phases. Figure 3 is a graphical illustration of
the fly ash particles with aluminium(lll) oxide Iogj represented by the dark colour

for both amorphous and mullite phases.
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Figure 3:  Fly ash particles

Aluminium(lll) oxide in the mullite phase formedcaystalline structure with silicon

dioxide. Matjie and co-workers (2005) suggested #laminium(lll) oxide in the

mullite phase does not reacts with acids. Hence,sitassumed that only

aluminium(lll) oxide in the amorphous phase papite in the reaction.

2.5.1 Reaction Mechanism

The following steps are assumed (Szekely et ar6)1L9

Acetylacetone, from the bulk of gas stream difftessehe gas film.
Acetylacetone diffuse through the gas film to theface of fly ash solid
particles.

Acetylacetone is absorbed on the surface of thadty

Acetylacetone reacts with aluminium(lll) oxide imarphous phase contained
in fly ash to produce aluminium(lll) acetylacetomaand water as a by
product. The proposed steps for the formation otimatium(lil)
acetylacetonate from fly ash is given in Figure 4.

The products, aluminium(lll) acetylacetonate andewavolve and remain in
the adsorbed state on the surface of aluminiungHifle contained in fly ash.
Desorption of the products, aluminium(lll) acetysmnate and water from the

surface of the fly ash.
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* The products diffuse through the gas film to thélmf the product stream.
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Figure 4: Steps for the formation of aluminium(lll) acetylacetonate from

aluminium(lll) oxide

The described mechanism is shown in Figure 5.
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Figure 5:  Mechanism of the formation of aluminium(lll) acetylacetonate from
fly ash

2.5.2 Mathematical Model

The concentration of acetylacetone was high ensugh that the mass transfer was
negligible (Szekely et al., 1976). It is assumedt themical reaction is the only rate
limiting step and that the whole surface of the -ponous aluminium(lll) oxide

particle (in amorphous phase) contained in fly tete part in the heterogeneous

reaction and the reaction is assumed to be aofidgr reaction.

The rate of acetylacetone reacting with aluminidin@xide contained in the fly ash
Is given by equation 2.2 (Szekely et al., 1976).

n= Skchacac = SklMFIyash(l—b') 2.2

Where S is the surface area of the partiklethe reaction constanklsy asna-s) the
mass of the aluminium(lll) oxide contained in fighal-o is the weight percentage of
aluminium(lll) oxide contained in fly ash, an@u.ac the concentration of

acetylacetone.
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The rate of the removal of the products (aluminilin&cetylacetonate and water) is

given by equation 2.3.
r, = Sk, 2.3
If quasi-stationary conditions are supposed theraggn 2.4 states that
ata, =1 2.4

Wherea; is the fractional coefficient for aluminium(lll)xale in amorphous surface
area available to react with acetylacetone apdis the fractional coefficient for
surface area of aluminium(lll) oxide in amorphousage covered by reaction

products.
And T‘lal = rzaz 25

The rate of aluminium(lll) oxide consumption (eqaat2.6) from the amorphous

phase contained in the fly ash is

P =110y
2.6
= —W = Sk1tMr1y asn1-6)
Combining equation 2.2 to 2.6 gives equation 2.7.
i —1 ! 2.7

= + —
Tt kiMpyasna-s) ke

The reaction products are formed in the gaseousepisa the rate due to the removal

of the products;, is assumed to be zero. Hence, equation 2.7 redoi@egiation 2.8.

_ dely ash(1-96)

L SkiMgry asn(1-8) 2.8

Integrating equation 2.8 yields:
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Mfiy ashi-6) = Mgy asna-5)e 19 2.9

It is also assumed that only aluminium(lll) oxisethe amorphous phase takes part in
the reaction. By introducing a amorphous phaseofagt, equation 2.9 can be

rewritten to equation 2.10.
WMy asn1-5) = WMy, ash(l—é)e(_5k1t) 2.10

The mass of aluminium(lll) acetylacetonate formeédiae t, is given by equation
2.11.

2 X WAl
M, = (M0 Mo Sk 22 AL 2.11
m fly ash(1-6) fly ash(1-6) Wal, 0,

The percentage extraction (equation 2.12) X catddermined as follows:

Ma
Ma

The BET surface area of the fly ash used in thislysi(fly ash from Kendal Power
Station) was found experimentally to be 0.9696+830f/g.
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3. EXPERIMENTAL

3.1 Chemicals
The following chemicals were used:

e Aluminium(lll) oxide, standardized for column chratographic adsorption
from Merck.

*  99% Acetylacetone reagent from Sigma-Aldrich.
* 99.8% Ethanol absolute puriss from Sigma-Aldrich.

* 99.99% aluminium(lll) acetylacetonate was used tepare standard
solutions.

The properties of acetylacetone, aluminium(lll) dei and aluminium(lll)
acetylacetonate are given in Table 3, Table 4 aflel5 respectively.

Table 3: Properties of acetylacetone

Acetylacetone

Chemical Formula CsHsO,
Chemical purity 99%

Molar mass 100.12 (g/mal)
Boiling point 136-140°C
Density 0.975 g/cm

It can be seen that acetylacetone evaporates petatares above 13&, thus the
evaporator's temperature should be maintained 8t°C4in order to evaporate it
immediately.
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Table 4: Properties of aluminium(lll) acetylacetonde

Aluminium(lll) acetylacetonate

Chemical Formula Al(CsH;0O,);: (Al(acac))
Molar mass 324.34 (g/mol)

Melting point 190°C

Boiling point 325°C

Volatilisation temperature 143-245°C

Solubility in water 2% at room temperature
Soluble Hydrocarbons and alcohols

The volatilisation temperature of aluminium(lll)edglacetonate plays a vital role in
choosing the reaction temperature. Aluminium(lijetylacetonate is formed in
gaseous phase at volatilization temperature.

Table 5: Properties of aluminium(lll) oxide

Aluminium(lll) oxide

Chemical Formula Al,O3
Chemical purity 90%

Molar mass 101.96 (g/mol)
Melting point 2054°C
Density 3.97 (g/cr)

Aluminium(Ill) oxide was used to prepare a mixtwealuminium(lll) oxide and
silica sand.
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3.2 Raw Materials
3.2.1 Flyash

A 10 kg sample of dry fly ash was collected frore tendal Power Station for the
gas phase extraction experiments. Kendal PoweioSt& one of Eskom’s power
stations in Mpumalanga, South Africa. Particle swistribution, chemical and
mineralogical analyses were conducted on the sarifiple particle size distribution
(PSD) of fly ash was obtained by physically scragrthe samples using 150 and 75
um screens. The composition of fly ash (Table 2) determined by XRF analysis
and has already been presented. From Table 2 itbeaseen that Kendal Power
Station fly ash contains 30.52 wt% aluminium(liRiae.

The mineralogy was determined by the XRD (Table 6)

Table 6: Mineralogy of Kendal Power Station fly ash

% composition
Mullite 30.7
Quartz 14.0
Hematite 0.8
Magnetite 1.7
Amorphous 52.9

Mullite is a crystalline structure formed by alumiand silicate, and it has a chemical
formula 3ALO32Si0,. Quartz has a chemical formula Si®Glematite is the mineral
form of iron(lll) oxide (F@Os). If mineral’'s atoms are randomly arranged itafled
amorphous and the most common amorphous mategéss. Thus, 52.9 wt% of fly

ash minerals exist in their pure form.

XRD and XRF shows that 72 wt% of aluminium(lll) dei contained in fly ash is in
the mullite form and 28 wt% in the amorphous foAndetailed calculation is given
in Appendix D.
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3.2.2 Silica sand

Silica with particle size distribution, +53 to -76m. Chemical composition of the

silica was determined with XRF shown in Table 7.

Table 7: Composition of Silica

Compounds % Composition
Sio, 98.0
Fe0s 0.6
Al,03 0.3
ZnO 0.001
CaO <0.01
MgO <0.001
L.I.O 0.1
Friability <0.7
Average Uniformity <1.4
Coefficient

3.3 A mixture of silica and 31 wt% aluminium(lll) oxide

A mixture of silica and 31 wt% aluminium(lll) oxideas prepared based on the
composition of fly ash. The initial experiments wearried out on a mixture of silica
and 31 wt% aluminium(lll) oxide to investigate tHeasibility of extracting
aluminium from aluminium(lll) oxide using acetyldoge.

3.4 Gas Phase Extraction Experimental Set up

Gas phase extraction of aluminium was carried & fluidized bed reactor (FBR).
The fluidized bed reactor was chosen due to itamatges such as uniform particle
mixing, uniform temperature gradient (Grace, 19&®)idized bed reactor consisted
of an evaporator comprised of a 500 ml round botftask, seated in a heating

mantle with adjustable temperature connected tdflthéized bed. The ligand and
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carrier gas are fed into the evaporator. Fluidized consisted of a cylindrical pyrex
glass column 50 cm long and 15 mm in diameter wisetved as a fluidized bed.
Midway along the length of the fluidized bed reachothermocouple was inserted
into the fluidized bed, which was used to meashestemperature of the fluidized
bed during the course of the gas phase extrad#eating wire was coiled around the
length of the fluidized bed and connected to a tmampire controller. This

temperature controller, together with the therm@beun the fluidized bed reactor,
kept the temperature close to the set point bylagigg the amount of heat provided
by the heating wire. The fluidized bed reactor &edting wire were wrapped with
ceramic wool which served as an insulator and miggcthheat loss.

The acetylacetone flow rate was controlled and mdnmto the evaporator by a
peristaltic pump. The reactor also consisted of ¢dhgier gas preheating section,
which comprised of 5 meter coiled stainless stelging immersed in heating oil and
placed into the oil bath. Nitrogen feed pressuas vegulated by a pressure regulator
on the cylinder and its flow rate was controlled &ynitrogen flow meter. The

nitrogen flow was controlled with a two way balll\we

The experimental set up is shown in Figure 6:
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Figure 6: Gas phase extraction experimental set up

Detailed gas phase extraction set up start upatipgrand shut down procedures are

given in section 8.3.1 of Appendix C.

3.5 Experimental Method

The fluidized bed reactor was charged with the feeich initially consisted of a
mixture of 31 wt% aluminium(lll) oxide and silicarsd and during later experiments
comprised of fly ash. The total mass of a mixtufre8Dd wt% aluminium(lll) oxide
and silica was 50 g and the total mass of fly aab waried at 25 g, 30 g, 50 g, 70 g
and 100 g for difference experiments. All equipmevdre connected after the
fluidized bed reactor was charged and the fluidibed reactor was heated to the
reaction temperature, 19€, 200°C, 220°C and 250°C for different experimental
runs. The heating mantle was also switched on. @meeexperimental conditions
were reached, the experiment was started by swgcbn the peristaltic pump, and

pumping the acetylacetone at the required flow retethe evaporator. The
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acetylacetone flow rate was varied from 1 mL/mimE/min, 4 mL/min, 6 mL/min
to 9 mL/min.

After each time interval (0-15 minutes, 15-30 megjtthereafter 30 minutes interval)
the pump was switched off and the sample was delfeand fresh solvent put into
the collection flash which was then connected t® dguipment. The pump was

started for the next time interval.

In cases where carrier gas is introduced to thesysitrogen was preheated before
it was introduced into the fluidized bed reactorh®mating the heating oil to 11C
before opening the nitrogen regulator at requireesgure and flow meter at the

required nitrogen flow rate.
3.6 Experimental Conditions
3.6.1 Extraction from Al ,03 and Silica mixture

The effects of temperature and acetylacetone faie on the extraction of aluminium
from aluminium(lll) oxide were investigated. Thepeximental variables are shown
in Table 8.

Table 8: Variable values of experiments carried out

Time (hours) | TemperaturQ) Flow rate (mL/min)

6, 8, 10 190, 200, 220, 250 2,6,9

3.6.2 Extraction from fly ash

The effects of acetylacetone flow rate and bed simze investigated on the
extraction of aluminium from fly ash. The variablalues of the experiments carried

out on fly ash are shown in Table 9.
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Table 9: Variable values of experiment carried oubn fly ash

Time (hours)| Temperatuf) | Mass (g) Flow rate (mL/min)
6 220, 250 25, 30, 50, 70, 100 1,2,4,6,9
3.7 Analyses

The sample is collected after 0-15 minutes, 15-30utas, thereafter 30 minutes
intervals. 10 ml of each sample is diluted to 1d0The diluted solution is analyzed
by Ultra-Violet Visible double beam spectrophotorgetto determine the
concentration of aluminium(lll) acetylacetonatetie solution. The measurements
were carried out at the maximum absorption waveleraf the aluminium(lil)
acetylacetonate. The preparation of aluminium@idgtylacetonate standards used is
described in section 8.3.2 of Appendix C. The numdfemoles of aluminium(lll)

acetylacetonate was determined using equation 3.1.
n = CdVd 3.1

The total concentration of aluminium(lll) acetyltmeate in the sample was

determined from the number of moles using equ&gi@n
Cs=n/V; 3.2

Where:C, is the concentration of Al(acaadh the diluted solutions,
C, is the concentration of Al(acaadh the sample,

V, is the volume of diluted solution (100 ml),

V; is the volume of the sample that is diluted (10. ml)

Mass of aluminium in aluminium(lll) acetylacetonai® determined using the

molecular formula of aluminium(lll) acetylacetongfd(CsH-O,)3).
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3.8 Liquid Phase Extraction of Aluminium

A batch reactor was used for the liquid phase etitna of aluminium. The required
volume of acetylacetone was determined for a gimesiss using the reaction
stoichiometry. A detailed calculation of the voluroé acetylacetone theoretically
required to react with 50 g fly ash is shown inteer8.1.3 of Appendix A.

Experimental method

Liquid phase extraction of aluminium consisted dfliag a 50 g of fly ash or a
mixture of 31 wt% aluminium(lll) oxide and silicammple to 93 mL of acetylacetone
placed in the 500 ml measuring flask. The 500 mhsneng flask is heated with the
heating plate and the temperature of the reacsiondintained at 9%C or 130°C for
different experimental runs and the agitation spmefixed at 1083 rpm using a
magnetic stirrer. After 360 minutes or 48 hours tieating plate and the magnetic
stirrer are switched off and the sample is filteaed residues are washed with 100 ml

of ethanol. The volume of the collected sample éasured.

The same analyses procedure as described aboseddaianalyse the concentration
of aluminium(lll) acetylacetonate in the samples.
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4. RESULTS AND DISCUSSION

The extraction of aluminium from a mixture of sdi@and 31 wt% aluminium(lIl)
oxide and from fly ash were carried out using deestone as a ligand.
Acetylacetone was chosen because of the recenttsgjpaiblications) on the ability
of acetylacetone in gaseous phase to extract mitats their oxides (Allimann-
Lecourt et al., 2002; Potgieter et al., 2006 & \Lyk et al., 2010). Fly ash was partly
chosen because it contains 14.8-31 wt% aluminidm@kide (in mullite and
amorphous form) depending on coal type, and bedduese is a large volume of fly
ash stored in landfields, waste dumps, and lardamws are produced annually

worldwide.

A mixture of silica and 31 wt% aluminium(lll) oxideas prepared based on the
composition of the Kendal Power Station fly ashp&xments were carried out on a
mixture of silica and 31 wt% aluminium(lll) oxide tnvestigate the potential use of
acetylacetone to extract aluminium. The reactioaagtylacetone and aluminium(lil)

oxide produces aluminium(lll) acetylacetonate. Theaction between gaseous

acetylacetone and aluminium(lll) oxide can be wntas follows:
AL O3, + 6H(CsH705) gy = 2A1(CsH,02)3 4y + Ha0(g) 1.1

The influence of various parameters, such as tesyrey, acetylacetone flow rate and
bed weight were evaluated and determined. The pege cumulative extraction is
defined as the total amount of aluminium extractBdded by the amount of

aluminium originally in the bed.

4.1 The effect of temperature on the extraction of alunmium

The liquid phase extraction of aluminium from a tare of silica and 31 wt%
aluminium(lll) oxide and from fly ash at differetemperatures were carried out at a
constant feed (50 g) and constant acetylacetonamel(93 ml). The reaction

equation (Equation 4.1) was used to determinedhaired acetylacetone volume to
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react with 30.52 wt% aluminium(lll) oxide in 50 by fash. The results are presented
in Table 10.

Table 10: Liquid phase extraction of aluminium from fly ash and 31 wt%

aluminium(lll) oxide at various temperatures after 360 minutes.

Temperature % Aluninium Extraction
(°C) Mixture: 31 wt% ALO; and sand Fly ash
90 3.7 1.0
130 8.9 4.1

The extraction of aluminium from both a mixture ailica and 31 wt%
aluminium(lll) oxide and fly ash is dependent or tkaction temperature. Increasing
temperature resulted in an increase in the amolatuminium extracted. 8.9% of
available aluminium was extracted at 80after 360 minutes, while only 3.7% was
extracted at 99C at the same reaction time from a mixture of ailimd 31 wt%
aluminium(lll) oxide. A maximum of 4.1% was extradtfrom fly ash at 136C,

while only 1.0% was extracted at %.

The results showed that the reaction temperatuseahsubstantial influence on the
extraction of aluminium. The lower extraction mag due to that at lower reaction
temperature the convers rate is smaller, thus meaetion time is required to achieve
higher extraction. The experiments were carriedfoutonger reaction time, i.e 48
hours and at 13%C.

A maximum of 14.0% aluminium was extracted fromdkh at 138C after 48 hours.
The results shows that time have an influence an éhtraction efficiency of
aluminium from fly ash. Hence at low temperature teaction rate is very slow and

in order to improve extraction longer reaction timeequired.

Gas phase extraction of aluminium from a mixture glica and 31 wt%

aluminium(lll) oxide at different temperatures weaaried out at a constant bed size
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(50 g) and constant acetylacetone flow rate (6 nih)mA temperature of 256C
have been chosen as the highest temperature tstigate the effect of temperature
on the extraction of aluminium to prevent decompasi of aluminium(lll)
acetylacetonate due to the TG-DSC thermogram ahialum(lll) acetylacetonate
recorded by Shirodker and co-workers (2010). The-DIS& thermogram of
aluminium(lll) acetylacetonate showed a sharp dmeloh accompanied by a total
weight loss at 257C, indicating the decomposition of aluminium(lItglacetonate

to aluminium(lll) oxide (Shirodker and co-worke2§10).

The reaction was stopped after 600 minutes dudeddct that acetylacetone was
consumed at a high rate and no recycling of theacted acetylacetone was done

which may be done through a fractional distillatmocess. The results are presented

in Figure 7.
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Figure 7.  The effect of temperature on the extracbn of aluminium at 6
mL/min acetylacetone flow rate and 50 g of a mixtue of 31 wt%

aluminium(lll) oxide and silica

The extraction of aluminium from a mixture of sdi@and 31 wt% aluminium(lIl)
oxide is dependent on the reaction temperatureraban is higher at higher

temperatures; increasing the temperature from 4®o 250°C resulted in the
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amount of aluminium extracted increasing substiynti@he reaction is initially rapid
(linear curve) before it slows down, indicated Wgttening of the graphs which
implies that the reaction rate decrease as timgress. The highest extraction of
64.0% was obtained at 28G after 600 minutes. Increasing temperature frot°C9
to 250°C resulted in an increase of aluminium extractignabout 12% after 480

minutes.

The results obtained showed that an increase gferture from 208C to 220°C
did not affect the extraction to any great extem;1% of the available aluminium
was extracted after 480 minutes of the reactid08fC, while 49.6% was extracted
at 220°C in the same time. It was observed that increasimperature by the same
factor resulted in almost similar increase in etican. Increasing temperature from
190°C to 220°C, increased extraction from 43.4% to 49.6%, whilreasing from
220°C to 250°C, increased extraction from 49.6% to 55.4% af8er shinutes.

This result agrees with those obtained by Potgiatet co-workers (2006). These
authors conducted experiments on the recovery loflée metals from solid oxide
compounds using gas phase extraction. The differancextraction percentage
between their work, which was 65.7% at 22D after 105 minutes and the values
obtained in the current work, may be due to thdemdhce in the experimental
conditions and the aluminium(lll) oxide weight pentage in the charge. In the
current work a maximum aluminium extraction of 84.0vas obtained at a higher
temperature of 256C, after a longer reaction time of 600 minutes, &ut much
higher aluminium(lll) oxide weight percentage of 1% in the feed. Potgieter and
co-workers, (2006) used 1 wt% aluminium(lll) oxiserile the current work used 31

wit% aluminium(lll).

This results shows that a higher amount of alummiwas extracted using
acetylacetone in gas phase as compared to usingleaetone in liquid phase.
Increasing temperature from 13C (Table 10) to 190C (Figure 7) increased
extraction from 8.9% to 36.7% after 360 minutesisTihcrease in extraction suggests

that between the two temperatures there is a pateamtergy barrier required for the
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reaction to occur. This barrier is achieved by mat@ns at higher temperatures than
is achieved at lower temperature of P80 This increase in extraction might also be

that the reaction is restricted by mass transfégund phase extraction.

The lower extraction at 98C and 130°C may be due to the solubility of
aluminium(lll) acetylacetonate in acetylacetoneurinium(lll) acetylacetonate is
5% soluble in acetylacetone at ambient temperaflinels, it might be that the
product dissolves in the unreacted acetylacetargbiting the reaction to continue.

However, this will have to be verified by experintgen

Thus, temperature and reaction time have an infe@m the extraction of aluminium
from a mixture of silica and 31 wt% aluminium(lbxide and fly ash. Increasing the
reaction temperature and time resulted in an isered the amount of aluminium

extracted.

4.2 The effect of acetylacetone flow rate on the extréion

Previous work on gas phase extraction of metals ftloeir oxides showed that the
ligand flow rate has an influence on the extrac{idan Dyk et al., 2010). Gas phase
extraction of aluminium from a mixture of silicadaB1 wt% aluminium(lll) oxide at

different acetylacetone flow rate were carried a250°C and at a constant bed size
(50 9).
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Figure 8:  The effect of acetylacetone flow rate othe extraction of aluminium
at 250°C and 50 g of 31 wt% aluminium(lll) oxide

The extraction of aluminium from a mixture of sdi@and 31 wt% aluminium(lIl)
oxide is dependent on the acetylacetone flow i&e 8). Increasing acetylacetone
flow rate from 2 mL/min to 9 mL/min resulted in ancrease in the amount of
aluminium extracted. It can be seen that the ettnacof aluminium improves
substantially from 25.7% to 46.7% at 260 after 360 minutes, when the
acetylacetone flow rate increase from 2 mL/min tal&min.

It can be seen that the difference in aluminiunraetion for the first 240 minutes at
250°C using 6 mL/min and 9 mL/min acetylacetone floweris similar. After 240
minutes the extraction using 9 mL/min diverges fribia extraction using 6 mL/min
acetylacetone flow rate. A maximum of 46.7% of ahiom was extracted using 6
mL/min acetylacetone and 52.93% was extracted u&imi/min at 250C after 360
minutes. The effect of acetylacetone flow rate lo@ éxtraction of aluminium was
investigated from fly ash at 28C€ and at constant fly ash bed size (50 g). Thdtesu
are shown in Figure 9 below.

40



S 2250 ¢ Fly ash @6 mL/min
= 20.00{ MFlyash @9 ml/min
o
g 17.50 1  eFly ash @9 mL/min a bt
S 15.00 ght g
x> m N
12.50 -
< L 2
o 10.00 - u
= 2
= 7.50 - u
2 5.00 ¢
E 1 0
O 250 —ll
0.00 : ; ;

0 60 120 180 240 300 360 420
Time (Minutes)

Figure 9:  The effect of acetylacetone flow rate othe extraction of aluminium
at 250°C and 50 g fly ash

The similar behaviour obtained in the extractiamira mixture of silica and 31 wt%
aluminium(lll) oxide (Figure 8) can be seen in Fgw. About 10.0% of the

available aluminium was extracted at an acetylawettow rate of 2 mL/min after

360 minutes, while about 17.9% was extracted at.6mm at the same reaction time.
It can be seen from Figure 9 that an increase etylcetone flow rate from 6
mL/min to 9 mL/min has no difference on the exti@tt 17.9% was extracted using
6 mL/min acetylacetone flow rate and 17.2% was aexéd using 9 mL/min

acetylacetone flow rate at 280 after 360 minutes.

This acetylacetone flow rate trend agrees withttead found in a previous work
(Van Dyk et al., 2010). Van Dyk and co-workers (@Dhave shown that increasing
the acetylacetone flow rate at constant iron(ld)de charge improves the amount of
iron extracted.

Similar results were also obtained to previous wdMatjie et al., 2005 & Hansen et
al., 1966). Matjie and co-workers (2005) extrac&dninium from fly ash generated
from a selected low ranked bituminous South Africaal using sulphuric acid. They

showed that 12-24% of aluminium can be extractéer &60 minutes. The 17.9%
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aluminium extracted at the same reaction time is Work falls within their range.
This suggest that the aluminium extraction efficierirom fly ash is in the same
range independent of the extractant used.

It can be seen from Figure 8 and Figure 9 thaerhfit aluminium extractions were
obtained at the same reaction conditions for whas welieved to be similar
aluminium(lll) oxide weight percentage feed materiga mixture of silica and 31

wt% aluminium(lll) oxide and fly ash). This can demmarized in Figure 10.
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Figure 10: Comparison of aluminium extraction fromfly ash and a mixture of

silica and 31 wt% aluminium(lll) oxide

The extraction of aluminium from a mixture of sdi@and 31 wt% aluminium(lIl)
oxide and fly ash at 251, 50 g feed and 6 mL/min acetylacetone is showFigare
10. It can be seen that the extraction is depenalerihe source of aluminium (feed
material) as only 17.9% of available aluminium veasracted from fly ash after 360
minutes, while 46.7% was extracted from a mixture sdica and 31 wt%
aluminium(lll) oxide at the same reaction time. §hias also observed at 2 mL/min

and 9 mL/min acetylacetone not presented here.

The difference in the aluminium extraction may he do the difference in the

mineralogy of fly ash and mixture of silica and 84% aluminium(lll) oxide.
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Although aluminium(lll) oxide’s weight percentagae both feed materials were
similar; it exists in pure form in a mixture ofist and 31 wt% aluminium(lll) oxide,
while it exists in both amorphous and mullite plsase fly ash. The difference in
aluminium extraction is due to the accessibilityabfminium. Matjie and co-workers
(2005) proposed that only aluminium(lll) oxide imetamorphous phase is available
to react with acids. Loabser & Verryn (2008) showtieat aluminium (Ill) oxide in
the mullite phase forms a crystal structure wilicen dioxide, which makes it not

easily accessible to react with acids.

Van Dyk and co-workers (2010) showed that iron(biide reacts rapidly with
acetylacetone to give iron(lll) acetylacetonatet tty ash from ESKOM, Kendal
Power has significantly lower iron(lll) oxide weigpercentage (0.4 wt%) and it is
expected that it will not have a significant infhoe on the extraction of aluminium

from fly ash.

Thus, acetylacetone flow rate has a significantuerfce on the extraction of
aluminium from both a mixture of 31 wt% aluminiumh)loxide and silica and fly ash

to a certain extend.

4.3 Introduction of a carrier gas to the system (fluidzed bed)

Previous work on gas phase extraction of metals floeir solid oxide compounds
used nitrogen as a carrier gas to remove the ielatetal complex from the solid
gauge (Allimann-Lecourt et al., 1999 & 2002; Potegieet al., 2006 & Van Dyk et al.,
2010). The introduction of nitrogen to the systeaswarried out at different nitrogen

flow rates, 2 mL/min acetylacetone flow rate, 280and 50 g fly ash.

43



20.00

18.00 1 & 10 ml/min nitrogen
16.00 -

14.00 -
12.00 -
10.00 -
8.00 - u °*
| [
6.00 .
4.00 - - .
200 MW $
v

0.00 [+ . . T . . .
0 60 120 180 240 300 360 420

Time(Minutes)

B0 ml/min nitrogen
20 ml/min nitrogen

Cumulative Al Extraction (%)

Figure 11: The effect of nitrogen flow rate on theextraction of aluminium at
250°C, 2 mL/min and 50 g fly ash

The extraction of aluminium from fly ash at 10mLAMROmML/min nitrogen and no
nitrogen in the system at 258G, 2 mL/min acetylacetone flow rate and 50 g fli as
are shown in Figure 11. It can be seen that therisignificant difference on the
extraction of aluminium from fly ash in the preserand absence of nitrogen at same
reaction conditions. The maximum of 11.2% of theailmble aluminium was
extracted after 360 minutes at 20 mL/min nitroglenvfrate, while only 10.0% was
extracted at the same reaction time without nitnoigethe system. This may be due
to the fact that in the present of nitrogen, acetgtone is diluted and the overall flow
rate through the bed is increased.

The result agrees with the work done by Van Dyk apedvorkers (2010). They
observed that varying nitrogen flow rate has naificant influence on the extraction
of iron above the volatilization temperature of thetal complex.
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4.4 The effect of the bed weight on the extraction oflaminium from fly

ash

The concentration (flow rate) of the gas reagecetydacetone has an effect on the
extraction as was shown in the previous sectioms€gquently, the effect of the
amount of aluminium(lll) oxide available for theaation was investigated. Gas
phase extraction of aluminium at different bed sim@s carried out with 2 mL/min

acetylacetone and at 220. The results are given in Figure 12.
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Figure 12: Effect of the fluidized bed size on thextraction of aluminium from
fly ash at 2 mL/min and at 220°C

The extraction of aluminium from fly ash is depeniden the bed size or bed weight.
Increasing the bed weight resulted in a decreasleeirextraction of aluminium. The
highest extraction of 17.1% was obtained with a &ied of 30 g and only 7.9% was
extracted at a bed size of 70 g at 32Qusing 2 mL/min acetylacetone flow rate after
360 minutes. It can be seen that increasing theaséght from 50 g to 70 g has little
influence on the extraction of aluminium; 7.9% bk tavailable aluminium was
extracted from a bed weight of 70 g and 9.3% wasaeted at a bed weight of 50 g
under the same reaction conditions. This may betduge fact that acetylacetone

flow rate was lower for the bed weight of 50 g &dg.
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4.5 The effect of the bed weight and acetylacetone flow

The results also showed that the extraction is midg® on both acetylacetone flow
rate and bed weight. The two variables were ingattid simultaneous and the
experiments were carried out at different acetytawe flow rate and bed size at

constant temperature of 220.
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Figure 13: Effect of fluidized bed size and acetytetone flow rate at 220C

Increasing the bed size and acetylacetone flow bgtehe same factor has no
influence on the extraction of aluminium from flgha(Figure 13). 10.7% of the
available aluminium was extracted from 25 g fly astd 1 mL/min acetylacetone
flow rate after 360 minutes, while 12.6% was extdcfrom 100 g fly ash and 4
mL/min acetylacetone flow rate after 360 minutekisTsuggests that both bed size

and acetylacetone flow rate have significant inflze2on the extraction of aluminium.

It was also observed that at the temperature rag@§8C to 250°C temperature has
no significant influence on the extraction of alamim from fly ash at 2 mL/min
acetylacetone flow rate after 360 minutes; 9.3%thef available aluminium was
extracted at 220C and 10.0% was extracted at 28D. Similar behavior was
observed in the previous section with the effectenfiperature from a mixture of 31

wt% aluminium(lll) oxide and silica.
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4.6 The effect of particle size distribution on the extaction of aluminium

from fly ash

Coal fly ash heaps consists of a mixture of coasde (coarse ash drop down from
the furnace and is collected at the bottom in #tetepper of the boiler) and fly ash
(fly ash is removed from the flue gas stream bymseaf electrostatic precipitators)
(Eskom annual report, 2010). For this reason, gkaction of aluminium was
carried out at different particle size fractionsheTparticle size distribution was
determined using 150m and 75um screens. The PSD of fly ash is shown in Table
11.

Table 11:  Fly ash particle size distribution

Screensym) | Mass retaine(li Retained Cum Retained Passing (%)
(9) (%) (%)
150 17.57 5.91 5.91 94.10
75 58.25 19.58 25.48 74.52
-75 221.73 74.52 100 0
297.55

The patrticle size distribution of fly ash showedtt®4.10% of the fly ash particles
have a diameter below 15 and 74.52% have a diameter belowud The fly ash

particles are mostly spherical in shape (Landmaa3}

The gas phase extraction of aluminium from fly a&s carried out at -7pm and -
150 um +75 pum fly ash particle size distributions, 22C and at a constant

acetylacetone flow rate, 2 mL/min.
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Figure 14: Effect of PSD on the extraction of alumfium at 220°C, 2 mL/min

and 50 g fly ash

The fly ash particle size distribution has no digant influence on the extraction of
aluminium from fly ash (Figure 14). Only 5.7% otlalinium was extracted at -75
pum and 7.4% was extracted at -150 +75 pm after @Butes at 220°C and 2
mL/min acetylacetone flow rate. The higher alummiextraction obtained at -150
+75 pm may suggest that most of aluminium(lll) &id the amorphous phase is
found in this region. Only 19.98% of fly ash paeshad a size less than 150 um and
above 75 um. However, this has to be verified lpeexents.

A higher aluminium extraction of 9.3% was obtained the overall particle size
distribution of fly ash under the same reactiondibons. Hence experiments were
carried out on the overall fly ash sample.

4.7 Kinetic model

The kinetic model for extraction of aluminium frdig ash was developed in section
2.5. The amorphous factor for the extraction ofrahium from a mixture of 31 wt%
aluminium(lll) oxide and silica is assumed unity=£ 1), since the aluminium(lll)
oxide is in pure form and is accessible for reactibhe particles of aluminium(lll)

oxide with average size of 112 um are assumed &pberically. The surface area of
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aluminium(lll) oxide is calculated to be 0.4%q The comparison of the kinetic
model developed and the experimental data obtahé&dmL/min acetylacetone flow
rate and at 256C and 50 g of a mixture of 31 wt% aluminium(lil)ide and silica is

shown in Figure 15 below.

70.0

60.0 4 ===N\odel

Al Extracted (%)
= N w B a1
o o o o o
©o o o o o

0.0 T T T T T T T T T T
0 60 120 180 240 300 360 420 480 540 600 660

Time (Minutes)

Figure 15: Comparison of the kinetic model and theexperimental data
obtained at 250°C, 6 mL/min and 50 g of 31 wt% aluminium(lIl)

oxide

The kinetic model fit the experimental data obtdifrem the a mixture of silica and
31 wt% aluminium(lll) oxide at 250C using 6 mL/min acetylacetone flow rate
(Figure 15). The kinetic model predicts an alummmiaxtraction of 64.4% after 600
minutes and 64.0% extraction was extracted expeatatig after 600 minutes. The
value of the regression coefficie®? is 0.982 and the value of the reaction constant,
ky is 0.0043g/(min - m?). The regression coefficient is a statistical factat gives

a measure of how well future outcomes are likelgagredicted by the model.

The kinetic model was also fitted to the data otsdi from the extraction of
aluminium from the a mixture of 31 wt% aluminiun{lbxide and silica at 196C
and 220°C as shown in Figure 16 and Figure 17 respectivehe values of the

reaction constant and regression coefficients mengn Table 12
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Table 12: Values of reaction constant and regressiocoefficient at different

temperatures

Temperature’C) | Reaction constant,k | Regression coefficient

190 0.00305 0.994
220 0.00353 0.992
250 0.00430 0.982

It can be seen that the value of the reaction emhsiy increases with increasing

temperature. This agrees with the Arrhenius theory.
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Figure 16: Comparison of the kinetic model and expémental data obtained at
220 °C, 6 mL/min and 50 g mixture of silica and 31 wt%

aluminium(lll) oxide
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Figure 17: Comparison of the kinetic model and expémental data obtained at
190 °C, 6 mL/min and 50 g mixture of silica and 31 wt%

aluminium(lll) oxide

It can be seen that the kinetic model fit the ekpental data obtained from the
extraction of aluminium from a mixture of 31 wt%ualinium(lll) oxide and silica at
different temperatures (19%C, 220°C and 250°C). The values of the reaction
constant, kgiven in Table 12 are used to determine the vafube activation energy

of the reaction using the Arrhenius plot.
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Figure 18: Arrhenius plot at 6 mL/min acetylacetone flow rate and 50 g

mixture of 31 wt% aluminium(lIl) oxide and silica

The magnitude of the activation enerdy, of the extraction of aluminium from a
mixture of 31 wt% aluminium(lll) oxide and silica 11.5 kJ/mol. This value can be
used for the extraction of aluminium from aluminiif) oxide in the amorphous

phase contained in fly ash.

The difference in the activation energy obtainedPoygieter and co-workers (2006),
(they showed that the activation energy of theastion of aluminium from a mixture
of 1wt% aluminium(lll) oxide and silica is 27.7 kdnd the value obtained in this
work may be due to the different weight percentafjaluminium(lll) oxide in the

feed.

Eq
The value of kK from the Arrhenius equatiork (= ke &r), is calculated using the

regression equation (equation 4.1).
Ink = —1381(1/;) — 2.821 4.1

The reaction constant, k is equal tatT = 0Ok. It follows from equation 4.1 that at

T = 0k the reaction constanty s given by equation 4.2.
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— ,—2.821
ko=¢e

4.2
= 0.0595

Thus, the Arrhenius equation in Figure 19 can h#ewr as equation 4.3 below.

Eq
k = 0.0595e RT 4.3

Equation 4.3 is used to calculate the value of rdection constant, k at different
temperatures. The reaction constant, k was catmiat 250C using equation 4.3 as

shown below:

—-11500/ /mol

J
k = 0'059598.314m(250+273.15)1( 44

= 0.00423

The reaction constank = 0.00423 was used to fit the kinetic model to the data
obtained from the extraction of aluminium from axtare of 31 wt% aluminium(lIl)

oxide and silica and fly ash at 280 using 6 mL/min acetylacetone flow rate.

53



100.0
90.0 -
80.0 A
70.0
60.0 -
50.0 4
40.0
30.0 4
20.0 A
10.0

0.0

¢ Exp
Model

Al Extracted (%)

------ Projected

0 500 1000 1500 2000 2500 3000 3500

Time (Minutes)

Figure 19: Comparison of the kinetic model, projeatd kinetic model and
experimental data obtained at 250°C and 50 g 31 wt%

aluminium(lll) oxide using 6 mL/min acetylacetone fow rate

The kinetic model fit the experimental data obtdirs 250°C and 50 g 31 wt%
aluminium(lll) oxide using 6 mL/min acetylacetonlv rate better. The kinetic
model predicts 63.8% extraction and 64.0% was nbthiexperimentally after 600
minutes. The dotted curve is the projected aluminiextraction predicted by the
kinetic model. The projection curve suggests that reaction would start to reach

equilibrium after 50 hours with extraction efficgnof about 99.4%.

The kinetic model was also fitted to the experimérdata obtained from the
extraction of aluminium from fly ash at 28C using 6 mL/min acetylacetone flow
rate. The kinetic model assumed that only aluminfuom the amorphous phase is
extracted, thus the amorphous factorfor the fly ash from Eskom, Kendal Power
Station is 0.28. A detailed determination of aluinin(l1l) oxide in amorphous phase

using XRD and XRF analysis is given in Appendix D.

The BET surface area of fly ash was measured th3896+0.0053 fig.
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Figure 20: Comparison of the kinetic model and expémental data obtained at
250°C, 6 mL/min and 50 g fly ash

It can be seen that the kinetic model predictsettperimental data obtained better at
the reaction time below 210 minutes (Figure A2B)e model predicts an extraction of
16.2% and 15.9% was extracted experimentally 2ftérminutes. The kinetic model
diverges from the experimental data at the readiioe above 210 minutes. About

18% was extracted experimentally and the modeligie@2% after 360 minutes.

The kinetic model fit the data obtained from a 3®onaluminium(lll) oxide better
compared to the data obtained from the fly ashs Timy be due that the reaction of
acetylacetone and 31 wt% aluminium(lll) oxide has$ reached equilibrium, while
the reaction of acetylacetone and fly ash has agprequilibrium. However, this will
have to verified by carrying out an experiment ba 81 wt% aluminium(lll) oxide

until it approaches maximum aluminium convention.

Experimental results showed that the extractiomlominium is also influenced by
the flow rate of acetylacetone. The kinetic modgefited to the experimental data
obtained at 2 mL/min and 9 mL/min acetylaceton&flate. The comparison of the
kinetic model and data obtained at Z%D (thus, the reaction constant is 0.00423)

using 2 mL/min and 9 mL/min acetylacetone flow sategiven in Figure 21.
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Figure 21: Comparison of the kinetic model and expémental data obtained at

250°C using 2 mL/min and 9 mL/min respectively

The kinetic model fit the experimental data obtdirfeom a mixture of 31 wt%
aluminium(lll) oxide at 250°C using 9 mL/min acetylacetone flow rate at a time
reaction below 240 minutes well, but the model doetsfit at higher reaction times.
It can be seen that the kinetic model does ndhdéitexperimental data obtained at 250
°C using 2 mL/min acetylacetone flow rate at alleRinetic model which takes into
account the flow rate of acetylacetone and the ti@ademperature should be

developed
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5. CONCLUSIONS

The aim of this project was to investigate the aotion of aluminium from fly ash
using acetylacetone. The fly ash that was usedaswd 30.52 wt% aluminium(lil)
oxide. A mixture of 31 wt% aluminium(lll) oxide argilica was first prepared based
on the aluminium(lll) oxide composition in the fash to do initial studies on the
extraction of aluminium. A higher aluminium extriact from a mixture of 31 wt%
aluminium(lll) oxide and silica was obtained whising acetylacetone in the gas
phase as compared to acetylacetone in the liguadghA maximum of 46.7% of the
available aluminium was extracted using acetylawein gas phase at 280 using 6
mL/min acetylacetone flow rate after 360 minutegjlevonly 8.9% was extracted
after 360 minutes using acetylacetone in the ligpndse.

The gas phase extraction result agrees with worlke dxy Potgieter and co-workers,
(2006). The extraction of aluminium from a mixtwe31 wt% aluminium(lll) oxide

and silica was shown to depend on the followingaldes:

 Temperature: The extraction of aluminium increaseith increasing
temperature from 90C to 250°C. 250 °C was chosen as the highest
temperature in this study to avoid the decompasitad aluminium(lil)
acetylacetonate into aluminium(lll) oxide.

* Acetylacetone flow rate: The extraction of alummiuincreased with

increasing acetylacetone flow rate to a certaiaghold level.

The extraction of aluminium from fly ash stabilizatiabout 18% at 25{C using 6
mL/min acetylacetone flow rate after 360 minutelse Extraction of aluminium from

fly ash was shown to depend on the following vdesb

» Time: Increasing time resulted in an increase umahium extraction.

» Acetylacetone flow rate: The extraction of alummiuincreased with
increasing acetylacetone flow rate from 2 mL/mir6 talL/min and there is no
difference in the extraction of aluminium as thestgacetone flow rate is

increased from 6 mL/min to 9 mL/min.
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* Bed size: The extraction of aluminium increasedwliécreased bed size.

» Particle size distribution: No difference on thetragtion of aluminium at
different particle size distributions was obseri@dthe two size distributions
investigated

» Carrier gas: No significant difference on the esticn of aluminium when

nitrogen was introduced into the system.

The extraction of aluminium is dependent on thel fieaterial used. Despite the same
aluminium(lll) oxide content of the fly ash and axtare of 31wt% aluminium(lIl)
oxide and silica a difference in aluminium extrantwas observed from each due to
differences in the mineralogy. Thus, the extractainaluminium depends on the
mineralogy of feed material. The kinetic model deped fit the experimental data
obtained from the extraction of aluminium from axtare of 31 wt% aluminium(lIl)
oxide and silica at 19%C, 220°C and 25FC. The activation energy for the gas phase
extraction of aluminium from a 31 wt% aluminiumjlibxide was found to be 11.5
kJ/mol. The reaction constant, (k=0.00423) was utated using the Arrhenius
equation and it was used to fit the kinetic modethie data obtained from fly ash and
a mixture of 31 wt% aluminium(lll) oxide at 25€ using 6 mL/min acetylacetone
flow rate. The kinetic model fitted the data frormature of 31 wt% aluminium(lll)
oxide and silica better compared to data obtainaa fly ash. It fit the data from the
fly ash better at the reaction time below 240 nesufThe kinetic model can be used
to predict the extraction of aluminium from alumim(lll) oxide in the amorphous
phase using 6 mL/min acetylacetone flow rate. H@weliere is a need to develop a
model which takes into account the influence ofgerature as well as acetylacetone
flow rate.

58



6. RECOMMENDATIONS

Based on the findings of this study, the followirgcommendations for further
studies are made:

» The extraction of aluminium from sintered fly asting acetylacetone in gas
phase should be investigated, because by sintdrénfly ash more aluminium

(111) oxide becomes accessible for extraction.

* Recovery of aluminium(lll) oxide from aluminium()lacetylacetonate should
be investigated,

* The kinetics of gas phase extraction should baedud more detail.
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8. APPENDICES

8.1 Appendix A: Determination of Mass Extracted
8.1.1 Extraction Percentage of Aluminium

The concentration of aluminium(lll) acetylacetonad{acac} was measured using
Ultra Violet Spectrometry at 255 nm. The concemragat time (t) was measured in
parts per million (ppm), which can be representedmilligrams per litre (mg/l).
Thus,

M4i(acac)3

) () = Mitacacrs Al
Al(acac)3 Veollected ()

Where:

Maiacacys - Mass of aluminium(lll) acetylacetonate,

Veonectea (t) - Volume of the extraction liquor collected iaé t,
Cai(acac)3(t) : Concentration of aluminium(lll) acetylacetomait time t.
Rearranging A.1,

CAl(acac)3(t)Vcollected (t) = mAl(acac)S A2

Cumulative mass of Al(acag)vas determined using the equation A.3 below:

Cum mAl(acac)S(ti) = Myi(acac)3 (t) + Myi(acac)3 (ti-1) A.3

Cumulative mass of aluminium was calculated usihg tolecular formula of
aluminium(lll) acetylacetonate (AlEE;O,)3).

1 mole of Al in Al(GH;0,)3, thus 26.98 g of Al in 324.31 g (molar mass of
Al(CsH70y)s3).

Molar massy;

Cummy(t;) = Cum Myi(acac)3 () G Molar MASSAacacs A.4
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Cummy(t;) = Cum Myi(acac)3 (t)

26.98g
32431g

Cumulative Al extraction percentage was calculatgdg equation A.5 below:

8.1.2 Density of the fly ash from Kendal Power Station

Cum Al Ext (%) =

Cum my,(t;)

My in the feed

-100% A5

The density of fly ash was calculated using the masition of fly ash.

Aluminium(lIl) oxide and silicon dioxide percentagim fly ash were used.

Table A. 1: Determination of fly ash density

Density (g/crm) Composition (%) Density in fly ash (g/én
Al,O4 3.95 30.52 1.21
Silicon dioxide 2.65 56.14 1.49

The density of the fly ash &70 g/cni.

8.1.3 Amount of acetylacetone required for complete reaan

The stiochiometric volume of the acetylacetone weaculated using the

stiochiometric equation (equation 1.1).

ALy055) + 6H(CsHy05)(g) = 2A1(CsH705)3,, + 3Hz0(q

11

Table A. 2: Mass balance of 1 mole AD; reacting with 6 moles acetylacetone

AI 203 C5H 802 Al(C 5H 702)3 Hzo
1 mol 6 moles 2 moles 3 moles
101.96 (g) 600.72 (g) 648.68 (g) 54 (g)
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Consider 50 g of a mixture of 31 wt% 85 and silica. There are 0.152 moles of
Al,O3in 15.5 g. 1 mole AD; react with 6 moles acetylacetone (equation 1.kusT
0.152 mol of A}O3 react with 0.912 mol of acetylacetone which isieglent to
91.331g.

Therefore, the stiochiometric amount required fbe treaction to proceed to

completion is 0.912 mol.
Stiochiometric volume required for compl ete reaction

The stiochiometric volume of acetylacetone requirednass divide density liquid

acetylacetone (0.98 g/n
V=m/p
= 93.195 mL

Thus, 93.195 mL is the stiochiometric volume oftgleeetone required to react with
50 g of 31 wt% AJOs.

The amount of acetylacetone supplied after 10 hours

The mass of acetylacetone supplied after 10 hauésralL/min acetylacetone flow

rate is
m = p X flow rate X time
= 0.975 X 6 X 600
= 3510g
The amount of acetylacetone supplied after 10 higuteerefore

m 3510g

= Mr - 100139 mol _ S>-05mol

The amount of acetylacetone supplied (35.05 maér &0 hours using 6 mL/min is
therefore much higher than the stiochiometric amhoequired for the reaction to

proceed to completion (0.912 mol).

The amount of acetylacetone supplied after 6 hours
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The mass of acetylacetone supplied after 6 hol2sat/min acetylacetone flow rate
is
m = p X flow rate X time
= 0.975 x 2 x 360
=702g
The amount of acetylacetone supplied after 6 hisuitserefore

_m 702g

- =9 701mol
Mr _ 100.13g/mol mo

The amount of acetylacetone supplied (7.01 moBrabt hours using 2 mL/min is
therefore much higher than the stiochiometric amhoequired for the reaction to

proceed to completion (0.912 mol).
8.2 Appendix B: Summary of Experimental Results

The samples were collected after 15 minutes uftimdutes, thereafter 30 minutes
interval. 10 mL is collected from each of the colésl samples and the 10 mL is
diluted to 100 mL unless stated otherwise. Thetellusolution is analysed using

UV/Vis for the concentraction of aluminium(lll) ag#acetonate.

In each table the following are defined as follows:

» Conc of Al(acag in the diluted solution is the concentration of #hi(acac)
in the diluted solution measured by UV/Vis speatopsy,

» Conc of Al(acag in the sample is the total concentration of Al@g¢& the
sample collected,

* Volume collected is the total volume of the sanqubected,

* Mass of Al(acag)is concentraction of Al(acacjn the sample multiply by
volume collected,

* Cumulative mass of Al(acagis calculated using equation A. 3,
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Cumulative mass of aluminium is calculated usingagign A. 4

Cumulative extraction of Al is calculated using ation A. 5

Table B. 1: The extraction of Al from 50 g 31 wt%Al,O3 and silica at 190°C

and 6 mL/min acacH flow rate/

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acackinthe | Al(acackin Volume | Mass of mass of mass of Cumulative
Time diluted the collected | Al(acac | Al(acack Aluminium extraction
(Min) | solution(ppm) | sample(ppm) | (ml) )z (9) (9) (9) of Al (%)

5 1100 11000 78 0.9 0.9 0.1 10
15 1650 16500 109 1.8 2.7 0.2 3.0
30 1300 13000 138 1.8 4.5 0.4 >0
7.4

60 983 9833 216 2.1 6.6 0.5
10.5

90 1300 13000 214 2.8 9.4 0.8
14.5

120 1633 16333 216 3.5 12.9 1.1
17.3

150 1133 11333 214 2.4 15.3 1.3
19.7

180 1003 10030 218 2.2 17.5 15
22.9

210 1300 13000 216 2.8 20.3 1.7
26.9

240 1633 16333 220 3.6 23.9 2.0
28.9

270 817 8167 217 1.8 25.7 2.1
30.5

300 617 6167 224 1.4 27.1 2.3
34.6

330 1633 16333 223 3.6 30.7 2.6
36.7

360 850 8500 224 1.9 32.6 2.7
38.5

390 683 6833 224 15 34.1 2.8
420 600 6000 221 1.3 35.5 2.9 40.0
42.3

450 933 9333 220 2.1 37.5 3.1
480 450 4500 226 1.0 38.5 3.2 434
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Table B. 2: The extraction of Al from 50 g 31 wt%Al,O5 and silica at 200°C

and 6 mL/min acacH flow rate

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acackinthe | Al(acackin | Volume Mass of mass of mass of Cumulative
Time diluted the collected | Al(acack Al(acack Aluminium extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)

5 1250 12500 77 1.0 1.0 0.1 11
15 2050 20500 110 2.3 3.2 0.3 3.6
30 2067 20667 140 2.9 6.1 0.5 69
10.7

60 1600 16000 214 3.4 9.5 0.8
14.8

90 1767 17667 206 3.6 13.2 1.1
18.2

120 1883 18833 158 3.0 16.1 1.3
21.1

150 1417 14167 184 2.6 18.8 1.6
22.7

180 850 8500 168 1.4 20.2 1.7
27.0

210 2217 22167 172 3.8 24.0 2.0
31.3

240 1883 18833 201 3.8 27.8 2.3
324

270 500 5000 198 1.0 28.8 2.4
285 767 7667 180 1.4 30.2 2.5 340
37.0

300 1567 15667 172 2.7 32.8 2.7
39.1

330 1100 11000 168 1.8 34.7 2.9
41.1

360 867 8667 210 1.8 36.5 3.0
42.1

390 367 3667 220 0.8 37.3 3.1
420 850 8500 220 1.9 39.2 3.3 44.2
47.1

450 1183 11833 222 2.6 41.8 3.5
50.1

480 600 11833 226 2.7 44.5 3.7
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Table B. 3: The extraction of Al from 50 g 31 wt% A,O; and silica at 220°C

and 6 mL/min acacH flow rate

Aluminium
Acetylacetonate
Conc of Conc of Cumulative | Cumulative
Al(acack in Al(acack in Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acack | Al(acac) | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)

5 833 8333 80 0.667 0.7 0.1 0.8
15 1517 15167 106 | 1.608 2.3 0.2 26
30 1150 11500 142 | 1633 3.9 0.3 4.4
60 1100 11000 226 2.486 6.4 0.5 72
10.8

90 1433 14333 223 3.196 9.6 0.8
15.8

120 1983 19833 224 4.443 14.0 1.2
20.4

150 1933 19333 212 4.099 18.1 15
22.8

180 983 9833 214 2.104 20.2 1.7
26.1

210 1400 14000 210 2.940 23.2 1.9
28.6

240 1150 11500 194 2.231 25.4 2.1
30.6

270 917 9167 190 1.742 27.1 2.3
32.2

285 1150 11500 126 1.449 28.6 2.4
33.7

300 950 9500 134 1.273 29.9 2.5
36.1

330 1017 10167 212 2.155 32.0 2.7
37.6

360 617 6167 214 1.320 33.3 2.8
41.7

390 1700 17000 214 3.638 37.0 3.1
43.9

420 950 9500 208 1.976 39.0 3.2
46.9

450 1333 13333 202 2.693 41.7 3.5
49.6

480 1150 11500 208 2.392 44.0 3.7
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Table B. 4: The extraction of Al from 50 g 31 wt% A;Os at 250°C and 6

mL/min acacH flow rate

Aluminium Acetylacetonate
Conc of Conc of Cumulative
Al(acac) in Al(acac) in Volume Mass of | Cumulative mass of Cumulative
Time the diluted the collected | Al(acac)s mass of Aluminium extraction
(Min) solution(ppm) | sample(ppm) (ml) (9) Al(acac) (9) (9) of Al (%)

80 1.0

5 1233 12333 1.0 1.0 0.1
2.7

15 165( 1650( 104 1.7 2.7 0.2
5.4

30 1850 18500 142 2.6 5.3 04
10.4

60 2167 21667 228 4.9 10.3 0.9
12.9

90 1133 11333 220 2.5 12.8 1.1
15.8

120 1250 12500 225 2.8 15.6 1.3
212 21.5

150 2667 26667 5.7 21.2 1.8
223 25.0

180 1517 15167 34 24.6 2.0
30.3

210 2383 23833 220 5.2 29.9 2.5
32.0

240 783 7833 218 1.7 31.6 2.6
36.2

27C 195( 1950( 212 4.1 35.7 3.C
210 39.5

300 1533 15333 3.2 38.9 3.2
209 421

33C 123: 1233: 2.€ 41 3.t
213 46.7

36( 2117 21167 4.t 46.C 3.8
48.8

390 1017 10167 207 2.1 48.1 4.0
50.9

420 1033 10333 200 2.1 50.2 4.2
52.9

450 950 9500 206 2.0 52.1 4.3
212 55.3

480 1150 11500 2.4 54.6 4.5
57.9

510 1183 11833 212 2.5 57.1 4.7
234 59.0

540 483 4833 11 58.2 4.8
221 62.0

57C 130¢ 13000 2.¢ 61.1 5.1
225 64.0

60C 917 9167 21 63.1 5.2
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Table B. 5: The extraction of Al from 50 g of a mixure of 31 wt% Al,O3 and

silica at 250°C and 9 mL/min acacH flow rate

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acack in Al(acack in Volume | Mass of mass of mass of Cumulative
Time the diluted the collected | Al(acack | Al(acac) | Aluminium extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)

2.4

5 2333 23333 91 2.1 2.1 0.2
3.8

15 850 8500 146 1.2 3.4 0.3
6.0

30 1067 10667 180 1.9 5.3 0.4
60 1300 13000 300 3.9 9.2 0.8 103
90 1267 12667 308 3.9 13.1 1.1 14.7
120 1083 10833 300 3.2 16.3 1.4 184
150 1367 13667 298 4.1 204 1.7 23.0
27.9

180 1400 14000 310 43 24.7 2.1
210 683 6833 309 2.1 26.9 2.2 303
35.8

240 1550 15500 315 4.9 31.7 2.6
270 1633 16333 310 5.1 36.8 3.1 415
300 1900 19000 345 6.6 43.4 3.6 48.9
330 233 2333 284 0.7 44.0 3.7 49.6
360 983 9833 300 2.9 47.0 3.9 >2.9
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Table B. 6: The extraction of Al from 50 g of a mixure of 31 wt% Al,O3 and

silica at 250°C using 2 mL/min acacH flow rate

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acac) in Al(acac) in Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acac | Al(acacy | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)

5 660 6603 59 0.4 0.4 0.0 0.4
15 777 7770 69 0.5 0.9 0.1 1.0
30 1083 10833 80 0.9 1.8 0.1 2.0
60 1567 15667 106 1.7 3.5 0.3 3.9
90 1950 19500 107 2.1 5.5 0.5 6.2
120 2050 20500 105 2.2 7.7 0.6 8.7
150 2233 22333 103 2.3 10.0 0.8 11.3
180 1567 15667 105 1.6 11.6 1.0 13.1
210 1833 18333 106 1.9 13.6 1.1 15.3
240 2067 20667 104 2.1 15.7 1.3 17.7
270 1533 15333 106 1.6 17.4 1.4 19.6
300 2083 20833 105 2.2 19.5 1.6 22.0
360 1917 19167 168 3.2 22.8 1.9 25.7
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Table B. 7: The extraction of Al from 50 g fly ashat 250°C, 9 mL/min acacH

flow rate
Aluminium Acetylacetonate
Conc of Conc of Cumulative | Cumulative
Al(acac) in Al(acac) in Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acack | Al(acacs | Aluminium extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)

5 1167 11667 091 1.1 1.1 0.1 1.1

15 1067 10667 146 1.6 2.6 0.2 2.7

30 817 8167 180 1.5 4.1 0.3 4.2

60 1167 11667 300 3.5 7.6 0.6 7.8

90 800 8000 308 2.5 10.1 0.8 10.4
120 1300 13000 300 3.9 14.0 1.2 14.4
150 1133 1133 298 0.3 14.3 1.2 14.7
180 1633 1633 310 0.5 14.8 1.2 15.2
210 50 50 309 0.0 14.8 1.2 15.3
240 683 683 315 0.2 15.0 13 15.5
270 1633 1633 31 0.5 15.5 1.3 16.0
300 1900 1900 345 0.7 16.2 1.3 16.7
330 733 733 284 0.2 16.4 1.4 16.9
360 983 983 300 0.3 16.7 1.4 17.2
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Table B. 8: The extraction of Al from 50 g fly ashat 250°C & 6 mL/min acacH

flow rate
Aluminium Acetylacetonate
Conc of Conc of Cumulative | Cumulative
Al(acack in Al(acack in Volume Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acack | Al(acack | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
15 1918 19183 141 2.7 2.7 0.2 2.8
30 1152 11517 149 1.7 4.4 0.4 4.6
60 802 8017 228 1.8 6.2 0.5 6.4
90 952 9517 232 2.2 8.5 0.7 8.7
120 1168 11683 229 2.7 11.1 0.9 11.5
150 1285 12850 222 2.9 14.0 1.2 14.4
180 752 1503 223 0.3 14.3 1.2 14.7
210 478 4782 226 1.1 15.4 1.3 15.9
240 50 500 221 0.1 15.5 13 16.0
270 2970 219 0.7 16.2 13 16.6
300 2770 219 0.6 16.8 1.4 17.3
330 1562 224 0.3 17.1 1.4 17.6
360 1122 228 0.3 17.4 1.4 17.9
50 ml of the sample was dilulated to 100 ml.
Table B. 9: The extraction of Al from 50 g fly ashat 250°C & 2 mL/min acacH
flow rate
Aluminium Acetylacetonate
Conc of Conc of Cumulative | Cumulative
Al(acack in Al(acac) in Volume Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acac) | Al(acacy | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
15 1683 16833 76 1.3 1.3 0.1 1.3
30 950 9500 78 0.7 2.0 0.2 2.1
60 1300 13000 108 1.4 3.4 0.3 3.5
90 1683 16833 109 1.8 5.3 0.4 5.4
120 900 9000 107 1.0 6.2 0.5 6.4
150 1750 17500 110 1.9 8.1 0.7 8.4
180 950 9500 109 1.0 9.2 0.8 9.4
240 983 9833 315 0.2 9.4 0.8 9.6
300 1033 10333 345 0.1 9.5 0.8 9.8
360 367 3667 300 0.2 9.7 0.8 10.0
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Table B. 10: The extraction of Al from 50 g fly ashat 220°C & 2 mL/min acacH

flow rate

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acack in Al(acac) in Volume | Mass of mass of mass of | Cumulative

Time the diluted the collected | Al(acac) | Al(acack | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)

15 1063 10633 71 0.8 0.8 0.1 0.8

30 950 9500 76 0.7 1.5 0.1 15

60 920 9200 105 1.0 2.4 0.2 2.5

90 983 9833 107 1.1 3.5 0.3 3.6

120 870 8700 107 0.9 4.4 0.4 4.6

150 950 9500 105 1.0 5.4 0.5 5.6

180 950 9500 103 1.0 6.4 0.5 6.6

240 923 9233 168 1.6 8.0 0.7 8.2

300 433 4333 149 0.6 8.6 0.7 8.9

360 267 2667 170 0.5 9.1 0.8 9.3

Table B. 11: The extraction of Al from 30 g fly ashat 220°C & 2 mL/min acacH

flow rate

Aluminium Acetylacetonate

Conc of Conc of Cumulative
Al(acack in Al(acack in Volume | Mass of | Cumulative mass of | Cumulative
Time the diluted the collected | Al(acack mass of Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) Al(acac) (9) (9) of Al (%)
15 1117 11167 77 0.9 0.9 0.1 1.5
30 3017 30167 79 2.4 3.2 0.3 5.6
60 1233 12333 106 1.3 4.6 0.4 7.8
90 2650 10600 104 1.1 5.7 0.5 9.7
120 1883 7533 107 0.8 6.5 0.5 11.1
180 1583 6333 160 1.0 7.5 0.6 12.8
240 1350 5400 162 0.9 8.3 0.7 14.3
300 1267 5067 163 0.8 9.2 0.8 15.7
360 1233 4933 162 0.8 10.0 0.8 171
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Table B. 12: The extraction of Al from 70 g fly ashat 220°C & 2 mL/min acacH

flow rate
Aluminium Acetylacetonate
Conc of Conc of Cumulative | Cumulative
Al(acac) in Al(acac) in Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acac) | Al(acacy | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
15 1217 12167 79 1.0 1.0 0.1 0.7
30 2717 27167 80 2.2 3.1 0.3 2.3
60 1833 18333 106 1.9 5.1 0.4 3.7
90 2650 10600 107 1.1 6.2 0.5 4.6
120 2283 9133 103 0.9 7.2 0.6 5.3
180 1583 6333 162 1.0 8.2 0.7 6.0
240 1450 5800 160 0.9 9.1 0.8 6.7
300 1267 5067 163 0.8 9.9 0.8 7.3
360 1133 4533 166 0.8 10.7 0.9 7.9

Table B. 13: The extraction of Al from 100 g fly ak at 220°C & 4 mL/min acacH

flow rate
Aluminium Acetylacetonate
Conc of Conc of Cumulative | Cumulative
Al(acackin Al(acac)kin Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acac) | Al(acac | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
15 1233 12333 105 1.3 1.3 0.1 0.7
30 1433 14333 107 1.5 2.8 0.2 1.5
60 1450 14500 165 2.4 5.2 0.4 2.7
90 1100 11000 163 1.8 7.0 0.6 3.6
120 1117 11167 167 1.9 8.9 0.7 4.6
150 1350 13500 167 2.3 11.1 0.9 5.7
180 1300 13000 166 2.2 13.3 11 6.8
240 1633 16333 272 4.4 17.7 1.5 9.1
300 1517 15167 262 4.0 21.7 1.8 11.2
360 1022 10225 260 2.7 24.4 2.0 12.5
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Table B. 14: The extraction of Al from 100 g fly ak at 220°C & 6 mL/min acacH

flow rate

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acac) in Al(acack in Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acac) | Al(acack | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
15 1717 17167 136 2.3 2.3 0.2 1.2
30 1700 17000 146 2.5 4.8 0.4 2.5
60 1750 17500 226 4.0 8.8 0.7 4.5
90 1783 17833 228 4.1 12.8 1.1 6.6
120 2000 20000 225 4.5 17.3 1.4 8.9
150 1233 12333 230 2.8 20.2 1.7 10.4
180 733 7333 224 1.6 21.8 1.8 11.2
210 1067 10667 226 2.4 24.2 2.0 12.5
240 876 8755 230 2.0 26.2 2.2 13.5
270 231 2307 222 0.5 26.8 2.2 13.8
300 257 2568 225 0.6 27.3 2.3 14.1
330 570 5700 223 13 28.6 2.4 14.7
360 358 3578 230 0.8 29.4 2.4 15.2

Table B. 15: The extraction of Al from 50 g fly ashat 220°C & 2 mL/min acacH
flow rate and -75 um PSD

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acack in Al(acack in Volume | Mass of mass of mass of | Cumulative

Time the diluted the collected | Al(acac) | Al(acac) | Aluminium | extraction

(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
5 50 500 58 0.0 0.0 0.0 0.0
15 117 1167 70 0.1 0.1 0.0 0.1
30 500 5000 79 0.4 0.5 0.0 0.5
60 983 9833 106 1.0 1.5 0.1 1.6
90 1533 107 0.7 2.2 0.2 2.3
120 1633 104 0.7 2.9 0.2 3.0
150 1233 109 0.5 3.4 0.3 3.5
180 867 103 0.4 3.8 0.3 3.9
240 1417 166 0.9 4.7 0.4 4.9
300 856 158 0.5 5.3 0.4 5.4
360 383 169 0.3 5.5 0.5 5.7
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Table B. 16: The extraction of Al from 50 g fly ashat 220°C & 2 mL/min acacH
flow rate and -150 pm +75 um PSD

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acac) in Al(acac) in Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acacy | Al(acack | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
15 833 8333 77 0.6 0.6 0.1 0.7
30 1250 12500 80 1.0 1.6 0.1 1.7
60 1150 11500 105 1.2 2.8 0.2 2.9
90 1617 104 0.7 3.5 0.3 3.6
120 1267 105 0.5 4.1 0.3 4.2
180 1250 162 0.8 4.9 0.4 5.0
240 1483 168 1.0 5.9 0.5 6.0
300 1067 166 0.7 6.6 0.5 6.8
360 983 167 0.7 7.2 0.6 7.4

25 mL of the sample was diluted to 100 mL.

Table B. 17: The extraction of Al from 50 g fly ashat 250°C & 2 mL/min acacH

flow rate and 10 mL/min nitrogen

Aluminium Acetylacetonate

Conc of Conc of Cumulative | Cumulative
Al(acackin Al(acackin Volume | Mass of mass of mass of | Cumulative
Time the diluted the collected | Al(acac) | Al(acac)y | Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) (9) (9) of Al (%)
15 450 4500 75 0.3 0.3 0.0 0.3
30 675 6749 77 0.5 0.9 0.1 0.9
60 784 7840 106 0.8 1.7 0.1 1.7
90 675 6750 109 0.7 2.4 0.2 2.5
120 700 7000 110 0.8 3.2 0.3 33
150 676 6760 110 0.7 3.9 0.3 4.1
180 979 9794 98 1.0 4.9 0.4 5.0
240 976 9762 164 1.6 6.5 0.5 6.7
300 889 8886 161 14 7.9 0.7 8.2
360 688 6875 170 1.2 9.1 0.8 9.4
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Table B. 18: The extraction of Al from 50 g fly ashat 250°C & 2 mL/min acacH

flow rate and 20 mL/min nitrogen

Aluminium Acetylacetonate

Conc of Conc of Cumulative
Al(acac) in Al(acac) in Volume | Mass of | Cumulative mass of | Cumulative

Time the diluted the collected | Al(acack mass of Aluminium | extraction
(Min) | solution(ppm) | sample(ppm) (ml) (9) Al(acac) (9) (9) of Al (%)

15 899 8992 71 0.6 0.6 0.1 0.7

30 908 9083 80 0.7 14 0.1 14

60 904 9044 110 1.0 2.4 0.2 2.4

90 878 8782 109 1.0 3.3 0.3 3.4

120 882 8822 111 1.0 4.3 0.4 4.4

180 924 9244 179 1.7 6.0 0.5 6.1

240 906 9060 180 1.6 7.6 0.6 7.8

300 941 9405 180 1.7 9.3 0.8 9.6

360 920 9202 178 1.6 10.9 0.9 11.2
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8.3 Appendix C: Experimental set up and standards prepeation

8.3.1 Gas Phase Extraction Experimental Set up
8.3.1.1 Set up procedure

The set up procedure of the fluidized bed reactor loe described in the following

steps:

» Place 5 meters coiled stainless steel tubing imiheath filled with oil

» Connect the stainless steel to the nitrogen flontemeonnected to the
nitrogen

 Place 500 ml round bottom flask in the heating meamith variable
temperature settings.

* Connect a column with a diameter of 2 cm and hetgHs0 cm to 500 ml
round bottom flask

* Wrap the heating wire around the column

* Pour required mass of the feed into the column

» Connect a condenser on the top of the column andemb cooler pipes to the
condenser

» Cover the glass column and round bottom flask wé&tamic blanket

» Connect a collecting flask with a solvent to thena@enser and place in ice
water

* Place the reactor in the fume hood and switch erfitme hood

* Connect the peristaltic pump, nitrogen tube andtiieemocouple to 500 ml
round bottom flask

» Connect the thermocouple to the column and the eeabpre controller

connected to the heating wire (heating tape wrappednd the column)
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8.3.1.2 Start up and Operating procedure

The experimental procedure below describes the umiegsprocess of the samples

collected per time interval.

* Open the tap for water/cooler to cool the condenser
» Switch on the heating mantle

» Switch on the temperature controller and set toiregemperature
When the operating conditions are reached,

* Switch on the peristaltic pump (at required acesstane flow rate) and
simultaneous switch on the timer (timer set on timerval 5 or 15 or 30

minutes).

Switch off the peristaltic pump after each timeemtl
* Replace the collecting flask (50 ml ethanol pourethe flask)

* Measure the volume collected in the collectingklas

Dilute 10 ml of the sample to 100 ml for the UV/\4Balysis.
Effect of carrier gas

In cases where a carrier gas is introduced to yeee®, preheat nitrogen before
introducing it to the system by heating the heatiigo 110°C before opening
the nitrogen regulator at required pressure and ffeeter at the required nitrogen

flow rate. Then follow the start up and operatimggedure described above.
8.3.1.3 Shut down procedure
The operational shut down procedure is describémhbe

» Switch off the peristaltic pump

» Close the nitrogen flow

» Switch off the heating mantle

» Switch off the oil bath

» Switch off the temperature controller

» Close the water/cooler tap
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» Disconnect the apparatus and switch off the funmeho

8.3.2 Preparation of Al(acac) standards

Calibration standards for the Ultra Violet-Visibépectrophotometry analysis were
prepared from synthesized aluminium acetylacetomptexes (Potgieter et al.,
2006; Hon et al., 1965 and Stary and Hladky, 1968)ck solution containing 5000
ppm (mg L) of aluminium(lll) acetylacetonate was preparedabsolute ethanol.
Dilutions were made from the stock solution to pmepa series of standards (250,
500, 750, 1000, 1500, 2000, 2500 and 3000 ppm). Waeelength of maximum
absorbance for aluminium(lll) acetylacetonate weleged by scanning a solution of
aluminium(lll) acetylacetonate over a range of wengths from 190 to 900 nm. The

wavelength of maximum absorbance is 255.0 nm.

8.4 Appendix D: Determination of aluminium(lll) oxide i n the mullite

phase and the amorphous phase

Molecular weight of fly ash species (some):

Aluminium - 279

Silicon - 28 ¢

Oxygen - 16 g
Aluminium(iii) oxide - 102 g

Mullite (3Al,03-2SiQ) - 426 g

XRF Analysis:

% of aluminium(iii) oxide = 30.52 wt%

Consider 100 g fly ash,

%Total aluminium(iii) oxide in 100 g fly ash=30£2
D.1
Total aluminium in 100 g fly ash = 16.16 g
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XRD Analysis:

% of mullite in fly ash = 30.68 wt%

D.2
Total mullite in 100 g fly ash = 30.68 g
30.68-3-102
Aluminium(iii)oxide in mullite = — 26 - 22.04g
D.3
L _ 22.04-2-27
Aluminium in mullite = — 4oz - 11.67g

From equation D.2 and D.3:

22.04
% of aluminium(iii)oxide in the mullite = 3052 100% = 72.22% D.4

Thus,

% of aluminium(iii) oxide in amorphous = 100% — 72.22%

= 27.78% D>

In a similar way, there i§2.22% and 27.78% of aluminium in the mullite and

amorphous phase respectively.
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