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During the last decade geopolymerisation has emerged as a possible technological solution for the
effective stabilisation and immobilisation of toxic materials. Despite the fact that this technology is
based on a very old principle, surprisingly little is known about the nature of these reactions or
their products. Itis only in the last fifteen years that it has been rediscovered and attention has been
drawn to its useful chemical and physical properties. This paper will therefore attempt to briefly
discuss the available literature on geopolymerisation in terms of its history, reaction kinetics and
structure as well as investigations into the application of geopolymerisation to various waste forms.
It is evident from the literature that factors governing the formation of geopolymers are still not
completely understood, although the physical and chemical properties suggest that these matrices
are well suited for the immobilisation of toxic materials and specifically toxic metals. It is finally
concluded that geopolymers offer attractive options towards simple industrial applications where
large volumes of waste materials need to be stabilised. It must also be acknowledged that these
advantages can only be applied optimally once all relevant interactions regarding the formation of
geopolymers from waste materials have been quantified scientifically. Hence, further research is
required regarding the formation of geopolymers and their application in industry.

Keywords geopolymer, waste processing, zeolites, immobilisation, landfill, fly ash

INTRODUCTION It has been shown by the authors [1] and others
[2] that geopolymerisation seems to meet the
above requirements and can make a profitable
Landfilling is currently the most widely used contribution towards recycling and utilisation
technique for processing of wastes associated  Of previously unused waste materials. This tech-
with the mining industry and the problems as-  nology is, however, still fairly unknown and
sociated with this are well known and well stud- ~ predictably viewed with scepticism by most
ied throughout the scientific literature. The in-  workersin the field of traditional waste process-
creasing toxic metal threat to limited natural ingtechniques. In order to familiarise the reader
freshwater resources constitutes only a fraction ~ With the concept of geopolymerisation as well
of the real problem. Physical stabilisation of as to create a better understanding of its possi-
large amounts of mineralogical wastes, in par-  ble applications in the mining industry, the aim
ticular tailings and fly ash, is increasingly be- ~ of this paper is to provide a literature review
coming an environmental, social and political ~and to explain the underlying theory.
necessity. It is clear that a need exists for a tech-
nology that can easily and cheaply handle large HISTORICAL BACKGROUND
guantities of waste materials, including con-
taminated top soil, fly ash, landfill leachate and  The phenomenal durability of ancient concretes
mine tailings containing heavy metals. Eco- and mortars compared to those being used in
nomic factors also increasingly dictate that in-  modern time prompted research into the nature
dustry should look towards recycling or value  of these ancient compounds. Results from vari-
addition to waste materials as opposed to  ous studies, summarised by Davidovits [3],
landfilling and discarding. proved that there is in fact a very distinct differ-
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ence between ancient mortars and the Portland
cement-based building materials in use today.
The ancient products seem to be not only physi-
cally more durable, but also more resistant to
acid attack and freeze-thaw-cycles. Initially [4]
it was thought that this difference is the conse-
guence of Calcium Silicate Hydrates ( of the C-
S-H-gel type] which constitute the main part of
Portland cement. Later [5], however, it was dis-
covered that these ancient concretes also con-
tain amounts of C-S-H-gel and consequently
researchers [3] turned their attention to the large
amounts of zeolitic phases also found in the
ancient products. It was later [6] concluded that
the long-term durability of ancient mortars is
the result of high levels of zeolitic and amor-
phous compounds in their compositional make-

up.

As aresult of this Davidovits, in the mid 1970’s,
proposed a controversial theory which culmi-
nated in a book [7] and has since gained wide-
spread support and acceptance. He postulated
that the Pyramids in Egypt were not built by
the means previously thought but that the
blocks were cast in place and allowed to set, cre-
ating an artificial zeolitic rock. Experimental
programs conducted with the purpose of prov-
ing this theory partly resulted in the rediscov-
ery of a new family of mineral binders, named
“geopolymers” because of similarities with or-
ganic condensation polymers as far as their
hydrothermal synthesis conditions were con-
cerned [8].

Terminology

Geopolymers can best be viewed as the amor-
phous equivalent of certain synthetic zeolites
and would generally have more or less the same
chemical composition although the distinctive
zeolitic structure is absent which makes them
amorphous to X-rays. Davidovits [2] proposed
that geopolymers consist of a polymeric silicon-
oxygen-aluminium framework, not unlike that
found in zeolites, with alternating silicon and
aluminium tetrahedra joined together in three
directions by sharing all the oxygen atoms. This
is of course a very simplified representation of
the real structure although it aids in discussing
the basic principles involved. The fact that alu-
minium is four co-ordinated with respect to oxy-
gen creates a negative charge imbalance and
therefore the presence of cations such as K* and
Na* is essential to maintain electric neutrality
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in the matrix. In order to better describe the three
dimensional geopolymeric structures, a new
terminology was proposed [8] whereby struc-
tures are described as: (1) Poly(sialate) with [ -
Si-O-Al-O- ] as repeating unit, (2) Poly(sialate-
siloxo) with [ -Si-O-Al-O-Si-O- ] as repeating
unit and (3). Poly(sialate-disiloxo) with [ -Si-O-
Al-O-Si-O-Si-O- ] as repeating unit.

What is today known as geopolymers are also
sometimes referred to as alkali-activated
alumino-silicate binders and Malone et al. com-
piled an extensive [9] list of references relating
to the early applications of the reaction between
reactive silica sources and alkaline metal solu-
tions.

In order to prevent confusion with ordinary ce-
ment forming reactions, it is necessary to briefly
explain the differences between
geopolymerisation and the hardening of ordi-
nary Portland cement [OPC).

Portland Cement
and the Pozzolanic Reaction

The main reactions associated with cement hy-
dration involve the formation of calcium silicate
hydrate [(CaO),(SiO,),(H,0);] and Ca(OH),.
Other reactions [10] include the formation of
ettringite [(CaO)3(Al,05)(CaSO4)5(H,0)5,] from
gypsum as well as various calcium aluminate
hydrates [(CaO),(Al,04)(H,0);4 and
hydrogarnet [(CaO)g(Al,05)(Fe;03)(H,0)45].
Pozzolans, such as fly ash, are sometimes added
to cement mixtures in order to increase durabil-
ity and decrease shrinkage. These materials re-
act with the lime produced by the cement hy-
dration reactions to also produce C-S-H-com-
pounds as well as calcium aluminate hydrates.
The main difference between cement forming
reactions and pozzolanic reactions is that the
latter are accelerated by temperature increases
and in particular the presence of an alkali metal
hydroxide. Pozzolanic reactions therefore gen-
erally proceed faster than normal cement hydra-
tion reactions and the products may or may not
have the same composition as those found in
Portland cements. Pozzolans can also serve as
reagents for the synthesis of geopolymers al-
though the reaction path is different as it does
not utilise the reaction between lime and
pozzolanic material but rather the interaction
of the latter with alkaline media and specifically
aqueous solutions of polysilicates. This aspect
will be discussed in more detail later. Portland
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cement as we know it is also sometimes referred
to as alkali-activated calcium-silicate [2].

Chemistry, Reaction Mechanism
and Structure Formation

In ancient times synthetic rocks were formed by
mixing kaolinite, dolomite or limestone with
Na,CO; or K,CO4 (obtained from plant ashes
or salt lakes) and silica [3]. This mixture pro-
duces NaOH and KOH when mixed with wa-
ter which dissolves some of the silica and reacts
strongly with the other additives to form a ge-
opolymeric binder. Purdon [11] investigated the
action of sodium hydroxide on a variety of min-
erals and glasses containing silicon and/or alu-
minium and summarised it as consisting of two
steps: (1) Liberation of silica, alumina and lime
and (2) Formation of hydrated calcium silicates
and aluminates as well as regeneration of the
caustic solution. These results let Purdon [11] to
believe that the alkali-metal hydroxide acts as a
catalyst and he proved his theory by leaching
the metal from the hardened alkali-activated
binder in more or less the same amounts as what
was added during synthesis. He also proposed
a mechanism for hardening of alkali-activated
alumino-silicate binders that involved: (1) Dis-
solution of either Si or Al in association with
sodium hydroxide and (2) Precipitation of Cal-
cium Silicate or Aluminate Hydrate with regen-
eration of the sodium hydroxide.

In the 1970’s Glukhovsky [12] investigated al-
kali-activated slag binders and made major con-
tributions in: 1. Identifying both calcium silicate
hydrates, and calcium and sodium alumino-sili-
cate hydrates as solidification products and 2.
Noting that clay minerals react during alkali-
treatment to form aluminium silicate hydrates
(zeolites). Further Russian research during the
1980’s [9] resulted in a better understanding of
the setting reactions of alkali-activated slag ce-
ment and the hardening process was found to
be more complex than that proposed by Purdon
[11]: (1) Dissolution of alkali and alkali-earth
cations into solution, (2) Formation of a colloi-
dal sodium silicate layer on the slag particles,
(3) Dissolution of aluminium oxides directly in
the sodium silicate, (4) Formation of semi-crys-
talline tobermorites
[(Cay((Si15041)(OH)g8H,0)], (5) Appearance of
calcium alumino-silicate hydrates with expul-
sion of water and (6) Formation of zeolite and
zeolite-like products of various compositions.
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The resultant solid will therefore consist of vari-
ous amounts of a variety of minerals.

According to Davidovits the hardening mecha-
nism for geopolymerisation essentially involves
the polycondensation reaction of geopolymeric
precursors, usually alumino-silicate oxides,
with alkali polysilicates yielding polymeric Si-
O-Al bonds [8] as is depicted:

(Si0,AL0) +3nHOOME. nOHy Si G A (OH)
n(OH), -Si-0-AI{OH), DFFEL (Naky { St G AF O )+ 3nHO

0 0
orthosialate (Na.K)-poly(sialate)

........... Q)
(S10,AL0,) +Si0. +4nHO D, n(OH- Si G Al- (OH)

(OH),
n(OH), -Si-0- Al -(OH), O Nakj { S G A )+ 4nH0

(OH, 0 0 0

Ao S o6

ortho(sialate-siloxoxo) (Na.K)-poly(sialate-siloxo)

In view of the above discussion it is clear, how-
ever, that for mine tailings this description is a
simplification and a whole range of related ma-
terials can be expected to form in practice where
temperature control is not exact and trace
amounts of most metals are present in the reac-
tion mixture.

Any pozzolanic compound or source of silica
and alumina that is readily dissolved in alka-
line solution will suffice as a source of
geopolymer precursor species and thus lend it-
self to geopolymerisation. Conceptually, the for-
mation of geopolymers follow much the same
route as that for most zeolites [13] i.e. three main
steps: (1) Dissolution, with the formation of
mobile precursors through the complexing ac-
tion of hydroxide ions, (2) Partial orientation of
mobile precursors as well as the partial internal
restructuring of the alkali polysilicates and (3)
Reprecipitation where the whole system hard-
ens into an inorganic polymeric structure. There
are, however, some marked differences between
zeolite formation and geopolymerisation and
most of these are related to the composition of
the initial reaction mixture.

Davidovits and co-workers [14, 15] indicated
that certain compositional criteria have to be met
for geopolymerisation to occur. These include:
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(1) The molar ratio SiO,:M,0 must be between
4.0:1 and 6.6:1 in the aqueous soluble silicate
solution where M is an alkali metal cation, (2)
The alumino-silicate oxide must contain Al
which is readily soluble and (3) The overall
molar ratio Al,05:Si0, must be between 1:5.5
and 1:6.5. Our research [1] has shown, however,
that these ratios are not very critical when deal-
ing with waste materials and are for the most
part only an indication of approximate compo-
sition. The reason for this is the fact that these
compositional ratios are based on chemical
analysis although it is highly unlikely that all of
the silica or alumina actually takes part in the
synthesis reaction.

As far as synthesis of geopolymers is concerned,
the most important differences between zeolite
formation and geopolymerisation are in the con-
centration of the precursor species as well as the
fact that zeolites usually form in closed
hydrothermal systems and geopolymers not.
Zeolites usually crystallise from fairly dilute
aqueous solutions where precursor species have
mobility as well as enough time to undergo
proper orientation and alignment before bond-
ing into a crystal structure. In contrast, setting
of the geopolymeric reagent mixture occurs
fairly quickly, without enough time for the for-
mation of a proper crystal structure resulting in
a microcrystalline, amorphous or semi-amor-
phous structure depending on the exact reac-
tion conditions.

It is a well known fact that in zeolite synthesis
the compositional ratios, SiO,/Al,0, and
(Na,0+K,0)/Si0,, determine the resultant
crystal structure and are, together with X-ray
diffraction, used in characterising different zeo-
lites [13]. Apparently these ratios also influence
structure formation in geopolymers [14], al-
though this has not been scientifically proven
and would certainly not be the case where
geopolymers are synthesised from waste mate-
rials, mainly because total dissolution of the
waste materials is not achieved as will be ex-
plained in more detail later. The amorphous
nature of geopolymers makes structural inves-
tigations by X-ray powder diffraction inconclu-
sive and other techniques such as Infrared Spec-
troscopy [13] and Magic Angle Spinning Nu-
clear Magnetic Resonance (MAS-NMR), devel-
oped for studies of zeolitic structures [16, 17],
have been employed with varying degrees of
success [2, 8]. The proposed structure deter-
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mined for pure geopolymers remains, however,
fairly inconclusive for toxic metals stablilisation,
to a certain extent.

PROPERTIES OF
GEOPOLYMERIC BINDERS

From a waste processing point of view the physi-
cal and chemical properties of geopolymers as
well as the conditions needed for synthesis make
it one of the best prospects for future waste
processing techniques and therefore merit fur-
ther discussion.

The synthesis temperature required for
geopolymerisation vary between 25 and 80 °C
[18] while the use of pressure [19] is not essen-
tial, but sometimes preferred when the poros-
ity of the final product is required to be lower
than normal. Depending on the synthesis con-
ditions, structural integrity and reasonable
strength are attained in a very short time, some-
times in as little as sixty minutes. In most cases
70% of the final compressive strength is devel-
oped in the first 4 hours of setting [2, 20]. As can
be seen from Table 1, low permeability is an-
other property that favours the use of these
materials as immobilisation systems for toxic
metals [2]

Table 1: Permeability values in cm/s [2]

Sand 16 to 10°
Clay 107
Granite 100

Fly ash cement 10
Portland cement 19
Geopolymer binders 10

Geopolymeric matrices also have a reported [3,
21, 22] resistance to acid attack that surpasses
that of Portland cement as can be inferred from
Fig. 1.

1007 7
80*/ —

e

e

% )| HSO,

HCI

60

40

207

Ca-
Aluminate

0
Portland Slag Geopolymer

Figure 1: Break up in 5% acid solutions (% of
matrix dissolved under identical conditions) [21,
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Apart from their short setting times and low
permeability compared to concrete, they also
attain higher unconfined compressive strengths
[9] and shrink much less on setting as can be
seen from Table 2.

Table 2: Percentage shrinkage of Geopolymeric
cement compared to Portland cement [23]

Matrix 7 days 28 days
Portland cement type | 1.0 3.3
Portland cement type IlI 15 4.6
Geopolymer cement 0.2 0.5

As was discussed earlier one of the main differ-
ences between geopolymers and zeolitic struc-
tures is the fact that geopolymers are amorphous
to X-rays. The exact nature of this amorphicity
is still not fully quantified, mainly because of
different definitions of the term “amorphous”.
It must also be mentioned that although the
product seems amorphous to X-rays, this does
not guarantee the absence of very small disor-
dered crystals and therefore some or total crys-
tallinity could well be present to a certain ex-
tent. Malone et al. [9] attributed much of the
physical strength of these matrices to this mix-
ture of structural phases because of increased
crystallisation contacts between the more crys-
talline and more amorphous regions.

Other documented properties include good re-
sistance to freeze-thaw cycles [2] as well as a
tendency to drastically decrease the mobility of
most heavy metal ions contained within the
geopolymeric structure [1, 24]. Experimental
evidence as to this claim is presented in Table 3
while this aspect will be discussed in more de-
tail in the following section.

Application to waste processing

The technology of geopolymerisation has been
applied [22] to the manufacture of some cement-
related products that can be bought commer-
cially, mixed with toxic waste and allowed to
set. Theresultis avery hard, impermeable solid
containing the toxic waste in immobilised form.
Similar processes utilise ordinary Portland ce-
ment for the same purpose, and mainly because
of monetary reasons geopolymeric binders have
not been used widely despite their superior
physical properties. Although this discussion
will also focus on the advantages of
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geopolymers towards toxic metal immobilisa-
tion, it must be kept in mind that because of their
physical properties these products can also be
utilised as replacements for concrete in most
instances. If the physical properties can be con-
served while the product is still acting as an
immobilisation system a novel process of toxic
waste utilisation will have been developed.

Research into this field with the purpose of find-
ing a practical solution to toxic waste process-
ing in the mining industry should therefore have
two main objectives, i.e. (a) the immobilisation
efficiency and mechanism should be deter-
mined, and (b) the physical properties should
be stable, not only to encapsulate toxic metals,
but also to make the product suitable for fur-
ther building applications. Some research has
already been conducted into the potential ap-
plication of geopolymer technologies towards
solving practical, building related problems, as
summarised by Malone et al. [9]. Research into
the utilisation of metallurgical slags by
geopolymerisation has also been dealt with by
Glukhovsky et al. [12], albeit not extensively.
Comrie et al. [22, 24] investigated the possibili-
ties of heavy metal immobilisation by commer-
cial geopolymeric products. Most research con-
ducted to date, however, has focused on either
the immobilisation efficiency or strength aspect
of geopolymers and in most cases commercially
available products were involved. No one has
yet investigated the integration of the two as-
pects into one product as well as utilising silica
and aluminium containing waste materials to
their maximum.

Most waste materials, such as fly-ash (from vari-
ous sources), contaminated soil, mine tailings
and even building waste, contain large amounts
of silica and alumina that can be used as rea-
gents for in situ geopolymerisation reactions. In
most cases only a small amount of the silica and
alumina present on particle surfaces need to
dissolve and take part in the reaction for the
whole mixture to solidify with the resultant
immobilisation of any heavy metals contained
within. The difference between this system and
Portland cement systems therefore lies in the fact
that almost no additional additives need to be
added as the reactive properties of silica and
alumina in the waste materials are utilised for
the geopolymeric synthesis reactions.

For geopolymerisation of waste materials to
occur an alkali medium is needed that can dis-
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solve some of the silicon and aluminium as well
as hydrolyse the surfaces of the waste particles.
The concentration of dissolved silicon can be
artificially increased by addition of soluble sili-
cates if dissolution does not proceed fast
enough. The presence of K*, Na* and Ca?* is
also needed because of their charge balancing
and catalytic roles. Reaction between the amor-
phous matrix and the particle surfaces will then
proceed along the path described by equation
3, see in [15].
Particle surface
Ny
O\Si/O/ \o\Si/O/

bn i

OH

AN

.3

OH OH OH

S W
\O\S/
AN

Geopolymer precursor

Itis apparent that this surface reaction is the one
responsible for binding the waste particles as
well as immobilising any toxic metals that they
might contain. The eventual strength develop-
ment therefore greatly depends on the extent to
which this surface reaction proceeds.

The nature of the surface bond between the
amorphous phase and the waste particles is one
of the reasons why characterisation of
geopolymer structures by X-ray diffraction is not
conclusive as the undissolved part of the origi-
nal particle becomes part of the overall struc-
ture. The surface reaction on waste particles, as
well as their overall involvement in the synthe-
sis reaction, depend on four main factors [10]:
(1) Their mineralogy, (2) Silicaand Alumina con-
tent, (3) Fineness or reactive surface area and
(4) Morphology. These properties can also be
expected to vary from particle to particle and
therefore the structure as a whole will rarely be
homogeneous.

Heavy metal immobilisation in geopolymeric
structures is not thought to be caused by physi-
cal encapsulation alone, but also through ad-
sorption of the metal ions onto the geopolymer
structure and possibly even bonding of the
metal ions into the structure [1]. Whether the
included heavy metal will also fulfil a charge
balancing role is still unsure but they are bonded
into the structure in some instances although the
mechanism by which this occurs is still un-

I
. (@]
I
Al
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known [1]. One of the only methods available
for determining the efficiency of heavy metal
immobilisation is by conducting leaching tests
with various solvents and by characterising the
respective kinetic leaching curves in terms of the
metal being immobilised and other factors that
could ultimately affect the immobilisation effi-
ciency such as the starting materials as well as
alkali-metal cations used as reagents. Interpre-
tation of leaching data should take physical
properties into account and could ultimately

N

N d

NS
NG
/ NP

Si
(|3 + H,O
P
<
/

Geopolymeric structure

e

/ ©

lead to a better understanding of the mechanism
by which heavy metal immobilisation occurs.
Apart from our own work and that conducted
by Comrie et al. [24], no other investigations
have been conducted in this regard and much
still needs to be done.

Table 3: Concentration of cations in leachate from
Kam-Kotia mine tailings and paint sludge, ppm [24]

As Fe Zn Cu N T
Untreated
tailings 42 9726 1858 510 5 20
Geopolymerised
tailings 2 123 1115 4 3 7

Mg Cr Zn Mn Co Ti V
Untreated
sludge 1024 55 384 64 84 6 9
Geopolymerised
sludge 512 7 7 6 9 3 1

From a practical point of view implementation
of this technology will not require complicated
control systems or equipment as the process is
simply one of mixing various waste forms with
small amounts of readily available chemicals
depending on which compounds are not sup-
plied by the waste materials in large enough
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quantities [9]. Afairly accurate idea of the silica
and alumina contained in the waste materials
is therefore essential, although not enough is
currently understood regarding the effect of
their respective crystal structures on the final
product. Other uncertain factors affecting ge-
opolymeric structure formation from waste
materials include those regarding the alkali
metal cation, the exact coordination number of
Al* as well as the effect of the heavy metal ions.
As was discussed earlier, setting temperatures
are quite low and could even be met by atmos-
pheric conditions. Usually mouldability is very
good although pressure might be needed in cer-
tain instances to reduce pore volumes or the
amount of entrapped air.

Potential practical applications

A cementitious product with properties such as
high early strength, fast setting, low permeabil-
ity, acid resistance as well as low cost will have
numerous obvious possibilities of application
and the most important ones are listed below:

1. Surface capping of waste dumps and
landfill sites where a rigid high strength
structure is needed to prevent contact by rain-
water and provide a solid and safe cover
which can also assist in utilising the area for
building purposes.

2. Low permeability base liners of landfill
sites where minimum leakage of contami-
nants into the groundwater is desired or
where fresh water reservoirs need a lining to
prevent water from seeping away as in re-
gions where not enough clay is present in the
soil.

3. Vertical barriers and water control struc-
tures where water deflection is needed, both
above and below the surface.

4. Dam construction as well as the stabilis-
ing of tailings dams, the latter being a large
problem in countries with high humidity. The
in situ treatment of tailings in order to in-
crease their solidification potential will also
enable mining in environmentally sensitive
areas where it might not be possible to mine
at the moment due to the threat of not only
physically unstable tailings dams but also of
leaching of toxic metals into fresh water
drainage systems.

5. Heap leach pads are another possible ap-
plication where a large, cheap, non-porous,
non-permeable and non-reactive surface is
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needed for the leaching of ores and collec-
tion of leachate.

6. Structural surfaces like floor and storage
areas as well as runways have also been pro-
posed and the feasibility of the latter was in-
vestigated by Malone et al. [9].

7. Intermittent horizontal barriers in waste
masses, used to keep waste masses stable and
prevent contact between various layers
stacked on top of one another. In this case
the properties required include low-perme-
ability and intermediate strength.

8. Back fill for cut-and-fill and under-cut-

and-fill type mining methods. Fast setting
and high early strength are required for this
application, both of which can be met by
geopolymerisation. The abundance of mine
tailings as well as the relatively high tempera-
tures found in most mines should favour the
application of geopolymerisation and defi-
nitely merits a thorough investigation.

9. Pre-casting of simple structures used in

non-specialist applications such as fences,
paving materials and low cost pipes. In gen-
eral the mouldability of geopolymeric pastes
is very good and together with their rela-
tively low shrinkage compared to Portland
cement, any such non-specialist application
should be suitable.

Immobilisation of toxic waste such as ar-
senic, mercury and lead [22]. This is possibly
one of the major areas where
geopolymerisation can impact heavily on the
status quo. As has been mentioned earlier,
the advantages of heavy metal immobilisa-
tion by geopolymerisation have only had lim-
ited attention as far as research is concerned
and apart from this study, only one other
program [24] sought to investigate the issue.
The results have been very favourable and
although little is understood about the
mechanism of immobilisation, the efficiency
of these matrices seems promising.

Inexpensive but durable encapsulation of
hazardous waste such as asbestos and radio-
active wastes [21]. Manufacturing geopoly-
meric materials from waste should provide
cheap encapsulation media for a variety of
applications where Portland cement might
be too expensive or not sufficiently durable.

Any current building component such as
bricks, ceramic tiles and cement could be re-
placed by geopolymers.

10.

11.

12.
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CONCLUSIONS
AND SIGNIFICANCE

It is obvious that some progress has been made
towards creating a better understanding of
geopolymerisation and its potential. There are,
however, certain factors that hamper the further
development and even industrial implementa-
tion of this technology, and although some of
them constitute a lack of fundamental knowl-
edge, others involve the usual apprehension by
which new technologies are greeted, both by
researchers as well as by industry. There also
exists some confusion regarding geopolymers
and especially regarding the terminology asso-
ciated with it, and although Davidovits pro-
posed a new terminology, there are still doubts
regarding the novelty of these matrices. It is
possible that these reactions, being closely re-
lated to zeolite synthesis, have been known all
along but have been overlooked because of the
fact that the main thrust in zeolite related re-
search has focused on the opposite to what
geopolymers is trying to achieve, namely a well-
formed, homogeneous, crystal structure where
pore sizes are uniform and well-structured [13,
25]. It is evident that a fair amount of research
still needs to be conducted, both in characteris-
ing these matrices as well as in determining not
only the mechanism of formation, but also the
mechanism by which metal immobilisation pro-
ceeds.

Adequate characterisation of the solid state in-
cludes the development of new analytical tech-
niques and methods by which differences in
structure can easily be identified. The solid state
analytical techniques currently available are
both expensive and time consuming while they
only provide limited and inconclusive results
as far as structural analysis is concerned.

Investigations into the mechanism of synthesis
as well as that of immobilisation of metals will
rely heavily on the efficiency of appropriate
structural analysis techniques as well as infor-
mation collected through kinetic leaching tests
or even the use of selective resins for the extrac-
tion of certain cations. A related paper on the
topic of leaching from geopolymeric matrices
will be published as a second part to the present
one [26].

From an application and engineering point of
view, research into the utilisation of waste ma-

pa§e-

terials, and in particular those from the miner-
als industry, requires urgent attention. Although
fundamental research would provide a better
understanding of the bonding mechanism and
subsequent leaching behaviour of immobilised
metals from these structures, there is a need for
immediate application orientated research in
order to consolidate and practically evaluate the
progress that has been made up to now. A sys-
tem of waste classification based on the suitabil-
ity of various waste forms to take part in the
geopolymerisation reaction needs to be devel-
oped and will be pivotal in developing a knowl-
edge base for allowing the creation of geopoly-
meric matrices tailor-made for specific metal
ions and manufactured from waste materials.
Although some references exist in the patent lit-
erature [27-32] that describe applications of this
technology, none of them contributes to an over-
all understanding of these processes, and indi-
cates that not enough is known about
geopolymers to be able to fully assess their ap-
plication possibilities.

By utilising certain waste materials and their
reactive properties, it is supposedly possible to
create various geopolymeric matrices that are
not only strong enough to be used as building
materials, but also as immobilisation systems for
toxic metal containment. In addition, these ma-
trices can be synthesised almost entirely from
waste materials that are currently posing a threat
to the environment. In order to optimise the
advantages offered by geopolymers derived
from waste materials, it is imperative to iden-
tify as well as quantify critical parameters that
affect the eventual structural stability of the fin-
ished product. This has to be done by the tech-
niques currently available and of these, leach-
ing analysis seems to be the most powerful as
will be discussed in a subsequent paper [26].
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