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Abstract

Fundamental research into the geopolymerisation process is increasing rapidly because of the potential commercial application of this
technology. Despite this, however, very little work has been undertaken to determine the relationship between composition and temperature
on the final chemical and physical properties of geopolymeric products derived from waste materials. The present study shows that the
differences in reactivity of source materials, used during the synthesis of waste-based geopolymers, significantly affect the final properties
of the geopolymeric material. It is proposed that these observed changes in material properties are due to the incomplete dissolution of
the waste material. The water content, the fly ash/kaolinite ratio, as well as the type of metal silicate used have a substantial effect on the
final properties of the geopolymer. In particular, the current work shows that the thermal history of the source materials, such as kaolinite,
as well as the curing regime for the geopolymer are important factors that must be taken into consideration when designing a geopolymer
product for a specific application.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction between mineralogy and reactivity of individual minerals is
extremely complex, and so further research on the ability
Geopolymers are the synthetic analogues of natural ze-of a wide variety of different materials to undergo geopoly-
olitic materials. Geopolymeric materials possess excellent merisation is required in order to elucidate the underlying
mechanical properties, including fire and acid resistance chemical mechanisms.
[1,2]. These properties make geopolymers an alternative The exact chemical mechanisms responsible for the dis-
construction material compared to Portland cement, andsolution and gel formation reactions in geopolymeric sys-
as a consequence, geopolymer technology has attracted &ms are still unknown. However, it is apparent that in many
great deal of attention internationally in the past 20 years cases where materials such as fly ash and clays are used, the
[3-5]. dissolution of the starting materials is not completed before
Most waste materials such as fly ash, blast furnace slagthe final hardened structure is formé@]. In most cases,
and mine tailings contain sufficient amounts of reactive alu- only small amounts of the silica and alumina present on par-
mina and silica that can be used as source materials for inticle surfaces need to take part in the reaction for the whole
situ geopolymerisation reactions. In previous work, many mixture to solidify. It is therefore generally believed that a
Al-Si containing source materials such as building residues, surface reaction is responsible for bonding the undissolved
fly ash, furnace slag, pozzolan and some pure Al-Si miner- waste particle into the final geopolymeric struct{®g
als and clays (kaolinite and metakaolinite) have been stud- It is reasonable to assume that the type and nature of the
ied [6-8]. Nevertheless, most of these studies have usedstarting materials used will directly affect the final physical
the source materials on an arbitrary basis without consid- and chemical properties of a geopolymer derived from waste
eration of the mineralogy or paragenesis of the individual materials. The current work therefore investigates the effect
minerals. It is important to note that the interrelationship of various compositions of fly ash and kaolinite mixes on
the physical and chemical properties of geopolymers. The
* Corresponding author. Fax:61-3-8344-4153. effect of curing regime on final properties of the geopolymer
E-mail addressjannie@unimelb.edu.au (J.S.J. van Deventer). has also been investigated.
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2. Background Table 1
Composition of fly ash as determined by XRF analysis (mass, %)
The term “geopolymer” was first used by Davidovits Element as oxide Tarong Macquarie
[9,10]to describe a family of mineral binders closely related S0, 614 599
to artificial zeolites. These structures consist of a polymeric aj,0, 330 216
Si—O-Al framework, similar to that found in zeolites. The ca0 0.6 2.9
main difference to zeolitic structures is that geopolymers F&Os 11 a7
are amorphous to X-rays, although the exact nature of this MgO 0.3 L4
e e TiO, 2.0 0.8
amorphicity is still not fully quantified. NaO 01 04
The formation of geopolymeric materials follows much .o 0.1 23
the same route as that for most zeolites, i.e. the three mainso; 0.0 0.2
steps: (1) dissolution with the formation of mobile precur- | o5 on ignition 1.4 5.8

sors through the complexing action of hydroxide ions, (2)
partial orientation of mobile precursors as well as the partial

internal restructuring of the alkali polysilicates and (3) re- {RrR1 was obtained from Commercial Minerals Sydney
precipitation where the whole system hardens to form an in- oystrajia, with compositions given ifiable 2 All experi-
organic polymeric structure. Amorphous to semi-crystalline ants were performed using the same batches of reagents

geopolymers are therefore formed by the co-polymerisation 4 starting materials. Distilled water was used throughout.
of individual alumino and silicate species, which originate

from the dissolution of silicon and aluminium containing
source materials at a high pH in the presence of soluble al-
kali metal silicateg6,9].

Geopolymers are sometimes referred to as alkali-activated
aluminosilicate binders. These materials differ substantially
from ordinary pozzolanic cements, because geopolymers
use a totally different reaction pathway in order to attain
structural integrity. Whereas pozzolanic cements generally
depend on the presence of calcium, geopolymers do not
utilise the formation of calcium—silica-hydrates (CSHSs) for
matrix formation and strength. Instead, geopolymers utilise
the polycondensation of silica and alumina precursors and a
high alkali content to attain structural strength. ]

Various author§s,11—15]have mentioned the importance  3-3. Yield strength measurements
of the HO/SiO; molar ratio in both the synthesis of geopoly-
mers as well as other aluminosilicates such as zeolites. The [n order to investigate the effect of using different fly
mineralising and stabilising actions of water play important @shes on the setting characteristics of the geopolymer paste,
roles during both dissolution and polycondensation of zeo- the early yield strengths of various mixes were measured by
lite and geopolymeric precursor species and therefore merita vane rheometer as described by De Kref6}. A fresh
discussion in terms of their effect on the final properties of Mixture was made for every measurement and all experi-
f|y ash-based geop0|ymers_ For the Systems used in the Curments were repeated three times. Care was taken not to dis-
rent work it will be necessary to also consider factors such turb the gel structure before any measurements were made.
as the total amount of kaolinite present in the matrix. This is
important to consider because a portion of the kaolinite will T4pe 2
stay unreacted and will therefore affect the final structural composition of kaolinite as determined by fusion and XRF analysis (mass,

3.2. Synthesis

Sample preparation was performed as described previ-
ously[7] with at least a 7-day waiting period being observed
before any tests were performed. In each case the samples
were cast in 50 mm cubes, vibrated for 5 min and allowed to
set at 30C for 24 h before being removed from the moulds
and kept at room temperature for another 6 days. Various
guantities of sodium or potassium silicate and sodium or
potassium hydroxide were used for the synthesis of each
geopolymer sample.

properties of the geopolymer matrix. %)
Element as oxide Commercial minerals (HR1)
: SiO, 51.3
3. Experimental procedures AlOs 26
CaO 0.1
3.1. Materials Fe0s3 1.1
MgO 0.3
Fly ash used in the synthesis of all geopolymer matri- TiO2 11
ces was obtained from Tarong power station in Queensland,za‘zoO g'g
Australia. Other fly ash samples originated from Lake Mac- Sa 0
guarie, New South Wales. All fly ashes are of coal origin with -
Loss on ignition 13.0

chemical compositions as shownTiable 1 Kaolinite, grade
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3.4. Compressive strength testing and therefore the inter-grain boundaries contribute signifi-
cantly towards the total measured specific surface area of the
Compressive strength testing was performed as per ASmatrix.
1012.9[17] using 50 mm diameter cylinders with a 1:2 di- It was mentioned previouslyl5] that the nucleation
ameter to length ratio. Three cylinders of each sample weremechanism involves the ordering of water molecules by
tested, with the experimental values being averaged. All the alkali metal cations present. In particular, smaller alkali
samples were tested after 14 days. An Amsler FM 2750 metal cations were mentiond#i2] as being able to better
compressive strength testing apparatus was used for all testsprder water molecules, compared to larger cations that are
usually thought to disrupt the order of water molecules. The
3.5. Specific surface area, infrared analysis and X-ray more disordered system, however, was repdiétlas hav-
diffraction ing a higher degree of polycondensation which could also
be the case where a higher water concentration is present
BET surface areas were determined for all samples by us-with less cations to order it, resulting in a matrix with a
ing a Micromeritics Flowsorb ASAP 2020 with a 30/70 ratio higher degree of condensation and a lower surface area.
of N2 and He, degassing for 18 h at 95. Infrared spectra  This hypothesis has, however, not been proven conclusively
were recorded on a Mattson Galaxy 2020 spectrometer us-as a multitude of other factors also affect the final surface
ing the KBr pellet technique (0.5 mg powder sample mixed area values observed in both geopolymers and synthetic
with 250 mg of KBr). X-ray powder diffraction data were zeolites. It should also be noted that reaction systems exist-
obtained using a Phillips PW 1800 diffractometer with Cu ing for geopolymer synthesis generally have water contents
Ka radiation. 10 or more times less than that used for conventional ze-
olite synthesis and many of the trends discussed here will
therefore not necessarily be true for zeolite synthesis un-

4. Results and discussion der hydrothermal conditions. It was also shojt8] that,
although the hydroxyl ion concentration affects structure
4.1. The effect of clay and water content formation, this effect is less pronounced at very high alkali

concentrations. At conditions such as that used in geopoly-

Mostowicz and Berakl8] mentioned the tendency of ze- mer synthesis a moderate increase in water content will
olitic synthesis mixtures to form larger crystals when the therefore not dramatically affect the sizes of newly formed
total amount of water in the reaction mixture is increased. It crystals or regions of pseudocrystallinity as the alkali con-
seems thatthis is also the case for fly ash-based geopolymergent remains high. Water content, however, seems to have a
An increase in the size of regions of pseudocrystallinity will limited effect on measured BET surface area values.
lead to a decrease in the specific surface area for each sample. Table 4presents a comparison between two systems con-
This is because the total amount of inter-grain boundaries taining no fly ash (matrices A1 and A2) and two systems
and surfaces will decrease accordingly while the internal with varying amounts of fly ash (matrices A3 and A4). In the
specific surface area of each grain or area remains the samecase of matrices A1 and A2 the kaolinite used had an original
Table 3illustrates this point with the BET surface area val- specific surface area of 2%y, with both the geopolymer
ues decreasing steadily as the amount of water is increasedsamples synthesised from this kaolinite having surface area
It is significant to note that the surface area values are quitevalues of around 3 Atg. This indicates that some form of
low compared to those found in zeolites (ca. 1060gh polycondensation has taken place resulting in a less porous

Table 3

The effect of water content on BET values of matrices containing Tarong fly ash

Matrix Hydroxide Silicate (kO + Nap0)/Si0; (molar) Clay (mass, %) Water/fly ash (mass) Surface aredgjm
B1 K Na 11 11 0.91 6.9

B2 K Na 11 10 1.11 4.4

B3 K Na 11 9 1.21 3.9

Table 4

BET values of matrices containing clay and Tarong fly ash

Matrix Hydroxide Water (mass, %) @O + NaxO)/SiO, (molar) Clay (mass, %) Clay/fly ash (mass) Surface aredg)m

Al K 11.6 12 73 () 3.1
A2 K 6.8 1.2 84 00 3.0
A3 K 10.2 12 64 5.0 2.2
A4 K 6.8 1.2 60 2.3 4.9
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and more dense structure. It is also interesting to note that For matrices S12, S7 and S9, which contain Na, it can be
Al contains double the relative amount of water present in seen that this sensitivity to clay content is not as obvious.
A2 with virtually no effect on the measured surface area. The The interactions of Na and K with synthesis species during
reason for this could be twofold. Firstly, it is possible that geopolymerisation were showh5] to be substantially dif-
high alkali content mixtures are not affected significantly ferent, resulting in altogether different amorphous structures
by the moderate addition of water. The second reason isexhibiting differing physical properties. Again the packing
that a large part of the kaolinite remains unreacted with arrangement of individual particles will greatly change when
water trapped in the layer structure and being preventedthe amount of kaolinite is either increased or decreased,
from evaporating by a surface geopolymerisation reaction causing changes in both compressive strength and internal
as was proposed earli¢t5]. Consequently, the effect of surface area. The specific structure and its ability to tolerate
entrapped water moderates small changes in the quantity ofhigh amounts of unreacted material will in each case de-
added water. termine the degree of change in these physical parameters
With the addition of fly ash to the mix design of matrix while the nature of the structure is very dependent on the
Al, the resultant matrix A3 shows a marked drop in surface type of alkali cation used as was discussed edlig}. The
area measured. The main reason for this is an increased readnteractions of different alkali metal cations with source ma-
tion between the soluble silicate species and aluminosilicateterials such as fly ash are thought to account for the results
species dissolved from the amorphous glassy phases of then Table 5where the two sets of data do not show the same
fly ash. In the case of matrix A3, the relatively small amount trends with respect to an increase in clay content.
of spherical fly ash particles should also create denser pack- Fig. 1indicates that a large part of the kaolinite remains
ing with the plate-like structure of any unreacted kaolinite. unreacted in geopolymer samples. In particular, a number of
Matrix A4 again shows the tendency for a higher surface characteristic kaolinite peaks can be seen where the spectra
area resulting from a lower total amount of water as com- for matrices S11, S6, S8 and S25 are compared with that
pared to A3. The fact that relatively more fly ash is present of kaolinite. The distinctive kaolinite peaks a@ 2alues of
that leads to disturbances in the packing of clay particles 12.3, 19.8, 24.9, 45.4, 55.1 and 62.2an be seen to in-
should also be considered. Clearly the water content affectscrease in accordance with an increase in total clay content.
surface area, but the effect for different kaolinite/fly ash ra- As many of these peaks are absent in the spectrum of S11
tios is still convoluted. and S6, while the clay content in these matrices is above the
Table Spresents information regarding the effect of an in- detection limits of the diffractometer, one could conclude
crease in clay content on both the measured specific surfacahat at smaller amounts of clay content, the kaolinite is al-
area values as well as compressive strengths observed for anost fully digested to take part in the geopolymerisation
range of matrices containing Na or K as the primary alkali reaction. At larger additions, however, the clay becomes a
activator. It is significant to note that in the case of matri- partially reacted filler that also serves to weaken the struc-
ces S11, S6, S8 and S25 there seems to be a limit as to théure in most case&ig. 2shows that this is also the case for
amount of clay content that can be tolerated by the structure.the Na containing matrices S12, S7 and S9.
This suggests that an optimum clay content exists to obtain Table 6presents the main infrared absorption peaks for
a maximum in the compressive strength of the material. In the above matrices together with those of the fly ash and
the case of S25 this optimum has clearly been exceeded rekaolinite used in their synthesis. The differences between
sulting in a sudden drop in measured compressive strengthabsorption frequencies for the starting materials and syn-
The fact that the BET values do not closely follow the ex- thesised geopolymers are an indication of the transforma-
pected trend with respect to compressive strength has beerion that takes place during synthesis. The peaks around
dealt with elsewherfl5], although the internal surface area 467 cnt! are attributed to in-plane bending of Si-O and
of matrix S25 is slightly higher, which agrees with its lower Al-O linkages originating from within individual tetrahedra
measured compressive strength when compared to S11, S§19]. For the matrices under consideration there seems to be

and S8. a slight shift in this wavenumber as more kaolinite is added.
Table 5

Compositions, specific surface area values and compressive strengths of matrices prepared from Tarong fly ash with all matrice©p&itg=-ML.05
Matrix Hydroxide Clay (mass, %) Water (mass, %) Water/fly ash (mass) Strength (MPa) Surface dpa (M
S11 K 7 20 0.33 11.0 0.8

S6 K 14 20 0.35 11.0 1.0

S8 K 21 20 0.43 11.4 0.7

S25 K 41 20 0.75 5.0 11

S12 Na 7 20 0.33 8.5 0.3

S7 Na 14 20 0.36 8.0 0.6

S9 Na 21 20 0.43 10.6 0.2
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—— Kaolinite

—— 8§25 (41% clay)
——88 (21% clay)
——S6 (14% clay)
—811 (7% clay)

100

20 (degrees)

Fig. 1. The effect of increased clay content on the X-ray diffraction spectra of matrices containing Tarong fly ash and KOH.

Table 6 the system has taken place. A change in the co-ordination
Main FT-IR absorption peaks for matrices Table 5 number of Al from 6 to 4 would cause peaks to appear at
Matrix Clay Wavenumber (crm?) approximately 850 cm* [20]. However, these were only
(mass, %) found in matrices containing small amounts of kaolinite,
Fly ash - 467 537 - - 1033 1096 typically <7% (by mass). It seems therefore that when small
Kaolinite 100 470 539 938 1009 1033 1106 gmounts of kaolinite are present some dissolution takes
Si1 7 469539 - 1013 1035 1079 yjace gt a high pH, with subsequent formation of tetrahedral
S6 14 469 540 942 1011 1035 1085 . 4 L
s 21 469 539 939 1010 1033 1090 Al Itis possible that when large amounts of kaolinite are
s25 41 471 540 939 1010 1033 1094 added, reaction takes place at the surface predominantly,
S12 7 468 538 - 1013 1038 1093 which strengthens the Si—O—Al bonds, but does not dissolve
S7 14 469 540 942 1013 1036 1085 the Al. This leaves the latter to retain its octahedral nature.
S9 21 472 539 939 1012 1033 1090

This changing of the environment of the Al is also re-
flected in the measured vibrational peaks around 939'cm
which are characteristic of the AlI-OH bending mdaé].
This is a result of a physical increase in kaolinite and not Bending of these bonds requires a higher energy than that
because of any chemical changes that have taken place durassociated with bending of the same bonds in the kaolin-
ing synthesis. This result suggests that a large amount of theite structure. Again the addition of substantial amounts of
kaolinite remains unreacted. kaolinite seems to mask this effect, with the wavenumber
The peaks around 539crh originate from Si-O-Al decreasing as the total amount of kaolinite increases.
bonds[20], where Al is present in octahedral co-ordination.  Characteristic vibrations at 1009 and 1033<dmrhave
For most of the synthesised geopolymer matrices thesebeen assigned to asymmetric stretching of Al-O and Si—O
wavenumbers are shifted from those of the starting mate-bonds originating from within individual tetrahed{a9].
rials, suggesting that a change in the chemical bonding of The fact that both of these vibrational frequencies are higher

—— Kaolinite

——89 (21% clay)
——S7 (14% clay)
—— 812 (7% clay)

0 20 40 60 80 100
20 (degrees)

Fig. 2. The effect of increased clay content on the X-ray diffraction spectra of matrices containing Tarong fly ash and NaOH.
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Fig. 3. The effect of increased kaolinite content on the initial yield stress of a geopolymer paste containing Port Augusta Il fly ash with the following
compositional variables. Water/fly agmass = 0.24, M,0O/SiO, = 0.25 and K as alkali metal activator. Mass (%) of kaolinite is indicated.

in the geopolymer matrices than in any of the starting ma- species as well as a surface reaction where clay particles are
terials again signifies that a change has taken place in theunable to fully dissolve.

bonding structure within individual tetrahedra. The charac-

teristic vibrations around 1087 CTﬁ have been a.SSigned to 4.2. The effect of Curing conditions and Ca|cining
asymmetric stretching of linkages between tetrahedra andtemperature

these are generally of a lower value in the synthesised prod-

ucts when compared to those found in any of the starting |t has been reported previously that for metakaolinite-
materials. This effect is, however, again overshadowed Whenbased systems the temperature at which samp]es are cured
the Clay content is increased SUbStantia”y but pOintS to agreaﬂy affects its final Compressive strenm]_ The re-
markedly different association between individual tetrahe- syits presented iffable 7testify to the fact that this is also
dra after geopolymerisation has taken place. the case for fly ash-based systems. Khalil and M28% do

Fig. 3gives the yield stress at constant shear for the initial not discuss their data that indicate an almost 100% improve-
setting of a geopolymeric paste when the kaolinite content ment in compressive strength when geopolymer samples
is increased. An increased solid content of the paste wouldgre cured at 50 and 8C as opposed to curing at room
result in higher measured yield stress values and this is aptemperature. It is significant, however, that initial curing at
parent for all the data points ifig. 3 The rate of change  higher temperatures does not increase compressive strength
of the yield stress seems to be affected the most at kaolinitesypstantially above that achieved by curing at room temper-
contents of 5.6 and 6.8%. This indicates that some stoichio- ature. Curing at higher temperatures for more than a couple
metric reaction between the soluble silicate and the kaoli- of hours does seem to positive|y affect the deve|0pment of
nite is taking place, as was proposed for metakaolinite by compressive strength. These trends are also apparent from

Rahier et al[22]. The compositional molar ratios of kaoli-  Table 7where curing at 70C seems to substantially improve
nite to soluble silicate are very close to unity at kaolinite

contents of 5.6 and 6.8%, which are in agreement with the Table 7

values found by Rahier et gR2] for a metakaolinite sys-  The effect of curing conditions on the compressive strength of a matrix
tem. An increase in kaolinite content to 8.4% overshadows containing Macquarie fly ash with compositional variables: clay (kaolinite)
this effect with no differences in the rate of change of the content=15% (mass), water/fly astmass = 0.31, MO/SiO, = 1.14,
yield stress values when compared to the system containing20s/SiCz = 0.57 and K as alkali metal activafor

3.6% kaolinite, except for the baseline shift caused by a sys- Time (h) Temperature°C)

tem containing more solid material. At higher contents of
kaolinite some reaction will therefore take place although it

30 50 70 30B 50 B 70 B

could again be concluded that a large part of the kaolinite 6 6 - 14 19 - 28
tays unreacted 12 15 26 34 7 22 21
stay _ . . ] 24 20 12 33 19 24 29
In summary, the inclusion of kaolinite serves to provide 4g 19 B 28 >1 i 1=
structure forming species to the overall geopolymerisation Average (12/24h 17 1 2 " " ”s

process. However, a large amount of added kaolinite may
not take par_t in the §y_nthe5|s reac_tlon atall. The meChamS_m 2Samples were cured in an oven, open to the atmosphere except for
through which kaolinite reacts with fly ash and the alkali samples denoted by “B” which were cured in sealed plastic bags under
present, involves both digestion of the clay to form soluble the same conditions. Compressive strength values in MPa.

samples)
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——148 hours
——24 hours
| ——12 hours
YW —shous
0 10 20 30 40 50 60 70 80

20 (degrees)

Fig. 4. The effect of curing time on the X-ray diffraction spectra of a geopolymer sample containing Macquarie fly ash with compositional variables:
clay (kaolinite) content= 15% (mass), water/fly astmasg = 0.31, M,O/SiO, = 1.14, Al,03/SiO, = 0.57 and K as alkali metal activator. Curing took
place at 30C.

compressive strength compared to curing at@@or the the amorphous part of the structure, as supported by earlier
same period of time. It is of interest to note that curing work [7]. Fig. 5indicates much the same trend with no ap-
for longer periods of time at elevated temperature appearsparent crystalline effects being observed when curing at dif-
to weaken the structure, suggesting that small amounts offerent temperatures is considered, again signifying that any
structural water need to be retained in order to reduce crack-changes affecting structural integrity take place within the
ing and maintain structural integrity. This reduction in com- amorphous gel structure. Fromable 7it can also be seen
pressive strength at longer curing times is also supported bythat the samples cured at higher humidity in sealed plastic
the work of Khalil and MerZ23]. It seems that prolonged bags do not exhibit improved compressive strengths. This is
curing at elevated temperatures breaks down the gelularin contrast with what could be expected from the curing of
structure of the geopolymer synthesis mixture, resulting in conventional cementitious products.
dehydration and excessive shrinkage as the gel contracts These effects are, however, very subtle as can be inferred
without transforming to a more semi-crystalline form. from the infrared data presentedliable 8where most peaks
Fig. 4 shows that longer curing times do not affect signif- do not differ substantially from one another where the sam-
icantly the crystalline part of the geopolymer sample. This ples were cured with or without sealed bags. For samples
again indicates that the changes responsible for the differ-cured at 30C, the peaks at 468 and 539 cfare not af-
ences in compressive strength originate and take place withinfected by the curing method used and this is also the case for

‘ —70°C
[ Fo —50°C
—30°C

v L] v v v v v L L

10 20 30 40 50 60 70 80
20 (degrees)
Fig. 5. The effect of curing temperature on the X-ray diffraction spectra of a geopolymer sample containing Macquarie fly ash with compositional

variables: clay (kaolinite) content 15% (mass), water/fly astmas3 = 0.31, M,O/SiO, = 1.14, Al,03/SiO, = 0.57 and K as alkali metal activator.
Curing took place at 30, 50 and 7Q for a period of 24 h.
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Table 8

Selected FT-IR absorption peaks for matricesTable 7
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Table 9
The effect of calcining conditions of metakaolinite on the compressive
strength of a matrix containing Macquarie fly ash with the following

Temperature °C) FT-IR absorption peaks (cm) compositional variables: clay (metakaolinite) content4% (mass), wa-
6h 12h 24h 48h ter/fly ash(mas3 = 0.31, MxO/SiO, = 1.14, Al,03/SiO, = 0.57 and
K as alkali metal activatér
30 468 467 468 466 _
539 539 539 541 Time (h)  Temperature®C)
1034 1034 1035 1036 300 400 500 600 700 800 900
30 (sealed bag) 467 467 468 470 1 14 14 30 54 17 7 8
540 539 540 539
1035 1034 1034 1032 6 e 18 o 15 ron
12 12 47 28 25 14 3 15
70 471 471 467 470 24 6 32 31 18 6 15 12
539 539 539 539 ac - H values in MP
1031 1037 1038 ompressive strengt values In a.
1082 1086 1086 . - ) ]
bags results in conditions more suitable to the formation of
70 (sealed bag) 466 466 470 slightly weaker bonds
539 540 539 ghtly e . -
1033 1033 The dehydroxylation or calcining of kaolinite to form

samples cured at 7@. The peaks around 1033ch

metakaolinite has been studied extensivily,25] and
the process involves the transformation of the octahe-
dral co-ordinated Al sheet in kaolinite to a tetrahedral

which correspond to the asymmetric stretching of Si—O co-ordinated form through the loss of water resulting from
and Al-O bonds, seem to be affected by curing of the the breaking of OH bonds. Davidovif26] used this more
sample in sealed bags and their wavenumbers are generreactive form of kaolinite as the main solid reactive compo-
ally slightly lower than for samples cured without bags. nent of geopolymer systems. Although the work of Rahier
The slightly lower wavenumbers are indicative of weaker et al.[22] contributed significantly to understanding of the
intra-tetrahedral bonding and could contribute to the lower reaction mechanism of metakaolinite-based geopolymers,
compressive strengths measured for samples cured in sealethe fly ash system with small additions of kaolinite dis-
bags. It is also of interest to note that the wavenumbers of cussed here remains largely unstudied as far as its reaction
peaks around 1033 crh seem to increase with increasing mechanism is concerned. In order to quantify the role of
curing time in the case of samples cured without bags at metakaolinite in a fly ash-based system, a limited investi-
both 30 and 70C, indicating a process of bond strength- gation was conducted to determine the optimum calcining
ening taking place. This is not the case where samplesparameters for maximum compressive strength develop-
are sealed in bags, with these values staying constant forment in the final product. The results and composition of

the 70°C samples and decreasing with time for the°G0

the matrix used are presentedTiable 9 It is significant to

samples. It is proposed that the saturated atmosphere in th@ote that maximum compressive strengths were achieved

——24 hours
m ——12 hours
—6 hours
—1 hour
0 10 20 30 50 60 70 80
20 (degrees)

Fig. 6. The effect of calcining conditions of metakaolinite on the X-ray diffraction spectra of a matrix containing Macquarie fly ash with thegfollowin
compositional variables: clay (metakaolinite) contentt4% (mass), water/fly astmasg = 0.31, M,O/SiO, = 1.14, Al,03/SiO, = 0.57 and K as
alkali metal activator. Spectra presented include metakaolinite calcined ac4@® 1, 6, 12 and 24 h.
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Fig. 7. The effect of calcining conditions of metakaolinite on the X-ray diffraction spectra of a matrix containing Macquarie fly ash with thedgollowin
compositional variables: clay (metakaolinite) contentl4% (mass), water/fly astmas$ = 0.31, MpO/SiO, = 1.14, Al,03/SiO, = 0.57 and K as
alkali metal activator. Spectra presented include metakaolinite calcined ac5@® 1, 6, 12 and 24 h.

when metakaolinite calcined between 400 and €D@vas show that the characteristic kaolinite peaks at=2 122
used. The higher the temperature used during the calcinatiorand 24.7 only disappear from the spectra after 12-24h
process, the shorter the time needed to obtain a metakaolin-of calcining at 400C, whereas the same peaks are absent
ite that gives a maximum compressive strength. This meansfrom the spectra ifrig. 7 after 612 h of calcining. It should
that longer calcining times are required at 4@0and sig- be kept in mind, however, that the X-ray diffraction spectra
nificantly shorter times at 60@. include unreacted fly ash as well as the reaction products
The reasons for the above-mentioned observation areof the various reactions that have taken place in hardening
well explained in the literature and involve a transformation of the matrix. FromFig. 8 the differences in crystallinity
to mullite when kaolinite is subjected to thermal treatment between the spectra of kaolinite and a standard metakaolin-
[24,25] Metakaolinite is an intermediate in this process ite can be observed, notably the relatively large amorphous
and kaolinite calcined at higher temperatures or for longer component present in metakaolinite and the absence of the
times at slightly lower temperatures will contain more of characteristic kaolinite peaks &t 2 12.2 and 24.7. These
the mullite phase as well as amounts of segregated silicapeaks are also present in the spectrum of the geopolymer
making it less soluble and less reactive in the geopolymer matrix inFig. 8 containing metakaolinite calcined at 50D
system. The X-ray diffraction spectra presentedrig. 6 for 6 h.

—— Metakaolinite

—— Kaolinite
—— Matrix

0 10 20 30 40 50 60 70 80
20 (degrees)

A,
Ay

Fig. 8. The X-ray diffraction spectra of kaolinite, metakaolinite calcined at°T5fbr 24 h and a fly ash-based geopolymer matrix containing Macquarie
fly ash with the following compositional variables: clay (metakaolinite calcined atG0f@dr 6 h) content= 14% (mass), water/fly astmass = 0.31,
M20/Si0; = 1.14, Al,03/Si0O, = 0.57 and K as alkali metal activator.
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Fig. 9. The X-ray diffraction spectra of geopolymer matrices containing Macquarie fly ash with the following compositional variables: clay I{mitetakao
calcined for 6 h) content 14% (mass), water/fly astimas$ = 0.31, M>O/SiO, = 1.14, Al,03/SiO, = 0.57 and K as alkali metal activator. Calcining
of metakaolinite used took place at 300, 400, 500 and°600

Spectra published by Madani et f21] showed that these  at higher temperatures. The presence of this band in sam-
peaks were absent in metakaolinite, although they reap-ples containing metakaolinite calcined at 4@is also ev-
peared after contacting the metakaolinite with NaOH for idence of a portion of unreacted kaolinite remaining in the
50 h. A reduction in size of these peaks was observed aftersample matrix. The band at 538 th(characteristic of oc-

a further 100 h of reaction with NaOH. These changes were tahedral co-ordinated AR0]) also disappears at higher tem-
attributed to zeolite formation and could account for the fact peratures or longer times before reappearing at 553cm
that the peaks at2= 12.2 and 24.7 seem to increase in A shift in the band at 468 cm to lower wavenumbers
height when the 6 h spectrum is compared to the 1 h spec-around 455 cm?! could point to the formation of a zeolitic
tra in Fig. 7. It is significant to note that the compressive phase[21] where kaolinite calcined at higher temperatures
strength values presentedliable 9do not seem to correlate  was used. It is also of interest to note that the position of
well with differences in the degree of sample crystallinity the main peak around 1033 chstays fairly constant until
when compared to the spectralig. 9. This again confirms  higher calcining temperatures are used. This is an indication
that most of the reaction products of geopolymer reactions that more drastic changes take place, affecting the Al-O and
are amorphous to X-rays. Si—O bonds inside individual tetrahedra. Again it is difficult

Table 10presents some infrared absorption data for the to determine to what extent the geopolymerisation reaction
matrices under discussion. The elimination of the OH bend- contributes to this shifting of the main peak, although data
ing frequency at 913 cnt is evident as samples are calcined published by Madani et g21] suggest that reaction with an

alkali could lead to this peak shifting to lower wavenumbers.

Table 10
Selected FT-IR absorption peaks for matrices containing metakaolinite
calcined under different conditions

5. Conclusions
Temperature °C) FT-IR absorption peaks (cmh)

1h 6h 12h 24h There exists an interrelationship among the various ma-
400 468 467 467 461 terial parameters that affect the final structure and property
538 539 539 of fly ash-based geopolymers. It was shown that the water
914 915 916 content, curing as well as calcining conditions affect the
1033 1033 1033 1034 final properties of a geopolymer with less water not always
600 464 457 452 452 being desirable when mix designs are considered. The clay

538

content also impacts on the structural properties with a sur-
1032 1030 1030 1032

face reaction expected to bind the clay into the structure,
700 460 460 453 453 although unreacted clay particles could pose problems due
1025 1505;2 155’3?’2 1024 to water absorption and retention. Mild curing seems to im-
prove physical properties while curing under higher humid-
900 458 461 ity is not usually beneficial. Rapid curing and/or curing at
1061 1075 : : ) .
too high temperatures will result in cracking and thus have
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a negative effect on physical properties. The current work [11] R.M. Barrer, Synthesis of zeolites, in: B. Drzaj, et al. (Eds.), Zeolites,
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