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Abstract

The chemical interactions between natural siliceous aggregates and a low-Ca alkali-activated cement (geopolymer) were studied. By leaching
ideal aluminosilicate minerals such as kaolinite and albite in various alkaline solutions with or without soluble silicates, it was found that addition
of 0.5 M SiO2 to a highly alkaline activating solution ([OH−]0=5 to 10 M) was responsible for the formation of an Al-enriched aluminosilicate
surface through the initial non-stoichiometric and Si preferential dissolution of the parent aluminosilicates. This then facilitated soluble silicate
deposition from the activating solutions onto the Al-rich surfaces, which resulted in the formation of a dense deposited aluminosilicate gel
interfacial layer. This aluminosilicate interface formed during albite leaching ([OH−]0=5 to 10 M and [SiO2]0=0.5 M) was found to possess a
similar Si/Al ratio to the real interface between a siliceous aggregate slice (basalt or siltstone) and a low-Ca fly ash/kaolinite geopolymer, activated
with an activating solution of [OH−]0=10 M and [SiO2]0=2.5 M. Due to the similarities between the activating solutions used and the interfaces
formed, it is postulated that a similar formation mechanism is shared between the deposited aluminosilicate interface formed from leaching and a
‘real’ geopolymer concrete synthesis. Without soluble silicate addition, or if a solution of low alkalinity ([OH−]0=0.6 M and [SiO2]0=0 and
0.5 M) was used, the Al-enriched reacting surface was not formed, and no deposited aluminosilicate interface was observed in these systems.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Alkali-activation of aluminosilicate solids using alkaline
hydroxide and/or silicate solutions can be used to synthesise
inorganic geopolymeric binders, or alkali-activated cements,
displaying excellent physical and chemical properties [1–4].
Experimental evidence suggests that the principal binding phase
within geopolymers, where low-Ca source materials are used, is
an X-ray amorphous aluminosilicate gel consisting of a three-
dimensional framework of SiO4 and AlO4 tetrahedra linked by
corner-shared O atoms [1,3]. The negatively-charged tetrahe-
dral Al sites in the network are charge-balanced by alkali metal
cations such as Na+ and/or K+. This aluminosilicate gel can be
used to bind various mineral aggregates, such as sand, natural
rock and/or other mineral fragments to produce mortars and
concretes. On the other hand, if the raw material used is rich in
Ca, such as a blast furnace slag, there is growing evidence to
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suggest that the binding phase formed is a mixture of calcium
silicate hydrate (CSH) and aluminosilicate gels, whose relative
proportions can be determined to a certain extent by the
abundance of Ca from the source materials and the stoichiom-
etry of the reaction(s) [5–7].

It is well known that in early ordinary Portland cement (OPC)
concrete, before setting, the region close to the aggregate surface
has on average less cement grains and is instead filled to a
significant extent with water. This water-rich region is approx-
imately 50 μm thick [8], similar to the thickness of the interfacial
transition zone (ITZ) in mature OPC mortars and concretes [9].
Dissolved ions therefore must diffuse from the nearby cement
particles to this region if the aggregate is chemically inert.
According to some investigators, the differential diffusion of Ca2+

relative to Si4+ in a hydrating Portland cement system is re-
sponsible for the higher calcium hydroxide concentration
observed in the ITZ than in the bulk cement gel [10,11].

There is, however, increasing evidence suggesting that
mineral aggregates do chemically interact with the cement
pore solution. Tasong et al. [12] reported that siliceous rocks
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Table 1
The mass compositions of the raw materials

Oxide Fly ash
(wt %)

Kaolinite
(wt %)

Albite
(wt %)

Basalt
(wt %)

Siltstone
(wt %)

SiO2 50.0 54.5 70.9 48.4 81.3
Al2O3 28.0 29.4 17.5 13.8 7.2
Fe2O3 12.0 1.4 0.07 11.7 4.0
CaO 3.5 0.2 0.31 9.0 0.9
MgO 1.3 0.2 0.04 10.3 1.8
Na2O 0.2 0.1 9.75 3.6 0.9
K2O 0.7 0.2 0.43 1.0 1.4
TiO2 1.7 2.8 0.05 1.9 0.7
Other minor
oxides

0.6 0.2 0.2 0.3 0.2

Combustibles 2.0 11.0 0.75 0.0 1.6
Total 100.0 100.0 100.0 100.0 100.0
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such as basalt and quartzite, and silica sand, could absorb
‘significant’ amounts of OH− and Ca2+ from an artificial cement
solution (∼70 mM of OH−, ∼6 mM of Na+, ∼36 mM of K+,
and ∼4 mM of Ca2+). Si4+ was found to dissolve from the
aggregates initially and then start to precipitate after a period of
time. These results suggest that heterogeneous nucleation of
calcium hydroxide could originate at the aggregate surface, as
has also been reported by other investigators [10,13]. Calcium
silicate hydrates (C–S–H) could then form at or near this
calcium hydroxide layer at the aggregate surface after the
solubility limit with respect to C–S–H is reached. This implies
that the C–S–H within the ITZ, and to some degree in the bulk
cement paste as well, could be comprised in part of the Si4+

dissolved from both the cement and the siliceous aggregates.
In alkali-activated cement systems, it is often speculated that

the extent of chemical interactions between siliceous aggregates
and the highly alkaline ‘activating’ solutions can be significant.
As soluble silicates are often used to improve the physical and
chemical performances of alkali-activated cements [1–3], the
reactions that take place between siliceous minerals and the
alkaline silicate solutions can be very different from those using
alkaline solutions without additional soluble silicates. Although
some work has been conducted to examine Ca-rich geopolymer
systems using slag as the solid raw material or blended with
OPC [5–7], relatively little attention that has been paid to
understanding the chemical reactions at the interface with a
siliceous aggregate. This paper therefore aims to examine the
chemical interactions of rock-forming crystalline aluminosili-
cate minerals and natural siliceous rocks with alkaline solutions,
with and without additional soluble silicates. The bonding
mechanisms between rock aggregates and low-Ca alkali
activated cements will also be discussed.

2. Experimental methods

2.1. Materials

Gladstone fly ash (Class F according to ASTM C618,
d50=14.1 μm) was obtained from Queensland Cement Limited,
Australia. Kaolinite (HR1 grade, d50=0.47 μm) was obtained
from Commercial Minerals, Sydney, Australia. The composi-
tions as determined by fusion analysis using a Siemens
SRS3000 sequential X-ray fluorescence (XRF) spectrometer
are listed in Table 1. The major crystalline components of the fly
ash observed in X-ray diffraction (XRD) analysis (Phillips PW
1800, CuKα radiation) are α-quartz, mullite, hematite and
magnetite. The major crystalline components of the HR1 grade
kaolinite as supplied are kaolinite and α-quartz. From the
compositions presented in Table 1 and by taking account of the
ideal chemical formula of kaolinite (Al2Si2O5(OH)4), the
kaolinite sample used in this investigation is estimated to
contain ∼88 wt% of pure kaolinite and ∼12 wt% of quartz,
assuming all the excess SiO2 is crystalline. Similarly, the albite
used (NaAlSi3O8, d50=4.5 μm, Minerals Corporation Limited,
Broken Hill, Australia) is estimated to contain ∼97 wt% pure
albite with ∼3 wt% of a quartz impurity. The Brunauer–
Emmett–Teller (BET) surface area, calculated using a six-point
nitrogen adsorption method (Micromeritics ASAP 2000), is
15.7 m2 g−1 for the kaolinite and 0.24 m2 g−1 for the albite.
Sodium silicate solution (Vitrosol N(N40), molar ratio SiO2/
Na2O=3.32, [SiO2]=6.63M) was supplied by PQ Australia.
Laboratory-grade NaOH and KOH reagents were obtained from
Ajax Chemicals Australia. Distilled/deionised water was used
throughout the research.

Basalt rocks with a pale grey appearance were obtained from
Australian Slate Co., Melbourne, Australia. According to XRD
and optical microscopy, the basalt rock comprised predomi-
nantly plagioclase feldspar (albite, disordered anorthite), potash
feldspar (disordered sanidine), pyroxene (augite) and quartz,
with a minor quantity of clay (kaolinite) filling the vesicles. The
siltstone rock (Doncaster Quarry, Melbourne, Australia) was
grey in appearance and comprised predominantly quartz and
chlorite (clinochlore), with minor quantities of mica (muscovite
and illite), clay (kaolinite) and plagioclase feldspar (disordered
albite). The elemental compositions of the rocks used are listed
in Table 1. The rocks were pulverised (basalt, d50=4.7 μm;
siltstone, d50=5.1 μm) before leaching to increase the surface
area per mass.

2.2. Synthesis of the low-Ca alkali-activated cement

A single geopolymer binder composition was used through-
out the investigation, to enable observation of binding to the
natural siliceous rocks without complications due to different
gel chemistries. An alkaline activating solution with 10MMOH
(M=Na and K, Na:K=0.2:1) and 2.5 M soluble silicates
([SiO2]=2.5 M) was prepared and allowed to cool to room
temperature with stirring before binder synthesis. Fly ash and
kaolin were mixed at a 9:1 mass ratio in a rotary mixer
overnight. Then activating solution was added to the solid
mixture at a liquid/solid mass ratio of 0.5, and mixed for 5 min
with a mechanical mixer. The specimens used for the
examination of the interface between the rocks and the alkali-
activated cement were prepared by firstly cutting the rocks into
slices as shown in Fig. 1. The rock surfaces were then lightly
polished to minimise variations in surface roughness. The
binder was then poured and compacted between two rock slices
as in Fig. 1. The sandwich products were cured at 40±3 °C for



Fig. 1. Sandwich specimen geometry used for examining the interface between
rock slices and a low Ca alkali-activated cement binder.
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24 h and then demoulded. The samples were then cured at 25±
3 °C and a relative humidity of 50±5% at atmospheric pressure
until testing.

2.3. Leaching experiments

Mineral dissolution and precipitation reactions were studied
by following the evolution of the dissolved Si and Al
concentrations in batch reactors. Leaching solutions of various
compositions were prepared according to Table 2, using
Vitrosol N(N40) sodium silicate solution, NaOH and/or KOH
and distilled/deionised water in the appropriate proportions. No
additional buffering was used as the pH of all experiments was
found to stay within±1 pH unit. These solutions were equil-
ibrated to 25±0.5 °C with stirring before leaching was com-
menced. For each leaching experiment, 100 g of the minerals or
the pulverized rocks was added to 1000 mL of the activating
solution. The slurries were stirred at 25±0.5 °C with minimum
agitation (150 rpm) to prevent sedimentation. At designated
time intervals, 10 mL of the suspension was collected, diluted
and separated using the procedure described previously [14].
The separated reacted solids were subsequently washed with ten
increments of 20 mL distilled/deionised water and then once
Table 2
The calculated molar compositions of the activating solutions for leaching

System Activating solution Solid

[OH−]0 (M) [SiO2]0 (M)

Kao 1 0.6 0 Kaolinite
Kao 2 0.6 0.5 Kaolinite
Kao 3 5 0 Kaolinite
Kao 4 5 0.5 Kaolinite
Kao 5 10 0 Kaolinite
Kao 6 10 0.5 Kaolinite
Alb 1 0.6 0 Albite
Alb 2 0.6 0.5 Albite
Alb 3 5 0 Albite
Alb 4 5 0.5 Albite
Alb 5 10 0 Albite
Alb 6 10 0.5 Albite
B 1 0.6 0 Basalt
B 2 0.6 0.5 Basalt
B 3 5 0 Basalt
B 4 5 0.5 Basalt
B 5 10 0 Basalt
B 6 10 0.5 Basalt
with 5 mL of ethanol, to remove the physically adsorbed species
such as alkali cations and/or soluble silicates.

2.4. Analysis

Inductively coupled plasma-optical emission spectroscopy
(ICP-OES, Perkin-Elmer 3000) was used to determine Si, Al,
Ca and Mg levels in the leach solution. The leached solids were
also analysed by XRD. Fourier transform infrared (FTIR)
spectra were acquired using a Bio-Rad FTS 165 FTIR
spectrometer in absorbance mode using the KBr pellet
technique (0.5 mg sample with 250 mg KBr). Pellets of samples
were prepared using the normal procedure, dried in an oven at
60 °C overnight and pressed again before spectra were taken.
All spectra were obtained with a sensitivity of 8 cm−1 and 64
scans per spectrum taken. The baseline of each spectrum was
corrected for easier peak interpretation. Scanning electron
microscopy (SEM) was conducted using a Phillips XL30 SEM
microscope coupled with an Oxford Instruments energy
dispersive spectrometer (EDS) with backscattered electron
(BSE) and secondary electron (SE) detections. SEM-EDS line
scan was used to measure the elemental concentration gradients
across the interface between natural siliceous rocks and the
AAC. This enabled estimation of the thickness of the interface,
as will be discussed in the next section. The intervals were
chosen so that at least 10 individual spot analyses were taken
within a 5 μm distance each. The results of the SEM-EDS line
scans presented in this work are all averages of 5 separate
analyses at different locations. The locations of these line scans
were carefully selected so as to avoid visible fly ash particles
and other mineral fragments within the aluminosilicate gel as
demonstrated in Fig. 2.

3. Results and discussion

3.1. The interface between siliceous rocks and low-Ca alkali
activated cements

Typical morphological features of the interface between the
natural siliceous rocks (basalt and siltstone) and the low Ca
Fig. 2. BSE-SEM image of the siltstone sandwich specimen. S=siltstone slice,
AAC=low-Ca alkali-activated cement. The locations where the SEM-EDS
analyses were taken are marked as white dotted lines.



Fig. 3. SEM-EDS line scan results across the interface of quartz (Q) and alkali-activated cement (AAC) from the siltstone sandwich specimen.
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geopolymer are presented in Fig. 2. The aluminosilicate
geopolymeric gel in proximity to the rock surfaces morpholog-
ically resembles the bulk gel. No apparent crystalline interfacial
products could be identified and it appears that good cohesion
and bonding did exist between the rocks and the low-Ca alkali-
activated cement. This is very different from OPC systems,
where the interface (ITZ) is characterised by a higher
concentration of Ca(OH)2 and ettringite crystals [8–10]. More
information about the mineral-binder interface can be gained
from the SEM-EDS line scans in Figs. 3–6.

From Fig. 3, the concentration of Si was constant throughout
the entire quartz structure whereas there was an abrupt decrease
in Si concentration at the interface (the interface was identified
Fig. 4. SEM-EDS line scan results across the interface of anorthite (An) an
by matching the morphological features of the SEM micro-
graphs with the results of the SEM-EDS line scan). This
indicates that very limited Si dissolution was present, possibly
because penetration of alkali (Na+ and K+, accompanied by
OH−) into the quartz mineral was not extensive (Fig. 3). At the
binder side of the interface, on the other hand, there was a Si
concentration gradient from a maximum of ∼28% at the quartz
surface to a minimum of ∼18% in the bulk gel, which occurred
within a distance of ∼5 μm. It must be noted that sufficient
points were taken during each line scan (at least 10 individual
spot analyses were taken within a 5 μm distance, see Section
2.4) to ensure that the concentration gradient detected was
genuine. Similar Si concentration gradients, all within 5 μm or
d alkali-activated cement (AAC) from the basalt sandwich specimen.



Fig. 5. SEM-EDS line scan results across the interface of augite (Aug) and alkali-activated cement (AAC) from the basalt sandwich specimen.
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less, were also observed at other parts of the rock surfaces,
where the Si concentration was always higher at the mineral
surfaces such as albite (∼21%, not shown), anorthite (∼24%,
Fig. 4), sanidine (∼27%, not shown), augite (∼23%, Fig. 5) and
clinochlore (∼23%, Fig. 6) than in the bulk gel (∼18%). As the
Si concentration is increasing continuously from the bulk gel to
the rock surfaces, it is likely that Si is either dissolved away
from the siliceous minerals or preferentially adsorbed onto the
mineral surfaces from the activating solution containing soluble
silicates, or both. This will be further examined in the next
section, using leaching at increased liquid/solid ratios as a
model for alkali activation of aluminosilicates.
Fig. 6. SEM-EDS line scan results across the interface of clinochlore (C) an
Figs. 3–6 also appear to show that the aluminosilicate minerals
network-modified by non-Group I cations such as Mg, Ca and Fe
(anorthite, augite and clinochlore) are prone to alkali corrosion.
Concentration gradients of the network modifiers (Mg, Ca and
Fe) were found within the rock-forming minerals near the
interfacial layer described above, which describes the region of Si
concentration gradient near the surfaces of the siliceous minerals.
These networkmodifier concentration gradients indicated that the
network modifiers were leached out from the silicate structure
during alkali activation. Hence, siliceous rocks are not chemically
inert in low-Ca geopolymer systems, as is also the case in OPC
systems [12]. The SEM-EDS study shown in Figs. 3–6 also
d alkali-activated cement (AAC) from the siltstone sandwich specimen.



Table 3
The maximum apparent dissolutions and the zero-order dissolution rates, with
respect to Si and Al, of kaolinite and albite in the activating solutions at 25 °C

System Log (rate) (mole m−2 s−1) Maximum apparent
dissolution, mM, at
(time, h) a

Si Al Si Al

Kao 1 −11.28 b −11.75 b 6.7 (168) 1.8 (168)
Kao 2 – c −12.97 b 3.6 (168) 0.4 (168)
Kao 3 −10.80 b −10.67 b 22.2 (168) 15.3 (168)
Kao 4 – c −10.75 b 14.2 (48) 17.0 (168)
Kao 5 −10.23 b −10.18 b 67.3 (168) 58.2 (168)
Kao 6 – c −10.23 b 92.6 (4) 58.9 (168)
Alb 1 – d – d 18.7 (168) 4.5 (168)
Alb 2 – c – e 10.7 (168) 2.7 (168)
Alb 3 – d – d 27.8 (168) 8.0 (168)
Alb 4 – c – d 39.5 (96) 9.3 (168)
Alb 5 – d – d 28.9 (168) 9.8 (168)
Alb 6 – c – d 32.0 (48) 11.2 (168)

a Unless otherwise indicated, only dissolution was observed.
b Rate constants obtained by fitting the linear part of the dissolution curve. All

R2 values exceed 0.92.
c Both apparent dissolution and precipitation were significant.
d The dissolution rate was linear against log(time).
e The dissolution rate was linear against log(time) and then levelled off.

Fig. 7. Leaching behaviour of kaolinite in alkaline hydroxide solutions with
[OH−]=0.6 M (Kao 1), 5 M (Kao 3) and 10 M (Kao 5). [T ]=concentration of Si
or Al in the solution. Inset shows the linear leaching.
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suggests that the chemical distinction denoting the interfacial
layer between a siliceous rock and the gel binder is highly
localised. For example, the interfacial layer of the siltstone sand-
wich sample, shown in Fig. 2, had an average molar composition
of approximately 1.5Na2O·1.6MgO·CaO·[KAlO2·(SiO2)2.6]10·
4.4Fe2O3·xH2O at the clinochlore surface (assuming all the Al
present was in IV-coordination), whereas 0.5Na2O·2K2O·1.7CaO
[KAlO2·(SiO2)2.9]7·yH2O was found at the quartz surface only
∼15 μm away within the same sample. In any case, the molar Si/
Al ratio of the interfacial layer was approximately 2.5–3 at all
aluminosilicate mineral surfaces examined, irrespective of the
parent siliceous rocks. Themolar Si/Al ratio of the bulk gel binder
was ∼2 with an averaged composition of 2.1Na2O·0.24MgO·
3CaO·[Na0.15 K0.85AlO2·(SiO)1.8]20·0.5Fe2O3·zH2O. The reason
for this increased interfacial Si/Al ratio is still unknown, but may
be better understood by examining the chemical interactions
between aluminosilicate minerals and alkaline solution, with and
without soluble silicates.

3.2. Chemical interactions between aluminosilicates and
activating solutions

Natural siliceous rocks are mixtures of various mineral phases
with varying proportions. To study such mixtures chemically at
the level of detail required here is an extremely difficult task.
Therefore, the chemical interactions between alkaline (silicate)
solutions and two simple crystalline aluminosilicate minerals,
clay (kaolinite, HR1 grade) and Na-feldspar (albite), are firstly
examined. The results obtained from the pulverised basalt, which
are averages of all the chemical interactions between the various
mineral phases of basalt, will then be compared to these ideal
systems in order to identify the similarities and differences
between the chemical reactions taking place at the aluminosili-
cate-activating solution interface, which may shed some light on
how the interfacial layer is formed in the alkali activated cement
concrete systems of primary interest here.

3.2.1. Kaolinite
When kaolinite was suspended in alkaline solutions without

additional soluble silicates (systems Kao 1, 3 and 5), it was
found that the initial Si dissolution was very rapid (Fig. 7). It is
also evident from Fig. 7 that no Al dissolution was observed in
the first 8 h in the 0.6 M MOH solution (Kao 1). This delay in
the initiation of Al dissolution was also observed in solutions of
higher solution alkalinities ([OH−]=5 and 10 M, Kao 3 and 5),
where the concentration of Si in the solution was always higher
than Al (whereas the Si/Al ratio of the unreacted kaolinite
(Al2Si2O5(OH)4) is 1), although the time required to observe the
dissolved Al became shorter with increasing solution alkalinity.
The dissolving kaolinite surface at this initial non-stoichiomet-
ric stage will therefore be depleted in Si and enriched in Al,
which is consistent with a surface reaction-controlled mecha-
nism — initial aluminosilicate dissolution is controlled by the
Si-activated complexes ≡Si–O− with a higher detachment rate
of Si than Al [15,16].

After around 8 h of leaching, steady-state kaolinite
dissolution was observed in systems Kao 1, 3 and 5. Both Si
and Al dissolution are in fact linear with time as shown in the
inset to Fig. 7, however a logarithmic time axis is necessary in
this plot and other leaching plots to display the full reaction time
period. As batch reactors are not designed to avoid concentra-
tion build-up of the constituent metals of the dissolving mineral,
the steady-state dissolution observed in this work suggests that
the kaolinite dissolution may be zero order with respect to Si
and Al. This implies that in the conditions of systems Kao 1, 3
and 5, at least within the duration of this work, the steady-state
dissolution kinetics of the kaolinite were not chemical affinity-
controlled. Consequently, the zero-order kaolinite steady-state
dissolution rates were calculated by ignoring the results
obtained in the first 8 h of leaching as summarised in Table 3,
in agreement with results obtained previously [16–18]. The fact
that the dissolution rates of Si and Al were similar to each other
suggests that the kaolinite dissolution in alkaline solutions



Fig. 9. XRD intensity of the kaolinite peak at d-spacing=7.183 Å after 168 h, as
a function of the initial solution alkalinity in hydroxide and silicate solutions.
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without additional soluble silicates was approximately stoi-
chiometric or quasi-stoichiometric at the steady-state stage. As
the Al dissolution rate was slightly higher than that of Si in Kao
3 and 5 (Table 3), detachment of Al from the ≡Al–O− activated
complexes was the rate-limiting step at the steady-state dis-
solution, as was also proposed by others [15,16].

As discussed above, aluminosilicate dissolution in highly
alkaline environments should be controlled by the Si-activated
complexes during the initial non-stoichiometric stage. Accord-
ing to Iler [19], the resulting Al-enriched gibbsite-like reacting
surface [16] should act as an adsorbent towards soluble silicate,
as was observed by Siever and Woodford [20]. With the
assumption that the nature of the ‘initial’ reacting surface in the
alkaline silicate solutions (Kao 2, 4 and 6) and in the soluble
silicate-free alkaline solutions (Kao 1, 3 and 5) should be the
same, it is expected that surface adsorption of the 0.5 M added
soluble silicates should be observed inKao 2, 4 and 6, especially
during the initial non-stoichiometric dissolution stage.

The effects of soluble silicate addition on the dissolution/
precipitation characteristics of kaolinite are presented in Fig. 8.
It was found that, at a solution alkalinity ([OH−]0) of 0.6 M and
a soluble silicate dosage ([SiO2]0) of 0.5 M, in system Kao 2,
some of the added soluble silicates were adsorbed by the Al-
enriched kaolinite surface within the first 4 h of leaching. This is
consistent with the above hypothesis. As the true dissolution of
kaolinite was inhibited because of the soluble silicate adsorption
(the apparent Al dissolution of kaolinite and the XRD intensity
reduction of the kaolinite were reduced in the presence of
soluble silicates, see Table 3 and Fig. 9), it is likely that the
subsequent dissolution-dominant stage observed in Kao 2
between 4 and 96 h could be largely attributed to the desorption
of the initially adsorbed soluble silicates.

At [OH−]0 = 5 M and [SiO2]0 = 0.5 M (Kao 4), Si
precipitation on the kaolinite surface was also observed within
the first 2–4 h (Fig. 8), corresponding to the initial non-
stoichiometric dissolution of Kao 3 that produced an Al-
enriched surface for soluble silicate adsorption. This was
followed in Kao 4 by a Si dissolution-dominant stage until
∼48 h, which might include both the desorption of the adsorbed
Fig. 8. Leaching behaviour of kaolinite in alkaline silicate solutionswith [SiO2]=
0.5 M and [OH−]=0.6 M (Kao 2), 5 M (Kao 4) and 10 M (Kao 6). [T ]=
concentration of Si or Al in the solution, [T ]0= initial concentration of Si or Al in
the leaching solution.
soluble silicates and the dissolution of the kaolinite. After
∼48 h, the Si from the added soluble silicates and/or the
dissolved kaolinite was then either adsorbed again by the
kaolinite or reprecipitated as a new phase, as shown by the
negative slope of the ([Si]− [Si]0) versus time curve. This is
possibly because the kaolinite reacting surface was once again
saturated with Al-rich species. From the XRD analysis (Fig. 9),
addition of 0.5 M soluble silicates was very effective in
promoting structural change to the kaolinite crystalline structure
at [OH−]0=5 M as the kaolinite peak at d-spacing=7.183 Å
(and all other peaks due to the kaolinite structure) had almost
completely disappeared in Kao 4 at 168 h, whereas the intensity
of the same peak was only reduced by about half in Kao 3.
Kaolinite structural alteration in Kao 4 started at least as early as
48 h (when the maximum apparent dissolution was observed,
see Table 3), or earlier, according to the FTIR analysis in
Fig. 10. The intensities of the kaolinite characteristic bands (see
Table 4 for the detailed assignments [21–27]) were significantly
reduced and broadened in Kao 4 at 48 h, whereas the FTIR
spectrum of Kao 3 was almost the same as that of the unreacted
kaolinite after 168 h. This is despite the fact that the maximum
apparent dissolution of Kao 4 observed at 48 h was only ∼2%
of the theoretical maximum value (excluding the dissolution of
the silica impurity), showing that reprecipitation reactions must
be playing a highly significant role in this system. The reacted
solids were X-ray amorphous as no new crystalline peaks could
be identified (not shown), and may be identified as resembling
to a certain extent the aluminosilicate gel phase present in a
geopolymeric gel system.

When the solution alkalinity was increased even higher to
10Mwith 0.5 M soluble silicate (Kao 6), the initial precipitation-
dominant stage of Kao 2 and Kao 4 was not observed. The
chemical interactions between the kaolinite and the Kao 6
activating solution were instead characterised by a dissolution-
dominant stage from the start of the solution analysis (2 h) to∼4 h
of leaching. Subsequently, the added and the dissolved Si were
adsorbed by the reacted kaolinite and formed a secondary
aluminosilicate phase, as shown by the negative slope of the
leaching curve (Fig. 8). At this alkalinity, the effect of the sol-
uble silicate addition on the kaolinite structural alteration



Fig. 10. Effect of leaching on the FTIR spectrum of kaolinite: unleached (Kao)
and after exposure to different alkaline hydroxide (Kao 1, 3, 5) and silicate
(Kao 2, 4, 6) solutions. All spectra were taken at the point of maximum dissolution
(Table 3).
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was not obvious from the XRD analysis. The kaolinite peak at
d-spacing=7.183 Å for both Kao 5 and 6 was reduced to the
same intensity level as the background intensity at 168 h. The
FTIR analysis (Fig. 10), however, indicates that soluble silicates
had accelerated the structural alteration process as the kaolinite
characteristic bands at 1108, 1009, 914, 698, 538 and 435 cm−1

had completely disappeared and significantly broadened at the 4th
hour of leaching inKao 6, whereas 168 h were required forKao 5
to reach a similar extent of structural alteration.

3.2.2. Albite
The dissolution characteristics of albite in the various

alkaline solutions (Alb 1, 3 and 5) are summarised in Fig. 11.
Throughout the present investigation, the albite dissolution was
approximately linear against log (time) in the solutions of
Table 4
Characteristic IR vibrational bands of the solid raw materials

Wavenumber (cm−1) Assignment References

1108, 1033, 1009 (s) Kaolinite Si–O in-plane vibration [21]
1162, 1142, 1102, 1058, 1018,

997 (s)
Albite asymmetric stretching
(Si–O–Si(Al))

[25,26]

980–960 (sh) Si–O stretching (Si–O−M+) [24]
1100–960 (sh) Asymmetric stretching

(Si–O–Al)
[25,26]

914 (s) Kaolinite, OH bending (Al–OH) [21]
781, 762, 744, 732 (m) Albite, symmetric stretching

(Si–O–Si(Al))
[25,26]

698 (m), 538 (sh) Kaolinite, bending (Al–O–Si) [21,24]
650, 611, 591 (s) Albite, bending (O–Si(Al)–O) [25,26]
550–400 (s) Deformation

(Si–O–Si and O–Si–O)
[21–27]

Abbreviations in parentheses: s=strong, w=weak, m=medium, and sh=shoulder.
various alkalinities ([OH−]=0.6, 5 and 10 M). According to
Knauss and Wolery [28], it is necessary to react albite for
∼14 days before steady-state dissolution similar to that of
kaolinite (Fig. 7) can be reached, if a pH 10 solution at 25 °C is
used. Hence, it is possible that the albite dissolution observed in
this work could still be at the initial non-stoichiometric dis-
solution stage even until the end of the present experimental
investigation (7 days).

From Fig. 11, it was also observed that the initial dissolution
of Si was faster than that of Al in Alb 1, 3 and 5, with
consideration of the stoichiometric ratio of the unreacted ideal
albite (NaAlSi3O8). The albite reacting surface should therefore
be enriched with Al, as in the case of the kaolinite reacting
surface. It therefore appears that when exposed to highly
alkaline solutions ([OH−]≥0.6 M or pH≥∼13.7), aluminosil-
icate mineral surfaces in general should be depleted in Si and
enriched in Al by the end of the initial non-stoichiometric
dissolution stage. Similar effects were also observed by Chou
and Wollast [16] and Hamilton et al. [29], albeit at much lower
solution alkalinities (pH=9–11.24) than this work. The initial
non-stoichiometric dissolution should therefore be controlled
by the ≡Si−O− complexes until steady-state dissolution is
reached for all aluminosilicate minerals.

From Fig. 12, when albite was exposed to leaching solutions
of 5 M or 10 M OH− and 0.5 M (Alb 4 and Alb 6), it was found
that the effect of soluble silicate addition was dissimilar to that
observed on the kaolinite using the same alkaline silicate
solutions (Kao 4 and Kao 6, see Figs. 7 and 8). For example, the
initial precipitation of the added soluble silicates was not
observed in Alb 4, which was otherwise the case in Kao 4.
Nevertheless, the presence of soluble silicates still increased the
maximum apparent Si dissolution of albite in both Alb 4 and
Alb 6 within a shorter reaction time. See Table 3. After the
maximum apparent Si dissolution was reached (at ∼96 h for
Alb 4 and at ∼48 h for Alb 6), a Si precipitation-dominant stage
was then observed in Alb 4 and Alb 6 until the end of the present
investigation.

From Fig. 12, it seems that the net amount of Si being
adsorbed by the reacted albite, after the maximum apparent
Fig. 11. Leaching behaviour of albite in alkaline hydroxide solutions with [OH−]=
0.6 M (Alb 1), 5 M (Alb 3) and 10 M (Alb 5). [T ]=concentration of Si or Al in the
solution.



Fig. 12. Leaching behaviour of albite in alkaline silicate solutions with [SiO2]=
0.5M and [OH−]=0.6M (Alb 2), 5M (Alb 4) and 10M (Alb 6). [T ]=concentration
of Si or Al in the solution, [T]0 = initial concentration of Si or Al in the leaching
solution.
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dissolution was observed, was greater in Alb 6 than in Alb 4.
This is confirmed by the FTIR and the SEM & EDS analyses as
presented in Figs. 13 and 14 respectively. A new spectral band at
961 cm−1, attributable to the stretching vibration of the Si–O
bond from the −SiO−M+ (M=Na or K) group [24], or the
asymmetric stretching vibration of the Si–O–Al bond within a
highly Al-substituted aluminosilicate structure (consistent with
the assumption that the Al-rich albite reacted surface should be
an efficient adsorbent for soluble silicates) [25,26], was
observed in the Alb 6 leached albite but not in any other leached
albite (Fig. 13). Furthermore, the spectral regions at around
760 cm−1 (attributable to symmetric stretching of Si–O–T,
T=Si or Al [25,26]) and around 590 cm−1 (attributable to
bending vibration of O–T–O [25,26]) had become broadened
only in Alb 6, as if the albite had transformed from the crystalline
state to a glassy state [22]. As the XRD analysis had failed to
Fig. 13. Effect of leaching on the FTIR spectrum of albite: unleached and after
exposure to different alkaline hydroxide (Alb 5) and silicate (Alb 2, 4, 6)
solutions. All spectra were taken after 168 h.
detect any structural change throughout any of the systems Alb 1
to 6 (data not shown), it can be concluded that:

(1) the chemical interactions between albite and alkaline
solutions only occurred at the albite surfaces, different
from what was observed in the kaolinite systems;

(2) the spectral broadening at the 760 and 590 cm−1 regions in
Alb 6was caused by the deposition of the dissolved and/or
added soluble silicates onto the reacted albite surfaces; and

(3) the new 961 cm−1 band in the Alb 6-reacted albite should
be assigned to the reacted albite surfaces having newly
adsorbed silicate species from the surrounding solution,
which according to the SEM-EDS analysis, should have
an averaged chemical formula (from 5 separate analyses
on 5 different locations) of approximately 0.19Na2O·
0.01K2O·[KAlO2·(SiO2)3]·mH2O.
Fig. 14. BSE SEM images of (a) unreacted albite, (b) reacted albite from system
Alb 4 after 168 h, and (c) reacted albite from system Alb 6 after 168 h.



Fig. 15. The leaching curves of basalt in the various alkaline hydroxide (B1, 3, 5)
and silicate (B2, 4, 6) solutions. [Si]=concentration of Si in the solution at time t.
[Si]0= initial concentration of Si in the leaching solution.
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These newly formed aluminosilicates on the Alb 6-reacted
albite surface, or the Alb 6 interfacial layer, are likely to be
responsible for holding the albite particles together to form
conglomerates as shown in Fig. 14 (c), which were not observed
in the unreacted albite (Fig. 14 (a)) or any other reacted albite
(e.g. Fig. 14 (b)). This Alb 6 interfacial layer could be similar in
nature to the deposited aluminosilicate gel layer described by
Phair et al. [30,31], where an aluminosilicate with a char-
acteristic IR spectral band at 976 cm−1 (attributable to
asymmetric stretching vibration of the Si–O–Al bond of an
alkali-modified aluminosilicate with significant Al substitution
[25,26,30]) was formed by suspending zirconia particles in
sodium silicate and aluminate. According to Phair et al. [31],
the formation of a deposited aluminosilicate layer on a relatively
unreactive solid surface (zirconia) is more favourable at a higher
solution alkalinity due to the greater concentrations of the
hydrated cationic sites (−ZrO−M+) and/or monomeric soluble
silicates being formed. The dissolution profiles of albite in Alb 3
and Alb 5 were similar (see Fig. 11 and Table 3) and the
transition state theory (TST) [32] predicts that the rate of
dissolution will be controlled by the formation of an activated
complex. Therefore, the formation of the interfacial alumino-
silicate layer in Alb 6 should be attributed to the greater
concentration of monomeric silicates present in Alb 6, and not
Table 5
The maximum apparent dissolution extents of basalt in each activating solution
at 25 °C

System Maximum apparent dissolution, mM, at (time, h)

Si Al Ca Mg Fe

B 1 10.9 (168) 5.0 (168) 0.3 (168) 0.0 0.0
B 2 10.7 (168) 3.0 (24) 0.4 (168) 0.8 (168) 0.1 (168)
B 3 24.6 (168) 9.8 (168) 0.0 0.0 0.0
B 4 21.4 (8) 9.0 (168) 0.4 (24) 1.3 (168) 0.7 (168)
B 5 23.9 (168) 8.2 (168) 0.0 0.0 0.2 (168)
B 6 10.7 (4) 9.0 (168) 0.0 0.2 (4) 0.5 (168)
to a greater extent of deprotonation of the surface silanol and/or
aluminol groups in Alb 6 than that of Alb 4.

3.3. Chemical interactions between pulverised siliceous rocks
and activating solution

From Fig. 15 and Table 5, it was found that the general
leaching characteristics of the pulverised basalt in the various
activating solutions were similar to what was observed in the
systems containing kaolinite and albite (see Figs. 7, 8, 11 and 12
and Table 3). In alkaline solutions without soluble silicates (B 1, 3
and 5), the dissolution of Si andAl from the basalt was continuous
without apparent precipitation. On the other hand, when 0.5 M
soluble silicates were added, the chemical interactions between
the pulverised basalt and the alkaline silicate solutions (B 2, 4 and 6)
were characterised by an initial Si precipitation-dominant stage,
where the added soluble silicates were adsorbed by the pulverised
basalt. This was followed by a Si dissolution dominant stage,
within which the adsorbed soluble silicates might be desorbed
together with the dissolution of the basalt (similar to Kao 2, 4
and 6 and Alb 2, 4 and 6). Note that at low solution alkalinity
([OH−]0=0.6M,B 2), the second Si precipitation-dominant stage
was not observed, as was the case also in Kao 2 and Alb 2.

Similar to the formation of the Alb 6 interfacial layer, the
surface adsorption of the dissolved silicates onto the B 4 and
B 6-reacted basalt should be responsible for the formation of the
interfacial layers that held the pulverised basalt particles together
to form conglomerates as demonstrated in Fig. 16(b), which
Fig. 16. SEM images of (a) unreacted pulverised basalt using BSE detection, and
(b) reacted pulverised basalt from system B6 after 168 h of reaction, using SE
detection.
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were absent in the unreacted pulverised basalt (Fig. 16(a)). The
SEM-EDS analysis shows that the averaged chemical compo-
sition of the B 4 interfacial layer was approximately 1.2Na2O·
0.8MgO·[KAlO2·(SiO2)2.9]6·1.7Fe2O3·nH2O, whereas the B 6
interfacial layer was lower in sodium, 0.6Na2O·MgO·[KAlO2·
(SiO2)2.9]6·1.6Fe2O3·pH2O. In comparison with the Alb 6
interfacial layer, it seems that the interfacial layer formed by
reacting the various aluminosilicates in the alkaline silicate
solutions, in general, had a Si/Al ratio of ∼3. This will
obviously depend on the composition of the reactive phases in
the fly ash used in alkali-activated cement synthesis, and so this
will not be expected to be a universally applicable value.
However, this value is similar to what was observed in the
interfacial layer between the real siliceous rocks before
pulverisation (basalt and siltstone) and the alkali-activated
binder phase as presented previously. The interfacial layers of
Alb 6, B 4 and B 6 are observed to be X-ray amorphous, as
XRD diffractograms of all reacted solids resembled very
closely those of the unreacted solids (data not shown).

The chemical interactions between albite or the real basaltic
rock (either pulverised, which should show the averaged
characteristics of all the mineral phases, or sliced to form
sandwich specimens) and the various activating solutions or the
alkali-activated binder, were found to share similar general
characteristics (i.e. the leaching characteristics and the Si/Al
ratios of the interfacial layers formed). It is therefore likely that
the deposited aluminosilicate interfacial layer formation
observed in the albite systems could be relevant to geopolymer
gel binder adhesion to the real siliceous rocks, and therefore
provides a useful model system whereby these interactions may
be analysed. The deposited aluminosilicate interfacial layer
formation is a result of soluble silicate-promoted heterogeneous
reactions that consist of accelerated surface dissolution of Si and
Al followed by Si precipitation processes (Figs. 11, 12 and 15).
This implies that an activating solution consisting of high
concentrations of alkali (MOH) and soluble silicates is an
essential prerequisite for the formation of a strong interface
between siliceous aggregates and an aluminosilicate geopoly-
meric gel binder, which is crucial to the overall macroscopic
properties of low-Ca alkali-activated cement concretes. This
hypothesis has been experimentally verified elsewhere [33]. It
will be useful to test the above hypothesis on the interface
formation mechanisms in alkali-activated cement concretes on
the basis of more experimental data on other mineral phases
using the experimental method presented in this paper.

4. Conclusion

Through a series of leaching experiments, it was found that
addition of 0.5 M soluble silicates to an activating solution highly
concentrated in alkalis ([OH−]0=5 to 10 M) facilitated the
formation of an Al-enriched aluminosilicate surface through
accelerated Si-preferential dissolution of the parent aluminosili-
cates. This Al-enriched solid surface was crucial for the
subsequent deposition of the dissolved and/or the added soluble
silicates from the activating solution, which then led to the
formation of a deposited aluminosilicate interface with a Si/Al
ratio of ∼3, resembling the real interface between natural
siliceous aggregates (basalt and siltstone) and a low-Ca alkali-
activated cement, activated by a solution high in solution
alkalinity ([OH−]0=10 M) and soluble silicates ([SiO2]0=
2.5 M). Without soluble silicates, no deposited aluminosilicate
interface was observed either in the soluble silicate-free leaching
or in the binder systems because the aluminosilicate surface was
lessAl-enriched and the dissolved Si concentrationwas too low to
facilitate surface deposition. Furthermore, high solution alkalinity
was found to promote deposited aluminosilicate interface
formation because the activating solution was more concentrated
in lower-order oligomeric soluble silicates, which was more
preferable for heterogeneous soluble silicate deposition than a
solution concentrated in larger silicate species. The results of this
work suggest that both high concentrations of solution alkalinities
and soluble silicates are essential for the formation of a strong
interface between siliceous aggregates and low-Ca alkali-
activated cements.
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