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A kaolin containing 31 wt.% halloysite and a relatively pure kaolin were selected to study the effects of
halloysite on the dissolution behavior of precursors and the formation of geopolymers. The Al and Si con-
centrations in the leached solutions were studied by inductively coupled plasma-optical emission spec-
trometry (ICP-OES). The reaction process of metakaolin–activator mixtures was monitored by isothermal
conduction calorimetry (ICC) while the reaction products were examined by X-ray diffractometry (XRD),
scanning electron microscopy (SEM) and mercury intrusion porosity (MIP). Results showed that the hal-
loysite containing kaolin and its metakaolin possessed higher Si and Al dissolution rate than the purer
kaolin and its metakaolin. When mixed with sodium silicate activator at 20 �C, the presence of halloysite
in kaolin led to a higher geopolymerization rate of metakaolin as reflected by the heat evolution rate. The
presence of halloysite improved the reactivity of metakaolin but did not change the geopolymerization
pathway under 20 �C air curing and 80 �C steam curing conditions. The products from the two metaka-
olins had a similar XRD characteristic (i.e. a typically amorphous diffraction). Only a minor difference
in the pore distribution and the porosity was found between those products from the two sources of
metakaolins.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The challenges of high energy and resource consumption have
driven the cement and concrete industry to pursue alternatives to
Portland cement. Alkali-activated aluminosilicates, usually termed
‘geopolymers’, are a new family of cementitious materials [1]. They
have shown high potential for manufacturing sustainable concrete
with a reduced environmental footprint [2]. In general, geopoly-
mers are synthesized from the reaction of solid aluminosilicate pre-
cursors with alkaline solution at ambient or elevated temperature.
Precursors can be a single source or a mixture of clays (usually
kaolin, either raw or via thermal treatment to metakaolin) [3,4],
pozzolanics [5,6] and various industrial wastes and by-products,
such as fly ash and slag [7,8].

Among these precursors, metakaolin has a high reactivity and
relatively purer composition compared to the others and has been
extensively studied to understand the geopolymer formation
mechanisms [9,10]. In addition, metakaolin-based geopolymers
possess many interesting properties, such as low permeability
[11], good thermal stability [12] and high bonding strength [13].
However, current understanding and controlling of geopolymer
paste and hardened products is still far from meeting the
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requirements of wide application as alternatives to traditional ce-
ment binders. Fundamental research into the influences of nature
and mineral components in kaolin or metakaolin on the behaviors
of paste and hardened products has received very limited
attention.

Kaolin usually composes of kaolinite as the major mineral com-
ponent together with many other secondary minerals, including
quartz, halloysite, dickite, nacrite and anatase. The reactivity of
quartz is lower than kaolin (much lower than metakaolin) due to
their different dissolution behavior under strong alkaline condi-
tions [14]. Although the chemical composition of dehydrated
halloysite, dickite, and nacrite is the same to kaolinite, their struc-
tural characteristics are quite different. Halloysite has a tubular
structure while kaolinite has a sheet structure [15]; in dickite all
the inner-surface hydroxyl groups participate in the bonding be-
tween layers, whereas in kaolinite only two out of the three hydro-
xyl groups contribute to the bond [16]. It has been demonstrated
that different hydroxyl groups result in different dehydroxylation
behavior [17], which may consequently affect the reactivity of
kaolin [18]. Therefore, it is believed that these secondary minerals
present in kaolin will certainly influence the reaction process and fi-
nal properties of geopolymer. The influence of secondary minerals
illite and quartz has been examined by Zibouche et al. [19] and it
was found that 20 wt.% of illite and 10 wt.% of quartz did not
prevent the geopolymerization reaction but changed the micro-
morphology and leaching behavior of the hardened products. As
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the variety and quantity of secondary minerals vary from source to
source, fundamental research into the impact of secondary minerals
in kaolin is necessary, particularly from the perspective of future
wide application of geopolymers, which will likely need a large vol-
ume of kaolin from different clay deposits.

The purpose of this work is to elucidate the effect of halloysite
present in kaolin on the preparation of metakaolin-based geopoly-
mer. Pure halloysite has been used in geopolymer synthesis and
proved to be a good starting material after thermal treatment
[20–22]. However, little information has been reported on the ef-
fects of halloysite as a secondary mineral in kaolin in geopolymer
synthesis. Kaolin associated with halloysite is abundant in many
deposits around the world, for example in southern China [23],
thus the research on this kind of kaolin has a particular value in
the selection of source materials for geopolymer application. This
work provides a comparative study of two different kaolins for a
better understanding of the dissolution behavior and the geopoly-
merization products: one contains 31 wt.% of halloysite while the
other is a relatively pure kaolin.
2. Materials and methods

2.1. Materials

The halloysite-containing kaolin (denoted K1) was from Long-
yan Donggong (Fujian province, China) and the relatively pure kao-
lin (denoted K2) was from Suzhou deposit (Jiangsu province,
China). Both K1 and K2 were heated at 700 �C for 1 h in an air
atmosphere to obtain their corresponding metakaolins, denoted
MK1 and MK2. The specific surface areas of K1 and K2 determined
by BET method were 12.8 m2/g and 10.7 m2/g respectively. Table 1
gives the composition of MK1 and MK2 as detected by X-ray Fluo-
rescence (XRF). K1 contains 52.3 wt.% of kaolinite, 31 wt.% of hal-
loysite and 9.1 wt.% of quartz [24] while K2 contains 91 wt.% of
kaolinite and 6.4 wt.% of quartz as calculated by supposing the
Al2O3 is only from kaolinite while the LOI is due to dehydroxylation
Table 1
Chemical composition of MK1 and MK2 in mass%, as determined by XRF (LOI: loss on
ignition at 1000 �C).

SiO2 Al2O3 CaO Fe2O3 K2O LOI

MK1 51.98 40.29 0.34 1.02 0.39 5.26
MK2 49.66 41.88 0.29 0.60 0.66 6.49

Fig. 1. XRD patterns of source kaolins K1 and K2 and 700 �C � 1 h thermally treated
metakaolins MK1 and MK2.
of kaolinite. Fig. 1 shows the XRD analysis of kaolins and metaka-
olins. It is difficult to distinguish halloysite from kaolinite in Fig. 1
due to their high similar basal structure parameters of unit cell: c0

of halloysite is 0.72 nm while it is 0.715 nm for kaolinite; and that
is why a dimethylsulfoxide saturation method combined with
quantitative XRD method was applied in the quantitative analysis
of K1 [24]. In the current study, a quantitative analysis of mineral
components has not been repeated. The diffraction at 29.45� (2h) is
probably attributed to some calcium and/or magnetite minerals. It
is clear that an amorphous phase is formed after thermal treat-
ment, as reflected by the broad diffraction over 15–35� (2h).

The alkaline activator used was prepared by mixing chemical
grade NaOH with commercial sodium water glass (original modu-
lus of 3.33, Na2O 9.28 wt.% and SiO2 29.91 wt.%), then adding dis-
tilled water to adjust the concentration, combined to give a mole
ratio SiO2:Na2O of 1.2 and total solids concentration of 35 wt.%.

2.2. Methods

2.2.1. Specimen preparation and strength test
The metakaolin was mechanically mixed with the activator at a

constant liquid/solid ratio of 0.64 mL g�1. The slurry was cast in
plastic molds (Ø25 � 37.5 mm) and set at 20 ± 2 �C for 24 h, then
demolded, followed by further curing under two conditions: air
condition (20 ± 2 �C, relative humidity 90 ± 5%) and steam condi-
tion (80 ± 3 �C, relative humidity 100%). Compression test of these
cylinder specimens were performed on a WHY-200 Auto Compres-
sive Resistant Tester (Hualong, Shanghai) at the curing ages of 1 d,
15 d and 30 d.

2.2.2. Leaching test
A ‘semi-static’ leaching test was conducted for both kaolins and

metakaolins. 1 g of kaolin or metakaolin was mixed with NaOH
solution at a constant solid/liquid ratio of 1:30 for 5 min in a poly-
propylene tube at 25 ± 2 �C. In the total 24 h of continuous leach-
ing, the tube was vibrated for 2 min at each interval of 3 h to
prevent the possible condenzation caused by sedimentation of par-
ticles. After centrifugation, 2.5 ml of clear solution was acidified
with HCl solution (2 mol/L) to pH <1 and diluted to 25 ml. Concen-
trations of Si and Al in the diluted solution were then determined
by using a Optima 2000DV ICP-OES instrument (Perkin-Elmer,
USA).

2.2.3. Isothermal conduction calorimetry
Previous work has shown that isothermal calorimetry is a useful

method to observe the geopolymerization process in real-time
[4,25]. Reaction heat flow can be recorded by using a 3114/3236
TAM Air isothermal calorimeter (Thermometric AB, Sweden). In
this study metakaolins were mixed with activator at a liquid/solid
ratio of 0.8 g mL�1. The higher liquid/solid ratio than that in prep-
aration of compression specimen enables the paste more easily to
be mixed. Mixing and data processing specification was described
elsewhere [25].

2.2.4. X-ray diffraction (XRD)
Powder XRD was obtained by using an ARL X’TRA X-ray diffrac-

tometer (Thermo Scientific, Switzerland) with Cu Ka radiation
(45 kV, 30 mA) at a scan rate of 10� min�1 from 5� to 80�(2h). The
powder of kaolins and metakaolins were characterized directly.
Geopolymer samples were firstly broken into 2–3 mm, ground in
acetone and then dried at 65 �C for 4 h before testing.

2.2.5. Scanning electron microscopy (SEM)
Morphology of kaolins, metakaolins and geopolymers were ob-

served on a JSM-5900 SEM (JEOL, Tokyo, Japan) at an accelerating
voltage of 15 kV.
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2.2.6. Mercury intrusion porosity (MIP)
MIP is an appropriate method to compare the pore size distribu-

tion of geopolymers for comparative purposes. It was performed by
using a Poremaster GT–60 (Quantachrome, USA). Before testing, a
drying procedure for geopolymers was carefully carried out: spec-
imens at a given age were firstly crushed into 3 mm pieces, stored
in absolute ethanol at least for 24 h and finally dried at 65 �C for
4 h.
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Fig. 2. Heat evolution rate (a) and cumulative heat release (b) of geopolymerization
systems of MK1 and MK2 reacted with sodium silicate activator at 20 �C.
3. Results and discussion

3.1. Leaching property of kaolins and metakaolins

The leaching result of kaolins and metakaolins in 4, 6, 8, 10 and
12 mol L�1 NaOH solutions is summarized in Table 2. The concen-
tration of Al and Si in the leached solutions increases with the
NaOH concentration increasing. This is in agreement with the
experimental observations from Xu and van Deventer [26]. It is
clear that the dissolution rate of K1 is much higher than that of
K2. There are two factors that may contribute to the higher solubil-
ity of M1: the higher specific surface area and the presence of hal-
loysite. The specific surface area of K1 is 1.2 times over K2. If it is
assumed the dissolution rate of kaolin is proportional to its specific
surface area at the beginning of leaching, then K1 should dissolve
around 1.2 times of Al and Si over K2. However, the absolute
amount of Al dissolved out from K1 in the leaching period is 4
times of that dissolved out from K2, while Si from K1 is 3 times
higher than that from K2. It implies that the presence of halloysite
in K1 greatly improves the dissolution rate.

After thermal treatment, metakaolins show quite different dis-
solution behavior. The Al concentration in the leached solution of
MK1 is similar to that of MK2, however, the Si concentration in
the leached solution of MK1 is much higher. This is most likely be-
cause of the selective dissolution of Al from MK2 [27], which also
found for K2. Comparing the concentration of Al and Si in leached
solutions before and after thermal treatment of kaolin, the thermal
treatment is an effective method to improve the dissolution of clay
precursor, particularly for K2. Comparing the absolute amount of Si
and Al leached out from metakaolins to that leached out from kao-
lins, it can be seen that K1 is already of high dissolution rate before
thermal treatment.

The dissolution of aluminosilicate precursors at strong alkaline
condition is the first step of geopolymerization. Therefore, the dis-
solution rate is a reflection of reactivity of the precursors, and is one
of the most important factors affecting the followed formation of
geopolymer gels [26]. Various thermal treatment procedures have
been applied so as to obtain ‘metakaolin’ with improved reactivity.
Previous work found that the treatment at 900 �C is an optimum
temperature for the relatively pure kaolin [17], while a most recent
study reports that treatment at 700 �C is optimum [28]. Thermody-
namically, kaolinite can be transferred into metakaolinite from
527 �C [29]. An ‘optimum’ procedure should depend on the physical
and mineralogical properties of the kaolins from different sources,
including their particle size and mineral components. From the
Table 2
Leaching of kaolins and metakaolins in NaOH solutions for 24 h, as determined by ICP-OE

NaOH (mol L�1) K1 K2

Al Si Al

4 178.3 126.6 45.4
6 283.6 193.7 60.9
8 342.5 239.0 73.0

10 364.2 272.0 84.8
12 404.6 295.4 96.8
perspective of industrial application of geopolymers, the kaolin that
is already of high reactivity or can be easily treated, either at a rel-
atively lower temperature or with a shorter duration, is obviously a
preferred raw material. With this point of view, K1 is more suitable
for geopolymer synthesis, which will be further elucidated by the
following results.
3.2. Heat evolution of geopolymerization

Fig. 2 plots the heat evolution of the two geopolymerization
systems of MK1 and MK2 at 20 �C in the first 50 h. Heat evolution
rate data are plotted separately from the beginning of mixing to 1 h
(Fig. 2a left part) and up to 50 h (Fig. 2a right part) with two differ-
ent scales, so that the two exothermic peaks are more distinguish-
able. The earlier exothermic peak shows the maximum rate for
MK1 and MK2 is 22.5 mW g�1 and 19.5 mW g�1 respectively,
S (mg L�1).

MK1 MK2

Si Al Si Al Si

37.2 270.6 280.4 253.3 117.5
41.5 359.3 334.2 308.5 204.1
48.2 400.7 384.6 338.0 233.2
53.9 401.1 391.9 390.8 263.7
61.2 467.6 463.0 395.1 287.0
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which are consistent with the calorimetry results found by Granizo
and Blanco [30] and Rahier et al. [31]. With reaction continuing,
the heat evolution rate declines, until the later exothermic peak
appears. The later exothermic peak shows the maximum rate of
MK1 system is 2.5 mW g�1, which is 1.3 mW g�1 higher than that
of MK2 system. The later maximum rate appears after 10 h and
20 h of reaction respectively for MK1 and MK2, after which both
of the two reaction systems go into a rate declining stage. From
the declining trend shown in Fig. 2a, MK2 will take a longer time
to complete its early geopolymerization. In the first 50 h, the heat
release of geopolymerization system MK1 and MK2 is 270 J g�1 and
200 J g�1 respectively (Fig. 2b).

The early exothermic peak is due to the dissolution of metaka-
olin while the latter exothermic peak is due to the polymerization
of dissolved Al and Si oligomers [25,32]. It is often difficult to attri-
bute those overlapping peaks to each reaction, i.e. dissolution,
polymerizations and probably together with rearrangement, be-
cause these reaction processes can take place in parallel; however
the heat evolution rate can be reasonably used to compare the
reactivity of precursors under a given activation condition. From
Fig. 2 MK1 processes a faster dissolution and polymerization com-
pared to MK2. This is consistent with the dissolution result,
although the alkaline solution used is different. It strongly suggests
that the presence of halloysite in K1 makes a great contribution to
the higher reactivity of MK1.

3.3. Compressive strength development of geopolymers

Fig. 3 shows the compressive strength development of geopoly-
mers under different curing conditions. After 1 day of 80 �C steam
curing, the compressive strength of geopolymer from MK1 reached
73 MPa while it was 57 MPa for geopolymer from MK2. At room
temperature, geopolymers from MK1 and MK2 achieved 56 MPa
and 29 MPa after 1 day of curing. The faster strength development
of geopolymer from MK1 is consistent with the higher dissolution
rate and the faster heat release rate. With curing at 80 �C contin-
uing to 15 d, the compressive strength declined, which is also
found in previous work [4,33].

Curing temperature is an important factor determining both the
reaction process and final properties of geopolymer [34,35]. At a
low temperature curing condition the strength develops slowly,
particularly for fly ash-based geopolymerization systems, which
are therefore usually cured at high temperature around 60–90 �C
[36–40]. As the division lines between ‘high’ and ‘low’ temperature
are suggested to be 40–80 �C [35], in this study, 20 �C and 80 �C are
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Fig. 3. Compressive strength of geopolymer samples (geop.) from MK1 and MK2
under 20 �C air curing and 80 �C steam curing conditions.
selected as low and high temperature to examine the effect of the
presence of halloysite in kaolin on the strength development of
geopolymer at different curing conditions. Despite a higher initial
compressive strength, geopolymer from MK1 exhibits a similar
strength development trend to that of geopolymers from MK2. It
means that the presence of halloysite in kaolin can improve the
strength of geopolymers at an early age but it will not change
the mechanism of strength gain or loss when geopolymers are un-
der low or high temperature curing condition.

3.4. Microstructure of geopolymers

Geopolymers synthesized from MK1 and MK2 are both XRD
amorphous (Fig. 4). The broad diffraction hump starting from 25�
(2h) and ending around 35� (2h) in each pattern indicates the for-
mation of geopolymeric gels that are also found in many other
studies [19,20,22,32,35]. Under 80 �C steam curing conditions, dif-
fractions between 15� (2h) and 19� (2h) are broader when com-
pared with those cured at 20 �C. This may result from the
formation of zeolite-like phases under the hydrothermal condition
[35]. There is no conspicuous diffraction difference between geo-
polymers from MK1 and MK2 except for the higher characteristic
diffraction of residual kaolinite in geopolymer from MK1. Compar-
ing the XRD patens of geopolymers with those of metakaolins
(Fig. 1), the higher kaolinite diffraction is most probably due to
more kaolinite residual in MK1 when K1 was thermally treated.
However, it is difficult to specify the reaction extent of metakaolin
in geopolymers by XRD because of the difficulty in identifying the
amorphous precursors from the highly amorphous geopolymeriza-
tion product.

The SEM images of kaolins and metakaolins are shown in Fig. 5.
Halloysite tubes with a diameter of �150–350 nm and various
length are present in K1 (Fig. 5a), while kaolinite K2 (Fig. 5b) is
in a typical sheet shape [41]. After being thermally treated, MK1
and MK2 keep their original shape (Fig. 5c and d). The thermal
treatment is in fact a dehydroxylation process, which can decrease
the amount of hydrogen groups bonding between Al–O octahedron
sheet and Si–O tetrahedron sheet and consequently makes OH- and
Na+ freer to move in the sheet interspace in early stage of geopoly-
merization [17]. It is notable in Table 2 that before thermal treat-
ment, K1 is already able to dissolve a comparable amount of Al
and Si to MK2. This interesting result is supposed related to the
structural nature of halloysite, rather than the effect of minor dif-
ference in the average specific surface area of particles. Halloysite
has a tubular structure given by the randomly displaced sequence
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Fig. 4. XRD patterns of geopolymers from MK1 and MK2 by air curing at 20 �C and
steam curing at 80 �C for 1 day.
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of the individual two-sheet layers (Si–O tetrahedron and Al–O
octahedron) along the b axis [42]. Such a disordered structure
makes the deconstruction of the Si–O–Si and Al–O–Si fast, since
the alkaline solution can easily attack the tube from both the inside
and outside surface.

After being activated, geopolymers derived from MK1 and MK2
do not show a significant difference in micro-morphology (Fig. 6).
Overall, the geopolymers either from MK1 or MK2 are composed of
geopolymeric gels and residual metakaolin particles, and some
pores as well. Visible residual precursor particles embedded in
the matrix are more conspicuous in geopolymers obtained by high
temperature curing, regardless whether from MK1 (Fig. 6b) or from
MK2 (Fig. 6d). The fracture surface of geopolymers obtained at the
low temperature curing condition appears slightly more flat.
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Fig. 7 presents the pore size distributions of geopolymers. Most
pores are at the range of 10–30 nm. The geopolymers from MK1 at
20 �C and 80 �C have the most probable pores size of 15.2 nm and
17.8 nm respectively, and their corresponding intraparticle poros-
ities are 10.6% and 15.7%. On the contrast, the geopolymers from
MK2 at 20 �C and 80 �C have the most probable pores size of
17.7 nm and 20.5 nm while their corresponding porosities are
10.8% and 17.9%. It is clear that the presence of halloysite in K1
shifts the pore size distribution toward the low value, which means
using MK1 can synthesize a geopolymer matrix with smaller
microspores at both low and high temperature.

4. Summary

The halloysite present in kaolin as a second mineral component
was found to have a positive effect on the metakaolin-based geo-
polymer synthesis. The dissolution rate of kaolin K1, which con-
tains 31 wt.% halloysite, and its corresponding metakaolin MK1
was higher compared to that of a pure kaolin K2 and its metakaolin
MK2. The absolute leached amount of Al and Si from K1 was com-
parable to that from MK2. In the case of using sodium silicate solu-
tion as activator, MK1 showed a faster geopolymerization rate
compared to MK2. In addition, its consequent geopolymers also
exhibited a faster compressive strength development at both low
and high temperature curing conditions.

The mechanism of strength gain or loss under a low or high
temperature curing condition has not been altered by the presence
of halloysite in source kaolin. The microstructure property of geo-
polymer from MK1 was nearly the same as that of geopolymer
from MK2. This investigation indicates that the halloysite-contain-
ing kaolin possesses very high geopolymerization reactivity. Using
this kind of kaolin to synthesize geopolymer may reduce the envi-
ronmental footprint, since less energy is required to thermally
treat kaolin so as to obtain a reactive precursor.
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