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h i g h l i g h t s

� NaOH promotes faster reaction rate while KOH promotes thermally stable materials.
� Fine particles favor the reactivity and the compressive strength development.
� Geoplymerisation of volcanic ash is not completely similar to that of metakaolinite.
� The volcanic ash geopolymers are relatively thermally stable up to 800�C.
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a b s t r a c t

The influence of the activating solution composition on the stability and thermo-mechanical properties of
geopolymers made from a Cameroonian volcanic ash is investigated. NaOH, KOH solutions and silicate
solutions with low modulus were tested.

The samples are cured at 90 �C and the mechanical strength increases up to 21 days. With NaOH the
strength development is faster, with a dry and wet compressive strength respectively around 40 MPa
and 20 MPa at 21 days. The largest particles only act as reactive filler while smaller particles dissolve
in the activating solution as seen by SEM. Pure volcanic ash and synthesized materials consisted of mostly
X-ray amorphous material with some newly formed crystalline phases. KOH specimens were found to be
thermally more stable, shrinking less than 3% after heating till 1000 �C.

The obtained results suggest the possible use of the synthesized materials for building applications and
low temperature refractories up to 700–800 �C.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Alkali activated cements such as inorganic polymers (geopoly-
mers) have attracted growing interest in the recent years as a pos-
sible alternative for manufacturing structural materials, with the
potential to contribute substantially to environmentally sustain-
able construction and building products [1–3]. These materials
can be synthesized with a wide range of artificial or natural alumi-
nosilicate materials and the relatively mild involved temperatures
allow a flexible processability with the possibility to incorporate
organic additives [1,4]. The obtained products are generally ther-
mally more stable, with a much smaller CO2 footprint than tradi-
tional Portland cements, and display good strength and chemical

resistance as well as a variety of other potentially valuable charac-
teristics [2–8].

Geopolymer chemistry involves mechanisms such as dissolu-
tion of aluminosilicates (amorphous or semi crystalline) in a
strongly basic medium, followed by polymerization of the dis-
solved species eventually with surface active groups to form a solid
geopolymer structure [7–10]. The latter consists of chains and
three dimensional networks made of various Q unit types of con-
nected SiO4�

4 and AlO5�
4 tetrahedra [1,4,10]. The presence of alka-

line ions such as Na+, K+, Li+ in the network is necessary to
compensate the negative charge of Al3+ in IV-fold coordination
[7,10].

Over the past two decades, extended work has been done on the
influence of the composition of the activating solution on the reac-
tion kinetics and products properties of metakaolinite and fly ash-
based geopolymers [6–13]. Most of the work has however concen-
trated on thermally treated aluminosilicates. Very few studies have
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been reported on these parameters for volcanic ash based geopoly-
mers, despite the huge potential availability of this raw material in
several countries with past or present volcanism [14]. It is however
clear that using minerals that do not need a thermal treatment to
activate them has a large environmental and economic benefit.

The aim of this study was to investigate the influence of the
activating solution composition on the thermo-mechanical proper-
ties of geopolymers made from a Cameroonian volcanic ash. NaOH,
KOH solutions and silicate solutions with low modulus were
tested. The reactivity of the systems was studied with Differential
Scanning Calorimetry (DSC). The resulting products were charac-
terized by Scanning electron microscopy (SEM), Infrared spectros-
copy (IR) and X-ray diffraction (XRD). The products stability was
assessed by dry, wet and wet-dry compressive strength measure-
ments. Thermogravimetric analysis (TGA), thermomechanical
analysis (TMA) and dynamic mechanical analysis (DMA) were used
to investigate the high temperature behavior of the different
compositions.

2. Experimental

2.1. Materials

The volcanic ash used in this study was from Cameroon (Foumbot’s Petponoun
site). The material was ground and sieved through a 400 lm mesh. The chemical
composition of the volcanic ash as determined by X-ray fluorescence is presented
in Table 1.

The sodium hydroxide, potassium hydroxide and amorphous silica pro analyses
were used for the preparation of the activating solutions.

2.2. Geopolymer synthesis

The inorganic polymer formulations were obtained by adding, while stirring,
volcanic ash into a solution obtained by dissolving in distilled water NaOH and/or
KOH with or without amorphous silica, such as to obtain a M2O/SiO2 molar ratio
of 0.30 for mixtures without amorphous silica. An introduction of 3 g of amorphous
silica per 21 g of water (or 100 g of volcanic ash) in the mixture leaded to a M2O/
SiO2 molar ratio of 0.28 for mixtures with amorphous silica. This has resulted in
six compositions, three of them without amorphous silica named Va–Na, Va–
Na + K, Va–K corresponding to mixtures containing added sodium, sodium + potas-
sium and potassium hydroxide respectively. Their counterparts with amorphous
silica were named Va–NaSil, Va–(Na + K)Sil and Va–KSil. For Va–Na + K and Va–
(Na + K)Sil preparation, the molar amount of potassium and sodium added were
equal. The water/ash ratio (by weight) was maintained at 0.21 for all mixtures.
However, as the Va–K composition presented a lower viscosity, a water/ash ratio
of 0.18 called Va–K0.18 was also prepared.

The influence of particle size distribution on the reactivity and compressive
strength was investigated by removing the coarser particles (about 40 wt% of the
initial ash sieved at 400 lm) while sieving at 125 lm. The specimens made with
this fraction and sodium hydroxide were named Va(<125 lm)–Na. All prepared
mixtures made are summarized in Table 2.

The mixed pastes were placed in cylindrical plastic molds (50 mm
height � 25 mm diameter), then vibrated for 5 min to remove air bubbles before
being cured at 90 �C for 7 and 21 days. The weight loss of the specimens was taken
daily during the curing period.

2.3. DSC measurement

Differential scanning calorimetry was performed on a DSC instrument using He-
lium at 25 mL/min as a purge gas. The samples were mixed in small quantities
(800 mg) with a spatula before placing in the sample pan. Reusable high pressure
stainless steel sample pans were used. The sample (about 30 mg) was heated from
0 �C to 240 �C at 5 �C/min. Temperature calibration was done with cyclohexane and
indium. The latter was also used for enthalpy calibration. At least two measure-
ments were performed for each formulation and the error on the reaction enthalpy
was below 10%.

2.4. Product characterization

The compressive strength of the samples was measured with a compression
testing machine with a displacement of 1 mm/min. The results shown here are
averages of three replicate specimens. At least nine specimens per composition
were made for compressive strength measurements (three for the dry, three for
the wet and three for the wet-dry compressive test). The dry compressive strength
was obtained after curing the products at 90 �C for 7 or 21 days. For wet compres-
sive strength, these specimens were immersed in water overnight and measured
wet while the wet-dry compressive strength is for immersed specimens dried over-
night at 40 �C.

X-ray diffraction was carried out on powdered samples using a D500 diffrac-
tometer, generating a Cu Ka radiation with an applied voltage of 40 kV and a cur-
rent of 30 mA. XRD scans were measured from 2� to 70� 2-theta at a scan rate of
1�/min.

IR spectra were obtained with a 6700 FTIR instrument. For each spectrum, 32
scans with a resolution of 2 cm�1 were used in transmission mode on KBr pellets
made with 1 mg of sample and 200 mg KBr.

EDS maps and scanning electron micrographs of polished samples coated with
about 20 nm of carbon for secondary electron imaging were determined using a
Scanning Electron Microscope with an acceleration voltage of 20 kV.

TGA analyses were performed with a TGA instrument under nitrogen flow of
25 mL/min. The samples were heated to 1000 �C at 5 �C/min and then cooled to
50 �C at 50 �C/ min.

For dynamic mechanical analysis a DMA 7 was used with a quartz expansion
probe (diameter 3 mm). The purge gas was air at 50 mL/min. A static force of
250 mN and a dynamic force of 200 mN with an applied frequency of 1 Hz were
used. The samples were cycled twice between 25 �C to 1000 �C, while equilibrating
for five minutes at the minimum and maximum temperature. The heating and cool-
ing rate was 5 �C/min. Cylindrical samples of about 4 mm in diameter and 10 mm in
height obtained from geopolymer paste molded and cured at 90 �C for 7 days in
small cylindrical tubes were used and placed between a platinum cup and lid for
measurement.

3. Results and discussion

3.1. DSC measurement

The reactivity of all the mixtures and their DSC curves are pre-
sented in Table 3, Figs. 1 and 2. It appears that NaOH containing
samples react faster than KOH ones with a peak maximum around
134 �C versus 187 �C for KOH. This trend is in agreement with pre-
vious reports on inorganic polymers from metakaolinite and sili-
cate solutions [9,11]. The addition of amorphous silica in the
mixture leads to a small delay in the reaction and broadened
DSC curves. Removing coarse particles (40 wt% of ash particles
above 125 lm) leads to an increase of reaction heat of about
30%, with a temperature reduction of the peak maximum of a cou-
ple of degrees when using sodium hydroxide as the alkaline activa-
tor (Fig. 1 and Table 3). For the potassium system a composition
with reduced water content was also tested. This is possible due
to the lower viscosity compared to sodium systems. Reducing the
water/ash ratio (by weight) from 0.21 to 0.18 leads to an increase

Table 1
Chemical composition of volcanic ash (major elements).

Oxide Fe2O3 MnO TiO2 CaO K2O P2O5 SiO2 Al2O3 MgO Na2O SUM

Volcanic ash 12.7 0.19 2.9 11.3 1.7 0.89 43.2 15.1 6.7 4.5 99.2

Table 2
Mixtures composition.

Formulations SiO2/Al2O3

(molar)
M2O/SiO2

(molar)
H2O/solid ash
(weight)

Va–Na 4.84 0.30 0.21
Va–NaSil 5.18 0.28 0.21
Va–Na + K 4.84 0.30 0.21
Va–(Na + K)Sil 5.18 0.28 0.21
Va–K 4.84 0.30 0.21
Va–KSil 5.18 0.28 0.21
Va–K0.18 4.84 0.30 0.18
Va(<125 lm)–Na 4.84 0.30 0.21
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