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Abstract

The influence of chemical and mineralogical compositions on alkali activation of four natural volcanic ashes was investigated. NaOH was used
as the sole alkaline activator. The reactivity of the systems was studied with Differential Scanning Calorimetry. The X-ray spectra of reacted
materials showed a mixture of amorphous and crystalline phases. The SEM micrographs showed that the dissolution of larger particles is
incomplete while smaller particles dissolved in the activating solution forming the glassy aluminosilicate matrix. The infrared spectra showed a
broad absorbance at 820-1250 cm ™ 'and 480-600 cm ~ ! assigned to internal vibration of Si-O-Si and Si—O—Al in both raw volcanic ash and
resulting inorganic polymers. The reactivity of the volcanic ashes was found to correlate with their amorphous fraction. The dry compressive
strength of synthesized products from all the ashes were in the range 14-63 MPa, suggesting their possible utilization as building materials.
However, the strength was found to decrease (1-28 MPa) after specimens' immersion overnight in water, but was partly or totally recovered after

overnight drying at 90 °C.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Volcanic ashes are vitreous pyroclastic materials produced by
violent eruptive volcanic action [1]. During volcanic eruptions,
particularly of the Strombolian-type, pozzolans are ejected on
the surface of the earth, forming layers several meters thick.
Throughout the world there are volcanoes (eg. Mount St. Helens
in the USA., Etna in Italy, Pinatubo in the Philippines, Tarawera
in New Zealand, Santiaguito and Pacaya in Guatemala, Fuego in
Costa Rica) which have produced huge quantities of pozzolans
[2]. In Cameroon, most volcanic eruptions over millions of
years in the tertiary period were accompanied by the ejection of
pozzolans. Consequently, many cones of volcanic ash exist
along the ‘Cameroon line’ oriented N30°E, specially at the side
of mount Cameroon, mount Maneguba, the Tombel plain
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around Djoungo, the Noun plain around Foumbot, the Kumba
plain, the region of lake Nyos and the Adamaoua plateau. The
latest eruption of mount Cameroon in 1999, as with previous
eruptions, resulted in millions of tones of volcanic materials
covering vast areas with mineral deposits [2,3]. Due to their rich
content in alumina and silica, volcanic ashes have been found to
be possibly suitable for alkali activation to produce construction
materials [4,5].

Alkali activation involves mechanisms such as dissolution
of aluminosilicates (amorphous or semi crystalline) in a strongly
basic medium, followed by polymerization of surface active
groups of particles with the dissolved species to form a solid
structure [6-9]. Starting from fly ash or metakaolinite geopolymers
are formed [1]. The later consists of chain and three dimensional
networks made of various Q units of connected SiO4 and AlO4
tetrahedra [9—11]. The presence of alkaline ions such as Na™, K*,
Li* in the network is necessary to compensate the negative
charge of APP* in IV-fold coordination [8,9]. In the text the

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.06.072


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.06.072
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2013.06.072&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.06.072
dx.doi.org/10.1016/j.ceramint.2013.06.072
dx.doi.org/10.1016/j.ceramint.2013.06.072
mailto:lemougna@yahoo.fr

812 P.N. Lemougna et al. / Ceramics International 40 (2014) 811-820

term ‘geopolymer’ will also be used to denote the materials
studied here.

The applications of this technology are wide, including building
and refractory materials [1,8—13], and the synthesis process is
viewed as environmentally-friendly as limited CO, is produced,
compared with the OPC manufacturing process [14-20].

Alkali activation of volcanic ashes is however influenced by
the difference in mineralogical and chemical composition of the
ashes, which may greatly affect the reactivity of the materials as
well as the final properties of the synthesized products.

The present study investigates the suitability of four different
volcanic ashes from Cameroon for geopolymers synthesis, in
order to highlight a possible correlation between the chemical
and the mineralogical composition of the ashes and the final
properties of the synthesized materials.

NaOH was used as the sole alkaline activator. The reactivity of
the systems was studied with Differential Scanning Calorimetry.
The resulting products were characterized by Scanning electron
microscopy (SEM), Infrared spectroscopy (IR), X-ray diffraction
(XRD), Differential Thermal Analysis and Thermogravimetry
Analysis (DTA/TGA). The products stability was assessed by
dry, wet and wet-dry compressive strength measurements.

2. Experimental

The four volcanic ashes (Val, Va2, Va3, Va4) used in this
study were from Cameroon (the two firsts from Foumbot and

Table 1
Chemical composition (%) of the different ashes.

rest from Djoungo sites), situated respectively in the west and
littoral Regions of Cameroon. The materials were ground to
minus 400 pum. Their chemical composition determined by
X-ray fluorescence and their particles size distribution deter-
mined by sieving—sedimentation are presented in Table | and
Fig. 1 respectively. Fig. 1 shows the dsy of 28, 40, 120 and
65 um respectively for Val, Va2, Va3 and Va4. The sodium
hydroxide (pro analysis) used was from Merck.

2.1. Geopolymer synthesis

The inorganic polymer formulations were obtained by
adding while stirring volcanic ash into a solution obtained
by dissolving NaOH in distilled water, as to obtain in the
mixtures a Na,O/Al,O3 molar ratio ranging from 1.00 to 1.75,
with 0.25 intervals. This has resulted in four compositions for
each of the ashes Val, Va2, Va3, and Va4. The ratio water/ash
was maintained to 0.21 for all the compositions.

The mixed pastes were placed in polyethylene cubic molds
(4 x 4 cm), and then vibrated for 5 min to remove air bubbles.
The molded samples were then placed at 40 °C for 2 days, then,
the samples were unmolded and placed at 90 °C for 5 days.

2.2. DSC measurement

Differential scanning calorimetry (isothermal and non-
isothermal measurement) was performed on a DSC 822°

Oxide Fe,0; MnO TiO, Ca0O K0 P,0s Si0, ALO; MgO Na,O SUM
Val 12 0.19 29 11 1.7 0.9 43 15 6.8 4.6 99.39
Va2 8.5 0.16 1.8 6.1 3.1 0.9 55 15 2.9 53 99.62
Va3 14 0.19 3.3 1 1.7 0.8 43 15 5.8 4.1 99.51
Va4 13 0.17 29 10 1.5 0.8 44 16 55 4.4 99.57
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Fig. 1. Particle size distribution of the pure ashes.



P.N. Lemougna et al. / Ceramics International 40 (2014) 811-820

Mettler Toledo instrument using Helium at 25 mL/min as a
purge gas. The samples were mixed in small quantities (1 g)
with a spatula before placing in the sample pan. Reusable high
pressure stainless steel sample pans (Mettler) were used. The
sample (about 30 mg) was heated from 0 °C to 240 °C at 5 °C/min.
For non-isothermal measurements, the sample was heated at
90 °C for 700 min. Temperature calibration was done with
cyclohexane and indium. The latter was also used for enthalpy
calibration. At least two measurements were performed for
each formulation and the error on the reaction enthalpy was
below 10%.

2.3. Product characterization

The compressive strength of the samples was measured with
an Instron 5885H Compression machine with a displacement
of 0.5 mm/min. The results shown here are averages of three
replicate specimens. The dry compressive strength was
obtained after curing the unmolded products at 90 °C for 5
days. For wet compressive strength, these specimens were
immersed in water overnight and measured wet while the wet-
dry compressive strength is for immersed specimens dried
overnight at 90 °C.

X-ray diffraction was carried out on powdered samples
using a D500 Bruker diffractometer, generating a Cu K,
radiation with an applied voltage of 40 kV and a current of
30 mA. XRD scans were measured from 5° to 70° 2-theta at a
scan rate of 1°/min.

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

EDS maps and scanning electron micrographs of polished
samples coated with about 20 nm of carbon for second electron
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imaging were determined using a Jeol JSM 6400 microscope
with an acceleration voltage of 20 kV.

TGA/DTA analyses were performed with a Netzsch
STA409 PC/PG instrument in helium flowing at 60 mL/min.
The samples were heated to 1000 °C at 10 °C/min.

3. Results and discussion
3.1. Reactivity of the volcanic ashes

The DSC thermograms of the fresh geopolymer mixtures
from the different ashes at Na,O/Al,O5; molar ratio of 1.5 are
presented in Fig. 2. It is observed that the peak maximum
varies between 131 and 166 °C, appearing in the order
Val < Va3 < Va4 < Va2. The reaction heat of all the fresh
geopolymer mixtures from the four ashes with different Na,O/
Al,O3 molar ratio (1.00-1.75) are presented in Fig. 3. Glob-
ally, it appeared that the reaction heat increases with the
amount of NaOH added to the mixture. The trend observed is
different from previous studies reported on metakaolin-based
geopolymer where the reaction heat was observed to increase
with the addition of silicate solution in the fresh mixture,
reaching a maximum value at the Na/Al ratio of 1 [11]. This
difference could be linked to the mineralogical composition of
the ashes, the presence of some crystalline phases dissolving
only slowly before reacting, the rate of dissolution increasing
with the addition of sodium hydroxide in the mixture. Another
reason is that the crystalline reaction product formed (Sodium
aluminosilicate hydroxide hydrate-Nag(AlSiO4)s(OH),.4H,0)
has a Na/Al ratio of 8/6 as shown in previous work [20]. One
could thus expect a maximum at a ratio of 1.33 if the
amorphous part has the same composition. This however
needs further investigation. The temperatures of the maximum
reaction rate for all the mixtures are higher while the reaction
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Fig. 2. DSC curves of reacted ashes at Na,O/Al,O3 of 1.50. From the top to the bottom, we respectively have Val, Va3, Va4 and Va2.
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heats are smaller than those reported by Rahier et al. [11,16]
for inorganic polymer glasses resulting from alkaline activation
of metakaolin, most of the compositions reacting between 60
and 120 °C and the reaction heats reaching 580 J/g metakao-
linite. The present volcanic ashes are therefore considered to
be less reactive than thermally activated kaolinite. It has been
reported that particle size does influence the reactivity, finer
particles increasing the reaction rate, the heat flow signal being
larger and reaching the baseline earlier [17]. Based on particle
size analysis (Fig. 1), the fineness of the ashes were in the
range Val > Va2 > Va4 > Va3. However, the trend observed
on the reaction heats was different (|AH | Val >
|AH|Va3 > |AH|Va4 > |AH|Va2) suggesting that other
factors such as the chemical or the mineralogical composition
of the ashes were involved. The isothermal measurement at
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Fig. 3. Reaction heat of freshly mixed mixtures.

90 °C of the different ashes (Fig. 4) also showed that the
reactivity (height of the signal at the beginning of the
measurement) of the ashes are in the order Val > Va3 >
Va2 > Va4, similarly to the trend observed for the tempera-
tures of appearance of the peak max (Fig. 2) for non-
isothermal measurements. As the chemical composition of all
the ashes (mostly for Val, Va3, and Va4) were very similar
(Table 1), it is likely that factors that influenced the reactivity
should be more linked to the mineralogical composition and
crystallinity. Fig. 4 also shows that the main part of the
reaction is finished after about 5 h at 90 °C.

3.2. Compressive strength

All the formulations developed strength during the curing
period, but still some efflorescence was observable on speci-
mens with high Na content on all the ashes and mostly for Va2
and Va3. The seven days' compressive strengths are presented
on Fig. 5. The values of dry compressive strength were
between 42 and 61 MPa and 27-63 MPa for products resulting
from Val and Va2 respectively. For specimens resulting from
Va3 and Va4, these values were in the range of 16-32 MPa
and 14-37 MPa respectively.

These differences in dry compressive strength noticed
between Val and Va2 on the one hand and Va3 and Va4 on
the other are likely to be linked to the chemical and
mineralogical composition of the ashes, but could also be
induced by the difference in particle size distribution of the
ashes; the ashes with smaller particles (Val and Va2) exhibit
higher strength than the coarser ones (Va3 and Va4). It was
observed that these values decreased after immersion of the
samples overnight in water (wet compressive strength) but the
strength was partly or totally recovered when the samples were
dried overnight at 90 °C. The decrease from the dry to the wet
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Fig. 4. Isothermal (90 °C) DSC curves of different ashes at Na,O/Al,O3 of 1.50.
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Fig. 5. Compressive strength of reacted ashes.

strength was about 50% for the Val, but was much more
intense for the other samples (about 75% for Va3, moving to
89% for Va2 and Va4 at lowest NaOH concentration). It is
well known that this behavior is linked to the hydration of
some Si—O-Si bonds to Si—~OH bonds in the geopolymer
matrix, leading to weakening the structure. This reaction is
reversible and was also observed on products resulting from
alkali activation of kaolinitic laterite [21]. It is also possible
that some soluble components are formed during alkali
activation such as sodium silicate, giving a good dry strength
but a very low wet strength. Specimens from sample Val
presented the best wet strengths, with values in the range of
12-28 MPa. The other specimens presented values of wet
strength in the range of 1-15 MPa, suggesting their possible
higher content in soluble silicate compounds compared with
specimens resulting from Val. After drying, all specimens
partially recovered strength. For all the specimens, the wet-dry
compressive strengths were in the range 12-65 MPa.
Looking at the chemical composition of the different ashes,
it is observed that the ratio Al,03/SiO, is between 4.57 and
4.86 for Val, Va3 and Va4, versus 5.97 for Va2. The optimum
value of Si0,/Al,0; for geopolymer was reported to vary from
3.3 to 4.5 [18], with some possible fluctuation since the
amount of Si and Al available for geopolymer formation can

be very different depending on the composition and especially
the reactivity of the starting raw materials [19]. Considering
the lower reaction heat and lower reactivity (the highest
temperature of peak max on the DSC curves Fig. 2) observed
for sample Va2, it is likely that this sample presented some
excess of reactive SiO5.

Increasing the amount of NaOH to the system leads to
increasing the final strength up to a maximum value of 61 MPa
with a ratio Na,O/Al,O5 of 1.25 for Val, following the trend
observed in previous report on metakaolin and volcanic ashes
based geopolymer [20,22]. It was also observed on the speci-
mens resulting from this particular ash (Val) that excess NaOH
leads to crack formation on the specimens, the size of cracks
increasing with NaOH addition. Such an optimum (the decrease
of compressive strength beyond some amount of NaOH used) is
not observed for the other ashes that show an increase of the
strength with added NaOH in the range of our study (Na,O/
AL O3 of 1.00-1.75), although the excess of unreacted NaOH
was obvious from the white efflorescence (Na,CO;) visible on
samples resulting from Na,O/Al,O3 of 1.75.

The difference observed while adding NaOH into the system
of the present ashes could be linked to the type and amount of
crystalline phases over the amorphous phase in the starting
materials as will be done in the next part. For Val, we have
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more reactive amorphous phase that dissolves quickly in alkaline
medium; the effect of excess NaOH on the strength reduction
being observable from Na,O/Al,O5 of 1.50 on. That is different
for the other ashes where we have a smaller amorphous fraction,
and where increasing the NaOH content probably also has as
major effect on the dissolution of the amount of crystalline
phases, increasing the amount of reacting materials and the final
strength. Therefore, the higher value of dry strength observed for
Va2 is much more linked to its mineralogical composition since
the reaction heat remains very low.

3.3. Mineralogical composition of volcanic ashes and
geopolymers

The X-ray spectra of the volcanic ashes show a mixture of
amorphous and crystalline phases (Fig. 6) composed of Anorthite
sodian disordered:(Ca,Na)(Si,Al)4Og, Augite: (CaMg 74Fe( »5)
Si,0¢, Forsterite ferroan: (MggoFe 1),S510,4 for Val; Quartz:
SiO, Augite: (CaMg74Feq25)S1,06, Magnetite: Fe;O,4, Anorthite
sodian intermediate-(CaNa)(SiAl),Og, Microline intermediate-
KAISi;0g for Va2; Anorthite sodian disordered: (Ca,Na)-
(Si,Al)40g, Augite: (CaMg 74Fe(»5)S1,0¢, Forsterite ferroan:
(Mgp.oFe(.1)2Si0,4 for Va3 and Anorthite sodian disordered:
(Ca,Na)(Si,Al)40g, Augite: (CaMg 74Feq25)S1,0¢, Nepheline:
NaAlSiO,, Forsterite: Mg,Si0,4, Hematite: Fe,O3 for Va4. The
main difference observable by XRD between the spectra of

Val-Na20/AI203-1.5

—Val
20 40 60 80
2 Theta Scale
*
L J

Va3-Na20/Al203-1.5
—Va3

20 40 60 80
2 Theta Scale

pure ashes and those treated with sodium hydroxide were
the appearance of sodium aluminosilicate hydroxide hydrate
Nag(AlSiO4)6(OH),.4H,0 on the spectra of activated ashes.
The presence of initial minerals in the final products is also
suggesting incomplete dissolution of the crystalline phases
present in the starting materials. Conventional geopolymers
resulting from the dissolution of aluminosilicate in a strongly
alkaline medium are expected to be amorphous [9,11,23].
However, the presence of a new crystalline phase not originat-
ing from the starting material has been previously reported for
geopolymers resulting from volcanic ash, fly ash as well as
metakaolinite especially after reaction with silicates with a low
modulus [4,16,20,24].

By treating an amorphous pozzolan with sodium hydroxide
or sodium hydroxide plus sodium aluminate, Verdolotti et al.
[4] obtained a product with crystalline diffraction peaks,
possibly from a zeolite, overlapping the amorphous baseline.
For the current volcanic ashes, it is likely that the reactions that
took place in alkaline medium may involve the transformation
of the major part of the initial amorphous phases of the ash into
the amorphous to semi crystalline geopolymer phase, but also
a crystalline phase of sodium aluminosilicate hydroxide
hydrate. The formation of this new crystalline phase (sodium
aluminosilicate hydroxide hydrate, sometime named as hydro-
xysodalite) during inorganic polymers synthesis was suggested
to be linked to the nature of the initial starting material, the

Va2-Na20/AI203-1.5
—Va2

20 40 60 80
2 Theta Scale

Va4-Na20/A1203-1.5
—Va4
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Fig. 6. XRD spectra of pure (bottom) and reacted ashes at Na,O/AL,O5 of 1.50. «=Anorthite sodian disordered:(Ca,Na)(Si,Al),Og,. % = Augite: (CaMgy 74 Feg 2s)
Si,O4, A =Forsterite ferroan: (Mggo Feg1),SiO;, ®=Quartz: SiO,. ~=Magnetite: Fe304, Y=Microline intermediate-KAlSiz;Og, [\ =Anorthite sodian
intermediate-(CaNa)(SiAl),Og. (Q=Forsterite: Mg,SiO,. A=Nepheline:NaAlSiO4, V=Hematite: Fe,0;. []J=sodium aluminosilicate hydroxide hydrate-

Nag(AISIO4)6(OH)2 . 4H20
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curing temperature and the concentration/composition of the
alkaline solution used [25,26]. Finally, the alteration or trans-
formation of part of the initial crystalline phase in the starting
ashes is also likely to have taken place during alkali activation.

The amount of amorphous phase was estimated with the
analysis software by the method of subtracting the crystalline
surface area on the XRD spectra. The results obtained were
58% for Val, 6% for Va2, 33% for Va3 and 9% for Va4d. After
reaction, the amount of amorphous phase in the products was
estimated at a Na,O/Al,O; molar ratio of 1.50 to be 44%,
27%, 37% and 29% respectively in the specimens resulting
from Val, Va2, Va3, and Va4. A positive correlation was
found between the amount of the amorphous phase in the ash
and the heats of reaction (Fig. 7). The determination of the
linear correlation equation gave y=1.12x+23.68, with a linear
correlation coefficient of 0.97.

This trend was also observable on the DSC curves (Figs. 2
and 4) showing higher reaction heat and reactivity for the more
amorphous materials. An extrapolation of the curve (Fig. 7)
shows that there is still some reactivity remaining at 0% of
amorphous material, suggesting that small part of the crystal-
line phases also reacted. This can explain the increase of the
amount of amorphous fraction after reaction for Va2, Va3 and
Va4. The trend observed on the values of wet strength at
lowest NaOH concentration are in line with the amount of
amorphous phase in the starting materials and the sample that
globally presented the best strengths also resulted from the
more amorphous starting material (Val). For the higher
concentrations of sodium hydroxide the correlation between
the amount of amorphous phase in the starting materials and
the final strength after 7 days curing is less obvious.

In summary, one can state that Val ash has the largest
amount of amorphous reactive phase dissolving quickly giving
the largest reaction heat and best compressive strength. The
effect of excess NaOH on the strength reduction is observable
from Na,O/Al,O5 of 1.50 on. This could be explained by the

100+
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Fig. 7. Influence of the percentage of the amorphous phase in the starting
ashes on the reaction heat at Na,O/Al,05; molar ratio of 1.00.

fact that the crystalline component found after reaction has a
Na/Al ratio of 1.33, which could be considered as the
maximum and thus optimum ratio. All other ashes have a
much smaller amorphous fraction, and increasing the NaOH
content probably also increases the amount of crystalline
phases dissolved, increasing the amount of reacting materials
and thus the reaction heat and the final strength. It is however
supposed that an excess of NaOH is needed to dissolve the
crystals. Therefore, the relatively high value of dry strength
observed for Va2 is probably more linked to its mineralogical
composition since the reaction heat remains very low. The fact
that the wet strength is very low indicates the formation of
soluble reaction products.

3.4. IR spectra

The infrared spectra presented in Fig. 8 showed a broad
absorbance at 820—1250 cm ™~ 'and 480—-600 cm ™' assigned to
internal vibration of Si—O-Si and Si—O-Al [20,27] in both raw
volcanic ash and resulting inorganic polymer samples. The
appearance of some sharp bands indicates the formation of
crystalline phases. The band around 1640 cm ™' arises from
water molecules, which are surface absorbed or entrapped in
the large cavities of the polymeric framework. This band which
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Fig. 8. IR spectra of pure (bottom) and reacted ashes at Na,O/Al,O5 of 1.50.
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was mostly observed on alkali-activated ashes is attributed to
bending vibrations (H-O-H) and is typical for polymer struc-
tures including aluminosilicate networks [25,26]. The band
around 1430 cm™"' on the alkali-activated ashes is attributed
to stretching vibrations of the O—C—O bond resulting from the
atmospheric carbonation of the unreacted high alkaline aqueous
phase, which is diffused on the geopolymeric materials surface
[20,24]. The relatively strong peaks seen at ~1002cm ™' (as
well as at ~458 cm ™ ') on the alkali-activated ashes are assigned
to long chain bonds and/or the excess of Al-Si gel formed [25].

3.5. Microstructure
The microstructural analysis of polished products shows that

the particle dissolution is not completed during the reaction
(Fig. 9A). Relicts of ash particles were found to be surrounded

by the geopolymer matrix. The morphologies of all the
samples were similar at lower magnification. However, higher
magnification (Fig. 9B) presented a mixture of late shaped and
agglomerate morphology with a great tendency for agglomera-
tion for Va2 and Va4, possibly suggesting a more crystalline
character. Geopolymers are known to contain amounts of
unreacted solid aluminosilicate source [28,29]. However, there
is no definitive and accurate method for quantitatively deter-
mining the amount of unreacted materials in a particular
specimen. The unreacted material is also expected to affect
the mechanical properties [28].

The geopolymer matrix was the only part of the sample to
contain added sodium, and was found by EDS in the area
selected to correspond to the atomic composition of Al_S at%,
Si_13 at%, Na_13 at% for Val; Al_3 at%, Si_25 at%, Na_8
at% for Va2; Al 5 at%, Si_15 at%, Na_25 at% for Va3;

o 1 2 H i 5
im -1 -H eV

Fig. 9. Microstructure of reacted ashes at Na,O/Al,O5 of 1.50.
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Al_S at%, Si_18 at%, Na_12 at% for Va4. It is striking that
these compositions do not match the composition of the
formed sodium aluminosilicate Nag(AlSiO4)(OH), - 4H,O0.
The high atomic concentration of sodium in the geopolymer
matrix on the area selected for the geopolymer based on Va3
could arise from its migration due to atmospheric condition.
The fluctuations observed in the geopolymer matrix compositions
may be due to the presence of some small residual undissolved
particles with different chemical composition. It is also likely that
some divergence in the geopolymer matrix composition from the
different ashes could be linked to the difference in the proportion
of sodium aluminosilicate hydroxide hydrate formed and mixed
with the amorphous part of the matrix.

3.6. Thermal behavior (TG/DTA)

The thermal behavior of synthesized products assessed by
thermogravimetry analysis and differential thermal analysis are
presented in Fig. 10. The pure ashes show almost no weight
loss up to 1000 °C (less than 1 wt%) (Fig. 10A). Globally, the
DTA and the TGA curves are more or less similar for all the
samples. It is observed that the mass losses are between 3.5
and 6%. Sample Va2 presented the lowest mass loss (around
3.5%), possibly in consistence with its small reactivity
observed in the DSC analysis, those of the other ashes being
between 5.5 and 6% (Fig. 10B). On the DTA curves, the
endothermic reaction observed below 200 °C is attributed to
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the loss of residual water after the curing period. Above this
temperature, no clear endothermic reaction is observed up to
1000 °C. After 200 °C, all the samples were found to lose mass
at a more or less constant rate up to 600 °C, above which the
mass loss becomes negligible up to 1000 °C. Between 200 °C
and 600 °C, the mass loss is likely to arise from the destruction
of some structured OH in the products matrix since the loss on
ignition was negligible for all the pure ashes. The mass loss of
all the synthesized specimens are about four times smaller than
those reported (about 25%) for metakaolin based geopolymer
[23,30] after heating up to 1000 °C. However, these products
were already dried in the furnace at 90 °C during the curing
while the products from metakaolin resulted from a curing at
50 °C [23] or at room temperature [30].

4. Conclusions

The four ashes subjected to analysis were found to have
great similarities in chemical compositions and the parameter
which greatly influenced the reactivity was found to be the
amount of amorphous fraction. The reactivity and the reaction
heat of the systems increases with the amount of these
amorphous phases in the starting ashes. The compressive
strength was found to decrease after immersion of the speci-
mens overnight in water, but was partly or totally recovered
after overnight drying at 90 °C. The dry compressive strengths
of synthesized products from all the ashes were in the range
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Fig. 10. TG/DTA curves of pure (A) and reacted (B) ashes at Na,O/Al,O5 of 1.50.
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14-63 MPa suggesting their possible utilization as building
materials.

Specimens from the most amorphous sample Val presented
the best wet strengths, with values in the range of 12-28 MPa.
The other specimens presented values of wet strength in the
range of 1-15MPa. For all the specimens, the wet-dry
compressive strengths were in the range 12-65 MPa. The
wet strength at lowest NaOH concentration also increases with
the amount of amorphous phase in the volcanic ashes and the
sample that globally presented the best strengths also resulted
from the more amorphous starting material (Val). When high
NaOH concentrations were used, no correlation between the
amount of amorphous phase in the starting materials and the
final strength could be established.

The suitability of volcanic ashes for geopolymerization thus
does not only depend on the chemical composition but also on
the fraction of amorphous material. Further investigations on
different types of activating solution and the durability of the
materials for building applications will be of interest.
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