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a b s t r a c t

Alkali-activated binders can be obtained using several sources of alumino-silicate materials, from calci-
nated clays, like kaolin, to industrial by-products, such as fly ash and, more recently, to calcinated waste
mud from mining activities. The technology to obtain alkali-activated binders, also designated as geo-
polymers, is gaining increasing interest, since, in some cases, the properties of geopolymeric materials
are superior to other existing cementitious systems. The research presented in this paper intends to dee-
pen the knowledge regarding the properties of geopolymeric materials obtained using tungsten mining
waste mud, particularly to study its behaviour after being immersed in water. However, in the current
work, focus is given to follow compressive strength results in partially alkali-activated samples immersed
in water, during different curing periods of time. Energy Dispersive X-ray Spectroscopy (EDS), X-ray Dif-
fraction (XRD) and Fourier Transform Infrared Spectroscopy analysis (FTIR) were also utilised to investi-
gate changes in the microstructure at different conditions of water immersion. A significant decrease in
compressive strength occurring after 24 h of immersion in water was found out, of specific partially
alkali-activated materials, despite of its initial high compressive strength after 35 days curing, at different
temperatures.

! 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Mining wastes are fine and coarse mineral materials resulting
from mining and screening operations, usually collected, trans-
ported and placed in ground deposits (heaps), near the mining
sites. Over the years, the accumulation of waste from mining activ-
ities can lead to the formation of large heaps occupying major
areas in specific locations/regions. The deposit of such mineral
materials can cause environmental problems due to contamination
of surface water, groundwater and soil, as well landscape impacts,
affecting the quality of life of local population [1].

Mining and quarrying activities in Europe produces about 55%
of total industrial wastes, according to recent Eurostat data, 4.9%
of which are incinerated, 43.6% recovered and 51.5% deposited
[2]. Thus, reutilization of mining wastes is of particularly interest
of European countries, being necessary to find out new solutions
that can contribute to reuse of such wastes, where the high value
of the product and performance under certain specific conditions,
does not prejudice its reuse due transport costs [3].

In this context, this research work intends to deepen the knowl-
edge regarding the potential to reuse of mining waste mud as
alkali-activated (geopolymeric) binder based materials.

The term geopolymers describe new complex class of materials
with the ability to transform polycondensed materials and adopt a
shape rapidly at low temperatures like polymers [4]. The main
means of synthesising geopolymers is to combine an alkaline solu-
tion with a reactive aluminosilicate powder, particularly metakao-
line and fly ash, resulting in the formation of a disordered alkali
aluminosilicate gel phase. This last is known as the geopolymeric
gel binder phase. This phase contains unreacted solid precursor
particles, and the pore network of the gel contains the water used
in mixing the precursors. However, the water does not form an
integral part of the chemical structure. The fundamental frame-
work of the gel is a highly connected three-dimensional network
of aluminate and silicate tetrahedral, with the negative charge
due to Al3+ in four-fold coordination localised on one or more of
the bridging oxygens in each aluminate tetrahedron and balanced
by the alkali metal cations provided by the activating solution [5].

From a chemical point of view, geopolymers can be seen as the
synthetic equivalent to natural zeolites having a similar hydrated
aluminous-silicate chemical composition, with an amorphous
structure which gives it several advantages, mechanical and dura-
bility performance, when compared with other materials [6,7].
Thus, geopolymers obtained from different sources have emerged
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as new generation inorganic polymeric materials well suited for
numerous engineering applications.

Several research results have demonstrated that alkaline acti-
vated binders (geopolymers) can be obtained of waste mud result-
ing of different mining explorations [8]. However, due to its
chemical composition, a particularly waste mud of Panasqueira
mining, located in Portugal, one of the most important and largest
tungsten mines in the world, presented very good reactivity with
alkaline activators after a thermal calcination process and under
certain mixing conditions [9,10]. The results showed that such
waste mud geopolymeric binders presented higher strength, when
using 10% calcium hydroxide as well as sodium hydroxide and so-
dium silicate (waterglass), as activator solutions [11]. These mining
waste binders also presented good durability performance regard-
ing abrasion and acid resistance, as well as environmental perfor-
mance in leaching tests [12].

In the 1980s Panasqueira mining was generating of about
300 tons of coarse aggregates per day and 30 tons of waste mud
[13]. Currently it is still generating almost 10 tons of waste mud
per day. Panasqueira waste mud is mainly constituted by alumi-
no-silicate minerals, and most mining wastes are likely to be of this
kind, the most abundant in the Earth’s crust, therefore such min-
eral wastes have adequate chemical composition to become
sources of geopolymerisation.

This research work studies novel properties of tungsten mining
waste mud partially alkali-activated (geopolymeric) materials, par-
ticularly its behaviour after being immersed in water. For this pur-
pose, specimens of waste mud geopolymeric binder, with 2–3 cm
size and having an approximate shape of natural aggregates were
produced. Compressive strength tests were conducted in cubic
samples immersed in water during different periods of time.
Energy Dispersive X-ray Spectroscopy (EDS), X-ray Diffraction
analysis (XRD) and Fourier Transform Infrared Spectroscopy analy-
sis (FTIR) were are also performed to investigate the microstruc-
ture of geopolymers at different conditions of water immersion.

The results presented here are part of a multidisciplinary ongo-
ing research project to evaluate the potential of producing, low
cost, waste geopolymeric artificial (WGA) aggregates for wastewa-
ter treatment systems [14–16].

2. Experimental procedures

2.1. Characterisation of initial materials

Mining waste mud, obtained from Panasqueira, after submitted to calcination at
800 "C temperature for 2 h, was used as P-precursor for the alkali-activated mate-
rials. The chemical oxide and mineral compositions of mining waste mud, deter-
mined by Energy Dispersive X-ray Spectroscopy (SEM/EDS, RONTEC equipment,
Germany) and X-ray Diffraction analysis (XRD, Rigaku – DMAX III/C equipment,

Fig. 1. Traces of X-ray Diffraction analysis (XRD) of different materials.

Table 1
Chemical oxide composition of the precursor and alkali-activated materials obtained
by energy dispersive spectrometry (weight in percentage).

Materials Chemical oxides

Na2O MgO Al2O3 SiO2 SO3 K2O Fe2O3

Precursor (P) – 2.9 14.9 55.6 5.8 3.5 14.6
Geo 35 5.4 1.6 11.1 54.0 6.0 3.5 13.9
Geo 35 24 h 9.1 1.9 12.5 53.2 5.7 3.5 12.8
Geo 35 7 d 3.5 1.8 12.6 56.8 – 3.5 18.9
Geo 35 21 d 0.6 1.9 13.9 55.6 – 3.5 20.6
Geo 35 91 d – 2.2 14.1 57.4 – 3.6 18.6

Precursor: calcinated tungsten waste mud; Geo 35: geopolymeric specimens room
cured at 20 "C for 35 days; Geo 35 24 h, Geo 35 7 d, Geo 35 21 d and Geo 35 91 d:
geopolymeric specimens after immersion in water for 24 h, 7, 21 and 91 days.
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USA), are shown in Table 1 and Fig. 1 (precursor pattern), respectively. Aluminium
and silicium oxides are 70% of the waste mud, with a SiO2/Al2O3 ratio between 3
and 4. It consists mainly of quartz and muscovite [8].

Alkali activation solution was obtained by a combination of two activators; S-
sodium silicate (Na2SiO3, with SiO2/Na2O > 1.6–2.6) and H-sodium hydroxide
(NaOH) at 10 M molar concentration. No calcium hydroxide-Ca(OH)2 was added
to the mix since its presence can lead to the formation of calcium silicate hydrates
which, in turn, can result in strength loss after a certain curing period [17,18]. Table
2 presents the geopolymeric mix compositions and mass ratios R(S/H) and R(P/S)
adopted in this study.

2.2. Methodology

2.2.1. Mixing and production of alkali-activated materials
Geopolymeric mixes were obtained by mixing first together both alkaline acti-

vators according to different mass ratios and precursor was added afterwards to the
mix. According to Table 2, four mixes of alkali-activated materials having different
mass ratios of R(P/S), 4 and 5, and R(S/H), 1.25 and 5, were produced. In all mixes a
small amount of water, about 10% of mass of total precursor, was added to increase
its workability. Mixing was carried on for about for 10 min before pouring into
rounded shape moulds of 2–3 cm size, resulting in activated materials (specimens
to-be-tested) with a final appearance like small size aggregates, as shown in
Fig. 2a).

2.2.2. Verifying structural stability in water of alkali-activated materials
For each mix a number of 16 alkali-activated specimens to-be-tested were pro-

duced in a total number of 64 specimens (the testing program is presented in Table
3). Alkali-activated materials were left to cure at 20 "C for approximately 48 h, after
mixing. This period of time was found to be appropriated for the initial geopolymer-
ic exothermically reaction to take place and to obtain initial setting. Specimens to-
be-tested were afterwards removed from moulds (after the initial curing period)
and placed at different curing temperatures to get hardened. Two different curing
temperatures were adopted (20 "C and 130 "C) to evaluate the effect of curing tem-
perature in accelerating hardening process. Thus, for each mix half of specimens to-
be-tested were cured at room temperature of 20 "C and 40% of relative humidity
(room conditions) while the other half of specimens were cured at 130 "C in dry
conditions.

Regarding different mixes presented in Table 2, mixes 1 and 2 were the first to
be prepared. The proportions adopted for these two mixes were based on prelimin-
ary good activation reaction and compressive strength results obtained at room
temperature curing. However, it was initially found out an increase of the pH of
water containing the immersed specimens of mixes 1 and 2 which result from ex-
cess of activators solution, as shown by results presented in Section 3.1. Thus, com-
position of mixes 3 and 4 were obtained by increasing R(S/H) and R(P/S) ratios in
relation to mixes 1 and 2, in order to reduce the amount of hydroxide present in
specimens to-be-tested.

Regarding structural stability in water of specimens to-be-tested, for the curing
ages of 7, 14, 21 and 28 days, two samples of each mixture, for each curing temper-
ature (labelled from A1 to D8), were placed in vessels containing 1 l of water. Water
in vessels was replaced each cycle of 24 h (in fed-batch) and structural stability of
samples was daily observed. The pH was measured in the beginning (5 min after the
immersion of the specimens or after changing water) and end of each cycle using a
SenTix-41 probe connected to a Multi 340i metre (WTW, Germany). The vessels
were monitored daily along 3 months until a water pH below 8 was attained or
the total disintegration of samples was observed. The time (day and hour) of the
beginning of sample fragmentation was registered. The tap water pH before adding
the samples was registered for each test, ranging from 6 to 7.5.

This study is part of a multidisciplinary ongoing research project to evaluate the
potential of producing waste geopolymeric artificial for wastewater treatment pro-
cesses. In this context, according to the Portuguese Law 236/98 (water quality,
based on the stated in the European Directive 76/464/CEE), the pH of the treated
wastewater to be discharged in the environment should not be higher than 9. Thus,
the number of days needed to obtain a pH value lower than 8 was registered for all
groups of specimens (pH < 8 was adopted instead of 9 to increase the reliance of re-
sults in the study).

Table 2
Geopolymeric mixes compositions and mass ratios of silicate over hydroxide (R(S/H))
and precursor over silicate (R(P/S)) .

Mix Na2SiO3

solution (g)
NaOH
solution (g)

Precursor (g) r(S/H) r(P/S)

1 187.5 150.0 750.0 1.25 4
2 187.5 62.5 750.0 3 4
3 187.5 46.9 750.0 4 4
4 150.0 37.5 750.0 4 5

S: Na2SiO3 solution, H: NaOH solution, P: precursor (calcinated tungsten waste
mud).

Fig. 2. Alkali activated binders to be tested in water: (a) 2–3 cm size specimens; (b) 40 ! 40 ! 40 mm3 specimens.

Table 3
Summary of the testing program.

Experiments Curing temperature
("C)

Curing time (days) Immersion in water (days) Replications Number of
specimens

Stability in water and control of
water pH

20 7,14,21 and 28 Up to 36a 2 32

130 7,14,21 and 28 Up to 49a 2 32

Compressive strength 20 14, 21, 28, 35, 42 63 and 91 0, 24 h, 7, 14, 21, 28, 35, 42, 63 and
91

3 210

80 7, 14, 21, 28, 35, 42 63 and
91

0, 24 h, 7, 14, 21, 28, 35, 42, 63 and
91

3 240

EDS, XRD and FTIR 20 35 0, 24 h, 7, 21 and 91 1 5

a Until pH reach equal 8.
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2.2.3. Compressive strength testing
The mix 4 was selected for compressive strength experiments in dry and wet

conditions, since it was found out to be more stable in water and can be produced
at room temperature, when compared with the other three mixes. A total of 450 cu-
bic specimens with 40 ! 40 ! 40 mm3 (Fig. 2b) were produced, half cured at 20 "C,
the other half at 80 "C during 35 days. It was decided to improve the dry curing time
from 28 days to 35 days and decrease the higher curing temperature from 130 to
80 "C, since preliminary studies showed it would be suitable to assure the stabiliza-
tion of the geopolymeric reaction [16], and could resulted in the reduction of both
energy costs and CO2 emissions.

Testing was carrying on specimens after initial curing and after being immersed
in water, for different periods, using a ELE 3000 kN compression equipment accord-
ing to ASTM C 109 for testing hardened concrete.

All cubic specimens were first submitted to an initial curing period in room con-
ditions, at 20 "C and approximately 40% relative humidity (RH), for 7 days. After-
wards, 210 cubic specimens were kept in room conditions while the other 240
units were cured at 80 "C (in a ventilated oven, in dry conditions) until to reach
35 days. For both curing temperatures of 20 "C and 80 "C, groups of specimens at
different curing ages of 14, 21, 28, 35, 42, 63 and 91 days were then immersed in
water for different periods of 24 h, 7, 14, 21, 28, 35, 42, 63, and 91 days (i.e. from
1 to 13 weeks of water immersion). Thus, from the total 210 specimens of group
being cured at 20 "C 40% RH, three specimens were immersed in water at curing
ages of 14, 21, 28, 35, 42, 63 and 91 days. From the other group of 240 specimens
cured at 80 "C dry conditions (first 7 days at 20 "C), three specimens were also im-
mersed in water after 7, 14, 21, 28, 35, 42, 63 and 91 days curing. In practical, for
each curing temperature, curing age and water immersion period, three specimens
were placed in vessels containing approximately 1 l of water (at room tempera-
ture). During the immersion period the water in the vessels was changed every
2 days, since was considered the time sufficient to water get saturated with the ex-
cess of unreacted alkaline solution released from the specimens.

Table 3 summarises of compressive strength testing program. Initially, three dry
specimens of each series were tested to evaluate the compressive strength in dry
conditions. After each immersion period, specimens were removed from water,
and submitted saturated to compressive strength.

2.2.4. Characterisation by EDS, X-ray diffraction and FTIR
The mineralogical and microstructural characteristics of activated materials

were studied trough Energy Dispersive X-ray Spectroscopy (SEM/EDS) and X-ray
Diffraction analysis (XRD) and Fourier Transform Infrared Spectroscopy (Nicolet
is10 FT-IR Spectrometer equipment, Thermo Scientific). Studies were carried on
the precursor and five specimens of mix 4, cured at 20 "C and 40% RH, for 35 days
and after immersion in water for 24 h and 7, 21 and 91 days. The characteristics
of waste mud were also determined by both methods. The testing program is pre-
sented in Table 3.

3. Results and discussion

3.1. Structural stability in water of alkali-activated materials

As referred earlier, the structure stability when immersed in
water was observed first in specimens cured and 20 "C 40% RH
and 130 "C dry conditions. At this stage, the evaluation of struc-
tural stability only consisted in registering visible disintegration
of specimens. It was observed that most of alkali-activated speci-
mens of different mixes started to disintegrate after a certain per-
iod immersed in water. Shading in Table 4 indicates which
specimens of different mixes and curing conditions have partially

disintegrated in water. It was notice that most mixes cured at
20 "C and 40% RH disintegrated relatively easily when immersed
in water. Regardless of the P/S and S/H ratios, most of the speci-
mens cured at 20 "C and 40% RH during less than 28 days disinte-
grated or dissolved in water between 1 day and 2 weeks
(specimens labelled as A1, A3, A5, A7, B1, B3, B5, C1, C3, C5 and
D1). Most of the mixes cured for 28 days did not suffer disintegra-
tion in water (specimens labelled as D3, D5 and D7) and mix 4
cured at 20 "C presented structural stability when the curing time
is longer than 7 days (specimens labelled as B7, C7 and D7). On
other hand, at this stage, it was also observed that specimens cured
at 130 "C dry conditions, apparently revealed to be structural sta-
ble in water, regardless of curing period.

As refer in Section 2.2.2 changes of water pH containing im-
mersed specimens were also registered, since this study is part of
a multidisciplinary ongoing research project to evaluate the poten-
tial of producing waste geopolymeric artificial (WGA) aggregates
for wastewater treatment systems. In this context, according to
the Portuguese Law 236/98 (water quality) the pH of treated
wastewater at the discharge point should not be higher than 9.
Thus, the number of days needed to obtain a pH value lower than
this value was registered for all groups of specimens (pH = 8 was
adopted, instead of 9 to increase reliance of results in this study).

For all the 64 variables it was observed an increase of water pH
immediately after placing specimens in water. The initial value of
water pH (measured 5 min after the specimens immersion) was
relatively different for each mix, between 10 and 12.6, and decreas-
ing along time (notice that water in vessels was replaced every
day). The number of days to reach a water pH value lower than
8, for different specimens, was determined, as presented in Table
5. Therefore, the mean number of days to obtain a water pH value
lower than 8 varied between 14 days (mix 4, cured at 130 "C dry
conditions) and 44 days (mix 3, cured at 130 "C).

The results show that mixes 1, 2 and 3 present both higher ini-
tial and final water pH values and the number of days to reach pH
lower than 8 was also higher for those mixes when compared with
the mix 4. The minimum mean days to achieve water pH lower
than 8 was observed in mix 4 (14 days for specimens cured at
20 "C, 19 days for specimens cured at 130 "C dry conditions).

Table 4
Disintegrated specimens after immersion in water.

Specimens partially or totally disintegrated in water.

Table 5
Number of days needed to obtain water pH lower than 8.

Mix Specimens
label

Initial
pH

Curing
temperature
("C)

Days to
obtain pH 6 8

Statistical
analysisa

1 A2 12.6 130 49 39 ± 9a
B2 10.5 42
C2 10.8 35
D2 10.2 28

2 D3 10.6 20 28 28
A4 10.5 130 49 42 ± 6a
B4 11.0 42
C4 9.7 42
D4 9.4 35

3 D5 10 20 35 35
A6 10.6 130 49 44 ± 7a
B6 10.4 49
C6 9.7 42
D6 9.3 35

4 B7 10 20 14 14 ± 0b
C7 9.5 14
D7 10 14
A8 10 130 21 19 ± 4b
B8 10 21
C8 10 14
D8 10 21

a (l ± r), where l is the mean value, r the standard deviation, and a and b the
aggregated groups from the Scheffé test.
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Specimens of mix 4 labelled as B7, C7 and D7 were the only ones
cured at 20 "C that maintained good structural stability along
3 months immersed in water. Mix 4 also presents much lower
standard variation values than the other mixes which would mean
that the time to reach water pH value lower than 8 was similar for
several different specimens tested [19].

An analysis of variance and the Scheffé test was carried out to
study the influence of the mix composition in time to achieve
pH 6 8. The analysis resulted in significant differences (p < 0.05)
between the times to achieve pH 6 8 to the influencing factor
(mixes). In this analysis, specimens whose averages were statisti-
cally equal were aggregated in two groups, a and b as shown in Ta-
ble 5. Therefore, mix 4, for any curing temperature, is statistically
different from the other three mixes and the time for pH stabiliza-
tion below 8 observed in each specimen was similar.

A regression analysis was also preformed to obtain a model that
expresses the change in pH values as a function of immersion time
(days), for mix 4 after 28 days of curing at 20 "C 40% RH. The non-
linear model – polynomial function of degree 2 – is shown in Fig. 3,
is highly significant and explains a high proportion of variability in
pH i.e. 92.9% of the variation in pH of the water are due to varia-
tions in the immersion time. The model presents a minimum of
55 days for the pH to reach approximately 6.9. This pH value was
achieved experimentally in 53 days.

Therefore, mix 4 having R(S/H) = 4 and R(P/S) = 5, cured at 20 "C
during at least 28 days, it seems more advantageous for a further
application in water works taking in account the structural stability
shown in water, the low energy requirements for production, low
emission of combustion gases and facility to be produced in room
conditions, needing approximately 14 days to stabilize the pH to
values that are in agreement with the legislation on water quality.

The factors that influenced the synthesis and geopolymer for-
mation are not yet fully understood. However, alkali concentra-
tions of liquid activators, modulus of alkali silicate solutions and
reaction temperatures have different effects at different stages of
geopolymeric reaction, namely: (i) destruction (destruction–coag-
ulation), (ii) polymerisation (coagulation–condensation) and (iii)
stabilization (condensation–crystallization) [20,21]. The disinte-
gration of alkali-activated specimens after being immersed in
water might be related to the degree of geopolymeric reaction,
which was slowly for the lower temperature and may have chan-
ged after contact with water.

This behaviour indicates that geopolymer reaction was not fully
developed. This is likely to be related to the mass ratio between li-
quid activators (sodium silicate and sodium hydroxide solutions)
and precursor, for this particularly mixes conditions. Since the mo-
lar concentration of NaOH solution used for all mixes (10 M) might

be low to promote the complete dissolution of Si and Al present in
this particular precursor. According to conceptual models of
geopolymerisation, which includes several stages, the first one
consists on breaking the Si–O–Si, Al–O–Al and Al–O–Si in the start-
ing material that creates reactivity conditions if the ionic force is
varied by supplying additional electron – alkaline metals – to the
medium to raise de pH [22]. Thus, it is believed that increasing
R(P/S) ratio might have resulted in higher Si and Al dissolution
resulting in better geopolymerisation and consequently a stronger
geopolymer structure, as observed in mix 4. On the other hand, the
increase of water pH containing immersed specimens indicates
that part of Na+ cations did not fully combine during the chemical
reaction of gepolymerisation and, consequently were dissolved in
water. This effect was not so evident for mix 4, which is in agree-
ment with the assumption that increasing R(P/S) ratio results in
better geopolymerisation reaction.

Regarding the effect of curing temperature in the structural sta-
bility of specimens immersed in water, the results obtained sug-
gested that higher curing temperature increased the reaction rate
and extend of the reaction of raw materials, resulting in better geo-
polymerisation reaction. However, the gain with increasing curing
temperature might not have been very significant, again, taking
into account the relatively low molar concentration of NaOH solu-
tion used.

3.2. Compressive strength testing

The study of the compressive strength was conducted in cubic
specimens produced (Fig. 1b) using mix 4 composition. As referred
earlier, the study to evaluate the compressive strength behaviour
was carried on in specimens cured at 20 "C 40% RH and 80 "C dry
conditions. The results presented in Fig. 4a and b, showed that
compressive strength reduced to approximately half of initial val-
ues (room curing conditions) after 24 h of water immersion,
regardless the curing temperature and curing age.

The reduction in strength continued during the first 4 weeks of
water immersion, not decreasing under values of 1–2 MPa, for
most of different specimens, after that period of water immersion.
In samples cured at 20 "C for longer room curing ages (91 days) the
values did not decreased less than 2 MPa and 3 MPa, after 6 weeks
of water immersion. These results show that water immersion
leads to a strength decrease of alkali-activated materials used in
this study. This behaviour was also observed for alkali-activated
metakaolin cured in water [23]. On the other hand, as refereed in
Section 2.2.1, water was added to all mixes, of about 10% of mass
of total precursor, for preparing a paste with acceptable workabil-
ity. The additional of water might have affected the hydrolysis spe-
cies and, therefore, hinders polycondensation kinetics, leading to
molecular destabilization of the geopolymer matrix. The role
played by water in the whole process of geopolymer synthesis is
known to be quite important. It was found out that water in excess
depressed the alkali activity development of calcined kaolin before
stable crystalline phases formed, as confirmed by the compressive
strength. A study involving calcined kaolin indicated that nonevap-
orable water was necessary to keep the strength stable and the
optimum content was about 7.4% [24].

3.3. Analysis of mixes by EDS, XRD and FTIR

X-ray diffraction analysis was only used to confirm the presence
of crystalline phase in the studied alkali-activated materials, as
shown in Fig. 1. It can be observed that the X-ray diffraction pat-
terns are similar for the precursor, after its activation and curing
process for 35 days (Geo 35) and after the immersion in water
(Geo 35 24 h, Geo 35 7 d, Geo 35 21 d and Geo 35 91 d). Therefore,
the crystalline phases (quartz and muscovite) detected initially

Fig. 3. Change in pH over time of water immersion for mix 4 with 28 days of curing
at 20 "C.
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remained apparently unaltered after alkali activation, as also ob-
served in the studies of Criado et al. [25] with alkali-activated fly

ash. These phases were also maintained altered after the water
immersion period.

(a)  20ºC curing temperature

(b) 80ºC curing temperature

Fig. 4. Compressive strength versus water immersion period.

Fig. 5. FTIR spectra of different materials.
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Chemical oxide composition of waste mud and alkali-activated
specimens, obtained by energy dispersive X-ray spectroscopy, is
shown in Table 1. All specimens mainly contain SiO2 and Al2O3,
as determined. Before activation, mining waste mud presents
14.9% of Al2O3 and 55.6% of SiO2. After activation and 35 days of
room curing, in general, there is a relative decrease in Al2O3 and
SiO2 percentages and the presence of Na2O is detected, as expected
resulting of adding NaOH activator solution to the mix. It should be
noted that changes in oxide percentages shown in Table 1 are only
of relative value, i.e. if one oxide increases the other reduces. Con-
sequently, there are relative changes of different oxides percentage
before and after alkaline activation, as well, after different water
immersion periods. After the first 24 h of water immersion, relative
decreases of SiO2, SO3, K2O, and Fe2O3 oxides are notice, while
Na2O has a relative increase. As the periods of water immersion in-
crease, Na2O and SO3 oxides relative percentage decreases. After
7 days water immersion SO3 was no longer detected, thus indicat-
ing it has been completely dissolved in water. While, Na2O oxide
present in specimens reduces substantially after 21 days in water
immersion, indicating that most part of Na+ cations did not fully
combine during the chemical reaction of gepolymerisation and,
consequently, non-reacted NaOH solution were dissolved in water.

Fig. 5 shows the FTIR spectra of different materials; waste tung-
sten mud and, alkali activated materials at room conditions (20 "C)
for 35 days and after immersed in water for different periods (24 h,
7, 21 and 91 days). The interpretation of the infra-red (IR) spectral
bands was performed using the characteristic IR assignments given
in Table 6 [26].

The strongest vibration occurred at 950–1200 cm"1, which is
characteristic of T–O–T bonds (where T may be Al or Si atoms)
and asymmetrical Si–O stretching vibrations. This band changes
its magnitude as results of its reaction extension and the predom-
inancy of T–O–T bonds. The position of this band depends on the
Al/Si ratio of the product analysed. The contact between precursor
(mining wastes) and alkali solution led to the dissolution of the cal-
cinated and vitreous phase component to dissolve and a scantly
cementitious gel, relatively rich in Al (intermediate reaction prod-
uct) to immediately precipitate. The formation of this intermediate
product would be explained by the higher content of Al3+ than Si4+

ions in the alkaline medium in the early stages of the geopolymer-
isation. As the Al–O bonds are weaker than the Si–O bonds, alu-
minium ions tend to dissolved quickly in the aqueous solution.

For another hand, as the geopolymerisation reaction progresses
more groups Si–O in the original material separate increasing the
Si concentration in the medium and boosting the formation of
the zeolite precursor [27]. The precursor becomes Si enriched
and this development was detected in the FTIR analysis with a
wider peak between 1050 and 1000 cm"1 (precursor 800 "C, purple
line), which is characteristic of the presence of Si–O–Si and Al–O–Si
bonds and degree of crosslinking. After the alkaline activation and
35 days of curing time (Geo 35, light green) the band shifts to low-
er frequencies between 950 and 1000 cm"1, which indicates the
formation of a compound richer in Si. However, as the periods of

water immersion increase the band shift back to the initial position
before activation as it can observed for the bands of the Geo 35
24 h, Geo 35 7 d, Geo 35 21 d and Geo 35 91 d specimens.

Hence, the changes occasioned by the formation of three-
dimensional structures as a result of ring inter-connections gener-
ates variations in the number, shape and position of the bands in
this area of the spectrum which is likewise modified by variations
induced in the Si/Al ratio [27].

Absorption bands close to 3450 cm"1 and 1650 cm"1 indicate
the presence of water molecules. Those bands are present in the
un-reacted material and in activated specimens, being the result
of water absorbed from the atmosphere or of the water added in
the production of the alkali-activated materials. In the case study
the band in the region of 1650 cm"1, related with angular deforma-
tions of the H–O–H bonds, is clearly visible after alkaline activation
(Geo 35, light green). However, the peak in this band disappears
progressively as the water immersion period increases.

Therefore, the FTIR study also confirmed that changes in alkali-
activated binders structure occurred after specimens have been
immersed in water, particularly by showing the changes in peaks
position, within the band range between 950 and 1050 cm"1 be-
fore and after alkali activation and immersion in water. This behav-
iour also indicates that the geopolymer reaction was not fully
developed.

4. Conclusions

The paper studies the properties of (partially) alkali-activated
materials after being immersed in water. As referred, alkali-acti-
vated materials were produced using tungsten mine waste mud
and a combination of two activators; S-sodium silicate (Na2SiO,
L60) and H-sodium hydroxide (NaOH) at 10 M molar concentra-
tion. Specimens for this study were produced with additional
water (10% in relation to mass precursor) and cured for several
weeks at 20 "C 40% RH, 80 "C dry conditions and 130 "C dry condi-
tions, and being afterwards water immersed for different periods.
Obviously, results observed and conclusions are only valid for the
particularly mixing and curing conditions adopted in this study.

Thus, in this study, the following results were observed:

" Alkali-activated specimens of different mixes cured at room
conditions (20 "C, 40% RH) disintegrate partially and progres-
sively after additional periods immersed in water;

" specimens cured at elevated temperatures (130 "C dry condi-
tions) were apparently structural stable for longer periods
immersed in water;

" an increase of water pH occurred immediately after placing
specimens in water, between 10 and 12.6, and decreasing along
time (notice that water in vessels was replaced every day);

" a significant decrease of compressive strength of alkali-acti-
vated materials (cured at both 20 "C 40% RH and 80 "C dry con-
ditions) occurred after water 24 h water immersion, not going
less than 1–3 MPa for longer immersion periods.

Therefore, based on these results and analysis, the following
conclusions can be obtained:

" Disintegration of specimens, increase of water pH and decrease
in strength are due to deficient geopolymeric reaction (partially
alkali-activation reaction);

" deficient geopolymeric reaction (not fully developed) might be
due to the insufficient concentration of NaOH solution used in
mixes (10 M) in relation to amount of reactive calcinated or
amorphous phases present in precursor, resulting in low disso-
lution of Si and Al;

Table 6
Characteristic IR vibrational bands of alkali-activated materials (adapted from [26]).

Wavenumber (cm"1) Assignment

2200–3600 Stretching vibration (–OH, HOH)
1600–1700 Bending vibration (HOH)
950–1200 Asymmetric stretching (Si–O–Si and Al–O–Si)
1100 Asymmetric stretching (Si–O–Si)
850 Si–O stretching, OH bending (Si–OH)
795 Symmetric stretching (Si–O–Si)
688 Symmetric stretching (Si–O–Si and Al–O–Si)
520–532 Double ring vibration
424 Bending (Si–O–Si and O–Si–O)
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" curing in dry conditions and low relative humidity might have
impeded a full geopolymeric reaction to take place;

" additional water added to the mix (10% of mass precursor)
might have also affected the hydrolysis species and, therefore,
hindered polycondensation kinetics, leading to molecular
destabilization of the geopolymer matrix;

" finally, higher curing temperatures (80 "C and 130 "C), indepen-
dently of moisture curing conditions, might have increased the
initial reaction rate and extend of the reaction of raw materials,
resulting in apparently more structural stable alkali-activated
specimens than others cured at 20 "C, for longer periods
immersed in water.

Finally, it should be noted that the results presented here are
part of a multidisciplinary ongoing research project to evaluate
the potential of producing waste geopolymeric artificial (WGA)
aggregates for wastewater treatment systems. For this purpose,
high compressive strength of alkali-activated materials is not a rel-
evant factor.
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