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ABSTRACT 
 
Tungsten mining waste (TMT) has accumulated in the billions of tonnes in the mines of Western Europe, 
which is problematic because reuse options for this material are limited. TMT is inherently an aluminosilicate 
and therefore possesses the capacity to be used as a suitable raw material for the production of alkali 
activated binders (AAB) that exhibit high strength, rapid setting, good durability and high resistance to 
chemical attack. This research presents the results of preparation conditions optimized for the production of 
an AAB using TMT and waste glass (WG). It is demonstrated that the problematic mining waste can be 
successfully transformed into a suitable AAB when moisture loss is prevented and activator preparation 
parameters such as mixing and rest time are precisely controlled. 
  
 
 
1.   INTRODUCTION 
 
In order to reduce the carbon footprint and dispose 
of waste material available in unprecedented 
quantities, alkali activated binders (AABs) have 
been at the centre of academic curiosity as 
environmentally favourable alternatives to Portland 
cement(Das et al. 2014). Manufacturing AABs 
through the substantial re-use of industrial waste 
introduces the possibility to achieve a significantly 
lower CO2 emission per tonne in comparison with 
PC. This could produce a binder with the same 
advantages of PC but at a lower cost and 
reduction in CO2 emissions. 
Mining and quarrying waste represents 15% of 
total waste in Western Europe, 31% in Eastern 
Europe (Eurostat 2003) while the USA alone is 
estimated to produce between 1000-2000 Mt of 
mining waste annually (Szczepańska 2004). 
Preliminary research has been conducted on the 
transformation TMT into AABs (Pacheco-Torgal et 
al. 2008) and has shown promising results from an 
environmental, technical and economic point of 
view. When assessing novel binder materials it is 
of as much importance to study the final material 
properties as it is the preparation/manufacturing 
techniques, which currently remains an 
understudied area. R.Douglas Hooton addresses 
the importance of developing clearer prerequisites 
for alkali activated materials such as performance 
over a range of temperatures, impact to various 
exposures and standardized preparation 
techniques (Douglas Hooton 2015). Hardjito et al. 
(Hardjito & Rangan 2005) highlights the 
importance of various manufacturing parameters 

such as mixing time, handling time and rest period 
of AABs. This study aims to investigate the (1) 
activator mixing time (2) (2) activator solution rest 
period and (3) sealed/open curing, on the strength 
development and reaction products of TMT-AAB 
activated by sodium silicate and sodium hydroxide. 
WG is added to the AAB mix to increase its 
amorphous silica content and was also deemed a 
novel way of reusing and recycling a very common 
construction waste material, i.e. glass.  
 
2. Materials and methods 
 

The TMT used in this study originated from a major 
mine in Portugal and the WG originated from 
donations. The main chemical composition of TMT 
determined by X-ray fluorescence is: 48.6 wt.% 
SiO2, 17.20 wt.% Al2O3, 4.20 wt.% K2O, 13.20 
wt.% Fe2O3, 11.30 wt.% SO3, 1.80 wt.% MgO. X-
ray diffraction and Fourier Transform Infra-Red 
analysis were performed to characterize the phase 
compositions of the sieved raw TMT/WG precursor 
blend and of the sodium silicate/sodium hydroxide 
activator. For all TMT-AAB sample preparation, the 
following constants were maintained: 10M 
concentration of sodium hydroxide, precursor to 
activator wt.% ratio of 3.6, sodium silicate/sodium 
hydroxide wt.% ratio of 4 and 20 wt.% substitution 
of TMT with WG. ‘Open curing’ refer to samples 
exposed to a controlled 50% RH, while ‘sealed 
curing’ refers to samples cured in an air tight zip 
lock bag (see Fig.1)  
Samples of TMT-AAB for XRD were tested in a 
state where the activation process was stopped 
using the combined water and solvent extraction 
protocol (Chen et al. 2014). Flexural and 
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compression tests of the TMT-AAB were 
conducted at the age of 7 days. 
 

 
 
Figure 1 samples prepared for sealed curing 
 
3. Results and discussion 
 
Mineralogical characterisation 
 
As shown in Fig.2, the TMT/WG blend 
predominantly consists of quartz and muscovite 
with traces of sodium aluminosilicate and 
rudashevskyite. The respective crystallinity of TMT 
and WG was 97% and 15%.  
The XRD patterns of the TMT-AAB samples cured 
in sealed and open conditions are shown in Fig.3. 
Due to the amorphicity of gel products, measuring 
them using XRD is not practical, however, reduced 
intensities of the characteristic silica peaks give an 
indirect indication of its formation. In this case of 
TMT-AAB samples cured in sealed conditions, the 
silica peaks appear less intense compared to those 
of the sample cured in open conditions.  
Water acts as the medium for the dissolution of 
aluminosilicates and the transfer of various ions so 
the loss of it due to evaporation in the unsealed 
sample will hinder the hydrolysis and 
polycondensation reactions during gel synthesis 
(Zuhua et al. 2009) 
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Figure 2 XRD patterns of raw WG, TMT and TMT/WG blend (1- 
silica, 2- muscovite, 3- sodium aluminosilicate, 4- albite, 5- 
rudashevskyite) 
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Figure 3 XRD patterns of TMT-AAB samples cured in sealed 
and open conditions 
 
ATR-FTIR analysis 
 
Fig.4 shows the ATR-FTIR spectra of the activator 
after 5 and 20 minutes of mixing. The spectra are 
almost identical apart from the region at ≈3400 
which is associated with the stretching vibrations of 
OH groups from the H2O molecules. The curve for 
the activator mixed for 20 minutes has a greater 
level absorbance, which can be inferred as 
indicating the presence of more unbound H2O 
molecules. 
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Figure 4 ATR-FTIR absorbance spectra of activator after 5 and 
20 minutes of mixing 
 

Mechanical strength 
 
As shown in Fig. 5, the peak 28 day compressive 
strength for TMT-AAB is attained when using the 
activator for 5 minutes, reaching 17 MPa. As the 
activator mixing time is extended, an immediate 
drop in compressive strength is observed. A 26% 
drop is recorded with an increase of only 15 
minutes in activator mixing time.  
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Figure 5 Effect of activator mixing time on 28-day compressive 
strength of TMT-ABB, cured at 60ºC for 24 hours 
 
The activating solution temperature was monitored 
during the mixing process. From Fig. 6, a 
significant drop of 5°C can be observed in the 
activator over the course of mixing. This drop in 
temperature may be a result of the reorientation of 
the water molecules in the solution, leading to a 
disruption of the hydration shells surrounding the 
ions. The positive ions, in this case Na+ are 
particularly at risk since they inherently possess 
weaker attractions to the negative oxygen end of 
the water molecule. This would impact the 
dissolution and subsequent mobility of Na+, SiO4-

 and OH- ions, leading to a less intense attack on 
the silicon-oxygen bonds in the aluminosilicate 
precursor material.    

Figure 6 Effect of activator temperature with prolonged mixing 
 
Fig. 7 shows that using the activator solution after 
any period of rest showed the TMT-AAB 
mechanical strength to reduce by more than 30%. 
The extended rest time may have lead the sodium 
silicate to dry-out, react with airborne carbon 
dioxide and even precipitate (Xu & Van Deventer 
2000), hence reduce its dissolution performance 
when in contact with the precursor materials.  

 
Figure 7 Effect of the activator solution rest period on 
compressive strength (7d), for samples cured at 60ºC for 24 
hours 
 
Curing in open conditions leads to a 15.5% loss in 
strength at 28 days. This result for TMT-AAB is 
contrary to the results proposed by Jaarsveld (van 
Jaarsveld et al. 2002) who claimed using FTIR that 
the stretching of Si–O and Al–O bonds for samples 
cured in sealed bags showed slightly lower 
wavenumbers indicating weaker intra-tetrahedral 
bonding, contributing to lower compressive 
strengths. 
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Figure 8 Effect of curing humidity on compressive strength 
of TMT-AAB (1-28d) 
 
SEM analysis 
 
The image in Fig. 9 shows a sample of an open 
cured TMT-AAB at 7 days of age. Cracking of the 
paste (shown using the arrows) is evident and is 
the likely cause of the strength reduction presented 
in Fig.8.  
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Figure 9 TMT-ABB after open curing, with arrows pointing at 
cracks  
 
4. Conclusions 
 

• A stripping effect of the water molecules 
from the ions due to prolonged mixing is 
proposed to explain the reduction of TMT-
AAB strength. An optimum sodium 
silicate/sodium hydroxide activator solution 
mixing time of 5 minutes is proposed. 

• Activator solution should be used 
immediately after use due to the likelihood 
of drying out if left to rest, thus impacting 
mechanical strength. 

• Curing in open conditions leads to the 
development of micro-cracking and decline 
in mechanical strength. XRD and ATR-
FTIR showed a higher extent of silica 
dissolution for sealed curing samples, 
which can be inferred as increased gel 
nucleation. 
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