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Abstract: Numerous technical, economic and societal factors limit the recycling of waste soda-lime-silica 
glass back into the primary production process and accordingly alternative applications for this material are 
sought. This study demonstrates that waste soda-lime-silica container glass is a suitable feedstock material 
for the production of tobermorite, a calcium silicate cation exchanger. Tobermorites were synthesised at 
100 °C from stoichiometric mixtures of container glass and lime under alkaline hydrothermal conditions. 
Increasing concentrations of sodium hydroxide (between 1.0 M and 4.0 M) in the reaction mixture 
promoted the formation and crystallisation of tobermorite, and also resulted in greater fragmentation of the 
silicate chains along the b-axis direction. The maximum removal capacities of these tobermorite specimens 
for Cd2+ (441 mg g-1) and Zn2+ (122 mg g-1) compared well with those of other waste-derived sorbents. 
Superior Cd2+- and Zn2+-uptake capacities and kinetics were observed for the least crystalline tobermorite 
specimen, indicating that stacking defects facilitate the transport and exchange of cations within the lattice.  
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Introduction 

Discarded soda-lime-silica glass containers constitute a significant and increasing 
proportion of the urban waste stream in every developed nation (Pontikes et al., 2007). 
The reuse and recycling potential of waste container glass (cullet) back into the primary 
production process is limited by a range of political, societal and technical obstacles 
(Coleman, 2011). In response to this problem, a variety of research projects has been 
carried out to identify alternative applications for waste cullet as a secondary feedstock 
in the production of aggregates, concretes, ceramics, abrasives and water filtration 
media (Ayadi et al., 2011; Coleman, 2011; Korkosz et al., 2012; Matteucci et al., 2002; 
Park et al., 2002).  
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Tobermorites are a family of naturally occurring calcium silicate hydrate minerals 
which are also readily synthesised under hydrothermal conditions between 80 and 225 
°C (Coleman, 2005; El-Hemaly et al., 1977; Nelson and Kalousek, 1977). Their 
structure comprises a double Ca-O sheet bound on both sides by anionic 
wollastonite-like silicate chains running along the b-axis, as indicated in Fig. 1. The 
interlayer region houses labile charge-balancing cations and water molecules. Members 
of this family are characterised in terms of the length of their c-axis, which is dependent 
on the number of water molecules per unit formula. There are three principal polytypes 
of this mineral, viz. 14, 11 and 9 Å tobermorite, whose names relate to the approximate 
d-spacings of their (0 0 2) Bragg reflections.  

11 Å tobermorite (Ca2Si6O16(OH)2.4H2O) is of particular interest as it is the primary 
binder in autoclaved cements and also functions as a basic catalyst for organic synthesis 
and as an adsorbent for carbon dioxide and aqueous heavy metal contaminants 
(Al-Wakeel et al., 2001; El-Hemaly et al., 1977; Komarneni et al., 1986; Lima et al., 
2008; Reinik et al., 2011). 11 Å tobermorite specimens exhibit a range of thermal 
behaviour: those which convert to 9 Å tobermorite at ~300 °C by the loss of molecular 
water are referred to as ‘normal’ tobermorites; whereas those which do not are 
described as ‘anomalous’ (El-Hemaly et al., 1977).  
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Fig. 1. Projection of 11 Å tobermorite in the bc-plane 
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The synthesis of 11 Å tobermorites reported in the literature has generally been 
carried out using analytical grade reagents such as sodium silicate and fumed silica; 
however, more recently, tobermorites have been prepared from industrial waste 
materials such as oil shale ash, cement kiln dust and paper recycling residue (Coleman, 
2005; Coleman et al., 2009; Reinik et al. 2011). Recent research has also demonstrated 
that it is possible to prepare 11 Å tobermorite from waste container glass and that this 
material is an effective sorbent for divalent lead and cadmium ions (Coleman, 2011).  

In the present study, waste soda-lime-silica container glass was used as the silicate 
feedstock for the hydrothermal synthesis of 11 Å tobermorites at 100 °C under 
conditions of varying alkalinity. The structures of the tobermorite products were 
analysed by powder X-ray diffraction (XRD) and solid-state 29Si nuclear magnetic 
resonance spectroscopy (NMR). The relationship between structure and ion-exchange 
behaviour was explored via batch sorption of divalent cadmium and zinc ions.  

Materials and methods 

Materials, synthesis and characterisation 
Flint soda-lime-silica glass (SLSG) containers were collected from the urban waste 
stream in Rochester, Kent, UK, and milled to pass 125 µm. An oxide analysis of the 
SLSG, obtained by X-ray fluorescence spectroscopy (XRF) at the Materials Research 
Institute, Sheffield Hallam University, Sheffield, UK, is given in Table 1. 

Reaction mixture compositions and synthesis regimes are summarised in Table 2. 
All syntheses were carried out in triplicate by heating at 100 ºC in hermetically sealed 
PTFE reaction vessels under autogenous pressure for 7 days. Samples Tob-1, Tob-2 and 
Tob-4 were prepared from mixtures of 3.5 g of SLSG and 1.5 g of CaO in 60 cm3 of 1.0 
M, 2.0 M and 4.0 M sodium hydroxide solution, respectively. The products of each 
synthesis were washed with deionised water to pH ~7 and dried to constant mass in air 
at 40 ºC. Oxide analyses for each of the SLSG-derived tobermorite products are given in 
Table 1.  

The reaction products were analysed by powder XRD using a Siemens Kristalloflex 
810 X-ray diffractometer. To determine whether the tobermorite products exhibited 
normal or anomalous thermal behaviour, the samples were heated to 300 ºC for 10 hours 
in air and re-analysed by powder XRD. 

The silicate structures of the tobermorite products were analysed by solid state 29Si 
NMR, as described elsewhere (Coleman and Brassington, 2003). The free induction 
decay profiles were processed by Delta software (provided by JEOL) to obtain spectra 
which were then analysed and deconvoluted using Igor Pro software. 
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Table 1. Composition of SLSG and tobermorite products 

Oxide Component SLSG 
(mass %) 

Tob-1 
(mass %) 

Tob-2 
(mass %) 

Tob-4 
(mass %) 

SiO2 72.1 40.12 43.15 41.76 

Na2O 13.4 5.44 3.44 3.16 

CaO 11.3 28.76 31.42 32.52 

MgO 1.30 0.56 0.91 0.64 

Al2O3 1.14 0.68 0.91 0.76 

K2O 0.39 0.10 0.04 0.04 

SO3 0.21 0.28 0.13 0.13 

Fe2O3 0.08 0.04 0.04 0.04 

TiO2 0.05 Nil Nil Nil 

Mn3O4 0.03 Nil Nil Nil 

Loss on ignition Nil 23.76 19.84 20.72 

Table 2. Reaction conditions and mixture compositions 

Sample Reaction conditions Si : Ca : Al : Na molar ratios 

Tob-1 100 °C, 168 h, 1.0 M NaOH(aq) 1.00 : 0.80 : 0.02 : 1.79 

Tob-2 100 °C, 168 h, 2.0 M NaOH(aq) 1.00 : 0.80 : 0.02 : 3.21 

Tob-4 100 °C, 168 h, 4.0 M NaOH(aq) 1.00 : 0.80 : 0.02 : 6.07 

Notation used to describe the silicate structure of the tobermorites is such that the 
symbol Q represents one SiO4

4- tetrahedron and a superscript denotes the number of 
other Q units to which it is bonded. Substitution of Q units by tetrahedra other than 
SiO4

4- is indicated in parentheses, for example, a mid-chain SiO4
4- unit linked to one 

other SiO4
4- unit and one AlO4

5- unit would be represented as Q2(1Al). 
The silicate chain configurations of the SLSG-derived tobermorite products were 

evaluated in terms of their ‘mean chain length’ (MCL). MCL is a measure of the 
average number of tetrahedra linked along the b-axis direction between breaks in the 
chain, and is given by (Richardson and Groves, 1997): 
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where, in this instance, Qn symbols represent the relative intensities of the deconvoluted 
29Si resonances arising from the associated silicate tetrahedra.  
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The specific surface areas of the tobermorite products were determined according to 
ISO 9277:1995(E) by nitrogen gas sorption at 77.4 K using a Micromeritics Gemini VI 
analyser.  

Batch sorption of Cd2+ and Zn2+  
The uptake of Cd2+

(aq) and Zn2+
(aq) by Tob-1, Tob-2 and Tob-4  was determined by single 

metal batch sorption at 25 °C. In each case, 50 mg of tobermorite product were 
contacted with 200 cm3 of metal nitrate solution at an approximate metal concentration 
of 0.5 mM in screw-capped polypropylene bottles. Contact times for specimens were 
between 1 and 168 hours, after which, the supernatant liquors were recovered by 
centrifugation at 3000 rpm and analysed by atomic absorption spectrophotometry using 
a Pye Unicam SP 9 spectrophotometer. Each experiment was carried out in triplicate 
and the relative standard deviations of the mean metal-uptake data were lower than 5% 
in all cases.  

Results and discussion 

Characterisation of SLSG  
The major oxide components of SLSG used in this study (listed in Table 1) are in the 
system SiO2-Na2O-CaO-MgO-Al2O3 in proportions which are typical of container 
cullet (Park et al., 2002). K2O, SO3, Fe2O3, TiO2 and Mn3O4 are also present at 
concentrations below 0.5% by mass. The 29Si NMR spectrum of SLSG (Fig. 2(a)) 
shows a broad asymmetric signal of maximum intensity at ~-95 ppm with a shoulder to 
high field which is consistent with a range of amorphous Q1 to Q4 silicate units 
comprising a predominance of Q3 species. Powder X-ray diffraction analysis (not 
shown) also confirmed that SLSG is amorphous.\ 

Preparation and characterisation of SLSG-derived tobermorites 
Powder XRD diffraction patterns of the SLSG-derived tobermorite products are shown 
in Fig. 3(a-c) and closely resemble those of phase-pure 11 Å tobermorites reported in 
the literature which have been prepared from reagent grade materials (Al-Wakeel et al., 
2001; Mitsuda and Taylor, 1975). The comparatively broad and weak (0 0 2) basal 
reflection and poor resolution of the (2 2 0) and (2 2 2) reflections (at 2θ = 28.9° and 
29.9°, respectively) in the XRD pattern of Tob-1 indicate that this specimen is less 
crystalline that its counterparts, Tob-2 and Tob-4, which were produced under 
conditions of increasing alkalinity (Fig. 3(a-c)). All SLSG-derived tobermorite products 
exhibited ‘normal’ thermal behaviour in that they dehydrated to form 9 Å tobermorite 
when heated to 300 °C (Fig. 3(d-f)). This finding is in agreement with those of other 
researchers who report that relatively low reaction temperatures (< 140 °C) and short 
processing times (< 14 days) generally give rise to normal tobermorite (El-Hemaly et 
al., 1977). 
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Fig. 2. 29Si NMR spectra of (a) SLSG, (b) Tob-1, (c) Tob-2 and (d) Tob-4 

The 29Si NMR spectra of samples Tob-1, Tob-2 and Tob-4 (Fig. 2(b-d)) are 
consistent with the presence of crystalline phase-pure 11 Å tobermorites (Komarneni et 
al., 1985; Wieker et al., 1982). Terminal Q1 silicate tetrahedra of the wollastonite-like 
chains and isolated silicate dimers are denoted by resonances at -81.6 ppm. Mid-chain 
Q2 tetrahedra give rise to the resonances at -87.4 ppm and the low field shoulder at -85.2 
ppm is assigned to Q2(1Al) species. The low intensity signals at ~95 ppm arise from 
bridging Q3 species and minor proportions of residual SLSG may also contribute to the 
signals in this region of the spectrum. The mean silicate chain lengths (MCL) of the 
SLSG-derived tobermorite products are listed in Table 3 and indicate that MCL 
decreases from 18.5 to 4.1 units as the sodium hydroxide concentration of the 
hydrothermal system is increased from 1.0 M to 4.0 M. Nitrogen gas sorption analysis 
demonstrated that the BET specific surface areas of the tobermorite products were also 

(a) 

(d) 

(c) 

(b) 



 Synthesis, structure and performance of calcium silicate ion exchangers from recycled… 11

influenced by the alkalinity of the reaction mixture (Table 3). These data, and those 
obtained by other researchers (Reinik et al., 2011), indicate that specific surface area 
tends to decrease as a function of increasing pH of the reaction mixture.  

5 10 15 20 25 30 35 40 45 50 55 60
2 Theta

 
Fig. 3. Powder XRD patterns of SLSG-derived tobermorites (a) Tob-1, (b) Tob-2, (c) Tob-4; and 

tobermorite after heating at 300 °C (d) Tob-1, (e) Tob-2, (f) Tob-4 

Table 3. Mean silicate chain length (MCL), BET specific surface area 
and metal ion uptake data for tobermorite products 

Sample MCL Surface area Cd2+-uptake at 168 h Zn2+-uptake at 168 h 

  (m2g–1) (mg g–1) (mg m–2) (mg g–1) (mg m–2) 

Tob-1 18.5 16.1 ± 0.2 441 27.4 122 7.58 

Tob-2 5.7 27.1 ± 0.3 374 13.8 96 3.54 

Tob-4 4.1 26.0 ± 0.4 325 12.5 78 3.00 

(a) 

(f) 

(e) 

(d) 

(c) 

(b) 
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This study has demonstrated that phase-pure 11 Å tobermorites can be synthesised 
from a stoicheiometrically appropriate mixture of SLSG and calcium oxide via one-step 
hydrothermal processing at 100 °C under alkaline conditions. Unlike many industrial 
and municipal waste materials, SLSG does not require pre-treatment such as leaching or 
chemical conditioning prior to use. This research has also revealed that increasing 
concentrations of sodium hydroxide in this hydrothermal system increase the degree of 
crystallinity and surface area, yet reduce the average silicate chain length of the 
resulting product. 

Mitsuda and Taylor observed that the development of tobermorite proceeds via the 
formation of a poorly structured calcium silicate hydrate gel phase (C-S-H) similar to 
that found in hydrating cement (Mitsuda and Taylor, 1975). This observation was 
subsequently confirmed in a real-time synchrotron study, which revealed that the first 
hydrothermal reaction product formed during tobermorite synthesis is a C-S-H gel with 
good periodicity in the ab-plane and poor organisation parallel to the c-axis (Shaw et al., 
2000). Other studies have indicated that increasing alkalinity generally enhances the 
rate of tobermorite formation; whereas, increasing concentrations of Na+ ions are 
reported to stabilise the intermediate C-S-H gel phase and impede the development of 
the tobermorite product (Nocun-Wczelik, 1999; Shaw et al., 2000). SLSG-derived 
tobermorites confirm these observations, as increasing sodium hydroxide 
concentrations resulted in an enhanced reaction rate (i.e. superior crystallinity) at the 
expense of mean silicate chain length. 

Batch sorption of Cd2+ and Zn2+ions 
The sorption profiles for the removal of Cd2+ and Zn2+ ions from single metal nitrate 
solutions by Tob-1, Tob-2 and Tob-4 under batch conditions are shown in Fig. 4. The 
uptakes of Cd2+ and Zn2+ after 168 hours as functions of mass and of BET surface area 
are also listed in Table 3. These data demonstrate that the rates and extents of sorption of 
both Cd2+ and Zn2+ ions by the SLSG-derived tobermorites are of the following order: 
Tob-1 > Tob-2 > Tob-4.  

Despite a steadily increasing body of data, the mechanisms and extents of ion 
exchange reactions between heavy metal cations and 11 Å tobermorites remain 
disputed. For example, Komarneni et al. (1986 and 1988) report that essentially all of 
the Ca2+ ions within the tobermorite structure can be exchanged for Co2+ or Ni2+ ions; 
whereas, in a similar investigation, Shrivastava and Glasser (Shrivastava and Glasser, 
1986) found that fewer than 20% of the total Ca2+ ion content was available for 
exchange by these heavy metal cations. It is clear that these and other such 
discrepancies arise from differences in structural features which have not been 
identified to date. Indeed, very little is presently known of the relationship between 
tobermorite structure and ion exchange behaviour. 
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ig. 4. The uptake of (a) Cd2+ ions and (b) Zn2+ ions by SLSG-derived tobermorites 

sults obtained in this investigation indicate that low crystallinity, specifically 
m stacking disorders, assists the transport and ion-exchange of Cd2+ and Zn2+ 
n the tobermorite lattice. Conversely, these findings have also demonstrated 
ural defects arising from breaks along the silicate chains do not facilitate these 
and ion-exchange processes.  

Table 4. Cd2+ and Zn2+ sorption capacities for a range of waste-derived sorbents  

Sorbent Cd2+-uptake (mg g-1) Zn2+-uptake (mg g-1) Reference 

Red mud 68 133 Vaclavikova et al. (2005) 

fied chestnut shell 10.14 9.26 Vázquez et al. (2012) 

Bone char 53.6 33.0 Choy and McKay (2005) 

apaya wood 19.99 14.44 Saeed et al. (2005) 

Rice husk 16.7 8.14 Krishnani et al. (2008) 
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For comparison, the maximum Cd2+ and Zn2+ sorption capacities for a range of 
waste-derived sorbents are listed in Table 4 (Choy and McKay, 2005; Krishnani et al., 
2008; Saeed et al., 2005; Vaclavikova et al., 2005; Vazquez et al., 2012). It should be 
noted that the original data were reported in a variety of units which have been 
converted to mg g-1 for convenience. In general, the sorption capacity of SLSG-derived 
tobermorites for both metal cations compares favourably with those of other waste 
materials such as bone char, papaya wood, rice husk and modified chestnut shells; 
however, their performance was inferior to that of red mud with respect to the removal 
of Zn2+ ions. Further work is now in progress to more fully characterise the 
ion-exchange properties and potential for post-use regeneration of SLSG-derived 
tobermorite sorbents. 

Conclusions 

The findings of this study have demonstrated that waste soda-lime-silica container glass 
is a suitable feedstock material for the one-step hydrothermal synthesis of 
ion-exchangeable tobermorites. Unlike many industrial wastes, discarded container 
glass does not require leaching or chemical pre-treatment prior to use in this application.  

All tobermorites synthesised at 100 °C from stoicheiometric mixtures of waste glass, 
lime and sodium hydroxide solution were structurally similar to those prepared from 
analytical grade reagents and exhibited normal thermal behaviour. Increasing 
concentrations of sodium hydroxide (between 1.0 M and 4.0 M) in the reaction mixture 
promoted the formation and crystallisation of tobermorite, although also resulted in 
greater fragmentation of the silicate chains along the b-axis direction. Superior Cd2+ and 
Zn2+ ion-exchange capacities and kinetics were observed for the least crystalline 
tobermorite specimen, indicating that stacking defects in the c-axis direction facilitate 
the transport and exchange of cations within the lattice.  
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