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Abstract: In this study, the layer-lattice calcium silicate hydrate mineral, tobermorite, was synthesized
from waste green or amber container glass and separately ion-exchanged with Ag+ or Zn2+ ions
under batch conditions. Hydrothermal treatment of stoichiometrically adjusted mixtures of waste
glass and calcium oxide in 4 M NaOH(aq) at 125 ◦ C yielded tobermorite products of ~75% crystallinity with mean silicate chain lengths of 17 units after one week. Maximum uptake of Zn2+ ions,
~0.55 mmol g−1 , occurred after 72 h, and maximum uptake of Ag+ ions, ~0.59 mmol g−1 , was established within 6 h. No significant differences in structure or ion-exchange behavior were observed
between the tobermorites derived from either green or amber glass. Composite membranes of the
biopolymer, chitosan, incorporating the original or ion-exchanged tobermorite phases were prepared
by solvent casting, and their antimicrobial activities against S. aureus and E. coli were evaluated
using the Kirby–Bauer assay. S. aureus and E. coli formed biofilms on pure chitosan and chitosan
surfaces blended with the original tobermorites, whereas the composites containing Zn2+ -substituted
tobermorites defended against bacterial colonization. Distinct, clear zones were observed around the
composites containing Ag+ -substituted tobermorites which arose from the migration of the labile
Ag+ ions from the lattices. This research has indicated that waste glass-derived tobermorites are
functional carriers for antimicrobial ions with potential applications as fillers in polymeric composites
to defend against the proliferation and transmission of pathogenic bacteria.
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1. Introduction
Despite the theoretical potential to recycle up to 90% of container glass, approximately
200 Mt of post-consumer soda-lime-silica glass is landfilled per annum [1]. The failure
to effectively recycle container glass arises from various technical, geographical, and
economic barriers, particularly compositional heterogeneity, wide dispersal coupled with
poor collection infrastructure, inadequate separation from other wastes, and lack of regional
demand [2–5].
Recent research to explore alternative options to upcycle waste container glass (also
known as cullet) into value-added products includes the production of zeolites [2–4,6–10],
silicate minerals [5,11–16], geopolymers [17–19], and ceramics [20–22] for applications in
catalysis, sorption/separation technology, and construction. In this respect, several studies
have utilized a facile one-pot hydrothermal method to synthesize the layer-lattice calcium
silicate phase, 11Å tobermorite (Ca5 Si6 O16 (OH)2 ·4H2 O), from a mixture of waste glass
cullet and lime or other calcium-bearing wastes [2,5,11–14,23]. The waste glass-derived
tobermorite products have demonstrated high cation exchange capacities for a range of
heavy metal contaminants [5,11–13] and basic catalytic properties for organic condensation
reactions [23].
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In addition to their ion exchange and catalytic characteristics, synthetic tobermorites
derived from analytical grade reagents are reported to be biocompatible with bone tissue [24]. They have been evaluated as therapeutic components in polymer composites
for tissue regeneration and biomedical applications [25–27]. Furthermore, Ag+ - and Zn2+ substituted tobermorites have been shown to exert antimicrobial activity against common
Gram-positive (Staphylococcus aureus) and Gram-negative (Pseudomonas aeruginosa and
Escherichia coli) bacteria [28,29].
Ag+ - and Zn2+ -bearing zeolites, clays, minerals, and nanoparticles have been incorporated into a wide range of polymer composites to confer antimicrobial properties on
packaging, films, coatings, wound dressings, medical devices, and equipment [30–34].
Given this, it is considered that waste glass-derived tobermorites may be effective carriers
of Ag+ and Zn2+ ions for incorporation into antimicrobial polymer composites.
In the present study, the hydrothermal synthesis of 11 Å tobermorite was attempted
by processing waste green or amber container glass mixed with stoichiometric quantities of
calcium oxide at 125 ◦ C for 7 days in 1 or 4 M sodium hydroxide solution. The reaction
products were characterized by powder X-ray diffraction analysis (XRD), Fourier transform
infrared spectroscopy (FTIR), and 29 Si magic angle spinning nuclear magnetic resonance
spectroscopy (MAS NMR). The tobermorite phases were ion-exchanged with Ag+ or Zn2+
ions from metal nitrate solutions under batch conditions. Composite films of chitosan
and the original, Ag+ - and Zn2+ -substituted tobermorites were then prepared by solvent
casting. An inhibition zone assay was used to determine their antimicrobial activity against
S. aureus and E. coli.
2. Materials and Methods
2.1. Materials
Post-consumer green and amber bottles were collected from the municipal refuse in
Rochester, Kent, UK, and all other analytical grade reagents were obtained from SigmaAldrich, Gillingham, UK. The bottles were rinsed in warm tap water to remove the paper
labels and ground in a steel ball mill under dry conditions to pass 125 µm. Quantitative oxide analyses of the green and amber container glasses were obtained by X-ray fluorescence
spectroscopy using a Bruker S2 PUMA Series 2 (Bruker AXS, Karlsruhe, Germany) and are
listed in Table 1.
Table 1. Oxide compositions of waste green and amber container glass.
Oxide Component

Quantity in Green Cullet (wt%)

Quantity in Amber Cullet (wt%)

SiO2
Na2 O
CaO
Al2 O3
MgO
K2 O
Fe2 O3
SO3
Cr2 O3

72.15
13.21
10.48
1.48
0.94
0.59
0.46
0.28
0.27

70.82
13.75
10.03
2.21
1.42
0.87
0.43
0.31
0.04

2.2. Hydrothermal Synthesis and Characterization
Hydrothermal syntheses were carried out in duplicate by heating 3.5 g of ground
green or amber glass, 1.5 g of calcium oxide, and 60 cm3 of 1 M or 4 M sodium hydroxide
solution in PTFE-lined stainless steel autoclaves (Parr Instrument Company, Moline, IL,
USA) at 125 ◦ C for 7 days. Solid reaction products were separated by gravitational filtration,
washed with deionized water to pH ~7, and dried to constant mass in air at 60 ◦ C. Samples
prepared from green glass in 1 M or 4 M sodium hydroxide solution were labeled ‘TG1’
and ‘TG4’, respectively, and similarly, those prepared from amber glass were labeled ‘TA1’
and ‘TA4’. The hydrothermal reaction products were characterized by powder XRD using
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a Bruker D8 diffractometer (Bruker AXS, Karlsruhe, Germany), FTIR using a Perkin Elmer
Spectrum Two spectrometer (Perkin Elmer, London, UK), and 29 Si MAS NMR using a JEOL
JNM-ECX 300 MHz spectrometer (JEOL (UK) Ltd., Welwyn Garden City, UK) as described
in [4]. 11 Å tobermorite, calcite and silver carbonate were identified from the powder
XRD patterns using PDF files 01-074-2783, 01-071-3699 and 01-070-2184. A representative
example of the phase identification of the experimental XRD data using the PDF files is
given in Appendix A.
The notation used to describe the silicate structures of the tobermorite products is
such that the symbol Q denotes one tetrahedral SiO4 4− unit, and a superscript indicates the
number of other Q units to which it is bonded. Substitution by an AlO4 5− unit is indicated
in parentheses; for example, a mid-chain SiO4 4− unit bonded between one SiO4 4− unit and
one AlO4 5− unit is represented as Q2 (1Al). The tobermorite yield was estimated from the
29 Si MAS NMR spectra using the following relationship:
Tobermorite yield = [(ΣQn − ΣQ4 ) × 100]/ΣQn

(1)

where ΣQn is the sum of the intensities of all silicate resonances.
2.3. Ag+ and Zn2+ Ion-Exchange
Prior to ion-exchange, TG4 and TA4 were lightly ground by mortar and pestle to pass
125 µm. The Ag+ - and Zn2+ -substituted tobermorites were prepared by contacting 1.50 g
of TG4 or TA4 with 200 cm3 of 0.5 mM silver or zinc nitrate solution for 5 days at 25 ◦ C
(in a dark room to minimize the reduction of the silver cations). Then, 0.5 cm3 aliquots
of the supernatant solution were withdrawn at 1, 3, 6, 24, 48, 72, and 120 h for analysis
by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a TJA Iris
simultaneous ICP-OES spectrometer (TJA, Waltham, MA, USA). After 5 days, the solid
products were recovered by gravitational filtration, washed with 50 cm3 of deionized water,
and dried in air at 60 ◦ C to constant mass prior to analysis by powder XRD and FTIR. The
Ag+ - and Zn2+ -substituted tobermorites derived from TG4 were labeled ‘TG4-Ag’ and
‘TG4-Zn’, and likewise, those prepared from TA4 were labeled ‘TA4-Ag’ and ‘TA4-Zn’. All
ion-exchange procedures were carried out in triplicate, and the relative standard deviations
of the mean metal ion uptake data were less than 7% in all cases.
2.4. Preparation of Chitosan-Tobermorite Composite Films
Chitosan-tobermorite composite films were prepared at chitosan:tobermorite mass
ratio of 5:1 by solvent casting. Chitosan solutions (2% (w/v)) were prepared in triplicate by
dissolving 2.0 g of chitosan (molecular weight 50–190 kDa, degree of deacetylation 75–85%)
in 100 cm3 of 2% (v/v) ethanoic acid solution and stirring for 2 h at room temperature.
Then, 0.40 g of tobermorite was added, and the mixtures were stirred for 5 h before casting
15 cm3 aliquots onto polycarbonate plates (88 mm internal diameter) and drying in air
at 60 ◦ C to constant mass. Control membranes were prepared similarly in the absence
of tobermorite. Composite films prepared with TG4, TG4-Ag, and TG4-Zn were labeled
‘CTG4’, ‘CTG4-Ag’, and ‘CTG4-Zn’, and those prepared with TA4, TA4-Ag and TA4-Zn
were labeled ‘CTA4’, ‘CTA4-Ag’ and ‘CTA4-Zn’.
2.5. Kirby-Bauer Inhibition Zone Assay
The antimicrobial properties of the chitosan-tobermorite composite films were assessed
using the Kirby–Bauer inhibition zone method against Staphylococcus aureus NCIMB 9518
and Escherichia coli NCIMB 9132. Agar plates were inoculated by spreading with 0.2 cm3
of overnight cultures of each bacterium. Three discs (10 mm diameter) of the chitosantobermorite films were placed on each spread plate. The plates were examined for clear
zones after incubation at 37 ◦ C for 24 h. Each assay was conducted in triplicate. The final
population densities of the plates spread with S. aureus and E. coli were approximately
2 × 108 and 6 × 108 colony forming units per plate.

3.1. Characterisation of Waste Container Glass-Derived Tobermorites
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The powder XRD patterns of the amorphous green cullet and hydrothermal reaction
products prepared in 1 M NaOH(aq) (TG1) and 4 M NaOH(aq) (TG4) are shown in Figure 1.
These data indicate that the only crystalline product arising from the hydrothermal
treatment of the green glass in 1 M NaOH(aq) was calcite (CaCO3). Conversely, increasing
4 of 13
the alkalinity of the reaction medium to 4 M NaOH(aq) gave rise to 11 Å tobermorite with
a crystallinity of 74%. Similar results were obtained for the hydrothermal conditioning of
amber glass (Figure 2), which yielded 75% crystalline 11 Å tobermorite in 4 M NaOH(aq)
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These data indicate that the only crystalline product arising from the hydrothermal
treatment of the green glass in 1 M NaOH(aq) was calcite (CaCO3 ). Conversely, increasing
the alkalinity of the reaction medium to 4 M NaOH(aq) gave rise to 11 Å tobermorite with a
crystallinity of 74%. Similar results were obtained for the hydrothermal conditioning of
amber glass (Figure 2), which yielded 75% crystalline 11 Å tobermorite in 4 M NaOH(aq) and
calcite in 1 M NaOH(aq) . The XRD patterns of TG4 and TA4 (Figures 1 and 2, respectively)
closely resemble those of other bespoke and waste-derived tobermorites reported in the
literature with broad (0 0 2) basal reflections arising from stacking defects along the caxis [11–13,28,29].
FTIR spectra of the green and amber cullet and their hydrothermal reaction products
are presented in Figure 3. The FTIR spectra of both glasses are characterized by a very
broad band at approximately 1000 cm-1 arising from various antisymmetric stretching
modes of the amorphous Si-O-Si network and a less intense signal at ~770 cm-1 originating
from symmetric Si-O-Si stretching [35].
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Figure 2. XRD patterns of amber cullet and hydrothermal products of amber cullet and cal-
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drothermal products, TG4 and TA4, are denoted by the intense sharp signal at 960 cm−1,
and the weaker band at ~800 cm−1 is assigned to end-group Q1 silicate stretching modes
(Figure 3). Si-O-Si bending vibrations give rise to the signal at 670 cm−1 [36].
Bending modes of water and hydroxyl groups are observed at 1640 cm−1 , and stretching modes of the carbonate ion of calcite appear at 1450 cm−1 in the FTIR spectra of all
hydrothermal products [23]. The appearance of calcite in the FTIR spectra, which may
not be detectible by XRD, commonly arises from atmospheric carbonation during the
hydrothermal preparation of tobermorites [36].
The deconvoluted 29 Si MAS NMR spectra of the hydrothermal products, TG4 and
TA4, are shown in Figure 4 and the relative abundance of Qn species, tobermorite-content,
and mean chain length (MCL) of the silicate system of the tobermorite lattices are listed in
Table 2. The 29 Si MAS NMR spectra of both TG4 and TA4 comprise signals arising from Q1
chain-end and dimeric silicate species at −78 ppm, Q2 and Q2 (1Al) mid-chain tetrahedra at
−84 and −80.5 ppm, respectively, and branching Q3 (1Al) species at −92 ppm [37]. A very
broad signal centered at approximately −108 ppm arises from amorphous silica comprising
a predominance of Q4 species. The tobermorite-contents and silicate structures of the green
and amber glass-derived hydrothermal products did not differ significantly (Table 2).
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3.2. Ion-Exchange Properties of Waste Container Glass-Derived Tobermorites
The uptakes of Ag+ and Zn2+ ions from single metal nitrate solutions by TG4 and TA4
are plotted in Figure 5. Equilibrium Ag+-uptakes of 0.59 ± 0.02 mmol g−1 and 0.57 ± 0.03
mmol g−1 were established within 6 h for TG4 and TA4, respectively. Zn2+-uptake was
observed to be considerably slower with maximum sorption of 0.53 ± 0.02 mmol g−1 (TG4)
and 0.55 ± 0.04 mmol g−1 (TA4) at 120 h. There were no significant differences in the maximum uptakes of Ag+ and Zn2+ ions between the green or amber glass-derived tobermorite
products.
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Figure 5. Uptakes of (a) Ag+ ions and (b) Zn2+ ions by tobermorite products TG4 and TA4.
Figure 5. Uptakes of (a) Ag+ ions and (b) Zn2+ ions by tobermorite products TG4 and TA4.
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during Ag+-exchange (Figures 2–4).
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4. Discussion
The landfilling and stockpiling of waste soda-lime-silica glass represent a significant
failure in environmental sustainability. On average, approximately 5.8 MJ kg−1 of energy
is required to produce new container glass, and the mining of raw materials gives rise
to problematic erosion, flooding, land degradation, and pollution [38–40]. Accordingly,
alternative upcycling of unwanted post-consumer container glass into functional valueadded materials has been explored in many recent studies [3–19].
The present study confirms that soda-lime-silica container glass, irrespective of color,
represents a suitably reactive and consistent feedstock for the facile hydrothermal synthesis
of 11 Å tobermorite. The processing of either green or amber glass with a stoichiometric
addition of calcium oxide at 125 ◦ C in 4 M NaOH(aq) generated a high yield (~80%) of
crystalline (~75%) tobermorite within 1 week. The yields, degrees of crystallinity, and structures of these container glass-derived tobermorites compare well with those of tobermorites
synthesized from analytical grade reagents [25,28,29]. A reaction medium of 1 M NaOH(aq)
was found to be insufficiently alkaline to produce crystalline tobermorite within 7 days.
However, a calcium silicate gel precursor appears to have formed under these conditions.
The use of natural and synthetic zeolites, clays, and silicate frameworks as carriers for
antimicrobial Ag+ and Zn2+ ions has received increasing attention in the quest to control the
transmission of pathogenic microorganisms [28,30,31,41–48]. Silver ions are soft acids that
target DNA and disrupt the chemistry of microbial metalloproteins involved in respiration,
membrane structure, replication, and metabolism, by binding with thiol groups [49]. By virtue
of their myriad antimicrobial mechanisms, silver ions are very broad spectrum, with over
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600 susceptible pathogenic strains. Zinc ions possess less extensive antimicrobial properties,
which arise from their interference in proton transfer processes and nutrient uptake.
The uptakes of Ag+ and Zn2+ ions by the container glass-derived tobermorites in the
present study are compared with those of other natural and synthetic silicate-based carriers
reported in the recent literature in Table 3 [28,30,31,41–48]. The uptakes of Ag+ ions by
the green and amber glass-derived tobermorites are within the reported range for zeolite
Y [44,45] and greater than those of analcime [41], chabazite [31], and montmorillonite [48].
However, the extents of Ag+ -loading of TG4 and TA4 are inferior to those of zeolites
A [30,32] and X [43], ZSM-5 [45], clinoptilolite [47], and the titanosilicate frameworks JDFL1 and AM-4 [46]. Zn2+ -uptakes by TG4 and TA4 are comparable with that of titanosilicate
AM-4 [46], superior to those of analcime [41], ZSM-5 [45], JDF-L1 [46], chabazite [31],
clinoptilolite [47] and montmorillonite [48], and inferior to those of zeolites A [30,42], X [43]
and Y [44,45].
Table 3. Uptake of Ag+ and Zn2+ ions by various silicate lattice and framework phases.
Mineral Phase

Ag+ -Uptake(mmol g−1 )

Zn2+ -Uptake(mmol g−1 )

Glass-derived tobermorite (this study)
Sodium metasilicate-derived
tobermorite [28]
Synthetic analcime [41]
Zeolite A [42]
Zeolite A [30]
Zeolite X [43]
Zeolite Y [44]
Zeolite Y [45]
Zeolite ZSM-5 [45]
Titanosilicate JDF-L1 [46]
Titanosilicate AM-4 [46]
Natural chabazite [31]
Clinoptilolite [47]
Montmorillonite [48]

0.57–0.59

0.53–0.55

0.96

2.26

0.30
3.55
1.22
3.95
0.046–0.73
3.13
1.11
0.82
1.33
0.12
1.23
0.24

0.028
1.52
2.81
2.77
0.83
1.19
0.32
0.16
0.57
0.018
0.22
0.29

The more rapidly established steady-state uptake of Ag+ ions (6 h) compared with
that of Zn2+ ions (≥72 h) is attributed to the superior mobility of the Ag+ ions within the
tobermorite lattice arising from their inferior charge density and lower degree of hydration.
Monovalent cations are known to substitute exclusively for the labile interlayer cations
in tobermorite, whereas divalent cations can also replace Ca2+ ions from the structural
layers [28]. Some isomorphic exchange of Zn2+ for structural Ca2+ ions is also likely to
account for the comparatively long equilibrium times for the uptake of Zn2+ ions observed
in this study.
The extents of Ag+ - and Zn2+ -substitution of the container glass-derived tobermorites
in the present study are lower than those reported for synthetic tobermorite derived from
analytical grade sodium metasilicate and calcium oxide in 4 M NaOH(aq) at 100 ◦ C for
19 days [28]. Ongoing work to improve the ion-exchange properties of the green and amber
glass-derived tobermorite products is now underway by optimizing the hydrothermal
reaction parameters (i.e., alkalinity, temperature, reaction time, solid:solution ratio) and
adjusting the reagent stoichiometry. For example, the substitution of up to 15% Si4+ for
Al3+ within the tobermorite lattice is known to improve cation exchange capacity. A range
of industrial Al-bearing waste streams is currently being considered additional feedstock
for aluminum.
S. aureus is a Gram-positive facultative anaerobe commensal within the human microbiome and a principal opportunistic pathogen in skin and respiratory tract infections [50].
E. coli is a Gram-negative facultative anaerobe that produces vitamin K2 in the human gut.
Pathogenic strains of E. coli are associated with various infections, including pneumonia
and gastroenteritis. S. aureus and E. coli are both common nosocomial and foodborne
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pathogens that can survive on inanimate surfaces for many months, thereby providing a
continuous transmission source in hospitals and food outlets via transiently contaminated
hands [51]. One strategy to defend against the spread of such pathogens is the use of reactive antimicrobial surfaces in hospitals and for the processing, preparation, and storage of
food [30–34,52]. As previously mentioned, a range of Ag+ - and Zn2+ -bearing zeolites, clays,
minerals, and nanoparticles have been incorporated into polymer composites to confer
antimicrobial properties on medical devices, films, coatings, and packaging [30–34,52].
In the present study, composite films of the biopolymer chitosan and Ag+ - or Zn2+ substituted glass-derived tobermorites successfully defended against biofilm formation by
S. aureus and E. coli. The large soft Ag+ ions of low charge-density were reversibly retained
within the ion-exchangeable layers of the tobermorite lattice and subsequently migrated
into the surrounding media to create clear zones around the composite films exposed to
both bacteria (Table 3, Figure 6). Conversely, the smaller, more highly charge-dense Zn2+
ions did not generate distinct, clear zones beyond the perimeters of the films. The apparent
retention of the exchanged Zn2+ ions is attributed to their superior electrostatic attraction
to the negatively charged tobermorite lattice. It may also have arisen from complexation
with structural oxygen and hydroxyl groups.
The results obtained in the present study agree with those of other Ag+ - and Zn2+ bearing zeolites and clays that report inferior metal ion-release [43] and smaller or absent
clear zones in S. aureus and E. coli Kirby–Bauer assays for Zn2+ relative to Ag+ [30,43,44].
Although, conversely, one study observed similar zones of inhibition in a culture of S.
aureus for montmorillonite clay loaded with either 0.24 mmol g−1 Ag+ or 0.29 mmol g−1
Zn2+ [46].
As stated, ongoing research now concerns the optimization of the Ag+ - and Zn2+ exchange characteristics of container glass-derived tobermorites to enable a more comprehensive appraisal of their potential as carriers in reactive antimicrobial composites.
Further work to evaluate the maximum uptakes and subsequent release profiles of single
and binary combinations of antimicrobial metal ions such as Ag+ , Zn2+, and Cu2+ by the
glass derived-tobermorites is now warranted, along with estimations of their minimum
inhibitory and minimum bactericidal concentrations against a range of problematic microorganisms. In addition, the antimicrobial, physicochemical and mechanical properties
of selected sustainable biopolymer-tobermorite composites will be explored.
5. Conclusions
This study has confirmed that soda-lime-silica container glass is a suitable feedstock
for the facile and reproducible hydrothermal synthesis of 11 Å tobermorite, irrespective of
color. The extents of Ag+ - and Zn2+ -uptake by green and amber glass-derived tobermorite
products were found to be in the middle of the ranges reported for those of other zeolites,
clays, and silicate framework materials. Composite films of chitosan and Ag+ - or Zn2+ substituted glass-derived tobermorites defended against surface colonization and biofilm
formation by S. aureus and E. coli. The migration of labile Ag+ ions from the tobermorite
lattice created clear zones around the composite films, whereas the Zn2+ ions did not.
Optimization of the hydrothermal treatment of the container glass offers the potential to
improve the ion-exchange capacities of the tobermorite products.
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Appendix A
Example of XRD Phase Identification

Figure A1. XRD pattern of TG4-Ag showing the identification of reflections from 11 Å tobermorite
(PDF 01-074-2783, red lines), calcite (PDF 01-071-3699, blue lines) and silver carbonate (PDF 01-0702184, green lines).
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