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ABSTRACT

The hydrothermal formation of mineral products frarmixture of amber container glass and
aluminium waste (Al:Si = 1) in 4 M NaQ#}d) or 4 M KOHaq) at 100 °C was monitored at 1,
3 and 10 days by X-ray diffraction analysis withe®Reld refinement, Fourier transform
infrared spectroscopy and scanning electron miomgcwith energy dispersive X-ray
analysis. In NaOHg, at 1, 3 and 10 days, respectively, 48%, 55% &t 6f the glass
crystallised to form hydroxysodalite (HS) and hydrancrinite (HC) with minor
proportions of katoite and tobermorite. The parsiatcessive transformation of HS to HC
was also observed with time. The initial rates iskdlution of the glass and formation of the
principal zeolite K-F and secondary katoite phasese considerably slower in KQ4g);
although, the subsequent development of the preduas greater than that in Nagud The
zeolite K-F product achieved only 5% crystallinitythin the first day which then increased
markedly to 60% and 78% at 3 and 10 days, respgtildespite the incomplete conversion
of amber glass into crystalline zeolitic phasesg tiptake capacities of the 10-day
feldspathoid and zeolite K-F products for’Pf4.3 and 4.5 meqg respectively) and Zf
(3.9 and 4.1 meqy respectively) ions compared favourably with thasemany other

zeolites and waste-derived inorganic sorbents tegdon the literature.
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1. Introduction

The manufacture of soda-lime-silica container gjl&sr bottled beverages is an
energy-intensive process with a relatively highboar footprint [1-3]. The average primary
energy consumption for container glass producedh f&0% recycled cullet is currently
estimated to be 5.15 MJ kgand a carbon footprint of 150-761 kg@&er 1,000 litres of
beverage is associated with the lifecycle of glasties [1-3]. Partial replacement of recycled
cullet in the glass-making process reduces bothggmequirement and unwanted emissions,
although the potential to recycle coloured contaiglass is limited by various technical,
economic and societal factors [4]. For exampleeaive collection, separation and
subsequent recycling of green and amber soda-lia-sgylass bottles are essentially
restricted to regions with established beer- antewnaking industries.

The major oxide constituents of flint and coloussdia-lime-silica container glasses
are SiQ (70-75 wt%), NgO (13-17 wt%) and CaO (5-10 wt%) with minor oxiderponents
(Al,03, MgO, and KO) below 5 wt% and trace oxides (e.g;®g SG; and CpOs) below 0.5
wt% [5,6]. In this respect, surplus coloured camaiglass represents a consistent source of
reactive silica with negligible concentrations otgntially hazardous elements in comparison
with other silicate-bearing wastes such as inctmmraashes and slags [7-9].

Recently, a range of initiatives to convert wastatainer glass into value-added
materials such as ceramics, geopolymers, ion-exgransorbents and catalysts has been
reported in the literature [6-15]. In particuldretsynthesis of zeolites and feldspathoids from
waste container glass is of current relevance asetl8-D microporous aluminosilicate
framework materials find wide application in sep@ma and adsorption technology, soil
fertilisation and conditioning, animal feed, comstion and catalysis [6-9,15]. Typically,

stoichiometric additions of an aluminium-bearinggent are combined with ground waste



glass which is then subjected to hydrothermal @siog under alkaline conditions to

produce an assemblage of zeolitic phases. To dat®us mixtures of synthetic sodalite,

cancrinite, analcime (analcite), faujasite (zeolg gismondine (zeolite P), edingtonite

(zeolite F) and zeolite A structures have beengrexpfrom container glass using convection
and microwave heating [6-9,15]. Phase-pure zeghteducts are rarely formed from

particulate waste materials in the absence of maitoning stages (to remove unwanted
species and/or produce an homogeneous precursdragedl templating molecules or

nucleating agents [6-9,15]. Phase-pure zeolitesregaired in some biomedical, chemical
and separation processes, although mixtures of renpeolitic phases are often suitable for
many industrial and agricultural applications.

Sodalite and cancrinite are naturally occurrindgddpathoid minerals that have
different structural frameworks, although share theame chemical formula,
Na(AlsSisO24).2NaX.6H0, where X can be various anions [16]. Their indaksignificance
in adsorption and separation processes arises tinem high ion-exchange capacities and
ultramicroporosities. Sodalite and cancrinite anenmon target phases for the recycling of
calcium-bearing aluminosilicate industrial wastes anlike many zeolitic materials, they
tolerate the substitution of two Nens for one CH ion during synthesis [6,17].

Zeolite K-F (KAI.SisO0xH20) is a synthetic analogue of edingtonite
(BaAl;Siz010.4H,0), first reported in the 1950s and subsequentgpgred from colloidal
silica [18], kaolin [19], K-feldspar [20] and in@nation ashes of rice husk [21], coal [22] and
paper sludge [23]. Current interest in the facild aconomical synthesis of zeolite K-F arises
from its applications in soil fertilisation and abtioning [19-23].

The present study explores the potential of wastieea container glass to be used as
a feedstock (in combination with waste aluminiun) fior the hydrothermal synthesis of a

mixture of feldspathoids (hydroxysodalite and hygrancrinite) in NaOldg) and zeolite K-



F in KOHguq) at 100 °C. The phase evolution and crystallinitythe hydrothermal reaction
products were monitored at 1, 3 and 10 days by powdray diffraction analysis (XRD).
The reaction products were also characterised hyiéotransform infrared spectroscopy
(FTIR), ?°Si and?’Al magic angle spinning nuclear magnetic resonapeetroscopy (MAS
NMR) and scanning electron microscopy (SEM) withergry dispersive X-ray analysis
(EDX). The uptakes of Bb and Zi* ions by the 10-day feldspathoid and zeolite K-F
products were evaluated by batch sorption and coedpaith those of other waste-derived

sorbents and ion-exchangers.



2. Materialsand methods

2.1 Preparation of feldspathoid and zeolite products

Discarded amber soda-lime-silica glass beer otdad aluminium foil were
recovered from the municipal waste stream in Chafh&ent, UK. The bottles were rinsed
with water to remove paper labels and ground iraelh mill to pass 125um. Quantitative
analysis of the amber glass (Table 1) was obtdnyed-ray fluorescence spectroscopy at the
Materials Research Institute, Sheffield Hallam Wnmsity, Sheffield, UK. All other reagents
were purchased from Sigma-Aldrich, UK, and wereduséthout further purification or

modification.

Table 1. Oxide and elemental compositions of amber contajfeess.

Oxide component Mass (%) Mole (%) Element Mass (Ydylole (%)

SiO; 70.82 71.33 Si 33.11 2453
Na,O 13.75 13.43 Na 10.20 9.23
CaO 10.03 10.82 Ca 7.17 3.72
Al;,04 2.21 1.31 Al 1.17 0.90
MgO 1.42 2.13 Mg 0.86 0.73
K20 0.87 0.56 K 0.72 0.38
Fe0s 0.43 0.16 Fe 0.30 0.11
SO 0.31 0.23 s 0.12 0.08
Cr,0; 0.04 0.02 Cr 0.03 0.01
- - - o) 46.36 60.28
Total 99.9 100 Total 100 100




The mixed hydroxysodalite and hydroxycancrinitdd$pathoid products were
prepared by modifying the method described in efee 6. In each case, a solution
containing 0.90 g of waste aluminium foil dissohiadL5 cnm of 4M NaOH,q was contacted
with 3.0 g of ground amber glass and the resultmgture was heated at 100 °C in an
hermetically sealed 150 énPTFE reaction vessel. These proportions of ambmsgand
aluminium foil were selected to provide equimolaanqtities of silicon and aluminium in the
reaction mixturei(e. 0.035 mol) as the molar Al:Si ratio of the tarfgtispathoid products is
1:1. Samples N-1, N-3 and N-10 were prepared pli¢ate by heating the mixture for 1, 3
and 10 days, respectively. Zeolite K-F was prepaiedlarly by heating 3.0 g of ground
amber glass with a solution containing 0.90 g oftealuminium foil dissolved in 15 érof
4M KOHyq at 100 °C. Samples K-1, K-3 and K-10 were preparedplicate for 1, 3 and 10
days, respectively. All hydrothermal reaction produwere recovered by gravitational
filtration, washed with deionised water to pH 8iedrto constant mass in air at 40 °C and

stored in air-tight polypropylene containers ptimanalysis.

2.2 Characterisation of feldspathoid and zeolite products

The hydrothermal reaction products were analysegdwder XRD using a Bruker
D8 diffractometer with Cu K = 1.5406 A, a step size of 0.019° in tifer@nge from 2 to 60 °
and a measuring time of Iper step. The degree of crystallinity of the samples wstimated
from the ratio of the area of the crystalline petaikghe total area of the pattern using Bruker
EVA version 5.1 software. The weight fractions bé tcrystalline phases were obtained by
Rietveld refinement using Bruker TOPAS version Sditware [24]. FTIR spectra were
acquired using a Perkin Elmer Spectrum Two speatembetween 500 and 2000 tm

wavenumbers, with 10 scans at a resolution of Z4.c8econdary electron images of the



products were obtained from uncoated samples attiichcarbon tabs on an Hitachi SU8030
scanning electron microscope with an acceleratoitage of 1 kV. EDX data were collected
in quintuplicate from areas of 1(M)n2 using a JEOL JSM-5410 LV electron microscope with
an Oxford Instruments X-MaxN EDX detector in lowcuam mode with an accelerating
voltage of 8 kV. The specific surface areas of ¢gineund amber glass and hydrothermal
reaction products were obtained by nitrogen gastsor analysisiia the BET method using

a Micromeritics Gemini VII gas sorption analyseb]2Prior to gas sorption, the samples
were degassed overnight at 40 °C under flowingogén. BET isotherms were collected in
triplicate for each sample. MAS NMR spectra of @meber container glass, sample N-10 and
sample K-10 were collected on a JEOL JNM-ECX 300Z\igectrometer. Single pul$§Si
MAS NMR spectra were obtained with a pulse delag®t, an acquisition time of 0.02048 s
and a minimum of 20 000 scans. Single pdlé¢ MAS NMR spectra were obtained with a
pulse delay of 0.5 s, an acquisition time of 0.6.62and 7000 scan$Si and®*’Al chemical
shifts were referenced to tetramethylsilane (TM3) ahe aluminium hexaquo ion
[AI(H0)g]**, respectively. The common notation used to intgrpghe 2°Si MAS NMR
spectra and to describe the local silicate enviemmiin the amber glass and hydrothermal
products is such that the symbol Q represents @& Setrahedron and the superscript, n,
denotes the number of other Q units to which Bdadedvia Si-O-Si linkages. For example,
a midchain Si@" unit linked to two other Si¢J units is represented ag,@nd a branching

SiOs* unit linked to two other SigY units and one AIGY unit is denoted by {1Al).

2.3 Uptake of Pb** and Zn?* ions by feldspathoid and zeolite products

The removal of P8 and ZrA* from aqueous solutions by the N-10 and K-10 presiuc

was determined by single metal batch sorption exymsts. In each case, 0.10 g of N-10 or



K-10 were contacted with 0.2 dnof metal nitrate solution at a concentration & mol
dm® with respect to the metal ion in a screw-cappdggropylene bottle at 25 °C. After 24
h, the supernatant liquors were recovered by dagaiion at 1500 g for 5 min and analysed
by inductively coupled plasma spectroscopy (ICRhzgig TJA Iris simultaneous ICP-OES

spectrophotometer. Each experiment was carriethdtiplicate.



3. Results and discussion

3.1 Characterisation of feldspathoid products

Powder XRD patterns of the ground amber contaghess (ACG) and feldspathoid
products prepared in 4 M NaQlj at 100 °C for 1, 3 and 10 daysZ N-1, N-3 and N-10,
respectively) are shown in Fig. 1. The compositi@misthe feldspathoid products and
identifying powder diffraction file (PDF) numberd the principal hydroxysodalite and
hydroxycancrinite  (N#AISiIO,4)3(OH).H,O) phases and the secondary katoite
(Ca&Al 2(SiO)(OH)s) and tobermorite (G&isO16(OH)2.4H,0) phases are listed in Table 2.
XRD analysis demonstrates that, within 1 day unther selected reaction conditions,
approximately 48% of the amorphous glass phasearsformed into crystalline products
(Table 2, Fig.2). The rate of development of thgstalline phases subsequently slows such
that the extents of conversion of the glass ararsb63% after 3 and 10 days, respectively;
and a modest increase in the yield of solid prodiaeh 4.9 to 5.6 g is observed between 1
and 10 days.

Feldspathoid minerals are thermodynamically matdst phases whose formation
obeys the Ostwald Law of Successive Transformatwrger hydrothermal conditions [26].
They are precipitated from solid parent materialsaikaline media by a dissolution,
nucleation and growth mechanism during which aeseof transitory intermediate phases is
formed over time. In this study, the initial majmoduct is hydroxysodalite, a proportion of
which subsequently converts to hydroxycancrinitehesphase assemblage evolves (Fig. 2,
Table 2). Similarly, previous research also reptiréssequential transformation of sodalite to
cancrinite during the hydrothermal treatment of lkaie-rich clay in alkaline media and as

by-products in the Bayer process [16,17].
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Fig. 1. XRD patters of waste amber container glass (A@) hydrothermal products
synthesised for 1, 3 and 10 days in Na@Hviz. N-1, N-3, N-10) and KOHy)
(viz. K-1, K-3, K-10) at 100 °C. Key - zeolite K-F; * - katoite;: - hydroxysodalite;

o - hydroxycancrinite) - tobermorite.
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The hydrogarnet, katoite, is consistently presanbrag the reaction products at
approximately 6 wt% throughout the hydrothermahtineent of the amber glass, and the
layer-lattice inosilicate phase, tobermorite, atl®velops as the reaction proceeds (Fig. 2,
Table 2). These calcium aluminosilicate phase® dr@n a stoichiometric excess of calcium
in the glass feedstock with respect to the maxinpassible substitution of Gafor Na" in

the feldspathoid phases.

Table 2. Compositions and surface areas of hydrothermaspeldand zeolite K-F products.

Phase N-1 N-3 N-10

Hydroxysodalite (PDF 073-5303) (Wt%)  29.19+1.255.74 £ 0.52  26.15 * 2.62

Hydroxycancrinite (PDF 046-1457) (wt%) 11.22 +0.9814.37 £0.73 19.58 + 1.77

Katoite (PDF 077-1713) (wt%) 6.65 + 0.39 5.58 #0.2 6.16 £ 0.03
Tobermorite (PDF 006-0005) (wt%) 0.43+0.40 9.6B9/ 10.69 +1.17
Weighted profile R-factor (&) 7.7 8.0 8.9
Goodness of fit (GOF) 2.5 2.6 3.0
Crystallinity (%) 475+ 3.0 554+19 62.6+1.8
Yield (g) 492+0.09 537+0.07 557+0.03
Specific surface area (y?) 159+0.15 2.01+0.05 3.26+0.03
Phase K-1 K-3 K-10

Zeolite K-F (PDF 025-0619) (wt%) 3.71 +0.33 49830.09 63.61 +0.13
Katoite (PDF 084-0917) (wt%) 1.69+0.33  10.968D. 14.34+0.13
Weighted profile R-factor (i) 3.2 10.3 14.3
Goodness of fit (GOF) 1.0 2.9 4.0
Crystallinity (%) 54+0.3 60.4 + 0.4 78.0+0.6
Yield (g) 2.09+0.18 401+0.11 6.45 + 0.02
Specific surface area fny?) 2.70+0.02 1.49+0.03 1.84+0.09

11
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Fig. 2. Phase compositions of the hydrothermal feldspdthod zeolite K-F products

synthesised for 1, 3 and 10 days in Na@tnd KOHag), respectively.

FTIR spectra of the amber container glass angpelithoid products are given in Fig.
3. The spectrum of the amber glass comprises albrmlium intensity signal at 775 ¢m
which is assigned to symmetrical Si-O-Si stretchunigrations and a very broad strong
asymmetrical combination band centred around 1080 arising from antisymmetric
stretching of the polymerised Si-O-Si system and-bodging Si-O groups within the

amorphous silicate network of the glass [27].
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Fig. 3. FTIR spectra of amber container glass (ACG) ardtdtihermal products synthesised

for 1, 3 and 10 days in NaQ{g (viz. N-1, N-3, N-10) and KOH) (viz. K-1, K-3, K-10).

The FTIR spectra of the feldspathoid products.(B)gexhibit characteristic vibrations
of the aluminosilicate frameworks of hydroxysodaliand hydroxycancrinite [16,28].
Antisymmetric stretching of the Si(Al)-O-Si framems gives rise to an intense broad
combination bandcirca 960 cm [16,28]. The narrowing of this main antisymmetric
framework stretching band observed for the feldgpaducts relative to that of the amber
glass denotes the increasing structural organisatathin the hydroxysodalite and

hydroxycancrinite lattices in comparison with theaphous nature of the parent material.
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Weaker, poorly resolved bands at 687, 661, 624 66 cm' are assigned to various
characteristic O-Si(Al)-O bending modes and theutter at 725 cil is attributed to
symmetrical stretching vibrations of the feldspadhdattices [16,28]. Scissor bending
vibrations of adsorbed molecular water and hydrayxgups appear at approximately 1645
cm* and calcite gives rise to bands at 1450 and 878which intensify with reaction time.
Calcite commonly forms by atmospheric carbonatiéncalcium-bearing materials under
alkaline conditions. In this case, calcite is netdent in the corresponding XRD patterns
(Fig. 1) which indicates that it is too poorly cigine and/or not in sufficient abundance to
be detected by this technique. Discrete signasngrifrom katoite and tobermorite are not
apparent in the FTIR spectra of the feldspathowdipcts as these are obscured by the various
lattice vibrations of the principal hydroxysodalged hydroxycancrinite phases (Fig. 3).

The #°Si MAS NMR spectra of the ground amber containasgland feldspathoid
product after hydrothermal synthesis for 10 daysl () are shown in Fig. 4. The spectrum of
the parent amber glass displays a very broad astmcalesignal with maximum intensity at
approximately -94 ppm which is consistent with age of amorphous Q" silicate units
comprising a predominance of @pecies. This spectrum closely resembles thoseteshin
the literature for soda-lime-silica container glagsimilar composition [29,30].

The °Si MAS NMR spectrum of the 10-day feldspathoid pretdcomprises an
asymmetrical signal at -88 ppm principally arisingm the J(4Al) sites in hydroxysodalite
and hydroxycancrinite [31,32]. This is in agreem@ith the expected chemical shift fora 1:1
ratio of alternating SiQand AIQ, units within a framework lattice [31,32]. It shdube noted
that the framework structures of feldspathoids gogerned by Lowenstein’s rule which
forbids the formation of direct Al-O-Al bonds anchlts the maximum possible Al:Si ratio to

unity.

14
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Fig. 4. >°Si MAS NMR spectra of amber container glass (AC) hydrothermal products

synthesised for 10 days in Na@(N-10) and KOktg) (K-10), respectively.

The principal &(4Al) resonance from the feldspathoids (Fig. 43uperposed over a
weaker very broad signal arising from residual parglass and possibly also from an
amorphous geopolymeric aluminosilicate gel phasat ttmay have formed during
hydrothermal processing [15]. The upfield shoulder80 ppm is assigned to the silicate
centres in katoite that are linked with four octdtadly coordinated aluminate units [33]; and
signals arising from the Q Q%(1Al) and Q@ species of tobermorite are obscured by the
resonances of the feldspathoid and amorphous phdseshis instance, no spectral

15



deconvolution was attempted owing to the poor dt&dim of the signal arising from the
amorphous material and the inability to accuratphedict the positions and relative

intensities of the individual signals of the pooctystalline tobermorite phase.

N-10
* *
W
ACG
150 100 50 0 -50

Fig. 5. 2’Al MAS NMR spectra of amber container glass (AC®&) &aydrothermal products

synthesised for 10 days in Na@(N-10) and KOktg) (K-10), respectively.

2’Al MAS NMR spectroscopy is used to discriminate agalifferent aluminium
coordination environments in inorganic solids [3Fktrahedrally coordinated aluminium
units give rise to signals in the approximate ctoamshift range of 100 to 50 ppm; and

octahedral aluminium resonates between 20 andp0[B4]. The’’Al MAS NMR spectrum

16



of the amber container glass is shown in Fig. 5 @rprises one very broad resonance of
maximum intensity at ~54 ppm that is assigned te Highly disordered tetrahedral
aluminium species within the amorphous glass ndtwdrhe tetrahedral aluminium
environments of the feldspathoid phases of thedykhydrothermal product, N-10, give rise
to the asymmetrical signal centred at 61.9 ppm. (5)¢31,32]; and the shoulder at 66.5 ppm
is attributed to AIGQ> units substituted into the silicate chains of toberite [35]. The

presence of katoite is denoted by the octahednatiabte resonance at 13.5 ppm [33].

Fig. 6. Secondary electron SEM images of hydrothermakfethoid products synthesised

for 1, 3 and 10 days in NaQjg (viz. N-1, N-3 and N-10, respectively)

Scanning electron microscopy (Fig. 6) indicated tine feldspathoid products are

granular materials with the majority of particlesthe size range 50 - 3Q®n. The surfaces

17



of the particles are populated with the charadierisevelled ball-of-wool morphologies of
hydroxysodalite which are interspersed with lakelcrystals of hydroxycancrinite (Fig. 6).
Globular, botryoidal deposits also feature on thefage of the 1-day samples which
disappear within 3 days and are a considered tanbearly aluminosilicate gel precursor to
the hydroxysodalite phase. Additional SEM images provided in the supplementary
information to further illustrate the morphologie$ the hydration products. The BET
external surface area of the ground amber glassnitasly below 0.5 nf g (i.e. below the
measurement limit of the instrument) and steadilyréased to 3.3 frg™* after 10 days of
hydrothermal processing in sodium hydroxide sotu(idable 2). It should be noted that, the
BET surface area measurements made in this stdielyaeclusively to the external surfaces
of the samples. Under the selected degassing algsanconditions, retained water and the
failure of nitrogen to effectively penetrate theramicropores of the feldspathoids prevent
the measurement of the internal surface area ar$ipp[36].

The molar elemental compositions of the feldspathmoducts were determined by
EDX analysis and are listed in Table 3. The ini#iSi ratio of the parent amber glass,
determined by XRF to be 1:27 (Table 1), is seeim¢oease dramatically to 1:0.87 (Table 3)
within 1 day of hydrothermal processing which destoates considerable dissolution of the
glass and formation of the more Al-rich productguiolar quantities of Al and Si were
initially present in the reaction mixture, yet tA&Si ratio of the products is consistently
greater than unity at all times indicating thatigngicant proportion of silicate species are
partitioned in the reaction liquor. Similarly, amcrease in initial Na:Si ratio of the amber
glass from 1:2.7 (Table 1) to 1:0.79 in the 1-dggrbthermal product is also indicative of
the extensive dissolution of the glass and preatipih of the more Na-rich product phases.

The trace element constituents of the amber glasts,ssium, iron, sulphur and chromium,

18



were not detected by EDX analysis in any of therbtytermal reaction products indicating

that they are present below 0.01 mol% if at all.

Table 3. Molar elemental compositions of feldspattamd zeolite K-F hydrothermal
products synthesised for 1, 3 and 10 days in Na@éhd in KOH,q. Standard deviations of

the mean values are given in brackets.

Sample Si Al K Ca Na Mg C @)
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%) (mol%)

N-1 730 837  below 113 930 032 215 7145
(0.33) (0.38) detection (0.15) (0.67) (0.15) (0.23) (0.64)

N-3 812 858  below 073 888 022 185  72.10
(0.38) (0.56) detection (0.19) (0.19) (0.08) (0.30) (1.10)

N-10 683 7.85 below 1.13 1063 025 240  70.95
(0.74) (0.67) detection (0.21) (0.76) (0.14) (0.54) (0.81)

K-1 14.78 3.08  1.83 283 388 053 252 7045
(0.93) (1.68) (1.16) (0.57) (0.80) (0.08) (0.23) (2.13)

K-3 9.88 9.00  8.46 152 090 038 274  67.18
(0.81) (1.31) (1.99) (0.32) (0.51) (0.08) (0.56) (2.62)

K10 828 922 1028 085 050 027 303  67.62
(0.33) (0.37) (1.13) (0.27) (0.06) (0.10) (0.24) (1.46)

The observed increase in the molar oxygen contetiteohydrothermal feldspathoid
products (>70 mol%) relative to that of the ambkrsg (~60 mol%) is attributed to the
presence of water and hydroxyl ions in the prod(sitsce hydrogen atoms are not detected
by EDX analysis). Carbon is present within the $plathoid products in the form of trace
guantities of calcite; although, it should be notieat carbon is overrepresented in the EDX
analyses of these samples owing to the contribdtam the carbon tabs on which they were

mounted.
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3.2 Characterisation of zeolite K-F products

Powder XRD patterns of the zeolite K-F productspared in 4 M KOldg at 100 °C
for 1, 3 and 10 days (respectively, K-1, K-3 and®-are compared with that of the parent
amber glass in Fig. 1. The compositions of thei#-F products are listed in Table 2 and
the evolution of the phase assemblage is plottedign 2. Under the selected reaction
conditions, the initial development of the two puotiphases, zeolite K-F and katoite, is slow
with only ~5% crystallinity having been achievedhin the first 24 h. The reaction rate then
markedly increases to give a product of ~60% chysity at 3 days and subsequently slows
again such that the final 10-day product is 78%stalline. The total yield of solid product
increases from 2.1 g to 6.5 g between 1 and 10.days

Other researchers have also observed that thal iaiyistallisation of K-zeolites from
paper sludge ash and coal fly ash is slower thanadhNa-zeolites [37]. In comparison with
the abundant research undertaken to synthesise®iées from various waste materials in
NaOHag) literature on the production of K-zeolites isatelely sparse with only one report,
to date, describing the hydrothermal processingodfa-lime-silica glass in KQk,[15]. In
this study, Terzanet al. [15] report that 25 wt% zeolite K-F and a minoidentified phase
were produced from a mixture of 8 g of flint comi glass and 0.5 g of aluminium alloy
(from soda cans) in 80 ¢hof 5 M KOH;q at 90 °C for 7 days [15]. The superior yield of
zeolite K-F (49 wt% at 3 days) observed in the @néstudy was obtained by increasing the
Al:Si ratio of the reaction composition to unitycaby raising the temperature by 10 °C.

Previous studies on the hydrothermal processingKdéldspar-CaO-KOH-HO
mixtures have demonstrated that the stability adlitee K-F is favoured above 95 °C at
KOHaq) concentrations in the range 4 - 5 M, and thatdewange of additional temperature-

dependent calcium aluminosilicate phases arisaldium ions are present in stoichiometric
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excess [20,38]. Since zeolite K-F can accommoddtie to no calcium ions during
formation, in the present study, an Al:Si ratiolot was selected rather than the target 2:3
stoichiometric Al:Si ratio of zeolite K-F in ordés provide additional aluminium for reaction
with ‘unwanted’ calcium ions from the parent glassform katoite. Under the selected
reaction conditions, the results indicate thatratfte initial slow dissolution of the glass and
low yield of products within the first 24 h, thermmmitant precipitation of katoite helps to
drive the formation of zeolite K-F which significdinimproves the yield at 3 and 10 days.

FTIR spectra of the zeolite K-F products are coragawith that of the amber
container glass in Fig. 3. The very broad banchefantisymmetric stretching of the Si-O-Si
network in the glass persists in the spectrum efltlday product over which is superimposed
a sharper signal from the O-Si(Al)-O stretchingratibns of the zeolite K-F lattice with
maximum intensity at ~985 ¢m21,27]. The medium broad band arising from synmitait
Si-O-Si stretching vibrations of the glass is gisesent in this spectrum at 775 trand a
broad signal appears at 610 tfirom the zig-zag modes of the 8-membered ring sitbwf
zeolite K-F [27]. As the reaction proceeds, theisgmimetric stretching of the Si-O-Si
polymer system of the glass is successively redlégethe lattice stretching of zeolite K-F
which is centred at 965 ¢mSymmetrical Si-O-Al lattice vibrations develop6®5 cni* and
the zig-zagging of the 8-membered rings subsequaetitferentiates into two individual
bands at 610 and 570 €nfi21]. A framework O-Si(Al)-O bending mode also gévrise to a
signal at 527 cih. Discrete signals arising from katoite are notested in the FTIR spectra
as they are obscured by the various vibrationalesauf the zeolite K-F lattice. Broad low
intensity signals of the stretching and bending esodf water and hydroxyl groups at 1648
cm* are present in the spectra of all of the hydratizéizeolite K-F products.

The formation of the principal crystalline zeolikeF phase is confirmed by the

symmetrical (4Al) resonance at ~-86 ppm in th&Si MAS NMR spectrum of the 10-day

21



product (Fig. 4) [39]; and the poorly resolved efdi shoulder at ~-81 ppm arises from the
silicate centres in the minor katoite phase [33kelvise, the resonance at 61.8 ppm in the
2’Al MAS NMR spectrum of the 10-day product (Fig. i§)characteristic of the tetrahedral
aluminium environment in zeolite K-F [39] and thigral at 13.9 ppm is assigned to the
octahedrally coordinated aluminium centres in Kat{83].

Scanning electron microscopy indicated that thelitee K-F products principally
consist of bimodally distributed granular particlashe approximate size ranges 5 -ifl
and 50 - 20Qum (Fig. 7); the former arising from nucleation agrdwth in solution, and the

latter by direct precipitation and growth on theface of the parent glass particles.

Fig. 7. Secondary electron SEM images of hydrothermaliteeldtF products synthesised for

1, 3 and 10 days in KQH, (viz. K-1, K-3 and K-10, respectively)
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Initial 1-day hydration products appear as texdwlestorted spherical bundles which
are distributed across, but do not wholly covee, sarface of the glass. Similar aggregated
spherical bundles are also found as discretepgi@rains. These poorly defined spheres are
thought to be an aluminosilicate gel precursori zeolite K-F phase. Within 3 days, sub-
micron tetragonal crystals of zeolite K-F are séerentirely populate the surfaces of the
grains among which are dispersed occasional hexhgtates of katoite and some remaining
distorted spheres. As the reaction progressestatiige products incompletely fill the
lacunae created by the continuing dissolution @& gtass to produce porous hierarchical
structures and the tetragonal zeolite K-F crystalgtinue to grow to between 2 andu® in
length by 10 days. More detailed SEM micrographthefzeolite K-F hydration products are
provided in the supplementary information.

The BET surface area of the zeolite K-F producisaily increases from below the
measurable limit of 0.5 frg™* for the ground parent glass to 2.7 gt within 1 day, as the
first hydration products appear (Table 2). The atefarea then decreases by 3 days (to ~1.5
m® g?) as the zeolite K-F and katoite phases developsabdequently increases again with
the ongoing dissolution of the glass and growtlthefcrystalline products (to ~1.8°mg* at
10 days). As previously mentioned, in this caséy tre external surface area is expressed in
these measurements as nitrogen molecules are uoghiebe the interior of the zeolite K-F
micropores without undertaking bespoke degassidgadsorption-desorption regimes [36].

The molar elemental compositions of the zeolit€& Igroducts are listed in Table 3.
The partial dissolution of the parent glass andhion of the early hydration products after
1 day are demonstrated by the concomitant incraaste® molar ratios of Al:Si (from 1:27
to 1:4.8) and K:Si (from 1:65 to 1:8.1) (Tablesrid&). These ratios subsequently increase
further at 3 and 10 days, as the dissolution ofdlass continues and the zeolite K-F and

katoite phases develop. Likewise, the successohectmn in Na:(Si+Al) ratio from 1:2.8 for
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the initial glass to 1:35 after 10 days is alsamesded with the conversion of the glass into
the crystalline products that do not favour theocawmmodation of sodium ions. However,
residual sodium ions are likely to persist in theogphous aluminosilicate gel phase observed

by SEM (Fig. 7) and also in any remaining unreacfieds.

3.3 Uptake of Pb*" and Zn** ions by the feldspathoid and zeolite K-F products

Divalent lead and zinc ions are among the most contynoccurring heavy metals in
industrial wastewater and have accordingly beeactsdl as model contaminants to evaluate
the sorptive properties of the feldspathoid anditee-F products [40]. The uptakes of b
and Zrf* ions by the 10-day feldspathoid and zeolite K-Bdpicts from single metal ion
solutions during batch sorption are compared whihsé of other waste-derived inorganic
sorbents in Table 4 [11,41-49]. Natural, synthetrad waste-derived zeolites commonly
exhibit cation exchange capacities (CECs) betweemnd 5 meq § [15,50], and in the
present study the observed uptakes of RB.3 and 4.5 meq gfor N-10 and K-10,
respectively) and Zi (3.9 and 4.1 meq gfor N-10 and K-10, respectively) fall within the
expected range. Despite the incomplete conversiamier glass into zeolitic phases, the
uptake capacities of the N-10 and K-10 productsPigf and Zri* ions appear towards the
top end of the anticipated CEC range for zeolitebae generally greater than those of many
other waste-derived inorganic sorbents reportethenliterature (Table 4) [11,41-50]. The
superior sorption capacities are attributed to high Al:Si ratios of the feldspathoid and
zeolite K-F phases which confer the aluminosilickEmeworks with increased anionic
charge, polarity and hydrophilicity [50]. The gresasorption capacity of the feldspathoid and
zeolite K-F products for Pbhover Zrt" is attributed to the smaller hydrated radius ofrfer

ion (0.401 nm for PB and 0.430 nm for Z4). This phenomenon has similarly been
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observed in other studies where cations with smhajldrated radii are absorbed more rapidly

and in greater quantity by microporous low-siliemltes [51-53].

Table 4. Uptakes of PB and zZfi* by hydrothermal reaction products N-10 and K-10

and by other waste-derived inorganic sorbents

Sample Ptr'-uptake PB'-uptake Zn“*-uptake Zn“*-uptake Ref.
(mmolg")  (mggd) (mmolg")  (mg g’
N-10 217+0.80 450+ 166 1.95+0.10 128+7 -
K-10 227+0.72 470+ 149 206+0.10 135%7 -
Rice husk ash - 129 - - [41]
Blast furnace sludge - 79.87 - 9.25 [42]
Red mud - 64.79 ) 12.59 [43]
Concrete fines - 37 - 33 [44]
Zeolite NaP1 (fly ash) - 266.4 - [45]
Zeolite NaP1 (fly ash) - - 94.4 [46]
Sodalite (fly ash) - 157.2 - - [47]
Cancrinite (fly ash) 2.530 - 1.154 - [48]
Tobermorite - 467 - - [11]
Geopolymer (fly ash) - 166.55 - - [49]

General applications of the low-silica zeolitesluige the removal of metal ions from

agueous waste streams, and in this respect, theigen glass-derived feldspathoids are

attractive candidate sorbents owing to their coitipetCECs. Zeolite K-F synthesised from

the hydrothermal treatment of K-feldspar is curseptoposed as an alternative slow-release

agricultural fertiliser to address the predictedrdige in potash [20,38]. The concomitant

release of Kions and uptake of toxic metal ions such a& Riglicates that zeolite K-F may

also find application in soil remediation processes
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3.4 Waste container glass for the synthesis of feldspathoid and zeolite phases

For the past three decades, increasing efforte baen made to prepare zeolites and
other technologically significant silicate mineralom a wide range of high-volume
industrial, agricultural and municipal waste streaj#,6-15,18,21-23,30,37,39,41-49,54,55].
The current global market for synthetic zeoliteesmated to be 5.2 billion USger annum
[55] and the potential use of waste materials s significant reductions in energy,
natural resources, cost, waste disposal and und/amessions.

A current SWOT analysis to determine @eengths, Weaknesses, Opportunities, and
Threats of producing zeolite A from waste resources, hgitts the need to develop ‘one-pot’
synthesis strategies as multi-stage processesimeeconsuming and costly [55]. In this
respect, container glass is an attractive feedsimckhe one-pot hydrothermal synthesis of
zeolites, as additional pre-conditioning and preces stages are optional, rather than
necessary, and could be implemented on a valuedduias.

To date, simple one-pot hydrothermal methods haenlused to prepare various
mixtures of sodalite, cancrinite, analcime, zeo{ezeolite NaP1 and zeolite A from ground
container glass combined with numerous aluminiunraes in sodium hydroxide solution
[6-9,15,56-58]. Under these conditions, the presafcs-10 wt% of CaO in the glass limits
the development of framework silicate phases tlbanat tolerate the incorporation of €a
ions during formation [6]. This tends to favour temall pore feldspathoid zeolites.d.
sodalite, cancrinite and analcime) that can reaatifommodate charge-balancing labilé*Ca
ions during crystallisation, and also gives rise ¢ther minor hydrated calcium
aluminosilicate phases such as tobermorite andtkats has been observed in the present

study [6,7,15].
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As previously mentioned, reports of the direct bgsts of zeolites from fine chemical
reagents and waste materials in K&H18-23] are considerably fewer in number than éhos
of Na-zeolites, with only one study on the hydrothal conditioning of container glass in
KOH@q)[15]. Nonetheless, the kinetics of zeolitisatiorpaper sludge ash and coal fly ash in
KOHq are unanimously reported to be slower than thodda@H,q) with respect to both
the dissolution of the parent glassy phases amdthésnucleation and growth of the products
[23,36,59]. The findings of the present study samyl indicate that the dissolution of the
soda-lime-silica glass and the initial precipitatiof the zeolite product in KQk, are
considerably slower than those observed in Nagg@HHowever, after 1 day, the subsequent
development of zeolite K-F was greater than thaheffeldspathoids and ultimately resulted
in products of higher yield and crystallinity with8 and 10 days (Table 2, Fig. 2).

One potential strategy to improve the kinetics giett of zeolite K-F from container
glass may be to employ a reaction medium compriairiggo-component mixture of alkali
metal hydroxides rather than pure K@ Previously, using this approach, Wajima and
Munaka [23] were able to enhance the formationedflize K-F from paper sludge ash in a
binary solution of 3 M KOk, and 1M LiOHyq rather than in 4 M KOH alone.
Microwave synthesis is also a promising optiontfa rapid zeolitisation of container glass.
Majdinasabet al. [8] have recently demonstrated that microwavett®gis can be used to
drastically reduce reaction time for the synthedisarious zeolite mixtures from pulverised
container glass and sodium aluminate in Ng@HSimilarly, the rapid microwave synthesis
of zeolite K-F from rice husk ash has been docustef21] and this technique may also be

applicable to the efficient synthesis of this zofrom waste container glass.
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4. Conclusions

This study has confirmed that feldspathoids (hyglsoxlalite and hydroxycancrinite) and
zeolite K-F can be prepared by one-pot hydrothersyathesis from a mixture of amber
container glass and aluminium waste (Al:Si = )@@ °C in 4 M NaOldq and 4 M KOHag),
respectively. A mixture of hydroxysodalite (HS) ahgdroxycancrinite (HC) with minor
proportions of katoite and tobermorite formed inO¥k.q) and the subsequent partial
conversion of HS to HC was observed between 1 @ndbays. The initial rates of dissolution
of the glass and precipitation of the major zeotd= and minor katoite phases were
considerably slower in KOgl; although, within 10 days the crystallinity of theolite K-F
sample (78%) was superior to that of the feldspdtpooduct (63%). Despite the incomplete
conversion of amber glass into crystalline zeoliases, the uptake capacities of the 10-day
feldspathoid and zeolite K-F products foPand Z#* ions compared favourably with those
of other waste-derived inorganic sorbents repardtie literature. Waste coloured container
glass is a patrticularly attractive feedstock fa thcile one-pot synthesis of feldspathoids and
zeolites as, unlike many industrial silicate-begnmastes, it does not require pre-treatment

for activation or removal of hazardous components.
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Highlights

* Waste amber glassis a suitable feedstock for the synthesis of zeolitic phases
* Feldspathoids and zeolite K-F can be prepared under mild hydrothermal conditions

« Waste glass-derived products can be used as sorbents for Pb** and Zn?* ions
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