
ORIGINAL PAPER

Valorization of Industrial Wastes for the Production of Glass–
Ceramics

Anna Kritikaki1 • Dimitra Zaharaki1 • Kostas Komnitsas1

Received: 14 September 2015 / Accepted: 10 January 2016 / Published online: 14 January 2016

� Springer Science+Business Media Dordrecht 2016

Abstract In the present experimental study, the val-

orization potential of various industrial wastes, namely fly

ash, red mud and ferronickel slag was investigated for the

production of CaO–Al2O3–Fe2O3–SiO2 glass–ceramics.

Glass was first produced in alumina crucibles at 1300 and

1500 �C and then cast in stainless steel moulds. After

cooling, glass was pulverized, uniaxially pressed at

60 MPa and used for the production of glass–ceramics in

the form of disks. The chemical composition of glass and

the sintering temperature affected the properties, namely

microstructure, porosity, compressive strength, Vickers

microhardness and linear thermal expansion coefficient of

the produced glass–ceramics. The leaching potential of

hazardous elements present in glass–ceramics was inves-

tigated with the Toxicity Characteristics Leaching Proce-

dure test, their chemical stability was evaluated through

immersion of specimens in distilled water, simulated acid

rain solution and seawater for a maximum period of

1 month, while their structural integrity was assessed

according to ASTM standard C1262-10. Several analytical

techniques, namely X-ray Diffraction, Scanning Electron

Microscopy, Differential Thermal Analysis and Fourier

Transform Infrared Spectroscopy (FTIR) were used to

provide insights on the microstructure of the produced

glass–ceramics.

Keywords Glass–ceramics � Industrial waste � Fly ash �
Red mud � Ferronickel slag

Introduction

Valorization of industrial wastes, especially those produced

in huge quantities, is today a matter of very high industrial

and social importance by taking into account the principles

of circular economy and environmental protection [1].

Vitrification, which aims at immobilization of pollutants in

a matrix with high chemical stability, is one of the proven

technologies for the management of non-combustible

hazardous industrial wastes [2].

If the industrial wastes contain glass forming con-

stituents (CaO, SiO2, Al2O3 and Fe2O3) they can be

transformed into glassy materials. These waste-based

glasses can then be transformed into glass–ceramics [3].

Glass–ceramics are fine grained polycrystalline materials,

which are produced after controlled crystallization of a

parent glass and may also have a residual glass matrix.

They may exhibit superior mechanical properties compared

to the parent glass, as well as very good thermal and

electrical properties and resistance to erosion [4, 5].

The first attempts for the production of glass–ceramics

from industrial wastes are dated back to the 70s. Since then

several waste types have been examined and glass–ce-

ramics with superior properties have been produced after

utilization of ashes from thermal power plants [6–12] and

waste incinerators [13–16], other industrial and municipal

[17–22] and even radioactive wastes [23, 24]. Glass–ce-

ramics can be used as construction materials [25–28], fil-

ters and membranes [29–31], catalytic supports [32, 33]

and sensors [34–36].

Glass–ceramics may also be produced after mixing

industrial wastes with several other by-products having

favorable composition. Barbieri et al. [37] have shown that

glasses and glass–ceramics with improved mechanical

properties can be obtained by mixing up to 50 wt% of
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Italian or Spanish coal fly ash (CFA) with other wastes

(glass cullet and float dolomite). Also, glass–ceramics

produced from mixtures of fly ash, peat, clay and waste

glass exhibited high relative density (2.4 g/cm3) and

mechanical strength (72 MPa) [38].

However, the main drawback for the production of

glass–ceramics from industrial wastes is the high temper-

ature required for melting of glass. In order to substantially

reduce melting temperature and thus the associated pro-

duction cost, several approaches were considered by mix-

ing materials of different compositions. Thus, industrial

wastes including slags, red mud, galvanic glass micro-

spheres, acid neutralization salts and medical wastes can be

mixed with or without the addition of natural raw materi-

als, e.g. clay, alumina–silicon carbide and silica sand to

produce more economically glass–ceramics with adequate

physical and mechanical properties (e.g. compressive

strength as high as 80 MPa) and low content of hazardous

elements [39, 40].

In the present study, high calcium fly ash, red mud and

low calcium ferronickel slag were mixed for the production

of CaO–Al2O3–Fe2O3–SiO2 glass–ceramics. The objec-

tives of the study were (i) the production of useful products

by reusing wastes produced in enormous quantities

worldwide and (ii) the stabilization of toxic and hazardous

elements that are present in the initial wastes. Four dif-

ferent binary compositions were tested and the effect of

mineralogy and sintering temperature on the properties of

the produced glass–ceramics was investigated.

Experimental Design

Raw Materials

The raw materials used in the present study were: (i) fly ash

obtained from the thermal power plant of Ptolemais, NW

Greece, (ii) red mud obtained from ‘‘Aluminum of Greece’’

plant, Agios Nikolaos, prefecture of Veotia, Greece and

(iii) electric arc furnace slag obtained from the ‘‘LARCO

S.A’’ ferronickel plant, Larymna, prefecture of Lokris,

Greece. Table 1 shows the chemical composition of the

raw materials used in the form of oxides and trace ele-

ments, as derived from an X-ray fluorescence energy dis-

persive spectrometer (XRF-EDS) Bruker-AXS S2 Range

Type. Loss on ignition (LOI) was determined by heating

raw materials at 1050 �C for 4 h.

X-ray Diffraction (XRD) analysis of the raw materials,

as well as of glasses and glass–ceramics, was carried out

using a Bruker AXS (D8 Advance type) diffractometer

with a Cu-Ka radiation and a scanning range from 4� to 70�
2h, with step 0.02� and 0.2 s/step measuring type. Quali-

tative analysis was performed using the DIFFRAC plus

EVA v. 2006 software and the Powder Diffraction File

(PDF-2) database.

The fly ash used in the present study is classified as class

C (SiO2 ? Al2O3 ? Fe2O3[ 50 %), while the main

crystalline phases detected by XRD are portlandite, anor-

thite, calcite and quartz. Red mud is a by-product of alu-

mina production by the Bayer process, and its volume and

composition may vary widely depending on the type of

bauxite treated. Red mud consists mainly of iron and alu-

minum oxides. Ferronickel slag consists of forsterite and

fayalite (olivines), quartz, anorthite and cristobalite while

its amorphous content exceeds 50 %. Commercial silica

sand with 98 % purity, purchased from Athens, Greece,

was also used in some tests.

All materials were ground prior to use using a FRITSCH

pulverizer (Germany) and the average particle size was

determined by laser particle analysis using a MAS-

TERSIZER S, Malvern Instrument. The mean particle size

of the raw materials used for the production of glasses

varied from 30 to 45 lm, while for the production of glass

ceramics the mean particle size of glasses varied between

30 and 80 lm.

Synthesis of Glasses

The binary compositions and the experimental conditions

used for the synthesis of glasses are shown in Table 2. The

presence of fly ash and silica sand enhances the glass

forming ability of the mixtures while red mud and slag,

with Fe2O3 content 41.65 and 43.83 % respectively, act as

Table 1 Chemical composition (% w/w) of raw materials

Component Fly ash Red mud Slag

Fe2O3(tot) 5.6 41.65 43.83

SiO2 33.4 9.28 32.74

Al2O3 13.1 15.83 8.32

CaO 31.85 10.53 3.73

MgO 3.67 1.13 2.76

MnO 0.18 – 0.41

Na2O 0.46 2.26 –

K2O 0.76 0.21 –

P2O5 – 0.12 –

TiO2 0.71 4.73 –

SO3 6.58 0.3 0.45

Cr2O3 0.06 0.09 3.07

C – – 0.11

Ni (mg/kg) 460 1055 1000

Co (mg/kg) 68 – 200

LOI 2.7 12.77 –

Total 99.13 99 95.54
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a source of Fe which lowers the melting temperature of

glass.

In order to decrease both the melting temperature of the

mixture and the viscosity of the produced molten glass,

10 % w/w of borax (Sigma Aldrich, Germany) and 10 %

w/w of sodium carbonate (Fluka, Germany) were also

added in two cases. Glasses were produced in alumina

crucibles after heating the mixtures for 2 h at 1300 or

1500 �C. Molten glasses were cast in stainless steel

moulds.

Glasses were analyzed by Differential Thermal Analysis

(DTA) to elucidate the crystallization process and deter-

mine both glass transition (Tg) and crystallization peak

temperature (Tc). DTA analysis was performed using a

Perkin Elmer Pyris DTA/TG analyzer, while samples were

heated from 40 to 1200 �C with a constant rate of

10 �C/min.

Synthesis of glass–ceramics

The pulverized glasses were used as raw materials for the

production of glass–ceramics. Four different glass–ceram-

ics were prepared in disks and uniaxially pressed at

60 MPa (sample dimensions /30 mm diameter,

h * 15–25 mm). The use of pulverized materials

improves processing and the functional characteristics of

the final products.

The green samples were dried at 110 �C and then sin-

tered for 2 h at temperatures varying between 800 and

1000 �C, using a heating rate of 3 �C/min. Open porosity

and bulk density of the glass–ceramics were determined by

mercury porosimetry (Micromeritics Autopore IV 9500);

measurements were done in triplicate. The standard devi-

ation in all cases was less than 5 %. The compressive

strength was determined as the average of three measure-

ments using an MTS 800 load frame. Vickers microhard-

ness measurements were taken using a FM-800 Future-

Tech microhardness tester. Samples were polished using

diamond paste and a load of 500 g was applied. To obtain

reproducible results 10 indentations were made on each

sample. Dilatometric studies on glass–ceramics produced

after sintering at 900 �C were also performed to determine

the coefficient of thermal expansion (CTE) between 40 and

600 �C using a Netzsch DIL 402C dilatometer.

The functional groups present in glass–ceramics were

identified through FTIR analysis using KBr pellets in a

Perkin Elmer Spectrum 1000 spectrometer; each sample was

mixed with KBr at a ratio 1:100 w/w and pressed to obtain a

disc. The microstructure of the glass–ceramics was deter-

mined by Scanning Electron Microscopy (SEM) using a

JEOL 6380LV scanning electron microscope equipped with

an EDS INCAmicroanalysis system. Samplesweremounted

in resin and then thin polished sections were prepared.

The toxicity of glass–ceramics was investigated by

using the TCLP (Toxicity Characteristics Leaching Pro-

cedure) test [41]. The concentration of Cr, Ni, Zn, Cd, Pb

and Cu in the extract was determined using an Agilent

Technologies 7500cx inductively coupled plasma mass

spectrometry (ICP-MS) analyzer (Agilent Technologies,

Santa Clara, CA, USA).

The chemical stability of glass–ceramics was investi-

gated through immersion of specimens in distilled water,

simulated acid rain (H2SO4:HNO3 60:40 % w/w, pH 3) and

seawater for 1, 7 days and 1 month. After immersion for

the predefined period the specimens were weighted and the

weight loss was calculated. Weight loss was calculated in

each case as the average of 5 measurements. The structural

integrity of the specimens was assessed by employing two

48 h freeze–thaw cycles, with -10 and 80 �C as temper-

ature extremes, according to ASTM standard C1262-10.

Weight loss and compressive strength have been also

determined after the end of the tests.

Results and Discussion

Composition of Glass–Ceramics

Glasses were initially prepared and chemically character-

ized as shown in Table 3 in order to elucidate the effect of

their composition on microstructure and properties of the

produced glass–ceramics. The XRD patterns of glass and

glass–ceramics produced after sintering of the glass powder

at different temperatures are presented in Figs. 1, 2, 3, 4.

Table 2 Binary compositions and experimental conditions used for glass synthesis

Composition PFA (%) RM (%) SK (%) SS (%) Borax/sodium carbonate (%) Temperature (�C)

50P50RM 50 50 – – – 1500

90P10RM 90 10 – – – 1500

90P10SS 90 – – 10 10/10 1500

90P10SK 90 – 10 – 10/10 1300

PFA ptolemais fly ash, RM red mud, SS silica sand, SK slag
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The patterns indicate that when the sintering temperature

increases from 800 to 1000 �C more crystalline phases are

developed, while the amorphous content of glass–ceramics,

which is indicated by the wide shoulder shown between

17� and 38�, is reduced. Figure 1 shows that addition of

10 % w/w silica sand in fly ash for the synthesis of glass

(G-90P10SS) results in the formation of diopside, feld-

spars, brownmillerite and spinel (chromite) in the respec-

tive glass–ceramic (GC-90P10SS). At the highest sintering

temperature (1000 �C) the peaks of feldspar and brown-

millerite become stronger. Brownmillerite, which is a

calcium ferrite, is formed from the reaction of CaO and

Fe2O3 at temperatures approaching 1000 �C and may also

exhibit catalytic properties [42].

Sintering of glass produced from fly ash and 10 % w/w

slag (G-90P10SK) results among others in the formation of

nepheline, brownmillerite, gehlenite, spinel and hematite in

the respective glass–ceramic (GC-90P10SK) (Fig. 2). The

intensity of brownmillerite, spinel and hematite peaks

increases with increasing sintering temperature. It is known

that when the sintering temperature exceeds 800 �C partial

decomposition of spinels takes place. This decomposition

may be aided by chlorite which is present in fly ash [43].

Figures 3 and 4 show the XRD patterns of glass–ce-

ramics (GC-50P50RM, GC-90P10RM) as well as of the

initial glasses (G-50P50RM and G-90P10RM), formed

from fly ash and red mud. It is shown that in the GC-

90P10RM glass–ceramic, which is formed from glass

produced mainly from fly ash, the peaks of gelhenite, albite

and wollastonite exhibit high intensity. This is due to the

fact that fly ash has much higher content of SiO2 and CaO

compared to red mud (Table 1). On the other hand the

presence of hematite in glass–ceramic GC-50P50RM is due

to the increased content of Fe in red mud, the raw material

used in 1:1 ratio with fly ash for the synthesis of the

respective glass G-50P50RM [44, 45].

Microstructure of Glass–Ceramics

Figure 5 shows SEM images and the respective element

spectra as derived through EDS analysis of glass–ceramics

produced after sintering of glasses formed at 900 �C.
It is shown that in all glass–ceramics crystals of different

size and shape are distributed within the glassy phase. In

glass–ceramics produced after sintering of glass formed

from fly ash and silica sand (GC-90P10SS), few pores with

irregular shapes are visible (Fig. 5a). EDS analysis

Table 3 Chemical composition (w/w %) of glasses

G-90P10SS G-90P10SK G-50P50RM G-90P10RM

Fe2O3 4.13 16.15 24.18 6.81

CaO 15.90 15.14 22.31 19.03

Al2O3 6.16 8.27 22.81 18.93

SiO2 46.96 26.53 15.94 35.91

TiO2 0.42 0.71 3.16 1.53

MgO 1.96 3.70 1.74 2.14

Na2O 9.22 6.32 0.13 0.52

P2O5 0.10 0.07 0.15 0.14

SO3 0.85 0.33 0.00 0.15

K2O 0.96 0.73 0.61 1.24

MnO 0.01 0.15 0.05 0.03

NiO 0.01 0.04 0.05 0.02

CuO – – – 0.01

ZnO – 0.01 0.01 –

Fig. 1 XRD patterns of glass G-90P10SS and the produced glass–ceramic GC-90P10SS at 800, 900 and 1000 �C
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indicates the presence of phases such as chromite and

diopside (Fig. 5b) as well as the glassy phase (Fig. 5c).

Figure 5d shows the microstructure of glass–ceramics

produced after sintering of glass produced from fly ash and

10 % red mud (GC-90P10RM). In this glass–ceramic a big

number of pores with irregular shape is seen (Fig. 5e).

Needle shape wollastonite crystals forming a dentridic

network are uniformly dispersed within the glassy phase.

Fig. 2 XRD patterns of glass G-90P10SK and the produced glass–ceramic GC-90P10SK at 800, 900 and 1000 �C

Fig. 3 XRD patterns of glass G-50P50RM and the produced glass–ceramic GC-50P50RM at 800, 900 and 1000 �C
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EDS analysis confirms the presence of wollastonite

(Fig. 5f) which is also identified in the respective XRD

pattern. According to Erol et al. [46], Ca, Mg and Fe ions

are considered as network modifiers that attract O2- ions

from the silicon tetrahedra (SiO4)
4- breaking the Si–O–Si

bonds and forming different crystalline phases such as

enstatite and wollastonite. In glass–ceramics GC-90P10SK

produced after sintering of glass formed from fly ash and

10 % ferronickel slag, it is shown that spherical and lam-

inar shaped grains are uniformly distributed within the

glassy phase (Fig. 5g). In the same figure a denser

microstructure with smaller pores can be also seen.

Spherical particles varying in size from 2.5 to 5.5 lm
correspond to enstatite (E) and laminar particles with a

mean particle size of 5 lm to brownmillerite (B), as also

indicated in the respective EDS analysis (Fig. 5h). The

glassy phase consists mainly of compounds containing Na,

Mg, Ca and Si (Fig. 5i).

Figure 6 shows two additional SEM images of glass–

ceramics GC-90P10SK and GC-90P10RM produced after

sintering at higher temperature, 1000 �C. Figure 6a indi-

cates that the microstructure of the glass–ceramic GC-

90P10SK is more dense compared to the one produced at a

lower sintering temperature, 900 �C (Fig. 5g) and that the

amount of the glassy phase was reduced. Finally, Fig. 6b

shows very clearly the dendritic network of wollastonite

crystals in GC-90P10RM.

Thermal Treatment of Glasses

The behaviour of the glass powder during heating was

investigated through DTA, where glass transition (Tg) and

crystallisation temperatures (Tc) were determined (Fig. 7).

It is shown that in all samples Tg and Tc depend strongly on

the composition of the raw materials. In glasses with high

Fe content (G-50P50RM and G-90P10SK), namely 25 and

15 % respectively, the endothermic peaks at 600 and

700 �C indicate the glass transition temperature, while the

exothermic peaks at 716 �C for the glass produced from

slag and fly ash (G-90P10SK) are probably related to

decomposition of calcite. The exothermic peaks around

850 �C, shown in both specimens, are also related to iron

phase transformations.

For the glasses produced from raw materials with higher

SiO2 content (G-90P10SS), Tg is below 600 �C and Tc is

700 �C. Both temperatures were shifted to lower values

and peaks became more intense when compared with the

respective glasses produced from raw materials with high

Fe2O3 content (G-50P50RM, G-90P10SK). In the latter

case for the glass G-50P50RM Tg is around 700 �C and Tc

at 900 �C while for the glass G-90P10SK Tg drops to

630 �C and Tc to 720 �C respectively. The higher glass

transition and crystallization temperatures are also evident

in G-90P10RM glass where Tg is 850 �C, and Tc is around

910 �C. This decreasing trend in temperature is also related

Fig. 4 XRD patterns of glass G-90P10RM and the produced glass–ceramic GC-90P10RM at 800, 900 and 1000 �C
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Fig. 5 SEM images and elemental spectrums (EDS analysis) of GC-90P10SS (a–c), GC-90P10RM (d–f) and GC-90P10SK (g–i) glass–ceramics

produced after sintering glass powder at 900 �C

Fig. 6 SEM images of GC-90P10SK (a) and GC-90P10RM (b) glass–ceramics produced after sintering glass powder at 1000 �C
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to the initial particle size of the raw materials used for the

synthesis of glasses which is around 30 lm for G-90P10SS

and 80 lm for the coarser G-90P10RM. Based on the DTA

results the sintering temperature for all glasses was decided

to be 100 �C higher than glass transition temperature to

ensure that sinter-crystallization is completed.

FTIR Analysis

Figures 8, 9, 10, and 11 present the FTIR spectra of raw

materials, the produced glasses as well as the respective

glass–ceramics produced at 900 �C. The identified FTIR

bands are consistent with infrared data of commercial sil-

icate glasses and glass–ceramics [14]. The spectra can be

divided in three main regions, including high frequency

bands between 1000 and 1100 cm-1, many mid frequency

bands between 480 and 700 cm-1, and lower frequency

and weaker bands up to 2000 cm-1. The intensity of the

peaks of the produced glass–ceramics varies depending on

the glass composition.

Peaks in glasses containing low SiO2 and high Al2O3 and

CaO content as well as in the respective glass–ceramics

become weaker in high and mid frequency bands, while at low

frequency bands show higher intensity [47]. The band seen at

480-1 cm in all glasses can be attributed to the bendingmotions

of the aluminosilicates and the formation of Fe phases. Peak

intensity is stronger for glasses with high Si/Al ratio such as the

G-90P10SS. A doublet of peaks between 600 and 800 cm-1 is

mainly due to Si–O–Si symmetric stretching of bridging oxy-

gen between SiO4 tetrahedra. The band at around 1000 cm-1 is

attributed to asymmetric stretching vibrations of the silicate

tetrahedral network. The strong band seen at around

Fig. 7 DTA of glasses

Fig. 8 FTIR spectra of Ptolemais fly ash, G-90P10SS glass and GC-

90P10SS glass–ceramic

Fig. 9 FTIR spectra of Ptolemais fly ash, slag, G-90P10SK glass and

GC-90P10SK glass–ceramic

Fig. 10 FTIR spectra of Ptolemais fly ash, red mud, G-90P10RM

glass and GC-90P10RM glass–ceramic

Fig. 11 FTIR spectra of Ptolemais fly ash, red mud, G-50P50RM

glass, and GC-50P50RM glass–ceramic
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1400 cm-1 is more dominant for glass–ceramics with high Ca

content like GC-50P50RM and is due to atmospheric carbon-

ation, asymmetric stretching and out of plane bendingmodes of

CO3 contained in CaCO3 [48].

Weaker bands shown mostly in glass–ceramics at

2400 cm-1 are probably due to the presence of Fe phases.

Peak intensity gets stronger as Fe content increases and this

is evident for glass–ceramics produced after sintering of

glasses containing fly ash, red mud and slag (GC-

50P50RM, GC-90P10SK). Finally, small bands seen at

3600 cm-1 are associated to stretching vibrations of the

–OH bond or to the presence of silanol (SiOH) [49]. FTIR

results of the present study confirm the silicate glass–ce-

ramics structure [50, 51].

Properties of Glass–Ceramics

The open porosity and bulk density of glass–ceramics

produced after sintering of glass powder at 800, 900 and

1000 �C, are presented in Table 4.

The results indicate that the increase of sintering tem-

perature results in an increase of bulk density and a

respective noticeable decrease of porosity for all glass–

ceramics. During sintering of the glass powder, the pores

develop intergrain contacts due to diffusion kinetics, thus

resulting in densification of the final matrix and a further

decrease in porosity. The better packing of particles, as also

shown in the previous section describing microstructure

through SEM analysis, results in a more homogeneous

structure and a gradual decrease in porosity in the produced

glass–ceramics. Sintering of powdered glasses, with a

mean particle size of 20 lm, also results in better rear-

rangement of grains, faster diffusion kinetics and early

densification. The well-developed crystalline structure of

glass–ceramics was also observed in XRD patterns. How-

ever, glass–ceramics produced after sintering of glasses

formed from fly ash and red mud, such as GC-90P10RM

and GC-50P50RM with a CaO content higher than 20 %,

exhibited higher porosity, ranging between 6 and 36 %; the

highest value, 36.8 %, was determined at the lower sin-

tering temperature. This trend in porosity was also

observed in other studies where high residual porosity,

around 30 %, was reported for glass–ceramics produced

from fly ash, silica sand and metallurgical slag [15, 23, 28].

Both open porosity and bulk density of glass–ceramics

are strongly affected by chemical composition, particle size

and degree of crystallization of the raw materials used. The

lower values of porosity, in the range of 2-4.1 %, were

obtained for glass–ceramics, i.e. GC-90P10SS and GC-

90P10SK, produced after sintering of glasses with high Si/

Al ratio (Si/Al: 6.6) at 1000 �C. Figure 12a shows that

particle size analysis of all glass–ceramics is similar. On

the other hand the pore size distribution is very different

between the glass–ceramics produced from glasses formed

from slag and silica sand or red mud (Fig. 12b). The first

ones (GC-90P10SK and GC-90P10SS) with mean pore

sizes 3.7 lm and 24 lm, respectively, exhibit very low

open porosity, while the others (GC-50P50RM and GC-

90P10RM), with mean pore sizes 30 and 60 lm, respec-

tively, are characterized by a bimodal pore size distribution

and show a much higher porosity when the sintering tem-

perature is between 900 and 1000 �C. These observations

may be combined with the microstructure of these glass–

ceramics as shown with SEM images, Figs. 5e, 6a.

Mechanical properties of glass–ceramics, namely com-

pressive strength and Vickers microhardness, were also

determined. The compressive strength of the produced

glass–ceramics depends on the final microstructure which

is affected by the sintering temperature and the particle size

of the powdered glass. As the sintering temperature

increases from 800 �C to 1000 �C porosity values decrease

and the compressive strength shows a noticeable increase

reaching 194 MPa for the glass–ceramics produced after

sintering of glass formed from fly ash and 10 % w/w silica

sand (90P10SS) (Table 5).

Vickers microhardness is also high for all glass–ce-

ramics produced after sintering at 1000 �C. The maximum

value, exceeding 730 HV, was obtained for glass–ceramic

GC-90P10SS indicating that the presence of Si-phases in

glass improves substantially both the mechanical and

physical properties of the final products. According to He

et al. [17], the increase in the CaO content in glasses results

in an increase of both hardness and compressive strength of

the produced glass–ceramics due to the crystallization of

wollastonite which assists in the development of a homo-

geneous microstructure. This observation is in agreement

with the results of the present study. Wollastonite is the

dominant phase in glass–ceramic GC-90P10RM which

Table 4 Open porosity and

bulk density of glass–ceramics
Glass–ceramic Open porosity (%) Bulk density (g/cm3)

800 �C 900 �C 1000 �C 800 �C 900 �C 1000 �C

GC-50P50RM 36.7 11.3 6.5 1.8 1.9 1.9

GC-90P10RM 32.3 23.0 15.7 1.8 2.0 2.1

GC-90P10SS 31.4 2.4 2.0 1.8 2.4 2.4

GC-90P10SK 22.7 4.1 2.6 2.2 2.3 2.4
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exhibited high hardness and compressive strength, 524 HV

and 72 MPa, respectively.

Increase in sintering temperature also resulted in higher

hardness varying from 257 to 524 HV for specimens pro-

duced from glass formed from fly ash and red mud (GC-

50P50RM, GC-90P10RM), and 550–732 HV for glass–

ceramics produced from glass formed from fly ash, silica

sand and slag (GC-90P10SS, GC-90P10SK).

Based on the values of porosity ([23 %), bulk density

(1.84–2.13 gr/cm3) and compressive strength (21–72 MPa),

it is deduced that glass–ceramics produced from glass

formed from fly ash and red mud (GC-50P50RM, GC-

90P10RM) can be used as filters, catalytic materials and

lightweight ceramics [11, 16, 17]. According to previous

studies [29, 33, 50], open porosity higher than 30 %, high

mechanical strength, narrow particle size distribution and

high chemical resistance are required in order to use porous

materials as filters and catalysts. On the contrary, glass–

ceramics produced from silica sand (GC-90P10SS) and slag

(GC-90P10SK) exhibiting higher density, lower porosity

and high compressive strength may be used as construction

materials. Leroy et al. [6] mentioned that recommended

values of density, compressive strength and CTE for com-

mercial bricks are 1.65–2.08 g/cm3, 4.8–27.6 MPa and

4.5–9 9 10-6/K respectively, while for building tiles the

compressive strength should range between 26 and 44 MPa.

Dilatometric studies have been also performed and the

CTE has been determined for the temperature range of

20–600 �C. As it is shown in Table 5, CTE values are

considered relatively low, while the highest value of

4.91 9 10-6/K is obtained for glass ceramics produced from

glass high alkali content, almost 10 % (GC-90P10SS).

These values are consistent with the results obtained by

Ribiero et al. [19], who also observed that the higher CTE

are related to the presence of alkalis in the glassy phase.

In Table 6 the main properties of the glass–ceramics

produced in the present study are compared with results

presented in other studies indicating the high valorization

potential of high calcium fly ash, low calcium ferronickel

slag and red mud for the production of glass–ceramics with

properties suitable for a number of applications.

Potential Toxicity of Glass–Ceramics

The TCLP results of the raw materials and the produced

glass–ceramics after sintering of glass at 900 �C, in terms

of Cr and Ni which show noticeable leachability in the raw

materials, namely fly ash and slag respectively, are pre-

sented in Table 7. The leachability of other elements such

as Cu, Zn, Cd and Pb was also determined but all values

measured were below detection limit for both raw materials

and glass–ceramics produced.

Table 7 shows that the leachability for both Ni and Cr in

the produced glass–ceramics is either below detection limit

or negligible. The highest concentration, 2.81 mg/L Cr, is

shown for the GC-90P10SK glass–ceramic, which is
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Fig. 12 a Laser particle size analysis and b pore size distribution (log differential intrusion vs. pore size) of glass–ceramics produced at 1000 �C

Table 5 Mechanical properties

of glass–ceramics
Composition Compressive strength (MPa) Vickers microhardness (HV) CTE 20–600 �C (10-6/K)

800 �C 900 �C 1000 �C 800 �C 900 �C 1000 �C

GC-50P50RM 21 20 23 257 321 353 2.4

GC-90P10RM 16 49 72 380 447 524 2.8

GC-90P10SS 30 115 194 550 620 732 4.9

GC-90P10SK 10 30 58 584 614 704 1.8
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though well below the respective TCLP limit of 5 mg/L.

No TCLP limit is available for Ni.

The substantial decrease of leachability of heavy metals

in glass–ceramics is mainly attributed to the increase in the

degree of crystallinity and the entrapment of heavy metal

ions in a well-developed structure [15, 20, 53].

Structural Integrity of Glass–Ceramics

It is anticipated that the chemical stability of the produced

glass–ceramics will depend on the degree of crystallinity

and microstructure. The % weight loss of glass–ceramics

produced after sintering at 900 �C, after immersion in

distilled water (pH 6.5), simulated acid rain (pH 3) and

seawater (pH 8.2) for 1, 7 and 30 days is shown in Table 8.

The results indicate that immersion for a period longer than

7 days does not result in any further noticeable increase in

weight loss for all glass–ceramics and solutions tested. The

highest weight loss, as anticipated, was recorded for

specimens immersed in simulated acid rain solution, which

simulates a highly corrosive environment. The slightly

higher weight loss of glass–ceramics immersed in sea

water, compared to distilled water, is attributed to the

effect of chlorine ions present in seawater [54].

Glass–ceramics produced from glasses formed from raw

materials containing fly ash and red mud (GC-90P10RM,

GC-50P50RMandGC-90P10SK), exhibited lower chemical

resistance and this is probably due to the gelatinization of

gehlenite in acidic solutions [19]. The weight loss recorded

is mainly attributed to the dissolution of the glassy phase.

Table 9 shows the compressive strength and the weight

loss of glass–ceramics subjected to two 48 h freeze–thaw

cycles, using -10 and 80 �C as temperature extremes,

according to ASTM standard C1262-10 [55].

Results show that weight loss is limited for all glass–

ceramics tested and varies between 0.6 and 4.1 %. On the

other hand, the loss of compressive strength is rather low

for glass–ceramics produced after sintering of glass pro-

duced from raw materials containing fly ash and either

silica sand or slag (GC-90P10SS and GC-90P10SK). The

first specimen maintained its compressive strength in

remarkable levels (106 MPa). Finally, glass–ceramics

produced from glasses formed from fly ash and red mud

(GC-50P50RM, GC-90P10RM), exhibited limited weight

loss (3.1–4.1 %), but considerable loss of compressive

strength which varied between 22.4 and 25 %.

Conclusions

Glass–ceramics with beneficial properties can be success-

fully produced through sintering of glasses deriving from

industrial wastes such as high calcium fly ash, low calcium

ferronickel slag and red mud.

The main crystalline phases detected in glass–ceramics

were wollastonite, spinel (chromite), enstatite and diopside.

A small amount of glassy phase remained in the matrix at

900 �C, while sintering at 1000 �C results in an increase of

crystallinity and intensity of peaks associated mainly with

Ca and Fe phases. Crystal particles of 2–5.5 lm were

Table 6 Comparison of properties of various glass–ceramics

Raw material Crystallization

temperature (�C)
Compressive

strength (MPa)

Density

(g/cm3)

Porosity

(%)

Reference

Fly ash 1150–1200 1.93–3.19 0.3–15 [8]

Fly ash, waste glass 950–1100 26–76 1.6–2.2 [12]

Fly ash, silica sand 750–950 65–70 (bending strength) 2.9–3 [15]

Aluminum waste, waste glass, clay, peat ash 1080–1180 32–42 2.5–2.94 [52]

Slag, kaolin, quartz 1200–1220 3–28 2.1–2.34 39–49 [18]

Fly ash, red mud, silica sand 910–950 2.8–2.9 6–10 [46]

Fly ash, slag, silica sand, clay 900–1200 20–73 1.8–2.68 5–35 [22]

Fly ash, red mud, slag, silica sand 800–1100 10–115 1.8–2.35 2–36 Present study

Table 7 Concentration of heavy metals (mg/L) in the TCLP extract of raw materials and glass–ceramics produced after sintering at 900 �C

Element GC-50P50RM GC-90P10RM GC-90P10SS GC-90P10SK Slag Fly ash Red mud US EPA limit

Cr 0.25 \DL 0.77 2.81 \DL 678.9 \DL 5

Ni 0.09 0.21 0.18 \DL 429.5 \DL \DL –

DL detection limit
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uniformly dispersed into the glassy matrix in all glass–

ceramics as indicated by the use of analytical techniques.

Sintering temperature and initial glass compositions are

considered as the main factors that affect the final prop-

erties of the glass–ceramics. Sintering temperature affects

porosity, microhardness, compressive strength and linear

thermal expansion coefficient. Also, the increase of sin-

tering temperature results in increase of density, for which

the maximum values (2.4 g/cm3) were acquired for glass–

ceramics produced from fly ash and silica sand or slag.

Glass–ceramics prepared from red mud and fly ash, with

CaO content higher than 20 %, show higher porosity which

reaches 36.7 %. Despite the increase of porosity, the

compressive strength and the Vickers microhardness of all

glass–ceramics are high reaching 194 MPa and 732 HV,

respectively, for specimen GC-90P10SS, which was pro-

duced after sintering of glass at 1000 �C. Low thermal

expansion coefficients, in the range of 1.8–4.9 9 10-6/K,

have been also determined. Limited weight loss after

immersing glass–ceramics in different solutions, including

distilled water, seawater and even simulated acid rain, or

subjecting them to freeze–thaw cycles and low or negli-

gible concentration of heavy metals in TCLP extracts

indicated their feasibility for potential applications in the

construction sector.

Future work will focus on lowering the sintering tem-

perature with the addition of fluxes or other wastes as well

as on utilizing metallurgical slags and mining wastes,

including nickel and gold wastes, for the production of

glass–ceramics and ceramic foams. Emphasis will be given

on the use of analytical techniques to characterise the

microstructure and assess the anticipated properties of the

final materials. Finally, the stabilization of hazardous

mining and metallurgical wastes in a glass–ceramics

matrix will be further investigated.
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Table 9 Weight loss and compressive strength of glass–ceramics

produced after sintering at 900 �C, according to ASTM standard

C1262-10 [37]

Glass–

ceramic

Weight

loss

(%)

Initial

compressive

strength

(MPa)

Final

compressive

strength

(MPa)

Compressive

strength

loss (%)

GC-50P50RM 4.1 20 15 25.0

GC-90P10RM 3.1 49 38 22.4

GC-90P10SS 0.6 115 106 7.8

GC-90P10SK 2.0 30 26 13.3
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