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1   |   INTRODUCTION

Each day, wastewater treatment plants generate huge volumes 
of waste in the form of sewage sludge, the solid fraction sep-
arated by the treatment (including domestic septage).1 The 
disposal of sewage sludge is a worldwide issue: in 2010 the 
sum of wet sewage sludge produced in the United States, 
China and Europe reached 240 Mt; in 2017, global dry sew-
age sludge production rate was estimated at 45 Mt/year.2 In 
Europe, 70% of the dry sewage sludge production—about 
7 Mt/year—corresponds to Germany, the United Kingdom, 
Spain, Italy, and France. As a particular example, water pro-
cessing in Catalonia (population 7.5 M) produced an average 

of 128,477 t/year of sewage sludge between 2004 and 2017.3 
The majority of this sludge is currently used as a substitute 
for fertilizers in agriculture (averaging 95,530  t/year), al-
though 10 kt/year end up in landfills.

Environmental regulations are becoming increasingly 
restrictive in terms of usable sludge composition. Sewage 
sludge may contain potentially toxic elements (PTEs), such as 
Cr, Cu, Hg, or Pb, in concentrations that exceed those estab-
lished by the European Economic Community for agricultural 
application by at least an order of magnitude.4 The sources of 
PTE include domestic, agro-industrial and industrial waste-
water, the corrosion of the sewerage system, and surface run-
off from roads or urban areas.5 Moreover, the excess sludge 
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Abstract
The quantity of sewage sludge generated daily by wastewater treatment plants represents 
a major environmental problem and a financial burden for plant operators. Valorization 
strategies focusing on reusing sewage sludge as a raw material are currently developed. 
Vitrification can help us reduce the volume of waste and binds the components in the 
structure of chemically stable glasses and glass-ceramics. In this study, the vitrifica-
tion of sewage sludge inside a basaltic rock has been simulated by producing glasses 
and a glass-ceramic from basalt enriched in calcium that lie between the stability fields 
of pyroxene and melilite in the system CaO–MgO–SiO2–Al2O3. CaO addition causes 
the oxidation of the melt at above the liquidus, increases the crystallization tempera-
ture, decreases the melting temperature, and improves the microhardness of the glasses. 
Glass-ceramic processes improves the properties of the Ca-doped basalt glass. The mi-
crohardness of the glass (8.2 GPa) and the glass-ceramic (8.6 GPa) and leaching tests 
(in the ppb range) place both the glass and the glass-ceramics at the high end of the 
mechanical properties and chemical resistance of ceramic tiles for the building industry.
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unsuitable for agriculture is generally disposed of in landfills. 
This makes large areas become unsuitable for agriculture or 
any other economic activities and have associated economic 
costs that increase with the PTE concentrations.

Using sludge as a raw material would reduce the amount 
that needs to be disposed of. However, the large variability in 
the chemical compositions of sewage sludge requires a deep un-
derstanding of its effect on processing and the properties of the 
final products. The bulk composition of sewage sludge depends 
on the characteristics of its geographic source area. Indeed, fac-
tors such as urban/rural origin, processing methods at wastewa-
ter treatment plants, seasonal variations related to changes in 
upstream activity or in microbial activity,6,7 long-term changes 
in soil uses of the watershed area, or the degree of groundwater 
contamination8 control the variability and the chemical compo-
sition of sewage sludge. Such variability is problematic when 
producing materials with stable bulk compositions and which 
further retain any toxic elements contained in sludge.

In this study, we propose the use of basalt rock as an inerti-
zation matrix for sewage sludge. This mixture is interesting be-
cause the average composition of the inorganic fraction of urban 
sewage sludge (USS) is similar to that of the volcanic rock basalt 
(Table 1).9 Furthermore, basalt is an inexpensive, commonly 
available volcanic rock that can be easily melted in industrial 
glass-making furnaces for the design and production of new 
glasses. Vitrified basalt is already used as abrasion-resistant 
tiles in walls or pavements by the building industry.10 Using 
basalt glass to stabilize sludges will thus leverage an existing 
industry and help reducing the volume of the waste and binding 
of the components of the sludge—including the PTE—in the 
glass structure to retain any toxic elements, following a success-
ful strategy employed for nuclear wastes.11 Using basalt for the 
test also minimizes the concentrations of potentially toxic trace 
elements, which stay in all cases below 1 wt%.

To assess the viability of basalt glass as a remediation 
material for sludges, it is essential to understand how sludge 

assimilation will affect the glass long-term stability and how 
the elements are integrated in the glass structure. The main dif-
ferences between basalt and sludge are the concentrations of Ca 
and P. CaO is sometimes used in the stabilization of P during 
wastewater treatment50,51 and also to correct water hardness to 
make it suitable for drinking. The addition of P to basalt devel-
ops an increasingly sharp phosphate–silicate liquid–liquid phase 
separation in the glass above 4-wt% P2O5; the phosphate phase 
crystallizes during quenching above 16-wt% P2O5 and buffers 
the decrease of the microhardness of the final products.52

Further inertization can be achieved using a glass-ceramic 
process, where the PTE will be emplaced in newly-formed 
mineral phases.53,54 The strengths of glass-ceramics as per-
forming materials arise from their fine microstructure, 
achieved from the understanding of the nucleation and crys-
tallization processes. Controlling the composition of the par-
ent glass, the nucleation and crystallization processes, and 
their effect on the rheological behavior is also essential to 
achieve low viscosity at high temperature and to optimize the 
resistance to abrasion and chemical alteration.53,54 Other in-
teresting properties of glass-ceramics are their chemical sta-
bility, lack of porosity, and high strength and toughness.55 
Ca-rich wastes are good candidates for vitrification and sub-
sequent glass-ceramic processing as seen in products such 
as Sital slag,56 cupola slag blast,57 blast furnace slag,58 tin 
tailings,59 molybdenum tailings,60 and tungsten tailings.61,62

The objective of this study is to simulate the vitrification 
of a sewage sludge and basalt mixture using Ca-enriched ba-
salts. We describe the glass-forming range, structure, thermal 
behavior, and crystallization and present the effect of chem-
ical composition in microhardness and chemical durability. 
Additionally, we selected one composition to produce a 
glass-ceramic material and assess the effect of crystallization 
on its mechanical properties and chemical durability.

2  |   MATERIAL AND METHODS

2.1  |  Glass preparation and composition

Basalt–Ca glass batches with increasing concentration of CaO 
were prepared by mixing basalt from Boscarró old quarry63,64 
(Sant Joan les Fonts, SJLFB, Catalunya) with reagent grade 
CaCO3 (Panreac 121212). The mixtures were homogenized by 
crushing in a ball mill and then melted in Al2O3 crucibles in a 
globular alumina furnace equipped with SuperKanthal® heating 
elements. The melting process consisted of heating the batch at 
2°C/min up to 1000°C, followed by a 30-min isothermal step 
for decarbonation, and subsequently heating at 1°C/min up to 
1450°C followed by a 4-h isothermal step. The melts were cast 
on a copper plate and a fraction was annealed in a TechnoPiro® 
muffle furnace preheated at 500°C for 24 hours. The samples are 
named as BXCa, where X is the percentage of added CaO.

T A B L E  1   Common chemical composition range of urban sewage 
sludge (USS),10,12-47 mid-ocean ridge basalts (MORB),48 and oceanic 
island basalts (OIB)49

Oxide (wt%) USS MORB OIB

SiO2 33-66 47-54 40-49

Al2O3 12-31 13-19 8-15

Na2O 1-5 2-6 1-4

K2O 1-7 0-3 0-6

CaO 8 -53 6-14 3-14

MgO 2-11 3-10 13-21

FeO 5-51 6-16 9-14

TiO2 1-3 1-3 1-4

MnO 0-3 >1 >1

P2O5 3-33 0-1 >1
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The chemical compositions of the glasses were verified 
in a JEOL JXA 8230 electron microprobe (EMPA). The re-
ported values correspond to the average of 10 measurements 
per glass composition. Quantitative electron microprobe 
analyses was obtained in wavelength-dispersive spectros-
copy (WDS) mode, operating with an accelerating voltage 
of 20 kV, a beam current of 16 nA for Al, Si, Ti, Ca, K, Mg, 
Fe, Mn, 8  nA for Na and 6  nA for P, and a beam diame-
ter of 5 μm. Corundum (AlKα), wollastonite (SiKα, CaKα), 
rutile (TiKα), orthoclase (KKα), apatite (PKα), periclase 
(MgKα), albite (NaKα), synthetic Fe2O3 (FeKα), and rhodo-
nite (MnKα) were used as standards. The analyzing crystals 
were TAP for Al and Si, PETJ for Ti, Ca, K and P, TAPH for 
Mg and Na and LIFH for Fe and Mn.

2.2  |  Characterization

The density of the glasses was studied using the Archimedean 
method with toluene as immersion liquid. The mass of 10 
glass fragments (weighing between 10 and 500 µg) per com-
position was measured in air (Ma) and immersed in toluene 
(Mt). The density of toluene (ρt) was corrected to account for 
the variation of temperature during the measurements using 
its equation of state65,66:

The density ρ of the glasses was calculated using:

The Raman spectra of the glasses were acquired using 
a T64000 Jobin–Yvon Raman spectrometer equipped with 
a CCD detector. The light source was an Ar+ ion laser op-
erating at a wavelength of 488  nm with a typical output 
of 100 mW on the sample. The spectra were acquired in a 
spectral range between 100 and 1500 cm−1 with an integra-
tion time of 600 s. The spectra were corrected using a cubic 
splines baseline and normalized to the total area.65,67

The thermal evolution of the glasses was studied by dif-
ferential thermal analysis (DTA) in a Netzsch DTA-TG STA 
409C equipment. Preliminary analysis was made on approx-
imately 100-mg as-quenched glass powder (particle size 
<50 µm) at 10°C/min in an alumina crucible under 80 ml/
min air flow and using pure Al2O3 (Perkin-Elmer 0419-0197) 
as a reference material. The equipment was calibrated using 
calcium oxalate, ensuring an error below 1°C.

The presence of amorphous and crystalline phases in the 
glasses and after thermal treatments was assessed on ground 
glass (grain size >45  µm) by X-ray diffraction (XRD) ob-
tained in a PANalytical X’Pert PRO MPD Alpha1 powder 
diffractometer in Bragg-Brentano θ/2θ geometry (radius of 

240  mm, CuKα1 radiation (λ  =  1.5406  Å), work power of 
45 kV to 40 mA, scanning range 4-80° 2θ with step size of 
0.017° and measuring time 50 s.

2.3  |  Nucleation–crystallization experiments

The sample selected for the glass-ceramic study (as-quenched 
B16Ca) was then ground and screened to a particle size be-
tween 400 and 500 µm. These DTA measurements were done 
under 70  ml/min N2 flow and using about 70  mg of glass 
sample in the aforementioned DTA-TG equipment. The glass 
particles were heated at 15°C/min up to treatment tempera-
tures between 500°C and 850°C during 3 hours and then fur-
ther heated up to 1350°C before cooling.

The effect of nucleation temperature (TN) on bulk nu-
cleation was evaluated using the shift of the crystallization 
peak temperature as described by Marotta and coworkers68 
for DTA runs carried out at constant heating rate and on 
samples of the same specific surface, held at different TN 
for the same time. According to their method, the maximum 
of the curve representing the shift of the temperature of the 
exothermic peak as a function of the treatment tempera-
ture gives a curve that has the same shape and maximum 
as a curve representing the nucleation rate as a function of 
temperature.

Additionally, we performed instantaneous heating treat-
ments to determine the nucleation sequence. About 30  mg 
of powdered B16Ca in Pt crucibles were introduced directly 
from room temperature into a SuperKanthal® furnace that 
was set at 600°C, 650°C, 700°C, 750°C, or 800°C and kept 
there for 6 hours. After this period, each batch was moved 
into another furnace that was set at the temperature of the 
exothermic peaks determined by DTA (856°C for the sam-
ples between 600-700°C and 870°C for the samples treated 
between 750°C and 800°C) in order to make the crystals 
grow without nucleating the intermediate phases. Finally, the 
samples were quenched to room temperature.

In situ XRD under vacuum atmosphere was carried out 
in an Anton Paar HTK1200  N High Temperature chamber 
(HT-XRD) coupled to the previously described equipment. 
The experiment consisted of heating powdered glass (grain 
size >45 µm) at a rate of 20°C/min with 1-h isothermal steps 
at 28, 300, 500, then from 550°C to 1200°C, and 28°C after 
cooling—7 spectra were taken during each one of these steps. 
Data from the HT-XRD patterns were used to determine how 
the intensity of certain peaks varies with temperature as well 
as to calculate the coherent size of the crystallites of each 
mineral phase nucleated during the thermal treatment from 
Scherrer's equation69:
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In this equation, τ stands for the average size of the crys-
talline domains; K is a dimensionless shape (0.9), λ is the 
X-ray wavelength (1.5406); β is the full width of the peak 
at half maximum minus the instrumental line broadening, in 
radians; and θ is the Bragg angle—in radians. The quantifica-
tion of the mineral phases of the glass-ceramic was obtained 
from the Rietveld refinement of the XRD nonoriented pow-
der diffraction on FullProf v 3.00 software.70

The dependence of viscosity on temperature was deter-
mined using a hot-stage microscopy (HSM) prototype.71 The 
test cylinders were made in a uniaxial press by compressing 
about 40 mg of glass powder (diameter <45 µm) bound with a 
1/20 solution of Elvacite® in acetone. The sample was heated 
at 5°C/min between 25°C and 1450°C. The deformation was 
recorded using the ProgRes CapturePro 2.8.8. software. The 
images corresponding to the fixed viscosity points were iden-
tified using Hot-Stage software.71 The viscosity–temperature 
curves were plotted using the temperatures of the fixed vis-
cosity points determined during the HSM analysis and the 
viscosity values from Pascual and coworkers.72

The Vickers hardness (VH) of the samples was measured 
on polished glass probes using a Galileo Isoscan OD Vickers 
microindenter with a load of 2.94 N. Each value corresponds 
to the average of 10 measurements. The experimental error 
was 0.3 GPa.

2.4  |  Glass-ceramic preparation and 
characterization

The thermal treatment of a bulk fragment (weight about 2 g) 
of the parent glass of composition B16Ca to obtain the glass-
ceramic included the following steps based on the crystalliza-
tion sequence determined during the study:

-	 Heating up to 650°C at 2°C/min for 6  hours (TN of 
magnetite)

-	 Heating at 675°C at 2°C/min for 6 hours (second TN, dis-
cussed further in the manuscript)

-	 Heating up to 874°C at 10°C/min for 6 hours (the tempera-
ture of the exothermic DTA peak)

-	 Heating to 1000°C at 2°C/min for 6 hours (at this tempera-
ture merwinite has been exhausted by reacting with diop-
side to form akermanite)

-	 Free cooling

Texture was observed in a JEOL J-7100 field emission 
scanning electron microscope (SEM) with EDS detector 
and backscattered electron detector (BDS). The redox ratio 
(Fe3+/Fetot) was calculated using the model by Kress and 
Carmichael.73

The chemical durability of the glasses and the glass-
ceramic was evaluated according to the procedure specified 

in DIN 38414-S4.74 The tests were performed on 10  g of 
samples B16Ca and its corresponding glass-ceramic GC-
B16Ca, using a particle fraction between 2 and 4 mm—dried 
at 50°C and mixed in 100 ml of deionized water. The mixture 
was agitated at room temperature during 24 hours, and the 
liquid was separated from the solid using a 0.45-µm pore size 
filter. The leachates were analyzed by inductively coupled 
plasma optical emission spectrometry (ICP-OES, Optima 
3100×, PerkinElmer) and inductively coupled plasma mass 
spectrometry (ICP-MS, Elan 6000, PerkinElmer).

3  |   RESULTS

3.1  |  Glass characterization

The chemical composition of the studied glasses consists of 
a set of Ca–basalt mixtures with increasing Ca content cover-
ing the compositional gap between USS and basalts (Table 2). 
There is some contamination of the glasses with Al2O3 due 
to the reaction with the crucibles used to melt the Ca–basalt 
mixtures. However, it is smaller than the increase in CaO, 
which is assumed to remain the main driving factor of the 
changes in structure and macroscopic properties. The limit 
of Ca concentration was established at 32 mol%, as sample 
B32Ca partially crystallized into merwinite during casting at 
higher CaO concentrations.

The density of the glasses increases with Ca addition be-
cause the molecular weight of CaO is higher than the aver-
age molecular weight of the basalt (Figure 1). M/A (where 
M = CaO + MgO + Na2O + K2O and A Al2O3 in % mol, 
Table 2) increases with added CaO.

The Raman spectra of the glasses (Figure 2) may be di-
vided in three broad regions. The low frequency envelope 
(LF) is located between 250 and 630 cm−1, the middle fre-
quency envelope (MF) between 630 and 785 cm−1, and the 
high frequency envelope (HF) between 785 and 1250 cm−1 
(Figure 2). The LF envelope, linked to vibrations of bridging 
oxygen along T-O-T bonds,67,75-82 becomes more localized 
with Ca addition. A band rises at 300 cm−1 with increasing 
Ca addition. These low frequency vibrations are linked to the 
bending vibrations of the network-modifying cations.83 The 
MF corresponds to the intertetrahedral bending mode of po-
lymerized species.84,85 At low Ca contents, it forms a shoul-
der of the LF; the vibration becomes more localized with 
increasing Ca. The HF envelope is attributed to the vibrations 
of T-O− bonds—where T stands for the fourfold coordinated 
cations Si4+, Al3+, Fe3+, and O− for bridging or nonbridg-
ing oxygen (BO and NBO)—and the structural effect of 
network-modifying and charge-balancing cations (see previ-
ous studies67,78,79,85-89). Overall, the envelope shifts to higher 
frequencies with Ca addition (see the higher limit of the HF 
around 1100 cm−1). The intensity of the envelope increases 
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with the growth of a localized contribution around 990 cm−1 
that shifts to lower frequencies with increasing CaO. This 
band is linked to the stretching vibration of fourfold coor-
dinated Fe3+–O bonds and its intensity increases when the 
melt becomes more oxidized and enriched in Fe3+.90-94 The 
presence of this strong vibration in our glasses is in very 
good agreement with the redox calculated using different 
models.73,95

The thermal behavior of the Ca-doped basalt glasses shows 
the glass transition and three main exothermal events linked to 
the formation of different crystalline phases (Figure 3). The 
endothermic events around 660-710°C correspond to the glass 

transition. The first exothermic signal is a peak that shifts from 
739°C to 819°C with Ca addition. The second signal is a sharp 
peak at 855°C that becomes larger and shifts up to 894°C 
with increasing Ca contents. A shoulder grows at 870°C on 
sample B16Ca, whereas the peak is much broader for sample 
B24Ca. The endothermic events above 1100°C correspond to 
the melting of the system, which increases with added Ca as 
the bulk composition shifts from the pyroxene to the melilite 
stability field.96

The crystallization process evolves with increasing Ca 
contents (Figure 4). The main exothermal event at about 
850°C corresponds to the crystallization of an assemblage 

T A B L E  2   Chemical composition of the Ca-doped glasses expressed in wt% and mol%, and M/A

wt%
mol% SiO2 Al2O3 CaO MgO Na2O K2O MnO FeO TiO2 P2O5 M/A

B0 43.9 (4) 18 (1) 9.2 (2) 9.9 (3) 3.0 (1) 1.53 (3) 0.19 (3) 11.2 (3) 2.5 (4) 0.6 (1)

46.4 11.2 10.4 16.5 3.1 1.0 0.2 9.9 2.0 0.3 2.7

B2Ca 42.7 (3) 13.8 (1) 11.7 (2) 10.5 (2) 3.4 (1) 1.6 (1) 0.19 (3) 11.5 (1) 2.4 (1) 0.5 (1)

44.9 8.5 13.2 16.5 3.5 1.1 0.2 10.1 1.9 0.2 4.0

B4Ca 41.7 (3) 14.0 (6) 13.4 (2) 10.2 (4) 3.1 (2) 1.44 (7) 0.18 (3) 11.2 (3) 2.4 (1) 0.5 (1)

43.9 8.7 15.1 16.0 3.2 1.0 0.2 9.9 1.9 0.2 4.1

B8Ca 40.0 (3) 13 (1) 16.5 (3) 9.9 (6) 3.1 (1) 1.49 (7) 0.18 (3) 10.7 (3) 2.28 (8) 0.5 (1)

42.1 8.1 18.6 15.5 3.2 1.0 0.2 9.4 1.8 0.2 4.8

B16Ca 36.1 (3) 12.2 (2) 24.4 (3) 9.2 (6) 2.3 (1) 1.12 (7) 0.15 (3) 10.1 (3) 2.0 (1) 0.5 (1)

37.5 7.5 27.1 14.2 2.3 0.7 0.1 8.8 1.6 0.2 6.0

B24Ca 32.7 (4) 14 (1) 28.8 (5) 8.0 (2) 2.4 (1) 1.1 (1) 0.13 (3) 8.6 (2) 1.8 (1) 0.4 (1)

34.2 8.6 32.3 12.5 2.4 0.7 0.1 7.5 1.4 0.2 5.6

B32Ca 29.5 (4) 10.0 (5) 36.6 (6) 7.9 (3) 2.0 (1) 0.84 (5) 0.15 (3) 8.3 (2) 1.70 (8) 0.4 (4)

30.3 6.1 40.3 12.1 2.0 0.6 0.1 7.1 1.3 0.2 9.1

Note: The error of the EMPA analyses (in wt%) is represented by the standard deviation of the measurements.

F I G U R E  1   Density of the glasses as a function of CaO contents. 
The dashed line is a guide for the eye. The error represents the 1σ 
standard deviation of the measurements [Color figure can be viewed at 
wileyonlinelibrary.com]

F I G U R E  2   Raman spectra of the glasses. The line at 990 cm−1 
shows the position of the stretching vibration of IVFe3+–O bonds. The 
bumps near 830 and 1275 cm−1 are glitches from the CCD detector 
[Color figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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of magnetite (Fe3O4) and diopside (CaMgSi2O6) for all the 
samples. Rhönite ((Ca2(Mg2+Fe2+Fe3+Ti4+)6(Si, Al)6O20) is 
detected between 10.4- and 18.6-mol% CaO. It is a 4-chained 
inosilicate that may be a precursor of diopside and small 
amounts of it remain at low CaO concentrations. Akermanite 
and nepheline crystallize starting at 27.1-mol% CaO as the 
composition lies on the limit between the pyroxene and the 
melilite stability field. The abundance of pyroxene decreases 
in favor of akermanite with further increase of the Ca con-
centration. Overall, the crystalline assemblages are in good 
agreement with the location of the samples in the CMAS 
phase diagram.97

Designing an appropriate production process requires 
knowledge of the viscosity of the melt during glassmak-
ing. The evolution of viscosity as a function of Ca addition 
is complex (Figure 5). The curves of the Ca-doped glasses 

are compared to a natural basalt (GBa98) from Piton de la 
Fournaise volcano.98 The viscosity of GBa98—measured 
by creep and rotational viscometry—decreases steadily over 
the whole range, faster at low temperatures, and slower at 
higher temperatures. The viscosity curves of the Ca-doped 
basalt glasses first decrease steadily with increasing tempera-
ture and form a convex shape afterwards, where viscosity is 
reduced slower than expected; the shape of the tested cylin-
ders undergoes all the shapes correlated to the fixed viscos-
ity points of HSM experiments (see inset in Figure 5). This 
effect is caused by the crystallization observed on DTA be-
tween 850°C and 900°C. In viscous melts, the formation of 
crystals increases the viscosity by hampering the movement 
of the liquid phase. The variation of viscosity with Ca addi-
tion is influenced by two conflicting processes: the depolym-
erization related to the increase of Ca that reduces viscosity, 
and the formation of IVFe3+–O bonds and crystallization that 
increase it. Hence, the results represent the apparent viscosity 
of the glass–crystals mixtures. The oxidation of Fe as a con-
sequence of Ca addition causes a large increase in viscosity 
in the high temperature range—as observed in sample B24Ca 
below 104 Pa·s—which is also consistent with the increase 
of the melting point of the system observed in DTA. B16Ca 
has the lowest melting temperature of the system, in agree-
ment with its location on the boundary of the stability fields 
between two phases.

The Vickers microhardness of the Ca-doped basalt glasses 
is between 7.0 and 8.6 GPa and generally rises with increas-
ing Ca (Figure 6). The initial decrease (although it must be 
noted it is barely on the error range) could be linked to the 

F I G U R E  3   DTA curves of the glasses measured at 10°C/min 
[Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  4   Diffractograms of the glasses treated at the 
temperature of the main exothermic peak measured using DTA. The 
labels correspond to the three main diffraction peaks of each phase 
[Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5   Evolution of the viscosity with Ca addition. The 
data from this study correspond to glasses that crystallize during the 
experiments. The GBa98 data were obtained from creep and rotational 
viscometry measurements on crystal-free melts.91 Errors are smaller 
than symbol sizes. Curves are guides for the eye. The inset presents the 
images corresponding to the fixed viscosity points for the measurement 
on sample B16Ca after the processing using Hot-Stage software71 
[Color figure can be viewed at wileyonlinelibrary.com]
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excess Al2O3 coming from the melting crucible. Afterwards, 
the microhardness is increased as the structure becomes more 
compact due to the addition of network modifiers, similar 
to the rise in density. The microhardness of P-bearing, Ca-
doped basaltic glasses increases in a similar manner.99 The 
addition of network modifiers has been proved to improve the 
mechanical properties of basalt fibers.100

We selected sample B16Ca (27.1-mol% CaO) to develop 
a glass-ceramic because it contains the highest amount of Ca 
without increasing viscosity at high temperature. The flow 
point, corresponding to a viscosity of 102.1 Pa·s, is reached at 
1365°C instead of 1501°C for sample B24Ca. Its microhard-
ness is also the second highest one in the whole set. All further 
experiments have only been performed on sample B16Ca.

3.2  |  Determination of the temperatures of 
maximum nucleation rate and crystal growth

The treatment temperatures (TT) for sample B16CCa are 
obtained from the shift of the exothermic peak correspond-
ing to crystallization measured on glass treated at different 
nucleation temperatures (TN). T′p–Tp is the difference be-
tween the temperature of the DTA exothermic peak of the 
as-quenched glass (T′p) and the DTA exothermic peak of 
the nucleated glass. Plotting T′p–Tp as a function of TN re-
sults in a curve whose maximum is located at the same value 
as TN determined by classical methods.68 This approach 
should supply TN for each of the mineral phases that crystal-
lize from a parental glass. Two different events have been 
isolated. The first is a broad peak centered at 650°C from 
the shift of both the exothermic peaks at 818°C and 856°C 
(Figure 7), which appear in all the analyses. The second is 
a narrower peak centered at 675°C, which is only detected 

for TN below 750°C, corresponding to the variation of the 
shoulder at 870°C (Figure 7).

The crystallization sequence and a tentative attribution of 
the TN are determined from the evolution of the intensity of 
the main diffraction peak after instantaneous heating from 
room temperature to TN and further heating up to the tem-
perature of the exothermic event (Texo) from DTA to induce 
crystal growth (Table 3 and Figure 8). Each of these treat-
ments is noted as TN(+Texo).

Magnetite (Fe3O4) is the only phase that crystallized 
during the treatment at 600(+856)°C and the most intense 
at 650(+856)°C (Figure 8A and Table 3). Hence, it is the 
most likely phase to have nucleated in the first event at 
650°C. The sequence continues with the simultaneous crys-
tallization of nepheline (Na3  K(Si0.56Al0.44)8O16) and diop-
side (Mg0.6Fe0.2Al0.2Ca(Si1.5Al0.5)O6). Both have crystallized 
for the first time on the sample treated at 650(+856)°C. 
Merwinite (Ca3MgSi2O8) appears at 700(+856)°C. The 
proximity and overlap between all these events makes it diffi-
cult to attribute the second event at 675°C to the nucleation of 
a single phase with the available data (Figure 8). Akermanite 
(Ca2(Mg0.75Al0.25)[Si1.75Al0.25O7],) is detected starting at 
750(+856)°C.

3.3  |  Evolution of the crystalline phases 
in the devitrification process

In situ XRD patterns show the crystallization of newly-
formed mineral phases in sample B16Ca between 770°C and 
1200°C (Figure 9A) and the appearance of the first crystals 
(Figure 9B). The glass stays amorphous up to 760°C and the 
first diffraction peaks can be detected at 770°C.

F I G U R E  6   Vickers microhardness of the Ca-doped basalt glasses. 
Errors are given at the 1σ confidence interval. The curve is only a 
guide for the eyes [Color figure can be viewed at wileyonlinelibrary.
com]

F I G U R E  7   Shift of the temperature of the exothermic peak as 
a function of the nucleation temperature corresponding to the three 
exothermic events for sample B16Ca. Lines are guides for the eyes. 
Errors are smaller than symbol sizes [Color figure can be viewed at 
wileyonlinelibrary.com]
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Diopside, nepheline and merwinite can be seen in the HT-
XRD pattern at 770°C, whereas akermanite is detected from 
800°C (Figure 9A). The evolution of the intensity of each of 
the mineral phases has been tracked using the following dif-
fraction peaks: d201 for nepheline, d310 for merwinite, d310 for 
diopside, and d211 for akermanite (Figure 10). They are the 
most intense that did not overlap with peaks from coexistent 
phases. The evolution of magnetite could not be tracked in 
this experiment because its main diffraction peak overlaps 
with a major peak of diopside and the rest of reflections are 
not intense enough.

Nepheline is stable between 760°C and 1080°C, with max-
imum intensity at 860°C. Merwinite has a similar behavior: 
it also reaches a maximum at 860°C and becomes undetect-
able over 980°C. The peak intensities of akermanite increases 
during the decrease of these two phases, reaches its maximum 
at 970°C, and becomes undetectable at 1190°C. The peak 
intensity of diopside increases along the whole temperature 
range, alongside with the crystallization and melting reactions 
of merwinite and akermanite (Figures 9 and 10). The sample 
does not undergo additional changes during cooling.

The sizes of coherent crystals at each temperature are 
calculated using Scherrer's equation to establish the growth 
of each phase. The maximum crystal size reached in HT-
XRD for all the minerals is between 40 and 70 nm. This 
can be due to the fact that all phases nucleate in a narrow 
temperature range, hence forming a large number of nu-
clei before reaching the crystal growth temperature (TGR) 
and constraining crystal growth. Magnetite crystals are 
still smaller, reaching a maximum of 18 nm. Their role is 
to act as a nucleus for the growth of diopside, and they 
are absorbed inside its structure to approach the Fe-rich 
end-member.

3.4  |  Glass-ceramic characterization

The glass-ceramic has been obtained through the thermal 
treatment of the parent glass based on the TN and TGR ex-
posed earlier. It is formed by nepheline (12.15 wt%), mag-
netite (6.03  wt%), diopside (41.32  wt%), and akermanite 
(40.50 wt%) (Figure 11).

T A B L E  3   Intensities of the main diffraction peaks of the newly-formed mineral phases after instantaneous thermal treatments of sample 
B16Ca at the TN followed by growth at the temperature of the first exothermic

TN (°C)

Newly-formed minerals (cps)

Magnetite
01-088-0315101

Nepheline
01-076-2467102

Diopside
01-072-1379103

Merwinite
01-089-2432104

Akermanite
01-079-2424105

600 113 — — — —

650 301 63 431 — —

700 165 167 265 — —

750 — 1726 6001 2697 33

800 — 1450 5892 2218 1893

Note: The numbers correspond to the powder diffraction file (PDF) used for the identification in bold.

F I G U R E  8   Sequence of XRD patterns obtained after instantaneous heating of sample B16Ca at (A) 600-700°C and (B) 750-800°C for each 
phase. The temperatures in the plot correspond to the TN of each treatment
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Treating the parent glass at the TT generates a large num-
ber of nuclei, which grow upon further heating and result in 
a fine-grained glass-ceramic. The bulk microstructure of the 
glass-ceramic observed on SEM consists on idiomorphic crys-
tals ranging between 60 and 120 nm (Figure 12). Diopside, 
akermanite, and nepheline form a homogeneous grain micro-
structure. The observed sizes of the crystals are larger than 
40-70  nm obtained from Scherrer's equation for diopside, 
nepheline, and akermanite and 18 nm for magnetite. This dif-
ference is due to the longer crystallization steps used in glass-
ceramic production compared to those for in situ HT-XRD.

The Vickers microindentation test has given a micro-
hardness of 8.2  GPa (Figure 6) for the parent glass and 
of 8.6  GPa for the glass-ceramic. These values lie in the 
hardness range of the diopside–hedenbergite series (from 
7.7 to 9.8 GPa), are higher than the augite series (from 6.6 
to 8.0), and are considerably higher than the hardness of 
akermanite (5.2-6.6  GPa). The abundance of diopside is 
the main contributor to the increase of the microhardness, 

F I G U R E  9   (A) HT-XRD patterns of thermally treated B16Ca for 2θ between 20° and 40°. The first pattern is recorded at room temperature. 
The labels represent the peak chosen to study the evolution of each phase with temperature. (B) Patterns measured between room temperature and 
770°C, showing that the first crystals appear at 770°C [Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  1 0   Evolution of the intensities of selected XRD peaks 
of thermally treated B16Ca (d201 for nepheline, d310for merwinite, 
d310 for diopside, and d211 for akermanite) as a function of temperature 
[Color figure can be viewed at wileyonlinelibrary.com]

F I G U R E  1 1   Refined XRD pattern of the glass-ceramic based 
on sample B16Ca showing the observed intensity (Yobs) of the 
experiment, the calculated intensity of the Rietveld refinement 
(Ycalc), the difference curve and the Bragg positions of the diffraction 
for each mineral phase. The labels identify the maximum intensity 
diffraction peak of each crystalline phase [Color figure can be viewed 
at wileyonlinelibrary.com]
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which leads to an improvement on the mechanical proper-
ties of the obtained material.

The glass-ceramic process has increased the overall sta-
bility of the glass, as the concentration of most of the ele-
ments in the glass-ceramic leachate is lower than in the glass 
leachate (Table 4). However, the leachability of Ca and Si is 
higher from the glass-ceramic than the glass. The concen-
tration of each element in the leachates is several orders of 
magnitude below their concentrations in the original basalts.

4  |   DISCUSSION

The composition of the parent glass B16Ca corresponds to 
the border between the stability fields of pyroxene and me-
lilite in the section at 10-wt% Al2O3 of the phase diagram 
of the system CaO–Al2O3–MgO–SiO2, the major glass com-
ponents. The crystallization of akermanite—the magnesian 
end-member of the melilite solid solution ((Ca, Na)(Al, Mg, 
Fe2+)[(Al, Si)SiO7])—and its relationship with merwinite is a 
controversial question in the literature.58 Merwinite is often a 
found as a metastable phase formed during the thermal treat-
ments of multicomponent glasses in the initial stages of the 
devitrification process, around Tg. The relaxation of the glass 
structure at higher temperatures will facilitate the diffusion 
of ions43 causing the destabilization of merwinite, which will 
react with the other minerals to produce the stable mineral 
phases according to the phase diagram of the system.97

A study of the crystallization of a glass of a composition 
in the akermanite–gehlenite system (2CaO·(1 − x)·MgO·x-
Al2O3·(2  −  x)SiO2) proved that merwinite is a metastable 
phase for all x below or equal to 0.6 and attributed this fact 
to structural reasons.106 In the case of the melilite minerals, 
corresponding to the sorosilicate group, the structure consists 

in a fragmented network of silica tetrahedra, and modifier 
cations are stabilized by the ionic bonds between the tetra-
hedra and the cations.58 Merwinite is a nesosilicate and thus 
presents a lower concentration of silica tetrahedra, creating a 
less strong network that melts at lower temperature.106 The 
formation of akermanite may then be explained from the dif-
fusion of calcium from merwinite to diopside described by 
the reaction merwinite + diopside = akermanite:

The bulk composition of the parent glass can be expressed 
as 2CaO·1.05MgO·0.55Al2O3·2.76SiO2 using the formula 
of melilite. In this case, x (the number of moles of Al2O3) 
is effectively below 0.6, and then merwinite is metastable. 
Moreover, the already insufficient concentration of Al in 
the system is also influenced by the formation of nepheline 
during the devitrification process. Nepheline is the phase 
with a higher Al concentration between those formed during 
the devitrification process; its formation extracts Al from the 
system, destabilizing merwinite and enhancing the crystal-
lization of akermanite. Even the melting of nepheline over 
860°C does not reintroduce enough Al in the system to allow 
the formation of merwinite, and thus it is absent from the 
glass-ceramic.

The production process of GC-B16Ca has provided a 
crystalline material with a fine microstructure. The thermal 
treatment of the glass to the nucleation temperature for an 
extended period (in this case, 6 hours) followed by heating 
of the sample up to the growth temperature enabled us to 
minimize the presence of metastable phases such as merwin-
ite. Obtaining extensive nucleation on a glass-ceramic based 
on basalt requires a Fe2O3/FeO ratio of at least 0.5.107 The 

(4)
3CaO ⋅MgO ⋅2SiO2+CaO ⋅ (MgO, FeO) ⋅2SiO2

=2CaO ⋅ (MgO, FeO) ⋅2SiO2

F I G U R E  1 2   SEM micrographs 
showing the texture of the glass-ceramic. 
(A) a BDS image of the mass of the crystals 
where dense magnetite crystals stand out 
(B) a detail of the mixture of fine grained 
idiomorphic diopside, akermanite and 
nepheline

(A) (B)

T A B L E  4   Concentration of selected elements on the leachates recovered from the chemical durability tests of samples B16Ca (glass) and GC-
B16Ca (glass-ceramic) of after blank subtraction

[ppm] in solution Si Al Na K Ca Mg Fe Ti P

B16Ca (glass) 4.17 1.18 9.73 2.24 3.52 2.73 0.39 76.32*10−3 BB

GC-B16Ca (glass-ceramic) 4.79 0.88 8.31 1.88 4.43 2.45 0.11 26.73*10−3 BB

Note: BB stands for “below blank concentration.”
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raw basalt Fe2O3/FeO equals 0.501,108 and supplementary 
oxidation is provided by melting the ground basalt under air 
atmosphere.55 In the BXCa series (the pristine glasses), Fe3+/
Fet, calculated using the model by Kress and Carmichael73 
increases from 0.42 to 0.65 with the addition of CaO (Figure 
13). The addition of Ca pushes Fe to oxidize and take a 
network forming role, which in its turn increases the glass 
transition temperature. The significant concentration of FeO 
(7.5 mol%) and TiO2 (1.4 mol%) favors bulk nucleation.

The microhardness of the glass and the glass-ceramic lies 
on the same range, and near the higher limit, of the reported 
values for basalt glasses and glass-ceramics in the literature 
(Table 5). The extensive nucleation of the parent glass creates 
a fine microstructure and limits the eventual formation of po-
rosity due to crystal growth, making the glass-ceramic harder 
than the glass in spite of bearing approximately 40 wt% of 
akermanite (5.2-6.6 GPa). The trend of increasing hardness 
is a promising advocate for the glass-ceramic process as a 
means for improving the mechanical properties of multicom-
ponent glass.

Glass-ceramics are generally characterized by a good 
chemical resistance, comparable to other ceramic materi-
als.112 In this study, the leachability tests provided complex 
results. The decrease in the concentrations of most of the 
main components between the leachates of the glass and the 
glass-ceramic points to an overall better inertization poten-
tial. However, the leachability of Ca and Si is lower in the 
glass than in the glass-ceramic. Fredericci and coworkers58 
observed a similar situation in the increase of weight loss 
between a blast furnace slag glass and glass-ceramics. This 
situation might be caused by the high amount of akermanite, 
which is the phase with higher Ca and Si contents of the 
glass-ceramic.

Basaltic glasses are already in use as pavements in 
intensive-use industrial facilities10 or in public transporta-
tion such as in Barcelona's subway station Rocafort. Hence, 
a product such as B16Ca or GC-B16Ca could find a use that 
enabled the recycling of sewage sludge. The presence of mag-
netite and diopside in the mineralogy of the glass-ceramic 
shows a good potential for the inertization of PTE usually 
present in sludge such as Cr or Zn12,23,34 because they could 
be hosted in the spinel structure or in the pyroxene lattice.

5  |   CONCLUSIONS

We achieved the vitrification of a set of Ca–basalt mixtures 
analogous to sewage sludge. The addition of up to 17-mol% 
CaO—total concentration of 27 mol%—contracts and polym-
erizes the network due to the oxidation of Fe, which takes a 
network-forming role. The density and the microhardness of 
the samples also increase with CaO addition; its viscosity at 
high temperature does not change significantly up to 27.1-
mol% CaO. We produced the glass-ceramic of the composition 
containing 27-mol% CaO based on the determination of the 
temperatures of maximum nucleation rate and crystal growth 
of the newly-formed phases. The result is a nanometric homo-
geneous microstructure which improved the microhardness of 
the glass-ceramic compared to the parental glass; both lie in 
the upper part of the literature values for abrasion-resistant 
ceramic tiles used by the building industry. Optimizing the 
leachability in the glass-ceramic may require adjusting the 
concentration of calcium to reduce the crystallization of ak-
ermanite, promoting the formation of more spinel-like phases 
and pyroxene. The designed process proposes a process to use 
basalt as an inertization matrix for sewage sludge transform-
ing them into a product with potential industrial interest.
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