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Abstract

The composition of sewage sludge from urban wastewater treatment plants is simulated
using P-doped basalts. Electron microscopy analyses show that the solubility of P in the basaltic
melt is limited by the formation of a liquid-liquid immiscibility in the form of an aluminosilicate
phase and a Ca-Mg-Fe-rich phosphate phase. The rheological behavior of these compositions is
influenced by both phase separation and nanocrystallization. Upon a thermal treatment, the
glasses will crystallize into a mixture of inosilicates and spinel-like phases at low P contents and
into Ca-Mg-Fe phosphate at high P contents. Hardness measurements yield values between
5.41-7.66 GPa, inside the range of commercial glasses and glass-ceramics. Leaching affects

mainly unstable Mg?*-PO4*- complexes.

Keywords: vitrification, immiscibility, viscosity, crystallization, leaching, valorization,

phosphorus

1. Introduction
Vitrification is a widespread inertization technique that can be applied to the remediation of
both hazardous and non-hazardous wastes to reduce the volume of the disposal material (and

thus the necessity of landfills) and to immobilize the toxic elements of the raw waste in the glass
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structure. Several examples of inertization by this approach can be found in the literature:
polluted soils (Careghini et al., 2010; Navarro et al., 2013), radioactive wastes (Ciecinska et al.,
2015; Davydov et al., 1996; Hrma et al., 2014; Pioro et al., 2001), incineration ashes (Cheng,
2004; Cheng et al., 2002; Haugsten and Gustavson, 2000; Jung et al., 2005; Kavouras et al.,
2003; Romero et al., 2001). The production of glass-ceramics from these glasses enables further
inertization due to the emplacement of toxic elements in the structure of minerals (Binhussain et
al., 2014; Garcia-Valles et al., 2007; Mymrin et al., 2014; Varitis et al., 2015). The glass-
ceramic process also provides recycled materials with superior mechanical properties (Marinoni
et al., 2013; Teixeira et al., 2014). These glasses and glass-ceramics — apart from those made
using radioactive wastes — may have applications in the building industry such as pavements or
wall covers (Romero and Rincén, 1997).

Sewage sludges (SS) from urban wastewater treatment plants (UWWTP) have a good
potential as one of the raw materials for an inertization matrix because their compositions are
roughly similar to that of basalt (Rincon, 2016) (Table 1). This matrix could be tested to host
contaminant and hazardous wastes like galvanic sludge (Garcia-Valles et al., 2007). However,
the higher abundance of some elements, such as phosphorus and calcium, in the sludge
compared to basalts or any natural igneous system requires experimental studies to understand
how the compositional variation affects their properties and their long-term stability.

Phosphorus is an essential nutrient, as it is present in the structure of several biomolecules
such as DNA or RNA, in cell membranes, and in the inorganic fraction of bone. Low phosphate
levels limit the growth in both terrestrial and aquatic systems, hence the amount of soil
phosphate has long been complemented using fertilizers. Sewage sludge may be a substitute for
these (European Council, 1986). However, an exceeding amount of phosphorus may cause two
environmental issues:

1. Euthrophication: excessive growth of algae and aquatic plants due to a great supply
of nutrients resulting in oxygen overconsumption and depletion. Hypoxic conditions
cause animal death and stop biological purification of water (Correll, 1998; Wemner,
2012). It is considered the greatest threat for surface waters worldwide.
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2. Heavy metal input in the soil due to high Cd contents in fertilizers (Werner, 2012).
The application of sewage sludge in agriculture is then limited and requires additional recycling
methods (Mininni et al., 2015).

In rock-forming silicate melts, the effect of phosphorus on both melt structure and properties
is considered of great importance despite its scarcity (natural igneous melts usually have less
than 1 wt% P»Os) because it has a strong influence on phase relationships, physical and
chemical properties (Dupree et al., 1989; Gan and Hess, 1992; Mysen et al., 1981; Ryerson and
Hess, 1980; Toplis et al., 1994; Wyllie and Tuttle, 1964). Even small amounts of P,Os may
cause structural variations in the liquid that alter the values of the trace-element partition
coefficient by tenths percent (Ryerson and Hess, 1978). The addition of phosphorus to silicate
melts is known to influence a number of properties and processes, including the redox state of
iron, viscosity and density (Toplis et al., 1994), the formation of an immiscibility gap (Wyllie
and Tuttle, 1964), the shifts of the liquidus boundary of the silicate minerals, an increase in the
silica activity coefficient and the expansion of the liquid immiscibility volume (Ryerson and
Hess, 1980).

This paper focuses on the addition of phosphorus to basalt to simulate the inertization of
sewage sludge, an appropriate glass-making composition due to its low viscosity at high
temperature (<1300°C). The amount of P that may be bound in basalt is established by
determining its solubility in the melt together with an analysis of the structure, thermal
evolution, rheological behavior, and macroscopic properties in order to constrain the production
process. The obtained materials underwent hardness and chemical resistance tests to establish

potential uses.

2. Experimental methods
2.1. Choice of compositional range
The chemical compositions of a series of sewage sludge (SS) from wastewater treatment

plants (WWTP) and a basalt from Sant Joan les Fonts (Girona, Catalonia) (Table 1) have been
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analyzed by X-ray fluorescence (XRF), using a sequential X-ray spectrophotometer Phillips
PW2400. The range of phosphorus concentration in sewage sludge has been complemented with
data from the literature (Borowski et al., 2014; Folgueras et al., 2003; Forsberg and Ledin,
2006; Hossain et al., 2009; Kikuchi, 1998; Montero et al., 2009; Roig et al., 2012; Wang et al.,

2008). Its maximum is 32.98 wt% P,Os (Wang et al., 2008).

2.2. Glass production

A basaltic rock of La Garrotxa (Girona, Catalonia) is doped with NH4H,PO4 (ADHP, Reag-
Ph.Eur, PA-ACS 131126.1211) to simulate a SS-like matrix. The mixtures are homogenized in
a ball mill for 30 min and melted in a Pt-Rh crucible placed inside a globular alumina furnace
equipped with SuperKanthal™ heating elements and an Eurotherm® 902 programmer. Each
sample is heated at 200 °C for 2 h to decompose the ADHP and then above the melting point at
1450 °C, for 4h. Part of the quenched glass has been annealed for 12 h at 500 °C.

Some mg of each glass have been remelted at 1450°C and 1600°C using a Pt-Rh alloy wire
heating system originally designed to obtain spectroscopic data of silicate melts at high
temperatures (Mysen and Frantz, 1992; Neuville and Mysen, 1996; Neuville et al., 2014b). The
wires have previously been calibrated using salts with known melting points in order to achieve

reliable determination of temperature.

2.3. Electron microscopy

Textural information and qualitative punctual chemical analysis of the glasses and the
crystalline phases formed during production have been obtained using a JEOL J-7100 field
emission scanning electron microscope with EDS detector and backscattered electron detector
(FE-SEM-EDS). A thin section of the sample most enriched in P (labeled B32P) has been
analyzed using a Hitachi H-800-MT transmission electron microscope (TEM) with energy
dispersed analysis of X-rays (EDX), operating at 200 kV in STEM mode using the dark field
detector. The beam size used in this mode is around 15 nm. The spectrometer is an Oxford
Instruments INCA x-sight, with Si (Li) detector. The map acquisition is accomplished using the
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INCA Microanalysis Suite, software version 4.09. X-ray maps are obtained selecting the

characteristic X-ray peaks for Si, Al, Ca, Fe, Mg and P.

2.4. Density measurements

The densities of glass fragments are measured with the Archimedean method using toluene
as the immersion liquid. The masses of several glass fragments are measured in air (M,) and in
toluene (M,). The variation in the density of toluene, pT, is corrected using the temperature T of
toluene and its equation of state. The density of the glasses is calculated using the following

equation p = M *pT/ (Ma-M,).

2.5. Raman spectroscopy

Raman spectra are obtained using a T64000 Jobin-Yvon Raman spectrometer equipped with
a CCD detector. The light source is an Ar" ion laser operating at 488 nm with a typical output of
100 mW on the sample. The integration time is 300 s and the spectral range is between 100 —
1500 cm!. The spectra are treated with the Long correction (Long, 1977; Neuville et al., 2014b)

and normalized to the total area.

2.6. Thermal Analysis

Crystallization temperatures during thermal treatments have been determined using
Differential Thermal Analysis (DTA) in a Netzsch STA 409 vertical furnace. The experiments
have been performed using Pt-Rh crucibles in air, with a flow rate of 80 mL/min and a heating
rate of 10°C/min from room temperature to 1300°C followed by free cooling. The reference

material is aluminum oxide 0419-0197 from Perkin Elmer.

2.7. X-Ray diffraction
X-Ray diffraction has been used both to assess the amorphous character of the glasses right
after production and to determine which phases crystallize during thermal treatments. X-Ray

diffraction spectra have been obtained from powdered samples (particles under 45 um) in a
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Bragg-Brentano PANAnalytical X’Pert Diffractometer system (graphite monochromator,
automatic gap, Ka-radiation of Cu at A = 1.54061 A, powered at 45 kV — 40 mA, scanning
range 4 — 100° with a 0.017° 20 step scan and a 50 s measuring time). Identification and
semiquantitative evaluation of phases has been made on PANanalytical X’Pert HighScore

software.

2.8. Dilatometry

Glass transition temperature (Tg) has been obtained by dilatometry in a Linseis L76/1550
horizontal dilatometer. 20 mm long bars were cut from each glass, then placed in the sample
carrier and heated up to around 750°C at 10°C/min. When samples are too viscous to be cast
into bars the analysis is performed in powdered glass, inside a SP5856/3605/10 sample carrier.

A value of 10'2Pa-s has been assigned to Tg (Yue, 2008).

2.9. Hot-stage microscopy

The temperatures of the fixed viscosity points (Pascual et al., 2001) for Hot-Stage
Microscopy (HSM) are determined by optical observation of the deformation of 3 mm-high test
tube conformed using powdered glass (<45 pm) bound in a uniaxial press using a 1/20 solution
of Elvacite®. Test tubes have been heated at 5°C/min up to 1450°C in air. The process is
recorded with ProgRes Capture Pro software and the picture analysis has been performed using
Hot-stage software (Garcia-Valles et al., 2013). The error in the determination of temperature

using this method is + 10 °C (Pascual et al., 2001).
2.10. Microhardness
The microhardness of the samples has been measured on polished glass probes using a

Galileo Isoscan OD Vickers micro-indenter with a load of 300 g.

2.11. Leaching tests
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The elementary analysis of the leachates has been used to evaluate the stability of the glasses
according to DIN 38414-S4 (DIN-38414S4, 1984). The test has been performed in 10 g of dried
sample (particle size between 2 and 4 mm), mixed in 100 mL of deionized water. The mixture is
agitated in a rotating shaker at room temperature during 24 h and the liquid is separated from
the solid using a 0.45 um pore size filter. The leachates have been analyzed by inductively
coupled plasma optical emission spectrometry (ICP-OES, Optima 3100x%, PerkinElmer) and

inductively coupled plasma mass spectrometry (ICP-MS, Elan 6000, PerkinElmer).

3. Results

3.1. Sewage sludge compositions

The chemical compositions of a series of sewage sludge from UWWTP are presented in
Table 1. The main components of the sludge are Al,Os, SiO,, CaO, Fe,O; and P,Os. The high
amount of P — common in urban sewage sludge — is due to the predominance of porcine farming
in the source area. The abundance of Al,Os, SiO, and Fe,Os supports the use of basalt as an
analogous. Low concentrations of silica could be increased by adding low cost wastes such as

spent foundry sands, which typically contain about 88 wt% of silica (Siddique et al., 2010).
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Table 1. Chemical composition (wt%) of sewage sludge from wastewater treatment plants in

Catalonia and the basalt used as a raw material for the production of glass. The WWTPs are

identified by the name of the town they serve.

Centelles Vic Taradell Torell6o Manlleu Tona Prats Roda lS(:bl(:s Basalt
ALO3 10.40 10.55 11.29 5.35 9.92 1120 1135 9.86 13.71 14.37
SiO2 16.60 17.45 24.19 10.54 19.49 2359 20.69 18.33 31.6 44.63
CaO 21.25 19.64 14.92 14.34 21.46 224 18.85 18.61 30.27 10.26
TiO2 0.80 0.59 0.75 0.41 0.61 096 057 0.59 2.00 2.55
Na20 1.94 2.19 2.97 1.09 1.27 1.64 153 1.85 1.53 3.36
MgO 3.94 3.04 2.35 2.15 291 485 3.00 3.23 3.36 10.20
MnO - 0.25 - - - - - 0.16 0.00 0.17
Fe203 16.96 21.17 19.97 37.16 18.37 3.03 17.01 20.73 4.32 12.86
K20 4.00 1.26 3.00 1.63 2.39 722  4.04 236 1.80 2.01
P20s 22.29 17.52 19.56 25.64 22.57 2378 21.15 20.29 7.74 0.56
SOs 0.92 1.61 0.16 0.37 - 0.38 0.18 046 2.86 -
Cr203 - 3.93 - 0.13 - - 0.86 222 0.00 0.04
NiO - - - 0.13 - - 0.14 - 0.82 0.02
CuO 0.32 0.28 0.33 0.2 0.15 - 0.27 042 0.10 0.01
ZnO 0.18 0.31 0.16 0.63 0.21 0.23 - 0.65 - 0.01
SrO 0.24 0.23 0.16 0.23 0.36 0.58 023 023 0.12 0.10
BaO 0.17 - 0.18 - 0.29 0.14  0.12 - 0.12 0.07

3.2. Texture and density: effect of P on the homogeneity of the glasses

The nominal compositions of the glasses are shown in Table 2. In the glasses with more than

8 wt% P»0Os phase separation process — observed by the presence of two phases of different

average atomic number in the backscattered electron mode of SEM and TEM (Fig. 1 and Fig. 2)

— prevents obtaining consistent experimental bulk chemical compositions. However, the

calculations are considered accurate because there is no significant weight loss during melting.

The relative concentrations of Al,O3, CaO, Na,O and K,O correspond to the metaluminous field

([CaO]+[Na,0]+[K20] > [AL,Os] > [Na;0]+[K201).
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Table 2. Nominal chemical compositions (wt%) of the major components of the glasses.

wt%/Samples  Basalt BO B2p B4p B8P B16P B32P
ALO; 14.37 14.37 14.08 13.8 13.22 12.07 9.77
SiO» 44.63 44.63 43.74 42.85 41.06 37.49 30.35
CaO 10.26 10.26 10.06 9.85 9.44 8.62 6.98
TiO2 2.55 2.55 2.50 2.45 2.35 2.14 1.73
Na;O 3.36 3.36 3.29 3.23 3.09 2.82 2.29
MgO 10.2 10.20 10.00 9.79 9.38 8.57 6.94
MnO 0.17 0.17 0.17 0.16 0.16 0.14 0.12
FeO 11.88 11.88 11.64 11.41 10.93 9.98 8.08
KO 2.01 2.01 1.97 1.93 1.85 1.69 1.37
P20s 0.56 0.56 2.55 4.54 8.52 16.47 32.38

The glasses up to 4 wt% P»Os are homogeneous at the SEM scale (Fig 1). At higher
phosphorus contents, a dark light Si-rich phase separates from a bright heavy P-rich phase. At 8
wt% P»Os the onset of this immiscibility can be observed in the form of a Si-rich groundmass
where a P-rich liquid phase is segregating in the form of nebula-like clusters (Fig. 1A). Further
addition of phosphorus up to 16 wt% P,Os causes the exsolution of larger, rounded P rich
regions from the Si - P groundmass (Fig. 1B). In this case, circular Si-rich areas separate inside
the P-rich region. At 32 wt% P»Os the groundmass is constituted by a Ca-Mg-Fe phosphate
phase, which encloses dark circular Si-rich areas (Fig. 1C). The boundaries between the two
regions are sharp. Dendritic stanfieldite (Cas(Mg**, Fe**, Mn?")s(PO4)s) crystals have grown due
to the crystallization of the phosphorus-rich region (Fig. 1D). The overall P-rich phase
dominates the mix in this case because the bulk amount of P,Os in the glass exceeds that of
Si0». Fe is associated to P due to the formation of Fe**-PO.* complexes (Ryerson, 1985; Toplis

etal., 1994).
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Figure 1. SEM micrographs of the immiscibility of a phosphate-rich and a silicate-rich phases
upon phosphorus addition in as-quenched materials. A) Incipient separation in sample B8P. B)
The phosphate phase coalesces and the separation with the silicate phase becomes sharper in
sample B16P. C) The two phases are in mostly differentiated regions in sample B32P. D).
Detail of the sharp separation between the silicate and the phosphate phases.

A characterization of the separation by TEM has provided the chemical compositions of the
two unmixed phases in sample B32P. The crystalline phosphate phase has an average of 28.56
mol% P,0s. Other major components are MgO (40.02 mol%), CaO (16.39 mol%) and Fe,Os
(3.86 mol%). According to these proportions, the limiting component in the crystallization of
stoichiometric stanfieldite is CaO. The excess Mg?* and PO4*" may be forming complexes. The
phosphate phase also contains 4.43 mol% ALOs and 5.13 mol% SiO,. The silicate phase is
mainly constituted by SiOs (79.65 mol%) and Al,O3 (10.75 mol%), together with 5.31 mol%
P,0Os and traces of the other components of the basalt. Compositional profiles on the location

marked in Fig 2b show a sharp border between the two phases (Fig 2c and d). Moreover, the
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electron diffraction confirms that this phase is amorphous (Fig 2¢). The elementary mapping
undertaken in a region showing a whole sphere evidences that the aluminosilicate (Fig 2f and g)
region is scarce in alkalis and alkaline earths that would act as charge compensators, and which

lie mostly in the phosphate phase (Fig. 2 1, j, k, 1).

_C)
I

o)
-
ES Al

Figure 2. TEM micrographs showing the two unmixed phases in sample B32P (a), elementary

S )

Ca Fe

composition profiles (b: measured profile, c: P profile; d: Si profile), the electron diffraction
profile of the silicate phase (e), location of the mapping (f) and elementary mapping for Si (g),

Al (h), Ca (i), Fe (j), Mg (k), P (D).

From this point, the materials of this study can be divided in two groups: samples bearing up
to 8 wt% P,Os are amorphous at the XRD scale, whereas the unmixed samples have to be
considered glass-ceramics.

The addition of phosphorus causes a decrease in the average density of the basaltic glass due

to the higher free volume of POj4 tetrahedra compared to SiO, tetrahedra (Toplis et al., 1994).
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Fig. 3 presents the average densities and the standard deviation of the measurements on 10
different fragments of each composition (vertical error bars). It must be noted that the scatter of
the density values shown by the error bars is much larger than the experimental error of + 0.001
g/cm® of the density measurements. Moreover, it increases with P addition, reaching even 0.2
g/cm’ in sample B32P. This variation of a macroscopic property within a single composition is
an indicator of heterogeneities. Thus, the density of the bulk glasses and glass-ceramics actually
corresponds to the contribution from the density of nuclei/crystals and the density of the
amorphous phase. The higher density values correspond to glass shards enriched in crystalline
material. For instance, the highest measured value for sample B32P is 2.95 g/cm’, close to the

actual density of stanfieldite, 3.15 g/cm’.
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Figure 3. Average densities of the glasses. The error bars show the scatter of the measurements,

due to the presence of nanocrystalline domains.

12



271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294

3.3. Raman spectroscopy: ordering at the nanoscale

Fig. 4 shows the Raman spectra obtained at room temperature of small amounts of glass
— some mg at most — molten on the heating wire (Neuville et al., 2014a, 2014b). This melting
process achieves faster cooling rates, thus providing a more amorphous material. All samples
have been remelted at 1450 °C (Fig. 4a) and at 1600 °C (Fig. 4b).

Raman spectra of basalts are composed of 3 wide bands: the low frequency envelope (LF)
from 200 to 600 cm!, the middle frequency envelope (MF) from 600 to 800 cm!, and the high
frequency (HF) envelope from 800 to 1200 cm™'. The narrow vibrations that arise from the
major bands in the spectra account for the formation of nanocrystalline domains during the
supercooling process.

In the series molten at 1450 °C the main band around 673 cm™ at low P contents corresponds
to the A, vibration of magnetite (Shebanova and Lazor, 2003) and it masks the contributions of
the LF and MF. These magnetite nanolites are not visible by classic electron microscopy
observation because of its very small size. However, Neuville and coworkers identified a mix of
magnetite and hercynite with a size of 10-10-5 nm in High Resolution TEM (Neuville et al.,
1996). These nanolites might probably be the starting point of the nucleation process. At 8 wt%
the bands seem to merge, showing the collapse of the glass structure. The band near 965 cm™ is
assigned to the v mode of crystalline phosphate (Penel et al., 1997); it becomes more intense
and shifts to higher frequencies with increasing P. In the series molten at 1600 °C (Fig. 4b) the
main feature is a band arising from the HF envelope at 965 ¢cm™. As in the former case, it
corresponds to a crystalline phosphate (Penel et al., 1997) of a high melting point. For instance,
apatite has a melting point between 1608 and 1622 °C (Bhatnagar, 1969). There is no evidence
for the presence of magnetite — the melting point of pure magnetite is 1594 °C (Deer et al.,

1992).

13
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297  Figure 4. Raman spectra of the glasses remelted at a) 1450 °C and b) 1600 °C on the heating
298  wire.
299
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The LF envelope is generally assigned to vibrations of the bridging oxygens (BO) forming
rings of three or more Si*" tetrahedra (Bell et al., 1968; McMillan and Piriou, 1982; Mysen,
2003; Mysen et al., 1980; Neuville et al., 2014a; Neuville and Mysen, 1996; Pasquarello and
Car, 1998; Seifert et al., 1982; Umari et al., 2003). A band below 800 cm™ generally dominates
the MF region and is attributed to the inter-tetrahedral bending mode of polymerized species. Its
intensity decreases with decreasing silica content (Matson et al., 1983; McMillan, 1984; Mysen
and Toplis, 2007). The HF envelope contains the vibrations corresponding to the T-O" bonds —
T represents fourfold coordinated cations (mainly Si*, AI**, Fe*" and P°") and O are the non-
bridging oxygen — and the structural effect of the network-modifying or charge balancing
cations (Bell and Dean, 1972; Cicconi et al., 2016, 2015; Cochain et al., 2012; Furukawa et al.,
2011; Hehlen and Neuville, 2015; Magnien et al., 2008, 2006; McMillan, 1984; Mysen, 2003;
Neuville et al., 2014a). The LF asymmetric envelope is centered around 550 cm™ and overlaps

the MF region.

3.4. Thermal analysis and crystallization

The evolution of the thermal behavior and crystallization of the synthetic samples has been
studied with a combination of DTA (Fig. 5) and XRD (Fig. 6). The DTA runs of the samples
with low P contents show an exothermal event about 850 °C that shifts to higher temperatures
with increasing P (Fig. 5). In the basalt glass (B0) the event is assigned to the crystallization of
pyroxene and titano-magnetite (Fes«TixO4). The addition of phosphorus destabilizes the
pyroxene; rhonite (Cax(Mg?" Fe?" Fe*" Ti*")e(Si,Al)¢O2), a 4-chained inosilicate, is formed
instead (Fig. 6). Rhonite is considered a scarce mineral in magmatic rocks, although it is usually
present in undersaturated alkali basalt. A common phase association in rocks of similar
composition includes Ti-augite, olivine, nepheline, plagioclase, titanomagnetite and Ti-Ca-
amphibole (Kunzmann, 1999). P preferentially stays in the amorphous phase at this stage. The
formation of inosilicates and spinel-like phases such as titano-magnetite is interesting because

they can host potentially toxic elements such as Zn, Cr, etc.

15



328 Further addition of P > 8 wt% P»Os changes the behavior of the melt as the phase separation
329  starts. The main event corresponds to the crystallization of phosphate phase stanfieldite
330  Cay(Mg,Fe*" ,Mn)s(POs)s, that must form from the amorphous phosphate phase . Sample B16P
331 lacks an evident exothermal event; the mineral content is limited to the stanfieldite formed
332  during production. Sample B32P undergoes an exothermal event at 688 °C corresponding to the
333  crystallization of tridymite in the silicate phase. The virtual lack of crystallization of the last

334  samples is consistent with the formation of a glass-ceramic during quenching.

lexo
Ve B32P
B8P
E
S | B4P
<C
|_
o B2P
B0
400 600 800 1000 1200
335 Temperature (°C)

336  Figure 5. Evolution of the thermal behavior as a function of P contents. The experiments have
337  been performed at a heating rate of 10 °C/min.

338

339 The temperatures of the endothermal events linked to the melting of the system decrease
340  around 170 °C — from 1200 °C in the glass of original basalt composition to 1031 °C in the glass
341  bearing the highest phosphorus concentration (Fig. 5). The depression of liquidus temperature
342  due to the presence of P in silicate systems has previously been reported in albitic and granitic

343  melts, whose liquidus temperatures drop several degrees with P,Os addition. For instance, the
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melting temperature of albite + 6 wt% P»,Os is 150°C lower than that of the original albite
(Wyllie and Tuttle, 1964). The phase diagrams of the pure Cas(POs),; - Mg3(POs), system show
the eutectic melting of the stanfieldite composition at 1120°C (Ando, 1958). Measured melting
temperature is lower due to the higher number of components in the system, which causes

impurities to enter the stanfieldite structure.

wr Magnetite
® Stanfieldite
@ Rhinite
N .. . L J e ] E:roxtene
B32P A - A Trydimite
B16P_ .
S |ssp
s
P
.
G B4P
)]
+—
£
B2P
BO
10 20 30 40 50 60

2 Theta (°)

Figure 6. XRD patterns of the thermally treated glasses.

The mineral association constituted by pyroxene and magnetite has been described in studies
about the crystallization of natural melts of basaltic composition (Burkhard, 2001; De Vicente
Mingarro et al., 1991). The maximum concentration of P in magmas is around 2 — 3 wt% P»0s
(Mysen et al., 1999), hence, much lower than the maximum of 32 wt% considered in this study.
Increasing P changes the thermal behavior due to the increasing crystallization upon
glassmaking. The conditions leading to stability of stanfieldite destabilize the rest of mineral
phases: at high P contents, Ca and Mg previously emplaced in the pyroxene structure move to

the stanfieldite structure. Fe is also influenced by P both because Fe?* can replace Mg?" in the
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360 stanfieldite structure and because of the formation of Fe**-POs* complexes in the melt. This
361 process also inhibits the crystallization of magnetite, which is consistent with the structural

362  collapse observed on the Raman spectrum of sample B8P quenched at 1450 °C (Fig. 3a).

363
364 3.5. Rheological behavior and production process
365 Determining viscosity is essential in establishing the temperatures required for industrial

366  glassmaking and processing. Table 3 summarizes the glass transition temperatures (T,), the
367  temperatures of the fixed viscosity points and the calculated temperatures corresponding to the
368  viscosities of the workability points (annealing, forming, conditioning and melting ranges)

369  (Fernandez Navarro, 1991). T, values are around 640°C.

370

371 Table 3. Glass transition temperature, measured temperatures corresponding to HSM fixed
372 viscosity points (according to Pascual et al 2001) and calculated temperatures
373 corresponding to viscosities which are significant for glass production.

Viscosity/Pa s B0 B2P B4P BSP B16P B32P
Ty /1012 629 637 639 643 643 650
First shrinkage / 107 766 799 773 790 943 966
Maximum shrinkage / 10%° 946 916 960 880 980 1069
Softening / 105 1158 1048 1171 1049 1127 1200
Half ball / 1033 1220 1205 1284 1172 1219 1292
Flow / 10*! 1254 1305 1317 1238 1276 1323
Annealing range /103512 579-629 578-637 590-639 589-643 570-643 534-650
Forming range /10%3 763-1232  795-1241 769-1296  786-1196  838-1239 958-1303

Glass conditioning range / 1032  1232-1281 1241-1384 1296-1343 1196-1290 1239-1321 1303-1347

374

375 Viscosities have been plotted as a function of the inverse of temperature (10000/T) of the
376  fixed viscosity points of HSM and compared to viscosity measurements on remelted basalt from
377  Piton de la Fournaise (GBa98) (Villeneuve et al., 2008) (Fig. 7). The plots show an anomalous
378  step in the decrease of viscosity during heating, especially remarkable below 10® Pa-s. The
379  cause of the deviation is the growth of nuclei formed during glass production detected by
380  Raman spectroscopy in melts quenched at 1450 °C. These nuclei cause apparent viscosity to be
381 higher than the actual viscosity of a crystal-free melt of the same composition due to the
382  formation of a biphasic system. At the lower limit of the HSM experiments, the viscosity of the

18



383
384
385

386
387

388
389
390
391
392
393
394
395
396
397

P-doped glasses is similar to that of the remelted natural basalt but at the upper limit —
corresponding to the temperature of the flow point; the highest value being 1323°C for sample

B32P — the viscosity is significantly higher than that of the remelted basalt used for comparison.
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Figure 7. Plot of the viscosity as a function of the inverse of the temperatures of the fixed
viscosity points of the glasses and viscosity-temperature curve of a remelted basalt

(Villeneuve et al., 2008). Discontinuous lines are only intended as a guide for the eye.

The variations of viscosity as a function of phosphorus content are influenced by the phases
that crystallize during the heating process and by the progress of the immiscibility. In samples
from B0 to B4P, when phosphorus contents increase, the onset and the peak of the exothermic
(Fig. 5) events shift to higher temperatures due to a delay in crystallization and the increase of
apparent viscosity. However, this is in conflict with the increasing degree of crystallinity due to
further P addition, which increases viscosity again. The phase separation is another major

controller of the evolution of viscosity: in composition B§P the phosphate phase plays the role
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of a low viscosity liquid where the silicate regions are immersed. The apparent viscosity in
compositions B16P and B32P rises again when both the immiscibility and the crystallinity of
the phosphate phase increase.

At low concentrations and in depolymerized melts, phosphorus has been reported to cause a
non-linear variation of viscosity. This is attributed to the competition between the
depolymerizing effect due to the oxidation of Fe** — viscosity is decreased — and the
polymerizing effect related to the removal of network-modifying cations and formation of Si-O-
Si bonds creating highly polymerized regions caused by the addition of P — viscosity is
increased (Toplis et al., 1994). This behavior is absent in iron-free compositions; hence it must
be attributed to the presence of Fe (Toplis and Dingwell, 1996). P also behaves differently in
acidic than in basic melts. Viscosity has an Arrhenian decrease in P-doped haplogranitic melts
with increasing P,Os (Dingwell et al., 1993). This increase in viscosity may be attributed to
copolymerization of P3* in the silicate network rather than behaving as a network modifier
(Ryerson and Hess, 1980). Another point is that the dependence of structural deformation on
temperature seems to decrease with increased crystallization caused by P addition.

The melting temperatures during production have to be over the flow point (in this case
between 1357 — 1411°C). According to these results, a production temperature of 1450°C would

be appropriate to cover all the compositional range up to 4 wt% P»Os.

3.6. Microhardness

The possibility of using the new materials in the building industry wilfinally depends on
their mechanical properties. The average microhardness of the P-doped basaltic glasses
decreases with phosphorus addition from 7.7 GPa in the basaltic glass to 5.4 GPa in sample
B32P (Fig. 8). These values are similar to the range of 5.16 — 6.28 GPa reported by Mingarro
(De Vicente Mingarro et al., 1991) and 7.7 GPa obtained by Jensen and coworkers (Jensen et
al., 2009) for basaltic glasses. All these measurements lie in the range of the majority of
conventional glasses and glass-ceramics (Evans and Wilshaw, 1976; Rincon and Capel, 1985).

When analyzed in detail, the decrease of microhardness follows two different trends (Figure 8).
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It has a steep slope until the immiscibility begins; the gradient then becomes much smaller. This
is consistent with the formation of a glass-ceramic during the quenching process. The formation
of a crystalline phosphate improves the resistance of the final product. The decrease of hardness
with P addition can be attributed to the inferior resistance of phosphate materials in comparison
to silicates. The most common phosphate mineral, apatite, has a hardness around 5.2 GPa and
stanfieldite ranges between 2.0 and 5.2 GPa. On the other hand, the hardness of silicate minerals
such as quartz is much higher, between 10.82 and 12.36 GPa.

8

7.5 |
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0 5 10 15 20 25 30 35
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Figure 8. Microhardness (Vickers) of the obtained materials as a function of P contents. The
change of the slope between the two fitted lines is due to the diminution in the decrease of

microhardness caused by crystallization.

3.7. Chemical stability
The low chemical resistance of phosphate glasses has long been reported in the literature
(Brow, 2000; Kreidl and Weyl, 1941), hence creating the necessity to verify that it does not

increase the solubility of the basaltic glasses — as it is intended to use them as an inertization
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matrix. The elementary concentrations in the leachate of the major elements are generally lower
than in the deionized water used as a blank (Table 4). Even Si and P, the two major elements,
only leach some ppm’s, accounting for the stability of the material. Considering the potentially
toxic elements, the obtained glasses comply with the limits established in norm DIN 38414-S4
for them to be considered inert. Crystalline phosphate phases such as stanfieldite are considered
stable in the long term in terrestrial soils (Qian and Jiang, 2014). However, it has to be noted
that the amount of P in the leachate doubles between samples B16P and B32P. The leaching of
Mg also follows this trend but neither Ca nor Fe do, thus the the leaching has to be limited to the
excess unstable Mg?*-PO4>" complexes. In exchange, the concentration of Si in the leachate
increases from sample BO to B2P and is then reduced as the immiscibility progresses, hence the
silicate phase must be becoming more stable. This might signal the onset of the separation
actually happens before it can be distinguished in SEM.

Table 4. Elementary analysis of the leachates after immersion of glass bits in deionized water.

BB stands for “below the blank™ and BDL for “below detection limit”.

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

BOP 1.71 BDL BB 0.96 0.20 0.23 BDL BDL
B2P 2.47 BDL BB 1.16 0.38 0.32 BDL BB
B4P 2.19 BDL BB 1.02 0.99 0.34 BDL BB
B8P 1.67 BDL BB 2.22 0.49 0.27 BDL BB
B16P 1.28 BDL BB 2.63 0.00 0.28 BDL 1.88
B32P 0.35 BDL BB 3.44 0.06 0.09 BDL 3.83
[ppb] in sol As Ba Cd Cr Cu Hg Mn Ni Pb Ti Zn
BOP BDL BB 0.14 BDL 4.03 BDL BB BDL BB 26.14 BB
B2P BDL BB BDL 067 BB BDL BB BDL BB 183 BB
B4P BDL BB BDL BDL BB BDL 042 BDL BB 190 BB
B8P BDL BB 0.00 BDL 335 BDL 0.04 BDL BDL 1.60 BB
B16P BDL BB 0.01 BB BB BDL 3.63 BDL BB 480 BB
B32P BDL BB BDL BDL BB BDL 5.72 BDL BB 4271 BB
DIN38414-S4 500 40 500 2000 100 400 500 4000

4. Discussion: solubilization of P and immiscibility
It is possible to add large amounts of phosphorus to basaltic glass although it triggers a

phase separation. Its development at high P,Os concentrations causes the initially homogeneous
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glass to evolve into a glass-ceramic. The separation of silicate and phosphate phases can be
interpreted in the framework of the Modified Random Network theory (MRN) (Greaves, 1985;
Greaves et al., 1981; Le Losq et al., 2017). The MRN model states that in silicate glasses there
is a segregation between the network formers (Si**, AI** and Fe**) and the network modifiers
(the alkaline and alkaline earth cations) leading to the development of differentiated local
structures, called percolation channels, at the nanometer scale (Greaves et al., 1981; Vessal et
al.,, 1992). The formation of percolation channels around silicate tetrahedra is in itself an
unmixing process because it separates the aluminosilicate region, rich in network formers (NF),
from the network modifiers (NM).

The evolution of the system can be summarized in the following steps (Figure 9):

- From 0 to 4 wt% P»Os the glasses are homogeneous (scheme 0). The T, signal becomes
less intense. There is a slight depolymerization related to the diminution of SiO; and no
gain in polymerization due to the formation of phosphate chains.

- 4 <wt% P,0s < 6 is the beginning of channel formation (scheme 1). Around 6 wt% the
nucleation probably starts (scheme 2), hence at 8 wt% P>Os the immiscibility can be
observed in SEM although it is still XRD-amorphous. The presence of an amorphous
phosphate phase decreases the overall viscosity.

- > 8 wt% the combination of immiscibility and nucleation results in increasingly
pervasive nanocrystallization and growth in the phosphate phase (scheme 3-4). The
formation of a glass-ceramic increases the viscosity of the melt. Crystallization
improves microhardness and leachability compared to a scenario where the material
stayed in glassy form. For instance, from the extrapolation of the trend of the decrease
of microhardness at low P contents (Figure 8), the value of 5.40 GPa at 32 wt% P»Os

would be reached at 13.08 wt% P,O:s if crystallization had not occurred.
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Figure 9. Scheme of the incorporation of phosphorus to the glass structure: from a

homogeneous glass to a glass-ceramics.

The bulk compositions of the P-doped glasses and glass-ceramics lie in the
metaluminous range ([CaO] + [NayO] + [K20] > [ALOs] > [Na,O] + [K20]). P3* can form
strong complexes due to its high field strength. Once formed, these complexes reside outside the
silicate network. Divalent cations, in this case Ca®", Mg?', Fe** and Mn*', form stable
complexes with P according to reaction (Ryerson and Hess, 1980):

2Mg-0O-Si + P-O-P 5 2Mg-O-P + Si-O-Si

This reaction causes a polymerization of the network that enhances the separation of the
aluminosilicate spheres (the NF-rich region of the MRN model) and decreases the activities of
the NM due to the complexation with P (Gan and Hess, 1992). In the network modifier-rich
region, the NM-phosphate groups are more extensive and may be acting as a precursor to the
crystallization of stanfieldite that hosts all the main divalent cations in its structure
Cas(Mg,Fe?",Mn)s(PO4)s.

The polymerization of the network progresses even further in the aluminosilicate region
of sample B32P (around 80 mol% SiO,, 11 mol% ALOs and 5 mol% P,Os) according to the
reaction described by Gan and Hess for the solubilization of P in peraluminous melts of the
ALO; — Si0O; — K>O — P»,Os system:

2Al1-0-Si + P-O-P 5 2A1-O-P + Si-O-Si
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where P reacts with excess Al to form AIPOs4 species, furthering the polymerization of the
silicate network by creating silica-rich clusters (Gan and Hess, 1992). This high polymerization
degree enables the spheres to stay amorphous. Although AIPO, units are electrically neutral,
excess Al needs to be charge-balanced as there is a lack of alkali and alkaline-carth elements.
This could be achieved by the formation of five- or six-fold coordinated Al (Neuville et al.,
2006). An attempt to verify this affirmation by electron energy loss spectroscopy in the TEM
equipment has been unsuccessful due to the insufficient concentration of Al.

Although it has not been possible to obtain direct evidence of this fact, the boost in
viscosity would be consistent with unmixing beginning in the liquid state. The arrangement has
to be either very fast to happen during the few seconds that the melt is effectively flowing or
already present in the melt, which is consistent with sample B32P having the highest T, and

viscosity. P,Os

5. Conclusions

Basaltic liquids accept a certain amount of phosphorus, showing potential for the use of
sewage sludge as a raw material in the production of glass. The immiscibility between an
aluminosilicate and a Ca-Mg-Fe phosphate phase is the limit of single glass formation. After the
separation, the phosphate phase will crystallize thus giving glass-ceramics that are capable of
hosting and stabilizing large amounts of P.

The rheological behavior of the P-doped basaltic melts is controlled by the nucleation
of magnetite and stanfieldite during the melting and the quenching processes. Subsequent
growth of these nuclei increases the temperatures at which the viscosity of the melt reaches the
forming and glass conditioning ranges (viscosities from 10 to 10> Pa-s).

The devitrification caused by thermal treatments is constrained by the liquid-liquid
immiscibility. At low P contents the glass will crystallize into magnetite and either pyroxene or
rhonite. This association stands out because of the possibility that further inertization could be
achieved by means of a glass-ceramic process — due to the ability of inosilicates and spinel-like
phases (magnetite) to host potentially toxic elements such as Cr or Ba. At high P contents the
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separation forces the crystallization of the phosphate rich phase into stanfieldite, whereas the
silica rich phase mainly stays amorphous due to both its high Si contents and the lack of
nucleating agents such as Fe or Ti.

The microhardness of the glasses is comparable to other petrurgic basaltic materials.
According to the leaching tests, the glasses can be considered inert because the cations are
bound in the structure of the glass especially at low P contents. The inertization of high amounts
of phosphorus is possible because crystallization of a phosphate phase/stanfieldite buffers the

loss of mechanical and chemical resistance typical of phosphate glasses.
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