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Abstract

The crystallisation behaviour of an iron rich glass, obtained by recycling zinc hydrometallurgy waste, was investigated by FTIR spec-
troscopy. The transformations occurring in the glass subjected to different thermal cycles, i.e. liquid—liquid separation and crystallisation,
were investigated by FTIR, XRD and TEM. The asymmetrie@+Si stretching vibration wave-number, 1016<hin the FTIR spectrum of
the glass, increased with the heat treatment temperature and was related to the variation of the coefficient of thermal expansion and density of
the glass-ceramic. The magnetite and pyroxene crystalline phase peak, até3&amutilised for determining the degree of crystallisation
of the glass-ceramic by measuring the area of the peak as a function of the thermal treatment time; the results were compared with the same
evaluation carried out by density measurements.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Differential Thermal Analysis (DTA), X-Ray Diffractome-
try (XRD), Transmission Electron Microscopy (TEM). In all
The Fourier Transform Infrared Spectroscopy, FTIR, has these studies, shifts in the wave-number of the fundamen-
been widely applied to the interpretation of the structural tal vibrational modes in the FTIR spectra of glasses, were
modifications occurring in glasses when subjected to a ther-observed as a function of the heat treatment.
mal treatment> It has been showh? that the silica glass The FTIR spectrum of silica shows the most intense peak
structure varies with the heat treatment temperature and sevat about 1100 cmt, assigned to the asymmetric-8)}-Si
eral properties are affected by this variation. The shifting of stretching vibration; a peak at 800 cf assigned to the sym-
the Si-O-Si peak in the FTIR spectra, have been used to metric stretching vibration, and a peak at 470¢ntorre-
evaluate the changes in silica glass properties such as densponding to the asymmetric bending vibratfoh®
sity, reflective index, coefficient of thermal expansion, chem-  The band at 1100 crii, the mostintense in the FTIR spec-
ical durability and mechanical propertiéSlomozawa and  trum, has been extensively investigated. It has been correlated
coworker$-® applied the FTIR spectroscopy to aluminium-  with glass structure modification and changes in several phys-
borosilicate and sodium-silicate glass systems showing thatical properties of silica glasses. It has been shown that the
the peak shift appears to be a sensitive tool for detecting fundamental band position is correlated te-G+Si bond
the early stage of glass-in-glass phase separation induced bynglé-2 and that its shifting towards lower wave-number in-
heat treatment. Pernice et’shvestigated the crystallisation ~ dicates an higher energy level of the bofd8.Moreover,
of the potassium-niobium-silicate glasses by means of FTIR, the deformation of glass network caused by the presence of
metallic cations can be highlighted by the shifting of the
* Corresponding author. Tel.: +39 0862 434224; fax: +39 0862 434233, SHO-Si peak towards lower wave-number; the amount of
E-mail addresspelino@ing.univag.it (M. Pelino). the shift depends on the electronegativity of the catfolfs.
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In the present study, the FTIR spectroscopy has been ap-ion below 45.m was considered. A 2.5 mg were weighted,
plied to investigate the crystallisation process of iron rich mixed in agata mortar with 500 mg KBr, dried at 1ZDfor
glasses obtained by mixing jarosite, a zinc-hydrometallurgy 24 h and then shaped in a 13 mm diameter and 1.3 mm thick-
waste, in combination with granite scraps and glass ness circulartablet. The amorphous silica was dried at200
cullet>1? This glass system, when subjected to con- for 24 h. The spectra were collected in the 400-4000tm
trolled heat treatment, partially crystallises as pyroxene wave-numberrange; data-points were averaged over 64 scans
(CaOFe02Si0%y) and magnetite (Fe®Ge,O3). The mod- and obtained at an interval of 1.928ct The kinetic of
ifications of the glass structure have been investigated byphase transformation was investigated by isothermal treat-
recording the changes in wave-number and intensity in the ments carried out at 660 and 70D for different times. The
FTIR spectra as a function of heat treatment temperature andcheat treatment temperature range was decided on the basis of
time. DTA investigation, reported in a previous workjn which

bulk samples heat treated in air showed the glass transition
temperature at about 58C and the exothermic peak, cor-

2. Experimental responding to bulk crystallisation mechanism by evaluation
of the Avrami parameter, at temperatures above°TQ he
A glass with the following wt.% composition: S®2.9; degree of crystallisation was evaluated by density measure-

Al,0O3 4.1; FeO3 24.1; Ca0 5.2; MgO 1.8; ZnO 2.7; PbO ments by means of AccuPyc 1330 helium pycnometer. The
1.7; N3O 6.4; K0 1.1 was prepared by mixing jarosite, a €xperimental associated error was evaluated as 0.03%. The
hazardous industrial waste arising from the hydrometallurgy crystalline phases developed during the thermal treatment
of zinc, granite scraps and glass cullet. The melting was car-Were investigated by XRD using a Philips-1830 apparatus
ried out in a gas furnace at 1400, utilising mullite cru- and Cu kux radiation. Transmission Electron MinOSCOpy (a
cible. Details pertaining to the characterisation, preliminary Philips CM 200 operating at 200 keV + EDS) was employed
treatments of the raw materials and melting were discussedto investigate the crystalline phase formation. The samples
elsewherd3 Several 200 mnx 200 mmx 10 mm tiles were used in these studies were thermally treated at different tem-
obtained and one of them was cut to obtain suitable pieces forPeratures and then crushed, sieved, suspended in ethylic al-
the experimental investigations. The thermal behaviour of the cohol and deposited on a copper-carbon grid.

initial glass was investigated by Linseis mod L 81 Differen-

tial Thermal Analysis (DTA) using a bulk specimens of about

120 mg. The DTA traces were recorded in air at a heating rate 3. Results and discussion

of 10°/min. The parent glass was heat treated in isothermal

conditions in the range 630—80G for 2 h. The amorphous In Fig. 1, the FTIR spectrum of the amorphous silica is
silica, the parent glass and the heat treated samples were inteported. It shows the major peak, corresponding to the asym-
vestigated by Nicolet Nexus FTIR in transmission mode. The metric Si-O-Si stretching vibration, at 1108 crh. In Fig. 2,
samples were powdered in stainless steel ball mill; the frac- the FTIR spectra of the parent glass and the heat-treated sam-
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Fig. 1. FTIR spectrum of amorphous silica dried at 2GCfor 24 h.
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Fig. 2. FTIR spectra of the as quenched glass and 2 h isothermally heat-treated samples: (a) as quenched gla€s(¢hp680C, (d) 700°C and (e) 800C.

ples at different temperature are reported. The as quenchedjuenched glass and the one heat treated at®38s re-
glass shows the SD-Si stretching peak at 1016 crh, with ported by Griffths'* magnetite and pyroxene show overlap-

a shift of 92 cn® with respect to the amorphous silica, due ping peaks in this range of wave-number, thus this presence
to the presence of a large amount of metal cations in the glasshighlights one or both these crystalline phases. In previous
causing the deformation of the silica network. It can also be investigations, carried out by XRD technigtfel? the ra-
noted that all the heat-treated glasses show a peak shift totio between pyroxene and magnetite, for bulk samples heath
wards higher wave-number with respect to the as quenchedtreated at 740C for 30 min, resulted to be 3.5.

one, thus highlighting a lower degree of deformation of the  In order to understand the effect of a thermal treatment
silica network. This behaviour can be attributed to a crystalli- on the FTIR spectrum, two glass samples were heat treated
sation process, i.e. a depleting in metal cations of the resid-at 630 and 700C for 2 h, respectively. The 630 FTIR spec-
ual glass, or a structural rearrangement of the glass networktrum shows a positive shift of 10 cr (towards higher wave-
when crystallisation does not ocduMoreover, the spectra  numbers) with respect to the as quenched glass; the peak at
reported inFig. 2show a peak at 637—638 crhin the heat- 638 cn ! is not evident. The 700 spectrum shows a positive
treated samples which is not evident in the spectra of the asshift of 30 cnt! and the 638 cm! peak is clearly present.

Nz "

Fig. 3. TEM image of the 630C-2 h heat-treated glass (700knagnification).
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Fig. 4. TEM image of the 700C-2 h heat-treated glass (700knagnification).

TEM, XRD and density measurements were also carried outfor the 700 sample. These results can be explained by assum-
on both samples. Ifrigs. 3 and 4he TEM images of 630  ingthatat 630C a liquid-liquid separation takes place in the
and 700 samples are presented, respectively. The first pic-glassy phase, as highlighted by the TEM observation and by
ture shows two phases with particles uniform in dimensions the 10 cnt? shift of the SFO-Si FTIR peak. At 700C, the

and distribution, while in the second picture the particles are crystallisation process is evident, as indicated by the presence
non-uniform in dimensions and distribution with clear and of the 638 cn! peak in the FTIR spectrum and is responsible
sharp borders. IfFig. 5 the XRD spectra of the two sam-  for the 30 cnv? peak shift.

ples are reported. No relevant crystal phases are noticeable In Fig. 6 the asymmetric stretching -SD—Si wave-

in the 630 sample; the 700 sample shows the peaks relativenumber, the density and the coefficient of thermal expan-
to magnetite, and pyroxene with a degree of crystallisation of sion of the samples, are reported together. The three curves
nearly 50%. The density measurements resulted to be 2.87Xhow a similar trend highlighting that a good correlation is
+ 0.001 g/crd for the 630 sample, i.e. practically identicalto  obtainable between the modifications in the FTIR spectrum

the density of the as quenched glass, and 328001 g/crd and the properties of high iron content glasses. In order to
a) 630°C-2h
b) 700°C-2h
b)
a)
0 10 20 30 40 50 60 70 80
26

Fig. 5. XRD spectra of: (a) 630 and (b) 700C-2 h heat-treated samples.
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Fig. 6. FTIR Si-O—Si major peak wave-number, coefficient of thermal expansion and density vs. heat treatment temperature of the glass.

investigate the kinetic of crystallisation of the glass, samples treated at 660C constant temperature for different times are
were heat treated at 660 and 7@ constant temperature  reported in the wave-number range of pyroxene/magnetite.
for times ranging between 30 and 600 min; the FTIR spectra The kinetic of crystallisation was, therefore, investigated by
were then recorded. The kinetic of phase transformation wasmeasuring the magnetite/pyroxene peak area in the FTIR
investigated by evaluating the shift of the-8Si peakasa  spectra. The degree of crystallisation was evaluated by the
function of thermal treatment time at 660 and 7@) respec- following equation:

tively. The results are depicted ifig. 7and do not present a A

coherent relationship between the shift of the@i-Si peak X=-"1
and the duration of the thermal treatment. A similar results Amax
were obtained by other authors for different glass systems. whereA, is the peak area at heat treatment tite@d Amax

On the other hand it was observed that the intensity and theis the maximum peak area. It was demonstrated in previous
area of the magnetite/pyroxene peaks at 638cohanges  studied®that, for high iron content glasses, the density varia-
as a function of the heat treatment time. This behaviour is tion can be employed to evaluate the degree of crystallisation;
evident inFig. 8where the FTIR spectra of the samples heat the following equation was used:
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Fig. 7. FTIR Si-O—Si major peak wave-number of the glass samples heat treated @€ §f8shed line) and 70 (solid line) as a function of time.
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Fig. 8. Peaks at wave-number 638 chfpyroxene and magnetite range) of glass samples heat treated’a &6 time of: (a) 30 min, (b) 60 min, (c) 90 min,

(d) 120 min and (e) 600 min.
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Fig. 9. Degree of crystallisation calculated by peak area at 638 @nd density measurements.
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wherep;, is the density after treatment at a specific tempera-
ture for atime, pg is the density of parent glass apgax the
maximum density. ITable 1, the area of the 638 cn peak,

Table 1
Area of the 638 cm! peak,A,, density,p;, and degree of crystallisation,
X(A) andX(p) calculated by the two methods

Time (min) A pr (glcn?) X(A) X(p)
0 0.00 2.872+ 0.001 0.00 0.00
30 0.00 2.885¢ 0.001 0.00 0.04
60 0.34+ 0.05 2.940+ 0.001 0.20 0.21
90 0.72+ 0.05 3.008 0.001 0.42 0.40
170 1.07+ 0.05 3.065+ 0.001 0.62 0.56
600 1.23+ 0.05 3.106+ 0.001 0.71 0.67

the density of the samples and the degree of crystallisation
calculated by the two methods are reported as a function of
the thermal treatment time. The experimental error associ-
ated to the peak measurement was evaluateti(a85. The
maximum areaAmax resulted to be 1.7% 0.05 and the
maximum densitypmax, 3.233+ 0.001. The degree of crys-
tallisation data, calculated ygs. (1) and (2)are depicted

in Fig. 9, showing a very good agreement between the two
methods.

4. Conclusions

The FTIR spectroscopy was successfully applied to in-
vestigate the crystallisation process in iron rich glasses.
Compared to the as quenched glass, th€>SiSi asymmet-
ric stretching vibration was shifted towards higher wave-
numbers as a function of the heat treatment temperature.
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This behaviour was attributed to liquid—liquid separation
and metal cations depleting in the residual glassy phase due
to the precipitation of magnetite and pyroxene. Moreover,
the shifting of the peak was related to the variation of the
coefficient of thermal expansion and density of the glass-
ceramic.

The magnetite and pyroxene crystalline phase peak, at

638cnt!, was utilised for determining the degree of crys-
tallisation of the glass-ceramic by measuring the area of the
peak as a function of the thermal treatment time. The results
were comparable with the same evaluation carried out by
density measurements.
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