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Vitrified metal finishing wastes
II. Thermal and structural characterisation
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Abstract

Waste filter cakes from two metal finishing operations were heat treated and vitrified. Substantial weight loss during heating was due to
emission of water, volatile sulphur-rich and chlorine-rich compounds, and the combustion of carbonaceous components. Estimations of COx,
SOx and HCl emissions were based on chemical analyses. Upon cooling from molten, one sample remained amorphous but all others partially
crystallised. Crystalline nature was dependent upon waste composition and the level of PO addition. Thermal stabilities of the waste forms
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ere good, but less so than MW, a borosilicate glass developed for its high temperature stability. Mössbauer and FTIR analyses show
hat iron environments in the different vitrified waste forms were very similar. Iron was present predominantly as Fe3+, although the exa
edox ratio varied slightly between waste forms. Iron in both redox states occupied distorted octahedral coordination polyhedra w
evels of site distortion. Phosphate networks in the vitreous materials were highly de-polymerised, consisting largely of (PO4)3− monome
nd (P2O7)2− dimer units. This explained the high chemical durability of these waste forms and their structural insensitivity to comp
hange, underlining their suitability as hosts for the immobilisation of toxic and nuclear wastes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Previously we discussed the treatment of filter cake sam-
les from two metal finishing operations in terms of the
hemical composition, density and chemical durability of
ried, sintered and vitrified waste forms[1]. The heat treated
astes and the vitrified wastes had high chemical durability
nd would be safe for landfill or, preferably, for re-use in
number of potential applications. Vitrification is an estab-

ished method for volume reduction and inertisation of solid
unicipal and industrial wastes[2], and vitrified wastes are
sed in an increasing number of applications, for example as
lass fibres[3–5]. The two metal finishing wastes we have
tudied consisted largely of zinc, iron and phosphorus com-
ounds, their exact makeup varying with waste source[1].

∗ Corresponding author. Tel.: +44 114 2225473; fax: +44 114 2225943.
E-mail address:p.a.bingham@sheffield.ac.uk (P.A. Bingham).

Oxide glasses based on these three components typicall
good chemical durabilities, low melting temperatures,
coefficients of thermal expansion and high waste-loadin
pabilities. They have therefore attracted attention as pote
host matrices for the immobilisation of certain nuclear wa
[4,6–9]. Although the strengthening of environmental legi
tion in recent years encourages consideration of vitrifica
as a method of waste immobilisation, said legislation
places strict emissions limits on the high temperature
cessing of waste. Hence emissions of CO2, NOx, SOx, HCl
and particulates are tightly controlled for processes invol
the vitrification or incineration of wastes[10].

2. Experimental procedure

Filter cake samples were taken from two metal fin
ing operations, and were named waste B and waste P
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Table 1
Summary of normalised material compositions by EDS, ICP-OES and Leco analyses in weight %

Component Analysis
technique

Sample B-1 Sample B-2 Sample B-3 Sample B-4 Sample P-1 Sample P-2 Sample P-3 Sample P-4

Dried, 18 h,
120◦C

Heated, 1 h,
1000◦C

Vitrified,
1 h, 1100◦C

Vitrified,
1 h, 1100◦C

Dried, 18 h,
120◦C

Heated, 1 h,
1000◦C

Vitrified,
1 h, 1100◦C

Vitrified,
1 h, 1100◦C

H2O L.o.d. 22.7 – – – 44.3 – – –
C Leco 5.9 – – – 4.2 – – –

Na2O ICP-OES 2.0 2.0a 1.2a 1.0a 4.9 4.9a 4.4a 3.9a

MgO EDS 0.2 0 0 0 0 0 0 0
Al2O3 EDS 0.1 0 0.8 0.6 2.6 5.8 1.8 3.3
SiO2 EDS 1.3 1.4 1.1 1.2 0.5 0 0 0
P2O5 EDS 3.9 2.2 35.5 43.7 36.2 32.8 43.8 51.0
SO3 EDS (Leco) 1.4 0.9 0.3 (0.02) 0.4 (0.05) 0.8 0.2 (0.04) 0.4 (0.03) 0.4 (0.03)
Cl EDS 4.1 0 0 0 0 0 0 0
K2O EDS 0.2 0.2 0.1 0.2 0.8 0.8 0.7 0.6
CaO EDS 0.2 0.3 0.2 0.3 1.6 2.6 2.1 1.8
TiO2 EDS 0 0 0 0 0.6 0 0.5 0.4
Cr2O3 EDS 2.1 2.1 1.4 1.4 0 0 0 0
MnO EDS 0.3 0.8 0.5 0.4 2.3 2.9 2.2 2.3
Fe2O3 EDS 28.1 28.4 19.7 18.3 40.6 39.7 35.5 32.1
NiO EDS 0.3 0.3 0.3 0.2 0.8 1.5 1.0 0.9
ZnO EDS 55.8 61.5 39.0 32.6 8.3 8.8 7.7 6.5

The data given in the second row of header are treatments.
a Estimated percentages based on ICP-OES analyses of samples B-1 and P-1.

details of their compositional analyses and treatments were
given previously[1], and they have been summarised here
in Table 1. Analysis methods were energy-dispersive X-
ray spectroscopy (EDS), inductively-coupled plasma spec-
troscopy (ICP) and Leco induction furnace combustion anal-
ysis. Both wastes underwent a range of heat treatments:
drying at 120◦C (samples B-1 and P-1); heat treatment at
1000◦C (samples B-2 and P-2); or addition of two levels
of P2O5 precursor material with subsequent vitrification at
1100◦C (samples B-3, B-4, P-3 and P-4)[1].

X-ray diffraction (XRD) spectroscopy was carried out us-
ing a Philips PW1730/10 goniometer with Co K� radiation.
Spectra were measured at a rate of 0.1◦ 2θ/min between 10◦
and 80◦ 2θ.

Differential thermal analysis (DTA) was performed using
a Perkin-Elmer DTA 7. Powdered glass samples weighing
25 mg and with a particle size of <75�m were placed in
recrystallised Al2O3 sample cups and heated at 10◦C/min
from room temperature to 1200◦C.

Thermogravimetric analysis (TGA) was carried out using
a Perkin-Elmer Pyris 1. Powdered glass samples with a parti-
cle size of <75�m and weighing from 2 to 6 mg were placed
in recrystallised Al2O3 sample cups and heated from room
temperature to 1000◦C at 10◦C/min. Prior to measurement,
waste samples were dried at 120◦C for 18 h.

Mössbauer spectroscopy was carried out at room temper-
a
s pre-
p en-
s ed
i a-
t sing

�-Fe. Seven and eight broadened Lorentzian paramagnetic
doublets were fitted to the spectra obtained on samples P-
4 and B-4, respectively, using the Recoil analysis software
package[12].

Fourier-transform infrared (FTIR) spectroscopy was per-
formed using a Perkin-Elmer Spectrum 2000 spectrometer
with a fixed-angle specular reflectance unit at 16◦ incidence.
Kramers–Kronig transformations were carried out by soft-
ware. Background spectra were measured prior to each sam-
ple and all spectra were averaged over 20 measurements.
Spectra were measured between 400 cm−1 and 1400 cm−1 at
4 cm−1 resolution and 1 cm−1 data interval.

3. Results

3.1. X-ray diffraction (XRD)

Only one sample, P-4, produced an entirely amorphous
XRD spectrum, and partially amorphous samples B-3, B-4,
P-2 and P-3 exhibited some crystallisation on cooling. XRD
spectra measured for samples P-1 to P-4 are shown inFig. 1
and spectra for samples B-1 to B-4 inFig. 2. Established
crystal phases are detailed in each figure.

3.2. Thermogravimetric analysis (TGA)

ined
u
W or
b s ex-
h

ture using an in-house spectrometer with a 25 mCi57Co
ource embedded in a Rh matrix. The absorbers were
ared from ground glass mixed with graphite powder to
ure a M̈ossbauer thicknesst< 1[11]. Spectra were measur
n the velocity range−5 to +5 mm s−1 in constant acceler
ion mode. Calibration of the spectrometer was made u
Measured weight losses and derivatives thereof, obta
sing a 20-point moving average analysis, are shown inFig. 3.
eight losses up to 500◦C were approximately 15–20% f

oth wastes, and with similar rates of loss. Both sample
ibited particularly strong losses between 500◦C and 600◦C.
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Fig. 1. XRD spectra for samples P-1 to P-4.

Waste B continued to lose weight up to 1000◦C, whereas the
weight of waste P remained approximately constant above
650◦C. Total weight losses from the two wastes were 20%
from waste P and 27% from waste B.

3.3. Differential thermal analysis (DTA)

DTA investigated the crystallisation and melting be-
haviour of samples B-4, P-2, P-4 and MW over the tem-

Fig. 2. XRD spectra for samples B-1 to B-4.

perature range 20–1200◦C. Samples B-4 and P-4 were
the most amorphous materials produced from their respec-
tive wastes, hence they were selected for detailed analy-
sis. Sample P-2 was also studied since it formed a molten
liquid with no P2O5 addition and remained substantially
amorphous upon cooling. Glass MW was measured for
comparison as in[1]. Traces are shown inFig. 4. Sam-
ples B-4, P-2 and P-4 exhibited a small endothermic
peak at 460–510◦C, broad exothermic peaks in the range

tive cur
Fig. 3. TGA weight loss and deriva
 ves of dried waste samples B-1 and P-1.



132 P.A. Bingham et al. / Journal of Hazardous Materials B122 (2005) 129–138

Fig. 4. DTA traces of selected waste forms.

635–675◦C and a number of small peaks in the range
740–950◦C.

3.4. Fourier-transform infra-red (FTIR) reflectance
spectroscopy

FTIR reflectance spectra were collected on polished sec-
tions of each sample. Only sample P-4 was totally amorphous,
so spectra for the other samples may not have been fully
representative of each material. Direct comparisons between
samples were therefore made with caution.Fig. 5 shows
Kramers–Kronig corrected FTIR reflectance spectra which
were composed of a number of overlapping absorption bands
in the range 400–1400 cm−1. These spectra were consistent
with FTIR spectra for many other phosphate-based glasses
[4,6–8,13–31].

3.5. Mössbauer spectroscopy

Fitted Mössbauer spectra are shown inFig. 6, with ac-
companying parameters inTable 2. Six or eight Lorentzian
doublets have previously been fitted to Mössbauer spectra
for similar phosphate glasses[4,7,8,14,16,20]. Eight dou-
blets were fitted to the spectrum for sample B-4 and seven
to P-4. No statistical improvement was obtained in fitting
a here-
f pole
s ined
b each
fi

Fig. 5. FT-IR reflectance spectra.

calculated from the site populations; however, it was assumed
that the recoil-free fractions of Fe2+ and Fe3+ ions were un-
equal at room temperature in these materials. The redox ratio
Fe2+/

∑
Fe was calculated by assuming the Fe3+ recoil-free

T
M

Fe3+ (mm s−1) LW Fe2+ (mm s−1) LW Fe3+ (mm s−1) Fe2+/
∑

Fe (%)

P .80 0.16 0.15 11.2
B .81 0.16 0.15 18.4
n eighth doublet to the spectrum of sample P-4 and t
ore this was not done. The values of centre shift, quadru
plitting and linewidth for each valence state were obta
y taking a weighted average from the parameters of
tted doublet based on their area. The Fe2+/

∑
Fe ratio was

able 2
össbauer hyperfine parameters

CS Fe2+ (mm s−1) CS Fe3+ (mm s−1) QS Fe2+ (mm s−1) QS

-4 1.01 0.41 2.68 0
-4 1.02 0.43 2.67 0
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Fig. 6. Mössbauer spectra.

fraction was 1.30 times larger than that of Fe2+. This factor
was based on experimentally determined recoil-free fractions
from low temperature studies of iron in phosphate glasses
[32–35].

The combined error introduced by measurement and
fitting was estimated as±0.02 mm s−1 for centre shift,
quadrupole splitting and linewidth of both redox states. Er-
rors in the redox ratio were estimated at±1% Fe2+/

∑
Fe.

Centre shift (CS) is determined by the s-electron density at
the Fe nucleus and is therefore a measure of bond covalency
and the number and nature of ligands[36]. Quadrupole split-
ting (QS) is the interaction of the nuclear quadrupole moment
with the electric field gradient at the Fe nucleus. For high-
spin Fe3+ ions the electrons are spherically symmetrical, so
only distortions from cubic symmetry contribute to QS and
hence it is a direct measure of site distortion. Values of QS
(Fe2+) are larger than QS (Fe3+) owing to lack of symmetry
caused by the additional electron in Fe2+. Linewidth (LW)
is governed by variations in site parameters. It is therefore
a measure of the range of site distortions, as opposed to the
average site distortion which can be assessed from QS.

3.6. Atmospheric emissions by mass balance

Whilst direct emissions measurements were not made in
t itted
g re an
a

two wastes resulted in materials containing essentially zero
chloride and sulphate, and carbon combusted to form CO or
CO2 during treatment. Therefore we assumed that all of the
carbon, sulphur and chloride initially present in these wastes
were released to the atmosphere as CO, CO2, SO2 and HCl,
respectively. Simple calculations were then carried out using

W(y) = W(z) RMM

(
y

z

)
, (1)

whereW(y) is the weight of gaseous product (CO, CO2, SO2
or HCl) emitted,W(z) the weight of C, SO3 or Cl present in
the waste, and RMM(y/z) is the relative molecular mass of
the gaseous product/relative molecular mass of the precursor
in the waste. Using Eq.(1) and the data fromTable 1, we
estimated that atmospheric emissions resulting from forma-
tion of samples P-4 and B-4 from samples P-1 and B-1 would
result in the direct emission of the equivalent of 0–98 kg CO,
0–154 kg CO2, 6.4 kg SO2 and zero HCl from waste P, and
0–137 kg CO, 0–216 kg CO2, 11.2 kg SO2 and 42 kg HCl
from waste B per tonne of waste processed.

4. Discussion

Previously we concluded that waste P was more suitable
for direct vitrification than waste B due to its higher phos-
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ases based on chemical analyses of the materials befo
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hate content and preferable melting behaviour[1]. The TGA
urves and derivatives shown here inFig. 3 confirmed the
entler nature of waste P. Its total weight loss was sub

ially lower than waste B and almost all weight loss to
lace below 600◦C. Weight loss was approximately line

n the range 200–400◦C, and has widely been attributed
he evolution of H2O, CO and CO2 [37–39]. Weight losse
evelled off at 450–500◦C then increased again above 550◦C
or both samples. It appeared likely that this was due, at
n part, to further combustion of carbonaceous componen
ccurred during thermal treatment of electroplating slu
here combustion of the carbonaceous components pro
easurable levels of CO2 particularly above 500◦C, but no
O was detected at any temperature up to 1450◦C [40]. Al-

hough the electroplating waste originated from a diffe
rocess, its chemical composition and heat treatment c

ions were not greatly different from wastes B and P, and
lthough we have indicated the range of possible CO and2
missions above it is probable all the carbon in our wa
ould combust to form only CO2 and not CO and this
ssumed in the following discussion. However, further w
ould be required to confirm this assumption. Weight
an also occur at 500◦C due to decomposition of sulpha
41]. Sulphate contents of our wastes were below 1.5%
ulphate content of the heat treated wastes were much
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ssumed that the sulphur in both wastes occurred large

ron or zinc sulphates with the ratio between the two v
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ing with composition. The relatively sharp weight loss from
both samples at 500–600◦C may therefore be attributable to
a combination of sulphate decomposition[41] and CO2 lib-
eration[37]. Decomposition of Fe2(SO4)3 and FeSO4 takes
place at 500–600◦C, whereas decomposition of ZnSO4 oc-
curs at 700–900◦C [41]. Sample B-1 was richer in zinc than
P-1, so sulphate decomposition may have occurred over a
broader temperature range. This was commensurate with the
weight loss behaviour of sample B-1 above 500◦C, and its
continued weight loss at temperatures above 700◦C. Full con-
firmation of these hypotheses would require further studies.
Chloride evolution, presumably as HCl[1], also occurred dur-
ing heating of sample B-1, but no specific TGA peak could
be attributed to it. This may contribute to the weight loss
from sample B-1 at high temperatures. Phosphate loss during
heating was 1.5–3.5% P2O5. No specific TGA peak could be
attributed to P2O5 volatilisation and this probably occurred
gradually with increasing temperature.

Estimated atmospheric emissions during vitrification
showed considerable levels of CO2 and low levels of SO2, as
discussed in Section3.6. In addition the estimated emission
of over 40 kg of HCl per tonne of waste B may be of con-
cern. Evaluation of these emissions in the context of current
EU environmental legislation, as discussed in the integrated
pollution prevention and control guidance documents for the
incineration of waste[10] indicated that if they were treated
a urrent
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oped Zn2P2O7 and unidentified phase(s) during cooling. The
behaviour of both samples was consistent with phosphate-
deficient melts rich in zinc and iron. XRD also suggested the
presence of AlPO4 in samples B-3 and B-4 and it has been
included in the list of identified phases. However, on the ba-
sis of the low aluminium contents of these samples, this is
a tentative suggestion at best. Crystalline Zn2P2O7 was de-
veloped from glasses similar to these by heat treatment[16].
Visual inspection of samples B-3 and B-4 showed increas-
ing amorphous content with increasing P2O5 addition. This
was consistent with our previous conclusion that addition of
a slightly higher level of P2O5 than was made to form sample
B-4, should allow formation of a fully amorphous phosphate
glass from waste B[1].

The crystallisation behaviour of waste P exhibited an in-
teresting trend with increasing P2O5 addition. XRD showed
crystal phases in addition to an amorphous hump for samples
P-2 and P-3. These partially crystallised samples both con-
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s such, both wastes could be safely processed within c
tmospheric emissions limits. It is possible that abate

echnology may be required in dealing with HCl gener
rom waste B. Waste P, which was regarded as more
ble for vitrification[1] also produced substantially low
missions of CO2 and SO3, and zero HCl. If these wast
ould be used in the immobilisation of yet other wastes
ompositional changes which this would introduce may
ow immobilisation of higher levels of SO3, as occurred wit
ome phosphate glasses for nuclear waste[7,8]. As a resul
he atmospheric sulphate emissions would be even low

XRD results for the waste samples were discussed b
n a previous publication[1]. An additional phase, Zn2P2O7
as noted in samples B-3 and B-4, which had not previo
een identified. Sample B-1 contained a mixture of crysta
nFe2O4 and Fe3O4. A variety of hydrocarbon compoun
as also suggested by XRD spectra, but identification of
ific molecules was not possible because of line broade
hich can indicate poor crystallisation. However, a hig

evel of crystallinity was evidenced by XRD for sample
. This difference may be a result of waste P origina

rom a single process and waste B deriving from a num
f processes[1]. Heat treatment of sample B-1 to 1000◦C

o make sample B-2 developed a third identifiable ph
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rystallinity was greatly increased by this treatment, as
enced by XRD line narrowing. Addition of P2O5 to waste
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urability and allowing substantial levels of waste load
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igh level nuclear waste[43]. Since the chemical durabili
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nce of crystalline AlPO4 and Fe2O3 [1], the crystallisation o
lPO4 does not appear to cause the same order-of-magn
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imulated nuclear waste[44]. Partial crystallisation of thes
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DTA indicated that maximum crystallisation in waste
nd P samples occurred in the range 635–675◦C, with a se
ies of small peaks at 800–1000◦C due to melting of th
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crystalline phases. The DTA results confirmed visual ob-
servations that at the melting temperatures of 1000◦C or
1100◦C which were used, all samples were fully liquid with
no residual crystalline components. In general the behaviour
was consistent with that of other phosphate glasses rich
in iron [14,16,25,31]. The major DTA peak at 635–675◦C
may be due to the formation of ferrous/ferric pyrophosphate,
Fe3(P2O7)2 or Fe2+Fe3+

2(P2O7)2 [14,25], or to similarQ0,
Q1 andQ2 crystalline species (whereQ= number of bridg-
ing oxygens bonds per PO4 group)[28]. It may also be due
to the formation of FePO4, as occurred during heat treat-
ment of P2O5 Fe2O3 Na2O glasses in oxygen[45] and
P2O5 Fe2O3 glasses in argon[46]. In addition to the chemi-
cal composition, the Fe2+/

∑
Fe redox ratio can influence the

temperature at which crystallisation occurs[14,16,25,31,46],
and increasing the Fe2+/

∑
Fe ratio can reduce crystalli-

sation temperature[46]. It is therefore important, in order
to optimise high temperature glass stability, to have a low
Fe2+/

∑
Fe ratio. Iron in samples P-4 and B-4 was con-

firmed by Mössbauer spectroscopy to occur predominantly
as Fe3+ ions. However, these samples had different chem-
ical compositions, which affected crystallisation behaviour
more strongly than the relatively small differences in re-
dox ratio. There was some evidence of very weak exother-
mic DTA peaks in the region of 800◦C, as occurred with
some binary iron phosphate glasses[14,25,31]and a zinc-
i ted
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try in the crystalline regions[18]. However, band positions
did not change with crystallisation, and it was suggested that
the sample had retained its local structure in terms of con-
tributing phosphate species[18]. It was therefore expected
that the FTIR spectra for each sample examined in this study,
except P-4, would have both amorphous and crystalline con-
tributions. For waste P samples, sample P-2 exhibited the
greatest visible levels of crystallinity, P-3 less and P-4 none,
and although FTIR band widths and intensities may have
changed, band wavenumbers did not shift substantially.Fig. 5
clearly shows band narrowing for the most crystalline sam-
ple, P-2. Absorption bands occurred for sample P-2 at 470,
545, 595, 650, 750, 950, 1020, 1060 and 1095 cm−1. A very
weak, broad absorption at∼1200–1300 cm−1 occurred in
P-3 and P-4. Broadening, caused by a wider distribution
of site parameters, made it difficult to fully interpret some
absorption bands in the more glassy samples P-3 and P-
4. Spectral deconvolution would be required for their full
assessment[13,23]. However, the presence of well-defined
bands in sample P-2 indicated their expected positions in
the other samples. Broad absorption bands were found at
∼1020 cm−1 and 1050–1150 cm−1 with the weak, broad
band at 1200–1300 cm−1 in spectra for samples B-3, B-4,
P-3 and P-4. Assessment of a wide range of IR spectra indi-
cated that as a general rule, the frequency of IR absorption
bands in phosphate glasses of similar composition to ours,
i ce
u
t P-4.
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o ferric pyrophosphate, Fe4(P2O7)3, the formation of which
as strongly dependent upon redox[14,25]. The presence o

hese weak peaks for samples B-4, P-2, and P-4 may ind
he formation of very small amounts of such phases, h
ver, the oxidised nature of the iron would have preve
heir formation at meaningful levels.

Values ofTg for samples B-4, P-2 and P-4 were c
istent with those obtained for similar phosphate gla
6,7,14,16,25]. Sample P-4 exhibitedTg ∼505◦C, a crys
allisation onset temperatureTx of ∼595◦C with maximum
rystallisation temperatureTc at∼650◦C, and a liquidus tem
eratureTliq of ∼930◦C. In order to evaluate the waste sa
les against a benchmark, the DTA trace of “MW”, a boro

cate glass detailed previously[1], was measured. ItsTg was
530◦C,Tc ∼695◦C andTliq ∼900◦C. The flat, featureles
ature of its DTA trace was indicative of very high therm
tability, whereas iron phosphate-type glasses have a g
endency to crystallise. The temperature differenceTx −Tg
s proportional to the glass-forming tendency which is it
roportional to the thermal stability of the glass[47]. Glass
W had the highest glass forming tendency of the s
les measured, withTx −Tg ≈ 120◦C, but the fully amor
hous sample P-4 also demonstrated good glass-formin
ency withTx −Tg ≈ 90◦C. The waste glasses also exhib
tronger exothermic and endothermic behaviour than
W, which is consistent with lower thermal stability.
Crystallised lead-iron phosphate glasses exhibited

ower infrared absorption bands than their fully vitre
ounterparts and this was attributed to higher local sym
r

ncreases with increasingQ-value, albeit with a dependen
pon the type of vibration[4,6,8,13–31]. This could explain

he change in the overall profile of spectra P-2 through
he peak maximum near 1100 cm−1 became broadened a
oved to higher frequencies with increasing P2O5 content
trengthening of the high frequency band at 1200–1250 c−1

nd a clear change in the character of the main pe
020–1150 cm−1 also occurred. The constituent peaks wi

his main peak have widely been attributed to various vi
ions ofQ0 (PO4)3−, Q1 (PO3)2− andQ2 (PO2)− groups
ith frequencies of vibration roughly occurring in the or
3 >Q2 >Q1 >Q0 through the range 1400–950 cm−1. Not all

iterature sources are in agreement, however, a general
oes appear to exist[4,6,8,13–31].

An absorption band at 1200–1300 cm−1 has been a
ributed by some to PO bonds inQ3 phosphate group
6,26]. Such bonds are known to exhibit a character
bsorption in the range 1250–1400 cm−1 [6,17–21,26,27],
owever, there are other sites which may also give ris
uch an absorption. Ding et al.[27] noted an overlap in ab
orption frequencies due toQ3 P O bonds andQ2 (PO2)−
roups. The PO bond is opened upon addition of suffici
e2O3, forming covalent PO Fe bonds[21,26]. In waste
and P samples this absorption band was very weak

as substantially masked by the tails of the stronger b
ccurring at lower wave numbers. However, the additio
2O5 to waste P samples appeared to strengthen the ab

ion at 1200–1300 cm−1, particularly for sample P-4, whe
change in the spectral gradient was visible. We sug

hat this may indicate the formation of moreQ2 and/orQ3
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units, and it is consistent with the other evidence for partial
re-polymerisation of these glasses. It also suggests that the
number of P O bonds was still low, even in the most poly-
merised samples. Karabulut et al.[20] carried out Q-value
site estimations for P2O5 FeO glasses, based on previous
work by Hoppe[48]. At 50 mol% FeO (∼37 wt.% Fe2O3) in
binary iron phosphate glasses, noQ3 sites of any type were
expected to exist, assuming Fe ions were in octahedral coor-
dination and coordinated only by terminal oxygens. This was
further evidence that for our spectra, the IR absorption band
near 1250 cm−1 was more likely to be attributable toQ2 sites
than toQ3 sites owing to the expected relative abundances of
these two types of site.

Two characteristic and well-defined FTIR absorption
bands occurred in all spectra at approximately 750 cm−1

and 950 cm−1. These are widely attributed to symmetric
and asymmetric stretching vibrations of the PO P bridges
[4,6,13–17,19,20,22,23,26–28,30]. However, there is some
disagreement on the issue: a band at 950 cm−1 has also
been attributed toQ0 (PO4)3− groups[7,25]. In our samples
the strengths of the two absorption bands at 750 cm−1 and
950 cm−1 increased proportionately to one another through-
out the series P-2 to P-4, i.e. with increasing P2O5 content
of the glass. It therefore seems more likely that these ab-
sorption bands originate from the same source, for exam-
ple if they are due to symmetric and asymmetric vibrations
o er of
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Comparison of the spectra for waste B with waste P sam-
ples indicated that they had very similar structures, how-
ever, some differences did exist. The absorption bands near
750 cm−1 and 950 cm−1 were weaker and less well-defined
for waste B samples, whereas the main band near 1100 cm−1

was broader. In particular the∼1020 cm−1 component of this
main band was stronger in the waste B samples. Using the
band assignments discussed previously, this indicated that
fewer P O P bonds were present but the phosphate groups
had a lower averageQ-value. The higher (ZnO + Fe2O3) con-
tent of waste B glasses would be expected to de-polymerise
the material more strongly, leading to increased numbers of
Q0 andQ1 groups. Like sample P-2, samples B-3 and B-
4 exhibited absorption bands at 545 cm−1, 595 cm−1 and
650 cm−1. Line narrowing due to crystallinity may have
played a role, however, similar effects occurred for a se-
ries of amorphous P2O5 Fe2O3 ZnO glasses with increas-
ing iron/zinc ratio at a fixed P2O5 content[16].

Chemical durability of ternary P2O5 Fe2O3 ZnO glasses
improves by four orders of magnitude as ZnO is replaced
by Fe2O3 [6,16]. The iron contents of vitrified wastes B
and P were therefore crucial to their high chemical dura-
bility. However, zinc phosphate glasses can have acceptable
chemical durability, higher than several other phosphate sys-
tems[49]. Zinc in vitrified wastes B and P would contribute
to the general depolymerisation of the phosphate network
[
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f P O P bonds. Assuming this is the case, the numb
O P bonds increased upon addition of 10 and 20 w

2O5. The absorption band at 1020 cm−1, clearly visible in
ll spectra even when it was surrounded by the large, b
eak near 1100 cm−1, appeared to decrease in strength w

ncreasing P2O5 content. If this band is due toQ0 (PO4)3−
roups as some have suggested[8,21,23,24,27], then it in-
icates an increase in the number of PO P bonds at th
xpense ofQ0 sites. It can therefore be argued that the r
f Q1 (P2O7)4− dimers toQ0 (PO4)3− monomers increas

hrough the sample series P-2 to P-4. The appearanc
road band near 1250 cm−1 may also indicate the presen
f moreQ2 (PO3)2− groups, so the monomer PO4 groups may
e replaced by a mixture of short-chain groups, for exam
imers and trimers.

Absorption bands in the range 400–600 cm−1 have bee
ttributed mainly to vibrations ofQ0 (PO4)3− groups

6,19,21,22]or Q1 (P2O7)4− dimers [14–16,24,25]which
verlap vibrations of FeO bonds and ZnO bonds. With th
ddition of P2O5 through samples P-2 to P-4, the strengt

he band at 515 cm−1 grew, whilst the bands at∼595 cm−1

nd∼650 cm−1 disappeared. This can be attributed to a c
ination of changes in the relative abundance ofQ0, Q1 and
2 species and line broadening due to decreasing leve
rystallinity. Overall these results strongly suggest tha
tructural units of the glasses consist ofQ0,Q1 andQ2 species
ut with few or noQ3 groups. Addition of P2O5 through se
ies P-2 to P-4 resulted in an increase in the averageQ-value.
hese glasses were composed largely ofQ0 (PO4)3− andQ1

PO3)2− groups, with someQ2 (PO2)− groups also presen
49,50]. Divalent cations such as Zn2+ and Ca2+ can form
onic crosslinks between the non-bridging oxygens in di
nt phosphate chains, improving chemical durability[49,50].
ecent results discussed by Tischendorf et al.[49] indicated
trongly that in highly depolymerised phosphate glasses
s our vitrified wastes, Zn2+ ions are 5- or 6-coordinated.

Room temperature fitted M̈ossbauer hyperfine paramet
ere consistent with those for glasses based on iron
hate[14,20], lead-iron phosphate[18], sodium-iron phos
hate[45], zinc-iron phosphate[16] and complex iron phos
hate glasses containing several cations[4,7,22]. Our fitted
arameters were in particularly good agreement with t

or surrogate waste-loaded multi-component iron phosp
lasses[7,8,22] compared with laboratory glasses conta

ng relatively few components. Values of CS and QS b
ndicated that Fe2+ and Fe3+ ions occupied distorted octah
ral sites. Linewidths indicated a range of site distortion
ould be expected in an amorphous material.
The majority of the more recent studies invo

ng Mössbauer spectroscopy of iron-containing p
hate glasses have assumed the recoil-free fractio
e2+ and Fe3+ ions were equal at room temperat

4,7–9,14,16,18,20,45]. However, specific M̈ossbauer stud
es on several different iron-containing phosphate gla
ave shown that this is not the case[32–35]. These studie

ound that recoil-free fraction for Fe3+ was 1.25–1.35 time
he recoil-free fraction for Fe2+ ions. As a result, a facto
f 1.30 was used in our work when estimating the redo

io from area ratios. Redox was moderately different for
wo samples studied by M̈ossbauer. Sample P-4 contain
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11.2% of total iron present as Fe2+ whereas sample B-4 was
more reduced, with 18.4% of the total iron as Fe2+. The fitted
Mössbauer parameters for Fe3+ ions, the predominant iron
species in these samples, were identical for both samples
within the limits of error. This indicated that iron plays an
identical role in these glass structures and exists in very simi-
lar environments, i.e. distorted octahedral sites with the same
range of distortions. Owing to the differences in composition
between the glasses, this was strong evidence for the struc-
tural insensitivity of these glasses to compositional change,
a property which makes iron phosphate based glasses partic-
ularly promising as hosts for the immobilisation of toxic and
nuclear wastes.

5. Conclusions

Atmospheric emissions of CO2 and SO3 during high tem-
perature processing of wastes were estimated to be below
legal limits for high volume processing, although HCl emis-
sion from waste B may be of concern. The decomposition
of iron and zinc sulphates and the emission of CO2 were
thought to be related to specific TGA peaks. Only one sam-
ple, P-4, was entirely amorphous; all others contained some
crystallinity. The formation of crystalline AlPO4 in waste
P samples was a sensitive indicator of phosphate deficiency
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