Journal of
Hazardous

Materials

www.elsevier.com/locate/jhazmat

ot G
ELSEVIER Journal of Hazardous Materials B122 (2005) 129-138

Vitrified metal finishing wastes
[I. 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 CO
SO, and HCI 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 lex@} afiBlition. Thermal stabilities of the waste forms
were good, but less so than MW, a borosilicate glass developed for its high temperature stab#gpalr and FTIR analyses showed
that iron environments in the different vitrified waste forms were very similar. Iron was present predominantly, adtifeugh the exact
redox ratio varied slightly between waste forms. Iron in both redox states occupied distorted octahedral coordination polyhedra with similar
levels of site distortion. Phosphate networks in the vitreous materials were highly de-polymerised, consisting largejy? oiniB@mer
and (RBOy)?~ dimer units. This explained the high chemical durability of these waste forms and their structural insensitivity to compositional
change, underlining their suitability as hosts for the immobilisation of toxic and nuclear wastes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Oxide glasses based on these three components typically have
good chemical durabilities, low melting temperatures, low
Previously we discussed the treatment of filter cake sam- coefficients of thermal expansion and high waste-loading ca-
ples from two metal finishing operations in terms of the pabilities. They have therefore attracted attention as potential
chemical composition, density and chemical durability of host matrices for the immobilisation of certain nuclear wastes
dried, sintered and vitrified waste forffi§. The heat treated  [4,6-9] Although the strengthening of environmental legisla-
wastes and the vitrified wastes had high chemical durability tion in recent years encourages consideration of vitrification
and would be safe for landfill or, preferably, for re-use in as a method of waste immobilisation, said legislation also
a number of potential applications. Vitrification is an estab- places strict emissions limits on the high temperature pro-
lished method for volume reduction and inertisation of solid cessing of waste. Hence emissions of CNOy, SO, HCI
municipal and industrial wastg2], and vitrified wastes are  and particulates are tightly controlled for processes involving
used in an increasing number of applications, for example asthe vitrification or incineration of wastg0].
glass fibred3-5]. The two metal finishing wastes we have
studied consisted largely of zinc, iron and phosphorus com-
pounds, their exact makeup varying with waste solit¢e 2. Experimental procedure

* Corresponding author. Tel.: +44 114 2225473; fax: +44 114 2225043, Filter cake samples were taken from two metal finish-
E-mail addressp.a.bingham@sheffield.ac.uk (P.A. Bingham). ing operations, and were named waste B and waste P. Full
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Table 1
Summary of normalised material compositions by EDS, ICP-OES and Leco analyses in weight %

Component  Analysis Sample B-1  SampleB-2  Sample B-3 ~ Sample B-4  Sample P-1 Sample P-2 Sample P-3 Sample P-4

technique
Dried, 18, Heated, 1h, Vitrified, Vitrified, Dried, 18h, Heated, 1h, Vitrified, Vitrified,
120°C 1000°C 1h,1100C 1h,1100C 120°C 1000°C 1h,1100C 1h,1100C
H,O L.o.d. 227 - - - 443 - — -
C Leco 59 - - - 42 - - -
Na,O ICP-OES 2 202 122 1.0% 4.9 492 4.48 3.98
MgO EDS 02 0 0 0 0 0 0 0
Al,03 EDS Q1 0 08 0.6 26 5.8 18 33
SiO EDS 13 14 11 12 05 0 0 0
P,05 EDS 39 22 355 437 362 328 438 510
SOs EDS (Leco) 14 09 0.3(0.02) 04 (0.05) 08 0.2 (0.04) 04 (0.03) 04 (0.03)
Cl EDS 41 0 0 0 0 0 0 0
K20 EDS Q02 0.2 01 0.2 0.8 0.8 0.7 0.6
CaO EDS @ 0.3 0.2 0.3 16 26 21 18
TiO, EDS 0 0 0 0 (03] 0 05 04
Cr,03 EDS 21 21 14 14 0 0 0 0
MnO EDS Q03 0.8 05 04 23 29 22 23
Fe,O3 EDS 281 284 197 183 406 397 355 321
NiO EDS Q3 0.3 0.3 0.2 0.8 15 10 0.9
ZnO EDS 558 615 390 326 83 88 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 werea-Fe. Seven and eight broadened Lorentzian paramagnetic
given previously[1], and they have been summarised here doublets were fitted to the spectra obtained on samples P-
in Table 1 Analysis methods were energy-dispersive X- 4 and B-4, respectively, using the Recoil analysis software
ray spectroscopy (EDS), inductively-coupled plasma spec- packagg12].
troscopy (ICP) and Leco induction furnace combustion anal-  Fourier-transform infrared (FTIR) spectroscopy was per-
ysis. Both wastes underwent a range of heat treatments:formed using a Perkin-Elmer Spectrum 2000 spectrometer
drying at 120°C (samples B-1 and P-1); heat treatment at with a fixed-angle specular reflectance unit &t itgidence.
1000°C (samples B-2 and P-2); or addition of two levels Kramers—Kronig transformations were carried out by soft-
of P,Os precursor material with subsequent vitrification at ware. Background spectra were measured prior to each sam-
1100°C (samples B-3, B-4, P-3 and P{4]. ple and all spectra were averaged over 20 measurements.
X-ray diffraction (XRD) spectroscopy was carried out us- Spectra were measured between 400tand 1400 cm? at
ing a Philips PW1730/10 goniometer with CaxKadiation. 4 cm 1 resolution and 1 cmt data interval.
Spectra were measured at a rate of @4/min between 10
and 80 26.
Differential thermal analysis (DTA) was performed using 3. Results
a Perkin-Elmer DTA 7. Powdered glass samples weighing
25mg and with a particle size of <n were placed in  3.1. X-ray diffraction (XRD)
recrystallised AlO3 sample cups and heated at°T@min
from room temperature to 120C. Only one sample, P-4, produced an entirely amorphous
Thermogravimetric analysis (TGA) was carried out using XRD spectrum, and partially amorphous samples B-3, B-4,
a Perkin-Elmer Pyris 1. Powdered glass samples with a parti-P-2 and P-3 exhibited some crystallisation on cooling. XRD
cle size of <75u.m and weighing from 2 to 6 mg were placed spectra measured for samples P-1 to P-4 are showigirl
in recrystallised AdO3 sample cups and heated from room and spectra for samples B-1 to B-4 kig. 2 Established
temperature to 1000 at 10°C/min. Prior to measurement, crystal phases are detailed in each figure.
waste samples were dried at TZDfor 18 h.
Mossbauer spectroscopy was carried out at room temper-3.2. Thermogravimetric analysis (TGA)
ature using an in-house spectrometer with a 25 RICio
source embedded in a Rh matrix. The absorbers were pre- Measured weight losses and derivatives thereof, obtained
pared from ground glass mixed with graphite powder to en- using a 20-point moving average analysis, are showigrB.
sure a Myssbauer thickness 1[11]. Spectrawere measured  Weight losses up to 50@ were approximately 15-20% for
in the velocity range-5 to +5 mm st in constant accelera-  both wastes, and with similar rates of loss. Both samples ex-
tion mode. Calibration of the spectrometer was made using hibited particularly strong losses between 3@tand 600C.
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Fig. 1. XRD spectra for samples P-1 to P-4. Fig. 2. XRD spectra for samples B-1 to B-4.

Waste B continued to lose weight up to 10@) whereasthe  perature range 20-120C. Samples B-4 and P-4 were
weight of waste P remained approximately constant abovethe most amorphous materials produced from their respec-
650°C. Total weight losses from the two wastes were 20% tive wastes, hence they were selected for detailed analy-

from waste P and 27% from waste B. sis. Sample P-2 was also studied since it formed a molten
liquid with no B.Os addition and remained substantially
3.3. Differential thermal analysis (DTA) amorphous upon cooling. Glass MW was measured for

comparison as irffl]. Traces are shown ifrig. 4 Sam-
DTA investigated the crystallisation and melting be- ples B-4, P-2 and P-4 exhibited a small endothermic
haviour of samples B-4, P-2, P-4 and MW over the tem- peak at 460-510C, broad exothermic peaks in the range
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Fig. 3. TGA weight loss and derivative curves of dried waste samples B-1 and P-1.
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Fig. 4. DTA traces of selected waste forms.
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3.4. Fourier-transform infra-red (FTIR) reflectance
spectroscopy

FTIR reflectance spectra were collected on polished sec- P
tions of each sample. Only sample P-4 was totally amorphous, ™ ]

F

so spectra for the other samples may not have been fully =
representative of each material. Direct comparisons between <
samples were therefore made with cautiéig. 5 shows § »ﬁ/\\\/
Kramers—Kronig corrected FTIR reflectance spectra which 8
were composed of a number of overlapping absorption bands §
<C

in the range 400—-1400 cth. These spectra were consistent
with FTIR spectra for many other phosphate-based glasses
[4,6-8,13-31]
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3.5. Massbauer spectroscopy 1 ~_]

Fitted Mossbauer spectra are shownFiy. 6, with ac-
companying parameters fable 2 Six or eight Lorentzian g
doublets have previously been fitted tab8bauer spectra
for similar phosphate glassé4,7,8,14,16,2Q] Eight dou-
blets were fitted to the spectrum for sample B-4 and seven
to P-4. No statistical improvement was obtained in fitting
an eighth doublet to the spectrum of sample P-4 and there-
fore this was not done. The values of centre shift, quadrupole calculated from the site populations; however, it was assumed
splitting and linewidth for each valence state were obtained that the recoil-free fractions of Feand F€* ions were un-
by taking a weighted average from the parameters of eachequal at room temperature in these materials. The redox ratio
fitted doublet based on their area. ThéFeY_ Fe ratio was Fet/ 3" Fe was calculated by assuming théFeecoil-free

SGua.

Fig. 5. FT-IR reflectance spectra.

Table 2
Maossbauer hyperfine parameters

CSF&*(mms?t) CSFé" (mms?l) QSFé"'(mms?) QSFE"(mms?l) LWF (mms?t) LWFe* (mms?) Fet/Y Fe (%)

P-4 1.01 0.41 2.68 0.80 0.16 0.15 11.2
B-4 1.02 0.43 2.67 0.81 0.16 0.15 18.4
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two wastes resulted in materials containing essentially zero
chloride and sulphate, and carbon combusted to form CO or
CO, during treatment. Therefore we assumed that all of the
carbon, sulphur and chloride initially present in these wastes
were released to the atmosphere as COp,30, and HCI,

respectively. Simple calculations were then carried out using

1

Absorption (%)

W) = W RMM (), o)

2

whereW(y) is the weight of gaseous product (CO, £80O,

or HCI) emitted W(2) the weight of C, S@or Cl presentin

the waste, and RMM(2) is the relative molecular mass of
the gaseous product/relative molecular mass of the precursor
in the waste. Using Eq1) and the data fronTable 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,
0-154kg CQ, 6.4kg SQ and zero HCI from waste P, and
0-137kg CO, 0-216kg CQ 11.2kg SQ and 42 kg HCI
from waste B per tonne of waste processed.

4 2

Absorption (%)

6

4. Discussion

Previously we concluded that waste P was more suitable
for direct vitrification than waste B due to its higher phos-
phate content and preferable melting behaviguirthe TGA

) . ) curves and derivatives shown hereRig. 3 confirmed the
fraction was 1.30 times larger than that of FeThis factor  gentler nature of waste P. Its total weight loss was substan-
was based on experimentally determined recoil-free fractionstjgly |ower than waste B and almost all weight loss took

from low temperature studies of iron in phosphate glassespjace below 600C. Weight loss was approximately linear

Fig. 6. Mbssbauer spectra.

[32-35} in the range 200-40(C, and has widely been attributed to
The combined error introduced by measurement and the eyolution of HO, CO and CQ [37—39] Weight losses
fittihg was estimated as-0.02mms™ for centre shift,  |evelled off at 450-500C then increased again above 580
quadrupole splitting and linewidth of both redox states. Er- for hoth samples. It appeared likely that this was due, at least
rors in the redox ratio were estimated-at% Fét/ > Fe. in part, to further combustion of carbonaceous components as

Centre shift (CS) is determined by the s-electron density at gccyrred during thermal treatment of electroplating sludge,
the Fe nucleus and is therefore a measure of bond covalencyyhere combustion of the carbonaceous components produced
and the number and nature of ligarid6]. Quadrupole split-  measurable levels of GQparticularly above 500C, but no
ting (QS) is the interaction of the nuclear quadrupole moment co was detected at any temperature up to PA5RI0]. Al-
with the electric field gradient at the Fe nucleus. For high- though the electroplating waste originated from a different
spin F&* ions the electrons are spherically symmetrical, SO process, its chemical composition and heat treatment condi-
only distortions from cubic symmetry contribute to QS and tjons were not greatly different from wastes B and P, and thus
hence it is a direct measure of site distortion. Values of QS although we have indicated the range of possible CO and CO
(F&*) are larger than QS (P#) owing to lack of symmetry  emissions above it is probable all the carbon in our wastes
caused by the additional electron inteLinewidth (LW) would combust to form only C®and not CO and this is
is governed by variations in site parameters. It is therefore 3ssymed in the following discussion. However, further work
a measure of the range of site distortions, as opposed to th&you|d be required to confirm this assumption. Weight loss
average site distortion which can be assessed from QS. can also occur at 50@ due to decomposition of sulphates
[41]. Sulphate contents of our wastes were below 1.5%, but
3.6. Atmospheric emissions by mass balance sulphate content of the heat treated wastes were much lower
than this. As shown ifTable 1 approximately half the sul-
Whilst direct emissions measurements were not made inphate was driven off from waste B and almost all sulphate
this study, it was possible to estimate the levels of emitted was evolved from waste P during heating to 1000 We
gases based on chemical analyses of the materials before andssumed that the sulphur in both wastes occurred largely as
after heat treatment, shown rable 1 Vitrification of the iron or zinc sulphates with the ratio between the two vary-
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ing with composition. The relatively sharp weight loss from oped ZrP,O7 and unidentified phase(s) during cooling. The
both samples at 500—-60C may therefore be attributable to  behaviour of both samples was consistent with phosphate-

a combination of sulphate decompositidi] and CQ lib- deficient melts rich in zinc and iron. XRD also suggested the
eration[37]. Decomposition of F{SOy)3 and FeSQ takes presence of AIP@in samples B-3 and B-4 and it has been
place at 500-600C, whereas decomposition of Zng0Oc- included in the list of identified phases. However, on the ba-

curs at 700-900C [41]. Sample B-1 was richer in zinc than  sis of the low aluminium contents of these samples, this is
P-1, so sulphate decomposition may have occurred over aa tentative suggestion at best. CrystallineZrO; was de-
broader temperature range. This was commensurate with theseloped from glasses similar to these by heat treatfidéit
weight loss behaviour of sample B-1 above 500 and its Visual inspection of samples B-3 and B-4 showed increas-
continued weightloss attemperatures aboveTQFull con- ing amorphous content with increasing® addition. This
firmation of these hypotheses would require further studies. was consistent with our previous conclusion that addition of
Chloride evolution, presumably as H[@], also occurreddur-  aslightly higher level of POs than was made to form sample
ing heating of sample B-1, but no specific TGA peak could B-4, should allow formation of a fully amorphous phosphate
be attributed to it. This may contribute to the weight loss glass from waste B1].
from sample B-1 at high temperatures. Phosphate loss during  The crystallisation behaviour of waste P exhibited an in-
heating was 1.5-3.5%Bs. No specific TGA peak could be  teresting trend with increasing®s addition. XRD showed
attributed to ROs volatilisation and this probably occurred crystal phases in addition to an amorphous hump for samples
gradually with increasing temperature. P-2 and P-3. These partially crystallised samples both con-
Estimated atmospheric emissions during Vvitrification tained phases which we have attributed to a form of AJPO
showed considerable levels of @@nd low levels of S@, as The XRD spectrum for sample P-2 suggested the presence of
discussed in SectioB.6. In addition the estimated emission FeO3. Addition of 10 wt.% BOs to sample P-2 to form sam-
of over 40 kg of HCI per tonne of waste B may be of con- ple P-3 resulted in the disappearance of thgdzephase and
cern. Evaluation of these emissions in the context of currentthe occurrence of FeR(plus an unidentified phase. Sam-
EU environmental legislation, as discussed in the integratedple P-4 was entirely amorphous. The presence of AIPO
pollution prevention and control guidance documents for the in samples P-2 and P-3 was interesting, since this material
incineration of wast§10] indicated that if they were treated contained relatively little AIO3. However, the most easily
as such, both wastes could be safely processed within currentrystallised phases, which formed when there was only a
atmospheric emissions limits. It is possible that abatementslight deficiency in phosphate, were FeRandd AIPQ,. With
technology may be required in dealing with HCI generated a further decrease in phosphate content, the AlR@ained
from waste B. Waste P, which was regarded as more suit-whilst the FePQ was replaced by F©s3. Therefore AIPQ
able for vitrification[1] also produced substantially lower formed when there was only a minor deficiency in phosphate
emissions of C@ and SQ@, and zero HCI. If these wastes but remained stable with further decreases in phosphate con-
could be used in the immobilisation of yet other wastes, the tent. Clearly AIPQ formation is a sensitive indicator of the
compositional changes which this would introduce may al- onset of phosphate deficiency in these glasses. Crystalline
low immobilisation of higher levels of S§)as occurred with  AIPO4 has a structure and melting temperature analogous
some phosphate glasses for nuclear wgs®#]. As a result to some crystalline forms of S Unlike iron phosphates,
the atmospheric sulphate emissions would be even lower. which have a wide glass formation region, aluminium phos-
XRD results for the waste samples were discussed briefly phates only form stable glasses over a narrow rgagg
in a previous publicatiofil]. An additional phase, z#>07 The addition of alkali oxides to aluminium phosphate in-
was noted in samples B-3 and B-4, which had not previously creases the tendency for glass formation and reduces melting
beenidentified. Sample B-1 contained a mixture of crystalline temperature, whilst maintaining an acceptably high chemical
ZnFe04 and FgOg4. A variety of hydrocarbon compounds  durability and allowing substantial levels of waste loading.
was also suggested by XRD spectra, but identification of spe-For example, POs—Al ,03—NapO glasses have successfully
cific molecules was not possible because of line broadening,been used in Russia for many years in the immobilisation of
which can indicate poor crystallisation. However, a higher high level nuclear wast@3]. Since the chemical durability
level of crystallinity was evidenced by XRD for sample P- of sample P-2 was very similar to that of P-4, despite the pres-
1. This difference may be a result of waste P originating ence of crystalline AIP@and FeOg3 [1], the crystallisation of
from a single process and waste B deriving from a number AIPO4 does not appear to cause the same order-of-magnitude
of processe$l]. Heat treatment of sample B-1 to 100D decreases in chemical durability which occurred with crys-
to make sample B-2 developed a third identifiable phase, tallisation of some iron phosphate waste forms containing
ZnO, combusted the hydrocarbons and evolved HCI. Samplesimulated nuclear wasfd4]. Partial crystallisation of these
crystallinity was greatly increased by this treatment, as evi- vitrified wastes was therefore not considered to be a barrier
denced by XRD line narrowing. Addition of;Ps to waste to their use as immobilisation medi].
B created samples B-3 and B-4, which formed molten lig- DTA indicated that maximum crystallisation in waste B
uids at 1100C. ZnoP,O7, FePQ and unidentified phase(s) and P samples occurred in the range 635-<&7ith a se-
formed during cooling of sample B-3. Sample B-4 devel- ries of small peaks at 800-1000 due to melting of the
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crystalline phases. The DTA results confirmed visual ob- try in the crystalline regiongl8]. However, band positions
servations that at the melting temperatures of IT@®r did not change with crystallisation, and it was suggested that
1100°C which were used, all samples were fully liquid with  the sample had retained its local structure in terms of con-
no residual crystalline components. In general the behaviourtributing phosphate speci¢$8]. It was therefore expected
was consistent with that of other phosphate glasses richthatthe FTIR spectra for each sample examined in this study,
in iron [14,16,25,31] The major DTA peak at 635-67& except P-4, would have both amorphous and crystalline con-
may be due to the formation of ferrous/ferric pyrophosphate, tributions. For waste P samples, sample P-2 exhibited the
Fe3(P20O7), or FE*Fe,(P,07)2 [14,25], or to similarQ®, greatest visible levels of crystallinity, P-3 less and P-4 none,
Q! andQ? crystalline species (whei® = number of bridg- and although FTIR band widths and intensities may have
ing oxygens bonds per R@roup)[28]. It may also be due  changed, band wavenumbers did not shift substantidy5
to the formation of FePg) as occurred during heat treat- clearly shows band narrowing for the most crystalline sam-
ment of BOs—Fe03—NaO glasses in oxygef5] and ple, P-2. Absorption bands occurred for sample P-2 at 470,
P,Os—Fe03 glasses in argof6]. In addition to the chemi- 545, 595, 650, 750, 950, 1020, 1060 and 1095t very
cal composition, the P& / 3 Feredox ratio caninfluencethe  weak, broad absorption at1200-1300 cm® occurred in
temperature at which crystallisation occ[#4,16,25,31,46] P-3 and P-4. Broadening, caused by a wider distribution
and increasing the F&/ Y Fe ratio can reduce crystalli-  of site parameters, made it difficult to fully interpret some
sation temperatur@46]. It is therefore important, in order  absorption bands in the more glassy samples P-3 and P-
to optimise high temperature glass stability, to have a low 4. Spectral deconvolution would be required for their full
Fet/ S Fe ratio. Iron in samples P-4 and B-4 was con- assessmeriil3,23] However, the presence of well-defined
firmed by Mdssbauer spectroscopy to occur predominantly bands in sample P-2 indicated their expected positions in
as F€* ions. However, these samples had different chem- the other samples. Broad absorption bands were found at
ical compositions, which affected crystallisation behaviour ~1020cnt! and 1050-1150cm* with the weak, broad
more strongly than the relatively small differences in re- band at 1200-1300 cnt in spectra for samples B-3, B-4,
dox ratio. There was some evidence of very weak exother- P-3 and P-4. Assessment of a wide range of IR spectra indi-
mic DTA peaks in the region of 80, as occurred with  cated that as a general rule, the frequency of IR absorption
some binary iron phosphate glas$&4,25,31]and a zinc- bands in phosphate glasses of similar composition to ours,
iron phosphate glag46]. These peaks had been attributed increases with increasin@-value, albeit with a dependence
to ferric pyrophosphate, EéP>,07)3, the formation of which upon the type of vibratiof4,6,8,13—-31] This could explain
was strongly dependent upon red@%,25] The presence of  the change in the overall profile of spectra P-2 through P-4.
these weak peaks for samples B-4, P-2, and P-4 may indicateThe peak maximum near 1100 cthbecame broadened and
the formation of very small amounts of such phases, how- moved to higher frequencies with increasingOg content.
ever, the oxidised nature of the iron would have prevented Strengthening of the high frequency band at 1200-1250'cm
their formation at meaningful levels. and a clear change in the character of the main peak at
Values of Tg for samples B-4, P-2 and P-4 were con- 1020-1150 cm! also occurred. The constituent peaks within
sistent with those obtained for similar phosphate glassesthis main peak have widely been attributed to various vibra-
[6,7,14,16,25] Sample P-4 exhibitedq ~505°C, a crys-  tions of Q¥ (POy)3~, Q! (PO3)?~ and Q? (POy)~ groups,
tallisation onset temperatuiig of ~595°C with maximum with frequencies of vibration roughly occurring in the order
crystallisation temperatufie at~650°C, and aliquidustem- Q3> Q?> Q!> QU through the range 1400-950 c Not all
peratureTiiq of ~930°C. In order to evaluate the waste sam- literature sources are in agreement, however, a general trend
ples against a benchmark, the DTA trace of “MW”, a borosil- does appear to exift,6,8,13—-31]
icate glass detailed previoudly], was measured. Iffy was An absorption band at 1200-1300thhas been at-
~530°C, T¢ ~695°C andTjiq ~900°C. The flat, featureless  tributed by some to O bonds inQ3 phosphate groups
nature of its DTA trace was indicative of very high thermal [6,26]. Such bonds are known to exhibit a characteristic
stability, whereas iron phosphate-type glasses have a greateabsorption in the range 1250-1400ch6,17-21,26,27]
tendency to crystallise. The temperature differefige- Tg however, there are other sites which may also give rise to
is proportional to the glass-forming tendency which is itself such an absorption. Ding et §27] noted an overlap in ab-
proportional to the thermal stability of the gldgs]. Glass sorption frequencies due ©° P=0O bonds and)? (PO,)~
MW had the highest glass forming tendency of the sam- groups. The RO bond is opened upon addition of sufficient
ples measured, witfly — Tg~ 120°C, but the fully amor- FeO3, forming covalent PO—-Fe bondg21,26] In waste
phous sample P-4 also demonstrated good glass-forming tenB and P samples this absorption band was very weak, and
dency withTy — Tg= 90°C. The waste glasses also exhibited was substantially masked by the tails of the stronger bands
stronger exothermic and endothermic behaviour than glassoccurring at lower wave numbers. However, the addition of
MW, which is consistent with lower thermal stability. P>Os to waste P samples appeared to strengthen the absorp-
Crystallised lead-iron phosphate glasses exhibited nar-tion at 1200-1300 cmt, particularly for sample P-4, where
rower infrared absorption bands than their fully vitreous a change in the spectral gradient was visible. We suggest
counterparts and this was attributed to higher local symme- that this may indicate the formation of mo@ and/orQ?
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units, and it is consistent with the other evidence for partial ~ Comparison of the spectra for waste B with waste P sam-
re-polymerisation of these glasses. It also suggests that theples indicated that they had very similar structures, how-
number of RO bonds was still low, even in the most poly- ever, some differences did exist. The absorption bands near
merised samples. Karabulut et [20] carried out Q-value ~ 750cnt! and 950 cm! were weaker and less well-defined
site estimations for fOs—FeO glasses, based on previous for waste B samples, whereas the main band near 1108 cm
work by Hoppg48]. At 50 mol% FeO {37 wt.% FeOz3) in was broader. In particular the1020 cnm 1 component of this
binary iron phosphate glasses, @8 sites of any type were  main band was stronger in the waste B samples. Using the
expected to exist, assuming Fe ions were in octahedral coorband assignments discussed previously, this indicated that
dination and coordinated only by terminal oxygens. This was fewer P-O—P bonds were present but the phosphate groups
further evidence that for our spectra, the IR absorption band had a lower averagg-value. The higher (ZnO + RL&3) con-
near 1250 cm! was more likely to be attributable @ sites tent of waste B glasses would be expected to de-polymerise
than toQ? sites owing to the expected relative abundances of the material more strongly, leading to increased numbers of
these two types of site. Q% and Q! groups. Like sample P-2, samples B-3 and B-
Two characteristic and well-defined FTIR absorption 4 exhibited absorption bands at 545thm595cnt! and
bands occurred in all spectra at approximately 750tm  650cnT!. Line narrowing due to crystallinity may have
and 950cm®. These are widely attributed to symmetric played a role, however, similar effects occurred for a se-
and asymmetric stretching vibrations of the@®-P bridges ries of amorphous s—Fe,03—Zn0 glasses with increas-
[4,6,13-17,19,20,22,23,26—-28,30owever, there is some ing iron/zinc ratio at a fixed 05 conten{16].
disagreement on the issue: a band at 950%mas also Chemical durability of ternary#0s—Fe,03—Zn0O glasses
been attributed tQ° (PO4)3~ groups[7,25]. In our samples  improves by four orders of magnitude as ZnO is replaced
the strengths of the two absorption bands at 750cand by FeOs [6,16]. The iron contents of vitrified wastes B
950 cnt ! increased proportionately to one another through- and P were therefore crucial to their high chemical dura-
out the series P-2 to P-4, i.e. with increasingoB content bility. However, zinc phosphate glasses can have acceptable
of the glass. It therefore seems more likely that these ab-chemical durability, higher than several other phosphate sys-
sorption bands originate from the same source, for exam-tems[49]. Zinc in vitrified wastes B and P would contribute
ple if they are due to symmetric and asymmetric vibrations to the general depolymerisation of the phosphate network
of P-O—P bonds. Assuming this is the case, the number of [49,50] Divalent cations such as Zhand C&* can form
P—O—P bonds increased upon addition of 10 and 20 wt.% ionic crosslinks between the non-bridging oxygens in differ-
P,Os. The absorption band at 1020 cf clearly visible in ent phosphate chains, improving chemical durabjig;50].
all spectra even when it was surrounded by the large, broadRecent results discussed by Tischendorf €ddl] indicated
peak near 1100 crd, appeared to decrease in strength with strongly that in highly depolymerised phosphate glasses such
increasing POs content. If this band is due 1@° (POy)3~ as our vitrified wastes, 2 ions are 5- or 6-coordinated.
groups as some have suggesfg@1,23,24,27]then it in- Room temperature fitted 86sbauer hyperfine parameters
dicates an increase in the number efJ>P bonds at the  were consistent with those for glasses based on iron phos-
expense of)0 sites. It can therefore be argued that the ratio phate[14,20], lead-iron phosphatf8], sodium-iron phos-
of Q! (P,O7)*~ dimers toQ® (POy)3~ monomers increases  phate[45], zinc-iron phosphatfl 6] and complex iron phos-
through the sample series P-2 to P-4. The appearance of ghate glasses containing several catiph$,22] Our fitted
broad band near 1250 cthmay also indicate the presence parameters were in particularly good agreement with those
of moreQ? (P0z)?~ groups, so the monomer R@roups may for surrogate waste-loaded multi-component iron phosphate
be replaced by a mixture of short-chain groups, for example glasseq7,8,22] compared with laboratory glasses contain-
dimers and trimers. ing relatively few components. Values of CS and QS both
Absorption bands in the range 400-600¢nhave been indicated that F& and F€* ions occupied distorted octahe-
attributed mainly to vibrations ofQ® (PQO4)%~ groups dral sites. Linewidths indicated a range of site distortions, as
[6,19,21,22]or Q! (P,0O7)*~ dimers[14—16,24,25]which would be expected in an amorphous material.

overlap vibrations of FeO bonds and ZrO bonds. With the The majority of the more recent studies involv-
addition of BOs through samples P-2 to P-4, the strength of ing Mdodssbauer spectroscopy of iron-containing phos-
the band at 515 crt grew, whilst the bands at595 cnrt phate glasses have assumed the recoil-free fractions of

and~650 cnt ! disappeared. This can be attributed to acom- F&* and Fé* ions were equal at room temperature
bination of changes in the relative abundanc@®fQ! and [4,7-9,14,16,18,20,45However, specific Mssbauer stud-

Q? species and line broadening due to decreasing levels ofies on several different iron-containing phosphate glasses
crystallinity. Overall these results strongly suggest that the have shown that this is not the cd82-35] These studies
structural units of the glasses consisf8f Q' andQ? species found that recoil-free fraction for Fé was 1.25-1.35 times
but with few or noQ? groups. Addition of POs through se- the recoil-free fraction for P& ions. As a result, a factor
ries P-2 to P-4 resulted in an increase in the ave€agalue. of 1.30 was used in our work when estimating the redox ra-
These glasses were composed largel@b{Ps)3~ andQ?! tio from area ratios. Redox was moderately different for the
(PO3)%~ groups, with som&? (PO)~ groups also present.  two samples studied by dsbauer. Sample P-4 contained
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11.2% of total iron present as #ewhereas sample B-4 was  [6] T. Jermoumi, M. Hafid, N. Niegisch, M. Mennig, A. Sabir, N. Toreis,
more reduced, with 18.4% of the total iron agEe he fitted ELCI’I"%';'G(SZ o%fzgofé ’g;” —XFe;03—0.5R05 glasses, Mater. Res.
Mos§bager parameters forslteons’_’ the_ predominant iron [7 CW Kim, D.E. Day, Inlwmobilisation of Hanford LAW in iron phos-
species in these samples, were identical for both samples ~ phate glasses, J. Non-Cryst. Solids 331 (2003) 20-31.

within the limits of error. This indicated that iron plays an  [8] C.W. Kim, C.S. Ray, D. zZhu, D.E. Day, D. Gombert, A. Aloy, A.
identical role in these glass structures and exists in very simi- ~ Mogus-Milankovic, M. Karabulut, Chemically durable iron phos-
lar environments, i.e. distorted octahedral sites with the same ~ Phate glasses for vitrifying sodium bearing waste (SBW) using con-
range of distortions. Owing to the differences in composition \,(linctl'0nMﬂtzpdégld(zcégg')blle;zrfjfecj'on melting (CCIM) techniques, J.
between the glasses, this was strong evidence for the struc-(g s 1. Reis, M. Karabulut, D.E. Day, Structural features and proper-
tural insensitivity of these glasses to compositional change,  ties of lead-iron-phosphate nuclear wasteforms, J. Nucl. Mater. 304
a property which makes iron phosphate based glasses partic-  (2002) 87-95.

ularly promising as hosts for the immobilisation of toxic and [10] Integrated pollution prevention and control (IPPC), guidance
nuclear wastes for the incineration of waste and fuel manufactured from

or including wastehttp://www.environment-agency.gov.uk/yourenv/

consultations/530870/
[11] J.M. Williams, J.S. Brooks, Thickness dependence distbauer
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Instrum. Methods 128 (1975) 368-372.
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