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Abstract

Durable phosphate glasses were formed by vitrifying waste filter cakes from two metal finishing operations. Some melts formed crystalline
components during cooling. Compositional analysis of dried, heat treated and vitrified samples was made using energy-dispersive X-ray
spectroscopy, X-ray fluorescence spectroscopy, inductively-coupled plasma spectroscopy and Leco induction furnace combustion analysis.
Hydrolytic dissolution, measured by an adapted product consistency test, was reduced by up to 3 orders of magnitude upon heat treatment
or vitrification, surpassing the performance of borosilicate glass in some cases. This was attributed to the high levels of iron and zinc in
the wastes, which greatly improve the durability of phosphate glasses. One of the wastes arose from a metal phosphating process and wa:s
particularly suitable for vitrification due to its high,®s content and favourable melting behaviour. The other waste, which arose from a
number of processes, was less suitable as it had aj@gddntent and during heating it emitted harmful corrosive gases and underwent violent
reactions. Substantial volume reductions were obtained by heat treatment and vitrification of both wastes. Compositions and performances
of some vitrified wastes were comparable with those of glasses which are under consideration for the immobilisation of toxic and nuclear
wastes.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Glass; Vitrification; Phosphate; Waste; Durability

1. Introduction of hazardous sludge is generated by the electroplating sub-
sector alon¢8]. These filter cakes and sludges are hazardous
Vitrification is a favoured process for immobilisation and and their disposal is cost[,9]. Suggested methods of dis-
destruction of dangerous wastes, producing amorphous inor-posal or recycling include plasma in-flight treatmpgir, 11],
ganic materials with high chemical durabil[t;2]. The main thermal bonding and slaggir{@2], metal recovery13,14]
glass-forming component of most vitrified wastes is 5iO and cementatiofiL5,16] A wide range of sludges and filter
Other constituents are generally some mixture ofQ| cakes arise, typically occurring as metal hydroxides with high
MgO, Ca0, NaO, KO and FeOs, often with lower lev- water contentf9,10,17—-20]which are precipitated from so-
els of other oxides, halogens and sulphate. Silicate glasseslution by alkali addition, usually NaOH or Ca(Op)21].
whose chemistry, physical properties and structure have been Phosphating is a specific metal finishing process used to
researched in depth over many years, are typically processedpply under-layers for sealed corrosion protection or paint
at temperatures of 1300—-1600 [3—7]. However, the vitrifi- finishes on metal articlefl7,19] Resulting wastes gener-
cation of non-silicate wastes has been studied in less detail. ally contain BOs equivalents of 15-50 wt.%d.7,19,20,22]
Globally, the metal finishing industry generates millions Wastes arising from zinc plating or from a mixture of fin-
of tonnes per annum (tpa) of solid waste. In USA, 450,000 tpa ishing operations, often contain less phosphorous and higher
levels of metals such as zinc and chromii@h Reprocessing
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processing at high temperatuf@d]. This method reclaims  of leachate solutions. Carbon and sulphur contents of several
the zinc by volatilisation, but the other components remain samples were analysed using a Leco induction furnace com-
wastes. bustion analyser. X-ray fluorescence spectroscopy (XRF) of
To our knowledge there is little published work regarding every element with a molecular mass greater than sodium was
the vitrification of such wastes to form phosphate glasses, carried out using a Bruker S4 Pioneer running a Uniquant pro-
although some work on fibre glass formation is underway gram. A JEOL JSM6400 scanning electron microscope with
[23]. Some vitrified wastes do contain®s, but at lower Oxford energy-dispersive X-ray spectroscopy (EDS) facility
levels than Si@, therefore these are classed as silicate wasteswas used for chemical analysis of all samples. These were
[24-31]} measured at an accelerating voltage of 20kV and identical
magnification, sample distance, tilt angle and measurement
time. A number of EDS measurements were made at different

2. Experimental procedure and results points on each sample, and these results were averaged. Wa-
ter content was measured by weight loss upon drying (LOD)
2.1. Analytical methods and waste material analysis at 120°C for 24 h. Loss on ignition (LOI) was measured by

drying the wastes at 12@ for 24 h then measuring weight
Samples of filter cake were obtained directly from the dis- 10Ss after heating at 50@ for 3h. Values obtained from
posal facilities of two metal finishing operations, and were different techniques were used during normalisation where
named waste B and waste P. Waste B was a pressed filter cakBecessary, for example da contents determined by ICP-
arising from mixed finishing operations including zinc plat- OES were used to normalise XRF and EDS results, and EDS
ing. It occurred as a brown/green material with approximate results for other compounds (8CCI, TiOz, MnO) were used
dimensions 50-300 mm. Waste P was yellow sludge from a to normalise ICP-OES results.
dedicated metal phosphating operation. It became powdery
with a particle size of 0.1-2 mm when dried. 2.2. Heat treatments, glass batches and sample analyses
Table 1 shows the analysed compositions of the as-
received materials. Inductively-coupled plasma optical emis- ~ Samples B-1and P-1were generated by drying as-received
sion spectroscopy (ICP-OES) measurements gave elementajvastes at 120C for 18 h. The resulting powders were sieved
analyses of solids and leachate solutions, and were carried© <180umand storedindry conditions. Sample B-1required
out using an ARL 3410 spectrometer. lon chromatography crushing prior to sieving.
(IC) was used to analyse the sulphate and chloride contents Samples B-2and P-2 were made by weighing 50 g of sam-
ples B-1 and P-1 into recrystallised 83 crucibles. These
were heated from 20to 100C over 4 hin an electric furnace,

Tablel , , _ and held at 1000C for a further hour. Sample P-2 formed a
Compositional analysis of as-received waste materials molten liquid which was poured onto a steel plate and cooled.
Waste B (wt.%) Waste P (Wt.%)  Sample B-2 remained solid. Thick fumes were evolved by
Free HO 227 443 heating waste B to 100@. These emissions proved to be
c 59 42 corrosive and were presumed to be predominantly HCI (see
Lol 159 188 Section3.1). Low levels of fumes were generated by heating
XRE ICP-OES EDS ICP-OES Eps Sample P-1, but corrosive behaviour was not observed.

, Formation of samples B-3, B-4, P-3 and P-4 involved
Lio,O n/nf n/m n/m 0 n/m . .
B,0s nim nim nim 0 nim mixing a phosphate precursor, analytical grade >99% pu-
NapO n/m 2.0 n/m 4.9 n/m rity ammonium di-hydrogen phosphate, MHbPOy, with
MgO 0 0.2 0.2 0 0 the wastes and subsequent vitrification. It was intended to
Al203 0.1 0.2 0.1 n/m 2.6 use the dried waste samples, i.e. B-1 and P-1, for the produc-
i;((j)zs ;g éi ;S 2/5m3 252 tion of the vitrified samples B-3, B-4, P-3 and P-4. In the case
SO 15 nim 14 nim 0.8 of waste P this was acceptable and a gentle melting action
cl 4.9 n/m 4.1 n/m 0 ensued. However, vitrification of mixtures B-3 and B-4 from
K20 0.1 0.2 0.2 0.7 0.8 sample B-1 led to violent reactions during melting. The heat-
Ca0 0.3 0.2 0.2 13 16 treated sample B-2 was therefore used as the starting material
Tio, 0 nm 0 nm 0.6 for samples B-3 and B-4, as most volatiles had been evolved
Cr,03 21 2.0 21 n/m 0 . .
MnO 0.6 nim 0.3 17 23 S0 a less vigorous action was expected.
FeOs 28.2 28.7 28.1 355 40.6 Batches to produce 50 g of samples B-3, B-4, P-3 and P-4
NiO 0.4 0.3 0.3 0.9 0.8 were calculated as shown Trable 2 weighed into sample
Zn0 54.6 53.5 55.8 5.2 8.3 bags using a 2d.p. calibrated balance, and mixed. The added
PbO 0 n/m 0 n/m 0 NH4H,P O, was calculated to bring the finap®s contents to
Total 98.0 94.2 98.0 95.5 95.1  >45wt.%, near and into the expected glass forming region.

a n/m: not measured. Batches were placed in recrystallisecdb@§ crucibles and
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Table 2
Raw material mixtures for production of vitrified samples
Product Precursor sample B-2 Precursor sample P-1 Precursot IR,

g wt.% g wt.% g wt.% ROs
Sample B-3 30 60 - - 322 40
Sample B-4 25 50 - - 482 50
Sample P-3 - - 45 20 .80 10
Sample P-4 - - 40 80 181 20

heated in an electric furnace from 20 to 12@over 4 h, and

2.3. Chemical durability measurements

held at 1100C for a further hour. The molten liquids were
poured onto a steel plate, cooled and annealed at@%6r

in dry conditions.

as summarised iflable 3 It was not possible to accurately

Chemical durability was measured using an adapted ver-
1h, then cooled at 1C/min to room temperature and stored sion of ASTM C 1285-97, product consistency test B (PCT-
B) [32]. This involves placing powdered samples in distilled
Samples B-3, B-4, P-2, P-3 and P-4 formed molten lig- water at 90C for 7 days. Handling and sample prepara-
uids at their processing temperatures. All formed dark black tion procedures were followed, although a slightly different
vitreous materials when cooled, and all samples except P-4sieve fraction of 53—18@m, as opposed to 75-1p0n, was
exhibited some crystallinity. Samples were analysed by EDS, used. Satisfactory removal of adherent fine particles from

sample P-1 was difficult, so all samples were rinsed and de-

analyse NgO by EDS, so values obtained from ICP-OES canted twice with distilled water, twice again with ethanol,
analysis of samples B-1 and P-1 were used when normal-then dried overnight. In order to evaluate the samples against
ising. This was not expected to introduce inaccuracy as thea benchmark, the durability of a 5.3 wt.%,0, 11.1wt.%

levels of NaO were low and any volatilisation would be

NaO, 21.9wt.% BO3, 61.7wt.% SiQ glass, referred to

minimised by the short melting times and low temperatures. as “MW” following [33], which is used as a vitrifying ma-
There were concerns regarding the accuracy of EDS analysigrix for the immobilisation of high level nuclear waste, was
of SOz at very low levels <0.5 wt.% due to the high phospho- measured. Glass MW was prepared by conventional melting
rous content and its masking effect on the sulpharg€ak.

We measured the sulphur content of samples B-3, B-4, P-2,

techniques.

Sample weights of approximately 2 g were placed in 60 ml

P-3 and P-4 by Leco analysis in addition to EDS. Leco results of distilled water in HDPE bottles, and held in a calibrated,

are shown as an S@quivalent in brackets ifable 3

fan-assisted oven at 9C for 7 days. The solutions were

Table 3

Summary of sample treatments, normalised compositions in wt.% from EDS, ICP-OES and Leco analyses, and major crystalline phases identified by XRD

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

technique  (dried, 18h, (heated, 1h, (vitrified, 1h, (vitrified, 1h, (dried, 18h, (heated, 1h, (vitrified, 1h, (vitrified, 1h,

120°C) 1000°C) 1100°C) 1100°C) 120°C) 1000°C) 1100°C) 1100°C)

p(gem3)  Archimedes 1.18 453 3.10 3.57 1.37 3.26 3.00 3.12

H20 LOD 22.7 - - - 443 - - -

C Leco 5.9 - - - 4.2 - - -

NaO ICP-OES 2.0 29 1.2 1.7 49 4.9 4.4 3.9

MgO EDS 0.2 0 0 0 0 0 0 0

Al,03 EDS 0.1 0 0.8 0.6 2.6 5.8 18 33

SiO, EDS 1.3 14 11 1.2 0.5 0 0 0

P205 EDS 3.9 2.2 35.5 43.7 36.2 32.8 43.8 51.0

SO; 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

K20 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 21 1.8

TiO2 EDS 0 0 0 0 0.6 0 0.5 0.4

Cr03 EDS 21 21 14 14 0 0 0 0

MnO EDS 0.3 0.8 0.5 0.4 2.3 2.9 2.2 2.3

FeO3 EDS 28.1 28.4 19.7 18.3 40.6 39.7 355 321

NiO EDS 0.3 0.3 0.3 0.2 0.8 15 1.0 0.9

ZnO EDS 55.8 61.5 39.0 32.6 8.3 8.8 7.7 6.5

Phase XRD ZnFgOy ZnFe04 AIPO4 AIPO4 ZnyP,07 AIPO4 AIPO4

Phase XRD F¢O, Fe304 FePQ - Al>,03 Fe,O3 FePQ

Phase XRD - ZnO - - - - - -

2 Estimated percentages based on ICP-OES analyses of samples B-1 and P-1.
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Table 4
Adapted PCT solution analyses by pH, ICP-OES and IC

MW B-1 B-2 B-4 P-1 P-2 P-4
pH £0.03 10.37 6.95 6.84 5.84 3.06 6.91 7.03
Na (wg/ml) 682 324 174 11 625 6 10
P (ug/ml) - <1 <1 34 1045 2 6
S (ng/ml) - 3 126 <1 4 <1 <1
Cl (wg/ml) - 1110 18 3 13 20 4
K (ng/ml) - 26 3 <1 1 <1 <1
Ca (wg/ml) - 42 15 <1 2 <1 <1
Cr (ng/ml) - <1 <1 <1 <1 <1 <1
Mn (pg/ml) - 2 <1 <1 110 <1 <1
Fe (ug/ml) - <1 <1 <1 <1 <1 <1
Ni (pg/ml) - 1 <1 <1 87 <1 <1
Zn (ug/ml) - 343 13 19 283 <1 <1
Si (ug/ml) 370 - - - - - -
B (ng/ml) 529 - - - - - -
Li (pg/ml) 175 - - - - - -
Total (wg/ml) 1756 1851 349 68 2170 28 20
fitered and analysed by ICP-OES. Sulphate and chloride in water. Density was calculated using:
contents were analysed by IC. Sample blanks ensured base- W
line correction for each element. Results were normalised pensity= (—A> X 8w 1)
to 2g sample/60 ml solution. Errors for ICP-OES become A — Ww

greater, as a fractio_n of the m_easured value, as the_ IimitwhereWA is the weight in airWy the weight in water and
of detection for the instrument is approached. We estimate 5w is the correction factor for the density of water at the

total errors of+30% for leachate concentrations in the measurement temperature,“Z2 Sample weights in air for
range 0-2Qug/ml, +:20% in the range 20-100g/ml, and g3 mples B-1, B-3, B-4, P-1, P-2, P-3 and P-4 were 3-9g.
+10% at greater than 1Q@/ml. Solution pH was mea-  gample B-2 weighed only 0.5 g due to handling problems, so

sured with a calibrated Hanna Piccolo 2 pH meter. The gqqrq associated with its measurement were greater. Density
chemical durability of samples B-3 and P-3 were not mea- .o its are shown ifiable 3

sured as no significant differences from the other vitrified
samples were expected. Results from the adapted PCT—B2 5 X-rav diffraction measurements
chemical durability tests are shown Table 4and Fig. 1 " Y

Fig. 1 illustrates the durability data with glass MW for

comparison. X-ray diffraction (XRD) spectroscopy was carried out us-

ing a Philips PW1730/10 goniometer with CaKadiation.
Spectra were measured at a rate 02@h between 10and

2.4. Density measurements 80° 26. Identified phases are shownTable 3

Density was measured by the Archimedes method. Sam-
ples were weighed using a calibrated 4 d.p. balance in air and3 Discussion

3.1. Waste analysis, processing, heat treatment and
2500 vitrification

2000 1 Waste B contained high levels of zinc and iron but was
] low in phosphorous, whereas waste P was rich in phospho-
15007 ] rous and iron, with a lower zinc content. Both compositions
were typical of metal finishing wast¢s7,19,20] The water
content of waste B was only half that of waste P, due to the use
of a filter press. Drying the wastes gave large reductions in
waste volume and mass. If this made the wastes sufficiently
durable for landfill, it would provide cost savings. However
the dissolution of samples B-1 and P-1 was still high so drying
alone may not suffice.

Vitrified samples of both wastes contained slightly ele-
vated levels of AJO3; compared with as-received wastes due

1000 T |

500 17—

o A

P-1 P-2 P-4 B-1 B-2 B-4 MW
Sample Material

Total released ion concentration /ug/ml

Fig. 1. Total normalised ion concentrations in the leachate.



P.A. Bingham, R.J. Hand / Journal of Hazardous Materials B119 (2005) 125-133 129

to dissolution of AbO3 from the crucible during melting. Re-  rich in zinc, and processing technology exists for its recovery
fractory corrosion tends to be greatest at the glass/air bound{13,14]. It is debatable whether recovery of iron by a similar
ary, and a corrosion meniscus could be seen in each crucibleprocess would be economically feasible owingtoits relatively
after melting. Alternative crucible materials such as zirconia low value. Utilising the iron in these wastes to form durable
or graphite may provide enhanced corrosion resistance. Theglasses is a more attractive proposition. Consultation of the
aggression of the molten glass towards the melting vesselappropriate glass formation diagrams for phosphate and sili-
can affect the economic and practical aspects of large-scalecate glassel84,45]indicated that glass formation in the sys-
melting of waste glasses. In answer to this problem, a num-tems BOs—Fe03-Zn0 and Si@-Fe03-2Zn0 should have
ber of alternative techniques have been developed for meltingbeen possible by adding approximately 40-50 wt.% of either
wastes. These include Joule-heated melters and cold-crucibld>Os or SiQ, to waste B. The results of this study indicate
induction melterg2]. that, in the case of s, this was an oversimplification as no
XRD confirmed that only sample P-4 was fully amor- crystal-free glasses were formed in this range. It is believed
phous. Major identified crystalline phases are listed in thatthis was due toacombination of factors: increase@4l
Table 3 Waste B mainly comprised zinc and iron compounds contents from crucible dissolution, volatilisation of low lev-
so the presence of Zng®,4, Fes04 and ZnO in samples B-1  els of BOs during melting, and the complexity of the waste,
and B-2 was not unexpected. Addition of® and melt- i.e. the presence of other elements in addition to P, Zn and Fe.
ing led to the formation of AlIP@and FePQ@ upon cooling On the basis of these results we would expect to form a stable
of samples B-3 and B-4. Samples P-1 to P-3 all contained glass with 55-60 wt.% 405 addition, although further work
AIPQ4, and the phases developed through the series P-1 to Pwould be required to confirm this. Alternatively an investiga-
4 can be associated with the increasin@gcontent, i.e. on tion of SiO, additions at 40—-60% may be more worthwhile,
increasing glass stability. It appears that AlP@as readily although melting temperatures would probably increase. The
crystallised from these melts, and may be a sensitive indi- addition of boron may also be worthy of technological con-
cator of the level of POs deficiency in these waste forms. sideration. Glass formation in the systep®—P,O5—2Zn0O
The XRD studies will be discussed in more depth in a future occurs near 60% ZnO with 40% §B3+ P>Os), but only
publication. over a limited rangg46]. Glass formation in the system
The major components of phosphating wastes are phos-B,O3—-P,Os—Fe03 occurs at <30% F£3. Melting temper-
phorous, zinc and iron, and these primarily determine the atures of 1200-130TC are expected. It therefore appears
glass-forming regioffl17,19,20,22] Mazurin et al[34] col- unlikely that the addition of BO3 or (B2O3 + P>Os) could
lated a wealth of data on glass formation compositions for give any substantial advantage over the addition@gHn
non-silicate glasses. Glasses based on the binary systenterms of vitrification of waste P, owing to its high initial P
P,Os—Fe03 have recently received attention owing to their and Fe contents. However, it may be possible to form stable
high chemical durability and their suitability as hosts for the glasses by adding 3 to waste B, and possibly at lower
immobilisation of certain nuclear wast§35—-44] Investi- additions than would be required of®s or SiG,. However,
gations of third components in these glasses include ZnOborate raw materials have high cost, and an economic balance
[38,39] CaO[40], NaO and KO [41], PbO[42] and BaO may not be possible.
[43]. This combined data suggested that stable glasses could Untreated waste B contained approximately 5wt.% CI,
be produced from wastes B and P providing the final prod- which was problematic during high-temperature processing.
uct contained at least 40-50 wt.%@®%. This was therefore ~ Whilst heating waste B to 100, large amounts of visible
the range of additions chosen for our vitrification studies. fume were evolved. This fume attacked the furnace elements
The formation of vitreous products may still be possible with and corroded a thermocouple wire. Itis likely this was caused
lower R.O5 equivalents, but there would be a high likelihood by HCI generated from the waste material, as Cl was not de-
of crystallinity. Crystalline phases in vitrified wastes can be tected in samples B-2 to B-4, so it was all evolved during
beneficia[26,27,29-31]although recent work indicated that  heating. Evolution of SQalso occurred during heating of
crystallinity in certain iron phosphate glasses loaded with in- waste B with further loss during vitrification, as shown in
active simulated nuclear waste can reduce the chemical dura-Tables 1 and 3t was expected that carbonaceous material in
bility [44]. The merits of crystallinity are dependent upon the both wastes would combust at high temperature, contributing
material application. If a vitrified waste is to be landfilled, to pollution through generation of GOThe release of C&)
crystallinity is not an issue provided it does not seriously SO and chlorides into the atmosphere are strictly controlled
impair chemical durability. If, on the other hand, the vitri- by legislation[47]. To vitrify wastes high in chloride on a
fied waste were used in the manufacture of other products, alarge scale would require abatement technology if the chlo-
tendency to crystallise could have serious implications. ride cannot be immobilised in the solid product. In terms of
The necessary addition of high levels of phosphate to vit- waste B, its melting behaviour could also pose major prob-
rify waste B may have economic drawbacks. One alterna- lems. When dried, it formed hard lumps with average diame-
tive to phosphate may be to add silicate-based wastes suchtier 2—-3 mm that were difficult to break up. When these were
as incinerator ash, foundry sand or slag. Another alternative vitrified with NH4H2POy, the reaction during heating was
may be metal recovery rather than vitrification. Waste B was violent, most of the mixture overflowed the crucible, and the



130 P.A. Bingham, R.J. Hand / Journal of Hazardous Materials B119 (2005) 125-133

remaining productwas inhomogeneous. Grinding andsieving  On the basis of this study, we propose that the suitable
of sample B-1 to a particle size of <180n gave satisfactory = compositional range to form stable crystal-free glasses from
glass melting. Even this mixture reacted violently, but less wastes P, B and similar metal finishing wastes is=Fowt.%
so than with 2-3 mm waste particles. An additional process P,Os, 45+ 5 wt.% other oxides in the vitrified product. These
step was therefore required prior to vitrification of waste B. totals exclude evolved components such as nitrates, carbona-
On a larger scale, this would generate dust that may requireceous materials and chlorides, and sulphate, which we have
filtration. found to be largely insoluble in these glasses.
Considering the potential practical and economic prob-
lems which vitrification of waste B plus,;Ps would present, 3.2. Chemical durability
we suggest that, on the basis of this study, it is not a viable op-
tion. However an alternative tePs such as SiQor another High temperature processing of waste B, despite certain
waste rich in Si@ may prove more successful. serious drawbacks, created highly durable products. Major
Contrary to waste B, high temperature processing of wasteleachants were Na, P, S, Cl, K, Ca and Zn. Heat treatment re-
P was successful. Dried waste P had a very low retention duced the dissolution of Cl from the product by over 50 times,
through a 1 mm sieve. It was easily handled and required noalthough this was due to the loss of Cl during heating. Disso-
crushing. The powder was very light so it may be beneficial to lution of Na and Ca were decreased by approximately 50%,
add a little water as a binder to reduce dust during handling. and K and Zn by over 90%. Sample B-4 contained nearly 50%
During high temperature processing, waste P melted gentlyP,Os, so it was not unexpected that levels of P in solution
and remained within the crucible, with no violent reactions. were higher than for samples B-1 or B-2 whergOR was
Only a small amount of fume was observed, probably due to less than 5%. However, the level of dissolved P from sample
combustion of carbonaceous matter. Sulphate concentratiorB-4 was still low compared with total release from untreated
in sample P-1 was higher than P-2, P-3 or P-4, so the fumewaste B. Zinc dissolution increased slightly between samples
may also contain Sg) but study of the off-gas would be B-2 and B-4, however leaching of S, Cl, Na, Ca and K was
required to quantify this. reduced. These reductions were greater than would be pre-
The behaviour of sample P-2 demonstrated that waste Pdicted simply on the basis that addition of 50%1 diluted
forms a low viscosity liquid at 1000C by itself with no the contents by a factor of two, and even accounting for some
P,Os additions. Upon cooling, a black, amorphous material further volatilisation of S and CI during vitrification. This
was formed with substantial crystallisation. Samples P-2 and behaviour is attributed to the glassy matrix, which we con-
P-3 also exhibited crystallinity, which was not unexpected clude immobilises these elements safely. Leachate solutions
since their final POs contents were at the edge of the glass from vitrified wastes were slightly more acidic. Assessment
formation region34]. The only fully vitreous material ob-  of the individual leachate components showed some balance
tained during this study was sample P-4. The presence of crys-between competing alkali and acidic components in solu-
tallinity in vitrified waste P did not have a substantial effect tions B-1 and B-2, whilst B-4 contained only phosphorous in
on durability, as leachate concentrations were very similar any significant quantity, hence its solution had a lower pH.
from samples P-2 and P-4. Although pH was lower, the alkali in solution was close to
As with waste B, addition of Si@and/or BO3 to waste P zero, showing a greatly improved durability from untreated
may allow formation of stable glasses. However, consultation waste B.
of glass dat4g34,45]indicated that the introduction of SO Reductions in waste P dissolution after heat treatment or
or BoO3 would not reduce the amount 0§®s which must be vitrification were even greater than for waste B. Dissolution
addedtoformaglass. Adding Si@ould alsoincrease glass- decreased by 2-3 orders of magnitude for each major
melting temperatures. The possibility of adding alternatives leachate as shown ifiable 4 Total measured leachate for
to P,Os to waste P appears to be less viable than it does for samples P-2 and P-4 was 70-100 times lower than for P-1.
waste B. In particular the dissolution of P, Na, Mn, Ni and Zn was
Heat treatment and vitrification of wastes B and P did dramatically reduced from the untreated waste. Durability
not cause any substantial volatilisation of toxic chromium, was so high for these samples that most of the elements
nickel or zinc, based on the analysesTable 3 This was analysed in solution were below the limits of detection. The
encouraging, as reductive melting at similar temperatures canpH of the test solution changed dramatically for the three
vaporise zinc, as discussed in Sectlon waste P durability samples. Untreated waste P produced an
Substantial volume reductions in both wastes were acidic solution, pH 3, whereas sample solutions P-2 and P-4
achieved by high temperature processing. Heat-treated anchad neutral pH values. The dissolution of iron phosphate
vitrified wastes had substantially higher densities than the glass is slowed by a self-buffering effef48,49] This
untreated wastes. However additions of J#1PO, would occurs because dissolved phosphate groups act to reduce
at least partially offset any waste volume reductions. Vit- pH, counteracting the effects of dissolved alkali and alkaline
rified samples, regardless of crystal content, generally earth ions. Itis beneficial because the corrosion rates of iron
had densities of 3-3.5gcrA, typical of such materials  phosphate glasses are minimised in neutral and slightly acidic
[38,43] solutions [49]. The untreated waste, if landfilled, would
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exert a stronger effect on its near-field environment owing to chemical durability of many phosphate glasggs56] The
its more acidic pH. Either of the high temperature treatments addition of network-modifiers, as evidenced by an increase
would ensure minimal near-field interaction by comparison. in [O]/[P] ratio, causes depolymerisation of the network,
Heat treatment or vitrification of waste P was particularly breaking the RPO—P links to form P-O—M links, where non-
successful in immobilising transition metals, which can pose bridging oxygens (NBOs) are coordinated by modifier ions.
serious health hazar]. Dissolution of Zn, Niand Mnde- At high iron contents the phosphate tetrahedra are present
creased from hundreds of micrograms per millilitre to below largely as dimer (FO7)*~ units linked by octahedrally-
the limit of detection. This exceeds legislational requirements coordinated Fe ion$38]. As a result, only a small frac-
for landfill [1]. tion of oxygens participate in-FO—P bonds[49], hence
Total ion release from glass MW, a standard sodium— the particularly high chemical durability of iron phosphate
lithium—borosilicate glass used in the UK for high-level nu- glasses. Phosphate glasses containing high levels of zinc can
clear waste immobilisation, compared poorly with vitrified also exhibit good durability56]. This can be attributed to
wastes B and P. This was somewhat surprising, as glass MWthe ability of zinc to depolymerise phosphate networks, a
was developed to have high durability in addition to an ac- lower Zré* coordination number than many modifiers, the
ceptably low melting temperaturel250°C. The pH of MW high electrostatic field strength of Zhand the covalency
leachate was 10.37, showing that this glass lacks the bufferingof P-O—Zn bonds[53,57] Divalent cations such as €a
action which occurs with iron phosphate glasses. Increasedand Zrf* form ionic cross-links between NBOs in separate
alkalinity modifies the corrosion rates of borosilicate glasses phosphate chains, demonstrated in the improvementin chem-
similar in composition to MW50]. Published PCT results ical durability caused by adding zinc to sodium phosphate
for EA glass, a standard US borosilicate glass used for nu-glasseqd58]. The addition of alkali ions to zinc pyrophos-
clear waste immobilisation, also showed poor durability in phate glasses also improves durability. This was attributed
comparison with samples B-2, B-4, P-2 and 54]. Al- to a shift in the equilibrium from two NBOs per phosphate
though the conditions of the adapted PCT-B used in this tetrahedron towards three NBOs per phosphate tetrahedron,
study were slightly different to the standard PCT, the results i.e. fewer R-O—P bondq59].
still compare very favourably with those for borosilicate nu- Durability results for the glassy wastes B-4, P-2 and P-
clear waste glass compositions. Vitrified wastes B and P evend were consistent with previous work on zinc-iron phos-
performed comparably with some ultra-durable iron phos- phate glasses, in that the material with the higher iron con-
phate glasses which were developed for immobilising spe- tent exhibited superior chemical durabilif38,39] This
cial wasted48,49,51] The limited number of rinses during earlier work has shown that the aqueous dissolution rate
sample preparation in this study would increase dissolution of P,Os—ZnO—-FeO3 glasses decreases dramatically when
rather than decrease it, since the presence of adherent fin€e,O3 content increases from 10 to 40 mol%. The presence
particles would increase total surface area. This justifies the of phosphorous, iron, zinc, calcium and sodium in the glasses
broad comparison of our results with those from the standardin this study indicates the expected glass structure would
PCT despite slight differences in test parameters. Although be highly depolymerised with some cross-linking. Waste P
a wider particle size range was used in the current test, bothglasses, owing to their higher iron contents, would be ex-
ranges were centred on the same particle size. Total ion re-pected to exhibit even more depolymerised structures than
lease from heat treated and vitrified wastes B-2, B-4, P-2 andwaste B glasses. Their superior chemical durability was taken
P-4, as measured by the adapted PCT-B, was generally 1-2s evidence of this structural behaviour.
orders of magnitude lower than glass MW. Only the untreated = The composition and properties of vitrified finishing
wastes, B-1 and P-1 exhibited higher dissolution rates thanwastes, particularly sample P-4, means they may find applica-
glass MW. tions which could utilise their unique properties. In addition
All vitrified samples containeg0.05wt.% SQ as mea- to exceptionally high chemical durability, these properties in-
sured by Leco analysis, showing that these materials haveclude relatively low glass transition temperatures and melting
very low sulphate solubility. The vast majority of sulphate in temperature§34—36,38,41] thermal expansion coefficients
the starting materials was evolved during heating or lost by comparable with silicate glassi@gl], and high electrical con-
volatilisation from the melt. Recent work established that the ductivity [60].
solubility of SQ; in binary ROs—Fe03 glasses is <0.1 wt.%
[52], but glasses in the system®—-ZnO-RO (R: Li, Na,
K) can accommodate at least 15wt.% $5[83,54] These 4. Conclusions
two systems possess very different glass structures, and this
explains the discrepancy. The vitrified wastes in this study  Two metal finishing wastes have been chemically analysed
were structurally similar to iron phosphates. Their negligible following drying, heat treatment at 100G and vitrification
sulphate solubility underlines this relationship. The structure with addition of phosphate precursors at 1200 Waste P
of phosphate glass is based around corner-sharing){PO  was more suitable for direct vitrification than waste B on
tetrahedra, which form rings or chains linked by®-P the basis of higher #05 content, fewer processing steps,
bonds. These are susceptible to hydrolysis, hence the lowfavourable high-temperature behaviour and lower emissions.
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Given that waste P arose purely from a phosphating process, [9] J. Viguri, A. Andres, C. Ruiz, F. Castro, Cement-waste and
whereas waste B arose from a number of metal finishing clay-waste derived products from metal hydroxides wastes—
processes,there would seemto be clear advantages in keepinr? environmental character!satlon, Trans. IChemE 79 B (2001) 38-44.
the wastes from such processes separate from each other 0] K. Ramachandran, N. Kikukawa, Plasma in-flight treatment of elec-
p e p . ) troplating sludge, Vacuum 59 (2000) 244-251.

The heat-treated and vitrified materials based on waste P[11] k. Ramachandran, N. Kikukawa, Thermal plasma in-flight treatment
meet any reasonable durability requirement for landfill, and of electroplating sludge, IEEE Trans. Plasma Sci. 30 (2002) 310-317.
would fill only half the volume of untreated waste. Vitrified [12] Fact Sheet on Disposal Options for Electroplating Sludge, City
waste B also performed well, however practical and economic ~ ©f Los Angeles, Board of Public Works, USAttp://es.epa.gov/

. ffect the f ibility of thi te. Alt techinfo/facts/ca-htm/sludg-fs.html
ISsues may atect the reasibility O this process route. er- [13] C.J. Baldy, Recycling zinc phosphate sludge, Met. Finish. 94 (1996)

natives to RPOs addition were suggested which may allow 23_24.
more viable treatment of waste B. All heat-treated materials [14] W. Fennemann, R. Kola, D. Jentsch, Removal of zinc from
performed well in comparison with glass MW, a borosilicate phosphating process sludges, U.S. Patent No. 5,198,020, March

glass used for the immobilisation of nuclear wastes. In par- 1993 _ _ _ _
[15] A.K. Minocha, N. Jain, C.L. Verma, Effect of inorganic materials

t|pularthe durability of the vitrified wastes was exceptionally on the solidification of heavy metal sludge, Cem. Concr. Res. 33
high. (2003) 1695-1701.

The addition of 20wt.% $Os5 to waste P generated a [16] J. Viguri, A. Andres, R. Ibanez, C. Ruiz Puente, A. Irabien, Charac-
crystal-free glass with excellent chemical durability. Rather terisation of metal finishing sludges: influence of the pH, J. Hazard.
than being landfilled, waste P could be utilised in a number ___ Mater. A 79 (2000) 63-75. , o

. .. . . . . [17] H.M. West, J. Cawley, R. Wills, Analysis and characterisation of
of poss!ble appllcatlons owing tq the unique "?md mterestmg water treatment plant sludges by X-ray fluorescence spectrometry,
properties of glasses made from it. Examples include amajor  analyst 120 (1995) 1267-1271.
raw material in production of glasses for the immobilisation [18] R.R. Odle, I. Martinez, L.A. Deets, The recycling of hazardous metal
of other toxic wastes and glass fibre insulation. plating wastes, JOM 43 (June) (1991) 28-31. _

Although this study examined the vitrification of two spe- [19] Nickel - and Nitrte-Free Pretreatment —for  Car  Bodies,

- s . .. . http://www.pfonline.com/articles/109704.html
cific meta_l fml_shlng wastes, their compositions were similar [20] J. Caponero, J.A.S. Tenorio, Laboratory testing of the use of
to metal finishing wastes reported by other workers. Itseems™  phosphate-coating sludge in cement clinker, Res. Cons. Recycl. 29
reasonable to suggest that other wastes with similarly high  (2000) 169-179.
iron and phosphate contents will be suitable for phosphate[Zl] D.C.R. Espinosa, J.A.S. Tenorio, Thermal behaviour of chromium

vitrification leading to potentially useful phosphate glasses. electroplating sludge, Waste Manage. 21 (2001) 405-410.
[22] R.F. Waters, H.E. Powell, L.N. Ballard, Recovery of metals and

phosphate from waste phosphate sludge, U.S. Patent No. 3,653,875,
April 1972.
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