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Abstract – It has previously been demonstrated that immobilization of Cs+ and/or Sr2+ sorbed on 
hexagonal tungsten oxide bronze (HTB) adsorbent materials can be achieved by heating the materials in 
air at temperatures in the range 500 - 1300 oC.  Highly crystalline powdered HTB materials formed by 
heating at 800 oC show leach characteristics comparable to Cs-containing hot-pressed hollandites in the 
pH range from 0 to 12.  As a very harsh leaching test, and also to model in a basic manner, leaching in the 
presence of canister corrosion products in oxidising environments, leaching of the bronzoid phases has 
been undertaken in Fe(NO3)3 solutions of increasing concentration.  This is done in comparison with Cs-
hollandite materials in order to compare the leaching characteristics of these two materials under such 
conditions.  Both the Cs-loaded bronze and hollandite materials leach severely in Fe(NO3)3 losing virtually 
all of the immobilized Cs in a period of four days at 150 oC.  Total release of Cs and conversion of 
hollandite to titanium and  iron titanium oxides begins to be observed at relatively low  concentrations and 
is virtually complete after four days reaction  in 0.5 mol/L Fe(NO3)3.  In the case of the bronze, all of the Cs 
is also extracted but the HTB structure is preserved. The reaction presumably involves an ion-exchange 
mechanism and iron oxide with a spinel structure is also observed at high Fe concentrations. 

 
 

INTRODUCTION 
 
The past decade or so has seen significant 
interest in the development of inorganic 
adsorbent materials for the selective separation 
of 137Cs and 90Sr from radioactive waste liquids 
that are sufficiently old for these two 
radionuclides to dominate the activity.  Once the 
Cs+ and Sr2+ are extracted using the adsorbent, 
there is a need for immobilization and disposal.  
There are numerous ways of immobilizing the 
extracted Cs and Sr including, the synroc 
approach, a dedicated waste form, nuclear waste 
glass and cementitious materials.  While all these 
are feasible, none are simple since they would all 
involve extensive studies to determine the best 
formulations to suit the adsorbent chemistry.  
Perhaps the simplest and most elegant approach 
is if the radio elements of interest could be 
directly immobilized within the adsorbent itself.  
This would involve a minimum number of 
processing steps and therefore greatly simply the 
immobilization operation.  This strategy can be 
termed the “cradle-to-grave” approach to cesium 
immobilization and was first suggested by R. 
Dosch [1] and has subsequently been applied to 
manganate ion exchange materials with a 
hollandite structure [2], and most recently, to 
silicotitanate ion-exchangers [3, 4]  We have 
recently applied this methodology to 

microcrystalline hexagonal tungsten bronze 
(HTB) adsorbent materials which we have 
demonstrated to be capable of selectively 
extracting both Cs+ and Sr2+ from nitric acid 
solutions and which therefore may be useful for 
the pretreatment of certain radioactive wastes 
[5].  The adsorption and immobilization of target 
elements within a single composition potentially 
represents a very elegant solution. The Cs and 
Sr-saturated bronze materials have previously 
been shown to have impressive leach resistance 
in the pH range from 0 to 12 which is 
comparable, if not better, than that of Cs-
hollandite.  Since both of these waste form 
oxides are based on transition metals that exhibit 
variable valence, there is the potential for redox 
reactions to occur between the oxide and the 
canister material itself, the chemical species that 
derive from canister corrosion, and transition 
metal species in solution.  In a multi barrier 
disposal system the canister arguably represents 
the second most important barrier to radionuclide 
migration into the environment next to the waste 
form material itself.  However, while there are 
many studies aimed at understanding the 
mechanism of leaching of glass and ceramic 
waste form materials in demineralized water, 
there are relatively few examining leaching in 
the presence of possible canister corrosion 
products.  Pan et al. [6] recently reviewed and 
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studied the leaching of high-level waste glasses 
in aqueous solutions of FeCl2 and FeCl3 to 
simulate the possible aqueous environment 
inside breached waste packages.  Their study 
showed that the presence of corrosion products 
significantly enhances glass dissolution and 
increases the subsequent releases of 
radionuclides to the environment.  It is of interest 
to determine how the Cs and Sr releases from 
ceramic waste form materials are impacted in the 
presence of redox active species in solution and 
also to elucidate the nature of the reactions that 
occur.  In this communication we evaluate the 
reactivity of both Cs-loaded HTB and hollandite 
waste forms under a specific set of conditions 
that are chosen to model the effect of redox 
active species which might result from canister 
corrosion. 
 
EXPERIMENTAL 
 
The sorbent materials were prepared using the 
method of Reis et al. [7].  Saturation of the HTB 
adsorbent with Cs and/or Sr was conducted by 
contacting a given mass of the sorbent powder 
with a 1 mo/L HNO3 solution containing excess 
of the target ion for 24 h with constant agitation 
on a platform shaker followed by filtration, 
washing with demineralized water and oven-
drying at 70 oC.  The Cs-saturated HTB material 
was then heated in air at 800 oC in order to effect 
the immobilization of the Cs.  The resulting 
powdered material had a mean particle size of 8 
µm.  The hollandite ceramic used in this study 
had the composition Cs0.10Ba1.0Al2.1Ti5.9O16 and 
was supplied M. Carter.  It was ground, sieved to 
give a sample with an average particle size in the 
range 75 to 100 µm and washed with acetone to 
remove fines. 
 
Unless otherwise stated elemental releases from 
powder materials were determined by loading 
0.2 g of powdered sample into a 45 mL Teflon-
line autoclave to which was added 20 mL of 
Fe(NO3)3 solution to give a volume-to-mass 
ratio, V/m = 100 (mL/g).  The sealed autoclaves 
were heated for four days in a fan-forced oven in 
which the temperature was fixed at 150 oC and 
controlled to ± 1 oC.  The cooled supernatant 
solutions were filtered through an 0.2 µm filter 
and analyzed by inductively coupled plasma–
mass spectrometry (ICP-MS). 
 
The fraction of Cs released, f, is defined as f = 
(W0-Wt)/W0 where W0 is the initial Cs content in 

the solid phase and Wt is the Cs content 
remaining in the solid phase after time t.  
 
X-ray powder diffraction (XRD) patterns were 
recorded on a Scintag X1 diffractometer 
employing Cu Kα-radiation and a Peltier 
detector.  Secondary and backscattered electron 
images were obtained on a Jeol JSM6400 
scanning electron microscope (SEM) operating 
at 15 keV.  Energy dispersive spectroscopy 
(EDS) analysis of the various phases observed 
were obtained with a Noran Voyager (Noran) 
EDS system. 
 
RESULTS AND DISCUSSION 

Corrosion of iron based metal invariably leads to 
oxidation of iron first to hydrated Fe2+ and then 
Fe3+ which hydrolyzes in mildly acidic or basic 
solutions to give iron oxide-hydroxides.  The 
Fe3+ cation is itself acidic because it strongly 
polarizes water molecules to liberate hydronium 
ions.  This corrosion would probably be 
enhanced in the presence of a strong radiation 
field although the corrosion of stainless steel in 
the presence of ionizing radiation is not yet well 
understood.  The redox couple in solution or the 
hydrated iron oxide hydroxide phase can 
therefore be represented as Fe3+ + e- ⇌ Fe2+ with 
E0 ~ 0.771 V.    Thus it is possible to postulate 
the following half reactions: 
 
Fe3+ + e-    ⇌    Fe2+ (1) E0 = 0.771 V 

W5+
2O5 + H2O ⇌ W6+O3 + 2H+ + e-  (2) E0 = 

0.03 V 
W5+

2O5 + H2O + Fe3+ ⇌ W6+O3 + 2H+ + e- + 
Fe2+ (3) 
 
EMF = 0.771 – 0.03 = 0.768 V 
 
Since the EMF of the postulated reaction (3) is 
positive we expect the reaction to be 
thermodynamically feasible and therefore it may 
influence the solubility of the oxide.  We would 
expect to be able to write a similar reaction 
scheme for a titanate ceramic. 
 
Leach data for a Cs-saturated hexagonal tungsten 
bronze with approximate composition, 
Cs0.2Mo0.03W0.97O3  and a hollandite waste form 
with composition Cs0.10Ba1.0Al2.1Ti5.9O16 are 
given in Fig. 1 in terms of fraction of Cs leached, 
f.   
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As is apparent from this Fig. 1, a substantial 
fraction of Cs is removed from both the titanate 
and the tungstate waste forms, even at relatively 
low Fe3+ concentrations and acidities.  It is to be 
noted that leaching experiments on Cs-hollandite 
in acidic solutions of comparable pH to those 
used here, only containing no Fe3+, showed much 
lower Cs releases, indicating that the presence of 
redox active Fe species play a major part in 
enhancing the Cs release.  It should also be noted 
that the mean particle size of the tungstate is an 
order of magnitude smaller than that of the 
hollandite so that the tungstates performance 
relative to that of hollandite is better than is 
suggested by Fig. 1. 
 

 
 
Figure 1.   Fraction of Cs released from Cs-
saturated bronze ( ) and Cs-hollandite ( ) in 
Fe(NO3)3 solutions of increasing concentration. 
 
The XRD patterns of Cs-saturated Mo0.1W0.9-
HTB powders recovered after the dissolution 
experiments (Fig. 2) show only the presence of 
the bronze phase at low Fe concentrations.  HTB 
powders reacted with higher Fe3+ concentrations, 
continue to show the bronze pattern but it 
becomes dominated by the pattern Fe2O3 
(hematite).  There is no evidence of such oxides 
in the XRD pattern until the Fe3+ concentration 
reaches about 0.05 mol/L. 

 
Figure 2.  XRD patterns of Cs-saturated 
Mo0.1W0.9-HTB phase leached in different 
concentrations of Fe(NO3)3 solutions for 4 days 
at 150 oC.  It is apparent that phase conversion 
occurs as the concentration of iron nitrate is 
increased and the pH decreases. Diamonds in (e) 
indicate the positions of the Fe2O3 phase. 
 
SEM investigation of the sample reacted with 
0.05 mol/L iron nitrate solution (Fig. 3) shows 
the presence of discrete crystalline iron oxide 
(phase 1), crystalline tungsten molybdates 
containing minor amounts of Cs and Na (phases 
2 and 3) and fine-grained tungsten molybdates 
containing significant amounts of Fe (phase 4).  
Thus, leaching of the tungstate seems to occur 
predominantly by a topotactic ion-exchange 
process with Fe3+ possibly replacing either the 
Cs+ or W in the bronze framework.  Apart from 
iron oxide, there was no evidence of non-bronze 
alteration products in either the XRD or the 
SEM. 
 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Backscattered electron image of Cs-
saturated Mo0.1W0.9-HTB phase leached in 0.05 
M Fe(NO3)3 solution (pH = 2.03) for 4 days at 
150 oC.  It is apparent that phase conversion 
occurs as the concentration of iron nitrate is 
increased and the pH decreases.  All phases were 
analyzed on the basis of three oxygen atoms. 
EDS analyses of regions specified by the 
numbers are as follows: 1. Na0.07Fe2.8O3,  2. 
Na0.02Cs0.06Fe0.16W0.83Mo0.11O3, 3. 
Cs0.03Na0.10W0.84Fe0.02Mo0.14O3, 4. 
Cs0.05Na0.04W0.80Fe0.14Mo0.13O3. 
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The XRD pattern of the titanate also shows 
evidence of a discrete iron oxide phase by the 
time the Fe3+ concentration reaches 0.05 M.  
However, unlike the situation for the tungstate, 
the pattern of the hollandite can no longer be 
observed for Fe3+ concentrations of 0.5 mol/L.  
Instead, the only crystalline phase observed in 
this pattern is that of the iron oxide (spinel) (Fig. 
3e).  Alteration of the XRD pattern of the 
hollandite can in fact be observed at Fe 
concentrations as low as 0.01 mol/L 
corresponding to a pH of about 2.5.  Since the 
pattern of hollandite is progressively degraded as 
the Fe concentration increases the mechanism of 
Cs release appears to be fundamentally different 
from that of the bronze and involves either 
destruction of the matrix followed by Cs release 
and/or Cs release followed by collapse of the 
tunnel structure to give amorphous titanium 
oxide. 
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Figure 4.  XRD patterns of Cs-hollandite phase 
leached in different concentrations of Fe(NO3)3 
solutions for 4 days at 150 oC.  It is apparent that 
hollandite is completely converted to a different 
phase as the concentration of iron nitrate is 
increased and the pH decreases. 
 
 
SEM analysis of the solid recovered from the 
reaction with the 0.5 mol/L Fe3+ solution 
indicates a very interesting microstructure and 
phase assemblage (Fig 4).  There was no 
indication of any composition corresponding to 
the original hollandite material in the sample.  
Often, titania particles were found to be coated 
with illmentite-type compositions (Fe1.2Ti0.87O3) 

while discrete hematite phases were also 
observed.  The titania particles must be X-ray 
amorphous since they can not be observed in the 
XRD pattern.  It therefore appears that Fe species 
attack the titanate structure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.   Back scattered electron image of Cs-
hollandite leached for 4 days at 150 oC in 0.5 M 
Fe(NO3)3 solution (pH = 1.15).  All analyses 
have been initially performed on the basis of 
three oxygen atoms.  EDS analyses of regions 
specified by the numbers are as follows: 1. TiO2, 
2. Fe0.2TiO3, 3. Fe1.2Ti0.87O3, 4. Fe2.79Ti0.03O3.  
Note that these analyses are given in terms of 
three oxygen atoms. 
 
 
Iron nitrate solutions are extremely corrosive to 
both the tungstate and titanate waste forms with 
most of the Cs being extracted from both 
materials in a relatively short period of time.  
However, XRD and SEM suggest that the 
mechanism of leaching is quite different.  While 
the leaching of the tungstate appears to occur via 
a topotactic redox deintercalation or ion-
exchange in which the host framework remains 
intact, extraction of Cs from hollandite results in 
collapse of the host framework to form an 
essentially amorphous titanium oxide and 
significant amounts of illmenite. 
 
To minimise the leaching of the tungstate and 
titanate waste forms in electrolytes containing 
high concentrations of acidic and redox active 
cations it is clear that the waste forms need to be 
passivated by preventing electron exchange.  
This could in principle be achieved by coating 
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the monoliths with passivating material.  
Alternatively, or additionally, it may be possible 
to passivate the material by incorporation of 
additional elements within the metal-oxygen 
framework in an attempt to alter the electrode 
potential of the material.  We have tested this 
possibility  by preparing a range of Cs0.3TixW1-

xO3 HTB compositions by high temperature 
methods.  In Fig. 5 we show the effect on the 
fraction of Cs leached from such materials as a 
function of Ti content.  It is apparent that the 
incorporation of up to 20 atom % Ti significantly 
improves the leach characteristics of the bronze 
materials up to a certain limit. 
 

 
 

Figure 6.   Leaching of Cs0.3TixW1-xO3 bronzes 
( ) and Cs-hollandites prepared by hot uniaxial 
pressing ( ) and sintering ( ) in 0.05 mol/L 
Fe(NO3)3 solutions. 
 
Clearly, we have demonstrated the possibility of 
enhancing the corrosion resistance to iron nitrate 
solutions using only one substituent.  It is 
possible that still better results could have been 
observed by substitution of say Zr or Nb for W 
in the HTB structure. 
 
CONCLUSION 
 
This work represents the first study that we know 
of addressing the leaching of ceramic waste 
forms in extremely corrosive solutions 
containing Fe3+ and its hydrolysis products.  
While the leachant solutions used may be far 
removed from any scenario considered to be 
plausible, this study has demonstrated the 
dramatic impact that the redox active solution 
species can have on the durability of ceramic 
waste form materials containing redox active 
elements. 
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