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Abstract

We present a two-step procedure for treating contaminated liquid waste generated during the processing of uranium, spe-
cifically residual uranium-contaminated liquid after precipitation. After precipitating U(IV) as sodium diuranate under
alkaline conditions, the resulting solution was solidified by immobilising it in an alkali-activated material. Static leaching
tests indicated excellent material stability in water. Exposing the material to aggressive chemical conditions (nitric acid)
resulted in slow and incomplete dissolution of uranium (and of structural elements) from a thin superficial layer with further
passivation. Characterisation of the solid phase was performed to assess the stability of the alkali-activated material under
the tested conditions.
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Introduction

Uranium is a natural component of the environment, with
average concentrations of 2.7 ppm in the earth’s crust and
3.3 ppb in seawater [1]. However, due to extensive activities
related to the front end of the nuclear fuel cycle, remediation
of uranium contamination in the environment is a global
concern [2—4]. Furthermore, large volumes of radioactive
wastewater have been released into the environment as a
result of the uranium mining industry’s explosive growth
and intensive mining and processing operations. This has
contaminated surface and groundwater and presented major
health and environmental dangers [5, 6]. The chemistry of
this element is very complex and strongly depends on a mul-
titude of factors. In an undisturbed geological ore deposit,
uranium is mostly present as immobile U(IV) compounds.
In the presence of atmospheric oxygen (and water), it is oxi-
dized to far more soluble U(VI) compounds [7]. Other fac-
tors influencing the uranium speciation are the temperature,
pressure, pH, salinity, presence of radiolytic peroxide or of
microbiologic activity [8, 9].

The front end of the nuclear fuel cycle is the main anthro-
pogenic source of uranium in the environment. Historically,
tailings from uranium mining and milling were stored and
disposed of without properly addressing the associated
health and safety issues [10]. These tailings contain the
decay products of the >**U and 23U decay chains, including
highly active isotopes of radium, radon (gaseous), bismuth,
and polonium.

The current regulations establish low limits for the release
of uranium and uranium compounds in effluents (e.g. [11].).
For instance, the guideline values for uranium in drinking
water are in the range of 15-30 ppb [12], while for industrial
effluents these values can be several orders of magnitude
larger [13, 14].

Physical immobilisation of uranium has been established
via conventional solidification/stabilisation (S/S) remedia-
tion technology, using Ordinary Portland Cement (OPC).
However, by releasing cementitious hydrates and calcium
hydroxide, exposure to groundwater can weaken the struc-
ture of hydrated cement and perhaps result in the creation of
soluble UO,—CO:s species [15, 16].

Inorganic aluminosilicate compounds known as alkali-
activated materials (AAMs) have drawn a lot of interest
lately due to their possible use in the immobilisation of
radioactive waste [17]. Various studies have shown that
geopolymers, a classification of AAMs, have more favour-
able properties for nuclear waste immobilisation than OPC
[18-21]. The ability of geopolymers to successfully retain
and immobilise radionuclides such as strontium and caesium
is a crucial aspect of their application for radioactive waste
treatment [22-24]. An essential component of assessing
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AAMs’ long-term efficacy as a radioactive waste immobi-
lisation matrix is conducting monolithic leaching experi-
ments [25]. Furthermore, AAMs have been shown to be less
susceptible [26] as well as less prone to deterioration due to
acid attacks [27] compared to OPC.

In this work, we are presenting a two-step approach for
treating aqueous waste containing uranium. After treatment
and immobilisation in an alkali-activated material, we tested
the solid compound by leaching in water and in acidic condi-
tions, to assess its suitability for the intermediate and final
disposal of nuclear waste.

Experimental

To overcome the wide variation in concentration, pH, and
competing ions in the waste solutions produced in our labs,
we are presenting the results obtained based on a model
uranium solution with well-defined characteristics. Thus,
an aqueous solution of uranyl nitrate (UO,(NO3),) with a
concentration of 19.77 g L™ was made from a concentrated
stock solution by appropriate dilution, mimicking an insti-
tutional uranium waste stream.

Stage 1: Alkaline precipitation and reconversion
of uranium

Using a magnetic stirrer, 0.8 g of sodium hydroxide (NaOH)
pellets (Bernd Kraft GmbH), was slowly dissolved in 250 mL
distilled water containing 1.6 g of the UO,(NO;), solution
mentioned above (11.9 mg U respectively), until the mixture
reached a pH of 13.5. The formation of sodium diuranate
(Na,U,0,) became visible as the transparent solution changed
from a pale yellow colour to a cloudy, intense yellow. The
suspension was left overnight, and the Na,U,O; precipitate
settled to the bottom of the beaker. Then the mixture was
filtered with filter paper (Schleicher & Schuell, nr. 595) and the
filtrate was recovered. Stage 1, the precipitation of U (Fig. 1),
contributes to waste minimisation as most of the U is retained
in a low-volume solid phase. It is important to consider that
during the filtration U colloids that are still in suspension can
pass through the pores of the filter and flocculate with time.
The sodium diuranate precipitate can be converted to an oxide
form by thermal treatment at a temperature above 1000 °C
[28].

Stage 2: Immobilisation in alkali-activated material
The clear supernatant was analysed with a high-resolution

inductively coupled plasma optical emission spectroscopy
(HR-ICP-OES) instrument (Ultima2, HORIBA JobinYvon)
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Fig. 1 Uranium removal process
in waste treatment

High U solution
(starting waste)

Immobilisation in AAMs

Solid U
/ Na_ U O)
27277
> Stage 1:
Precipitation of U \
Low U solution
(residual waste)
+ Fe-rich slag l
Stage 2:

Sodium Silicate
activator

‘_

Characterisation l

The measured concentration of sodium (Na) was 0.1 mol L™
and the concentration of uranium (U) was 1.33-10* mol L™!
(0.0317 g L~"). Note that the actual concentration of uranium
in the AAM samples (of 186.8 pg g~!) was larger than the
one expected from the measurement of residual solution due
to the contribution of the particulate matter. To obtain the
actual concentration of U in the AAM samples 1 g of AAM
powderised sample was suspended in 25 mL of HNO; 65%
(14 M concentration) for 24 h with intermediate shaking. The
solution was filtered with a 0.2 pm syringe filter (Whatman™
Puradisc™) and measured with ICP-MS for its U content. The
results were used to calculate the true concentration of U in
the samples.

A synthetic slag was preferred over commercially
available slags to simplify the elemental content of the
material. Precise amounts of pure SiO,, Al,O5, CaO, and
Fe, O, powders were mixed into a homogenous mixture to
form the synthetic slag rich in Fe, Si, Ca, and Al oxides.
After that, the mixture was heated to 1250 °C in an
induction furnace (Indutherm TF4000). The combination
was first melted in an argon (Ar) environment. Once the
melting process started, CO/CO, was added. The mixture
was kept at room temperature in a reducing atmosphere
for 30 min after total melting. After that, the slag was
water quenched to cool the molten slag. After the slag was
quenched, it was dried for 24 h at 110 °C and then ground
into a powder using an attritor (1S Wiener) with a specific
surface area of around 3800 g cm™2. Table 1 presents

Monolithic
semi-dynamic tests

the composition as determined by X-Ray Fluorescence
utilising a Bruker axs S8 Tiger spectrometer. Prior to
the XRF measurement, the slag was dried at 100 °C for a
whole night.

A sodium silicate solution (130 g) was prepared with
molar ratios SiO,/Na,O0 =1.6 and H,0/Na,O =25. The
activator solution was made by combining the U-con-
taminated supernatant produced after segregating the
Na,U,0O,, pure NaOH pellets (Sodium hydroxide, Pellets,
Pure, Bernd Kraft GmbH), and a commercial silicate solu-
tion (molar ratio SiO,/Na,0=3.48, 65 wt% H,O, Supelco,
Merck).

The AAM samples were prepared by mixing the precur-
sor slag (300 g) with the U-contaminated activator (117 g)
with a solution/slag mass ratio of 0.39. After homogenis-
ing the mixture, it was transferred to 25 X 25 x 25 mm?
moulds. To avoid the upper layers of the samples rapidly
drying out, they were covered with plastic foil. After 24 h,
the hardened samples were removed from the mould. The
AAM samples were left to cure at room temperature for a
minimum of 28 days.

Leaching of uranium and structural elements

To assess the release of the introduced uranium and the
structural elements Fe, Al, and Na, a monolithic leaching
test based on the standard CEN/TS 15863:2015 [29] was
performed, where periodic renewal of the eluate volume

Table 1 Chemical composition of the precursor in wt% measured by XRF, iron oxide and calcium oxide over silica molar ratio, and iron oxide

over calcium oxide molar ratio

Fe, O, Si0, CaO ALO,

Other (Fe,O,+ Ca0)/SiO, Fe,0,/CaO

49.8 34.1 34 11.6

1.0 1.56 14.51
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Table 2 Time intervals for eluate collection [29]

Duration from the
start of the test (t;)

Step/ fraction

1 6 h+15 min

2 1 d+45 min

3 2dand6h+2h
4 4d+4h

5 9d+10h

6 16d+18h

7 36d+42h

8 64d

a)

Fig.2 a Sample holder design and b experimental leaching setup

is foreseen. The cured AAM samples were measured for
dimensions and weight. The samples had two pin-sized
contact spots with the sample holder and were fixed in
the centre of the leachant volume (250 mL). The material
of the bottles was PE, the sample holder was made from
PEEK and stainless steel. The containers were tightly closed
and were only opened during the collection of eluates at
predefined time intervals, which are shown in Table 2. The
experimental setup can be seen in Fig. 2.

Two sets of experiments were made, each one in three
replicates. In one case the leachant was demineralized
water and in the other, the leachant was 0.25 mol L™! nitric
acid (HNO;) with a pH of 0.7 in order to simulate extreme
conditions. AAM samples leached in acid are labelled as
IPU_NL and the ones leached in water as IPU_WL. In
both cases, a blank experiment was performed as well,
under the same conditions, excluding the presence of an
AAM sample. An eluate of 3 mL was collected, filtered
through a 0.45 pm pore-sized syringe filter, and immedi-
ately acidified to a concentration of 1 mol L' HNO;. The
concentration of U, Fe, Al and Na were measured by an
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inductively coupled plasma mass spectrometry (ICP-MS)
instrument (ElementXR, Thermo Fisher Scientific). At
each sampling time, the conductivity (Portable Conduc-
tivity Meter, METTLER TOLEDO) and pH (MP225 pH
Meter, METTLER TOLEDO) of the eluates were meas-
ured. The leaching tests were carried out in an under-air
glovebox and in laboratory conditions (20 +5 °C). Before
each leaching test the setup was washed with 0.1 M HNO;
and then with distilled water.

Fragments of the AAM samples (pristine, leached in
water and acid) were collected and crushed in a mortar.
Further characterisation was performed at room tempera-
ture by powder X-ray diffraction (XRD), Fourier Trans-
form Infrared (FTIR) spectroscopy and Scanning Electron
Microscopy (SEM).

XRD analyses were performed on powderised polycrys-
talline AAM sample material with a Rigaku Miniflex 600
benchtop 0:20 diffractometer. The system had a 2.0 kW Cu
X-ray tube, Nal scintillation counter detector, and graphite
monochromator. Instrument control and data processing
were performed using a PDXL Comprehensive Analysis
Package PC.

FTIR spectroscopy was performed on powderised AAM
sample material in attenuated total reflectance mode with
an Alpha Platinum Bruker spectrometer equipped with
ZnSe crystal. Spectra were obtained in the wavenumber
range from 600 to 4000 cm™! with a resolution of 4 cm™".

Scanning electron microscopy analysis was performed
on uncoated fractured surface of the AAM samples using a
Thermo Scientific Quattro Scanning Electron Microscope
fitted with an Energy-dispersive X-ray spectroscopy (EDS)
XFlash 6/30 detector).

Results and discussion

The results of the static leaching tests are analysed to pro-
vide a comprehensive understanding of U leaching behav-
iour from AAM samples. The matrix stability is evaluated
under normal and extreme conditions (leached in water
and acid, respectively), and the release of U is examined.
The structural, chemical, and morphological changes of
the AAM samples are investigated before and after the
leaching tests with FTIR, XRD, SEM and EDX mapping
techniques.

Leaching in water

As seen in Fig. 3 in the first 4 days, the pH rises rapidly
while after the 10-day mark and reaches a plateau. In Fig. 4
the release of the structural elements Fe, Na and Al and the
contaminant U is shown.
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Fig.3 Evolution of pH during the course of the monolithic static
leaching in water experiment

Table 3 shows the total concentration of Fe, Na, Al and
U released throughout the leaching test in water in mg L™
and in mg m~2. The different unit expressions of the results
ensure the ability to compare the results to other shapes and
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sizes of testing portions, the unit mg L' is only valid for the
specimen size and shape tested in this work, while mg m~>
can be compared to other testing portions [29]. The leaching
of U in the water-leached AAM samples stands at a very low
0.047 mg L~!. The relative uncertainties observed in the
results for the water-leached experiment are due to the low
concentration levels in these leachates.

Following the CEN/TS 15863 protocol [29] the release
mechanism for the elements examined in the experiment
was investigated. For Na, diffusion was identified as the
main release mechanism, based on the observation that
\/ MSE < 0.4, where MSE represents the mean square error
of the concentration in eluates 2 to 8. No secondary mecha-
nisms were determined according to the protocol [29]. The
release mechanism for Fe, Al and U remain unidentified.

While the speciation of Na remains unaffected by the
acidity or alkalinity of solutions, existing as Na* in both
occasions, Fe, Al and U exist in different forms at different
pH levels [30]. The pH of the eluates collected in the
leaching of the AAM samples in water ranged between
7-12 (Fig. 3). In alkaline environments, Fe, precipitates
as Fe(OH)s, while Al demonstrates amphoteric behaviour,
with increasing solubility as AI(OH),” as the pH rises
towards alkaline conditions. U shows more complex
behaviour. According to the Pourbaix diagram for uranium

b)

Cumulative Release (mg m?)

0 T T T T T T
0 10 20 30 40 50 60

Time (d)

Fig.4 Cumulative release of a structural elements Fe, Na and Al and, b contaminant U in the water leaching experiment

Table 3 Cumulative release of Fe, Na, Al and U in sample IPU_WL (leached in water) in mg L™ and in mg m~2 The uncertainties are based on

the propagation of the individual analytical results

Concentration units Fe Na Al U
mg L™ 0.66+0.23 1760 +540 6.6+22 0.047 +0.001
mg m~2 42,50+ 14.50 (1.10£0.30)x 10° (4.20+1.50)x 10? 3.02+0.01

@ Springer



Journal of Radioanalytical and Nuclear Chemistry

in non-complexing aqueous media, the main species present
in solution would be UO,(OH);/UO,(OH),*” in the pH
range of the leaching in water (pH 7-12) [31]. In oxidizing
conditions, it forms soluble complexes like UO,(COs)s*"
(uranyl carbonate) or U022+ (uranyl ion) [30]. It has been
shown that the adsorption of U on AAM s is strongly affected
by pH values. When pH increases, more H;O* ions become
available from the AAM surface making the sites available
to cation exchange with U022+ ions [32, 33], which could
additionally explain the high retention rate of U in the
leaching test performed with water as a leachant.

In order to get more information on the structural
changes taking place on the AAM material, FTIR spectra
(Fig. 5) were collected before leaching and after leaching.
No significant changes were observed between the water-
leached and pristine AAM samples. The spectral regions
3735 cm™! (1), 36003000 cm™! (2), and 1640 cm™! (3)
are known to be related to the O-H stretching bonds and
H-0O-H bending bonds respectively, both associated with
the presence of water in the structures [34]. Bands in
the region of 1500 cm™' (4) are associated with the C-O
vibrations occurring due to carbonation. These bands are
more pronounced in the pristine material that has not been
leached, while new bands seem to appear after leaching in
the range of 1360 cm~! (5) which are also associated with
the C-O vibrations that possibly occur after carbonation [35,
36]. The bands below 1000 cm™! can be attributed to the
Si—O vibrations [36, 37]. The spectra remained the same
for the area 700 cm™" (9) and corresponds to aluminosilicate
phases [38]. Leaching in water had little to no effect on the
silicate network.

—— IPU-NL
—IPU-OG
— IPU-WL
/‘\. (
)
5
a (
8
|
s
8 )
c
S
E
g N
e )
] /
()
(8)
4000 3500 30‘00 25‘00 20'00 1500 1OIDO 500

Wavenumber (cm™")

Fig.5 FTIR spectra of the samples. IPU-OG corresponds to the
material that has not been leached while IPU-NL and IPU-WL were
leached in acid and water respectively
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These results are in line with the XRD analysis which
showed that the original AAM sample material is XRD-
amorphous with some minor peaks observed that are
attributed to aluminium oxides, indicating partial and limited
crystallinity. Powder X-ray diffraction measurements of the
AAM sample after the leaching experiment demonstrated no
changes (results not shown).

Figure 6 shows the fracture surface of a non-leached
AAM sample, as well as of leached in water AAM sample.
Uranium was found as bright aggregates, clearly visible in
the images obtained with backscattered electrons (confirmed
by EDS), of small particles in the pristine AAM material
that was not leached as well as in the AAM sample that were
leached in water. EDS analysis did not reveal significant
variability in the composition along line scans for the AAM
samples that weren’t leached and for AAM samples leached
in water. The elemental ratio was similar in the bulk of the
material and close to the external surface.

Differently from AAM samples not leached, the water-
leached AAM samples show extensive matrix cracking
(clearly visible in backscattered images). In this case, there
are no more obvious differences between bulk and surface
layers (the 100 microns mentioned in the not-leached sam-
ples). It could mean that the water immersion has enabled a
delayed dissolution/gelation/polymerization of the surface.

Figure 7 shows the elemental distribution along a line
perpendicular to the external surface of Al, Si and Fe of an
AAM sample leached in water; here the proportion of the
different elements remains fairly constant in the proximity
of the external surface. The profile is also in good agreement
with a typical elemental profile of the pristine AAM material
before leaching (data not shown). The line scans in Fig. 7
showed no significant variability in terms of material
composition along the axis perpendicular to the surface area.
The different morphology of the first 100 micron layer could
be the result of premature material drying thus preventing a
fully developed polymerisation.

Using the ICP-MS measurements, an indicative value
of uranium mobilised by water leaching is 0.15%. At this
point, we can conclude that the immobilisation efficiency
of uranium in such AAMs is 99.85% in normal leaching
conditions.

We can tentatively compare these immobilisation yield
values with some available in open literature for different
waste matrices. Chakrabarty Parta et al. [39] reports
cumulative leach fraction of uranium release from rock,
uranium tailings, copper kinker ash samples and copper
tailings in the range of 0.1-0.4% in distilled water and
slightly higher (up to 0.6%) in 0.1N NaNO; solution. Jian
et al. [40] synthesised solidified uranium tailing samples
composed from metakaolin and fly ash, and doped with
polyvinyl alcohol and basalt fibres. Their material exhibited
a 85.25% immobilisation rate of U when leached in distilled
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Fig.6 SEM images of AAM samples a that were not leached and AAM samples after being b leached in water

Fig.7 Line scanning of the
peripheral area cross-section
of an AAM sample leached in
water

Norm. absolute intensity
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water. Despite the experimental conditions being extremely ~ Leaching in acid

different, we can notice that results usually are in the same

order of magnitude. In order to explore the behaviour of the AAM in extreme
conditions and particularly to investigate how well U is
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Fig.8 Evolution of pH during the course of the monolithic static
leaching in acid experiment

bonded in the material, we exposed it to acid in a leaching
test. As seen in Fig. 8, much like the samples leached in
water, in the first 4 days, the pH rises rapidly until the 10-day
mark, after which it plateaus. In Fig. 9 the release of the
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structural elements Fe, Na and Al and the contaminant U
is shown. As can be observed in Table 4, Fe, Na, Al and
U leached respectively 4000, 5, 800 and 30 times more in
acid than in water. Similar results were observed regarding
the release mechanisms of the examined elements for the
leaching experiments performed in nitric acid. For Na,
diffusion was confirmed to be the main release mechanism
with \/MSE < 0.4, with no determined secondary
mechanisms. The release mechanism for Fe, Al and U
remain unidentified also in the leaching tests performed in
nitric acid.

An approximate value of uranium mobilized by acid
leaching from the cube’s volume, as deduced from
the ICP-MS measurements, is 5%. However, optical
microscopy of the acid leached sample showed the leaching
is not homogeneous, as four distinct layers can be seen in
Fig. 10, of which the length could be measured. The total
depth of penetration of the leaching solution was found
to be 0.123 cm. This observation allows us to perform a
rough calculation based on the concentrations of uranium
in the solid material/leached solution and geometrical
considerations. It results in a value of 34 + 10% uranium
remaining in the penetrated layer leached after two months
of leaching in the given experimental conditions. The
uncertainty shown here represent an overestimation of
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Fig.9 Cumulative release of a structural elements Fe, Na and Al and, b contaminant U in the acid leaching experiment

Table 4 Cumulative release of Fe, Na, Al and U in sample IPU_NL (leached in acid) in mg L™! and in mg m~2. The uncertainties are based on

the propagation of the individual analytical results

Concentration units Fe Na Al U
mg L™! 30,050 +390 8070240 5780+ 17 1.310+0.070
mg m~2 (19.00+0.25)x 10° (5.10£0.15)x 10° (3.70£0.01)x 10° 83.10+4.30
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Fig. 10 Image from the inner side of a fragment after the AAM
sample was leached in acid

combined instrumental and method errors used in this the
experiment.

The FTIR spectra of the acid leached material showed
changes in the wavelength range of 1360 cm™! (5)
(Fig. 5), which, as previously mentioned, is linked to the
C-O vibrations that may occur after carbonation due to
leaching [35, 36]. This absorption band also corresponds
to the presence of NaNO; [41] which aligns with its more
prominent appearance of it in the AAM sample leached in
acid. The leaching in acid seemed to have the biggest impact
on the samples” spectra as a clear shift was observed for the
peaks at wavelength 970 cm™! (6) to 1035 cm™! (7) after the
experiment. This range is attributed to the Si—O vibrations
and the less pronounced peak after leaching in acid indicated

Fig. 11 Line scanning of the
peripheral area cross-section of
an AAM sample leached in acid

Norm. absolute intensity

degradation of the silicate network. A new peak was noticed
at 795 cm™! (8), this region corresponds to iron oxides or the
presence of crystalline fayalite [38, 42—44].

Figure 11 depicts a line scan made on the distinct layers
seen in Fig. 10 with a direction from the bulk to the external
surface of the AAM sample leached in nitric acid solution.
From the strong change in the elemental distribution of
Al, Fe and Si we conclude that the ferroaluminosilicate
network of the AAM sample is influenced, a sign of material
degradation.

In the first layer seen in Fig. 12 starting from the surface
(50-100 microns), the microstructure seems altered and
the glue-like continuous phase is visible everywhere in the
bulk is not present and the particles (big and small) seem
to be only loosely compacted. This means that the first
100 microns could be more permeable to the water phase.
EDS did not show significant signs of uranium uniformly
distributed in the AAM material, while it is possibly too
low to be detected.

As seen in Fig. 12 U aggregates were no longer observed
in the SEM images of the AAM samples leached in acid.
This indicates that the U-clusters can be washed out by acid
but unlikely by water. This is in good agreement with the
solubility of potential uranium compounds, such as UO,_,
U,04 and/or UO,(OH),-H,0 [31].

Several studies have also been made testing the immo-
bilisation yield of AAMs in harsh conditions. Zhou et. al
[45] investigated the immobilisation yield of U in alkali-
activated coal gangue-based geopolymers using acetic acid
as a leachate to simulate the leaching process occurring in
sanitary landfill environments. They found that the fixation
efficiency of U was 77.44%. Li et al. [46] enhanced coal
gangue based geopolymers with Nano-hydroxyapatite and

—1,00 * Al
1,00 * Fe
—1,00 *Si

T T T T T T

T T
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Fig. 12 SEM images of the
peripheral region of AAM
samples after being leached in
acid in different magnifications

tested the materials’ ability to retain U using a static and
dynamic leaching test and found a 81.73% immobilisation
efficiency using acetic acid and deionized water as leachates.

Conclusions and outlook

The current study was carried out in order to investigate
the feasibility of the use of AAM as a long-term storage
solution, namely for the treatment of waste solutions con-
taminated with uranium. Uranium was found as clusters of
uranium in the un-leached AAM samples, and remained
there during water-leaching for two months. The fraction
of mobilised uranium was extremely low and the uranium
levels in the leachates were well under the regulatory lim-
its. The leaching of AAM structural elements was overall at
low levels in water, and the structure of the AAM material
remained stable, suggesting that AAM immobilisation is a
promising alternative to ordinary Portland cement. In case
of an extreme environment such as nitric acid solution, ura-
nium was partially leached from the AAM samples in the
comparable testing conditions. In this case a barrier was
established that slowed down the leaching front into the core
of the AAM.

The present results can be extended to the potential quali-
fication of AAMs as matrices for immobilising radioactive
and nuclear waste. They can find applications at various
stages of the nuclear fuel cycle where treatment aqueous
waste liquids would be needed. Further studies on the ura-
nium retention in AAMs would be recommended in order to
explore and further validate their potential as nuclear waste
immobilisation matrices. Some of the suggested studies
would be percolation and pH dependent leaching tests to
simulate flowing water scenarios and provide more infor-
mation on health and environmental risks. Additionally
important information could be derived from exposing the
AAM samples to irradiation, assessing their durability, mor-
phological changes and leaching levels of the contaminants
after irradiation.

@ Springer
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