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Abstract: Managing certain by-products of the nuclear fuel cycle, such as the radioactive isotopes of
caesium: 134Cs, 135Cs and 137Cs is challenging due to their environmental mobility and radioactivity.
While a great many materials can isolate Cs+ ions from neutral or basic aqueous solutions via
ion exchange, few of these, with the exception of ammonium phosphomolybdate (AMP), function
effectively in acidic media. The use of AMP, and its porous composite in polyacrylonitrile (PAN)
for management of Cs radioisotopes in various nuclear wastes have been known for decades and
are well studied, yet the effects of radiation on the physiochemical properties of such composites
have only received limited attention to date. In a previous publication, we demonstrated that a
100 kGy gamma irradiation dose has negligible effect on the ion exchange performance of AMP
and AMP–PAN with respect to capacity or kinetics under the Cs+ concentrations and acidity found
in spent nuclear fuel (SNF) recycling. As a continuation of this prior study, in this publication we
explore the effects of gamma irradiation on the physiochemical properties of AMP and AMP–PAN
using a range of characterisation methods. The effects of the same gamma dose on the oxidation state
of Mo in AMP and AMP–PAN, the thermal degradation of both AMP and AMP–PAN, combined
with a first study into the high-temperature degradation AMP, are reported. The implications of
irradiation, its possible mechanism, the conditions present in SNF recycling, and for the end-of-life
disposal or recycling of these materials are also discussed.

Keywords: nuclear fuel cycle; waste management; composite materials; irradiation properties;
selective separations

1. Introduction

In order to prevent catastrophic climate change, we must decrease our reliance on or even cease
the use of fossil fuels for the generation of power and potentially other applications such as maritime
shipping [1] to prevent further warming of the Earth [2]. Nuclear fission is a zero-carbon power source
with the capability to completely replace fossil fuels as our electrical base load, but for sustainable
increase in usage, we must reconsider the implementation of the nuclear fuel cycle to include efficient
recycling of spent fuel to maximise the efficiency of finite fissile materials. Despite being carbon
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neutral, fission reactions generate a multitude of hazardous radionuclide by-products, which require
careful consideration about their management [3]. Some of these, including the radioisotopes of Cs
(134Cs—t1/2 = 2.1 y; 135Cs—t1/2 = 2.3 My; and 137Cs; t1/2 = 30.2 y) [3,4], are problematic to selectively
isolate, and are environmentally mobile, [5–7] leading to concerns about their long-term storage and
disposal. Of these, 137Cs is of greatest concern as a strong gamma emitter, with a combined β-γ thermal
output of ca 70 mW/g [8].

Many natural and synthetic materials selectively isolate and retain Cs+ ions effectively
from aqueous solutions, but few operate effectively at acidic pH values [9–15]. Ammonium
phosphomolybdate (AMP, (NH4)3PMo12O40) is an exception to this, [8,16–18] able to effectively
remove even trace Cs+ from decontamination liquors, [19] tank wastes, [20] and model reprocessing
liquors [21,22], in the presence of high concentrations of other alkali metals [16,17], or higher valence
ions [21]. AMP is a dense, fine powder, often implemented as a porous composite in a polyacrylonitrile
matrix (PAN) to facilitate column processing [18,19,23]. While both AMP and PAN are acid- and
radiation-resistant, irradiation of both components has been characterised to a greater or lesser
extent [24–27], and a significant volume of literature has studied the ion exchange performance of these
compounds following irradiation [18,27–30]. The effect of radiation on their physiochemical properties
is less well understood [15,23,27]; this is of great importance when considering the practical application
of such materials in the nuclear industry. The later works of Rao et al. [28] and later Narasimharao et
al [29]. in particular explored the effect of up to 200 MGy β− irradiation on AMP, with no negative effects
on ion exchange performance observed at 2 MGy exposure, though at 100 MGy and above, the effect of
radiation severely diminishes the desired action of AMP [29]. The physiochemical properties of AMP
were explored in some detail in the latter of these works [29].

AMP consists of a cubic crystalline unit cell containing the Keggin phosphomolybdate (PMo12O40
3−,

Figure 1) anion, surrounded by ammonium counter ions and water molecules. [31] Cs+ is absorbed from
aqueous solution by exchange with ammonium ions in the crystal lattice, as per Equation (1), where
0 ≤ x ≤ 3. Caesium phosphomolybdate (Cs3[PMo12O40], CsMP, x = 3) can be prepared synthetically
and has been studied [32], although in ion exchange environments, only about two-thirds of the NH4

+

ions in AMP (x = 2) are typically replaced with Cs+ [17,33], though the theoretical capacity of AMP is
220 mg/g Cs (x = 3).

(NH4)3[PMo12O40](s) + xCs+
(aq)→ (NH4)3-xCsx[PMo12O40](s) + xNH4

+
(aq) (1)

Figure 1. Keggin structure of the phosphomolybdate anion (PMo12O40
3−). MoO6 octahedra: blue; P:

orange; O: red. Open source image, Wikipedia.

One of the primary challenges in spent nuclear fuel recycling is the radiolytic degradation of
organic extractants caused by the decay of highly radioactive fission products and minor actinides
present in spent fuel, which causes numerous operational difficulties and generates large volumes
of highly radioactive liquid waste [21,22]. We previously proposed the use of sequential, selective
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chromatographic separations for the isolation of heat-generating radionuclides prior to the solvent
extraction of fissile isotopes in spent fuel recycling to prevent this occurrence, which would reduce the
prevalence of these issues and thus increase the safety and economy of the process while allowing for a
reduction in the volume of high level waste (HLW) produced [22,23,30], in a process we have dubbed
ART: alternative reprocessing technologies. The first stage of investigation into this concept has been
previously reported, and is illustrated in Figure 2. Useful radionuclides, such as Cs-137 for medical
applications, could potentially be recovered this way [34], or disposed directly via encapsulation
or vitrification.

Figure 2. Simplified schematic overview of the present spent nuclear fuel (SNF) recycling (PUREX)
process in solid bordered boxes. The dashed boxes represent our proposed Cs separation [21,22].

In a recent publication [30], we studied the effect of 100 kGy of rapid (20 kGy/hr) gamma
irradiation on the Cs+ ion exchange performance of AMP and AMP–PAN composites under simulated
spent nuclear fuel recycling conditions (with respect to Cs+ concentration and acidity, based on
the concept of Eccles et al.) [21], observing no reduction in capacity, kinetics, or change in uptake
mechanism after irradiation. Irradiation was accompanied by a clear change in the colour of both AMP
and AMP–PAN from yellow to green following irradiation, as previously reported by Sebesta and
Narasimharao [15,23,29] but reversible upon immersion in nitric acid [29]. This change is normally
associated with the reduction of Mo from the (VI) oxidation state to (V) or lower, and suggested that
physiochemical changes occurred in the samples upon irradiation. With this in mind, we explored
these observations in detail via a range of analytical methods in order to expand the present base of
knowledge regarding the irradiation of AMP and AMP–PAN, and to provide an initial validation
of the performance of these materials under part of the conditions for their intended use. The effect
of gamma irradiation on AMP–PAN composite porosity, AMP and AMP–PAN thermal degradation,
and the colourimetry and redox chemistry of Mo centres in AMP is explored as this data is, to our
knowledge, absent from the established literature. This publication additionally represents the first
high temperature (>800 ◦C) investigation of AMP degradation, which is similarly missing from prior
studies. The likely stability of AMP–PAN during the extraction of caesium from spent fuel dissolver
liquor and during the interim storage when loaded with radiocaesium is also discussed, as the results
presented give an insight into the implications into this proposed use of the composite in spent nuclear
fuel (SNF) reprocessing.

2. Experiments

2.1. Materials and AMP–PAN Composite Preparation

Ammonium phosphomolybdate (AMP, (NH4)3PMo12O40), polyacrylonitrile (PAN, molecular
weight 80,000), Tween 80, dimethyl sulfoxide (DMSO), caesium nitrate and nitric acid were obtained
from Sigma, Fisher or VWR as reagent grade precursors and used as procured with no further
purification required. Deionised water (>18 MΩ/cm) was used for all experiments.

A 70% (by weight) composite of AMP contained within a porous support substrate of PAN
(henceforth referred to as AMP–PAN) was prepared as described in our previous publication [30],
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using a well-established method developed by Park et al. [35], with modifications where noted [36].
An amount of 200 mL of DMSO was heated to 50 ◦C in a water bath with overhead stirring at 250 rpm,
and mixed with 0.8 g of Tween 80. To this was added 28 g of AMP powder. The mixture was allowed
to stir at 50 ◦C for 1 h to fully disperse the AMP, forming a homogenous yellow-green suspension.
An amount of 12 g of PAN was added to this suspension over about 10 min and the mixture maintained
at 50 ◦C with stirring for 6 h to fully dissolve the PAN. The mixture was then sprayed with compressed
air into a large excess of deionised water through a confined jet nebulizer [36], (rather than dropwise
addition under gravity as per Park’s work) [35] forming 2–3 mm sized, spherical, porous beads of
AMP–PAN. The spheres were left in the water overnight and subsequently washed 3 times with a
large excess of deionised water, allowing 30 min for equilibration each time. The washed beads were
then sieved and air dried at 60 ◦C for 24 h.

2.2. Irradiation

Dry AMP powder and AMP–PAN were both irradiated in sealed vials, at a distance of 5 cm
with gamma radiation (1.173 MeV and 1.333 MeV) to an exposure of 100 kGy using a Foss Therapy
812-self-shielded 60Co irradiation source located at the Dalton Cumbrian Facility, Whitehaven, UK,
at a rate of ca 20 kGy/hr.

2.3. Characterisation

Optical images were recorded using a Sony Xperia XA1 equipped with an Exmor RS 23 MPixel
sensor and a 24 mm wide-angle f2.0 lens under ambient lighting.

Powder X-Ray diffraction (XRD) was conducted using a Brucker D8 diffractometer equipped with
a copper Kα radiation source and a 2◦ multi-channel detector.

Fourier Transform Infra-Red (FTIR) analysis was conducted using a Thermo Scientific Nicolet iS5
spectrometer equipped with an ATR diamond lens, recorded in the absorption mode.

Combined thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) were
conducted using a Mettler-Toledo STAR TGA/DSC 1 system under a 100 cm3/min flow of N2 from
ambient temperature to 1000 ◦C at a heating rate of 5 ◦C/min.

Scanning electron microscopy (SEM) was conducted under high vacuum using an FEI Quanta 200
scanning electron microscope equipped with an EDAX Sapphire Si(Li) elemental analyser.

Solid-state ultraviolet-visual (UV-Vis) emission spectrometry and colourimetry were conducted
using a Datacolour 650 and a Croma Meter CS-200 respectively. The CS-200 measurements were
recorded under daylight-simulated illumination.

Surface areas were determined using the Brunauer–Emmett–Teller (BET) model at 77 K using
nitrogen absorption (Micrometrics ASAP2020Plus), with accuracy checked against an alumina standard.

X-ray Photoelectron Spectroscopy (XPS) was performed with an Axis Ultra Hybrid spectrometer
(Kratos Analytical) using monochromated Al Kα radiation (1486.6 eV, 10 mA emission, 150 W). Survey
spectra were collected at a pass energy of 80 eV and core level spectra at 20 eV pass energy. A charge
neutraliser was used to remove any differential charging effects at the surface, and the binding energy
scale was calibrated using the C1s photoelectron peak at 284.8 eV. The base pressure of the spectrometer
was 10−8 mbar.

Continuous-wave electron paramagnetic resonance (EPR) at 9 GHz spectra of AMP and AMP–PAN
were recorded using a Bruker Biospin EMX spectrometer with a Bruker ER4119HS resonator. Samples
were measured for a known mass to ensure a quantitative response, with the AMP–PAN samples
conducted with 1.43 x the mass of AMP (as 70% composites). AMP–PAN pellets were first ground to
ensure a random orientation of the powdered samples with respect to the applied magnetic fields.
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3. Results and Discussion

3.1. Chemical Changes Induced in AMP upon Irradiation

The most apparent effect of γ irradiation on both AMP and AMP–PAN is a clear colour change
in the samples, as outlined in Figure 3. Previous researchers reported similar observations, [27–29]
surmising that this was caused by reduction of the Mo(VI) centres in AMP to Mo(V), stabilised by
delocalisation around the tetrahedrally-symmetrical phosphomolybdate Keggin-type ion [29]. This is
normally accompanied by a “bluing” of the sample from the presence of (deep blue) Mo(V) [37],
which, combined with the vibrant yellow hue of AMP, results in the green colouration observed.
The yellow AMP hue a result of metal (Mo) to ligand (O) charge transfer, while the blue, reduced
form is a result of metal-ligand and inter-species (MoV

→MoVI) charge transfer [37]. This shift was
recorded in solid-state visible-light spectroscopy of the samples in Figure 4, giving the absorption
maxima of AMP are 566 and 552 nm for the virgin and irradiated material respectively; and 553 and
534 nm for the virgin and irradiated AMP–PAN composites, respectively. The shift of the maximum
absorption wavelength to the blue end of the visible spectrum is apparent, though any resolution
between blue and yellow colouration cannot be achieved using this technique. A clear reduction in
absorbance towards the red end of the visible light spectrum (>530 nm) is observed for AMP, and
to a lesser extent for AMP–PAN following irradiation. With respect to CIE 1931 colour space, both
AMP and AMP–PAN are shown to move to greener hues upon irradiation (x,y for AMP: 0.431, 0.484
→ 0.419, 0.485; AMP–PAN: 0.356, 0.403 → 0.346, 0.394, see Figure A1). γ irradiation is known to
induce yellowing in PAN [24]. Pawde et al. suggested that this effect could be exploited as an internal
dosimeter, resulting from the formation of conjugated C=N bonds and cyclisation reactions within the
polymer structure, [38] though in the case of AMP–PAN, the vibrancy of AMP’s hue overpowers any
colour change that could be observed in the PAN matrix, though for colourless or white composites,
this factor could likely be exploited in applications such as those proposed here and previously by
ourselves [21,22,30]. No change is observed to the morphology or XRD powder pattern of the AMP
crystallites (Figures A2 and A3 respectively) upon irradiation [28,29].

Figure 3. Optical images (L-R) of virgin AMP, irradiated AMP, virgin AMP–PAN,
and irradiated AMP–PAN.

Figure 4. Visible light absorption spectra of virgin and irradiated AMP (red and blue) and AMP–PAN
(green and violet).
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XPS and EPR were used to explore the oxidation state of Mo in our AMP and AMP–PAN
samples before and after irradiation. The observed XPS proved to contradict the known reduction of
AMP outlined above [27–29,37]. We suspect this is due to secondary electrons [39] generated in the
experimental procedure effecting reduction of the virgin samples to a greater extent than the irradiated
ones. EPR of MoV centres generated a distinctive signal (g = 2.7737) corresponding to previous
literature references [29,40], which increased in intensity with the redshift of the samples explored,
as per Figures 4 and 5. The intensity of the baseline EPR MoV signal increases by a factor of 3.25 for
AMP upon irradiation to 100 kGy. For AMP–PAN, this is increased by a factor of 17 upon irradiation.
We believe that the presence of a larger number of radiolytically labile functionalities present within
the PAN polymer leads to a greater reduction of AMP in the composite compared to the pure material,
for which a likely mechanism of this is reported below. The measurements are quantitative within the
series measured, though due to lack of availability of a qualified internal standard, the MoVI:MoV ratio
in these samples cannot be defined.

Figure 5. Recorded EPR spectra for AMP (top left) and AMP–PAN (bottom left), and 2nd integrals for
AMP (top right) and AMP–PAN (bottom right). Virgin samples are blue plots, irradiated are red.

A number of possible electron sources exist within AMP capable of effecting the reductions
observed. When exposed to gamma radiation, small molecules such as the water of crystallisation or
the ammonium ions in AMP can photodegrade, producing a range of oxidising and reducing species
via a complex network of interlinked and interdependent reactions. Radiolysis of the N-H and O-H
bonds in these aforementioned small molecules and ions can generate H radicals, as per Equations
(2) and (3) [41], though this is a simplification of the overall process [42]. We then surmise that these
interact with the phosphomolybdate ion and effect reduction, according to Equation (4), via one of the
terminal M=O bonds [41]. As the additional negative charge of reduction is delocalised throughout the
Keggin structure, the reduced phosphomolybdate ions are stable, although oxidised back to the yellow
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MoVI form upon contact with aqueous nitric acid [29]. In catalytic environments, reduction of the
phosphomolybdate ion is believed to proceed via Equation (4), which, with condensation of Mo-O-H
groups at elevated temperatures, results in the dissociation of the Keggin structure [29]. Irradiation with
β particles up to 2 MGy has only limited effect on AMP, while at 200 MGy, the breakdown of the Keggin
structure occurs, theorised to proceed via a phospho-heptamolybdate (PMo7O29) intermediate [29].

NH4
+ + γ→ NH3

+ + H (2)

H2O + γ→ HO + H (3)

H + MoVI=O→MoV-OH (4)

Solid-phase FTIR spectroscopy on our virgin and irradiated AMP powders (Figure 6) indicates
a radiation-induced increase in the intensity of several of the peaks present including those at
3200–3000 cm−1 (mild, O-H stretch), 1739 cm−1 (significant, unknown), 1400 cm−1 (moderate,
N-H flexural vibration), 1219 cm−1, (moderate, P-O stretch), and those associated with the Keggin
phosphomolybdate anion (mild, 1068, 962, 869 and 785 cm−1) [29,35,43]. Zhaoyi et al. postulated that
changes in the intensities of these bonds could be used to monitor the Cs+ loading of AMP, though the
applicability of this concept in irradiated AMP would have to be studied further [43].

Figure 6. FTIR spectra of virgin (blue) and irradiated (red) AMP.

Previous researchers noted the Cs+ capacity of AMP increases upon irradiation to 2 MGy with β

particles [29], although this was not seen in our previous work [30]. This previously reported increase
in capacity could be due to the reduction of MoVI=O bonds in the AMP Keggin anion to MoV-O-H
bonds. If this hydroxyl functionality is suitably acidic, H+ exchange for Cs+ may occur. The mechanism
of uptake of AMP is believed to change with increasing acidity. Narasimharao theorised that above
1 M HNO3, partial dissociation of AMP occurs, according to Equation (5a) (where n ≤ 3, and PM is
the phosphomolybdate anion), resulting in Cs+ exchange with H+ instead of NH4

+ (Equations (1)
and (5b) respectively) [29]. As such, any degradation of AMP caused by β or γ irradiation, resulting
in reduction of MoVI to MoV or loss of NH3 and/or waters of hydration could explain the increased
capacity observed to moderate (2 MGy) levels of irradiation previously reported [29], though beyond
this, destruction of the Keggin ion structure would likely reduce or even remove the selectivity and/or
capacity of AMP for Cs+.

(NH4)3(PM)(s) + nHNO3(aq)→ (NH4)3-nHn(PM)s) + nNH4NO3(aq) (5a)

H+-AMP(s) + Cs+
(aq)→ Cs+-AMP(s) + H+

(aq) (5b)
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3.2. Effect or Irradiation on the Structure of the AMP–PAN Composite

An amount of 100 kGy of γ irradiation has a profound effect on the porosity and internal structure
of AMP–PAN composites. A clear collapse in the structure of and damage to the internal morphology
of the composite is observed via SEM microscopy of bisected beads, as shown in Figure 7. This collapse
in the internal structure was confirmed by the BET surface areas of the composite, which decreased
from 21.56 to 7.64 m2/g upon irradiation, accompanied by an increase in average internal pore diameter
from 5.24 to 13.40 nm. Such observations have not, to our knowledge, been reported in any prior
work. Despite the observed collapse in the internal structure of the polymer beads, ion exchange
performance was not affected, as demonstrated in our previous publication [30]. While these results
show irradiation to have a negative impact on the morphology of the composite, differing radiolytic
environments, such as those encountered in aqueous HNO3 may have contrary or additional effects to
those observed here, for this and other such porous composites, and thus require further investigation.

Figure 7. SEM images of virgin (A, left), and irradiated AMP–PAN (B, right) composites. These images
were taken as prepared (A) and post-irradiation (B), respectively. Scale bars are 200 and 100 µm for A
and B respectively.

Solid-phase Fourier transform infra-red spectroscopy on our virgin and irradiated AMP–PAN
composites (Figure 8) indicates minor reductions in the intensity of the Keggin ion peaks observed
in Figure 5, and a moderate reduction in the PAN C-H stretch (2912 and 2971 cm−1) while the PAN
–C≡N stretch (2237 cm−1) remains unaffected, and the O-H stretch (3300–3800 cm−1) increases in
intensity [15,35,43,44]. Nilchi demonstrated that similar PAN composites suffer no discernible changes
to the FTIR spectrum with up to 200 kGy of γ irradiation [15]. The spectrum of the virgin material
matches those of Park [35].

Figure 8. FTIR spectra of virgin (blue) and irradiated (red) AMP–PAN.
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The radiolytic degradation of PAN is a complex process, combining cross-linking, chain scission
and gaseous evolution reactions [24,27,45]. Upon gamma irradiation to 100 kGy, these reactions change
the mechanical properties of PAN: increasing crystallinity, while reducing crystallisation, melting,
and onset of degradation temperatures by 20 ◦C, and decreasing mechanical strength by 30% [24,45].

3.3. Effect of Irradiation on the Thermal Stability of AMP and AMP–PAN

The general physiochemical properties, in particular the thermal stability of materials for use
in the nuclear industry, are of paramount importance for consideration of operational safety [28].
The thermal stability of AMP is unaffected by irradiation under 800 ◦C (TGA in Figure 9, DTG in
Figure A4), with our results mirroring those of Ilhan et al. up to 500 ◦C [46]. The mass loss between
50 and 100 ◦C is from evaporation of bound water. From 400 to 470 ◦C, from ammonia and water
(from ammonium ions and hydroxyl groups respectively) are lost, [46] and the Keggin structure of
the anion destroyed [47,48]. By 600 ◦C, AMP has degraded to P2O5.24MoO3 [46]. To our knowledge,
this represents the extent of published data regarding the thermal degradation of AMP, though some
researchers have investigated the thermal recovery of Cs+ from AMP via volatilisation [34]. Beyond this
temperature, we suspect that the volatilisation of P2O5 and MoO3 occurs, with virgin AMP degrading
via a two-step mechanism, and the γ irradiated sample via a three-step process, though the end product
of this degradation yields the same mass, and thus, likely the same product. Similar studies have been
undertaken on ammonium phosphotungstate under both air and nitrogen, but neither of these exceed
the primary degradation temperature of the material (>1000 ◦C), at which point it decomposes to WO3,
suggesting that phosphotungstate is more thermally stable than phosphomolybdate [49].

Figure 9. TGA plots of virgin (blue) and irradiated (red) AMP. 10 oC/min, ambient→ 1000 ◦C, 100
mL/min N2.

The high temperature degradation product was simulated by calcination of AMP at 900 ◦C for
several hours, producing a green-grey glassy solid. EDAX analysis determined the approximate
elemental composition of this compound to be MoO3:0.78P2O5. The PXRD pattern this material is
shown in Figure A5. The PXRD pattern does not correspond to any known crystallographic match.

Due to the environmental mobility of Cs+ isotopes [5–7], even potentially from vitrified
wasteforms [50], questions as to the best disposal route for radiocaesium-bearing materials have
abounded for many years [51,52]. The vitrification of AMP as a route to Cs disposal has received
very limited attention to date [34], and as such, further research will be required to assess the best
disposal route of AMP–PAN composites for appropriate waste management. The implications of this
are discussed in greater detail later.

The thermal stability of AMP–PAN composite beads (TGA in Figure 10, DTG in Figure A6)
is far more sensitive to γ irradiation than the active AMP ion exchange compound as a more
radiolytically-sensitive organic polymer [29,53]. The mass loss from bound water up to 125 ◦C is
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unaffected by irradiation. Above this temperature, however, the degradation of AMP–PAN is increased
in the irradiated sample between 125 ◦C and 350 ◦C, during which temperature volatile species
(normally HCN) are lost [54,55], suggesting that γ-induced damage increases the lability of these
species. Until 550 ◦C, similar degradation curves are recorded for virgin and irradiated samples,
representing further loss of volatiles from PAN and the loss of NH3 and H2O from AMP (as per
Figure 9). Above 600 ◦C, the ca 20 wt% mass losses observed are from the volatilisation of MoO3

and P2O5 from AMP. The onset of this process is 755 ◦C for the virgin composite and 700 ◦C for
the irradiated sample, differing from pure AMP in this respect, likely due to chemical interactions
between the polymeric and inorganic components of the composite, though the quantification of
these would require additional analysis of pure PAN beads and differential calculations to explore the
interactions [56–58].

Figure 10. TGA plots of virgin (blue) and irradiated (red) AMP–PAN composite beads. 10 ◦C/min,
ambient→ 1000 ◦C, 100 mL/min N2.

These results indicate that under the intended operational conditions for AMP (aqueous HNO3,
<100 ◦C), irradiation has no negligible impact on the stability of the composite, although radiolytic
aging studies conducted under these environments will also be required for comparative purposes
and to gain an understanding under operational conditions. With respect to the final processing and
disposal of the composite, however, the effects of radiation exposure pose a number of unresolved
lines of inquiry, which will require further investigation: the possibility of utilising radiolytic aging
allow for milder vitrification or post-processing of AMP–PAN for disposal; with particular attention to
higher temperature degradation processes [59]; and the effects of differing irradiation environments
including aqueous, and aqueous nitric acid. The former of these points is of significant importance in
the final disposal of Cs-bearing AMP–PAN composites.

3.4. Implications of Radiolysis Mechanisms

The mechanism of radiolytic damage to materials is sensitive to the conditions used, with respect
to the containing atmosphere or solution, other species present, and the type or types of ionising
radiation used [60]. In this work, we conducted the gamma irradiation of AMP and AMP–PAN under
sealed conditions in air, with adsorbed moisture contained with the sample. The conditions explored
here, and those of the intended end-use in spent nuclear fuel recycling (the HNO3-H2O system),
both have the potential to generate a range of both oxidising and reducing species caused by α, β and γ

radiolysis of species present. In air, oxygen and hydroxyl radicals serve as oxidisers, while, as outlined
above, hydride radicals produced from water, ammonium ions, and the PAN polymer (in the case of
AMP–PAN) can act as reductants, while in aqueous nitric acid, nitrous acid (HNO2), generated through
a complex series of reactions, serves as a reductant [61]. The generation of these oxidising and reducing
species is proportional to the radiation dose, the reaction efficiency in generating a given species,
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also known as the G-value [42,45,61], and the precursor concentration, e.g., [HNO2] is proportional
to [HNO3] under a given radiation dose [62]. When heterogeneous species are introduced into the
system, for example a solid, multi-component composite such as AMP into the HNO3-H2O system,
the complexities increase further as the number of interactions multiply exponentially. Some research
has suggested, however, that the mode of irradiation, i.e., wet or dry, leads to similar damage for the
same gamma dose [60]. The possible number of irradiation conditions and other variables affecting
the operational use of AMP–PAN are manifold. Further studies with active 137Cs, and irradiation
with combinations of α, β, and γ radiation under aqueous and concentrated acidic conditions will
be required to fully quantify and understand the long-term effects of use and storage on AMP–PAN
beyond the scope of this initial research presented here, but are a priority target for future study.

3.5. Considerations for Use of AMP–PAN in Spent Fuel Recycling

As previously proposed by several of the authors, the use of sequential selective chromatography
as an alternative reprocessing or recycling strategy for spent nuclear fuel (SNF), dubbed ART, could
be safer, more efficient and economical, and generate lower volumes of high level waste than the
existing PUREX process [21,52]. This concept is in its infancy at present, but portions of this process
could be implemented into the existing PUREX flowsheet to mitigate many of the observed issues
present at plants such as the former THORP and MAGNOX reprocessing plants at Sellafield, UK,
the primary of which is the radiolytic degradation of organic extractants, the subsequent reactions of
these with other species and undesired co-extraction of fission products with U and Pu [22]. The use
of AMP–PAN to extract 137Cs and other caesium radioisotopes prior to the solvent extraction of
fissile elements in the PUREX process would increase the safety of the process and reduce the waste
volumes produced, isolating Cs+ ions and thus a significant portion of radioactivity from the acidic feed
solution [22], Similar composites targeting the other heat-generating radionuclides (90Sr, 241Am, 243Cm),
and chemically problematic species (Tc, Zr, etc.) could be added to the process as separate stages.

With this in mind, it is prudent to consider the collective α, β, and γ radiation load on composites
such as AMP in both uptake and post-uptake storage conditions with respect to the radiation produced
by the collective spent fuel dissolver liquor in the former case, and adsorbed Cs+ ions in the latter case.
Assuming the scenario of UO2 fuel with a 45 GWd/tU burnup and 8 years post-reactor cooling [22],
the total heat radiative produced is 1530 W/tU. When dissolved in HNO3 to a concentration of 330
g/lU, this equates to 504.9 mW/L, of which 46.3% is generated by Cs isotopes and their daughter
radionuclides. The percentage of this energy that would be absorbed by AMP–PAN in a proposed
usage scenario, i.e., a stainless steel column containing the composite beads, would largely stem from
α and β radiation, whereas those from highly penetrating γ rays would be more sensitive to system
geometry and materials. Interactions between α and β particles and the solvent system or ions in
solution will also play a key part in determining the behaviour of the system, increasing the complexity
of the model. From these factors, we can assume that the radiative load on AMP–PAN would be
significantly less than the stated volumetric value stated above.

Once an AMP–PAN column has been filled to capacity with Cs+, it would be flushed with nitric
acid to remove any unwanted ions, drained, and sealed for interim storage, or further processed for
recovery of Cs+ for vitrification and disposal, or for medical applications, for instance [34]. Given the
theoretical capacity of AMP for Cs+ ions is ca 220 mg/g, this would mean a heat production, assuming a
value of ca 70 mW/g for 137Cs, of 10.8 mW/g of a Cs-loaded AMP–PAN containing 70% AMP, of which
46.7% or 5.04 mW/g is β emission, and 53.3% or 5.76 mW/g is γ emission. Thus, the minimum dose a
70% AMP–PAN composite loaded to 220 mg/g with 137Cs would be 5.04 W/kg, 5.04 Gy/s, 302.4 Gy/min,
or 18 kGy/hr [29], comparable to the rate of exposure performed in this work, assuming only the effects
of β radiation though the actual value would be higher than this when accounting for the portion of γ
absorbed, which would vary with column geometry, wall thickness, etc.

With respect to capacity, a 70% AMP–PAN composite has a Cs+ capacity of 154 g/kg, which,
assuming a Cs+ concentration of ca 600 ppm in a present-day spent fuel dissolver liquor, means 1 kg of
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AMP–PAN could theoretically treat more than 250 L of spent fuel dissolver liquor, containing 84.7 kg
of U isotopes (assuming a concentration of 330 g/L), and thus around 12 kg of such an AMP–PAN
composite would be required to absorb the Cs+ from 1 tonne of present-day UO2-based spent fuel.
Higher burnups would increase this value, due to higher concentrations of Cs fission products,
while other process factors could increase or decrease the requirement accordingly. The yield of Cs
radioisotopes remains largely constant regardless of fission source (233U, 235U, 239Pu, etc) [63].

4. Conclusions

In this publication, we have undertaken a preliminary investigation into the effects of a 100 kGy
dose of γ radiation on the physiochemical properties of Cs-selective AMP and AMP–PAN ion exchange
composites. While previous researchers have proposed the use of AMP–PAN for isolation of Cs
radioisotopes from PUREX raffinate post-extraction of the valuable fissile materials [19,28], we believe
our previous and continuing work, including this research, is the first to propose and assess the
potential of ion exchange in spent-fuel recycling for more efficient, safe, and economical with holistic
waste management [21,22,30].

From this and our other initial studies, we can ascertain that AMP–PAN possesses suitable
radiation resistance to be of promise for our intended application, although further research remains
to be undertaken to fully assess the implications of radiolysis with combined α, β, and γ systems;
the effects of acidity; and the disposal, vitrification, or recycling routes before implementation.
While technologically we believe the use of AMP–PAN for selective Cs isolation in next-generation
spent fuel recycling plants is feasible within minimal further development, regulatory hurdles remain
the largest barrier to adoption of such a system commercially.
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Appendix A

Figure A1. Movement of AMP and AMP–PAN in colour space upon irradiation. X and Y are the
coordinates within the CIE colour space.
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Figure A2. PXRDs of virgin (blue) and irradiated (red) AMP.

Figure A3. SEM images of virgin (A) and irradiated AMP (B). Scale bars 5 µm for both figures.

Figure A4. TGA rates of mass loss of virgin (blue) and irradiated (orange) AMP–PAN. 10 ◦C/min,
100 mL/min N2.
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Figure A5. XRD pattern of AMP calcination product.

Figure A6. TGA rates of mass loss of virgin (blue) and irradiated (red) AMP–PAN. 10 ◦C/min,
100 mL/min N2.
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