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Abstract: The caesium radioisotopes 13*Cs, 13°Cs, and 137Cs are highly problematic medium-lived
species produced during nuclear fission, due to their high radioactivity and environmental mobility.
While many ion exchange materials can readily isolate Cs* ions from neutral or basic aqueous
solutions, only ammonium phosphomolybdate (AMP) functions effectively in acidic conditions,
removing caesium even down to trace levels. Composites of AMP in a porous polymeric support
such as polyacrylonitrile (PAN) can be used to selectively remove Cs* ions from acidic aqueous
decontamination liquors as well as other liquid wastes, and are promising for the isolation of Cs*
isotopes in spent fuel reprocessing. While both AMP and PAN have demonstrable acid stability,
and PAN has known resistance to gamma radiation, AMP-PAN composites have received only
a limited analysis of their physiochemical and ion exchange performance following irradiation.
In this publication, we explore the effect of high levels of gamma irradiation on the ion exchange
properties of AMP and AMP-PAN as a Cs*-selective adsorbent under spent fuel dissolver liquor
concentrations and acidity. We demonstrate no significant reduction in performance with respect to
uptake kinetics or capacity upon irradiation, abiding by the same absorption mechanism observed in
the established literature.

Keywords: AMP-PAN; ion-exchange; composites; chromatographic separation; fission product;
caesium; spent fuel reprocessing; waste management; radiation effects

1. Introduction

Nuclear power will be essential to meet the targets of the Paris agreement, reducing carbon
emissions to prevent the further warming of planet Earth [1]. However, nuclear fission reactions
generate hazardous medium- and long-lived radionuclide by-products [2]. Some of these, including the
radioisotopes of Cs (13*Cs — t1, = 2.1y; 135Cs — 1, = 2.3 My; and '¥Cs; t1, = 30.2 y) [2,3], are difficult
to selectively isolate and are environmentally mobile [4-6], leading to concerns about their long-term
storage and disposal.

While many natural materials (such as clay) and synthetic ones (such as hexacyanoferrates and
various phosphates) can selectively remove and retain Cs* ions from aqueous solutions at neutral or
basic pH values, few of these operate well in acidic media [7-14], with the exception of ammonium
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phosphomolybdate (AMP, (NH4)3PMo01,049) [15-18]. AMP, a finely powdered material, is often used
as a porous composite in a polyacrylonitrile matrix (PAN) to facilitate column processing [17-20]. It has
been demonstrated to effectively remove Cs* down to trace levels from decontamination liquors [19]
and tank wastes [21], and is theorised to be an effective heterogeneous Cs* absorber for spent-fuel
recycling liquors [22], even in the presence of high concentrations of other alkali metals [23]. Both
AMP and PAN are known to be radiation- and acid-resistant, but to our knowledge, little research has
investigated the ion exchange properties of this or similar composites after exposure to high levels of
gamma radiation [13,16,18,19]. While Sebesta et al. [18] undertook a preliminary investigation into the
effects of v radiation up to 1 MGy on AMP-PAN, the adsorption conditions used were reminiscent
of those found in wastes: low (1 M) acidity and minimal (50 uM) Cs* concentration. The works of
Rao et al. [24] and later Narasimharao et al. [25] explored the effect of up to 200 MGy (3~ irradiation
on AMP with no negative effects on ion exchange performance observed at 2 MGy exposure, but at
100 MGy and above, the effect of radiation severely was found to diminish the desired action of
AMP [25].

In previous work [22], we proposed a sequential, continuous chromatographic approach to spent
fuel recycling for the safe and ready removal and disposal of problematic radionuclides, eliminating a
significant proportion of heat-generating species from process waste streams. We have recently proven
the efficacy of this proposed method by demonstrating the ability of AMP-PAN to selectively sequester
Cs* from 250 times this concentration of Ce** (asa U surrogate) in 3 M nitric acid [26]. Developing upon
this idea, in this publication, we explore the effect of 100 kGy gamma irradiation on the Cs*-specific
ion exchange performance of AMP and AMP-PAN under the acidity and Cs* concentrations found in
spent fuel recycling with respect to capacity, rate of uptake, and absorption mechanism.

2. Materials and Methods

2.1. Materials, AMP-PAN Composite Preparation and Characterisation

Ammonium phosphomolybdate (AMP, (NH,)3PMo1,049, Merck, NJ, USA), polyacrylonitrile
(PAN, molecular weight 80,000, Merck, NJ, USA), Tween 80 (Merck, NJ, USA), dimethyl sulfoxide
(DMSO, Merck, NJ, USA), caesium nitrate, (Merck, NJ, USA) and nitric acid (Merck, NJ, USA) were
obtained as reagent grade precursors and used as procured with no further purification required.
Deionised water (>18 M()/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 using the well-established method of Park et al.,
with minor modifications as noted [27]. A measurement 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 stirred at 50 °C for 1 h to fully disperse the AMP,
forming a homogenous yellow-green suspension. Then 12 g of PAN was added to this suspension over
about 10 min and the mixture was 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 nebuliser [28] (rather than dropwise addition under gravity as per Park’s work [27]),
forming 2-3 mm sized, spherical, porous beads of AMP-PAN. The spheres were left in the water
overnight and subsequently washed three 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. Optical images were recorded using a Sony Xperia XAl (Sony Ltd. Tokyo, Japan) equipped
with an Sony Exmor RS 23 MPixel sensor and a Sony 24 mm wide-angle 2.0 lens under ambient
lighting. Surface areas were determined using the Brunauer-Emmett-Teller (BET) model at 77 K
using nitrogen absorption (Micrometrics ASAP2020Plus, Nocross, GA, USA), with accuracy checked
against an alumina standard. Scanning electron microscopy (SEM) was conducted under high vacuum
using an FEI Quanta 200 scanning electron microscope (Hilsboro, OR, USA) equipped with an EDAX
Sapphire Si(Li) elemental analyser (Mahwah, NJ, USA). Fourier Transform Infra-Red (FTIR) analysis
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was conducted using a Thermo Scientific Nicolet iS5 spectrometer (Waltham, MA, USA) equipped
with an ATR diamond lens, recorded in the absorption mode.

2.2. Irradiation

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

2.3. Ion Exchange Performance

The ion exchange performance was measured as follows: 0.175 g of AMP or 0.25 g of AMP-PAN
was exposed to 25 mL of 5.0 (665 ppm) or 10.0 mM (1330 ppm) Cs™ solution in 3 M nitric acid,
replicating the range of Cs* concentrations and the acidity of spent fuel recycling liquors. Aliquots
were taken after 10, 20, 30, 60, 180, 360, and 1440 min and analysed for Cs* concentration by ICP-MS
using a Thermo Fisher X-Series analyser. Triplicate analysis was performed for all ICP-MS samples
with average standard deviations from o = 0.001 to 0.047.

Distribution coefficients (K4, mL/g) were calculated according to Equation (1) [29], where Cy and
C. are the starting and equilibrated concentrations of Cs™, respectively (ppm), V is the volume of
liquor contacted with the adsorbent (25 mL), and m is the mass of adsorbent used (0.175 or 0.25 g for
AMP and AMP-PAN, respectively) [29]:

Kd = ((C0 — Ce)/Ce).V/m. 1)

Kinetic analysis was performed by comparing the acquired adsorption data to Langmuir and
Freundlich isotherms. These require the calculation of ge (equilibrium absorption, mg/g), according to
Equation (2) [29]:

Ge = (Co — Ce)-V/m. @)

The Langmuir and Freundlich isotherms are expressed as Equations (3a) and (4a) [29]. Rearranging
these equations give straight line plots for pseudo-first-order Langmuir (Equation (3b)) or second-order
Langmuir or Freundlich (Equations (3c) or (4b)) processes [29]. Q° and K] are the Langmuir constants
for absorption capacity (mg/g) and energy of adsorption (L/g), and K¢ and n are the Freundlich constant
(mg/g) and the adsorption intensity constant, respectively [29-31].

ge = (Q°KL.Ce)/(1 +KL.Ce) (3a)
1/ge =1/Q” + (1/K1.Q°.Ce) (3b)
Ce/de = 1/K1.Q" + Ce/Q° (B¢
qe = Ke.Ce'™ (4a)

log ge =log K¢ + 1/n.log C (4b)

3. Results and Discussion

3.1. Overview

A thorough investigation with respect to the effect of gamma irradiation on the physiochemical
properties of AMP and AMP-PAN, and the likely mechanism of this process, is underway and will be
published separately in due course. The most profound visible effect we observe following irradiation,
however, is a marked colour change (AMP from yellow to green, AMP-PAN from lime green to dark
green, as shown in Figure 1), reminiscent of the literature references [18,24,25], and theorised as a result
of MoVY! to MoV reduction [24,25], which is reversible upon immersion in 3 M HNOj [25]. Preliminary
results suggest a reduction in the porosity of the AMP-PAN composite and a decrease in thermal stability
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above 120 °C, but this does not affect the material at intended operational temperatures (<100 °C)
when sequestering Cs* in spent fuel recycling. For reference, the AMP-PAN beads used here possess a
BET surface area of 21.56 m?/g and an average pore diameter of 5.24 nm, comparable to our previous
work [26]. The porous cross-section of a bisected AMP-PAN bead is shown in Figure 1, showing that
the structure of our dissected bead is comparable with all previously published information [13,20,27],
given the identical preparative route. The use of a confined-jet nebuliser serves merely to decrease the
size of the beads formed, increasing absorptive efficiency [28]. The FTIR spectrum of our produced
AMP-PAN (Figure 2) matches those of prior literature references [27].

LR f
Hlyngac. i
Figure 1. Top: The observed colour changes of ammonium phosphomolybdate (AMP) powder (left
two images) and AMP-polyacrylonitrile (PAN) beads (right two images) upon 100 kGy vy irradiation.
Below, left: Keggin structure of the phosphomolybdate anion (PMo1,040%7). MoOg octahedra: blue;
P: orange; O: red [22]. Open source image: Wikimedia commons; right: SEM micrograph of bisected
virgin AMP-PAN bead.

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumbers (cm-1)

Figure 2. FTIR absorption spectrum of AMP-PAN beads.

AMP adsorbs caesium ions from aqueous solution by exchange with the ammonium ions in
the crystal structure (phosphomolybdate anion pictured in Figure 1)—as per Equation (5), where
0 < x < 3—through pores in the crystal structure [25]. Caesium phosphomolybdate (Cs3z[PMo1,04¢],
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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* [15,33]. The theoretical capacity of AMP is 220 mg/g Cs at x = 3.

(NHy)3[PMo15049](s) + XCs™ (aq) = (NHy)3_xCsx[PM012040](s) + XNH4 " (o) 5)

3.2. lon Exchange Performance

We explored the rate of uptake and capacity of Cs* for virgin and irradiated AMP and AMP-PAN
using two different Cs* concentrations in 3 M HNOj: 5.0 and 10.0 mM, replicating the acidity [34]
and Cs* concentration [22] for spent fuel recycling of the present and future and higher-burnup fuels,
respectively. The observed Cs* uptake is shown as capacity as a function of time in Figure 3A-D,
and the associated distribution coefficients (Kq4) of each sample after 24 h are shown in Figure 4.
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Figure 3. Measured Cs* capacities (mg/g) over time (min) for 5.0 mM (orange squares) and 10.0 mM
Cs* in virgin AMP (top left, A), irradiated AMP (top right, B), virgin AMP-PAN (bottom left, C),
and irradiated AMP-PAN (bottom right, D) from 3 M HNOj3 solution.
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Figure 4. Variation of 24 h exposure Cs* Ky values in AMP and AMP-PAN at 5 and 10 mM Cs in 3 M
HNO;. NB: Y-axis is logarithmic.

The uptake of Cs* by AMP (Figure 3A,B) is rapid, achieving near complete uptake (>98%) within
10 min, independent of the Cs* concentration initially present. The capacity is proportional to the
concentration of Cs present in the solution, reaching near the theoretical maxima for AMP: 5.0 mM,
94.9 mg/g; and 10 mM, 189.9 mg/g. Irradiation has no discernible effect on either the rate of uptake or
capacity by AMP.

The Cs capacity of AMP-PAN composites (Figure 3C,D) is similarly proportional to the Cs
concentration used. Uptakes at both Cs* concentrations are rapid, as per AMP, reaching a maximum
within 10 min of exposure for both virgin and irradiated AMP-PAN samples; the theoretical maxima
of capacity (5.0 mM, 66.3 mg/g; 10 mM, 132.8 mg/g) is approached. As the AMP-PAN composite is
70% by weight AMP, the resulting capacities are therefore 70% lower than those of AMP. The slight
increase in the Cs* capacity of AMP induced by 3~ irradiation reported by Rao et al. [24,25] was not
observed here.

Due to the sensitivity of Equation (1) (for the calculation of distribution coefficients) at near
complete Cs*, small variations in the observed uptake result in significant variations in the value of
the distribution coefficient (Kq). At complete (100%) uptake, Kq = co. Figure 4 highlights the affinity of
AMP for Cs* is maintained [30] across the range of concentrations tested, with irradiation having a
negligible impact on the uptakes.

Figure 5A-D show the Langmuir (Equation (3¢c)) isotherm plots for virgin and irradiated AMP
and AMP-PAN exposed to 5.0 and 10.0 mM Cs*. The isothermal parameters and regression coefficients
calculated from this data and the equivalent Freundlich isotherm interpretation [29] are presented in
Table 1.

+

Table 1. Comparison of calculated Langmuir and Freundlich isothermal parameters.

Isotherm Parameter AMP AMP (Ir) AMP-PAN AMP-PAN (Ir)

5mM 10 mM 5mM 10 mM 5mM 10 mM 5mM 10 mM

Langmuir Qo (mg/g) 89.28  188.68  89.28  188.68 6250 13157 6250 13157
R? 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000

Freundlich Kg (mg/g, 1/n) 89.81 192.83 89.86 192.08 62.95 135.27 62.93 135.30
R? 0.990 0.999 0.991 0.999 0.935 0.995 0.952 0.996
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Figure 5. Pseudo-second-order Langmuir isothermal plots for virgin and irradiated AMP (top left and
top right, A,B), and virgin and irradiated AMP-PAN (bottom left and bottom right, C,D), calculated
from the data in Figure 3A-D.

As the data presented in Figure 4 demonstrate, the observed uptake of Cs* by AMP and AMP-PAN
fits the pseudo-second-order Langmuir isotherm with a high regression coefficient (R?), mirroring the
previous work of Mahendra, Herbst, and Ding [20,30,35]. While the regression coefficients (R?) for the
Freundlich isotherm are close to 1, slopes of the lines produced by this method were negative, indicating
a poor fit to the technique. Despite this, the calculated Langmuir absorption capacity constants (Qy)
and the Freundlich constants are in close agreement for the AMP and AMP-PAN system, and the
Cs™ concentrations investigated. No variation is observed between the virgin and irradiated material,
indicating that irradiation does not negatively affect ion exchange performance, Cs* capacity, or the
mechanism of uptake. Previous work by ourselves and numerous other researchers has demonstrated
the selectivity of AMP-PAN for Cs* over other cations, and is thus beyond the scope of the results
presented here [15-22,26].

4. Conclusions

In this publication we have demonstrated the effect of high levels (100 kGy) of gamma irradiation
on the ion exchange performance of Cs-selective AMP and AMP-PAN composites containing 70% AMP.
This level of irradiation thus has little or no effect on the ion exchange properties of both AMP and
AMP-PAN. Ky values for Cs* at both concentrations tested remained above 10,000 after 24 h. Under
the conditions we tested, both AMP and AMP-PAN follow pseudo-second-order absorption kinetics
adhering to the Langmuir isotherm, mirroring previous results [20,30,36]. We have thus demonstrated



Separations 2019, 6, 23 80f9

the efficacy of AMP-PAN as a Cs ion exchange composite under the Cs* concentrations and acidity of
spent fuel dissolver conditions following exposure to significant levels of gamma radiation.

Author Contributions: Conceptualisation: A.EH., H.E., and G.B.; methodology and validation: AFH., D.R., HE.,
P.CK,, and R.E,; formal analysis, data curation, and investigation: A.F.H. and H.E.; resources: A.FH., D.R,, HE,,
P.CK, and R.E; writing: A.EH., HE., and R.E,; visualisation: A.F.H.; supervision and project administration:
A.FH. and H.E,, funding acquisition: H.E. and G.B.

Funding: This research was funded by the EPSRC, UK, grant number EP/LO18616/1. The APC was funded by
the EPSRC.

Acknowledgments: We wish to thank M. A. Denecke for her valued input and T. Garcia Sorribes for her valued
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Tavoni, M.; van der Zwaan, B. Nuclear Versus Coal plus CCS: A Comparison of Two Competitive Base-Load
Climate Control Options. Environ. Model. Assess. 2011, 16, 431-440. [CrossRef]

2. Nuclear Wastes: Technologies for Separations and Transmutation; National Academy Press: Washington, DC,
USA, 1996.

3. Aoyama, M. Evidence of stratospheric fallout of caesium isotopes from the Chernobyl accident. Geophys. Res.
Lett. 1988, 15, 327-330. [CrossRef]

4. Livens, ER,; Loveland, PJ. The influence of soil properties on the environmental mobility of caesium in
Cumbria. Soil Use Manag. 1988, 4, 69-75. [CrossRef]

5. Maguire, S.; Pulford, LD.; Cook, G.T.; Mackenzie, A.B. Caesium sorption—desorption in clay—humic acid
systems. J. Soil Sci. 1992, 43, 689-696. [CrossRef]

6. Desmet, G.M.; van Loon, L.R.; Howard, B.J. Chemical speciation and bioavailability of elements in the
environment and their relevance to radioecology. Sci. Tot. Environ. 1991, 100, 105-124. [CrossRef]

7. Dyer, A,; Pillinger, M.; Amin, S. Ion exchange of caesium and strontium on a titanosilicate analogue of the
mineral pharmacosiderite. . Mater. Chem. 1999, 9, 2481-2487. [CrossRef]

8.  Vlasselaer, S.; D’Oliefslager, W, D'Hont, M. Caesium ion exchange equilibrium on
potassium-zinc-hexacyanoferrate(Il) K, Zng(Fe(CN)g),. J. Radioanal. Chem. 1977, 35, 211-222. [CrossRef]

9. Amphlett, C.B.; McDonald, L.A. Equilibrium studies on natural ion-exchange minerals—I. Caesium and
strontium. J. Inorg. Nulc. Chem. 1956, 2, 403-414. [CrossRef]

10.  Alberti, G.; Costantino, U.; Allulli, S.; Massucci, M.A. Preparation and ion-exchange properties of a new phase
of the crystalline titanium phosphate, Ti(HPO,),-2H;O. J. Inorg. Nucl. Chem. 1975, 37, 1779-1786. [CrossRef]

11. Valsala, T.P; Roy, S.C.; Shah, J.G.; Gabriel, ].; Raj, K.; Venugopal, V. Removal of radioactive caesium from
low level radioactive waste (LLW) streams using cobalt ferrocyanide impregnated organic anion exchanger.
J. Haz. Mater. 2009, 166, 1148-1153. [CrossRef] [PubMed]

12.  Saberi, R.; Nilchi, A.; Garmarodi, S.R.; Zarghami, R. Adsorption characteristic of 137Cs from aqueous solution
using PAN-based sodium titanosilicate composite. J. Radioanal. Nucl. Chem. 2010, 284, 461-469. [CrossRef]

13. Nilchi, A.; Saberi, R.; Rasouli Garmarodi, S.; Bagheri, A. Evaluation of PAN-based manganese dioxide
composite for the sorptive removal of cesium-137 from aqueous solutions. Appl. Rad. Isotop. 2012, 70,
369-374. [CrossRef]

14. Gelis, VM.; Kharitonov, O.V,; Firsova, L.A.; Milyutin, V.V.; Semenova, T.A.; Lugomov, M.V. Sorption
extraction of caesium-137 on ammonium phosphomolybdate from technological products in the preparation
of high-level samples for elemental analysis. Issues Rad. Saftey 2009, 1, 3-11.

15. wvan, R; Smit, J.; Jacobs, ].].; Robb, W. Cation exchange properties of the ammonium heteropolyacid salts.
J. Inorg. Nucl. Chem. 1959, 12, 95-103. [CrossRef]

16. van, R.; Smit, J.; Robb, W.; Jacobs, J.J. Cation exchange on ammonium molybdophosphate—I: The alkali
metals. J. Inorg. Nucl. Chem. 1959, 12, 104-112. [CrossRef]

17.  Sebesta, F.; Stefula, V. Composite ion exchanger with ammonium molybdophosphate and its properties.
J. Radioanal. Nucl. Chem. 1990, 140, 15-21. [CrossRef]


http://dx.doi.org/10.1007/s10666-011-9259-1
http://dx.doi.org/10.1029/GL015i004p00327
http://dx.doi.org/10.1111/j.1475-2743.1988.tb00739.x
http://dx.doi.org/10.1111/j.1365-2389.1992.tb00168.x
http://dx.doi.org/10.1016/0048-9697(91)90375-O
http://dx.doi.org/10.1039/a905549e
http://dx.doi.org/10.1007/BF02518228
http://dx.doi.org/10.1016/0022-1902(56)80094-8
http://dx.doi.org/10.1016/0022-1902(75)80316-2
http://dx.doi.org/10.1016/j.jhazmat.2008.12.019
http://www.ncbi.nlm.nih.gov/pubmed/19179001
http://dx.doi.org/10.1007/s10967-010-0499-3
http://dx.doi.org/10.1016/j.apradiso.2011.10.018
http://dx.doi.org/10.1016/0022-1902(59)80098-1
http://dx.doi.org/10.1016/0022-1902(59)80099-3
http://dx.doi.org/10.1007/BF02037360

Separations 2019, 6, 23 90f9

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Sebesta, F.; John, ].; Motl, A.; Stamberg, K. SAND95-2729 Report, Evaluation of Polyacrylonitrile (PAN) as a Binding
Polymer for Absorbers Used to Treat Liquid Radioactive Wastes; Sandia National Laboratories: Alberquerque,
NM, USA, November 1995.

Tranter, T.J.; Herbst, RS; Todd, T.A.; Olson, A.L; Eldredge, H.B. Evaluation of ammonium
molybdophosphate-polyacrylonitrile (AMP-PAN) as a cesium selective sorbent for the removal of 13 Cs from
acidic nuclear waste solutions. Adv. Environ. Res. 2002, 6, 107-121. [CrossRef]

Ding, D. Removal of Cesium from Aqueous Solution by Using Newly Developed Adsorbents and Comparative
Study. Ph.D. Thesis, University of Tsukuba, Tsukuba, Japan, 2014.

Todd, T.A.; Mann, N.R.; Tranter, T.].; Sebesta, F.; John, J.; Motl, A. Cesium sorption from concentrated acidic
tank wastes using ammonium molybdophosphate-polyacrylonitrile composite sorbents. J. Radioanal. Nucl.
Chem. 2002, 254, 47-52. [CrossRef]

Eccles, H.; Emmott, ].D.; Bond, G. Advanced Reprocessing—The Potential for Continuous Chromatographic
Separations. . Chromatog. Sep. Technol. 2017, 8, 348. [CrossRef]

Figueiredo, B.R.; Cardoso, S.P.; Portugal, I.; Rocha, ].; Silva, C.M. Inorganic Ion Exchangers for Cesium
Removal from Radioactive Wastewater. Sep. Purif. Rev. 2018, 47, 306-336. [CrossRef]

Rao, K.L.N.; Mathew, C.; Deshpande, R.S.; Jadhav, A.V.; Pande, B.M.; Shulka, ].P. Effects of electron beam
irradiation on inorganic exchanger AMP. Radiat. Phys. Chem. 1997, 49, 85-87. [CrossRef]

Narasimharao, K.L.; Sarma, K.S.; Mathew, C.; Jadhav, A.V,; Shulka, J.P.; Natarajan, V.; Seshagiri, TK.;
Sali, S.K.; Dhiwar, V.I; Pande, B.; et al. Physico-chemical and ion exchange characteristics of ammonium
molybdophosphate irradiated with electrons. J. Chem. Soc. Faraday Trans. 1998, 94, 1641-1647. [CrossRef]
Bond, G.; Eccles, H.; Kavi, P.C.; Holdsworth, A.F; Rowbotham, D. Removal of Cesium from Simulated Spent
Fuel Dissolver Liquor. J. Chromatog. Sep. Technol. 2019, 10, 417.

Park, Y.; Lee, Y.C.; Shin, W.S.; Choi, S.J. Removal of cobalt, strontium and cesium from radioactive laundry
wastewater by ammonium molybdophosphate—polyacrylonitrile (AMP-PAN). Chem. Eng. ]. 2010, 162,
685-695. [CrossRef]

Moon, J.-K.; Kim, K.-W.; Jung, C.-H.; Shui, Y.-G.; Lee, E.-H. Preparation of Organic-Inorganic Composite
Adsorbent Beads for Removal of Radionuclides and Heavy Metal Ions. ]. Radioanal. Nucl. Chem. 2000, 246,
299-307. [CrossRef]

Farghali, A.A.; Bahgat, M.; Allah, A.E.; Khedr, M.H. Adsorption of Pb(II) ions from aqueous solutions using
copper oxide nanostructures. Beni-Suef Uni. ]. Basic Appl. Sci. 2013, 2, 61-71. [CrossRef]

Mahendra, C.; Sathya Sai, PM.; Babu, C.A.; Revathy, K.; Rajan, K.K. Analysis and modeling of fixed bed
sorption of cesium by AMP-PAN. . Environ. Chem. Eng. 2015, 3, 1546-1554. [CrossRef]

Rengaraj, S.; Yeon, ].-W.; Kim, Y.; Jung, Y.; Ha, Y.-K,; Kim, W.-H. Adsorption characteristics of Cu(II) onto ion
exchange resins 252H and 1500H: Kinetics, isotherms and error analysis. J. Haz. Mater. 2007, 143, 469—477.
[CrossRef]

Paul, N.; Hammond, R.B.; Hunter, T.N.; Edmondson, M.; Maxwell, L.; Biggs, S. Synthesis of nuclear waste
simulants by reaction precipitation: Formation of caesium phosphomolybdate, zirconium molybdate and
morphology modification with citratomolybdate complex. Polyhedron 2015, 89, 129-141. [CrossRef]
Broadbank, R.W.C.; Dhabanandana, S.; Harding, R.D. A possible use of ammonium 12-molybdophosphate
for assaying certain radioactive fission products in water. Analyst 1960, 85, 365-370. [CrossRef]

Taylor, R.J.; Gregson, C.R.; Carrott, M.].; Mason, C.; Sarsfield, M.]J. Progress towards the Full Recovery of
Neptunium in an Advanced PUREX Process. Solv. Extract. Ion. Exch. 2013, 31, 442-462. [CrossRef]

Parikh, K.J.; Pathak, PN.; Misra, S.K.; Tripathi, S.C.; Dakshinamoorthy, A.; Manchanda, V.K. Radiolytic
Degradation Studies on N,N-dihexyloctanamide (DHOA) under PUREX Process Conditions. Solv. Extract.
Ion. Exch. 2009, 27, 244-257. [CrossRef]

Herbst, R.S.; Law, ].D.; Todd, T.A.; Wood, D.J.; Garn, T.G.; Wade, E.L. Integrated AMP-PAN, TRUEX, and SREX
Flowsheet Test to Remove Cesium, Surrogate Actinide Elements, and Strontium from INEEL Tank Waste Using
Sorbent Columns and Centrifugal Contactors. INEEL/EXT-2000-00001 Report; IAEA: Vienna, Austria, 2000.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S1093-0191(00)00073-3
http://dx.doi.org/10.1023/A:1020881212323
http://dx.doi.org/10.4172/2157-7064.1000348
http://dx.doi.org/10.1080/15422119.2017.1392974
http://dx.doi.org/10.1016/S0969-806X(96)00111-9
http://dx.doi.org/10.1039/a800290h
http://dx.doi.org/10.1016/j.cej.2010.06.026
http://dx.doi.org/10.1023/A:1006714322455
http://dx.doi.org/10.1016/j.bjbas.2013.01.001
http://dx.doi.org/10.1016/j.jece.2015.05.002
http://dx.doi.org/10.1016/j.jhazmat.2006.09.064
http://dx.doi.org/10.1016/j.poly.2014.12.030
http://dx.doi.org/10.1039/an9608500365
http://dx.doi.org/10.1080/07366299.2013.800438
http://dx.doi.org/10.1080/07366290802672303
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials, AMP-PAN Composite Preparation and Characterisation 
	Irradiation 
	Ion Exchange Performance 

	Results and Discussion 
	Overview 
	Ion Exchange Performance 

	Conclusions 
	References

