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In this study, hexacyanoferrate nanoparticle (NP) materials in a one-pot procedure. The main advantaf) this
functionalised silica monoliths were used to seldegely procedure is the absence of the impregnation steheopremade
remove C¢ from aqueous solutions which also contained monoliths usually necessary to achieve functioasitin'®. Indeed,
large concentrations of N&. Various NP loading levels were this step is usually long, requires the use of aowironmentally
examined from 0.2 %wt up to 5.1 %wt producing diffeent friendly solvents, and results in lower levels néarporation. The
133Cs and**’Cs sorption results. first step of the procedure involves the preparatad colloidal
suspension. In this study we prepared suspensiithswo different
The goal of this study was to develop a facile Isgtit route for the copper hexacyanoferrate (CuHCF) concentrations; 19.Qgbich.:
preparation of monolithic materials devoted to tleeontamination Ki.7Cui1d~€(CN}) and 32.2g/L (stoich.: KosCuy od~€(CN)). This
of radioactive effluents. Here, the targeted raddide, ™*’Cs, is one was done to allow an increase in the NP conceatraticorporated
of the most problematic elements of the nucleatecyRadioactive into the final material without altering the volunoé the aqueous
13Cs is also widely present in contaminated liquidLefits from the phase. The large amount of water present in thetstie of the NPs
Fukushima nuclear plant accident following the tsuh which gave a stable colloidal suspension without the gmes of a
occurred on March, 12011 making™®*'Cs extraction a topical Stabiliser. The NP synthetic procedure is explaiimethe ESI. The
issué. Hexacyanoferrate (HCF) compounds from the PrusBlae next step involves the preparation of the oil irtaveemulsion and
Analogue (PBA) family are very well known as seleetiCs the synthesis of the functionalised silica monoittelf (ESI). The
sorbent&®. HCF compounds containing potassium in the lattig®@lor of the monoliths switches from white to ligetl / violet as the
structures are quite efficient in the uptake of @ssj the exchange concentration of CUHCF NPs inside the monoliths ésgased (ESI,
mechanism being the insertion of Cs ions into thecsire, while K S1).
ions are concurrently released into solutiofihese coordination Examination of the morphology of the microstructsteowed that
polymers (HCF) are very selective towards Cs ion$ wégard to these monoliths are made of stacks of intercondesitea spheres
Na ions. However, due to their low mechanical hassnand their With mean size arouncuén (ESI, S2). TEM observations have also
fine powder form leading to a slow filtration rags well as a been conducted on these monoliths (see Fig. 2, B&H for
clogging problem, only small volumes of effluenndae treated. For experimental process). TEM showed that the porosityhe walll
this reason, the use of a bulk compound in columacgss delimiting silica spheres possess local hexagorgarosation.
decontamination cannot be considered, while mdmiolimaterials However, this organisation was not homogeneoush& whole
with hierarchical porosity can. sample as proved by SAXS measurements which déckhibit more
In this study, the synthetic route used high iraéphase emulsion than the first correlation peak (ESI — S4).
(HIPE). This technique has been used by severalgémthe past, in TEM also showed that the CuHCF NPs were highly agdee and
order to design orgarfic® or more recently inorganic macroporoudocated in the silica walls. This location is deethe hydrophilicity
monolithg®*® In this latter case, the oil phase dispersetiéniater of CUHCF NPs. As mentioned earlier CuHCF NPs are highly
phase acts as a soft template and allows the sjathef hydrophilic and they therefore remain in the HIP&tev phase, and
macroporous monoliths after a washing treatmememaove the oil. then are located in the silica wall after the silfwlymerisation step.
The presence of surfactants in the procedure aisares the final Indeed, large amounts of water are linked to tHfeate in the NPs
monolith to be mesoporous. In this paper, collosla@pensions of crystalline lattice as shown by FT-IR spectra (ESIS5) and
HCF NPs dispersed into water make up the aqueousepimaa Previous work” 1€
HIPE, which is then used to prepare the functiceali monolith
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Table 1 Properties of CUHCF NPs functionalised monoliths.

Sample 0.2@Sip 0.4@SiQ 0.8@SiQ 1.8@SiQ 2.9@SiQ 5.1@SiQ
CUHCF Coll. Susp. (g/l) 9.0 9.0 9.0 9.0 32.2 32.2
R 0.07 0.11 0.24 0.64 0.24 0.64
[CUHCF] exp. (Y%owt) 0.2 0.4 0.8 1.8 2.9 5.1
Sser (M?/g)/Dsyr: (NM) 290/2.6 278/2.7 383/2.7 47912.7 547/3.1 6/23/6
[CUuHCF] th. (%wt) 0.3 0.6 1.2 25 a4 8.4
Yield NP (%} 66.7 66.7 66.7 72.0 65.9 60.7

) . . . ) Ve
#Ratio of CUHCF colloidal suspension over to sudatsolution defined a& = ‘””‘5“51’/ )
surfactant solution

the total amount of colloidal suspension used énsynthesis proceduréRatio between experimental and theoretical comatioh of CUHCF nanoparticles in the final monolith

. Given by ICP-AES measurements after monolith dis&m. ©Given by calculation with regard to

These results differ from the well-known Pickergmulsion process

also used for HIPE monolith synthesis where NPtog@rds the oil 01 rg " A4

water interface to stabilise emulsidh€’This has been confirmed

with interfacial tension measurements which showdrastic effect [ 135 L0
of CuHCF NPs on the dodecane/water interface. Thexefoost of = 0.08 = 3 <
CuHCF are in the water phase and only a few areddcat the E i 03
dodecane/water interface. € 006} e 0 125 %
The main properties of the synthesised monolitles paesented in v_g n
the Table 1. It is noteworthy that some NPs are¢ ¢thsing the _§ o ® 12 g
solvent washing treatment with retention rates betw60.7% and ¢~ 004 o S
72.0%. In addition, the porous properties changelgally with the Ty u 10 e
concentration of NPs entrapped in the materiak tlear therefore o 002 © s 1

that the presence of CUHCF NPs plays a role on paotiace and ' © O NP=9.0g/ ® (P90l

mesopore size of monoliths. This effect will becdissed later in a O | O mpEs2.2gi B NP=322gi| 1 05
future paper. 0 P ‘ ‘ ‘ ‘ s

The Cs sorption results clearly show the efficienaf/ the 0O 1 2 3 4 5 7B 60100
functionalised monoliths (Fig. 1). These experirsewere carried %NP

out by immersing a given mass (10mg) of each mtnafi an Fig. 1 Quantity ofCs adsorbed function of CUHCE NP )
: - 4 ig. uantity ofCs adsorbed as a function of Cu S mass ratio
aqueous solution (20mL) containing CsN@.10" moliL) and the monoliths. [NP] refers to concentration of NiPthe colloidal suspension

CH;COONa (1.16 mol/L) in order to check the materials selectivit used for the preparation of monoliths
towards Cs. It was necessary to use Cs concentraltiove that of
real world conditions (i.e. Fukushima rinse watas) to allow for
detection with an ionic chromatography device. Feach
measurement, a certain mass of functionalised nithnehs used to
ensure that the sorption conditions were well akiwat of CUHCF
NP saturation with Cs. The remaining Cs concentradifter a 24

hours sorption was then measured. Past studieseshtivat this AsES i
waiting time was long enough so that the sorptiquiléorium was functionalised monolith samples are used compacedhé bulk

reached. The total Cs entrapped in the monoliths is plottedig. material. This evolution shows that the lower thE bbntent the
1. The red data shows, as expected, that the higrerNp higher the normalised sorption capacities. We waulglie that this
concentration inside the monoliths, the more Csxisaeted from 1S due to the NP aggregation effect within monelitiAs the
aqueous solution, with sorption capacity up to (@80l per gram concentration of NP increases so too does the eegraggregation.
of monolith (i.e. 10.6mg of**Cs per gram of monolith). Secondly, ThiS aggregation effect leads to a decrease instirtace area
by increasing the concentration of colloidal suspem used to available. This nanoparticle aggregation has bebsewed, as
prepare monoliths, we increased the amount of Gaaet from the @lréady mentioned, by TEM (Fig. 2 and ESI for eipental

solutions. This effect is due to the higher stoietnio potassium Procedure).

content within the crystalline structure of thigdkeof CUHCF.

The amount of Cs entrapped in the monolith normalisih regard
to the total mass of NPs present in the monolitkd(@uncH

decreases as the NP concentration is increasesl.cbhtinues with
the value getting closer and closer to the valumiobd for bulk
CuHCF (powder of pure CuHCF, values at 100% NP). Howeére
all cases, this normalised capacity is always highkehen
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found to be between 5.6 4@l/g and 5 16 ml/g for solutions with
lower activities (20 kBg/L, 10 kBg/L, 1.47 kBgA®) 22 To the
best of our knowledge, only Delchet synthesisecboamposites for

aggregated
NPs

macroporosity B1Cs with higher values of K up to 8.186 mL/g?>. However,
experimental conditions were different with lowestigity in the
137Cs solution (20 kBg/L) and with a lower concentratafrsodium

ions (0.42 mol/L versus 0.65mol/L in our study).idTis therefore
quite hard to use as a true comparison. Howeveryaiues for i
obtained with the monoliths developed in this wark competitive
wall of a silica with regard to other studies carried out in theenégast. It should
sphere therefore be borne in mind that unlike previouslentioned
materials, monolithic materials allow for a constlow process on
137Cs contaminated effluents to be performed.
— Table 2 also shows high jK(above 16 ml/g) for the three
e functionalised monoliths and bulk CuHCF material. léwar, the
evolution of Ky differs from the results shown for non-radioactive
Fig. 2 TEM image of the monolith containing 5.1%wt of CUHCF Cesjum in Fig. 1. This is due to the very low Cesiconcentration
NPs (5.10@Sig) in the case of radioactive effluents. IndeBdCs concentrations are
so low (~10'* mol/L) that the CuHCF NPs are very far from
saturation. Therefore, the NPs aggregation obseiusitie the
monoliths has no drastic effect in such conditiofile the K
values should be identical for each of these sasnpleey are not.
Table 2 shows a slight increase in the Kalues as NPs
(Ao-heg) v concentration in the monoliths increases. This @¢dut due to a
I VS— @ slight alteration of the NPs lattice structure doethe monoliths
preparation experimental conditions. This alteratmuld slightly
where A is the initial radioactivity, 4, the radioactivity at change selectivity of the monoliths towartf&Cs and is therefore
equilibrium after sorption, V (ml) is the volume thfe effluent used only noteworthy when Cs concentration is very webis effect
for the experiment and gnycr (9) is the mass of CUHCF present ir@lso could be due to the greater accessibility(srto NPs surface
the solid sample. K is the distribution coefficient normalised withcaused by increased mesopore size for monolitts high CUHCF
total mass of the materials (monolith or CuHCF ie gase of bulk NPs content, from 2.6nm for 0.2@Si® 6.2nm for 5.1@Si©
sample). (Table 1). However, high Kvalues obtained for all materials show
The initial solution activity was 41.2 kBg/L corresmling to good accessibility and selectivity of NPs for Cssi@ven if NPs are
Cesium concentrations of about 9M®ol/L. In order to simulate located in silica walls with quite low mesoporeesiz
unusual situations, such as contaminated seawsgerto cool down
damaged Fukushima reactors, the initial solutios emriched with Conclusions
salts (ESI).

Table 2 shows results obtained with radioactiveucesin this case,
the distribution coefficient is used to assess cteity of the
materials towards*'Cs. This value is noted K(ml/g) and is
expressed as follows:

Kq

In summary, we prepared copper hexacyanoferrat®paaticles
functionalised  monoliths  suitable for aqueous waste
Table 2 Distribution coefficients Kand K’ for monolith and bulk materials decontamination purposes. The original way of fiomelisation
sample | 02@S0 18@Si0  51@SQ  Buk32g/L described in this pgper allowed us to synthesizaoiim§ with high
s (mig) >4 10 3.0 10 1110 3116 Ieyels of nanopar.tlcles Ioagllng. Therefore, thesdenmls present
Kq (ml/g) 1.2 16 1.7 16 2216 3.1 16 high cesium sorption capacity up to 10.6mg/g.

Finally sorption experiments using radioacti?&Cs allowed us to
Table 2 shows K and K; for 3 functionalised monoliths and bulkShow selectivity of the functionalised monolith evevith huge
CUHCF. It is well known that the presence of sodiomsiinterfere concentrations of competitive cations such as sodithis point is
with cesium sorption by PBA compour@dsHowever, in our case, crucial in the field of highly saline wastewateicdatamination such
even with concentrations of sodium and other catfanin excess of as in the case of Fukushima Daiichi rinse watettnent.
the Cs, the level of the distribution coefficiergsnains very high.
As expected, K values increase with CuUHCF NPs ratio and finalACknowledgements
reach 1.1. 19ml/g for the monolith loaded with 5.1 %wt of CuHCRpye thank the French Agency for Research (grant RSNR-
NPs. This value can be compared to results obtafoedother pemeterres) for funding this work, Véronique Richafétanck
nanocomposites and radioactive cesium in past egudMany Godiard, Xavier Le Goff, Henri-Pierre Brau and CyeeRey for
authors used HCFs with various transition metals @y,Zn, Ni) to TEM sample preparation and observations, and elehanalysis.
functionalise organic (PAN, ion exchanger) or irarg (powder,
beads - Si@ ZrO,, Al,O;, F&0,) supports. The values ofsKare

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3



Journal of Materials Chemistry A Page 4 of 4

26. S. Tsuruoka, B. Fugetsu, F. Khoerunnisa, D. MinaK.
Takeuchi, M. Fujishige, T. Hayashi, Y. A. Kim, K. @ark, M.
Notes and references Asai, K. Kaneko and M. End®/Jater. Express2013,3, 21-29.

& Institut de Chimie Séparative de Marcoule, ICSMIRJ5257, CEA-CNRS-
UM2-ENSCM, BP17171, 30207 Bagnols sur Céeze, France.

Fax: +33 466 797 611; Tel:+33 466 397 421;

E-mail: jeremy.causse@cea.fr

® CEA/DEN/DTCD/SPDE, Laboratoire des Procédés Sujinaes et de
Décontamination, BP17171, 30207 Bagnols sur Cemmde

T Electronic Supplementary Information (ESI) avaliga [SAXS data, FT-IR
data, TEM images, ESEM images]. See DOI: 10.103®600x/

1. D. Klein and M. CorradiniFukushima Daiichi: ANS Comittee
Report 2012.

2. S. Szoke, G. Patzay and L. WeidRadiochim. Acta2003,91,
229-232.

3. J. B. Ayers and W. H. Waggonér, Inorg. Nuc. Chem1971,
33, 721-733.

4. |. M. Ismail, M. R. EI-Sourougy, N. A. Moneim aht F. Aly, J.
Radioanal. Nucl. Chem1998,237, 97-102.

5. C. Loos-Neskovic, S. Ayrault, V. Badillo, B. JimeneE.
Garnier, M. Fedoroff, D. J. Jones and B. MerindvSolid State
Chem, 2004,177, 1817-1828.

6. T. Sangvanich, V. Sukwarotwat, R. J. Wiacek, R.Gvudzien,
G. E. Fryxell, R. S. Addleman, C. Timchalk and W n¥asee,].
Hazard. Mater, 2010,182, 225-231.

7. P.A.HaasSep. Sci. Technoll993,28, 2479-2506.

8. P. Hainey, I. M. Huxham, B. Rowatt, D. C. Sherramgand L.
Tetley,Macromolecules1991,24, 117-121.

9. N. R. CamerorRolymer 2005,46, 1439-1449.

10. A. Imhof and D. J. Pin&ature 1997,389 948-951.

11. B. P. BinksAdv. Mater, 2002,14, 1824-1827.

12. F. Carn, A. Colin, M. F. Achard, H. Deleuze, Elli§r, M. Birot
and R. Backov). Mater. Chem.2004,14, 1370-1376.

13. J. G. Alauzun, S. Ungureanu, N. Brun, S. Bernard\iele, R.
Backov and C. Sanchek, Mater. Chem.2011,21, 14025-30.

14. N. Brun, S. R. S. Prabaharan, C. Surcin, M. MdttereH.
Deleuze, M. Birot, O. Babot, M. F. Achard and R. Backav
Phys. Chem. (2012,116, 1408-1421.

15. S. Ungureanu, G. Sigaud, G. L. Vignoles, C. ¢tber M. Birot,
A. Derré, O. Babot, H. Deleuze, A. Soum, G. Pédagsaand R.
Backov,J. Mater. Chem.2011,21, 14732-40.

16. N. Gartmann, C. Schitze, H. Ritter and D. BriuhwilEhe
Journal of Physical Chemistry Lette2010,1, 379-382.

17. S. Adak, L. L. Daemen, M. Hartl, D. Williams, Summerhill
and H. Nakotte). Solid State Chen2011,184, 2854-2861.

18. R. R. Shehal. Coll. Int. Sci.2012,388 21-30.

19. R. Aveyard, B. P. Binks and J. H. Clisidv. Coll. Int. Sc;.
2003,100-102 503-546.

20. N. Brun, S. Ungureanu, H. Deleuze and R. Bac&hem. Soc.
Rev, 2011,40, 771-788.

21. C. Delchet, A. Tokarev, X. Dumail, G. Toquer, Barre, Y.
Guari, C. Guerin, J. Larionova and A. GrandjeREC Adv.
2012,2,5707-5716.

22. A. Nilchi, R. Saberi, M. Moradi, H. Azizpour afl Zarghami,
Chem. Eng. J2011,172, 572-580.

23. T. P. Valsala, A. Joseph, J. G. Shah, K. Raj\andenugopalJ.
Nuc. Mater, 2009,384, 146-152.

24. R. Turgis, G. Arrachart, C. Delchet, C. Rey, Y.rBaB. Pellet-
Rostaing, Y. Guari, J. Larionova and A. Grandje@hem.
Mater.,, 2014,25(21) 4447-4453.

25. V. V. Milyutin, S. V. Mikheev, V. M. Gelis anf. A. Kozlitin,
Radiochemistry2009,51, 298-300.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012



