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Highlights 

 

● SBA-15 silica was grafted with hydroxypiridinone and phosphonate ligands  

● Under irradiation, amide functional groups were the most sensitive to damage 

● Reaction mechanisms under irradiation are discussed 

● These mechanisms strongly depend whether the ligand molecule is grafted on mesoporous 

silica or not 

● In SBA-15 grafted with propionamide phosphate, Th(IV) sorption is not significantly changed 

by irradiation up to a few MGy 

 

Abstract 

Materials developed for radionuclide adsorption need to resist harsh conditions, i.e. be robust 

against ionizing radiation. In this work, we evaluated the degradation of mesoporous silicas 

(SBA-15) grafted with hydroxypiridinone, acetamide phosphonate and propionamide phos-

phonate ligands under electron irradiation. The ligands contained amide and phosphinic acid 

functional groups, which made them able to bind to actinides. Degradation of the grafted lig-

and was assessed by identifying and quantifying the gas produced under irradiation using gas 



 

2 

chromatography, as well as characterizing the grafted ligands before and after irradiation by 

means of FT-IR, XPS and TGA techniques. Irradiation led to the degradation of amide func-

tional groups and to the production of amine and carboxylic acid groups. Corresponding reac-

tion mechanisms were proposed. The sorption behavior of the grafted SBA-15 materials for 

thorium was also studied. SBA-15 materials grafted with acetamide phosphonate and propio-

namide phosphonate ligands were shown to be able to adsorb thorium. The propionamide 

phosphate ligand was the most efficient, with an equilibrium sorption capacity of 95 mgg-1. 

This capacity remained stable up to a 1 MGy irradiation dose and underwent a 20% decrease 

after 4 MGy of irradiation. Therefore, this material is potentially interesting for the treatment 

of liquid outflows contaminated by actinides produced in nuclear facilities.  

Keywords: electron irradiation; grafted mesoporous silica; functionalized SBA-15; reaction 

mechanisms; actinide adsorption; nuclear waste management 

1. Introduction 

The nuclear industry generates radioactive wastes containing various elements. Among them, 

the most concerning are actinides such as plutonium and minor actinides (neptunium, ameri-

cium and curium) due to their radiotoxicity and long half-lives [1]. These elements can be 

found at very low concentration in contaminated aqueous wastes [2], and in organic wastes 

from nuclear fuel reprocessing facilities [3]. In both cases, the standard approach for handling 

these wastes is geological disposal [4], which necessitates first the recovery of the radioactive 

materials from the liquid stream before their immobilization within solid matrices (e.g. glasses 

and cements).  

Therefore, there is a need for efficient methods to capture actinides from liquid wastes. Ad-

sorbents such as mesoporous silica have attracted attention due to their interesting proper-

ties such as a high specific surface area, tunable pore sizing and high adsorption capacity [5]. 

Moreover, these materials can be functionalized easily using soft chemistry methods, such as 

sol-gel synthesis, in order to graft specific ligands. This allows not only the enhancement of 

the adsorption capacity of the material, but also the targeting of specific elements ([6-10]).  

Functionalized silicas have been used for the extraction of lanthanide [11-12] and actinide ions 

[13-16] as well as for heavy metals [17]. Indeed, some functionalized silica materials display 
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higher adsorption capacity and faster adsorption kinetics than those of conventional ion ex-

change resins [7], confirming their potential. Moreover, the porosity of silica could be closed 

after (self-)irradiation, which would then combine both the benefits of sorption and storage 

of radionuclides [18-19].  

Of course, the nature of the ligands incorporated in porous structures affects their sorption 

ability. Proper selection of the ligand is thus mandatory before grafting. For instance, car-

bamoylphosphonate ligands have a particular affinity for actinide ions [20], which makes their 

grafting promising for their selective capture. Hydroxypiridinone ligands have also been inves-

tigated for the bioremediation of actinides such as uranium [21]. The incorporation of this 

kind of ligand within the pores of mesoporous silica would lead to an efficient sorption of 

radionuclides [2].  

However, despite these merits, the mesoporous sorbents must be robust towards harsh con-

ditions, such as ionizing radiation at a high dose and/or at a high dose rate, when used for the 

capture of radionuclides [5]. For instance, ion exchange resins, commonly used to purify water 

contaminated by radioactive elements, must be able to resist a maximal dose rate of 100 Gyh-

1 (1 Gy = 1 Jkg-1) [22]. Gray (Gy) is the dose unit commonly used in radiation chemistry. It 

corresponds to the energy deposited in the matter per kilogram of matter. In this case, acti-

vated corrosion products such as 60Co, a gamma radiation emitter, are responsible for the 

observed dose rate.  

Damage caused by irradiation makes the renewal of the adsorbent necessary. For commonly 

used adsorbents such as ion exchange resins, irradiation damage depends on the type of ma-

terials and the dose adsorbed. Irradiation damage was found to start at doses ranging be-

tween 1 kGy and 10 MGy under gamma irradiation, depending on the nature of the resin [23-

24]. Therefore, the behavior of these materials towards irradiation requires investigation and 

understanding of the reaction mechanisms at play. This knowledge will enable the proper se-

lection of ligands able to resist a high dose of irradiation, a crucial parameter concerning acti-

nide extraction. For example, materials that incorporate 10 wt% of Pu within their structure 

receive a dose of 107 Gy after one year of storage [25-26]. The potential sorbent material must 

therefore fulfill two important requirements: the ability to (i) retain radionuclides and (ii) to 

continue functioning properly in a highly radioactive environment.   
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To date, irradiation of mesoporous SBA-15 silica grafted with various ligands has been studied 

using gamma irradiation [23, 27-28]. However, the dose accumulated in these studies was 

quite low (from 10 kGy to 500 kGy). Zhang et al. [28] showed that phosphine oxide and phos-

phinic acid ligands grafted on a SBA-15 matrix retain their sorption ability when irradiated up 

to 500 kGy. Iqbal et al. [23, 27] evidenced no or little reduction of the sorption ability of eth-

ylenediaminetetraacetic acid, aminopropyl and N-propylsalicyl-aldimino grafted SBA-15 irra-

diated up to 1 kGy. In the case of grafted controlled pore glasses, electron irradiation was 

performed up to a dose of 500 kGy [29-30] and significant modifications of the materials could 

be evidenced, depending on the nature of the grafted molecules. In these studies, ionizing 

radiation creates electron-hole pairs within the material that can recombine to form excitons 

if the walls of the materials are thick enough [31]. These species can then be transferred to 

the interface where they damage the grafted ligands.  

In the present study, our aim was to explore the effect of electron irradiation, used to mimic 

the irradiation effects of sorbed radionuclides, on grafted mesoporous silica and to assess its 

stability up to a few MGy, a dose higher than that used in the articles cited above. We decided 

to work with SBA-15 silica (Santa Barbara Amorphous n°15, [32]) rather than with MCM-41 

(Mobil Crystalline Materials n°41, [33]), since SBA-15 was shown to be more robust towards 

ionizing radiation than MCM-41, probably due to its larger pore size [18]. Three ligands were 

selected and grafted on SBA-15 materials. The choice of ligands was motivated by their ability 

to extract actinides: acetamide phosphonate (Ac-phos), propionamide phosphonate (Prop-

phos) and 1,2-hydroxypiridinone (HOPO) (Scheme 1). These three ligands were indeed shown 

to be promising for the capture of actinides when grafted on SBA-15 materials [2, 11, 20]. 

Their behavior under irradiation was then followed in detail, and the evolution of their sorp-

tion ability was studied as a function of the irradiation dose.   

2. Materials and methods 

2.1. Reagents 

Potassium bromide (KBr, FT-IR grade) was purchased from Sigma Aldrich. Mohr salt 

((NH4)2Fe(SO4)2, >99%) was obtained from Labosi, sulfuric acid (H2SO4, 99.999%) and sodium 

chloride (NaCl, >99%) were purchased from Merck and HNO3 (69.5% purity) from Carlo Erba. 
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Argon (Ar, 99.9999%) was purchased from Air Products. De-ionized water (18.2 MΩcm) was 

obtained from a Millipore apparatus. All reagents were used without any further purification.  

2.2. Synthesis of the grafted silicas 

Grafted silicas (see Scheme 1) were synthesized according to previously reported procedures 

([2, 11]). The synthesis of the ligands and of the various silicas is described in detail in the 

Supplementary Material. The 1,2-HOPO ligand (1,6-dihydro-6-oxo-N-[(triethoxysilyl)propyl]-

2-carboxamide) possesses an amide group linked to a pyridine heterocycle containing C=O 

and N-OH groups. This compound is considered as aromatic since the lone pair on the nitrogen 

atom participates to electron delocalization [34]. The Ac-phos ligand ([2-oxo-2-((3-(triethox-

ysilyl)propyl)amino)ethyl]phosphonic acid) has a phosphonic acid functional group linked to 

an amide through a carbon atom. The Prop-phos ligand ([3-oxo-3-((3-

(triethoxysilyl)propyl)amino)propyl]phosphonic acid) is similar to Ac-phos but contains one 

additional carbon between the amide and the phosphonic acid groups. All ligands are linked 

to the silicon atom through the amide and an alkyl chain containing three carbon atoms (see 

SI). The structures of the grafted mesoporous silicas and of their corresponding ligands (prior 

to their grafting) are shown in Scheme 1. 

 

Scheme 1. Structure of the grafted mesoporous silicas and the starting ligands. (a): 1,2-HOPO ligand 
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(left) and SBA-15-HOPO (right); (b): Ac-phos ligand (left) and SBA-15-Ac-phos (right); (c): Prop-phos 
ligand (left) and SBA-15-Prop-phos (right) 

2.3. Thermal treatment  

All SBA-15 materials (grafted or not) were thermally treated in order to remove adsorbed wa-

ter molecules. Pristine SBA-15 was heated at 400°C under vacuum (around 1 mbar) for 4 

hours. Grafted SBA-15 was heated at 80°C under vacuum (around 1 mbar) for 24 hours. This 

temperature was chosen to avoid any damage to the grafted ligands.   

2.4. Irradiation with 10 MeV electrons 

Irradiation experiments were carried out with a Titan Beta, Inc. linear accelerator delivering 

high-energy electrons. 10 ns pulses of 10 MeV electrons at a repetition rate of 5 Hz were de-

livered to the samples. This frequency was chosen to avoid any sample heating. Around 300 

mg of each sample was placed in a Pyrex ampule for analysis. In the case of the pure ligands, 

which are liquid at ambient temperature, argon was firstly bubbled for 30 minutes in order to 

remove dioxygen. Ampules were outgassed and filled with ultra-pure argon (99.9999%) three 

times prior to irradiation.  

Fricke dosimetry [35] was used to estimate the dose delivered to the sample. It was deter-

mined to be 15 ± 2 Gypulse-1 (1 Gy = 1 Jkg-1). The dose received by the Fricke solution was 

considered to be the same as the dose received by the sample [31].  

 

2.5. FT-IR spectroscopy 

The infrared (IR) spectra of the samples were recorded under vacuum (1 mbar) with a Brucker 

Vertex 80v FT-IR apparatus. 1 wt% of the sample was dispersed in high purity KBr, then 

pelletized into self-supporting discs using a pressure of 109 Pa. Spectra were then recorded 

from 400 scans in the 700-4000 cm-1 wavenumber range at a 2 cm-1 resolution. The KBr back-

ground was subtracted in all cases.   

2.6. XPS 

X-ray photoelectron spectroscopy (XPS) was performed with a hemispheric analyzer Kratos 

Analytical Axis Ultra DLD spectrometer, using an Al Kα source monochromatized at 1486.6 eV 

and a charge compensation system. A pass energy of 160 eV was used for the survey spectra 
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and of 20 eV for core levels measurements. The energy resolution of the source and of the 

analyzer was found to be 0.35 eV. A thin layer of the sample was deposited on a copper tape. 

In all cases, the carbon C 1s line at 284.8 eV was used as a reference to calibrate the binding 

energy. Data acquisition and processing were carried out using the Casa XPS processing soft-

ware. After calibration, the background from each spectrum was subtracted using a Tougaard-

type background. 

 2.7. Gas chromatography measurements 

H2, CO2, CO and CH4 produced under irradiation were quantified by micro gas chromatography 

(µ-GC) using an SRA Instrument µGC-R3000 apparatus, with argon as the carrier gas. If other 

gases than the above mentioned ones were produced, then they were identified by gas chro-

matography coupled to mass spectrometry (GC-MS) using an Agilent 6890 GC system and an 

Agilent 5977 MS system equipped with an electron impact (EI) source and a quadrupole mass 

analyzer. In this case, helium was the carrier gas and was used at a flow of 2 mLmin-1. Sepa-

ration was performed in split mode using a PorabondQ (25 m × 0.32 mm) column (Agilent) 

and a molecular sieve CP-Molsieve 5 Å (25m x 0.32 mm, Agilent). The temperature of the 

injector was set at 110°C.  

2.8. Determination of grafting density 

The grafting density ρ (expressed in groupsnm-2) was calculated according to equation (1): 

𝜌 =
𝑁𝐴×(%𝐶)

(𝐶)𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑔𝑟𝑜𝑢𝑝

10−18  

(100−(%𝐶))×𝑆𝐵𝐸𝑇
                                           (1) 

where (%C) is the carbon percent of the sample obtained by combustion on an Elementar 

Vario Micro Cube CHNS/O Elemental Analyzer, 𝑁𝐴 is Avogadro’s constant, (𝐶)𝑔𝑟𝑎𝑓𝑡𝑒𝑑 𝑔𝑟𝑜𝑢𝑝 is 

the molecular weight of carbon in the grafted group (gmol-1) and SBET is the Brunauer−Em-

mett−Teller (BET) specific surface area of the SBA-15 before grafting (m2g-1). Adsorption and 

desorption isotherms with nitrogen at 77 K were obtained using a Micromeritics Tristar unit 

(USA) for BET analysis. Before measurements, samples were degassed for 12 hours at 473 K 

and 373 K for pristine SBA-15 and grafted materials, respectively. BET surface area was esti-

mated at a relative pressure lower than 0.25. The pore size distribution was obtained with the 

desorption isotherm curve using the Barrett-Joyner-Halenda (BJH) model. The results of these 

analyses for all the materials used in this study are given in Table 1. 
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Table 1. Characteristics of the grafted materials used in this study  

Sample Pore diameter 

before/after 

grafting (Å) 

SBET  before/after 

grafting (m2g-1) 

%C Grafting density 

(groupsnm-2) 

SBA-15-HOPO 70/56 760/313 9.42 0.76 

SBA-15-Ac-phos 65/55 766/318 9.68 1.4 

SBA-15-Prop-phos 73/60 810/289 10.47 1.2 

After grafting, the specific surface of the materials was found to be similar (around 300 m2g-1), 

whatever the ligand grafted. The grafting density was found to be 0.76 groupsnm-2 for SBA-

15-HOPO, 1.4 groupsnm-2 for SBA-15-Ac-phos and 1.2 groupsnm-2 for SBA-15-Prop-phos. 

These values are consistent with the commonly found grafting density of about 1 groupnm-2 

in SBA-15 materials [36]. The grafting of the materials was further confirmed by means of XPS 

(Figure S1), FT-IR (Figure S2 together with the assignment of the characteristic bands in Table 

S1) and TGA (Figure S3). Moreover, the thermal treatment was shown not to damage the lig-

ands, as evidenced in Figures S3 and S4 in the Supplementary Material, by TGA and FT-IR, 

respectively.   

Notably, most of the grafted molecules are expected to be located within the porous structure 

of the silica since there is much less external surface area than internal area.  

 

2.9. Sorption experiments 

Aqueous solutions of thorium were prepared by dissolving the corresponding certified stand-

ard solution (SCP Science, 10 040 ± 50 µg.mL-1 in 4% HNO3) of Th (IV) in deionized water. The 

pH of the solution was adjusted to 2.0 using HNO3 (69.5% purity, purchased from Carlo Erba) 

and checked with a Mettler Toledo Seven Excellence pH-meter. 10 mg of the adsorbent was 

added to 20 mL of the solution. The mixture was then stirred at 200 rpm using a Heidolph 
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Rotamax 120 apparatus for at least 24 hours to ensure that the equilibrium was reached. Tho-

rium initial (Ci, mgL-1) and equilibrium (Ce, mgL-1) concentrations in the solution were deter-

mined by X-ray fluorescence using a Xeros EDX RF apparatus. This allowed calculating the 

equilibrium sorption capacity (qe, mgg1) using equation (2) [7]: 

𝑞𝑒 =
𝐶𝑖−𝐶𝑒

𝑚
× 𝑉                                                                                                                                    (2) 

where m is the mass of adsorbent (g) and V is the volume of the aqueous solution (L).  

3. Results and discussion 

3.1. Behavior of ligands under irradiation  

3.1.1. Gas production under irradiation 

The amount of gas produced under irradiation enables both the estimation of the extent of 

damage undergone by the molecule. The nature of the produced gases also enables the iden-

tification of the particular bonds that were damaged. µ-gas chromatography was used to 

quantify H2, CO, CO2 and CH4 produced during irradiation of the three ligands. The correspond-

ing gas production plots as a function of the dose are shown in Figure 1.  

The production of gases increased linearly with the dose (Figure 1). The slope of each curve 

corresponds to the radiolytic yield of each gas [37], which are given in Table S2 in the Supple-

mentary Material for all three molecules and are also shown in Figure 1d. 

For all three molecules, the major gas produced was H2, which can be attributed to the 

cleavage of C-H and N-H bonds, as well as of the O-H bond in 1,2-HOPO molecules. Although 

Ac-phos and Prop-phos differ by one -CH2-, they exhibited the same H2 radiolytic yield (1.6 x 

10-1 µmolJ-1). It is on the same order of magnitude as the H2 radiolytic yield measured in linear 

saturated alkanes in the liquid state (around 5  10-1 µmolJ-1 for pentane and hexane for 

example, [38]), which highlights the efficient radiolytic H2 production of these two molecules. 

Gas production under irradiation was slighlty higher for Prop-phos than for Ac-phos, due to 

the higher CO and CO2 production of the former sample. In contrast, the 1,2-HOPO molecule 

produced significantly less gas under irradiation, independent of the gas considered, with a 

total gas production 20 times lower than for the two other ligands. This can be attributed to 

the presence of the aromatic ring, which has a radioprotector effect [38]. For all three 

molecules, CO2 and CH4 were produced in lower amounts than H2. CO was detected during 



 

10 

irradiation of Ac-phos and Prop-phos only. The low production of these gases evidences that 

the corresponding pathways are less important to radiation damage than the H2 production 

mechanisms.  

   

 

Figure 1. Evolution of H2, CO, CO2 and CH4 production (in molkg-1 of material) as a function of the 
irradiation dose (Gy) for (a) 1,2-HOPO, (b) Ac-phos and (c) Prop-phos ligands. (d) Radiolytic yields of the 
gases produced under irradiation from the three starting ligands. A magnification of the CO, CO2 and 
CH4 curves of Ac-phos and Prop-phos is displayed in the Supplementary Material (Figure S5). The lines 
are linear fits to the data. The slopes of the lines are given for each case.  

 

GC-MS experiments were also performed in order to identify any other gases produced during 

irradiation of the three ligands. The corresponding chromatograms of the samples irradiated 

at 100 kGy are shown in Figure 2. As no gas was detected in the pristine samples, the gas 

displayed below are due to irradiation only.  
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Figure 2. Gas degradation products of (a) 1,2-HOPO, (b) Ac-phos and (c) Prop-phos ligands measured 
by GC-MS after a 100 kGy radiation dose. No gas was detected in the non-irradiated samples. 
Magnification is applied on graphs (a) and (c) and the peak attributed to ethanol is not shown entirely. 

Notably, the same molecules were detected in all cases. Thus, the formation of C2H4, C2H6, 

C3H6, C3H8 and C4H10 (Figure 2) attests that alkanes and alkenes were produced under irradia-

tion. C2H4 may be formed as a result of the subsequent irradiation of C2H6. Together with the 

production of CH4, the production of alkanes/alkenes is a clear signature of C-C bond rupture. 

Traces of fluorinated impurities such as CF3CH2OH and CH3CF3 are detected on the chromato-

grams and are attributed to the use of fluorinated compounds during the synthesis [20]. 

CH3CH2OH (ethanol) and CH3CHO (ethanal) were also detected. We checked carefully that 

ethanol was not a pollutant due to the cleaning procedure, and thus confirmed that it was 

produced in significant amounts during the irradiation of the ligands. The cleavage of Si-O or 

P-O bonds could explain the production of these latter gases, however, the production of eth-

anol was observed in irradiated 1,2-HOPO despite the absence of P-O bonds. Therefore, eth-

anol production most likely resulted from the cleavage of Si-O bonds. Ethanal production may 

have been the result of the irradiation of ethanol [38]. 
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3.1.2. Reaction mechanisms in irradiated ligand molecules 

Gas production also provides insight into the degradation mechanisms of molecules under 

irradiation. The production of ethanol indicates that irradiation modifies the molecule near 

the silicon atom. Upon irradiation, the energy deposited in the sample (M) leads to the pro-

duction of a radical cation (M●+), an electron (e-) and an excited molecule (M*) according to 

reaction R1:  

M →
𝐼𝑜𝑛𝑖𝑧𝑖𝑛𝑔𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

𝑀+• + 𝑒−, 𝑀∗                                                        R1 

The electron can then solvate. Even if some physical parameters such as the dielectric con-

stant of these liquids are not known – making a precise description of phenomena difficult – 

the significant ethanol formation detected on chromatograms (Figure 2) for all cases suggests 

the cleavage of the Si-O bonds. Cleavage of Si-O bonds leads to the production of R1(R2)2Si● 

radicals. Notably, the ATR spectrum of the HOPO ligand (displayed in Figure S6a) shows a clear 

loss of CH3 bonds as well as an increase in O-H bonds after irradiation. The ATR spectra of Ac-

phos and Prop-phos ligands (Figure S6b and Figure S6c) also show features of the loss of Si-

OC2H5 groups. This can be explained by the formation of silanol groups. Indeed, radicals can 

readily react with traces of water to produce silanols and H● radicals, according to reaction 

R2: 

(𝐶𝐻3𝐶𝐻2𝑂)2𝑆𝑖• − 𝑅 + 𝐻2𝑂 →
𝐼𝑜𝑛𝑖𝑧𝑖𝑛𝑔 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

𝑅(𝐶𝐻3𝐶𝐻2𝑂)2𝑆𝑖 − 𝑂𝐻 + 𝐻•                           R2 

H● species can for instance dimerize into H2 according to R3: 

𝐻• + 𝐻• → 𝐻2                                                                                                                                        R3 

Another H2 source consists of an H● atom abstraction from the grafted molecule by the hydro-

gen atom [38].  

Notably, H atoms are linked to carbon or nitrogen atoms in the molecules under study. The 

cleavage of C-H bonds on the alkyl chain was observed during the radiolysis of different amide 

molecules [39]. In addition, the radiolysis of dry alkyl amines showed that the cleavage of N-

H bonds was preferred over that of C-H bonds [40]. This suggests that both bonds are cleft 

under ionizing radiation, and that the breakage of the N-H bond may be the preferential one.  
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Other gases are produced in smaller quantities than H2. Among them, the production of CH4 

as well as of other alkanes detected by GC-MS is a clear sign of C-C bond cleavage on the alkyl 

chain of the molecules [37]. CO and CO2 could be formed after the breakage of (O=)C-C and 

N-(C=O) bonds, which are likely to be cleft, as reported in the radiolysis of amides and dia-

mides [41-47]. 

3.2. Behavior of grafted materials under irradiation 

3.2.1. Gas production under irradiation 

The degradation of the pristine and of the grafted SBA-15 materials under irradiation was 

studied by micro-chromatography in order to determine the radiolytic production of H2, CO 

and CO2. No CH4 was detected in any case. The evolution of the amount of these gases is 

plotted as a function of the dose for the three samples in Figure 3.  

 

Figure 3. Evolution of H2, CO and CO2 (in molkg-1 of material) production under irradiation as a function 
of the cumulated dose (Gy) for (a) pristine SBA-15, (b) SBA-15-HOPO, (c) SBA-15-Ac-phos and (d) SBA-
15-Prop-phos. All samples were thermally treated prior to irradiation. 

For all samples, the amount of gases produced evolved linearly with the dose, allowing the 

measurement of the radiolytic yield from the slope of the line (G, molJ-1) for each gas. The 
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various radiolytic yields measured are given in Table S4. The radiolytic yields of the irradiated 

grafted SBA-15 materials are displayed for the purpose of comparison in Figure 4.  

 

 

Figure 4.  Radiolytic yields of the gases produced under irradiation from the various systems under 
study.  

For pristine SBA-15, the only gases produced are H2 and CO2, as evidenced by complementary 

GC-MS measurements. The formation of carbon dioxide was probably due to the radiolysis of 

residual ethoxy groups in the SBA-15 matrix [48]. Compared to pristine SBA-15, the three 

grafted materials show a similarly low production of CO2, with radiolytic yields within the same 

order of magnitude, or even lower. This suggests that the origin of the carbon dioxide produc-

tion is the same in all samples, and it may be attributed to the radiolysis of residual ethoxy 

groups. For all samples, CH4 was never detected, indicating that C-C bond cleavage is not a 

significant reaction pathway. 

The H2 radiolytic yield is slightly higher for the grafted SBA-15 samples than for the pristine 

one. The H2 production arises from the radiolysis of water and silanols [31] as well as from the 

grafted ligand. Thus, the radiolysis of the alkyl chain of the ligand can account for the higher 

H2 production as compared to the pristine sample.  

The CO and H2 radiolytic yields increase proportionally in the following order according to the 

nature of the grafting: HOPO < Ac-phos < Prop-phos, which suggests that ligands with more 

alkyl carbons are more likely to produce CO and H2. The H2 radiolytic yield is lower for SBA-15-

HOPO, confirming the effect of the aromatic ring as an efficient radioprotector [38]. However, 
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the grafting density is also lower in SBA-15-HOPO than in the two other materials (Table 1). 

Of course, even if the difference in grafting density does not by itself explain the large differ-

ence in quantities of gas produced between SBA-15-HOPO and the other samples, it must help 

to explain part of the observed decrease. We note that the protective effect of the aromatic 

ring seems to be lower for grafted SBA-15 than for the neat ligand. Indeed, under irradiation, 

the total number of (CO, CO2, H2 and CH4 molecules, if present) produced from SBA-15-HOPO 

((7.8 ± 0.8) x 10-2 µmolJ-1) is significantly higher than from the 1,2-HOPO ligand ((9.4 ± 0.9) x 

10-3 µmolJ-1). 

Since CO is not formed during irradiation of the pristine silica, its production arises from the 

irradiation of the grafted ligands. As it is generated in all grafted materials, with the SBA-15-

HOPO showing the lowest CO radiolytic yield in spite of its two C=O bonds, this gas most likely 

comes from the lysis of the C=O of the amide group on the alkyl chain of the ligands. 

Notably, the radiolytic yields measured for the grafted SBA-15 samples show different gas 

production from that of the starting ligands, both in terms of quantity and of gas distribution. 

For the ligands, the main gas produced is H2, accompanied by a minor production of CO, CO2 

and CH4. For the grafted SBA-15 samples, the main gas produced is CO, except in the case of 

SBA-15-HOPO, indicating that the same molecules behave differently under irradiation de-

pending on whether they are grafted on SBA-15 or not. The total amount of these produced 

gases is higher for the grafted SBA-15 samples than for the ligands, which is another evidence 

of the difference of behavior under irradiation.   

GC-MS analysis of the gases produced upon a 100 kGy radiation dose of the grafted materials 

was also performed (Figure 5).  
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Figure 5. Gas decomposition products of the grafted (a) SBA-15-HOPO, (b) SBA-15-Ac-phos and (c) SBA-
15-Prop-phos ligands measured by GC-MS after a 100 kGy radiation dose. No gas was detected in the 
non-irradiated samples. 

GC-MS analysis of the gases produced upon irradiation confirms that the cleavage of C-C 

bonds in the grafted SBA-15 samples is not likely to occur. Indeed, no alkanes were detected 

on the chromatograms, in contrast with the various alkanes/alkenes detected after irradiation 

of the ligands. Notably, the number of different gases produced is rather low, indicating that 

there are preferential reaction channels. For the SBA-15-HOPO material (as well as for the 

pristine SBA-15), no gases other than CO2 were detected, confirming the protective role of the 

aromatic ring towards the decomposition of the ligand. For the two other samples, ethanol 

(CH3CH2OH) and CH3CHO were produced. Notably, these compounds were also formed in the 

irradiated ligands. As in the case of the ligand molecules, their formation cannot be attributed 

to pollution due to cleaning. Moreover, as for the ligands, these compounds can arise from 

the cleavage of the Si-O bond in the grafted ligand. Another gas was detected as a shoulder 

on the SBA-15-Ac-phos sample, with a retention time of about 23 minutes. Unfortunately, it 

was not possible to assign it precisely.   
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3.2.2. Characterization of the materials before and after irradiation 

The evolution of the samples before and after irradiation of 0.5 MGy and 4 MGy was assessed 

by FT-IR spectroscopy (Figure S7; with a magnification of the 1300-1750 cm-1 wavenumber 

region, which is the region of interest where changes can be evidenced, in Figure 6; see also 

the assignment of the infrared bands in Table S1). Notably, higher doses were used for spec-

troscopy experiments than for gas measurements. Indeed, the sensitivity of these latter ex-

periments is here much higher than that of ex situ spectroscopy. The bands related to the SBA-

15 matrix at 800 cm-1 and 1080 cm-1 did not evolve after irradiation. Similarly, the character-

istic bands of the ligands were almost unaffected after irradiation at 500 kGy. However, mod-

ifications were detected when samples were irradiated at 4 MGy.  

For all samples, the CH2 stretching bands of the grafted ligands (detected around 2940 cm-1) 

had a lower intensity after irradiation at 4 MGy, which is a consequence of C-H bond cleavage 

(Figure S7). Clearly, the intensity of the broad band in the 3000-4000 cm-1 region decreased, 

indicating a decrease in the O-H content of the samples after irradiation (Figure S7, [49]). The 

modification of the shape of this band indicates the radiolysis of residual water as well as of 

the SiO-H bond. Moreover, the cleavage of N-H bonds is also evidenced by the lower intensity 

of the bands located around 3100 cm-1 and 3280 cm-1.  
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Figure 6. FT-IR spectra of grafted SBA-15 unirradiated and irradiated at 0.5 MGy and 4 MGy: (a) SBA-
15-HOPO; (b) SBA-15-Ac-phos; (c) SBA-15-Prop-phos. The spectra are shown in the 1300-1750 cm-1 
wavenumber range and normalized with respect to the C=O stretching mode at 1660 cm-1. The spectra 
were recorded under vacuum. 

 

In the 1300-1750 cm-1 wavenumber range, the characteristic absorption bands of the grafted 

HOPO ligand such as the C=O stretching band at 1640 cm-1 appear to be barely modified upon 

irradiation (Figure 6a). In contrast, the characteristic bands in the 1500-1800 cm-1 wave-

number range of the Ac-phos (Figure 6b) and Prop-phos (Figure 6c) ligands evidence modifi-

cations upon irradiation. The C=O and NH vibration bands are still observed around 1650 cm-

1 and 1570 cm-1, respectively, but with a lower intensity than in the un-irradiated materials as 

evidenced by the spectra obtained after normalization to the silica matrix bands (Figure S7, 

especially for Ac-phos). Concomitantly, a vibrational band at around 1720 cm-1 appears after 

irradiation (Figure 6b and 6c). It can be attributed to a C=O stretching vibration of an aldehyde 

or of an acid [49]. Indeed, the formation of an amic acid with a N-COOH functional group could 

be responsible for the band at 1720 cm-1 [50]. Moreover, the appearance of a peak at around 
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1400 cm-1 could also be due to an in-plane O-H deformation vibration characteristic of an amic 

acid [49, 51]. Notably, the same is observed for SBA-15-HOPO (Figure 6a), but with a much 

weaker intensity. In conclusion, we suggest that an amic acid group is formed upon irradiation 

of these grafted samples. However, an aldehyde might also be produced. The formation of an 

aldehyde group should be accompanied by the formation of an amine (see Scheme 1 with the 

various chemical structures under study), although we did not detect an amine by FT-IR (dis-

cussed below).  

XPS analysis of the materials before and after irradiation gives a further insight into the mod-

ifications at the surface of the materials. The N1s spectra are shown in Figure 7.  

Two contributions are present before irradiation. The first one, located at 400.0 eV, 

corresponds to N-C=O bonds from an amide functional group. The second one is located at 

401.9 eV and is attributed to “N+”-type species [52]. In this case, this labelling implies a 

hydrogen-bonded nitrogen atom. Here, it is assigned to the N-H contribution. The hydrogen 

bonds contribute to increase the positive charge on the nitrogen atom [52]. The nitrogen atom 

of the N-OH function found in the SBA-15-HOPO sample probably falls into this latter category.  

In all cases, after irradiation, the proportion of the signal at 400.0 eV significantly decreased, 

and the proportion of the signal at 401.9 eV increased. This indicates that irradiation decreases 

the contribution of the N-C=O groups while increasing the number of N-H bonds. Interestingly, 

this change in the relative proportion of both components is in the order: SBA-15-HOPO < SBA-

15-Ac-phos < SBA-15-Prop-phos, i.e. in the same order as the measured CO (or total gas) 

production (see Figure 4). Moreover, the TGA curves of SBA-15-Ac-phos (shown in Figure S8) 

clearly show an additional region of mass loss as compared to un-irradiated SBA-15-Ac-phos. 

This extra mass loss could be attributed to the formation of an amine [53]. Amine formation 

was not observed on the IR spectra, but this could be attributed to a too weak signal to allow 

detection. Notably, the CO gas production implies the formation of an amine, which in turn 

would lead to the higher contribution of the “N+” signal as confirmed by XPS spectroscopy. The 

amine formation should be accompanied by an aldehyde formation, as described above.  
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Figure 7. N1s X-ray core-level spectra of non-irradiated samples (left) and samples irradiated at 4 MGy 
(right). Experimental data are shown as circles, and the lines are the corresponding fits to the data. (a) 
SBA-15-HOPO, (b) SBA-15-Ac-phos and (c) SBA-15-Prop-phos. SBA-15 is not shown, as it does not 
contain nitrogen atoms (see also Figure S1 in the Supplementary Material).  

 

The behavior of the environment around phosphorus atoms can be assessed through XPS 

core-level spectra of P 2p (see Figure S9 for SBA-15-Ac-phos and SBA-15-Prop-phos samples). 

Two contributions are evidenced on these spectra. The first one, located at 133.7 eV, corre-

sponds to a P=O bond, while the second one corresponds to O-P=O groups, and is located at 

134.7 eV [7]. The comparison of the spectra measured for the samples before and after irra-

diation at 4 MGy evidences that the phosphinic acid group is not modified upon irradiation. 

This result suggests that the amide group is more likely to be cleft upon irradiation than the 

phosphinic acid group. This is in line with a previous study on the irradiation of CMPO mole-

cules [46], possessing both an amide and a phosphine oxide group. In this case, the amide 

group was shown to be preferentially cleft upon irradiation. The C 1s core-level spectra of 
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SBA-15-HOPO, SBA-15-Ac-phos and SBA-15-Prop-phos before and after irradiation are dis-

played in Figure 8. 

Four different contributions are detected on the C1s spectra: (i) C-C and C-H bonds at 284.8 

eV, (ii) (O=C)-C and C-N bonds at 285.8 eV, (iii) C-O bonds at 286.8 eV and (iv) N-C=O bonds at 

288.4 eV. A fifth (v) contribution is found for SBA-15-HOPO at 287.9 eV, which corresponds to 

the ketone on the aromatic ring [50, 54].  

After irradiation, the contribution (i) at 284.8 eV is generally slightly modified due to C-H bonds 

cleavages and other modifications in the grafting. The contribution (iv) at 288.4 eV clearly 

decreases after irradiation, indicating a loss of N-C=O bonds. This is due to the lysis of the 

amide group.   

The cleavage of the Si-O bond contributes to the loss of O-C component, as attested by the 

lower (iii) signal obtained at 286.8 eV for SBA-15-Ac-phos and, more clearly, for SBA-15-Prop-

phos. This contribution is higher for SBA-15-HOPO after irradiation due to the presence of a 

C-O bond on the aromatic ring, which is probably not cleft under irradiation. For the same 

reason, the C=O contribution (v) at 287.9 eV is also higher after irradiation than before for 

SBA-15-HOPO.  
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Figure 8. C 1s X-ray core-level spectra of non-irradiated samples (left) and of samples irradiated at 4 
MGy (right). Experimental data are circles, and lines are the corresponding fits to the data. (a): SBA-15-
HOPO; (b): SBA-15-Ac-phos; (c): SBA-15-Prop-phos. 

 

The loss of C-N bonds under irradiation (signal (ii) at 285.8 eV) should lead to a decrease of 

this contribution. However, the signal at 285.8 eV could also be attributed to O=C-C bonds 

which can be formed upon irradiation (formation of amic acid and of aldehyde). Therefore, 

due to the interplay between these two effects, this contribution increases after irradiation 

as compared to before, in some cases (SBA-15-HOPO and SBA-15-Ac-phos), while it decreases 

in the third case (SBA-15-Prop-phos; Figure 8c).  

 

3.2.3. Proposed degradation mechanisms of grafted SBA-15 materials 

The experiments performed on the ligands and on the grafted materials clearly evidence that 

the proportions and amounts of gases produced under irradiation are significantly different, 

whether the ligand is grafted on the SBA-15 matrix or not. This implies different irradiation 
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mechanisms in both cases. Indeed, direct radiolysis affects the ligand molecules. However, in 

the case of grafted SBA-15 materials, the ligand represents less than roughly 20% of the mass 

of the material (as evidenced by TGA analysis; see Figure S3 in the Supplementary Material). 

Radiolysis will thus mainly affect the silica matrix. Electrons and holes are formed upon inter-

actions between ionizing radiation and matter (R4):  

𝑆𝑖𝑂2 →
𝐼𝑜𝑛𝑖𝑧𝑖𝑛𝑔𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

𝑒− + ℎ+                                                                                                          R4           

Since the walls of the SBA-15 are thick, the electron-hole pairs can recombine to form exci-

tons, according to the following reaction (R5):  

𝑒− + ℎ+ → ⬚3𝑒𝑥𝑐𝑖𝑡𝑜𝑛𝑠                                                                                                                         R5 

These excitonic species are responsible for energy transfer processes at the surface of silica, 

allowing, for example, the cleavage of SiO-H bonds to form hydrogen radicals (R6). These ex-

citonic species are responsible for the damage of the grafted ligands due to indirect radiolysis.  

3𝑒𝑥𝑐𝑖𝑡𝑜𝑛𝑠+≡ 𝑆𝑖𝑂𝐻 →≡ 𝑆𝑖𝑂• + 𝐻•                                                                                                   R6 

These hydrogen radicals can then dimerize to form H2 according to reaction (R2) or abstract 

another hydrogen atom from the grafted molecule. Excitons lead also to homolytic bond 

cleavages on the ligand molecules as described in reaction R7: 

3𝑒𝑥𝑐𝑖𝑡𝑜𝑛𝑠 + 𝑅1𝑅2𝐶 − 𝐻 → 𝑅1𝑅2𝐶• + 𝐻•                                                                                         R7 

This reaction is possible with carbon or nitrogen atoms and creates carbo- or nitro-centered 

radicals ([36]), resulting in the formation of double bonds on the grafted molecules (an exam-

ple is illustrated below, see bond cleavage (4) in Scheme 2). 

However, the C-C bond breakage is more likely to occur in the non-grafted ligand, as evidenced 

from the production of CH4 and alkanes (Figure 1), which was not observed during the irradi-

ation of the grafted SBA-15 materials (Figure 4). According to the exciton theory, C-H bond 

excitons are preferentially localized in pairs of excitons, while C-C bond excitons migrate 

quickly between C-C bonds [55]. This exciton localization makes the breakage of C-H bonds 

more probable than C-C bond rupture, accounting for the fact that it is more observed in the 

grafted ligands than when pure ligands are exposed to ionizing radiation. Moreover, bond 

cleavage resulting from the production of excitons can be very specific to the nature of the 

bond. The model developed by Alam et al. [56] showed that a bond is likely to be cleft if the 
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bond dissociation energy is overlapped by the band gap value of the exciton. Both the silica 

matrix and the grafted layer act as an exciton propagation layer, leading to selective dissocia-

tion channels [29]. This phenomenon accounts for the fact that some degradation pathways 

are favored during the irradiation of grafted SBA-15 samples whereas it is not the case in the 

pure non-grafted ligand. Indeed, the cleavage of Si-O bonds (bond rupture 1 in Scheme 2) was 

evidenced by the production of ethanol (Figure 5). This bond cleavage is favored since the 

energy of the exciton (around 9 eV, approximated as the SiO2 band energy, [57]) is very close 

to the bond dissociation energy of the Si-O bond (around 8 eV, [58]). Therefore, the energy 

transfer is near its resonance, probably leading to efficient processes (reaction R8).  

3𝑒𝑥𝑐𝑖𝑡𝑜𝑛𝑠 + (𝑅1)2𝑅2𝑆𝑖 − 𝑂𝐶𝐻2𝐶𝐻3 → (𝑅1)2𝑅2𝑆𝑖• + 𝐶𝐻3𝐶𝐻2𝑂•                                R8 

The (𝑅1)2𝑅2𝑆𝑖• radicals formed will then readily react with trace water molecules to form si-

lanols [59], similarly to what is described in reaction (R1), as well as illustrated in Scheme 2, 

while the ethoxy radical will abstract one hydrogen atom, leading to the formation of ethanol. 

Notably, in SBA-15-HOPO, where the aromatic ring plays a protective effect towards ionizing 

radiation, no ethanol is detected 

The production of CO from the lysis of the amide function is due to the cleavage of (O=)C-N 

and C-C(=O)N bonds, summarized by bond cleavages (2) and (3) on Scheme 2, respectively. 

Bond cleavage of the amide groups of malonamides was often reported [43, 39]. Notably, C-

N bond dissociation is close to 8 eV [58]. Therefore, the preferential homolytic cleavage of this 

bond can be explained through the resonance effect of exciton theory. The energy of the other 

bonds is lower than 6 eV [58] making their cleavage less likely to occur. The (O=)C-N bond is 

probably first cleaved, and CO is released in a second step.   

Notably, CO2 was observed during the radiolysis of octyl(phenyl)-N,N-diisobutylcarbamoylme-

thyl phosphine oxide in the presence of water and oxygen (abbreviated as CMPO, [46]). CMPO 

degradation was initiated by C-N bond scissions, probably due to H abstraction of the nitrogen 

atom. This led to the formation of a carboxylic acid and an amine group (R9) [47]: 

𝑅2(𝑃𝑂)𝐶𝐻2(𝐶𝑂)𝑁𝑅2 →
𝐻2𝑂

𝑅2(𝑃𝑂)𝐶𝐻2(𝐶𝑂)𝑂𝐻 + 𝐻𝑁𝑅2                                                         R9 

with 𝑅2(𝑃𝑂)𝐶𝐻2(𝐶𝑂)𝑁𝑅2 corresponding here to the CMPO molecule.  

Further cleavage of the C-C(=O) bond produces CO2, according to (R10): 
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𝑅2(𝑃𝑂)𝐶𝐻2(𝐶𝑂)𝑂𝐻 → 𝑅2(𝑃𝑂)𝐶𝐻3 + 𝐶𝑂2                                                                                 R10 

In our case, rupture of the (O=)C-N bond is expected to lead to the formation of an amine and 

an aldehyde according to the following reaction (R11): 

𝑅1(𝐶𝑂) − 𝑁𝐻𝑅2 →
𝑒𝑥𝑐𝑖𝑡𝑜𝑛

𝑅1𝐶𝑂• + 𝐻𝑅2𝑁•                                                                           R11 

Both radicals will abstract hydrogen atoms to form 𝑅1𝐶𝑂𝐻 and 𝑅2NH2, 𝑅1 being the phospho-

nate group linked to the amide and 𝑅2 being the alkyl chain linked to the nitrogen atom.  

Then, further degradation of the aldehyde leads to CO production, according to reaction R12: 

𝑅1(𝐶𝑂𝐻) → 𝑅1𝐻 + 𝐶𝑂                                                                                                    R12 

Even if it less probable, the rupture of the C-(CO) bond could lead to the production of an amic 

acid in the presence of trace water molecules (R13): 

𝑅1(𝐶𝑂)𝑁𝐻𝑅 →
𝐻2𝑂

𝑅1𝐻 + 𝑂𝐻(𝐶𝑂)𝑁𝐻𝑅                                                                       R13 

 

 

Scheme 2. Scheme of the main bond cleavages envisioned, illustrated on the SBA-15-Ac-phos sample. 
(1) Si-O bond cleavage (2) N-C bond cleavage at the amide group (3) C-C bond cleavage between the 
carbonyl group and the phosphorus atom (4) example of a C-H bond cleavage. Reactions with trace 
water molecules are described.  
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3.2.4. Sorption ability of the irradiated materials 

The sorption of thorium was studied in the grafted mesoporous silicas before and after their 

irradiation and its corresponding sorption ability was assessed. This element was selected to 

simulate the behavior of plutonium since it has similar chemical behavior (similar (+IV) oxida-

tion state, ionic radius of 108 pm as compared to 100 pm for plutonium) without its high radio-

toxicity.  

The adsorption isotherms were fitted using both a Langmuir and a Freundlich model, as dis-

cussed in the Supplementary Material (Table S5 and Figure S10). The Langmuir model led to 

better fits to the data, therefore, it was used in the following figures. The model corresponds 

to a monolayer of sorption of metals at the surface of the adsorbent [60], as frequently en-

countered during the sorption of metals onto functionalized SBA-15 [14, 60-63].  

The adsorption isotherms of thorium are given in Figure 9a for SBA-15-Ac-phos and 9b for 

SBA-15-Prop-phos, where the equilibrium sorption capacity qe is plotted as a function of the 

equilibrium concentration of thorium in the aqueous phase. The pristine SBA-15 materials 

showed a negligible sorption of thorium as compared to the grafted materials. It was meas-

ured to be 7 mg.g-1 (or 0.03 mmol.g-1). This low sorption ability of pristine mesoporous silica 

was already reported in the literature [53]. It is due to the large surface area of mesoporous 

silica and to the formation of Th(IV) complexes with the oxygen atoms of silanol groups. As 

the SBA-15-HOPO material did not enable any significant extraction of thorium under the pre-

sent experimental conditions, it was not studied below, despite its good robustness towards 

ionizing radiation. This indicates that the phosphonate groups are responsible for the thorium 

adsorption. Obviously, the complexation of Th(IV) with oxygen atoms linked to the phospho-

rus atom is favorable. Indeed, it occurs thanks to the electrostatic interactions between the 

deprotonated phosphonate groups [14] and the Th4+ and Th(OH)3+ species formed in solution 

within the studied pH range [53]. 
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Figure 9. Adsorption isotherms of Th using SBA-15-Ac-phos (a) or SBA-15-Prop-phos (b) before (0 MGy) 
and after irradiation at 0.5 MGy and 4 MGy. Data were fitted with a Langmuir model. (c) Adsorption 
capacity of SBA-15-Prop-phos before (0 MGy) and after irradiation at 0.5 MGy, 1 MGy and 4 MGy with 

an initial thorium concentration of 80 mgL-1.  

 

The curves shown in Figure 9 follow all a similar trend. First, the curves are increasing, indicat-

ing that thorium is readily adsorbed into the grafted SBA-15. Secondly, the curves reach a 

plateau, showing that the maximum sorption ability is reached and that any additional tho-

rium will remain in the aqueous phase. For SBA-15-Ac-phos before irradiation, the maximum 

qe value (55 mgg-1) is reached at an equilibrium concentration of 3.7 mgL-1. The maximum qe 

value (95 mgg-1) is reached at an equilibrium concentration of 1.3 mgL-1 for SBA-15-Prop-

phos before irradiation, corresponding to the incorporation of 9.5 wt% of thorium within the 

material. SBA-15-Prop-phos shows then the higher adsorption capacity and the highest affin-

ity for thorium (see Table S5 and Figure S10 in Supplementary Material). The equilibrium sorp-

tion capacity of Th(IV) towards SBA-15 grafted with Ac-Phos and Prop-phos corresponds to 

0.24 and 0.41 mmol.g-1. Knowing the characteristics of the grafted materials (specific area 

after grafting, grafting density, see Table 1) and neglecting the sorption on silanol groups, 
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these values correspond in average to 1 Th(IV) for 3.1 ligands and 1 Th(IV) for 1.4 ligand in 

SBA-15-Ac-phos and SBA-15-Prop-phos, respectively. This result is in accordance with the data 

from Fryxell et al. who found that the adsorption efficiency of Th was twice higher with SBA-

15-Prop-phos as compared to SBA-15-Ac-phos [64].  

The adsorption efficiency of Th obtained with these material (>90% of Th extracted for Th 

concentration lower than 50 mg.L-1) are comparable to the adsorption efficiency of some ion 

exchange resins used for the same purpose [65-66].  

After irradiation, the sorption behavior of thorium remains unchanged, since all curves have 

the same shape. However, the sorption ability of SBA-15-Ac-phos is reduced. After irradiation 

at 500 kGy, the maximum qe decreases from 55 (before irradiation) to 47 mgg-1
. It further 

decreases to 30 mgg-1 when the material is irradiated at 4 MGy. Therefore, irradiation and 

bond cleavage at the amide group (bond ruptures (2) and (3) on Scheme 2) leads to the loss 

of phosphonate groups, which are interacting with the metal, consequently reducing the sorp-

tion ability of the material. The sorption ability of SBA-15-Prop-phos is similar before and after 

irradiation at 1 MGy, indicating a better resistance towards irradiation than SBA-Ac-phos. We 

checked that the IR spectra of SBA-15-Prop-phos irradiated at 1 MGy was similar to that of the 

non-irradiated sample, indicating low damage up to 1 MGy. The sorption ability of SBA-15-

Prop-phos was evaluated after irradiation at 0.5 MGy, 1 MGy and 4 MGy, and compared with 

the sorption ability of the non-irradiated sample (Figure 9(c)). It is similar before and after 

irradiation up to 1 MGy. However, as evidenced on the adsorption isotherm (Figure 9), sorp-

tion is around 20% lower when the material is irradiated up to 4 MGy.  

Even if the qe value of SBA-15-Prop-phos irradiated at 4 MGy is slightly lower (around 75 

mgg-1) than in the non-irradiated material, indicating that the loss of phosphonate groups has 

an impact on the sorption ability of the material at this dose, its decrease is significantly 

smaller than for the SBA-15-Ac-Phos sample (21% decrease for SBA-15-Prop-Phos vs 45% de-

crease for SBA-15-Ac-Phos after a 4 MGy irradiation). In SBA-15-Prop-phos as compared to 

SBA-15-Ac-phos, the additional carbon atom linked to the phosphorus one will lead to an in-

creased electron density on this latter atom, therefore improving the interaction with the Th4+ 

and Th(OH)3+ species. This can account for the higher sorption ability of SBA-15-Prop-phos as 

compared to SBA-15-Ac-phos, and also to its more robust behavior under ionizing radiation.  
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The sorption of metals from industrial wastewaters is usually performed with cation exchange 

resins. Cation exchange resins bearing salicylic acid groups showed good resistance to radia-

tion, with no change in the sorption behavior of the material up to 2 MGy [67]. Notably, the 

resistance of ion exchange resins under irradiation strongly depends on their material. Anion 

exchange resins suffer from severe attrition when the dose reaches 0.1 MGy, while some in-

organic ion exchangers such as zeolites retain their retention ability up to a dose of 100 MGy 

[67]. Most of the organic ion exchangers used for this purpose lose their sorption ability com-

pletely when the dose reaches 10 MGy [67]. The results we obtain here are in line with these 

values. However, grafted mesoporous silicas offer a better selectivity than ion exchange resins 

as well as a high surface area in a compact volume.  

In the context of liquid outflows contaminated by actinides, the sorbent material is submitted 

to a maximum dose of 100 Gyh-1 [22]. Since the sorption behavior of SBA-15-Prop-phos is 

relatively unaffected after 1 MGy, this material could be used for at least 10,000 hours ( 14 

months) without any change in its sorption ability. From our results, we can also infer that it 

could still be used up to a dose of 2 MGy.  

 

4. Conclusion 

The degradation and thorium-adsorption behavior of SBA-15 mesoporous silicas grafted with 

Ac-phos, Prop-phos and 1,2-HOPO ligands was studied under electron irradiation. These lig-

ands were selected based on their ability to bind to actinides, in order to adsorb these radio-

active metals from aqueous effluents. Significant differences in the behavior of ligands under 

irradiation were observed depending on whether they were grafted on the SBA-15 matrix or 

not. This is due to the fact that exciton transfer from the material to the ligand drives different 

degradation processes in grafted SBA-15 materials, which lead to selective dissociation chan-

nels mainly producing CO. On the contrary, direct radiolysis of the ligand leads preferentially 

to C-C and C-H bond rupture, mainly producing H2 and alkanes that were globally less or not 

detected for grafted SBA-15 samples.  

The amide functional group of all three grafted ligands was shown to be preferentially cleft, 

leading to CO production and to probable fragmentation of the grafted molecule into an 
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amine. We suggest here also the formation of amic acid under irradiation. Reaction mecha-

nisms induced by ionizing radiation were proposed. From the three grafted mesoporous silicas 

studied, SBA-15-HOPO was found to be the most resistant towards irradiation, producing the 

lowest amount of gas, which was attributed to the protective effect of its aromatic ring. How-

ever, this sample did not lead to any significant sorption of thorium within the concentration 

range studied, due to the absence of the phosphonate group. Overall, the sorption capacity 

of Th(IV) into grafted SBA-15-Prop-phos and SBA-15-Ac-phos was found to decrease when the 

sample was irradiated. However, the SBA-15-Prop-phos sample evidenced a high sorption of 

95 mgg-1 towards thorium. Moreover, its sorption ability remained relatively unchanged for 

irradiation doses up to at least 1 MGy. The radiation resistance of SBA-15-Prop-phos evi-

denced in this work is comparable to the most resistant ion exchange resins used for the same 

purpose. However, grafted mesoporous silicas offer a better selectivity than ion exchange res-

ins as well as a high surface area in a compact volume.  
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