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Abstract: For the first time, the co-presence in the saponite 

structure of luminescent Eu(III) and catalytic Nb(V) metal sites was 

exploited for the simultaneous detection and catalytic abatement of 

sulfur-containing blister chemical warfare agents. Metal centres were 

introduced in structural positions of the saponite (in the interlayer 

space or inside the inorganic framework) following two different 

synthetic methodologies. The functionalized saponites were able to 

reveal the presence of a sulfur mustard simulant (2-chloroethyl)ethyl 

sulfide (CEES) after few seconds of contact time and more than 80% 

of the substrate was catalytically decomposed after 24 h in the 

presence of aqueous hydrogen peroxide.  

Introduction 

Different types of chemical warfare agents, CWA, have been 

developed and employed in warfare scenarios and in terroristic 

attacks worldwide.1-5 Sulfur- and nitrogen-containing blister 

agents (i.e. sulfur mustard or yperite), incapacitating agents (i.e. 

tear gases, fentanyl) and organophosphorus nerve agents (i.e. 

sarin, VX) have attracted the widest attention along the last 100 

years.6-9 Because of their high toxicity to living organisms and 

environment, and due to the current delicate global geopolitical 

situation,6,7 CWAs are still a threat for humankind.  

It is thus essential to develop efficient and sustainable 

procedures for a correct and safe destruction or abatement of 

CWAs.10,11 At the same time, a timely detection of highly toxic 

agents can promptly reveal the presence (or the absence) of 

immediate health risks to operators who have to deal with these 

extremely hazardous materials.12-15 Designing and obtaining 

materials with a combined detection/decontamination capability 

would be a remarkable added value. However, reports of smart 

solids displaying both properties at once have been presented 

only marginally, so far. In these cases, polyoxometalates were 

able to reveal the presence of blister agents by colour changes 

and catalytically degrade them, although in the presence of 

complex and scarcely sustainable co-reactants.14 Likewise, 

supramolecular diamide organogels showed sensing and 

decontamination properties, but stoichiometric amounts of 

tetrabutylammonium 4-benzaldoximate, as a reactive 

decontaminant, were necessary to carry out the detoxification of 

the organophosphorus compound.13 Carbon-supported 

ytterbium molybdate nanoflakes need a light source to complete 

the photocatalytic abatement of the nerve CWA simulant.15 

Currently, conventional decontamination procedures are based 

on: i) physical removal by adsorption of CWAs on the surface of 

different solids or dissolution in organic solvents; ii) thermal 

elimination at high temperatures; iii) use of advanced techniques 

based on microwaves and plasma treatments; iv) over-

stoichiometric oxidation reaction with active chlorine-based 

oxidants.16,17 

These methods are quite efficient, but they suffer from important 

drawbacks in terms of costs and environmental impact. Indeed, 

they typically require large amounts of reactants, high energy 

and equipment costs.10,11,18 

To overcome these limits, heterogeneous nanostructured solid 

catalysts proved to be excellent systems for the selective 

oxidation of CWAs into partially or fully oxidized non-toxic 

products.19-21 Transition metals-polyoxometalates containing V, 

Mo and Fe,22,23 porous oxides decorated with different metal 

sites,16,24,25 metal-containing silica or zeolite, metal organic 

frameworks (MOFs) and modified activated carbons were 

explored in this field with encouraging results for the CWAs 

degradation.19,20,26-29  

Recently, synthetic saponite clays30 and natural montmorillonites 

functionalized with Fe3+ ions,31 attracted great interest thanks to 

their high robustness, chemical versatility, enhanced adsorption 

capabilities and low production costs.32 In particular, a synthetic 

saponite featuring Brønsted acidity and catalytically-active Nb(V) 

is able to promote the oxidative decontamination of more than 

90% of (2-chloroethyl)ethyl sulfide, CEES, into non-noxious 

products in few hours, under very mild conditions in n-heptane 

with diluted hydrogen peroxide as oxidant.30  
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On the other hand, as far as detection methods based 

chemosensors are concerned,33-40 luminescent lanthanides (i.e. 

Eu(III), Tb(III), Er(III)), alone or in combination with other 

transition metals ions,41-43 have been recently proposed as ideal 

candidates for the development of novel optical sensing 

platforms.44 In particular, Eu(III) shows unique spectroscopic 

characteristics, including long fluorescence lifetime, high 

quantum efficiency, large Stoke shift (with excitation in the 

ultraviolet region and emission in the UV-Visible range) and 

narrow and intense emission bands, which are highly sensitive 

to even slightly changes in the chemical surroundings.45  

In order to combine both detection and catalytic CWA 

degradation capabilities into a single nanostructured, robust and 

viable material, two synthetic saponites containing Eu(III) and 

Nb(V) sites were designed, prepared and tested in mild 

conditions (r.t., neutral pH and ambient pressure, aqueous 

medium) for this dual application, within this work.  

Results and Discussion 

Characterization of Eu(III)/Nb(V)-loaded saponites 
 

Two solids containing Eu(III) and Nb(V) sites located in different 

positions, either inside the inorganic framework or in the 

interlayer region of saponite synthetic clay, were synthesized. 

The first sample (hereafter named NbEuSAP) was prepared by 

adapting the conventional hydrothermal one-pot approach 

followed for the saponite synthesis.30,46 Both Eu(III) and Nb(V) 

precursors were simultaneously introduced into the clay 

synthesis gel during the synthetic procedure, to ensure the 

inclusion of the metal ions in the inorganic framework in a single 

step, without further modifications of the final material named 

NbEuSAP (Figure 1, C; Scheme S1). The second solid (Eu-

NbSAP) contains the Nb(V) and Eu(III) sites in two different 

structural positions. It was prepared following three consecutive 

synthetic steps (Scheme S2): 1) Nb(V) was introduced in the 

tetrahedral layer of clay using a one-pot hydrothermal method,30 

thus obtaining the NbSAP sample (which was also used as 

reference) (Figure 1, A); 2) NbSAP clay was submitted to a first 

ionic exchange procedure in NaCl solution in order to promote 

the complete substitution of the interlayer ions (H+, Al3+, Mg2+) by 

Na+; 3) Na-NbSAP was then treated with an aqueous solution 

containing EuCl3 at acid pH (ca. 4), favouring a partial 

replacement of the intercalated Na+ ions by Eu3+ (Figure 1, B). 

It is important to note that the confinement of Nb(V) centres in 

the crystal lattice for both samples is extremely important for the 

catalytic performance. Following this strategy, the metal sites 

are chemically stabilized being less leachable during the 

catalytic test in aqueous solution.30 

 

Figure 1. Synthetic pathways adopted for the preparation of reference NbSAP 

(A), Eu-NbSAP (B) and NbEuSAP (C) clays. 

The Nb(V) and Eu(III) content in prepared samples was 

determined by inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) after mineralization of the solids in 

acidic media (Table 1). Eu-NbSAP showed an amount of 

structural Nb(V) and intercalated Eu(III) equal to 0.18 and 0.30 

mmol/g, respectively. Nb(V) content remained essentially 

unchanged after sodium- and europium-exchange, suggesting 

that the niobium metal centres are firmly located in the lattice 

sites of the saponite structure.30 The one-pot NbEuSAP sample, 

instead, contains a lower amount of both Eu(III) (0.03 mmol/g) 

and Nb(V) (0.02 mmol/g) species. Such a difference, when 

compared to the previous sample, is likely due to the fact that 

when silicon, aluminium, niobium and europium ions are 

contemporarily present in the synthesis gel ions, the first two 

elements are more favourably accommodated in the tetrahedral 

layer. 

Table 1. Nb(V) and Eu(III) loading for NbSAP, Eu-NbSAP and NbEuSAP. 

Sample Nb(V) [mmol/g] Eu(III) [mmol/g] 

NbSAP 0.19 ± 1.98E-3 / 

Eu-NbSAP 0.18 ± 1.70E-3 0.30 ± 2.05E-3 

NbEuSAP 0.02 ± 1.57E-3 0.03 ± 1.65E-3 

Cationic exchange capacity (CEC) evaluated by UV-Vis 

spectroscopy,47 resulted 45.5 ± 4.3 meq/100 g and 59.9 ± 5.1 

meq/100 g for Eu-NbSAP and NbEuSAP, respectively. These 

values are comparable with the ones reported for previous 

Nb(V)-containing saponites.30 X-ray powder diffraction (XRPD) 

analysis showed that in all cases, the presence in the structure 

of niobium and europium ions did not influence the 

crystallographic structure of saponite (Figure 2).30,48 This is 

proved by the presence of the (001), (110)-(020), (004), (130)-

(201), (311) and (060) reflections typical of saponite materials 

(Fig. 2a)46 in both Eu-NbSAP (Fig. 2c) and NbEuSAP (Fig. 2d) 

clays. These results confirm the success of the synthetic 

procedures used for the preparation of these unprecedented 
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metal-functionalized clays. The basal plane (001) of NbEuSAP is 

more defined respect to the other samples, indicating an 

improved packing order of the lamellae.46 The introduction of 

Eu3+ ions in the interlayer space of Eu-NbSAP (by means of ion 

exchange procedure), promoted a shift of the basal plane (001) 

of the saponite (Figure 2). The d(001) spacings were measured 

with greater accuracy by fast-Fourier-transform (FFT) of HRTEM 

selected areas (vide infra). The increasing of the (001) basal 

plane is correlated to the incorporation of the Eu3+ in the 

interlamellar region of the NbSAP sample and can be attributed 

to the larger hydration sphere of the Eu3+ ions.47 

 

Figure 2. A) X-ray profiles of SAP-20 (a), NbSAP (b), Eu-NbSAP (c) and 

NbEuSAP (d).  

The morphological features of reference NbSAP and Eu-NbSAP 

and NbEuSAP were evaluated by high-resolution transmission 

electron microscopy (HRTEM) (Figure 3A-C). The materials 

showed different levels of spatial organization of lamellae 

particles (i.e. from sheet-like single structures to tactoids of 

different size), with a range of lengths of a few tens of 

nanometres. The distribution of the d(001)-spacing values, 

obtained by measuring at least 50 spots in the FFT patterns for 

each sample collected in micrographs acquired at different 

magnifications (Figure S1), was inhomogeneous and centred 

around 1.2-1.4 nm (Figure 3). The saponite interlayer space of 

Eu-NbSAP resulted increased of ca. 0.1 nm, with respect to the 

other samples. 

Both, Eu-NbSAP and NbEuSAP solids displayed comparable 

textural features, investigated by N2 physisorption at 77 K, with 

type IV isotherms typical of micro- and meso-porosity and with 

an H3 hysteresis loop, indicative of the presence of disordered 

aggregates (Figure S2). Similar textural properties were already 

observed for saponites prepared with high H2O:Si ratio used in 

the gel synthesis.46,49  The specific surface area (SSA) was 

found to be 332 and 312 m2 g-1 for Eu-NbSAP and NbEuSAP, 

respectively, as estimated by the Brunauer-Emmett-Teller (BET) 

equation. Both materials also showed similar pore distributions, 

with maximum values centred at 53 Å. The pore volume resulted 

to be 0.453 cm3 g-1 for Eu-NbSAP and 0.408 cm3 g-1 for 

NbEuSAP solid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. HRTEM micrographs and histogram of d(001)-spacing distribution of 

NbSAP (A), Eu-NbSAP (B) and NbEuSAP(C). 

The coordination state of the Nb(V) species in NbSAP, Eu-

NbSAP and NbEuSAP samples was investigated by Diffuse 

Reflectance UV-Vis spectroscopy (DR UV-Vis, Figure 4). The 

spectra showed two main absorptions: the most intense at 235-

250 nm is assigned to charge-transfer (CT) transitions between 

oxygen atoms and Nb(V) in tetrahedral coordination, while the 

second one, at 270 nm, mainly evident for NbSAP and Eu-

NbSAP samples containing higher Nb(V) loading, is attributed to 

structural octahedral Nb(V) species of the lamellae.21,30 The less 

intense band at 320 nm is commonly associated to the presence 

of Nb(V) oxidic oligomers.30 Such band is nearly absent in 

NbEuSAP sample (Figure 4, c) because of the lower Nb(V) 

loading in this solid. In all spectra, in general, no absorption 

bands were detected above 400 nm, thus suggesting the 

absence of large extra-phase Nb2O5-like domains. 
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Figure 4. Normalized DR UV-Vis spectra of NbSAP (a), Eu-NbSAP (b) and 

NbEuSAP (c), diluted in BaSO4 matrix (20 wt.%), in air and at RT. 

The quantification of acid sites in the samples was performed by 

using FTIR spectroscopy of adsorbed ammonia.50 Figure S3 

shows the FTIR spectra collected after admission of 95 mbar of 

NH3 at RT on the three samples and subsequent evacuation a 

RT for 90 min. The concentration of Brønsted acid sites was 

determined by considering the FTIR band of NH4
+ at 1445 cm-

1.46 The total concentration of Brønsted acid sites is comparable 

for all the samples, with values of 0.08, 0.09 and 0.11 mmol/g for 

NbSAP, Eu-NbSAP and NbEuSAP, respectively. 

The photophysical properties of Eu(III)-containing clays were 

studied by photoluminescence (PL) spectroscopy, both in 

powder and in aqueous suspensions to obtain information on the 

chemical nature of the environment around Eu(III) sites. The 

aqueous suspensions were prepared by introducing few 

milligrams of solid in water in the presence of 0.1 wt.% of 

xanthan gum suspending agent.51-52 The excitation spectrum of 

NbEuSAP (Figure 5A), recorded at the most intense emission 

line of Eu(III) at 615 nm, presented the narrow peaks due to the 

characteristic intra-4f6 electronic transitions of Eu3+ (7F0,1-5D4-3, 
7F0-5D2, 7F0-5GJ, 7F0-5L10-6) with the most intense excitation band  

at 395 nm due to 7F0-5L6. The same bands were found for the 

Eu-NbSAP sample. The emission spectra of both luminescent 

clays were collected under irradiation at 395 nm (max of Eu3+) 

and showed the typical emission peaks of the intra-4f6 electronic 

levels of Eu3+ (5D0-7FJ, J = 0-4) (Figure 5B).45 Similar results 

were obtained for the samples in the form of powder packed into 

the quartz cell (Figure S4). Additional photophysical information 

on heterogeneity of Eu3+ sites,53 geometrical/coordination of Eu3+ 

centres (asymmetry/symmetry of the local environment),54-57 

hydration state,54,57 quantum efficiencies58,59 and photostability of 

the samples were also thoroughly studied by PL spectroscopy 

(Figure S4-7), and the results summarized in Table S1. For both 

materials, the local environments surrounding the luminescent 

centres were found to be highly asymmetric, with a variable 

amount of water molecules coordinated to Eu(III) for NbEuSAP 

and Eu-NbSAP, respectively. The average hydration of the Eu3+ 

ion (q) was estimated by the analysis of the photoluminescence 

lifetimes () of the solids both dispersed in water and in D2O. 

The decay curve of the 5D0 level was fitted by applying the 

equation reported in literature.54 The number of coordinated 

water molecules estimated for NbEuSAP was ca. 3 (Table S1). 

An expansion of the hydration sphere for the intercalated Eu3+ in 

Eu-NbSAP with a q value between 4 and 5 was then determined. 

 

Figure 5. A) Excitation spectrum of NbEuSAP, collected at 615 nm. B) 

Emission spectra of Eu-NbSAP (a) and NbEuSAP (b), under excitation at 395 

nm (max Eu3+). The spectra were collected in aqueous suspensions (with 0.1 

wt.% of xanthan gum). 

The stability of the aqueous suspensions of the prepared 

materials was evaluated by dynamic light scattering (DLS) 

analyses, whose measurements were performed at 25 °C. The 

suspensions of the samples remained qualitatively homogenous 

and stable for ca. 20 h, showing hydrodynamic diameters of the 

particles in the 45-70 nm nanometre range (Figure S8), with PDI 

distributions in the 0.55-0.85 nm range associated to the 

presence of particles with different size.  

Catalytic Oxidative Abatement Tests 

The catalytic oxidative abatement capability was tested in 

aqueous suspensions of the blister agent simulant CEES. The 

experiments were carried out under very mild conditions, i.e., at 

neutral pH (in phosphate buffer solution, PBS), room 

temperature and under atmospheric pressure, in the presence of 

diluted H2O2. More details on the experimental procedure are 

reported in the supporting information file. An experiment without 

catalyst (blank) was performed in order to assess the stability of 

CEES in water (Figure S9A). A pristine SAP-20 clay as 

reference (Nb-free) sample was also tested as catalyst for CEES 

degradation (Figure S9B). 

The gradual consumption of CEES by Nb(V)-containing 

catalysts over time was followed by UV-Vis spectroscopy 

(Figures 6, S9C and S9D), by monitoring the decrease of the 
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absorbance of the main band of CEES at 200 nm, ascribed to 

n→* electronic transitions of the molecule.60  

Eu-NbSAP and NbSAP showed the same behaviour (Figure 

S9C and D, respectively). A negligible non-catalysed CEES self-

decomposition (ca. 2 % after 24 h) is promoted by a weak 

oxidant activity of H2O2. CEES conversion of 29% is observed 

after 24h in the presence of pure SAP-20, thus proving that the 

clay itself is able to promote a partial degradation of the 

substrate because of its intrinsic Brønsted acidity (0.09 mmol/g) 

(Figure 6B, d).30 A similar behaviour was previously observed 

when the catalytic test was carried out in n-heptane. 

 

 

 

 

 

 

 

 

 

Figure 6. A) UV-Vis spectra of the reaction mixture in the presence of 

NbEuSAP catalyst, from 0-24 h. B) Oxidative abatement of CEES in the 

presence of NbSAP (a, -♦-), Eu-NbSAP (b, -■-), NbEuSAP (c, -●-), SAP-20 

(d, -▲-) and without catalyst (e, -x-). Reaction conditions: 14 mM CEES, 70 

mM 30 % aq. H2O2, PBS solution at neutral pH, 20 mg of catalyst and 25 °C. 

The synergistic effect between Nb(V) centres and acid sites, 

which was previously evidenced by comparing the performance 

of proton-containing and proton-free Nb-saponites30, was 

observed in these systems too: Nb(V) centres confer oxidizing 

properties, while the presence of Brønsted acid sites help to 

increase the abatement activity via an acid-promoted 

degradation. Furthermore, H+ sites take part in the formation of 

niobium hydroperoxo-species, in which the selective heterolytic 

O2 transfer from H2O2 to CEES takes place.61.62 NbSAP (a) and 

Eu-NbSAP (b) samples presented the best catalytic 

performance, with more than 80 % of CEES decomposition after 

24 h. NbEuSAP sample (c), containing both Nb(V) and Eu(III) 

ions in the structural positions of saponite, showed a slightly 

lower catalytic activity, i.e. about 63 %.  

The synergistic effect between Nb(V) centres and acid sites H+ 

in the formation of niobium peroxo species was further proved 

by analysing the interaction of the Nb-containing solids with an 

appropriate amount of 30 wt.% H2O2, through DR-UV-Visible 

spectroscopy, following a procedure optimized in the literature.63 

Figure S10 describes the experiment performed on the Eu-

NbSAP (used as an example) and shows the UV-Vis spectra of 

the solid catalyst before and after the test. The spectrum of the 

sample treated with H2O2 shows new absorptions at 253 nm 

(with a shoulder at 230 nm) associated only to CT transitions 

oxygen to Nb(V) in tetrahedral coordination in comparison to the 

original bands at 235 and 270 nm related to Nb(V) sites. Most 

importantly, a new signal at 292 nm appears, fairly resolved with 

respect to the absorption tail of the starting material, which can 

be assigned to protonated peroxo-Nb(V) species Nb(V)(2-O2), 

as described in the literature.63 However, due the complexity of 

the spectroscopic features of these layered materials, we cannot 

completely exclude the presence also of hydroperoxo units.  

The different catalytic behaviour has to be attributed to the 

concentration of Nb(V) sites because all solids have comparable 

amount of acid sites. Indeed, NbSAP and Eu-NbSAP with the 

best performance have a niobium loading ca. 10 times higher 

than the NbEuSAP sample. Moreover, the absence of niobium 

oxide domains in all samples allows to exclude any effect of 

these species on the final catalytic behaviour of the solids.64 

In none of the tests, H2O2 was the limiting agent for the reaction. 

Actually, residual H2O2 were always detected at the end of 24 h. 

Oxidant efficiency values were in the range of 50-58%, for Nb-

containing catalysts (Figure S11). 

In all Nb-containing saponites a gradual loss of the catalytic 

activity after the first hours of reaction was observed. The main 

reason can be attributed to a gradual deposition of heavy 

organic deposits on the surface of the catalysts, hence 

hampering the catalytic activity. The presence of such deposits 

was evidenced by C,H,N elemental analysis and 

thermogravimetric measurements. In fact, percentages of 

organic deposits as high as 3.5 – 5.0 % were observed at the 

end of 24 h reaction, after a thorough washing and abundant 

rinsing with ultrapure water (see, for instance, Figure S16). A 

very different behaviour, with a far lower occurrence of organic 

deposits and catalyst deactivation was observed when NbSAP 

catalysts were tested in CEES oxidative degradation in n-

heptane as a solvent.30 In this last case, the apolar hydrocarbon 

solvent was partially able to remove the deposit and mitigate the 

deactivation process. 

CEES decomposition was also monitored by high resolution 1H-

NMR to determine the chemical nature of the reaction products 

(Figures S12-14). A comparison of the NMR spectra of CEES 

alone (a) and in the presence of NbSAP (b), Eu-NbSAP (c) and 

NbEuSAP (d) catalysts after 5 h of contact time is reported in 

Figure S15. 

The 1H-NMR spectrum of CEES alone (Figure S12) shows the 

four characteristic peaks of the CWA simulant at chemical shift  

of 1.30 (triplet/t, -CH3,), 2.58 (quartet/q, S-CH2), 2.77 (t, CH2-S) 

and 3.75 ppm (t, Cl-CH2).22 With no catalyst, CEES is stable 

over time in water, confirming previous UV-Vis observations. 

Over Nb(V)-containing samples, CEES is hydrolysed, chlorine is 

lost and hydroxyethyl ethyl sulfide is formed after 5 h of reaction 

(Figure S15).65,66 In the presence of NbSAP an almost complete 

disappearance of the signals of CEES is found (Figure S15). 

The 1H NMR spectra for the solutions treated with Eu-NbSAP 
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(Figure S15c) and NbEuSAP (Figure S15d) samples, instead, 

showed only two weak signals at 2.58 and 2.77 ppm, assigned 

to CH2 groups around the central sulfur atom in the CEES 

structure. In all cases, four main degradation products were 

clearly detected: (2-chloroethyl)ethyl sulfoxide (CEESO) and (2-

chloroethyl)ethyl sulfone (CEESO2), along with (2-

hydroxyethyl)ethyl sulfoxide and (2-hydroxyethyl)ethyl sulfone 

(Figure S15).22 The overoxidation of chlorosulfide and 

cholorosulfoxide led to the chlorosulfone CEESO2, that is almost 

as toxic as the pristine substrate. However, thanks to the 

aqueous medium where the reaction is carried out, a large 

percentage of oxidised products were indeed hydroxy-sulfoxide 

and hydroxy-sulfone (namely, 2-(ethylsulfinyl)ethanol and 2-

(ethylsulfonyl)ethanol), which are due to hydrolysis of the parent 

chlorocompounds and whose toxicity is far lower than the one of 

chloroderivates.67 The selectivity to chloroderivates (CEESO, 

CEESO2) and hydroxyderivates (OH-EESO, OH-EESO2) at 

various reaction times can be extracted by merging the 

evidences from GC-MS and 1H-NMR spectra (Table 2). 

Table 2. Selectivity values to to chloroderivates and hydroxyderivates vs. time 

over Nb-containing catalysts. 

 

 

a: selectivity (%) to products. OH: sum of hydroxyderivates OH-EESO +  

OH-EESO2; CEESO: chlorosulfoxide; CEESO2: chlorosulfone. 

 

All catalysts can be recycled and re-used in further catalytic runs. 

However, the spent catalysts suffered from the deposition of 

remarkable amounts of organic deposits, which cannot be 

removed during the catalytic run even by a careful rising with 

water or aqueous media (the average amount of the carbon-

containing organic deposit, as revealed from TG analysis and 

C,H,N elemental analysis is around 3.3 - 4.7 wt.%; Figure S16). 

It was therefore necessary to treat the used catalyst under dry 

air in a calcination furnace at 500 °C for 1 h, to get rid of the 

organic deposits. 

The performance of Eu-NbSAP in 3 consecutive catalytic cycles 

was then studied in detail, as this catalyst displayed the highest 

activity (Figure S17). In the second catalytic run, the catalyst 

showed a slight decrease in activity and, after 24 h, a maximum 

conversion of 71% (curve b) was obtained vs. 80 % (Figure S17, 

curve a). A more enhanced decrease in activity was presented 

in the third catalytic run (2nd recycle), with lower initial activity 

and final maximum conversion, 66 % (curve c). The reason for 

such gradual loss in activity is not fully clear, but it is not likely 

due to metal leaching, since specific hot-separation tests30 and 

analysis of the solid-free filtrate revealed no detectable presence 

of Nb species. 

Optical Detection Tests 

The evolution of the main emission band of Eu(III) at 615 nm 

over time (from ca. 10 s up to 3 h) was monitored in aqueous 

suspensions under continuous stirring. The emission spectrum, 

under excitation at 395 nm, was recorded both in the absence of 

CEES and after contact with 100 L of substrate (286 mM) over 

time. 

The emission spectra of the suspension containing NbEuSAP 

and CEES at different contact times are shown in Figure 7A. 

Comparable results were found for Eu-NbSAP (Figure S18). The 

evolution over time of the band intensity at 615 nm for Eu-

NbSAP (a) and NbEuSAP (b) is reported in Figure 7B. 

In the absence of the CWA simulant (Figure 7A, black curve (a)), 

the emission spectra of the Eu-saponites showed the 

characteristic intra-4f6 electronic levels of Eu3+ (5D0-7FJ, J = 0-

4)45 as previously discussed. After addition of 100 L of CEES, a 

marked reduction in the intensity of the 615 nm band of Eu3+ 

over time could be clearly observed (Figure 7A): the band 

started to decrease after few seconds of contact time with the 

CEES simulant (red curve (b)), and attenuated up to 20% after 3 

hours (blue curve (c)). This signal is related to the 5D0-7F2 

electronic transition of europium and it is highly sensitive to 

changes in local chemical environment around the luminescent 

sites.45,53-59 In our study the coordination of CEES molecules to 

Eu sites could be easily detected. This interaction leads to a 

drastic and rapid decrease of the emission intensity41-44: 16% 

after 10 s, 34% after 2 min and 71% after 1h of contact time for 

the NbEuSAP sample (Figure 7B). The same behaviour was 

observed for Eu-NbSAP: 18% after 10 s, 22% after 2 min and 

81% after 1 h of contact with CEES (Figure 7B and Figure S18).                                                                                                                                                                                                                                                                                                                                                                                                                                   

 

 

 

 

 

 

 

 

 

Figure 7. A) Emission spectra of NbEuSAP, under excitation at 395 nm, 

before (black curve (a)) and after addition of CEES (red curve (b) = 10 s; blue 

curve (c) = 3 h). The spectra were collected in aqueous suspension, under 

continuous stirring. B) Normalized PL intensity of the 615 nm band over time 

for Eu-NbSAP (a) and NbEuSAP (b). 

The different behaviour of the two samples, especially within the 

first minutes may be due to a different accessibility of the Eu3+ 

sites in the two samples containing Eu3+ sites with different 
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location. A possible interaction mechanism between CEES and 

Eu3+ sites in the two cases in reported in Figure S19. 

Such results demonstrate both Eu-containing clays have a good 

detection capability, and we propose that NbEuSAP, featuring 

the lowest Eu concentration and the best overall luminescence 

performance, is the most suitable material for the rapid detection 

of sulfur-containing CWAs.  

Conclusions 

Two unprecedented bifunctional saponite samples containing 

europium and niobium in the same material were designed and 

synthesised. Europium ions were successfully introduced: i) in 

the tetrahedral structural positions together with niobium by a 

one-pot hydrothermal process (NbEuSAP) or ii) in the interlayer 

space of a NbSAP clay through intercalation by ion-exchange 

procedure (Eu-NbSAP).  

In order to approach real use conditions, catalytic tests have 

been performed under very mild conditions (room temperature, 

neutral pH and atmospheric pressure) and in the absence of 

organic solvents (i.e. diluted H2O2). 

Eu-NbSAP sample was able to degradate ca. 80% of the sulfur 

mustard agent simulant, CEES, in 6 h because of the synergistic 

effect of Nb(V) sites and the surface acidity of the clay. The 

presence of intercalated Eu3+ did not therefore significantly 

inhibit the performance of the catalyst.  The sample containing 

in-framework Eu(III) species (NbEuSAP) decomposed ca. 63% 

of CEES after 24 h in relation of a reduced amount of Nb(V) 

species inside the framework. In aqueous phase, both solids led 

to the hydrolysis of the chloroethyl moiety, with the formation of 

hydroxy-organosulfur by-products. 

At the same time, Eu-containing saponite clays were able to 

detect the presence of CEES rapidly and effectively in aqueous 

medium, even after few seconds of contact time. The Eu(III) 

sites in the NbEuSAP material resulted to be more accessible by 

CEES molecules, thus leading to a more efficient detection of 

the CWA simulant compared to Eu-NbSAP. 

Both solids proved to be potential candidates as bifunctional 

systems with a detection and catalytic degradation capability for 

organosulfur chemical warfare agents. 
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