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Netherlands Defense Academy, Faculty of Military Sciences,  

Breda, Netherlands 

 

 

 

Dear Professor Rudolph, 

 

We are pleased to submit our manuscript entitled: " An effective cascade strategy at the Sn-enriched 

interface of a phosphate material: upcycling of an adsorbent into an oxidation catalyst", by Tiziana 

Avola, Sebastiano Campisi, Marco Scavini, Filippo Bossola, Claudio Evangelisti, Károly Lázárd and 

Antonella Gervasini, for consideration for the publication in the journal of Applied Surface Sciences.  

The presented research is the outcome of a collaborative effort that involved an international team 

of researchers from Università degli Studi di Milano, CNR-SCITEC Institute of Milano, CNR-ICCOM 

Institute of Pisa, and Centre for Energy Research, Nuclear Analysis and Radiography Department of 

Budapest, bringing together expertise from different backgrounds. 

Our study builds on previous findings in the field of sustainable materials and provides new insights 

into the design and synthesis of sustainable materials with multifunctional interfaces for applications 

in environmental remediation and catalysis.  

Specifically, in this manuscript, we present the synthesis and characterization of a sustainable tin-

embedded calcium phosphate material. We demonstrated that the material is efficient in the 

reductive adsorption of hexavalent chromium and additionally it can be easily repurposed as a 

catalyst in an oxidation reaction for environmental and industrial catalysis importance (i.e., NO 

oxidation to NO2). This dual functionality not only enhances the environmental sustainability of the 

material but also paves the way for the implementation of circular practices in environmental 

protection. Ultimately, our research goes beyond conventional materials for environmental 

remediation by incorporating multiple functionalities that enable upcycling with practical 

implications for addressing emerging environmental challenges. 

The international collaboration enriched the study with a comprehensive characterization of 

composition, structure, morphology and surface reactivity of the material, by using several advanced 

physico-chemical techniques (synchrotron X-ray powder diffraction, Pair Distribution Function 

Analysis, TEM, HAADF-STEM/EDS, Mӧssbauer spectroscopy, temperature programmed reduction).  
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Abstract (200 words) 

A calcium phosphate based material enriched with Sn (8.3 at.%, as revealed by X-ray photoelectron 

spectroscopy) was successfully used in the reductive adsorption of Cr(VI) to Cr(III) for water 

remediation and, after use, repurposed into a heterogeneous catalyst for the oxidation of NO into NO2. 

The use of multiple characterization techniques (Mӧssbauer spectroscopy, synchrotron X-ray 

diffraction, TEM, and HAADF-STEM/EDS) provided information on Sn-speciation, structural 

composition, and morphological features. Cassiterite (rutile-type SnO2) and hydroromarchite (tin 

oxide-hydroxide Sn6O4(OH)4) crystalline phases characterized the material, with also the presence of 

an amorphous Ca3(PO4)2 phase. 

Notably, about 15 mgCr(VI)∙g
-1 could be effectively reduced over a broad pH range, even in the 

simultaneous presence of various anions and cations, with concurrent adsorption of the resulting 

Cr(III), thanks to adsorption properties of the phosphate phase. The catalytic performances of the 

adsorbent after use in Cr(VI) reductive adsorption was studied at different temperatures (150-450 °C) 

and space velocities (15,000-80,000 h-1). About 90% of NO conversion at 350 °C was observed. 

This study highlights the adaptability and efficiency of the developed material across different 

environmental remediation processes. 
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1. Introduction 

In recent years, there has been a remarkable increase in interest regarding the development of 

innovative functional and multifunctional materials, tailored for a wide range of diverse applications 

across various fields, including but not limited to electronics, nanomedicine, environmental sciences, 

and numerous other fields [1–7]. Beyond mere functionality, a pivotal aspect is linked to the lifecycle 

of each material, encompassing how it is sourced, utilized, and ultimately disposed of. Attention to 

sustainability and criteria of circular economy must be even more emphasized when developing 

materials for environmental remediation (air and waters protection) [8–12]. 

Over the last years, metal phosphates have emerged as a prominent category of sustainable 

phosphorus compounds [13]. The success of these materials stems from their structural variety, driven 

by the diverse arrangements of phosphate anions, their capacity to coordinate with numerous cations, 

and the ability to incorporate additional anions or molecules. These factors collectively contribute to 

the creation of a wide range of materials characterized by high versatility and functionality. Metal 

phosphate have been successfully proposed as electrodes for energy storage [14], as optical materials 

[15,16], as adsorbents [17–20], and as catalysts [21–28]. Considering the abundance of natural 

phosphate reservoirs, alongside the potential sourcing from waste materials and enhanced 

bioavailability, phosphate-based materials emerge in environmental preservation field as a promising 

alternative from both an economic standpoint and in terms of sustainability, as discussed earlier. 

An interesting waste derived source of phosphates is associated with leachates from dissolution of 

ashes of vegetable biomass incineration that are rich in calcium and phosphates.  

In addition, the multifunctional character of phosphate materials opens to the possibility to reusing or 

upcycling thus adhering to circular economy principles. Recently, Campisi et al. [29] developed an 

“adsorbent-to-catalyst” strategy to handle a used adsorbent material based on hydroxyapatite, a 

crystalline calcium phosphate material. Specifically, tin-enriched hydroxyapatite was proven to be 

highly effective in the Cr(VI) reductive adsorption process, able to remove up to 20 mgCr g
-1. The 

used material was successfully upcycled into catalyst in the selective catalytic oxidation (SCO) of 

NH3 and CH4. 

Drawing inspiration from the promising performance observed in tin-enriched hydroxyapatite, this 

study delves into the potential of synergistically merging two core advantages of phosphate materials, 

namely their possible extraction from wastes and their upcycling into catalysts after use as adsorbents. 

To achieve this, we prepared a tin-enriched phosphate material through a one-pot co-precipitation 

method, which mimics the precipitation of value-added material from phosphate tailings [30]. 

The prepared material was characterized in its morphological and structural properties by X-ray 

powder diffraction (XRPD), N2 adsorption/desorption analyses. Electron microscopy (TEM and 
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HAADF-STEM/EDS) was applied to verify the distribution of tin at the surface. In addition, 

Mӧssbauer spectroscopy was used to investigate tin speciation in the samples after synthesis and after 

long time exposure to atmosphere, to study the kinetics of the Sn(II) oxidation to Sn(IV).  

Performance in the Cr(VI) reductive adsorption was evaluated in a wide range of pH (2-11), even in 

the simultaneous presence of various anions and cations. Further, a kinetic study over about ten 

months tracked the oxidative aging process of Sn(II) to Sn(IV), resulting in a gradual decline in its 

reducing activity, as expected. Then, a regeneration procedure was developed to restore the pristine 

activity of air-aged Sn-CaP. 

Finally, in a circular economy context, selected samples used in the Cr(VI) removal were then 

upcycled into catalysts with success in an important environmental reaction, specifically the oxidation 

of NO to NO2. 

2. Materials and methods 

2.1. Materials 

Calcium nitrate tetrahydrate, (Ca(NO3)2·4H2O, >99.0%, ACS), iron(III) nitrate nonahydrate 

(Fe(NO3)3·9H2O, ACS), tin chloride dihydrate (SnCl2·2H2O, ≥98.0% oxidimetric assay) and 

potassium bichromate (K2Cr2O7, ≥99.0% oxidimetric assay) were purchased from Carlo Erba. 

Diammonium hydrogen phosphate ((NH4)2HPO4, >98.0%), sodium nitrate (NaNO3, ≥99.0%, ACS 

Reagent), sodium sulfate decahydrate (Na2SO4·10H2O, ≥99.0%, ACS Reagent), cobalt nitrate 

hexahydrate (Co(NO3)2·6H2O, 98%)  and nickel nitrate hexahydrate (Ni(NO3)2·6H2O, ≥98.5%) salts 

were from Sigma-Aldrich. Sodium chloride (NaCl, ≥99.5%) and magnesium nitrate hexahydrate 

(Mg(NO3)2·6H2O, ≥99%) were purchased from Merck. Hydrochloric acid (37 wt%, Merck) and 

ammonium hydroxide solution, NH4OH (28-30 wt%, Fluka) were used for pH adjustment. Hydrazine 

solution (98%) was from Carlo Erba. Nitrogen, 99.9995% purity from SAPIO was used as inert gas. 

All the solutions were prepared with MilliQ water (ρ ≥ 17.5 MΩ cm; TOC, 2 ppb). 

2.2. Synthesis and regeneration of tin-containing calcium phosphate 

2.2.1. Synthesis of Sn-CaP 

Tin-containing calcium phosphate (Sn-CaP) was prepared by one-pot co-precipitation method 

(Scheme 1), taking inspiration from a published laboratory report of Duncan et al. [31] with some 

modifications. Aqueous solutions of Ca(NO3)2 0.173 M, (NH4)2HPO4 0.140 M and SnCl2 0.080 M 

were used as precursors for the synthesis of Sn-CaP in order to obtain a Sn nominal concentration of 

35 wt. % and a (Ca + Sn)/P molar ratio of 1.80 (product yield, 94%). All the three precursor solutions 

were added simultaneously at a flow rate of 1.7 mL/min to a 3-neck flask containing an NH4OH 
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solution at pH 10. The system was kept in a water bath thermostated at 32 °C and maintained under 

nitrogen atmosphere and stirring until then all three solutions were quantitatively transferred. During 

the synthesis, the pH was maintained at 10 by periodic addition of a small amount of a 28-30% 

NH4OH solution. During the first half hour, some flocculation was observed with simultaneous light 

blue coloration of the suspension (Scheme 1); then, a white solid precipitate was formed. Finally, the 

resulting solid was filtered through a Büchner funnel, washed with water, and dried under vacuum at 

50 °C overnight.  

Typically, the samples were kept in closed vessel under air atmosphere. Then, some selected samples 

batches were stored under nitrogen atmosphere. 

Other calcium phosphate samples with different Sn content (from 20 wt.% to 45 wt.%) were 

synthesized with the same preparation protocol for comparative studies. 

 

Scheme 1. Schematic representation of the one-pot co-precipitation synthesis of Sn-CaP samples. 

2.2.2. Regeneration of air-aged Sn-CaP 

Air-aged Sn-CaP sample was treated in a quartz cylindrical tube with 5-8 vol.% flowing H2/Ar gas 

(20 ml min-1) for 1-4 h at 350 °C, followed by cooling down to room temperature in Ar flow (20 ml 

min-1) and left overnight in static slight overpressure of Ar. 

2.3. Characterization of material 

2.3.1. Determination of point of zero charge (PZC) 

Point of zero charge (PZC) value was determined by salt addition method. Ca. 0.1 g of Sn-CaP sample 

was placed in six flasks cointaining 5 mL of KCl solution (0.1-0.5 M) at adjusted pH values (5-10). 

All the flasks were kept in a water bath thermostated at 25 °C and under magnetic stirring for 24 h. 
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Final pH values were measured, and the variation between initial and final pH values was calculated 

and plotted against initial pH values. The PZC corresponds to the intercept with the x-axis. 

2.3.2. Determination of elemental composition 

The Sn loading of Sn-CaP samples was quantified by Inductively Coupled Plasma Mass Spectrometry 

(ICP-MS) using an iCAP Q ICP-MS (Thermo Fischer Scientific) configured with an ASX-560 

Autosampler. Solids were digested with 3 mL HCl 37 % and 1 mL HNO3 at 110 °C for two hours 

prior to analysis. 

Elemental composition of selected samples was evaluated using Prompt-gamma activation analysis 

(PGAA). In particular, the presence of elements like H, O, P, Cl, Ca, Sn, was quantified. Principles 

of PGAA method and the upgraded equipment are described in previous works [32,33]. The 

sensitivity in determination of elements varies within several order of magnitudes, for chlorine is 

particularly high, or, in reverse, low for oxygen [32]. The samples were measured with a neutron flux 

of 108 n cm-2 at nominal temperature of neutrons of -133 °C. The -radiation profiles were evaluated 

with a Windows based Hyperlabs software [34]. 

2.3.3. X-ray photoelectron spectroscopy (XPS) 

A KRATOS AXIS ULTRA DLD spectrometer (Kratos Analytical) equipped with a magnetic 

immersion lens, a hemispherical analyzer, and a delay line detector was used to collect XPS spectra. 

Initially, a survey spectrum of the sample was collected in the electron binding energy range of 0-

1100 eV. Then, a high-resolution spectrum, with a focus on the Cr 2p line of selected sample, was 

acquired within the interval of 570-605 eV. The band of adventitious carbon (C1s, at 284.6 eV) was 

ruled out in the quantitative determination of the surface species. 

2.3.4. 119Sn Mӧssbauer spectroscopy 

119Sn Mössbauer spectra were recorded with a KFKI spectrometer using a 0.56 GBq Ca119SnO3 source 

with constant acceleration mode. The δ isomer shift values are calibrated against a spectrum of a 

combined SnO2 and β-Sn absorber at room temperature. Samples were measured at -193 °C and at 

room temperature (27 °C). Spectra were evaluated by least-square fitting with superpositions of 

Lorentzian shape lines using the SIRIUS code [35]. 

2.3.5. X-ray powder diffraction (XRPD) 
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X-Ray powder diffraction (XRPD) patterns were collected using a PANanalytical XPert PRO powder 

diffractometer operating with an X-ray source at 40 kV and 25 mA in the range between 5°-60° (2θ), 

step of 0.02° in 2θ and collection time of 50 s. 

Synchrotron radiation powder diffraction data have been collected at the ID15A beamline of the ESRF 

[36], using E=94.999 keV (that corresponds to λ=0.130510 Å). 

The sample was placed in Kapton© capillary with a diameter of 1 mm and measured at room 

temperature. Diffracted photons were detected using Dectris Pilatus3 X 2M utilising a CdTe sensor. 

Several frames were collected at two sample-detector distances: the closest one (334.2 mm) was 

adopted to maximize the Q (=4πsinθ/λ) interval for Pair Distribution Function Analysis; the longer 

one (1034.6 mm) was selected to optimize the Q space resolution for reciprocal space analysis 

purposes. 

Wavelength, sample-detector distance, and azimuthal integration parameters were calibrated on the 

Cr2O3 reference. The detector mask was created with the program FIT2D [37]; calibration and 

azimuthal integration were all performed using the program pyFAI [38]. Details about data analysis 

are reported in paragraph S.1 of ESI. 

2.3.6. N2 adsorption-desorption isotherms at -196 °C 

Specific surface area and porosity were evaluated by collecting N2 adsorption-desorption isotherms 

at the liquid nitrogen temperature with a Sorptomatic 1990 version instrument (Thermo Scientific). 

Prior to the analysis, the dried sample was outgassed for 16 h at 150 °C under high vacuum conditions 

to remove moisture from all pores. MILES-200 program and MILEADP software were used for data 

elaboration. The low-pressure region of the adsorption isotherm has been modelled using the 3-

parameter BET equation, while the desorption isotherm has been analyzed using the B.J.H. (Barrett-

Joyner-Halenda) model within the range of 0.3<p/p0<0.95. These models were employed to determine 

the specific surface area and pore volume distribution, respectively. 

2.3.7. Transmission electron microscopy energy-dispersive X-ray spectroscopy (S/TEM-EDS) 

Morphological and structural characterization by Transmission Electron Microscopy (TEM) was 

performed using a Talos™ F200X G2 TEM microscope (Thermo Scientific). Energy dispersive X-

ray spectra (EDS) and element maps were collected along with HAADF-STEM (high angular annular 

dark field scanning transmission electron microscopy) micrographs and four-detector SuperX Energy 

Dispersive. Samples for analysis were prepared by their suspension in iso-propyl alcohol and 

ultrasonically dispersed followed by a deposition of a drop of the suspension on a holey carbon copper 

grid (300 mesh). 
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2.3.8. Temperature programmed reduction (H2-TPR) 

Temperature programmed reduction (TPR) experiments using H2 were performed in a 

PulseChemisorb 2700 (Micromeritics) instrument. Tipically, TPR measurements were carried out on 

ca. 40 mg of the fresh and aged samples by raising the temperature from room temperature to 800 °C 

at a rate of 10 °C min-1 in 8 vol.% flowing H2/Ar gas (20 ml min-1). Sample pre-treatment was done 

at 130 °C for 30 minutes under Ar flow (20 mL min-1) prior to the analyses. The consumption of 

hydrogen was monitored with a thermal conductivity detector (TCD). 

2.4. Hexavalent chromium reductive adsorption tests 

Fresh and aged Sn-CaP samples were tested for reductive adsorption of Cr(VI) in batch experiments. 

The test was carried out at 25.0 ± 0.5 °C, following the same procedure described in a previous work 

[39], using an initial Cr(VI) concentration of 100 mg L-1 and exploring a range of pH values from 2 

to 11. The residual concentration of Cr(VI) was determined by UV-vis spectrophotometric analysis 

working at 540 nm by using 1,5-diphenyl carbazide (DPC) method [40]. 

The total chromium concentration was determined by Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS, UNI EN ISO 17294-2 method). The monitoring of both Cr(VI) and total 

chromium concentrations allowed for the assessment of removal efficiency (η, %) and removal 

capacity (qe, mmolCr g
-1) (see paragraph S.2 of ESI for equations). 

Kinetic study of the reductive adsorption of Cr(VI) was evaluated performing multiple tests at 25 °C 

in independent batch reactors containing an aqueous solution of Cr(VI) 50 mg L-1 at generated pH of 

~5.65 (dosage of 4.5 g L-1). The effect of co-presence of selected cations (i.e., Fe, Co, Ni, Ca and Mg) 

and anions (chloride, nitrate, sulphate) on the reductive adsorption kinetics was investigated and the 

initial concentration of each ion is reported in Table S.1 [41]. The reaction was stopped after 3, 10, 

50, 120, 180, 240 min by filtration and separation of Sn-CaP powder from each reactor to collect 

kinetic profiles as a function of time. 

All the collected experimental data were fitted using different kinetic models, i.e., the pseudo-first 

order (PFO), pseudo-second order (PSO) and Elovich models. A detailed description of the models 

and statistical parameters used is reported in paragraph S.2 of ESI. 

2.5. Catalytic tests 

Catalytic tests of NO oxidation to NO2 were performed in a continuous reaction line as described in 

a previous work [42] with an online FT-IR spectrometer (Bio-Rad FTS 3000 Excalibur Series, 

resolution 2 cm-1) for the determination of the fed and vented gaseous species. The catalytic behaviour 

of selected samples, namely, fresh and used Sn-CaP was evaluated in the NO selective catalytic 
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oxidation (NO-SCO) to NO2. Before testing, samples were calcined in air at 550 °C for 1 h (heating 

rate of 1 °C min-1). 

Prior to the catalytic tests, a given amount of the so-prepared catalyst (ca. 0.12 g) underwent to 

thermal pre-treatment at 118 °C for 30 min under O2/N2 flow (20% v/v) at 6 NL h-1. The catalytic 

tests were carried out with a fed gaseous mixture consisting of 800 ppm NO, 40,000 ppm O2 and N2 

to balance (O2/NO = 50). NO oxidation was studied as a function of temperature, ranging from 150 

°C to 450 °C, keeping the gas hourly space velocity (GHSV) constant at 50,000 h-1. Then, at selected 

temperature of 350 °C, the effect of GHSV on sample activity was investigated in the range of 15,000 

- 80,000 h-1 by varying the total flow rate from 2 NL h-1 to 9 NL h-1. 

The total absorbance of all the IR active species (NO and NO2) was continuously recorded as a 

function of time/temperature and their concentration was determined by the intensity of typical 

absorbance lines (1875 cm-1 and 1626 cm-1 for NO and NO2, respectively), once known the molar 

extinction coefficient of each species. 

3. Results and discussion 

3.1. Sn-CaP synthesis 

A calcium phosphate material enriched with Sn (Sn-CaP) was prepared by a one-pot co-precipitation 

method as described in the experimental section (Scheme 1). The Sn-CaP sample under investigation 

has been chosen from a range of similar prepared samples, each one at varying Sn content, spanning 

from 20% to 45% by weight. Specifically, the Sn-CaP sample in focus has been crafted with a nominal 

Sn content of 35% by weight. Remarkably, it exhibited an approximate tin surface concentration of 8 

at.% (as discussed later), a value closely aligned with the optimal tin surface concentration observed 

in the Sn-hydroxyapatite material, which demonstrated the best performance in the reductive 

adsorption of Cr(VI) [29]. 

In meeting sustainability criteria, we utilized simple and cost-effective salts such as SnCl2, Ca(NO3)2, 

(NH4)2HPO4 as precursors for tin, calcium, and phosphate. The employed one-pot precipitation 

method allowed the quantitative incorporation of Sn, Ca, and P into the final precipitate, Sn-CaP, as 

confirmed by ICP-MS analysis, with only negligible amounts of the three elements detected in the 

washing waters. 

Furthermore, our synthesis method offered distinct advantages over the preparation route of Sn-

functionalized hydroxyapatite material [29], which shares the same main components of tin, calcium, 

and phosphate. The latter material is typically prepared through a two-step synthetic process 

involving post-synthesis functionalization. Initially, calcium hydroxyapatite was synthesized via co-

precipitation, followed by the addition of tin through a wet deposition method. 
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From this perspective, the one-pot procedure employed in the synthesis of Sn-CaP offers a simplified 

approach, reducing the number of synthetic steps required and thereby minimizing waste production 

and energy consumption. 

The bulk and surface composition of Sn-CaP was determined by ICP-MS, PGAA, XPS and EDS 

analyses and results are summarized in Table 1. Both bulk techniques, such as ICP-MS and PGAA, 

are in excellent agreement to evaluate the chemical composition of Sn-CaP sample as shown in Table 

1. Concerning Sn, a lower experimental wt.% was obtained compared to the nominal one (expected 

Sn content of 35 wt.%), likely due to the inclusion of high amount of water, as indicated by hydrogen 

content as determined by PGAA. Only a negligible extent of chlorine, derived from the SnCl2 

precursor, was revealed by PGAA analysis, meaning that tin species might be incorporated in Sn-CaP 

as oxo/hydroxy tin complexes. In addition, the absence of chlorine let us to rule out the possible 

formation of any chloride phosphate phases, such as chloro-apatites [43]. 

Surface chemical composition of Sn-CaP was determined performing XPS analysis and the acquired 

survey spectrum of Sn-CaP sample was shown in Fig. S.1. The presence of the typical peaks attributed 

to O 1s (530.9 eV), Sn 3d (486.5 eV), Ca 2p (347 eV) and P 2p (132.9 eV) confirms the presence of 

these elements at the surface of the synthesized sample. The surface (Ca + Sn)/P molar ratio was 1.77, 

which reflected the bulk value, as determined by considering the molar concentration of used 

precursors (Scheme 1); this confirmed a good compositional homogeneity of the sample from bulk 

to surface layers. The surface elemental composition of Sn-CaP was also assessed by EDS and the 

obtained results are also gathered in Table 1. The quantification of Sn (8.6 at. %) was consistent with 

that determined by XPS analysis. 

Table 1. Composition of Sn-CaP sample obtained from different techniques. 

Element Ca Sn P O Cl  

ICP (wt. %)a 23.3 25.6 8.3 n.d. n.d.  

PGAA (wt. %)b,c 18.0 27.0 11.0 43.0 0.11  

XPS (at. %) 15.3 8.3 13.3 63.1 n.d.  

EDS (at. %) 17.7 8.6 12.5 60.9 0.3  

a obtained after solid digestion 
b relative error in determination of components is ca. 8 % 
c hydrogen concentration detected: 33.8 at.% corresponding to 1.92 wt.% 

 

3.2. Sn-CaP structure 

The structure of Sn-CaP was determined by XRPD analysis, which revealed complex and poorly 

defined patterns indicating the co-presence of crystalline and amorphous phases in Sn-CaP sample 
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(Fig. S.2). The pattern was dominated by some intense reflections ascribable to the SnO2 cassiterite 

phase, while the presence of other less intense peaks and broad bumps required further investigation.  

An in-depth study of amorphous and crystalline phases was then conducted through XRPD analyses 

using synchrotron radiation. Fig. 1 reports the experimental pattern of Sn-CaP after subtracting the 

Kapton© capillary (black symbols). The experimental curve exhibits both sharp Bragg peaks and 

broad bumps, as indicated by the green curve, suggesting the presence of both crystalline and 

amorphous phases. 

 

Figure 1. Experimental pattern of Sn-CaP after subtraction of the Kapton capillary (black symbols), best 

Rietveld refinement (red curve), calculated background (green curve) and difference curve (blue curve). The 

inset highlights the high 2θ range of the XRPD pattern. 

Two crystalline tetragonal phases were identified: cassiterite, the Rutile-type SnO2 (space group 

P42/mnm [44]), and hydroromarchite, tin oxide-hydroxide Sn6O4(OH)4 (space group P4/mnc [45,46]), 

the former containing Sn(IV) and the latter exclusively Sn(II), respectively. Refer to paragraph S.3 of 

ESI for a brief in-depth analysis of the latter phase. 

The best Rietveld refinement is depicted in Fig. 1 as a red curve, accompanied by the calculated 

“background” (green curve) and the difference curve (blue curve), while the fitted parameters are 

presented in Table S.3 of the ESI. According to the refinement, the weight fractions of the SnO2 and 

Sn6O4(OH)4 phases are ≈66% and ≈34%, respectively. However, these phase fractions cannot be 

considered representative of the entire sample composition. As indicated by the shape of the green 

(background) curve of Fig. 1, some amorphous phase should be present; the nature and concentration 



12 
 

of which cannot be determined by Rietveld refinement, which only considers the Bragg peaks. 

Therefore, as specified in the experimental section, XRPD data were collected over a wide Q range, 

and after suitable corrections/normalizations, the structural function S(Q) contributed by both Bragg 

peaks and diffuse scattering was obtained. Subsequently, the S(Q) was Fourier transformed to 

compute the pair distribution function PDF/G(r) of the Sn-CaP sample, depicted as a black curve in 

panel A of Fig. 2 over a wide r-range. 

 

Figure 2. X-ray total scattering derived pair distribution function (PDF) in real space. Experimental G(r) 

function and the computed one are shown as black and red curves, respectively. The r-scale is logarithmic in 

panel A and linear in panels B and C. The computed G(r) functions in A, B, C panels derive from different 

structural models. See text for details. 

Initially, the G(r) was analysed using the RSRA (Real Space Rietveld Analysis) across the entire r-

range, applying the same SnO2 and Sn6O4(OH)4 models as in the Rietveld analysis. However, as it 

will be shown below, several experimental peaks at short range were significantly underestimated or 
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even absent in the model curve. Indeed, the G(r) function also includes structural information of the 

possible amorphous phase(s), characterized by very short spatial coherence lengths. Consequently, 

the following refinement strategy was adopted: first, the G(r) was fitted in the 12-120 Å range, 

allowing the cell parameters, positional degree of freedom, two thermal parameters for Sn and O 

respectively, and the volume averaged particle diameters DV of the SnO2 (DV ≈11 nm) and 

Sn6O4(OH)4 (DV ≈12 nm) phases to vary. The lower limit of the r-range was selected after several 

tests to avoid deviations from the average structure at low r. 

Then, the model was extended to the lowest r values, with all parameters fixed. The fitted curve is 

depicted as a red curve in Fig. 2A. The logarithmic scale of the r axis highlights the discrepancies 

between the fit and the experimental data at low r values: the intensities of the G(r) peaks at r ≈2.06 

Å, ≈3.18 Å, ≈3.72 Å, ≈5.71 Å are significantly underestimated, while others at r ≈1.50 Å, ≈2.37 Å, 

≈2.61 Å are even absent in the model. 

In a third step, focus was placed on the very short range (1.2-4.5 Å), allowing only the cell constants 

and the phase fractions of the two phases to vary. Increasing the scale factors of both phases improved 

the agreement between the experimental and calculated peak intensities of the “underestimated” 

peaks, as shown in panel B of Fig. 2. This anomalous behaviour may tentatively be rationalized by 

assuming that a fraction of the particles has a very small coherence length; however, the peaks labeled 

by asterisks are still absent in the model. 

Since elemental analysis of Sn-CaP indicated the presence of a large amount of calcium and 

phosphorus, different calcium phosphate phases were considered; among them, the rhombohedral β-

Ca3(PO4)2 form [47] supplied the best fit. Fig. 2C displays the computed G(r) curve in red, while Ca-

O and P-O labels indicate the atoms of the calcium phosphate phase involved in each G(r) peak, 

which was not indexed in the previous refinement approaches. 

Based on the computed phase fractions (PDF), the Ca/Sn atomic ratio is approximately 2.8, slightly 

higher than the Ca/Sn≈2 ratio revealed by PGAA measurements. However, this last PDF result must 

be considered semi-quantitative because a periodic structural model is applied to an amorphous phase. 

In addition, it is not possible to exclude partial Ca(II)/Sn(II) ion substitution in the amorphous 

phosphate, which would decrease the Ca/Sn ratio. 

Finally, attempts to extend the last structural model to larger r-range were unsuccessful due to the 

very short crystallographic coherence of the calcium phosphate phase, confirming its amorphous 

nature. 
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3.3. Sn-CaP morphology and microstructure 

The morphological and microstructural properties of Sn-CaP were investigated by collecting N2 

adsorption/desorption isotherms at -196 °C and performing TEM and HAADF-STEM/EDS analyses. 

The collected N2 adsorption/desorption isotherm is shown in Fig. 3 and indicates a solid porous 

material, where the presence of two families of mesopores with a slight contribution of microporosity 

can be identified. A certain level of microporosity is evident in the low-pressure region (p/p0<0.1) of 

the isotherm, while a clear hysteresis is observed at 0.4<p/p0<0.85, which is typical of mesoporosity 

presence. According to the IUPAC classification, the hysteresis loop in the desorption branch appears 

to fit both type H4 and type H5 hysteresis, reflecting the complexity of the porous network in relation 

to the structural complexity of the material, as evidenced by XRPD results. 

Surface area and porosity were determined using the 3-parameters BET model to fit the low-pressure 

region of the adsorption branch and B.J.H. model, respectively. A specific surface area of 60 m2 g-1 

was determined (Table S.2). The mesopore size distribution, shown in the inset of Fig. 3, indicates 

two main populations of pore size. The primary family is centered at approximately 4 nm, while other 

pores fall within the diameter range of 5-7 nm. 

 
Figure 3. N2 adsorption/desorption isotherms on Sn-CaP sample and pore volume distribution (calculated with 

B.J.H. model) in the inset. 
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TEM and HAADF-STEM micrographs of the Sn-CaP sample are presented in Fig. 4. TEM analysis 

of the Sn-CaP sample revealed the presence of small nanocrystalline domains highly dispersed on the 

material grains, which are mainly present in a quite narrow size distribution (ranging from 5 to 20 

nm) (Fig. 4). Interestingly, this result is consistent with the PDF findings, which evidenced the 

presence of SnO2 and Sn6O4(OH)4 phases with a volume averaged particle diameter (Dv) of ca. 11-

12 nm, falling within the same size range. The presence of SnO2 particles was further confirmed by 

the TEM image acquired in high-resolution mode shown in Fig. 4B. Lattice planes extend along the 

particles without any stacking faults or twins, indicating their single crystalline nature. Lattice fringe 

analysis exhibited spots in the Fourier Transform (FT) pattern at 3.3 Å, which are attributed to the 

spacing of (1 1 0) planes of the tetragonal SnO2 phase [JCPDS of 41-1445], consistent with the XRPD 

results. 

 

 

Figure 4. Morphological and structural characterization of Sn-CaP: representative TEM micrograph of Sn-

CaP (A) and HRTEM image of a SnO2 nanocrystalline domain (B); bottom: HAADF-STEM reference 

micrograph of a representative grain of Sn-CaP and the corresponding EDS element mapping of oxygen (blue), 

phosphorous (violet), calcium (yellow) and tin (red). 

HAADF-STEM/EDS analysis of Sn-CaP (Fig. 4, C panel) showed a very high dispersion of Sn onto 

the material grains, confirming previous observations by TEM analysis. Semi-quantitative EDS 
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analysis showed an atomic distribution very similar to that recorded by XPS analysis (Table 1), 

consistent with a Sn surface concentration of approximately 8 at.% in the Sn-CaP sample. Moreover, 

only traces of chlorine were detected, confirming the almost complete removal of residuals derived 

from the SnCl2 precursor (see Fig. S.3A). 

3.4. Tin speciation by Mӧssbauer analysis 

To investigate the chemical speciation of tin in Sn-CaP, Mössbauer spectra of samples stored under 

nitrogen or air were acquired. Mössbauer spectroscopy provides a particular tool for distinguishing 

Sn(II) and Sn(IV) components since their characteristic isomer shift () and quadrupole splitting () 

values are distinctly different. 

The spectra shown in Fig. 5 and parameters collected in Table 2 are consistent with results from other 

studies on similar tin phosphates, although some scatter can be observed. Specifically, Sn(IV) isomer 

shift () data are generally close to 0.0 mm s-1 for all samples (Table 2), while Sn(II) isomer shift () 

values are slightly smaller than those reported for Sn(II)-containing phosphate glasses prepared from 

melts of component salts at 450-1000 °C (~ 3.1 mm s-1) [48,49]. Even larger Sn(II) isomer shift values 

were observed for certain tin phosphates prepared in aqueous media (~ 3.6 mm s-1) [50], whereas 

NH4
+-Sn(II) phosphites exhibit similar isomer shift values as shown in Table 2 with slightly smaller 

quadrupole splitting () values [51]. Certain tin amorphous composite oxides (SnB0.6P0.4O2.9) exhibit 

similar parameters as reported in Table 2 [52]. 

In addition, the presented Sn(II) parameters in Table 2 can be discussed in comparison with 

hydroxostannate compounds. In particular, di- and trinuclear Sn(II) hydroxostannates exhibit similar 

 and  values depending on the oxide/hydroxide relative distribution within them [53]. Thus, the 

presence of hydroromarchite in Sn-CaP, revealed by XRPD analysis, seems to agree with Mössbauer 

data as well. However, the XRPD diffractogram exhibits a large amorphous background (Fig. 2), and 

the amorphous part could probably be attributed to phosphates or mixed hydroxophosphates. 
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Table 2. Mӧssbauer parameters of Sn-CaP samples acquired at room temperature and at -193 °C. 

Temperature 

Component 

Parameter 

RT ~ -193 °C 

Sn(IV) Sn(II) Sn(IV) Sn(II) 

δ a Δ b Rel. Int. c δ Δ Rel. Int. Δ Δ Rel. Int. δ Δ Rel. Int. 

I Fresh / air 0.01 0.61 69.4 2.95 2.06 30.6 0.05 0.62 53.3 2.93 2.05 46.7 

II 
Aged 

(180 days) 
0.02 0.66 100 - f  - - n.a.g n.a. n.a. n.a. n.a. n.a. 

III 
Calcined 

(550 °C for 1 h)  

-0.05 

0.32 d 

0.70 

0.84 d 

63.7 

36.3 d 
- - - n.a. n.a. n.a. n.a. n.a. n.a. 

IV Used (with Cr) e 0.00 0.71 87.6 2.99 1.92 12.4 0.03 0.75 77.2 2.93 2.03 22.8 

 
a isomer shift (calibrated against a spectrum of a combined SnO2 and -Sn absorber at room temperature) 
b quadrupole doublet 
c relative spectral area 
d spectrum fitted with two Sn(IV) doublets (the second doublet may probably be assigned to another Sn(IV) compound) 
e sample after use in the reductive adsorption of Cr(VI) 
f not detected 
g not analyzed 
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Figure 5. Mӧssbauer spectra of Sn-CaP samples displaying simultaneous presence of Sn(II) (orange) and 

Sn(IV) (cyan) contributions on both measuring temperatures (27 °C, top and -193 °C, bottom). 

For a more quantitative estimation of the amount of Sn(II) and Sn(IV) components, the probability 

of the Mössbauer effect (the so-called f-factor) depends significantly on temperature and merits 

investigation. Namely, this dependence is more pronounced for Sn(II) than for Sn(IV) [54]. First, the 

values of corresponding Debye temperatures (D) can be estimated by comparing the relative 

contributions of Sn(II) and Sn(IV) in the spectra collected at -193 °C and 27 °C [55]. In the next step, 

the related f-factors can be calculated and used to estimate the actual amount of Sn(II) and Sn(IV). A 

more detailed description of this calculation is reported in paragraph S.4 of ESI. The obtained values 

are presented in Table 3. 

The estimated amount of Sn(II) and Sn(IV) reported in Table 3 for Sn-CaP revealed Sn(II) species as 

the major component of the sample (approximately 55%), which seems to contrast with the results 

obtained from XRPD analysis. According to the Rietveld refinement, the weight fraction of the 

Sn6O4(OH)4 phase (containing Sn(II) species) is only ≈34%, while the SnO2 phase is ≈66%. This 

apparent discrepancy in the Sn(II)/Sn(IV) distribution could be attributed to the amorphous phase of 

Ca-phosphate also present in the sample, which cannot be estimated by the Rietveld refinement. 

-6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6 -6 -4 -2 0 2 4 6

  

27 °C

used (with Cr)fresh / airfresh / N2

 

 

velocity mm s-1

  

 

-193 °C



19 
 

Indeed, considering that a partial Ca(II)/Sn(II) ion substitution can occur in the phosphate matrix, an 

increase in the Sn(II) amount would be observed in that case. 

In summary, the primary result of the Mössbauer analysis is the clear (close to quantitative) distinction 

between Sn(II) and Sn(IV) components, whereas their coordinative environment (phosphate vs. 

(hydr)oxo) is far to be identified. 

Table 3. Estimated amount of Sn(II) and Sn(IV) components in Sn-CaP samples as determined from 

Mössbauer spectra. 

Sample Component D 
a f(-193 °C)

b Estimated proportions 

Fresh/air 
Sn(IV) -61 0.728 0.45 

Sn(II) -118 0.554 0.55 

Used (with Cr) 
Sn(IV) 

Sn(II) 

-12 

-100 

0.810 

0.619 

0.72 

0.28 

a Debye temperature (°C), b f-factor (connected to probability of Mössbauer effect) 

 

3.5. Hexavalent chromium reductive adsorption 

The presence of Sn(II) in the hydroromarchite phase as well as in the amorphous calcium phosphate 

could impart reductive activity towards Cr(VI), as already demonstrated for Sn(II)-hydroxyapatite 

material [29]. Therefore, the performance of Sn-CaP in the reductive adsorption of Cr(VI) was 

assessed under the same conditions previously validated for Sn(II)-hydroxyapatite ([Cr(VI)]° = 100 

mg L-1; pH = 2; T = 25 °C; dosage of 4.5 g L-1) [29,39]. Under the selected conditions, Sn-CaP 

exhibited a good removal capability for Cr(VI) (16.3 mg g-1), a performance comparable to the Cr(VI) 

removal capacity of Sn(II)-hydroxyapatite (19 mg g-1) [29]. 

The impact of pH on the reductive adsorption of Cr(VI) by Sn-CaP was systematically studied in a 

pH range from 2 to 11. Results obtained in terms of removal efficiency (η) and removal capacity (qe) 

of Cr(VI) are reported in Fig. 6 and Table S.4. Sn-CaP exhibited high reductive activity throughout 

the entire pH range studied, with the highest activity observed under highly acidic (pH 2) and strongly 

basic (pH 11) conditions, being able to remove up to 16.3 and 15.5 mgCr g
-1, respectively. 

The different pH conditions could induce different mechanisms by which the Cr(VI) reductive 

adsorption process occurs. Indeed, pH has well-established effects on the speciation of Cr(VI) 

compounds and also on surface properties of Sn-CaP, influencing the surface charge distribution. The 

measured value of the Sn-CaP point of zero charge (PZC) was found to be 7.4; then, lower and higher 

pH values than PZC gave rise to positively and negatively charged surfaces, respectively. At pH 2, 

the main Cr(VI) species are Cr2O7
2- and HCrO4

-, and an attractive electrostatic interaction may occur 
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with the positively charged surface of Sn-CaP, leading to a favourable adsorption process. Conversely, 

the CrO4
2- species starts to become predominant at pH 11. At this pH value, the interaction with the 

negatively charged surface might be unfavourable for the CrO4
2- adsorption. However, electron 

transfer between Cr(VI) and Sn(II) could be facilitated by an excess of OH- presence. These different 

physical and chemical phenomena involved in the interaction between the various Cr(VI) species and 

Sn-CaP surface could be responsible for the variability of the observed results reported in  Fig. 6 

collected at pH values between 5 and 10. 

 
Figure 6. Effect of initial pH of Cr(VI) solution on the removal efficiency (η, yellow bars) and removal 

capacity (qe, blue bars) of Cr(VI) by Sn-CaP ([Cr(VI)]° = 100 mg L-1; T = 25 °C; dosage of 4.5 g L-1). 

The kinetics of Cr(VI) reductive adsorption onto the Sn-CaP sample was investigated at 25 °C in the 

co-presence of other cations, such as Fe(III), Co(II), Ni(II), Ca(II), Mg(II), and anions, such as 

chloride, nitrate, and sulphate, frequently found in Cr(VI) contaminated waters [41]. 

The experimental profiles of residual Cr(VI) concentration as a function of time are reported in Fig. 

7. Pseudo-first order (PFO), pseudo-second order (PSO) and Elovich kinetic models have been used 

to fit all the experimental data, and the resulting kinetic parameters are reported in Table S.5 together 

with the corresponding statistical parameters. Both PSO and Elovich models are the best at fitting the 

experimental data, as demonstrated by the corresponding high R2 and low Akaike Information 

Criterion (AIC) values (Table S.5). 

A significant increase in the reaction rate was observed in the presence of cations; the calculated rate 

constant passed from 0.0058 g·mg-1·min-1 to 0.0147 g·mg-1·min-1, in absence and presence of cations, 

respectively. This observation, already reported in the literature for other reductive adsorbents 

[39,56], has been associated with an easier diffusion of Cr(VI) ions within the electric double layer 

surrounding the adsorbent surface [39,40]. 

Interestingly, the Sn-CaP sample was also able to uptake the co-cations (Fe(III), Co(II), Ni(II)) from 

aqueous solutions without limiting Cr(VI) adsorption. 
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Figure 7. Kinetics of Cr(VI) reductive adsorption in water (empty circles), in the presence of cations (square 

markers, [Fe(III)]°=[Co(II)]°=[Ni(II)]° = 80 μg L-1, [Ca(II)]°=[Mg(II)]° = 200 mg L-1, nitrate salts), and in the 

presence of anions (triangle markers, [Cl-]°=[NO3
-]°=[SO4

2-]° = 400 mg L-1, sodic salts). Reduction test 

conditions: [Cr(VI)]° = 50 mg L-1; generated pH of 4.8-5.7; T = 25 °C; dosage of 4.5 g L-1. 

3.6. Sn-CaP stability 

It is known that atmospheric oxygen can induce unavoidable oxidation of Sn(II) to Sn(IV), thus 

affecting the stability of Sn-CaP and its functionality in Cr(VI) reductive adsorption. Mӧssbauer 

analyses demonstrated that in the short term, the relative distributions of Sn(II) and Sn(IV) were not 

influenced by the atmosphere (see comparison between N2-stored and air-stored Sn-CaP samples in 

Fig. 5). However, it is important to evaluate the stability of the oxidation state of Sn(II) after long-

term exposure to the oxidative atmosphere. 

Synthesized samples were stored in closed vessels containing air for up to approximately 10 months 

and tested for reductive adsorption of Cr(VI) at different time intervals after their preparation. The 

obtained results are detailed in Table 4 and depicted in Fig. 8. Sn-CaP maintained removal efficiencies 

higher than 85% during the initial two weeks post-preparation, with no significant decline in activity, 

in agreement with Mӧssbauer analysis (Fig. 5). After this period, an exponential decay in the reductive 

activity was observed over time, resulting in almost complete loss of activity after ca. 300 days from 

its preparation. 
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Table 4. Effect of aging time on the Cr(VI) reductive adsorption activity of Sn-CaP ([Cr(VI)]° = 100 mg L-1; 

pH = 2.0; T = 25 °C; dosage of 4.5 g L-1). 

Aging time 

(day) 

qe 

(mmolCr/g) 

Removal efficiency 

(%) 

Activity loss 

(%) a 

1-14 0.31 ± 0.05 86 ± 12 - 

84-91 0.08 ± 0.03 21 ± 10 75 

169 0.05 16 82 

287 0.02 6 93 

a Based on the maximum removal efficiency 
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Figure 8. Cr(VI) removal capacity (qe) as a function of aging time of Sn-CaP (reduction test conditions: 

[Cr(VI)]° = 100 mg L-1; pH = 2.0; T = 25 °C; dosage of 4.5 g L-1). 

As evidenced in Table 2 and shown in Fig. S.4, the Mӧssbauer spectrum of an aged Sn-CaP sample, 

i.e., after 180 days from its preparation, exhibited the only contribution of Sn(IV), confirming the 

occurrence of the oxidation of Sn(II) over time. As expected, the newly formed Sn(IV) species were 

inactive in the Cr(VI) reductive adsorption process. 

To address the decline in the Cr(VI) reductive activity of aged Sn-CaP, a chemical regeneration 

treatment was then explored. 

Hydrogen temperature programmed reduction (H2-TPR) analysis was performed to identify the 

optimal temperature to restore Sn(II) at the aged surface of Sn-CaP. The reduction profiles of the fresh 

and aged Sn-CaP samples are comparatively shown in Fig. S.5. Two main peaks characterized the 

reduction profiles of fresh and aged samples: a first reduction peak at around 350 °C, which can be 
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attributed to the reduction of Sn(IV) to Sn(II) [57], and a second prominent peak assigned to Sn(II) 

species being reduced to Sn(0) [57]. 

The total amount of H2 consumed in each analysis is reported in Table S.6. It is worth noting that the 

aged sample consumed about 15% more H2 than the fresh parent material. This increase could be 

attributed to a higher amount of Sn(IV) present in the aged sample because of the oxidation of Sn(II) 

over time, as already revealed by Mössbauer findings. 

Based on H2-TPR results, a hydrogenation treatment of aged Sn-CaP was carried out at 350 °C for 4 

hours. The reduction profile resulting is shown in Fig. S.5, from which a partial restoration of Sn(II) 

presence could be inferred. Furthermore, the fresh and H2-treated samples practically share the same 

H2 consumption (Table S.6), which further hints at a restoration of the initial reducibility profile. 

Then, a Cr(VI) reductive adsorption test was carried out using the H2-treated sample to validate the 

efficient restoration of Sn(II) species. The regeneration treatment successfully recovered more than 

50% of the reductive activity observed in the fresh sample. 

3.7. Mechanism in hexavalent chromium removal 

In-depth examination analysis was undertaken to discern whether the removal of Cr(VI) was solely 

attributed to a reductive adsorption mechanism or if other pathway, such as direct Cr(VI) adsorption, 

was implicated. Utilizing HAADF-STEM/EDS, XPS, and Mössbauer analyses, we investigated used 

Sn-CaP samples to elucidate the reaction mechanism. 

The HAADF-STEM/EDS elemental mapping of the Sn-CaP sample (Fig. S.6) revealed a 

homogeneous dispersion of chromium across the examined grains, as indicated in the green-colored 

panel of Fig. S.6. 

XPS analysis was carried out on Sn-CaP to elucidate the speciation of adsorbed chromium. The 

results, as presented in Table 5, showed a chromium content of 1.8 at.% at the surface. 

Table 5. Surface composition of used Sn-CaP. 

XPS (at.%) Cr Sn Ca P O 

Used (with Cr) a 1.8 7.2 8.1 12.1 70.9 

Calcined (with Cr) b 2.0 8.8 12.1 14.9 62.2 

a [Cr(VI)]° = 100 mg L-1; pH = 2.0; T = 25 °C; dosage of 4.5 g L-1 
b 550 °C for 1 h 

Further insight into chromium speciation was gained through a high-resolution spectrum in the Cr 2p 

region, depicted in Fig. 9. The spectrum displayed two main peaks corresponding to the 2p3/2 and 

2p1/2 core levels of chromium, with binding energy (BE) values of approximatively 577 and 588 eV, 

respectively. Deconvolution of the spectrum into sub-bands revealed the sole presence of Cr(III) in a 
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typical hydroxide environment (bands centered at 577.4 eV and 586.6 eV with spin-orbit splitting of 

9.3 eV) [58]. From the XPS results, it can be inferred that the mechanism underlying Cr(VI) removal 

likely entails an exclusive reductive adsorption. 

 
Figure 9. High-resolution XPS spectrum of Cr 2p region for Sn-CaP after its use in the reductive adsorption 

of Cr(VI). 

Mössbauer spectra of the Sn-CaP sample after use revealed that the Sn(II) component in the main 

peak was less pronounced than that of the sample before use (Fig. 5). The parameters reported in 

Table 3 showed that the relative contribution of Sn(IV) increased from 45% to 72%, confirming that 

the reductive process of Cr(VI) to Cr(III) proceeded at the expense of Sn(II) that was oxidized to 

Sn(IV). 

Based on the XRPD and Mössbauer results discussed above, the reduction of Cr(VI) to Cr(III) could 

potentially occur either on the hydroromarchite phase (Sn6O4(OH)4) [59,60] or on Sn(II) dispersed at 

the surface of the calcium phosphate phase. Pinakidou et al. [59] demonstrated the occurrence of 

transformation of Sn6O4(OH)4 to SnO2 after the reduction of Cr(VI) to Cr(III) and proposed that the 

adsorption of Cr(III) took place directly onto the formed SnO2 through the formation of inner sphere 

complexes. Indeed, the adsorption of Cr(III) onto Sn6O4(OH)4 is not feasible due to the geometrical 

structure of Sn6O4(OH)4, which is incompatible with the adsorption of Cr(III). In our case, 

considering that the SnO2 phase is already present in the pristine Sn-CaP sample, it can be inferred 

that the adsorption of Cr(III) occurred on both the pristine and freshly formed SnO2 phases. 

Residual concentrations of both total and hexavalent chromium were determined at the end of each 

test of Cr(VI) removal to calculate Cr(III) concentration in solution. Since Cr(III) was not found in 

solution, it can be deduced that the complete adsorption of Cr(III) ions successful occurred. 
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Furthermore, following digestion of Sn-CaP after use, ICP-MS yielded a chromium amount 

comparable to that calculated as the difference between initial and residual total chromium 

concentrations. This finding seems to validate the proposed mechanism, which involves reductive 

adsorption, resulting in the quantitative adsorption of formed Cr(III) ions on the Sn-CaP surface. 

3.8. Used Sn-CaP upcycling into a catalyst for NO oxidation 

In the framework of a circular economy, embracing a waste valorization approach becomes essential 

to granting spent/used materials a second life. Given that both tin and chromium metal species are 

commonly utilized in oxidation catalysts, there is potential to design an upcycling adsorbent-to-

catalyst strategy for the valorization of used Sn-CaP.  

The selective catalytic oxidation of NO to NO2 (equation 1) was chosen to evaluate the effectiveness 

of this approach. 

𝑁𝑂 + 1 2⁄ 𝑂2 ⇌ 𝑁𝑂2 (1) 

This reaction plays a pivotal role in both industrial catalysis, such as the Ostwald process for nitric 

acid production, and environmental catalysis, serving as a critical step in various applications. These 

include: NOx storage-reduction (NSR), where NO is oxidized to NO2 and then stored as nitrates or 

nitrites before being reduced; continuously regenerating trap (CRT), where NO is converted to NO2, 

which then oxidizes the soot collected on a diesel particulate filter; and selective catalytic reduction 

(SCR) of NOx, where the "fast" SCR reaction involving NO, NH3, and NO2 is approximately 10 times 

faster than the standard reaction between only NO and NH3. The reaction is spontaneous over a wide 

temperature range but is constrained by an equilibrium (K25=1.17 106). According to Le Chatelier's 

principle, low temperature and high pressure values thermodynamically promote the formation of 

NO2. To maximize the production of NO2, it is necessary to design catalysts capable of expediting 

the attainment of equilibrium composition at the lowest feasible temperatures. 

After the Cr(VI) reductive adsorption, used Sn-CaP sample, encompassing at its surface both Sn(IV) 

and Cr(III), underwent testing as a catalyst in the oxidation of nitric oxide to dinitrogen oxide, after 

calcination at 550 °C. The thermal treatment did not significantly alter the surface composition of the 

material, as indicated by XPS analysis (Table 5). 

The catalytic performance of used Sn-CaP in NO oxidation reaction was assessed as a function of the 

temperature in comparison to that of the pristine Sn-CaP.  Profiles of concentration of the formed NO2 

for both fresh and used Sn-CaP samples are reported in Fig. S.7. Sn-CaP was not active in the NO 

oxidation at all temperatures, while the used Sn-CaP showed an interesting activity. The onset of 

catalytic activity of used Sn-CaP occurred at 250 °C, and NO conversion reached the equilibrium 

curve at 425 °C corresponding to the maximum conversion attainable. 
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Given the different catalysts and experimental conditions employed in literature for the NO oxidation 

reaction, comparing the catalytic performance of the Sn-CaP sample with others reported is a 

nontrivial task. To facilitate comparison, the catalytic activity was investigated across various gas 

hourly space velocity (GHSV) values (ranging from 15,000 to 80,000 h-1) under selected isothermal 

conditions (350 °C); conversion of NO to NO2 was calculated and normalized to the equilibrium 

conversion. In Fig. 10 the normalized conversion of NO to NO2 is reported as a function of both 

temperature (at fixed GHSV of 50,000 h-1) and GHSV (at fixed temperature of 350 °C). As expected, 

the NO conversion to NO2 rose with temperature and with decreasing GHSV, reaching a maximum 

conversion of 93% at the lowest GHSV value of 15,000 h-1 and at 350 °C. Interestingly, within 15,000 

and 30,000 h-1 of GHSV, the performance of the used Sn-CaP was comparable to that reported for 

various Mn-, Co-, Cr-, Ce-oxides, and/or mixed metal oxides [61]. A significant comparison arises 

with the Cr-based catalyst (CrOx/TiO2) proposed by Meng et al. [62], achieving a NO conversion of 

50% at 350 °C (27,000 h-1, 400 ppm NO, 10% O2). Under similar conditions, used Sn-CaP achieved 

a NO conversion of 59% at the same temperature. This outcome highlights the validity of the 

proposed approach, as a catalyst derived from a spent/used adsorbent (used Sn-CaP) demonstrates 

performance matching that of a Cr-based catalyst (CrOx/TiO2) resulting from an optimization study 

of catalyst design. 
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Figure 10. Effect of temperature (yellow bars, GHSV = 50,000 h-1) and GHSV (blue bars, T = 350 °C) on the 

catalytic activity of used Sn-CaP in the oxidation of NO to NO2 (NO = 800 ppm, O2 = 40,000 ppm). Conversion 

of NO was normalized based on equilibrium curve calculated in the temperature interval 100-500 °C. 

4. Conclusions 

In summary, the synthesis of the Sn-CaP material here proposed through a sustainable one-pot co-

precipitation method represents a significant advancement in environmental science, leading to a 

multifunctional material for water and air quality remediation. 

An in-depth characterization study through XRPD and Mӧssbauer techniques unveiled a complex 

combination of crystalline phases, including cassiterite SnO2 and hydroromarchite Sn6O4(OH)4, along 

with an amorphous Ca3(PO4)2 phase and provided insights into the speciation of Sn species. Notably, 

the presence of Sn(II) species on the surface provided remarkable efficacy to the Sn-CaP sample in 

the removal of Cr(VI). Demonstrating notable potential, the Sn-CaP sample acted as an effective 

functional material in the reductive adsorption of Cr(VI) across a wide pH range and in the presence 

of diverse contaminant cations.  

The speciation of adsorbed chromium onto the Sn-CaP, determined through high-resolution XPS 

analysis, revealed a mechanism involving a sequential process of Cr(VI) reduction followed by 

Cr(III) adsorption onto the surface, defining reductive adsorption as the operative mechanism. 
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Finally, the Sn-CaP sample used for Cr(VI) removal, showed catalytic activity in the oxidation of NO 

to NO2. This can be attributed to the oxidative properties of the Sn(IV) and Cr(III) species present on 

the surface, thus presenting an example of valorization of a used/exhausted material in a circular 

economy framework. 

This multifunctional capacity of the calcium tin phosphate material highlights its potential to address 

environmental remediation challenges and contribute to the sustainable use of resources. 
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