
Journal of Colloid And Interface Science
 

Multifunctional interfaces for multiple uses: tin(II)-hydroxyapatite for reductive
adsorption of Cr(VI) and its upcycling into catalyst for air protection reactions

--Manuscript Draft--
 

Manuscript Number: JCIS-22-6058

Article Type: Full length article

Section/Category: C. Adsorption, Catalysis and Electrochemistry

Keywords: Cr(VI) removal, wastewaters;  ecofriendly materials;  reuse;  circular economy;
environmental catalysis

Corresponding Author: Sebastiano Campisi, Ph.D.
University of Milan
Milano, ITALY

First Author: Sebastiano Campisi, Ph.D.

Order of Authors: Sebastiano Campisi, Ph.D.

Mirko Leone

Maddalena Papacchini

Claudio Evangelisti

Laura Polito

Georgeta Postole

Antonella Gervasini

Abstract: Evidence collected to date has demonstrated that tin(II)-functionalized hydroxyapatites
(Sn/HAP) are a newly discovered class of ecofriendly reductive adsorbents for Cr(VI)
removal from wastewaters.
In this work an upgraded series of Sn/HAP materials assured a maximum removal
capacity of ≈ 20 mg  Cr  /g, doubling the previously reported value for Sn/HAP
materials, thanks to higher Sn-dispersion as proved by X-ray photoelectron
spectroscopy and electron microscopy.
Insights on kinetics and thermodynamics of the reductive adsorption process are
provided and the influence of pH, dosage, and nature of Cr(V) precursors on chromium
removal performances have been investigated. Pseudo-second-order kinetics
described the interfacial reductive adsorption process on Sn/HAP, characterized by low
activation energy (21 kJ mol  -1  ), when measured in the 278 – 318 K interval.
Sn/HAP did not necessitate highly acidic environment to operate the reductive
adsorption reaction; tests performed in the 2 - 6 pH interval showed similar efficiency in
terms of Cr(VI) removal.
Conventional procedures of recycling and regeneration resulted ineffective in restoring
the pristine performances of the samples due to surface presence of both Sn(IV) and
Cr(III). To overcome these weaknesses, the used samples (Sn+Cr/HAP) were
upcycled into catalysts in a  circular economy  perspective.
Used samples were tested as catalysts in gas-phase environmental reactions:
selective catalytic reduction of NO  x  (NH  3  -SCR), NH  3  selective catalytic
Oxidation (NH  3  -SCO), and selective catalytic oxidation of methane to CO  2  .
Catalytic tests enlightened the interesting activity of the upcycled Sn+Cr/HAP samples
in catalytic oxidation processes, being able to selectively oxidize methane to CO  2  at
relatively low temperature.

Suggested Reviewers: Guylène Costentin, Ph.D.
Sorbonne University Pierre and Marie Curie Campus
guylene.costentin@upmc.fr
Expert in hydroxyapatite-based materials

Michele Ferri, Ph.D.
Italian Institute of Technology
Michele.Ferri@iit.it

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



Expert in hydroxyapatite-based materials and adsorption processes for wastewater
remediation

Pierangela Cristiani, Ph.D.
Ricerca Sul Sistema Energetico RSE SPA
Pierangela.Cristiani@rse-web.it
Expert in biomaterials and processes for water remediation

Simone Sprio, Ph.D.
Institute of Science and Technology of Ceramic Materials National Research Council
simone.sprio@istec.cnr.it
Expert in hydroxyapatite-based materials

Jean-François Lamonier, Professor
Université Lille1 Sciences and Technologies Library
jean-francois.lamonier@univ-lille.fr
Expert in hydroxyapate-based catalysts for air protection reactions

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



  

 
Dipartimento di Chimica 

Via Golgi, 19 - 20133 Milano, Italy 
indirizzomail@unimi.it 

 

 

 

Milano, 5th August 2022 

 

 

To Journal of Colloid and Interface Science Journal  

Prof. Martin Malmsten 

University of Copenhagen Department of Pharmacy,  

København, Denmark 

Editor-in-Chief of Journal of Colloid and Interface Science, Elsevier 

 

 

Dear Prof. Malmsten, 

 

We wish to submit our manuscript entitled “Multifunctional interfaces for multiple 

uses: tin(II)-hydroxyapatite for reductive adsorption of Cr(VI) and its upcycling into 

catalyst for air protection reactions” to be considered for publication as research 

article in the Journal of Colloid and Interface Science.  

In this study we optimized the Cr(VI) removal capacity of tin(II)-modified 

hydroxyapatite (Sn/HAP), an interesting material recently studied by our research 

group in the reductive adsorption of Cr(VI). In this study particular attention has been 

devoted to optimizing not only the Cr(VI) removal performance but also the entire 

adsorbent value chain, from the synthesis to the after-life of the used sorbents. 

Hydroxyapatite, a stable and low-cost biomaterial, was synthesized by cheap 

precursors and then functionalized by tin(II) deposition from aqueous solutions. The 

obtained materials were characterized by higher surface area which assured an 

enhanced tin(II) phase dispersion. This allowed to double the Cr(VI) removal capacity 

(20 mg g-1) compared to Sn/HAP materials previously presented in the literature (10 

mg g-1). In addition, the used Sn+Cr/HAP materials have been recovered and re-used 

in a second step as catalysts in reactions of environmental protection (e.g. 

denitrification of gaseous emissions, de-NOx, and oxidation of organic compounds). 

These promising results could open the way to a “circular economy” perspective in 

the environmental remediation field. 

We believe then that this study fits well to several categories of Journal of Colloid 

and Interface Science and could be of interest to the readers of your journal and in 

general to all the scientists, who work in the fields of adsorption and catalysis. 

The research work was in part supported by a grant from INAIL ((Istituto Nazionale 

Assicurazione Infortuni sul Lavoro, Italy). 
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not under consideration by another journal. 
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Colloid and Interface Science. The authors have no conflicts of interest to declare. 

Please address all correspondence concerning this manuscript to Prof. Antonella 

Gervasini (antonella.gervasini@unimi.it) and Dr. Sebastiano Campisi 

(sebastiano.campisi@unimi.it). 

We hope that our manuscript can have a positive impact on Editors and Reviewers and 

we are waiting for your decision on the suitability of the manuscript for publication in 

Journal of Colloid and Interface Science.  
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Abstract  25 

Evidence collected to date has demonstrated that tin(II)-functionalized hydroxyapatites (Sn/HAP) 26 

are a newly discovered class of ecofriendly reductive adsorbents for Cr(VI) removal from 27 

wastewaters.  28 

In this work an upgraded series of Sn/HAP materials assured a maximum removal capacity of ≈ 20 29 

mgCr/g, doubling the previously reported value for Sn/HAP materials, thanks to higher Sn-30 

dispersion as proved by X-ray photoelectron spectroscopy and electron microscopy. 31 

Insights on kinetics and thermodynamics of the reductive adsorption process are provided and the 32 

influence of pH, dosage, and nature of Cr(V) precursors on chromium removal performances have 33 

been investigated. Pseudo-second-order kinetics described the interfacial reductive adsorption 34 

process on Sn/HAP, characterized by low activation energy (21 kJ mol-1), when measured in the 278 35 

– 318 K interval. 36 

Sn/HAP did not necessitate highly acidic environment to operate the reductive adsorption reaction; 37 

tests performed in the 2 - 6 pH interval showed similar efficiency in terms of Cr(VI) removal.  38 

Conventional procedures of recycling and regeneration resulted ineffective in restoring the pristine 39 

performances of the samples due to surface presence of both Sn(IV) and Cr(III). To overcome these 40 

weaknesses, the used samples (Sn+Cr/HAP) were upcycled into catalysts in a circular economy 41 

perspective. 42 

Used samples were tested as catalysts in gas-phase environmental reactions: selective catalytic 43 

reduction of NOx (NH3-SCR), NH3 selective catalytic Oxidation (NH3-SCO), and selective catalytic 44 

oxidation of methane to CO2. Catalytic tests enlightened the interesting activity of the upcycled 45 

Sn+Cr/HAP samples in catalytic oxidation processes, being able to selectively oxidize methane to 46 

CO2 at relatively low temperature. 47 

 48 

 49 

 50 

KEYWORDS: Cr(VI) removal, wastewaters; ecofriendly materials; reuse; circular economy; 51 

environmental catalysis 52 
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1. Introduction 53 

Among heavy metal pollutants in groundwaters and soils chromium is considered as one of 54 

the most harmful substances. Although Cr can be found in different oxidation states ranging 55 

from +2 to +6, it is prevalently detected in the environment in the most stable two forms 56 

Cr(III) and Cr(VI). Due to the greater solubility in water, stronger migration and higher 57 

oxidative capacity compared to trivalent chromium and the deriving carcinogen, teratogen 58 

and mutagen properties, exposure to high concentration of hexavalent chromium (Cr(VI)) 59 

poses serious threats to the ecosystem and human health [1]. Cr(VI) species (such as 60 

dichromate, chromate, chromic acid, and hydrogen chromate) are released from both 61 

natural and anthropogenic sources, such as industrial activities connected with metal 62 

plating, cooling-tower, water additives, leather tanning, industrial coolants [2]. Since it is 63 

not possible to exert any control on natural emissions, regulating industrial emissions and 64 

keeping hexavalent chromium species at lowest exposure levels become a high priority to 65 

minimize the related environmental and health risks. In Europe, the admissible 66 

concentration values of Cr (VI) are regulated on a national scale and range from 0.05 to 2 67 

mg L– 1 [3]. Therefore, intensive research efforts have been devoted and are indeed ongoing, 68 

to develop technologies able to comply with such discharge limits.  69 

Reductive adsorption is one of the first-line treatment strategies for the hexavalent 70 

chromium (Cr(VI)) pollution remediation [4]. Being the combination of Cr(VI) reduction 71 

reaction and adsorption, this approach synergically joins the advantages of the two separate 72 

processes (i.e. chemical reduction and adsorption). Indeed, under the best circumstances, 73 

reductive adsorption generates an ion-free and decontaminated water and a spent solid 74 

adsorbent. The latter retains chromium in the form of less toxic Cr(III) species which assures 75 

a safer and easier disposal. The ideal material to be used as sorbent in reductive adsorption 76 

should possess a multifunctional interface, where both centers with reducing activity 77 
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towards Cr(VI) and anchoring sites for Cr(III) species are exposed. Despite single materials 78 

having a significant reductive ability have been proposed, in most cases these materials are 79 

hampered by a limited adsorption capacity (fast saturation), poor selectivity for 80 

Cr(VI)/Cr(III) (Guan et al., 2015), tendency to undergo partial dissolution, passivation or 81 

agglomeration in aqueous solution. Thus, to date the list of suitable candidates as reductive 82 

adsorbents encompasses prevalently hybrid materials. In the latter, the reducing phase is 83 

dispersed onto high-surface area materials, that can act as adsorbents. Typically, hybrid 84 

materials include one or more of the following components: i) organic amendments (e.g. 85 

gallic acid, humic acid, tartaric acid, caffeic acid) [5–8] and polymers (e.g. polyaniline)[5,9–86 

14], ii) sulfur-based materials (e.g. FeS, H2S, etc.)[15–17], iii) iron-containing phases (iron 87 

oxides, nano zero-valent iron nanoparticles nZVI)[6,9,11,12,17–30], iv) inorganic 88 

nanoparticles (zero-valent Al NPs, Pd NPs, CuFe and NiFe alloyed NPs)[31–35]. Recently, 89 

there is much impetus to develop ecofriendly adsorbents [36], such as biochar 90 

[19,21,22,24,26,27,29,30,37–39] and other waste-derived materials [40–43]. Within this 91 

trend fits hydroxyapatite (Ca10(PO4)6(OH)2, HAP), an inorganic and sustainable material 92 

that can derive from biowastes or be synthesized from low-cost precursors. The applications 93 

of HAP in environmental catalysis and water remediation have increased significantly in the 94 

last few years [44]. As its surface holds numerous functional groups (hydroxyl, phosphate 95 

and carbonate groups), the application of hydroxyapatite in adsorption processes for heavy 96 

metal removal from wastewaters can be considered a valuable approach. Actually, heavy 97 

metals including Pb(II), Cu(II), Cd(II), Cr(III), were successfully sequestered by HAP 98 

according to several sorption mechanisms, the dominant ones being surface complexation, 99 

dissolution-precipitation and ion exchange [45–49]. Unfortunately these mechanisms are 100 

scarcely active in immobilizing Cr(VI) species onto HAP. To improve Cr(VI) removal 101 

efficiency, the combination of hydroxyapatite with other materials, such as cellulose, chitin, 102 

alginate, graphene oxide and iron phases has been proposed [18,50–55].  103 
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A recent work has demonstrated that tin(II)-functionalized hydroxyapatites (Sn/HAP) are a 104 

newly discovered class of ecofriendly reductive adsorbents effective in reducing Cr(VI) and 105 

adsorbing Cr(III) according to a pure heterogenous interfacial process. Cr(VI) removal up 106 

to 10 mg/g was attained on Sn/HAP with 15 wt% Sn(II) through a dual mechanism, involving 107 

the reduction of Cr(VI) by Sn(II) phase and the subsequent immobilization of the formed 108 

Cr(III) species, as proved by electron microscopy and XPS analyses [49]. Unfortunately, 109 

once all exposed Sn(II) centers have been converted to Sn(IV) and all the surface sites are 110 

occupied by Cr(III) species, the adsorbent is inactive and should be regenerated. However, 111 

a regeneration treatment able to restore the pristine Sn(II) oxidation state and at the same 112 

time to make accessible new adsorption sites for Cr(III) would be too expensive and 113 

challenging to be implemented.  114 

In this work efforts were devoted to enhance the Cr(VI) removal capacity and to overcome 115 

the lack of regenerability currently limiting the Sn/HAP materials. To develop Sn/HAP 116 

materials with enhanced Cr(VI) removal capacity, tin(II) phase was deposited onto synthetic 117 

hydroxyapatite with relatively high surface area to improve tin dispersion. In addition, an 118 

alternative strategy, consisting in upcycling the used adsorbents into catalysts for gas-phase 119 

environmental reactions is proposed to overpass the limitation of difficult regeneration and, 120 

most importantly, to implement a circular economy approach in the environmental 121 

remediation field. 122 

 123 

 124 

 125 

 126 

 127 
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2. Materials and Methods 128 

2.1 Materials 129 

Calcium nitrate tetrahydrate (Ca(NO3)2∙4H2O, 98%), ammonia solution 30%, stannous 130 

chloride dihydrate (SnCl2∙2H2O, 98%), potassium bichromate (K2Cr2O7, 99%), sodium 131 

bichromate (Na2Cr2O7, 99%) were all purchased from Carlo Erba. Diammonium hydrogen 132 

phosphate ((NH4)2HPO4, 99.2 %) was from VWR. 1,5-diphenylcarbazide (DPC, ACS 133 

reagent), acetone (for analysis, ExpertQ®, ACS, ISO, Reag. Ph. Eur.), and hydrochloric acid 134 

37% were from Merck. All reagents are of analytical grade and used without further 135 

purification. All the aqueous solutions were prepared in MilliQ water.  136 

Gaseous species as nitrogen (N2, 99.9995%), air (grade R), H2 (grade R), 1,00% mol/mol 137 

ammonia in nitrogen, 2.04% mol/mol nitrogen monoxide in nitrogen, 5% CH4 in He, were 138 

supplied by Sapio. 139 

2.2 Preparation of Sn/HAP 140 

Bare hydroxyapatite (HAP) samples were synthesized by conventional precipitation method 141 

as reported in the literature [48] and detailed in SI (Par. S.1.1).  142 

Tin-hydroxyapatites with Sn nominal loading in the range between 25 and 150 mg Sn/g (0.2 143 

– 1.3 mmol Sn/g) were prepared from a tin-containing aqueous solution by using a validated 144 

flash deposition technique already used successfully for iron deposition on HAP [49,56,57] 145 

and described in SI (Par. S.1.2). The code SnX/HAP was used for sample labelling, where X 146 

represents the nominal Sn content (expressed as wt.%). Acid digestion of solid samples was 147 

performed using 3 mL HCl 37 wt%. at 120°C and concentrating the solution to ca. 1 mL, then diluting 148 

1:1000 with MilliQ water. 149 

2.3 Material characterization 150 

The determination of Sn and Cr content in solid samples was performed through the 151 

Inductively Coupled Argon Plasma – Optical Emission Spectroscopy (ICP-OES) on the 152 
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solutions obtained from solid digestion, using an ICP - Optical Emission dual view 153 

Spectrophotometer (Perkin - Elmer, Model Optima 8000 DS), equipped with an 154 

autosampler and using argon as internal standard.  155 

Morphological and structural analyses were performed through transmission electron 156 

microscopy (TEM). ZEISS LIBRA 200FE microscope with a 200 kV FEG source, in column 157 

second-generation omega filter was used for TEM. EDX spectra and element maps were 158 

collected along with HAADF-STEM micrographs.  159 

N2 (99.9995 % purity from SAPIO) adsorption-desorption isotherms were collected at the 160 

liquid nitrogen temperature on a Sorptomatic 1990 (by Thermo Scientific) to measure 161 

surface area and porosity by using samples with controlled grain size (74-177 m). 162 

X-Ray powder diffraction (XRPD) patterns were collected using a PANanalytical XPert 163 

PRO powder diffractometer operating with an X-ray source at 40 kV and 25 mA in the range 164 

between 5 °- 65 °(2θ), step of 0.033 °2θ and collection time of 50 s.  165 

XPS spectra were acquired by a KRATOS AXIS ULTRA DLD spectrometer (Kratos 166 

Analytical) equipped with a magnetic immersion lens, a hemispherical analyzer and a delay 167 

line detector. The procedure for the interpretation of the C 1s peaks and quantitative 168 

determination of the surface species did not take into account the bands of adventitious 169 

carbon (284.8 eV) and only the bands due to carbonate groups (ca. 289 eV) were considered. 170 

Further details on the characterization analyses and sample preparation procedures are 171 

available in the Supplementary materials (Par. S.1.3). 172 

2.4 Batch Cr(VI) removal experiments 173 

SnX/HAP samples with different nominal tin content (2.5, 5, 7.5, 10, 12.5, 15 wt.%) were 174 

tested in batch experiments for Cr(VI) removal under typical conditions of dosage (4.5 g/L), 175 

pH value (pH = 2), initial Cr(VI) concentration (50 mg/L), and temperature (313 K) under 176 

magnetic stirrer in air flux. Then, some parameters were varied as: initial Cr(VI) 177 

concentration (80, 100, 150 mg/L; with fixed dosage, 4.5 g L−1; pH value, 2; temperature, 178 



 10 

313 K,; and contact time, 4h), pH values (2.0, 9.0 and natural – ca. 6.0; with fixed initial 179 

Cr(VI) concentration, 100 ppm; dosage, 4.5 g L−1; temperature, 313 K; contact time, 4h), 180 

dosage (0.5, 1.0, 4.5 and 9 g L−1; with fixed Cr(VI) concentration, 100 ppm; pH value, 2; 181 

temperature, 313 K; and contact tome,  4h), and temperature (278–318 K).  182 

Adsorption isotherm on Sn12.5/HAP sample (dosage 4.5 g L−1) was collected at 313 ± 0.1 K 183 

and pH value of 2 varying Cr(VI) initial concentrations in a 20-150 ppm range. 184 

2.5 Analytical methods 185 

The performances of the tested materials towards Cr(VI) removal were evaluated in terms 186 

of percent efficiency (%) and removal capacity (q, mgCr⋅g−1), calculated as reported in 187 

equations 1 and 2: 188 

 Percent removal efficiency (%) =
[Cr(VI)]° − [Cr(VI)]f

[Cr(VI)]°
 ∙ 100 (1) 

                                                    q (mgCr/g) =
[Cr(VI)]°−[Cr(VI)]f

mads
∙ Vsol (2) 

where [Cr(VI)]° and [Cr(VI)]f are the Cr(VI) initial and final concentration, respectively, 189 

expressed in ppm (mg/L), mads is the adsorbent mass, expressed in grams, and Vsol is the 190 

volume of the Cr(VI) solution, expressed in liters.  191 

The determination of Cr(VI) concentration was performed by spectrophotometric analysis 192 

upon the reaction of the chromium-containing solution with the chromogenic species 1,5-193 

diphenlycarbazide (DPC), according to the standard method BS EN 196-10:2006 [58]. 194 

Determinations of total Cr content in solution and on the used solids, after acid digestion, 195 

was determined by ICP-OES. 196 

All the investigations were replicated to confirm reproducibility of the experimental results. 197 

In all cases the relative standard deviation values are of the order of ± 5%. 198 

 199 
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2.6 Kinetic tests 200 

The kinetics of Cr(VI) reductive adsorption was studied by multiple batch tests of Cr(VI) 201 

reduction-immobilization in different test tubes, by this way each point of the collected 202 

kinetic profile as a function of time was obtained by independent tests. For a single batch 203 

test, ca. 100 mg of freshly prepared Sn7.5/HAP was introduced in a plastic test tube with a 204 

magnetic stir bar, whereas 22 mL of acidic potassium bichromate solution (pH 2, Cr(VI) 205 

concentration of 100 ppm) were introduced in another test tube and both thermostated at 206 

313 K. Once the solutions have been thermostated, the bichromate solution was added to the 207 

test tube containing the Sn/HAP, and the reaction proceeded for a controlled time (from xx 208 

to xx min) at 313  0.1 K under air flux, after which the suspension was rapidly filtered and 209 

the supernatant recovered to determine Cr(VI) concentration. The effect of temperature on 210 

the kinetics of Cr(VI) reduction-adsorption was investigated in the 278–318 K range by 211 

working at isoconversion, that is varying the time of each experiment at each temperature . 212 

2.7 Regeneration studies 213 

Regeneration procedures were carried out to control the reusability of the Cr(III)-Sn(IV) 214 

containing Sn/HAP samples after use. Two different processes were investigated: reductive 215 

treatment by hydroxylamine in liquid phase and reductive treatment by hydrogen in gas 216 

phase. 217 

In the first approach, about 18 mg of HONH2·HCl (calculated considering ca. 20% molar 218 

excess with respect to expected Sn(IV) content) were dissolved in 100 mL of MilliQ water, 219 

and the solution acidified with HCl up to pH 2. The prepared solution was put in contact 220 

with ca. 100 mg of used Sn/HAP at 313 K for 1 h. The solid sample was then recovered by 221 

filtration, washed with 50 mL of degassed MilliQ water and dried under vacuum. 222 

In the second approach, ca. 100 mg of used Sn/HAP was introduced in a hydrogenator at 223 

room temperature and alternating cycles of vacuum and hydrogen at 1 bar were applied: 1.30 224 

min vacuum, 1.30 min H2, 1 min vacuum, 1 min H2, 30 s vacuum and 30 s H2.  225 
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2.8 Catalytic tests 226 

Catalytic behavior of upcycled selected sample was evaluated in three different reactions, 227 

namely NH3-SCR, NH3-SCO and methane oxidation. Catalytic tests were carried out in a 228 

continuous reaction line equipped with a set of mass flow controllers, a tubular vertical 229 

electric oven, a quartz tubular microreactor and an online FT-IR spectrophotometer with 230 

multiple reflection gas cell (2.4 m path length) and DTGS detector for qualitative and 231 

quantitative determination of the composition of fed and vented gaseous mixtures.   232 

Prior to the catalytic tests, the recovered and used sample was calcined in air at 773 K for 1h 233 

(heating ramp 1 K/min). A given mass of calcined sample (ca. 0.150 g) was pressed, crushed, 234 

and sieved to obtain particles in the range 45–60 mesh (0.35–0.25 mm), and dried at 393 K 235 

overnight. Then, catalyst pretreatment was performed in situ under O2/N2 flow (20.08% 236 

v/v) at 3 NL h-1 at 393 K for 30 min. The catalytic activity was studied as a function of 237 

temperature in the 393–773 K interval for both NH3-SCR and NH3-SCO, keeping constant 238 

the concentration of fed gas mixture flowing at 6 NL·h−1 (GHSV of ca. 40.000 h−1). In the 239 

case of CH4 oxidation, the catalytic activity was evaluated in the 573–1033 K temperature 240 

window working at GHSV of ca. 60.000 h−1. At each temperature, the effluent composition 241 

was monitored for 60 min to assure the attainment of the steady-state reaction condition. 242 

The temperature was increased at step in aleatory way using a ramp of 10 ◦C·min−1. The fed 243 

gas mixtures were prepared by mixing 500 ppm of NH3, 500 ppm of NO and 10,000 ppm of 244 

O2 for NH3-SCR tests; 500 ppm of NH3 and 10,000 ppm of O2 for NH3-SCO tests; ca. 1500 245 

ppm of CH4 and 30000 ppm of O2 for CH4 oxidation tests. In all cases, nitrogen was used as 246 

carrier gas. The total absorbance of all the IR active gaseous species (Gram–Schmidt) vented 247 

by the reactor was continuously recorded as a function of time while reaction temperature 248 

was changing. The concentrations of NH3, NO, N2O, NO2, CH4, CO2 and CO were determined 249 

considering the height of the peak of the absorbance lines selected for each species and 250 

applying calibration factors. Further details can be found in Supplementary Material (S.1.). 251 
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3. Results and discussion 252 

3.1 Tin(II)-hydroxyapatite materials 253 

Tin(II)-functionalized hydroxyapatite samples with varied tin loading (SnX/HAP, with 2.5 254 

< X /wt.% < 15) were prepared by flash wet deposition of tin(II) chloride on HAP at different 255 

Sn concentration (2 – 15 mM). Table 1 gathers the experimental Sn loading values as 256 

determined by ICP-OES. The experimental values are in all cases higher than the nominal 257 

ones (as determined by considering the weighed amount of SnCl2∙H2O and the mass of HAP 258 

powder used). This discrepancy can be ascribed to a partial HAP dissolution and consequent 259 

mass loss under the acidic conditions adopted during the Sn-deposition procedure (pH = 2). 260 

Indeed, it is known that HAP can undergo amorphization and/or dissolution in extremely 261 

acidic media (pH < 3) for a long time of contact [47].  262 

Surface composition was explored by X-ray photoelectron spectroscopy (XPS). Fig. 1a 263 

reports an exemplificative XPS survey spectrum obtained for Sn15/HAP sample. The 264 

spectrum displays the typical photopeaks associated with O1s (532 eV), Sn 3d (490 eV), Ca 265 

2p (350 eV), P 2p (133 eV) and C1s (288.5 eV), the latter deriving from carbonate 266 

incorporation onto HAP surface. The tin surface concentration gradually increases as the 267 

bulk Sn concentration rises (Table 1). However, it is noteworthy that HAP surface seems 268 

approaching tin saturation around a maximum value of Sn bulk content of ca. 11.8 at.%. The 269 

values of the surface (Sn+Ca)/P molar ratios are close to the stoichiometric Ca/P molar ratio 270 

of HAP (1.67) for the samples at low Sn loading (Sn2.5/HAP, Sn5/HAP, and Sn7.5/HAP); 271 

this might suggest that the introduction of small amount of Sn on HAP would result in a 272 

partial exchange between Ca(II) and Sn(II) ions at the surface layers. Conversely, further 273 

addition of Sn (Sn loading ≥ 10 wt.%, Sn10/HAP, Sn12.5/HAP, and Sn15/HAP) causes a 274 

significant increase of (Sn+Ca)/P ratio up to a value of ca. 2, which indicates a surface 275 

enrichment of Sn phase covering HAP surface. 276 
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Table 1. Bulk and surface composition of Sn/HAP samples 277 

Sample code 
Sn content 

(wt.%) 

Surface composition (XPS) 

Sn 

(at.%) 

O 

(at.%) 

C 

(at.%) 

Ca 

(at.%) 

P 

(at.%) 
(Sn+Ca)/P 

Sn2.5/HAP 1.81 ± 0.04 1.5 63.4 1.7 20.1 13.3 1.62 

Sn5/HAP 3.41 ± 0.03 1.6 62.8 1.8 20.2 13.5 1.62 

Sn7.5/HAP 7.72 ± 0.07 4.4 63.6 0.7 18.4 12.8 1.77 

Sn10/HAP 13.04 ± 0.08 7.6 62.8 1.1 16.0 12.5 1.88 

Sn12.5/HAP 15.39 ± 0.08 11.5 62.9 1.8 12.6 11.2 2.14 

Sn15/HAP 18.22 ± 0.08 11.8 62.5 1.0 12.6 12.1 2.01 

 278 

Structural and morphological characterization was performed to assess the effect of Sn 279 

deposition on the textural properties of hydroxyapatite. 280 

X-ray diffraction (XRD) patterns of bare HAP, Sn7.5/HAP and Sn15/HAP are shown in 281 

Figure 1, panel b. A comparative view demonstrates that the deposition of Sn onto HAP 282 

surface did not alter the crystalline structure of the HAP. Indeed, in all the reported patterns, 283 

the most intense diffraction peaks at 2θ values of 25.90°, 31.86°, 32.20°, 32.90°, 34.22°, 284 

39.86°, 46.69° and 49.51° are consistent with the (002), (211), (112), (300), (202), (310), 285 

(222) and (213) crystal planes of hydroxyapatite with hexagonal structure (JCPDS: 00-009-286 

0432). Moreover, no additional peaks ascribable to any segregated Sn-containing crystal 287 

phase are detected even at high Sn loading (15 wt.%). 288 

Transmission electron microscopy (TEM) images of bare HAP and Sn2.5/HAP, Sn7.5/HAP 289 

and Sn12.5/HAP samples are reported in Figure 1 (panels c, d, e and f). TEM characterization 290 

demonstrated that the peculiar needle-shaped morphology of synthetic HAP (Figure 1c) was 291 

maintained after the addition of Sn (Figure 1d, 1e and 1f). In all micrographs, agglomerations 292 

of elongated nanorods with sizes ranging between 50 – 200 nm in length and 6-8 nm in 293 

width are present, with no evident difference in particles sizes and shape, apart from a 294 

negligible aggregation for the sample with high Sn content (Sn12.5/HAP in Figure 1f).   295 
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 296 
Figure 1 Morphological and structural characterization of Sn/HAP materials. a) XPS survey spectrum of 297 

Sn15/HAP; b) XRD patterns of bare HAP, Sn7.5/HAP and Sn15/HAP; TEM images of c) bare HAP, d) 298 

Sn2.5/HAP, e) Sn7.5/HAP and f) Sn12.5/HAP. 299 

HAADF-STEM with elemental EDX maps in Figure S.1 show, as expected, the presence of 300 

Ca, P and Sn elements. Interestingly, a homogeneous Sn dispersion was achieved on the 301 

three samples (Sn2.5/HAP, Sn7.5/HAP, Sn12/HAP), with only minor segregation of Sn-302 

phase, which appears as bright zone in Sn7.5/HAP (Fig. S.1b) and Sn12.5/HAP (Fig. S.1c). 303 

The BET specific surface area, average pore diameter and average pore volume were 304 

determined by collecting the N2 adsorption-desorption curves at 77 K (Figure S.2). Bare HAP 305 

sample exhibited a type IV profile according to IUPAC classification, associated with 306 

mesoporous materials. The desorption hysteresis, according to the de Boer’s classification, 307 

is of type H2, typical of disordered materials with a not well-defined distribution of pore size 308 

and shape. The Brunauer-Emmett-Teller (B.E.T.) surface area and porosity values (Table 309 

S.1), confirmed that the prepared HAP is a mesoporous solid, with a specific surface area of 310 

ca. 78 m2∙g-1 and mean pore radius of 5.5 nm. The deposition of tin on HAP up to 7.5 wt.% 311 

did not affect the surface area and pore size, which were found to be ca. 80 m2∙g-1 and 6 nm, 312 

respectively. Conversely, for higher tin content (Sn ≥ 12.5 wt%), a decrease of the surface 313 
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area of ca. 25% was observed (59 m2∙g-1); this could be ascribed to the formation of Sn 314 

aggregates, as suggested by STEM-EDX analysis. 315 

 316 

3.2 Batch reductive adsorption studies 317 

3.2.1. Influence of tin loading and initial Cr(VI) concentration 318 

The effect of tin loading on the Cr(VI) removal capacity was investigated at different Cr(VI) 319 

initial concentration. As reported in the literature, Cr(VI) concentration in non-treated 320 

industrial wastewaters can be estimated to be in the range between 0.1 and 200 ppm, 321 

depending on the specific industrial source. Hence, in this study Cr(VI) aqueous solutions 322 

with initial concentrations ranging from 50 to 120 ppm were prepared from K2Cr2O7. The 323 

prepared bichromate solutions were then contacted with Sn/HAP samples with different tin 324 

content to evaluate the performance of the samples. The values of pH (ca. 2), dosage (4.5 g 325 

L-1), temperature (313 K) and contact time (4 h) did not change within this series of 326 

experiments. Figure 2 compares Cr(VI) removal capacity values (expressed as mgCr g-1) of 327 

Sn/HAP materials for variable initial Cr(VI) concentrations. 328 

 329 

Figure 2. Results of Cr(VI) reduction-immobilization; effect of tin loading and initial Cr(VI) concentration. 330 

Operating conditions: pH = 2, dosage = 4.5 g L-1, T = 313 K, t = 4 h 331 



 17 

The Cr removal capacity was stable around constant values of approximatively 5 and 11 332 

mgCr∙g-1, respectively, for the samples with low Sn loading (Sn2.5/HAP and Sn5/HAP), 333 

independently on the initial Cr(VI) concentration. Considering the ratio between the molar 334 

amount of Sn present on these samples and the corresponding moles of Cr immobilized after 335 

the tests, values close to 1.5 are obtained. This value reflects the reaction stoichiometry of 336 

the redox reaction between Sn(II) and Cr(VI) described in equation 3:  337 

3 Sn2+ + Cr2O7
2− + 14 H+ → 3 Sn4+ + 2 Cr3+ + 7 H2O            E0

cell = +1.18 V                        (3) 338 

∆𝐺0 = −𝑧𝐹𝐸0
𝑐𝑒𝑙𝑙 = −683.12 𝑘𝐽 𝑚𝑜𝑙−1 339 

Indeed, according to equation 3, 1.5 moles of tin are required per mole of hexavalent 340 

chromium to be reduced. It is then reasonable to suppose that in Sn2.5/HAP and Sn5/HAP 341 

samples almost all Sn is exposed at the surface and accessible for Cr(VI) reduction reaction 342 

which proceeds to the extent that there is still Sn available to react.  343 

Increasing tin loading, the effect of the initial Cr(VI) concentration becomes evident. As a 344 

general trend, on all samples, the Cr(VI) removal capacity increased gradually with 345 

increasing Cr(VI) initial concentration up to reaching a ceiling value, which was greater the 346 

higher the Sn loading was in the sample up to Sn12.5/HAP sample. On the latter a maximum 347 

total Cr removal of ca. 20 mgCr g-1 was attained. Further increase in tin loading (Sn15/HAP) 348 

did not produce any enhancement in the Cr(VI) removal capacity. The removal efficiency 349 

seems to be limited by the capacity of HAP in highly dispersing the deposited Sn(II)-phase. 350 

Indeed, increasing Sn loading, a partial aggregation may occur and only a fraction of tin is 351 

exposed at the surface available to react with Cr(VI).   352 

In agreement with the observed results, plotting the Cr(VI) removal capacity as a function 353 

of surface tin concentration a linear trend was obtained on the samples with Sn loading 354 

higher than 2.5wt.% (Fig.3), thus confirming that tin dispersion at the surface of HAP is a 355 

key-parameter which directs the performance of the Sn/HAP samples. 356 



 18 

 357 
Figure 3. Relationship between the maximum Cr(VI) removal capacity and the surface concentration of tin 358 

in Sn/HAP materials. 359 

On Sn12.5/HAP sample, a sort of reaction isotherm was collected at 313K plotting the 360 

equilibrium Cr removal capacity (qe, mgCr g-1) as a function of Cr(VI) residual concentration 361 

at equilibrium (Figure S.3). A sharp inflection was observed in the isotherm at very low 362 

values of equilibrium concentration, then a ceiling value was asymptotically approached, 363 

indicating the saturation of the surface with the Cr(VI) species. This isotherm profile was 364 

well fitted by the Langmuir model equation and a maximum removal capacity of 20.2 ± 0.6 365 

mgCr g-1 was derived. This value corresponds to twice the previously reported value (10 mgCr 366 

g-1) for Sn/HAP materials prepared by depositing SnCl2 on a commercial hydroxyapatite 367 

(with low surface area) and tested under the same conditions [49]. A similar removal 368 

capacity was obtained by Asimakidou et al. using tin oxyhydroxide-decorated biochar with 369 

20wt.% in tin phase [37]. These results confirm the important role of hydroxyapatite support 370 

in dispersing the tin phase. 371 

 372 
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3.2.2.  Effect of pH and counter-cations 373 

The effect of pH on Cr(VI) reductive adsorption from aqueous solution by Sn/HAP samples 374 

is shown in Fig. 4a, where the adsorption capacity as a function of tin loading is plotted for 375 

experiments carried out at pH = 2, 6, and 9.  376 

 377 
Figure 4. a) Effect of pH and b) effect of Cr(VI) precursor for the reductive adsorption of Cr(VI) on different 378 

Sn(II) loaded HAP samples . Experimental conditions: [Cr(VI)]° = 100 ppm, dosage = 4.5 g L-1, T = 313 K, t = 379 

4 h 380 

Tests performed at pH 2 and 6 showed no significant differences in terms of Sn/HAP 381 

performance. This result is of paramount importance from an applicative point of view, since 382 

a pH value of 6 is very close to the natural pH imposed by HAP in solution. Thus, it seems 383 

that the intrinsic amphoteric character of HAP surface could be enough to ensure an 384 

effective Cr(VI) reduction, thus making unnecessary the use of acidic conditions, which can 385 

be deleterious for the stability of HAP at long contact time.  386 

Interestingly, an increase of ca. 25% in Cr(VI) removal capacity was observed at pH 9 in 387 

experiments with Sn/HAP samples with tin loading higher than 7.5 wt%. This evidence finds 388 

adequate support in prior knowledge on homogenous Cr(VI) reduction by inorganic salts. 389 

Indeed, it is known that the redox potentials are affected by pH and in the case of 390 

Cr(VI)/Cr(III) and Sn(IV)/Sn(II), the standard potential values at basic pH are − 0.12 V and 391 
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− 0.96 V, respectively [36]. Thus, tin(II) species can act as strong reducing species towards 392 

Cr(VI) even at pH = 9. In addition, looking at the Cr-speciation diagrams, at basic pH values, 393 

Sn(II) is prevalently present as hydroxylated [Sn(OH)2] and [Sn(OH)]+ species, which are 394 

proposed to facilitate electron transfer, thanks to the presence of electron-donating OH- 395 

ligands [59]. In the case of Sn/HAP materials, at basic pH such hydroxylated species might 396 

be formed at the interface, thus promoting Cr(VI) reduction. Furthermore, these species 397 

might be leached from the HAP surface, thus causing the reduction to occur in homogeneous 398 

phase.  399 

The effect of the Cr(VI) precursor, and specifically of the counter-cation (Na+, K+ or H+), was 400 

investigated by preparing and testing three different solutions, with equal Cr(VI) 401 

concentration of ca. 100 ppm, starting from three different chromium(VI) sources: K2Cr2O7, 402 

Na2Cr2O7  and CrO3 (the latter generating chromic acid, HCrO4, once dissolved in water). 403 

The counter-cations could influence the Cr(VI) removal performances, by modifying the 404 

electric properties of the interface or by competing with Cr(III) cations for the adsorption 405 

onto HAP surface. 406 

However, the results shown in Fig. 4b demonstrate that the reductive adsorption capacity of 407 

Sn/HAP materials are not affected by the nature of the counter-cation. 408 

3.2.3 Effect of dosage and ageing 409 

The effect of Sn/HAP dosage on the removal of Cr(VI) from aqueous solution at 410 

concentration of ca. 100 ppm is shown in Fig. 5. Sn7.5/HAP was selected as representative 411 

sample of the Sn/HAP series. As expected, the removal efficiency raised under an increasing 412 

dosage. 413 

The removal efficiency decreased from 60.8% to 13.2% and 9.4% with a decrease in dosage 414 

from 4.5 g L-1 to 1 and 0.5 g L-1 respectively, as a consequence of the reduced availability of 415 

sites for Cr(VI) reduction and Cr(III) adsorption. An enhancement in the removal efficiency 416 
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was observed when Sn/HAP dosage increased from 4.5 to 9 g L-1. Indeed, an adsorbent 417 

dosage of 9 g L-1 assured the complete removal of 100 ppm of Cr(VI) with an efficiency >99%. 418 

 419 

Figure 5. Effect of dosage in the reductive adsorption of Cr(VI). Experimental conditions: [Cr(VI)]° = 100 420 

ppm, pH = 2, T = 313 K, and t= 4 h. 421 

The effect of ageing time was explored on Sn12.5/HAP sample. The material was prepared 422 

and then tested after different ageing times. During the ageing, the material was kept sealed 423 

in a plastic container under a static air atmosphere and protected from light.  The results of 424 

the Cr(VI) removal tests are represented in Figure S.4. 425 

From Figure S.4 it could be observed that the reductive adsorption capacity of Sn12.5/HAP 426 

decreased with time following a non-linear trend. A steep decrease of the performance was 427 

observed after the first 3 weeks, when the Cr(VI) removal efficiency dropped from an initial 428 

85% to 58%, corresponding to a decrease of ca. 30%, whereas only a moderate decrease was 429 

observed after 85 days, with an overall 50% loss of activity. 430 

3.2.4. Kinetics and thermodynamics insights 431 

The kinetics of the Cr(VI) reductive adsorption process on Sn/HAP materials was studied 432 

selecting Sn7.5/HAP as representative sample. Residual Cr(VI) concentration versus time 433 

(Fig. 6a) and Cr uptake versus time (Fig. 6b) curves were collected, upon contacting 434 
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Sn7.5/HAP with a 100 ppm Cr(VI) solution at pH 2 and 313 K.  Experimental profiles 435 

showed that Cr(VI) concentration exponentially decreased with a rapid drop within the first 436 

200-300 min. 437 

  438 

Figure 6. Kinetic profiles of Sn7.5/HAP at 313 K, in terms of a) Cr(VI) concentration and b) Cr uptake (right) 439 

as a function of time. 440 

The kinetics curves of Cr(VI) reductive adsorption was analysed using three empirical 441 

models: pseudo-first order (PFO), pseudo-second order (PSO) and Elovich models (Table 442 

S.2) [60]. The kinetic parameters were calculated for the three kinetic models, by linear least 443 

square method, starting from the integrated linearized equations. The rate constants along 444 

with the relative regression coefficients are reported in Table 2 (the linear regression curves 445 

are reported in Fig. S.5).  446 

Table 2. Kinetic parameters obtained for the Cr(VI) reductive adsorption on Sn7.5/HAP sample 447 

PFO  model  PSO model  Elovich 

k1 
(1/min) 

qe, cal b 
(mg/g) 

R2  
k2 

(g/mg min) 
qe, cal b 

(mg/g) 
R2  

a 
(mg/g min) 

b 
(g/mg) 

R2 

5.5∙10−3± 
0.1∙10−3 

6.9 0.889  
1.7∙10−2± 

7∙10−3 
11.2±0.4 0.996  107.9±1.2 0.86±0.04 0.968 

a Cr(VI) adsorption capacity at equilibrium obtained with PFO and PSO model by fitting the experimental data.  448 
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From the results obtained, it can be concluded that the time-dependency of Cr(VI) reductive 449 

adsorption is well described by the pseudo-second-order model with a calculated rate 450 

constant of 1.7∙10−2 g∙mg−1∙min−1. 451 

On Sn7.5/HAP sample, the kinetic tests were carried at different temperatures (278, 288, 452 

298, 308 and 318 K) by using 100 ppm Cr(VI) solutions at pH 2 and dosage 4.5 g L-1,  453 

The apparent rate constant values at 278, 288, 298, 308 and 318 K, respectively, are 454 

gathered in Table S.3. The reaction rate shows a clear exponentially increasing trend of the 455 

reaction rate with temperature (Fig. S.6a). The plot of the logarithm of the apparent rate 456 

constants (lnkobs) versus the inverse temperature (1/T) gives a negatively-sloped straight line 457 

(Fig. S.6b), which was linearly fitted to extrapolate the pre-exponential factor (A) and the 458 

activation energy (Ea) values (Table S.3). Usually small activation energy values (< ca. 4 kJ 459 

mol-1) are associated with physical adsorption involving weak interaction forces between 460 

adsorbate and adsorbent. In this case, the obtained activation energy value (21.3±0.6 kJ mol-461 

1) is significantly higher than that expected for physisorption, indicating that the Cr(VI) 462 

removal process is not a mere adsorption and thus confirming the reductive adsorption 463 

mechanism. 464 

The reductive adsorption of Cr(VI) onto Sn/HAP can be considered as an equilibrium 465 

process described by the following equation: 466 

Cr(VI)(aq) + Sn(II)(HAPsurf) ⇌ Cr(III) (HAPsurf)  + Sn(IV) (HAPsurf)                     (4) 467 

A thermodynamic equilibrium constant can be defined as the ratio between the equilibrium 468 

Cr(VI) amount onto Sn/HAP (qeq) and the residual concentration of Cr(VI) in solution at 469 

equilibrium (Ceq). 470 

𝐾 =  
𝑞𝑒𝑞

𝐶𝑒𝑞
                                                                             (5) 471 
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The temperature is expected to influence the equilibrium and the thermodynamics of the 472 

process. To investigate such an effect, the main thermodynamic parameters, i.e. standard 473 

Gibbs free energy change (ΔG°), standard enthalpy change (ΔH°) and standard entropy 474 

change (ΔS°) were computed from the variation of the thermodynamic equilibrium 475 

constant, KT, with temperatures. At each temperature, the standard free energy change was 476 

determined according to Eq. (6).  477 

∆𝐺° = − 𝑅𝑇 𝑙𝑛𝐾                                                                     (6) 478 

where R (8.314 J mol-1 K-1) is the universal gas constant, T (K) is the temperature, and K is 479 

the equilibrium constant.  480 

The values of ΔH° and ΔS° were obtained from the slope and intercept, respectively, of the 481 

van’t Hoff plot (lnK versus 1/T), as shown in Figure S.7. The obtained thermodynamic data 482 

are gathered in Table 3. The negative Gibbs free energy change values validated the 483 

feasibility and spontaneity of the process. The reductive adsorption resulted to be an 484 

endothermic process with a positive enthalpy change value (H°=+11.8 kJ mol-1). The 485 

positive value of entropy change (+85.1 J mol-1 K-1) could be ascribed to an increased 486 

randomness and structural rearrangements at the solid–aqueous solution interface during 487 

the process. 488 

Table 3. Thermodynamic data for reductive adsorption of Cr(VI) at pH 2. 489 

Sample Code 
Temperature 

(K) 

ΔG°  

(kJ mol-1) 

ΔH°  

(kJ mol-1) 

ΔS°  

(J mol-1K-1) 

Sn7.5/HAP 

278 ± 0.1 -12.0   

288 ± 0.1 -12.6   

298 ± 0.1 -13.5 +11.8 ±0.1 +94.8 ±0.9  

308 ± 0.1 -14.3   

318 ± 0.1 -15.5   
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3.2.5. Regeneration and characterization of used adsorbents 490 

Adsorbent reusability studies were carried out to investigate the potential of the re-use of 491 

used Sn/HAP without any regenerative treatment for successive Cr(VI) removal tests. The 492 

Cr(VI) removal efficiency dramatically decreased during successive cycles of Sn7.5/HAP. 493 

Indeed, compared to the first removal capacity (10.8 ± 0.1 mg/g), the regenerated capacity 494 

in the second and third cycles (0.8 ± 0.2 mg/g) decreased by more than 95%. To regenerate 495 

the used Sn+Cr/HAP material in Cr(VI) reductive adsorption process, the liquid phase 496 

reduction with hydroxylamine hydrochloride and the gas phase reduction under hydrogen 497 

atmosphere were attempted. Unfortunately, both the regeneration methods were not able to 498 

restore even partially the pristine Sn/HAP activity (Fig. S.8).  499 

To deeply investigate the causes of such a lack in the regeneration of used Sn+Cr/HAP 500 

materials, targeted characterization was carried out on the recovered reductive adsorbents 501 

after use. 502 

The results of N2 adsorption/desorption analysis on Sn7.5+Cr/HAP, listed in Table S.1, 503 

showed that the surface area and porosity (78 m2 g-1) were not affected by Cr(VI) reductive 504 

adsorption test at pH 2 and 313 K, highlighting the great stability of the HAP structure.  505 

According to ICP analysis the tin loading was not altered after the use, confirming the stable 506 

anchoring of the Sn phase onto HAP (Table 4).  507 

However, based on STEM-EDX (Fig. 7a) and XPS characterization, Cr(III) species might be 508 

supposed to be adsorbed onto HAP in close proximity of the Sn centres, thus partially 509 

covering them and then hindering their accessibility to the reducing agents. 510 

Indeed, HAADF-STEM and EDX analyses on used Sn7.5/HAP sample in Cr(VI) reduction-511 

adsorption processes (Sn7.5+Cr/HAP) confirmed that the pristine needle-shape 512 

morphology was retained, without significant size variations (Figure S.9). EDX analyses of 513 

the Sn7.5+Cr/HAP sample showed that the Sn aggregation was well maintained after use in 514 

Cr removal process (Fig. 7a). Interestingly also chromium is highly dispersed on Sn/HAP 515 
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surface, suggesting that Cr(III) species formed by reduction of Cr(VI) are immediately 516 

adsorbed and stably anchored at the surface of Sn/HAP materials.  517 

Actually, XPS analysis (Table 4) revealed the presence of Cr in the surface layers. A slight 518 

decrease in the surface concentration of Sn from 4.4 to 2.8 was observed after use, likely due 519 

to the deposition of an outer layer of Cr, partially shielding the Sn phase. High resolution Cr 520 

2p spectrum (Fig. 7c), showed the 2p1/2 and 2p3/2 doublet pair at 587.3 and 577.7 eV with a 521 

peak separation of 9.6 eV typical of the Cr(III) oxidation state. The absence of components 522 

ascribable to chromium in Cr(VI) oxidation state on the surface of spent Sn7.5/HAP 523 

corroborated the successful occurrence of reductive adsorption process. 524 

Table 4 Surface composition of used Sn7.5+Cr/HAP sample before and after calcination 525 

Sample code 
Sn content 

(wt.%) 

Surface composition (XPS) 

Sn 
(at.%) 

Cr 
(at.%) 

O 
(at.%) 

C 
(at.%) 

Ca 
(at.%) 

P 
(at.%) 

(Sn+Ca)/P 

Sn7.5+Cr/HAP 

7.69 ± 0.04 

2.8 1.1 62.9 1.1 18.4 13.6 1.55 

Sn7.5+Cr/HAP 

calcined 
2.9 1.4 63.3 1.5 17.5 13.4 1.52 

 526 
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 527 

Figure 7. EDX compositional mapping analysis for Sn7.5+Cr/HAP a) before and b) after calcination (P is in 528 

blue, Ca in violet and Sn in orange) and HR Cr 2p spectra for Sn7.5+Cr/HAP c) before and d) after calcination. 529 

 530 

 531 

 532 

 533 

 534 

 535 

 536 
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3.3 Upcycling of used SnCr/HAP into environmental catalysts 537 

The unsuccessful regeneration of the spent Sn+Cr/HAP materials poses a challenge since 538 

the disposal of the used adsorbents may produce secondary pollution and imply 539 

unsustainable costs.  Therefore, the reuse of already used Sn+Cr/HAP adsorbents as 540 

catalysts has been here examined in the context of resource recovery and circular economy. 541 

In fact, both Sn- and Cr-containing phases are known to be highly active in acid and redox 542 

catalysis [62–64]. They have found successful application as active phases or modifiers in 543 

environmental catalysts for NOx abatement[65–70]. Hydroxyapatite, as well, is attracting 544 

ever more attentions as ecofriendly and low-cost support for catalytic applications in several 545 

processes for air pollution mitigation (e.g. NOx abatement, NH3 selective oxidation, N2O 546 

decomposition, CO2 reduction reaction) [56,57,71,72]. Based on these premises, used 547 

Sn7.5+Cr/HAP sample was at first tested as catalysts in the selective catalytic reduction of 548 

NOx by NH3 (NH3-SCR). This process is usually carried out at high temperatures, thus the 549 

recovered Sn7.5+Cr/HAP material was preliminarily stabilized by calcination at 773 K in air. 550 

This thermal treatment did not lead any significant change in the morphology and surface 551 

composition of the material, as proved by surface area measurements (Table S.1), STEM-552 

EDX (Fig. 7b) and XPS analyses (Table 4).  Interestingly, no Cr(VI) formation from Cr(III) 553 

oxidation at the surface was observed according to Cr 2p XP spectrum, despite the severe 554 

conditions adopted in the calcination step (Fig. 7c). The absence of Cr(VI) species is vital for 555 

a safe management of the calcined materials, considering the toxicity of Cr(VI). 556 

3.3.1. Selective catalytic reduction of NOx by NH3 (NH3-SCR) 557 

The selective catalytic reduction of NOx by NH3 (NH3-SCR) represents one of the most 558 

effective solutions for the abatement of NOx emitted from both mobile and stationary 559 

sources. The process consists in the selective reduction of NOx to N2 by ammonia as reducing 560 
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agent and in the presence of a catalyst. The standard NH3-SCR is described by the following 561 

reaction: 562 

4 NH3 + 4 NO + O2  →  4 N2 + 6 H2 O                           (7) 563 

In oxygen-rich mixtures and at high temperatures (> 600 K) parasite NH3 oxidation by 564 

oxygen depresses the selectivity of the process and led to an undesired formation of NOx and 565 

N2O.  566 

The catalytic behaviour of Sn7.5+Cr/HAP was studied in the NH3-SCR reaction in the 567 

temperature range between 393 and 773 K, at fixed gas hourly space velocity (GHSV) of ca. 568 

40000 h−1 and with NH3 and NO initial concentrations of ca. 500 ppm each.  As reported in 569 

Figure S.10 which plots the conversion and selectivity profiles of fed and formed species, 570 

respectively, as a function of the temperature, Sn7.5+Cr/HAP samples was able to convert 571 

NO starting from 523 K and attained a maximum NO conversion value of ca. 50% at 623 K. 572 

The performance of Sn7.5+Cr/HAP matches that of a physical mixture of tin dioxide, 573 

manganese oxide and beta zeolite in NOx reduction by propane, as reported by Corma et al. 574 

[66], although a direct comparison is far from trivial. Concerning the selectivity, a quite low 575 

selectivity to N2 was observed throughout the investigated temperature range over 576 

Sn7.5+Cr/HAP, due to the formation of large quantities of N2O. Low selectivity to N2 and 577 

preferential formation of N2O were observed also by Shi et al. over Sn modified Cr-MnOx 578 

catalysts [70].  579 

These results evidenced the prominent oxidizing capacity of Sn- and Cr-containing 580 

hydroxyapatites and encouraged to test the catalytic performance of the Sn7.5+Cr/HAP in 581 

two catalytic oxidation processes of environmental relevance, i.e. the the selective catalytic 582 

oxidation of NH3 (NH3-SCO) and the selective catalytic oxidation of methane to CO2 583 

 584 

 585 
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3.3.2. Selective catalytic oxidation of NH3 (NH3-SCO) 586 

Selective catalytic oxidation (SCO) is considered as one of the most effective technology to 587 

face ammonia slipping problem in oxygen-containing gaseous effluents [73]. In the NH3-588 

SCO ammonia is converted into N2, according to the following reaction: 589 

4NH3 + 3O2 → 2N2 + 6H2O  (8) 

An effective catalyst should be able to selectively convert NH3, present at extremely low 590 

concentration, into N2, preventing further oxidation to the undesired NOx and N2O. 591 

NH3-SCO tests were performed with Sn7.5+Cr/HAP with the aim of investigating their 592 

catalytic activity in the temperature range between 393 and 773 K (see Experimental 593 

section).  594 

 The results indicate that efficient NH3 conversion can be achieved over Sn7.5+Cr/HAP, with 595 

catalytic activity starting at 473 K and reaching 90% conversion at 673 K (Figure S.10) in 596 

line with conventional metal-doped zeolite catalysts [73]. However, the selectivity to N2 was 597 

quite low and it maintained around a constant value of 30% in the 523 – 673 K range, where 598 

N2O formation was favored. Above 673 K, the selectivity to N2O decreased, and a 599 

significative formation of NO was observed.  These outcomes confirmed the pronounced 600 

oxidizing ability of Sn7.5+Cr/HAP surface.  601 

3.3.3. Selective catalytic oxidation of CH4  602 

Methane (CH4), the main component of natural gas, is known to be a greenhouse gas with 603 

warming effect about 25 times that of CO2. The direct oxidation to CO2 and water represents 604 

the most common after-treatment technology for the abatement of unconverted methane 605 

vented from the power plant, vehicle and chemical industries using natural gas as energy 606 

source. Due to the extremely high thermodynamic stability of CH4, high temperatures are 607 

required for the direct combustion of methane, leading to the formation of toxic secondary 608 

products (e.g. NOx). The use of a catalyst has a beneficial effect on the process, allowing to 609 
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operate at low temperatures. The catalytic activity of Sn7.5+Cr/HAP in methane oxidation 610 

was investigated in the temperature interval between 573 and 1033 K, at a fixed GHSV of ca. 611 

60000 h−1 and with an initial CH4 concentration of ca. 1500 ppm and an excess of O2 (ca. 612 

30000 ppm). The catalyst was inactive in methane oxidation below 723 K, then CH4 613 

conversion gradually increased up to ca. 30% at 1023 K. The attained methane conversion, 614 

while still not high, is a remarkable result, if related to the small amount of Sn and Cr present 615 

in the catalyst (7.5wt.% and 1.5wt.%, respectively). Actually, the specific activity at 650°C 616 

(calculated as ppm of converted methane per unit of time and mass of chromium) has a value 617 

of 1.69 ▪ 10-5 ppm min-1 gCr-1, which is slightly higher than that reported in the literature for 618 

supported copper chromite with Cr content of 7.7wt.% (1.25 ▪ 10-5 ppm min-1 gCr-1)[74]. 619 

Concerning the selectivity, in the whole range of temperature only CO2 and H2O were 620 

detected as products (Figure 8). 621 

 622 
Figure 8. FTIR spectra recorded during methane oxidation over Sn7.5+Cr/HAP catalyst 623 
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Although noble metal catalysts (Pd, Pt) are able to activate C–H bond and to completely 624 

convert methane at significantly lower temperatures than Sn7.5+Cr/HAP, their use is 625 

definitely less advantageous from an economic point of view.  It should be also noted that 626 

CH4 molecule is more stable than other hydrocarbons and organic substrates, thus the 627 

obtained results are particularly promising in the light of a possible application of the used 628 

adsorbents in the catalytic abatement of other organic air-contaminants, such as volatile 629 

organic compounds. 630 

Conclusions 631 

In conclusion, Sn-modified hydroxyapatite (Sn/HAP) materials with improved tin 632 

dispersion and promising performance in the reductive adsorption of Cr(VI) have been 633 

successfully prepared. The Cr(VI) removal efficiency of Sn/HAP materials was mainly 634 

governed by the surface Sn concentration. Indeed, Sn/HAP materials (Sn12.5/HAP and 635 

Sn15/HAP) with the highest Sn surface concentration exhibited the best performance. The 636 

removal capacity of Sn12.5/HAP for Cr(VI) at temperature of 313 K was ca. 20 mgCr/g, which 637 

was 2 time-fold higher than that of other Sn-based reductive adsorbents already presented 638 

in the literature. The removal of Cr(VI) by reductive adsorption mechanism was 639 

spontaneous in nature and took place with a fast kinetics well described by pseudo-second 640 

order model. Characterization using XPS and HAADF-STEM-EDX showed that Cr was 641 

highly dispersed as Cr(III) onto the surface of Sn/HAP materials after their utilization to 642 

remove Cr(VI), confirming that the Cr(VI) removal consisted in a reduction process 643 

accompanied by adsorption of formed Cr(III). The presence of Cr(III) phase in the surface 644 

layers partially hindered the accessibility of Sn centers, making difficult the regeneration by 645 

reductive agents for the reuse of used adsorbents. An “adsorbent-to-catalyst” upcycling 646 

approach was then used in this study. The used adsorbents were tested as catalysts in 647 

selected environmental reactions for air-contaminant abatement. The upcycled adsorbents 648 

demonstrated to possess a marked oxidizing capacity that could be exploited in selective 649 
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total oxidation processes, such as VOC combustion. If properly optimized and improved, 650 

this strategy could assure simultaneous mitigation of both water and air pollution and have 651 

great potential for practical implementation, resulting in in cost-effectiveness, sustainable 652 

waste management and resource recovery. 653 
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