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Abstract

:

Recent discoveries have demonstrated that the surfaces of Mars, Ceres and other celestial bodies, as well as asteroids and comets, are characterized by the presence of ammonium-bearing minerals. A careful study of remote data compared with the analyses of more accurate laboratory data might allow a better remote characterization of planetary bodies. In this paper, the reflectance spectra of some ammoniated hydrous and anhydrous salts, namely sal-ammoniac NH4Cl, larderellite (NH4)B5O7(OH)2·H2O, mascagnite (NH4)SO4, struvite (NH4)MgPO4·6H2O and tschermigite (NH4)Al(SO4)2·12H2O, were collected at 293 and at 193 K. The aim is to detect how the NH4 vibrational features are affected by the chemical and structural environment. All samples were recovered after cooling cycles and were characterized by X-ray powder diffraction. Reflectance spectra of the studied minerals show absorption features around 1.3, 1.6, 2.06, 2.14, 3.23, 5.8 and 7.27 μm, related to the ammonium group. Between them, the 2ν3 at ~1.56 μm and the ν3 + ν4 at ~2.13 μm are the most affected modes by crystal structure type, with their position being strictly related to both anionic group and the strength of the hydrogen bonds. The reflectance spectra of water-rich samples [struvite (NH4)MgPO4·6(H2O) and tschermigite (NH4)Al(SO4)2·12(H2O)] show only H2O fundamental absorption features in the area from 2 to 2.8 μm and a band from hygroscopic water at 3 μm. Thermal analyses (TA), thermal gravimetry (TG) and differential scanning calorimetry (DSC) allowed to evaluate the dehydration temperatures and the occurring phase transitions and decompositions in the analyzed samples. In almost all samples, endothermic peaks at distinct temperatures were registered associated to loss of water molecules, differently linked to the structures. Moreover, an endothermic peak at 465 K in sal-ammoniac was associated to the phase transition from CsCl to NaCl structure type.
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1. Introduction


Nitrogen is an important element for life as a component of all proteins and it can be found in all living systems, even if the presence of NH4+ is not sufficiently indicative of biological activity, and it could be formed through hydrothermal process [1].



To understand early solar system processes, it should be important to detect ammonium inside primordial bodies as well as to differentiate the various NH4+-bearing components.



On the Ceres’s surface, ammoniated bearing minerals have been discovered by King et al. [2] from telescopic observation in the spectral range from 2.8 to 3.4 μm. Recently, studies [3] confirmed the presence of ammonium phyllosilicate materials using the visible and infrared (VIR)spectrometer on the Dawn mission [4]. De Sanctis et al. [5] reports that the bright spots on the Ceres surface (Occator Crater) are the best areas to find and identify ammonium minerals due to the strong bands at 2.2 μm. The most significant spectral absorption features at ~2.72 and 3.06 μm are respectively related to the presence of Mg-OH-bearing materials and NH4-bearing minerals [3].



Quinn et al. [6] report detection of ammonium in soil at the Phoenix landing site on Mars. Moreover, analyzing the spectra of interior layered deposits in Iani Chaos, Mars, the absorption features at ~1.07, 1.31 and 1.57 μm were related to ammonium-bearing minerals [7]. The presence of nitrogen compound has been proposed by Owen et al. [8] and Poch et al. [9] in comets and by Stoks and Schwartz. [10] in meteorites. Data collected by New Horizon LORRI and Ralph emphasized the presence of ammonia on Charon, one of Pluto’s satellites, and in particular, ammonium chloride, ammonium nitrate and ammonium carbonate have been claimed as the best candidates [11]. Recently, studies [12,13] modeled the surface composition of Nix, Hydra and Kerberos, Pluto’s other moons, using ammoniated salts as end members: NH4Cl, NH4NO3 and (NH4)2CO3. On Pluto’s surface, ammonia (NH3) was identified through the absorption bands at 1.65 and 2.2 μm [14].



Ammonia is a fundamental anti-freezing water element, lowering the crystallization temperature of water [15]. Several studies on Jovian’s moons [16,17] suggested the presence of oceans underneath the crust, and a composition such as water + ammonia could be corroborated with maintained the presence of liquid water in those conditions of pressure and temperature. Cryovolcanism activity on these bodies [18] can give rise to the interaction of water-ammonia with the surface. The interaction of ammonia-water with the non-ice elements on the planet’s surface, that can generate minerals similar to those found on Earth by cryovolcanism activity, was hypothesized in Triton, the largest of Neptune’s moons [19].



On Earth, ammonium minerals are found on fumarole areas [20] and in hydrothermal systems [1]. Elevated concentrations of nitrogen have been discovered in metamorphic, igneous and, especially, in sedimentary and metasedimentary rocks [21].



Ammonium-bearing minerals are of significant interest as hydrogen bonds can affect the NH4+ absorption features and the configuration of hydrogen bonds, N–H…X, in ammoniated-salts (e.g., NH4Cl, NH4Br) can be quite different [22]. The N–H frequencies are near 3300 cm−1 and the ν4(NH4+) vibrational mode is the best candidate to evaluate the strength of the hydrogen bonds [23]. The establishment of hydrogen bonds bring about two frequencies shifts: on one hand, the shift of stretching modes that are moved to lower frequencies, and on the other hand, the bending modes are shifted to higher frequencies [24]. Ammoniated salts begin to decompose at 373 K, related to the initial loss of structural water, and at approximately 573 K, the NH4+ in hydrated ammoniated salts is completely degraded. Ammoniated salts can undergo phase transitions at different pressures and temperatures [25,26].



In this study, the reflectance spectra of some NH4-bearing minerals were collected. The analyzed minerals were chosen in order to both improve the database with missing data and enlarge the investigated spectral range, with respect to the literature [27,28,29,30]. In particular, ammoniated sulfate, phosphate, aluminate and borate were chosen to determine the influence of different anionic groups and the amounts of water on the ammonium vibrational modes. In addition, the minor ammonium salts examined (larderellite and struvite) contain phosphorus and boron, which are key elements in biological activity. In fact, phosphorus is part of the biogenic elements and is essential for life as we know it. The presence of phosphates has been hypothesized on the surface of frozen bodies, e.g., Titan, in close relation to the presence of ammonia [31]. Borate anions (BO4−) may also be necessary for the origin of life [32] and were detected on Mars’ surface [33]. Moreover, icy objects, subjected to cosmic radiation for a billion years, would contain boron and other cosmogenic elements, the detection of which seems to be the most hopeful way to restrict the age of superficial deposits on the frozen world [34].



The selected natural ammoniated bearing minerals were analyzed using reflectance spectroscopy in the long-wave ultraviolet (UV), visible, near-infrared (NIR) and mid-infrared (MIR) regions (~1–16 μm) at 298 and 198 K. In addition, thermogravimetric analysis (TG) and differential scanning calorimetry (DSC) were performed to evaluate the amount of water/ammonium loss and the potential phase transitions occurring in the investigated temperature range. X-ray diffraction analyses were performed on the samples before and after the thermal treatments to study the evolution of their crystal structure.



The collected accurate laboratory data, compared with the available remote sensing data, should allow to better evaluate the possible presence of ammoniated salts, and to define their composition, on the surface of planetary bodies.



1.1. NH4+ Vibrational Modes


The NH4+ group has four fundamental vibrational modes: ν1 symmetric stretch at ~3.3 μm (3030 cm−1), ν2 in-plane bend at ~5.8 μm (1724 cm−1), ν3 asymmetric stretch at ~3.2 μm (3125 cm−1) and ν4 out-of-plane bend at ~7.1 μm (1408 cm−1). The first two vibrational modes are Raman-active, the latter two are Raman- and infrared-active [25,35]. In the NIR region, as the combinations ν1 + ν4, ν1 + ν3 and ν2 + ν3 are infrared-active, the characteristic absorption features due to a combination of fundamental vibrational modes are present [36]. Absorption features near 2 μm (5000 cm−1) can be assigned to ν2 + ν3 and ν1 + ν4 vibrational modes; whereas, ν1 + ν3 absorption bands are found in the spectral range near 1.5 μm (6666 cm−1) [27]. Following Berg et al. [29], we assign the absorption bands between 3 and 4 μm to overtone and a combination of NH4 modes; in particular, bands at ~3.23–3.33 μm (3000–3095 cm−1) are assigned to the ν2 + ν4 mode, and at ~3.57 μm (2800 cm−1), to 2ν4 modes. In addition, overtone and combinations of fundamental vibrational NH4+ modes are located at ~1.05, 1.3, 1.56, 2.02 and 2.12 μm. NH4+-associated absorption bands in longer wavelengths are at ~4.2, 5.7 and 7.0 μm [28]. Busignhy et al. [37] show how the band intensity at ~7 μm (ν4) can be related to NH4 quantity content in transmittance spectra.




1.2. SO42−, PO43− and BO33−–BO45− Vibrational Modes


The SO42− group presents four vibrational modes: symmetric stretch (ν1), symmetric bend (ν2), asymmetric stretch (ν3) and asymmetric bend (ν4) [38]. These absorption modes generally occur in different sulfates at 9.6–10.4 μm ν1 (961–1041cm−1), at 19–24 μm ν2 (416–526 cm−1), at 7.8–10.4 μm ν3 (961–1282 cm−1) and at 13–18 μm ν4 (769–555 cm−1) [38]. Combinations and overtones of these modes are most prominent in the 4–5 μm (2000–2500 cm−1) region [39]. In the ν3 stretching region (7.8–10.4 μm), all the sulfate spectra exhibit at least two absorption bands. The ν3-SO4 overtone and combination bands are located between 4 and 5 μm. In this region, the absorption features are attributed to the first overtone in combination with the ν3 absorption in the 7.8–10.4 μm range.



PO43− has four fundamental vibrational modes: ν1 stretching modes at ~10 μm (980 cm−1), ν2 bending modes at ~27 μm (358 cm−1), ν3 stretching modes at ~9 μm (1113 cm−1) and ν4 bending modes at ~19 μm (518 cm−1). Only ν3 and ν4 modes are IR-active [40,41]. PO43− absorption bands occur in two main regions, the one between ~8.3 and 11.1 μm (1200–900 cm−1) and the other one in the range ~16.7–25 μm (400–598 cm−1). Overtone and absorption bands due to PO43− can be detected in the spectral range from 4 to 5 μm [29].



Trigonal BO33− and tetragonal BO45− groups have three fundamental vibrational modes: the ν2 out-of-plane band and the ν4 in-plane bend in the 7–14 μm (714–1428 cm−1) region, and the ν1 symmetric stretch and ν3 asymmetric stretch in the 12.5–22 μm (454–800 cm−1) region [38].




1.3. H2O and OH Vibrational Modes


The H2O-free molecule has three fundamental vibrational modes: at 3657 cm−1 (ν1) symmetric stretching, at 1595 cm−1 (ν2) symmetric bending and at 3756 cm−1 (ν3) asymmetric stretching [42]. In liquid water, frequencies shift to 3.1 μm (3219 cm−1) (ν1), 2.9 μm (3445 cm−1) (ν3) and 6.07 μm (1645 cm−1) (ν2) [43]. In ice, the bending and stretching modes of H2O shift to higher frequencies, in particular, the three fundamental vibrational modes are expected at 3.09 μm (3225 cm−1) (ν1), 2.94 μm (3401 cm−1) (ν3) and 6.06 μm (1650 cm−1) (ν2) [44]. In vapor, the absorption features of the H2O-free molecule show numerous closely spaced bands with rotational fine structures, lacking in liquid and solid state [43].



The H2O-free molecule presents a symmetric H–O–H stretch at 2.73 μm (3663 cm−1), an asymmetric H–O–H stretch at 2.66 μm (3759 cm−1), H–O–H bending at 6.27 μm (1594 cm−1) [43] and a rotational fundamental band at 20 μm (500 cm−1) [45].



OH has only one stretching vibration, located near 2.8 μm (3571 cm−1). Overtones of this absorption are expected near 1.4 and 0.45 μm (7142 and 22,222 cm−1) [46]. OH, also has rotational vibration bands in the 9–25 μm (1111–400 cm−1) range and translational vibration bands in the 15–33 μm (666–303 cm−1) range [47]. Water combination bands occur around 1.9 μm (5263 cm−1), whereas the strongest OH overtones are located in the region 1.38–1.41 μm (7246–7092 cm−1) [48]. The 3 μm (3333 cm−1) region of all the spectra shows well-defined H2O stretching fundamental bands.





2. Materials and Methods


We selected the natural ammoniated minerals reported in Table 1.



Reflectance measurements were performed at the PSL (Planetary Spectroscopy Laboratory, DLR, Berlin, Germany).



2.1. Reflectance Measurements


For reflectance measurements, approximately a 1 mm thick uniform layer of samples is placed in either plastic or metal cups for measurements. Details on the PSL set-up and measurement procedures can be found in Maturilli et al. [49]. Bi-conical reflectance measurements are performed by means of a Bruker A513 accessory (Bruker, Billerica, MA, USA). It has a conical aperture of 17°, not small enough to define the measurements as bi-directional. Reflectance standard is a gold-coated sandpaper for measurements along the entire cup diameter (1 to 100 μm). The standard spectral resolution is 4 cm−1, and the spot size is 48 mm for emissivity measurements. The spectral range of our analysis is from 0.5 to 16 μm, namely the infrared spectrum (IR) from visible-near (VNIR) to thermal (TIR). The reflectance spectra of all samples are measured at room temperature (RT) and 193 K with 300 scans repetition, to increase the signal-to-noise ratio of the data, for a data collection time of 3 min per sample. The sample chamber is closed and slowly evacuated to avoid powder spreading around the chamber. The samples are kept at 293 K for 1 h under vacuum to get rid of the air trapped in the sample, with pressure stabilized at 0.7 mbar. We have also recorded reflectance spectra at 193 K for all the samples, frozen by means of a FRYKA cold box B 35-85 (FRYKA Kaltetechnik GmbH, Esslingen, Germany), with a 150 scans repetition cycle, and a data collection time of 2 min per sample.




2.2. X-ray Diffraction Measurements and Rietveld Analysis


X-ray powder diffraction (XRPD) measurements were performed by means of a Philips PW 1830 diffractometer (Koninklijke Philips N.V., Amsterdam, The Netherlands), with a graphite monochromator and CuKα radiation (λ = 1.54184 Å). Data were collected with a step scan of 0.02°/step and a step time of 100 s/step.



Quantitative analyses of the collected data were performed by means of Rietveld refinement method [50], as implemented in the GSAS EXPGUI software [51,52]. The starting crystal structure data where chosen from the American Mineralogist Crystal Structure Database (http://rruff.geo.arizona.edu). Scattering factors for neutral atoms were used. The refined parameters were background, fitted with 17- to 28-terms Chebyshev polynomial function, profile functions of pseudo-Voigt type, scale factor, instrument zero point and the crystal lattice constants. The March-Dollase formulation for preferred orientation [53] correction was applied when needed.




2.3. Thermal Analysis


Thermogravimetric (TG) analysis and differential scanning calorimetry (DSC) were performed at the University of Perugia, Department of Pharmaceutical Sciences. The Netzsch STA 490 instrument (NETZSCH-Gerätebau GmbH, Selb, Germany) was used for the TG analysis, where the samples were heated with a speed of 10 °C min−1 and an air flow of 50 mL/min using approximately 20 mg of sample. Instead, the METTLER TOLEDO instrument (Mettler Toledo, Columbus, OH, USA) was used for DSC analysis, with parameters of heating speed and air flow identical to those of the TG-DTA, using approximately 3 mg for each sample.





3. Results


Table 2 and Table 3 present the positions and assignations of the observed bands, determined in the reflectance spectra collected at 298 K. In the studied reflectance spectra, we observed general NH4+ features common for all the analyzed samples at ~1.60, 2.06, 2.15, 3, 6.8 and 7.27 μm. In particular, for hydrous samples, the H2O and OH fundamental and combination absorption bands were observed in agreement with literature data (e.g., Reference [29]). The spectra collected at low temperature of all samples show a common behavior characterized by an increase in the area and depth of the individual bands, with a consequent gain in spectrum resolution, with respect to the RT data. Additional peculiarities are listed below.



In the following, the spectroscopic behavior of each sample at different temperatures is reported. The Rietveld refinement of the X-ray powder diffraction collected data allowed to determine the quantitative mineralogical composition of the starting materials, and to check the purity of the samples, as well the occurrence of irreversible phase transformation after cooling treatment.



In the Figure 1b, Figures 3b, 5b, 7b and 9b the red crosses represent the step-by-step the XRD collected data, the green lines are the calculated diffraction patterns by Rietveld refinements [50], using GSAS EXPGUI software [51,52], and the lines under the diffractograms represent the 2θ positions of expected diffraction signals for each phase considered in the refinements. The pink lines indicate the difference profile, namely the difference between the calculated and measured diffraction patterns. In each graph, the quantitative mineralogical composition is reported in the upper right angle. Moreover, the quality of the samples, namely their crystallinity, were measured trough the average full-width half maximum (FWHM) parameters of the diffraction peaks using X’PERT HighScore software [54].



3.1. Larderellite NH4B5O7(OH)2 H2O


The crystal structure of larderellite is monoclinic with space group P21/c and density 1.90 g/cm3 [57]. The framework is composed of double rings made by one BO45− polyhedra and four triangular BO33−, connected to form infinite chains, that constitute the basic units of the larderellite crystal structure [57]. In this mineral (Figure 1a), boron has III and IV coordination. The results (in the right upper angle of Figure 1b), indicate that just a very few percent of bassanite and polyhalite are present in the sample and the average FWHM of larderellite is 0.18°.



At temperature of 573 K, all the structural water is removed, and in the temperature range 603–688 K, the oxidation of ammonium ions to ammonia occurs. At 723 K, the complete loss of water and ammonia is registered. At the temperature of 743 K, the crystal structure becomes amorphous and starts a gradual crystallization of BO3 in the amorphous matrix [58].



The reflectance spectra of larderellite (Figure 2a) present, in the first part (1–4 µm), deep and well-defined absorption bands that split and triple, due to the fundamental H2O/OH stretching vibration (ν1) modes and overtone of the NH4+ (2ν3 at 1.54 µm, ν3 + ν4 at 2.02, 2.10 and 2.23 µm, ν2 + ν4 at 3.23 µm). In the range from 4 to 16 µm, the absorption bands reduce depth and abundance, becoming shallow and wider than the previous ones, due to the fundamental modes of NH4+ and combination/overtone vibrational modes of water. This area presents some spectral features assigned to BO3−/BO45− groups. In the range from 13 to 16 µm, two peaks were related to bending modes of ν2[BO4]3− and ν2[BO4]5−; whereas, from 9 to 11 µm, there is the antisymmetric stretching mode of ν3[BO4]5−. The modes at 8.03 and 8.84 µm are ascribed as in-plane modes of B–O–H [56].



The results obtained from thermal analysis are shown in Figure 2b. Thermal analysis of the larderellite sample can be divided into six major steps of mass losses. The first two steps at 361 and 383 K are associated to the loss of approximately 10.5 wt% of the adsorption water. The steps at 463 and 483 K are due to the leakage of H2O and OH from the larderellite crystal structure. In the DSC curve, in the temperature range from 373 to 483 K, two endothermic effects are observed related to loss of water. At 563 K, a sudden weight loss (~10 wt%) due to water leakage, related to a well-defined and deep peak in DSC analysis, occurs. Three other steps are recorded in the last part of the TG curve at 573, 613 and 673 K associated to NH3 loss with a mass decrease of ~12%. The total loss of mass is ca. 32.5%.




3.2. Struvite NH4MgPO4·6H2O


The crystal structure of struvite is orthorhombic with space group Pmn21 and density 1.70 g/cm3 [59]. It is composed of PO4 tetrahedra, Mg·6H2O octahedra and NH4 tetrahedral groups connected by hydrogen bonds. Figure 3a shows the hydrogen bonds between O–O and N–O. The XRPD results (Figure 3b), indicate the purity of sample consisting of struvite and the average FWHM is 0.29°. Frost et al. [60] reports that struvite loses H2O and NH4 at ~358 K. The partial loss of volatile components implicates the transformation to dittmarite ((NH4)MgPO4 H2O, orthorhombic with space group Pmn21) and to newberyite (Mg(PO3OH)·3(H2O), orthorhombic with space group Pbca) [61].



Reflectance spectra of struvite (Figure 4a) has either poorly marked or absent bands due to the presence of six molecules of water and PO34− ions that decrease the symmetry of the crystal [40]. In the range between 1 and 3 µm, it is possible to observe small and slightly delineated peaks due to the vibrational modes of the NH4+ group and H2O. In the first part of the spectra, PO43− absorption features occur at 2.06 and 2.15 µm, then at 3.88 and 4.78 µm due to overtone and combination of this group, and in the last part, at 8.54 and 9.19 µm, probably related to ν3 stretching vibrational modes. These absorption bands are very weak. The absorption features of PO43− and NH4+ are not completely resolved and they can be overlapped by H2O vibrational modes.



Thermal analyses (Figure 4b) present a deep step at ~393 K due to water and OH leakage (~42.7 wt%). The second one is from 393 to 673 K related to the progressive loss of NH3 (11 wt%). In the DSC curve, a single endothermic peak at 393 K is detected. No phase transitions occurred in the investigated temperature range and the total mass decrease was of 53.7 wt%.




3.3. Tschermigite (NH4)Al(SO4)2·12H2O


The ammonium aluminum sulfate dodecahydrate is cubic with space group Pa3 and density 1.64 g/cm3 [62]. Its crystal structure is composed of tetrahedral and octahedral sulfates of Al(H2O)6 bound by groups of (NH4)(H2O)6 and water molecules, through hydrogen bonds (Figure 5a). The XRPD results (Figure 5b), indicate that the sample consists of tschermigite and the average FWHM is 0.15°. Low-temperature phase transitions occur at 33 and 76 K [26]: at the first transition temperature, a spontaneous polarization occurs, whereas, at the second one, the crystal becomes ferroelectric. Tschermigite mineral also has two phase transformations at high temperature: the one at 552 K, due to dehydration, when it becomes godovikovite (NH4)Al(SO4) (trigonal, space group P321) [62], and the other one in the T (temperature )range 658–893 K, due to NH3 loss, turning into millosevichite (Al)(SO4)3 (trigonal, space group R-3) [63].



Reflectance spectra of tschermigite (Figure 6a) are closely related to those of struvite, even if the high quantity of water molecules determine the decrease of both number and intensity of the absorption features. The reflectance spectra show four absorption bands related to the NH4+ group: at 1.57 and 2.99 µm due to 2ν3 and ν3 vibrational modes respectively, even if the second feature is of ambiguous assignment, and at 5.90 and 6.84 µm ascribed to ν4 fundamental vibrational modes.



H2O/OH absorption features are detected at 1.76, 2.07, 2.14, 10.79(OH-Al), 13.57(OH-Al) and 15.69(OH-Al) µm. SO42− vibrational modes are present only at 7.58 µm due to the fundamental vibrational modes of its group. In this area, the low-temperature reflectance spectrum of tschermigite shows a marked increase in the band at 9.03 µm caused by ν3(SO42−) vibrational modes intensified by the decrease in temperature.



Thermal gravimetry analysis (Figure 6b) presents three steps between 363 to 483 K caused by the progress dehydration of the sample until 573 K. The reduction in mass is of approximately 48% of the total weight. The step at ~853 K can probably be assigned to a complete dehydration of the sample and to a loss of NH3 (~18 wt%) [64]. As suggested by López-Beceiro et al. [65], the mass decrease observed in the TG curve at HT (high temperature) corresponds to the sulfates’ decomposition process. The total loss of mass is ca. 66%. The DSC curve shows an evident peak at ~368 K and a small weak band at 483 K, both endothermic.




3.4. Mascagnite (NH4)2SO4


The mascagnite structure is orthorhombic (Figure 7a) with space group Pnma and density 1.76 g/cm3 [25]. The XRPD results (Figure 7b), indicate that just a very few percent of mohrite ((NH4)2Fe(SO4)2 6H2O) is present in the sample and the average FWHM is 0.28°. As described by Schlemper [25], the transitions at 223 K involve a change of the space group from Pnma at room temperature to Pna21, with a change from para-electric to ferro-electric character. The transition involves a reorganization of hydrogen bond, which determines a mean distance of hydrogen bond decreased by 0.1 Å and less distorted ammonium ions in the ferroelectric phase.



In the ammoniated sulfate reflectance spectra (Figure 8a), the absorption features generated by the fundamental vibrational modes of NH4+ were detected at 3.01(ν3), 5.90(ν4), 6.72(ν4) and 7.22(ν4) µm. Overtone and combinations of these bands are located at 1.59(ν3), 2.13 (ν2 + ν4), 3.23(ν2 + ν4) and 4.86(ν2 + ν6) µm. The SO42− bands are present at 8.35, 8.46, 9.60 and 10.25 µm, the first three caused by ν3 asymmetric stretch and the last by ν1 symmetric stretch.



Unfortunately, the low resolution of the reflectance measurements at room and low temperature has not allowed to investigate the effect of the phase transition on the evolution of NH4+ modes.



Thermal analysis of the mascagnite sample (Figure 8b) pointed out four major steps of mass loss. The first step at 378 K, where a mass reduction of approximately 3% was recorded, is associated to the release of hygroscopic water. The other steps at 591, 624, 656 and 733 K correspond to the mass losses of 14%, 4%, 7% and 60% respectively, related to the progressive decomposition of NH4+ and SO42− as observed in larderellite and tschermigite. In the DSC curve at temperature conditions in the range from 353 to 773 K, two endothermic peaks were observed. The total loss of mass is ca. 85%.




3.5. Sal-Ammoniac NH4Cl


The structure of ammonium chloride (sal-ammoniac) is cubic with space group Pm3m and density ~1.53 g/cm3 [66], with CsCl structure type. Its structure consists of an infinite chain of ions. The Cl ions sit at the eight corners of the cube and the NH4+ sit at the center of the cube (Figure 9a). The XRPD results (Figure 9b), indicate that the sample consists only of sal-ammoniac and the average FWHM is 0.11°. However, in NH4Cl, it is disordered among two positions and therefore assumes an IV + IV, namely VIII, coordination (Figure 9a) at room temperature [36,67]. At 242 K and 1 atmospheric pressure (atm), sal-ammoniac has a transition called “λ-transition”. It is an order-disorder type due to the dynamical behavior of the NH4+ ion. The phase transition temperature is related to the change in pressure, increasing from 242 K at 1 atm to 308 K at 10 Kbar [68].



At high temperature in the range 455–463 K on heating and 453–433 K on cooling, sal-ammoniac undergoes another phase transition from CsCl to NaCl structure type [69].



At room temperature, the sal-ammoniac reflectance spectrum (Figure 10a) shows, in the first part, five outlined, narrow and deep absorption bands connected to NH4+ overtone and combination (see Table 2 and Table 3). We found features related to NH4+ fundamental modes at 3.07 μm (ν3 asymmetric stretch), 6.88 and 7.30 μm (ν4 out-of-plane bend). Two unassigned modes are detected at 3.52 and 9.27 μm. Cl− anions features are not visible within the spectra, as reported by Lane et al. [70].



In Figure 10b, the first peak at 465 K in the DSC curve is due to the phase transition related to the change in structure from CsCl to NaCl type [69]; whereas, the second one at 603 K, combined with a strong mass loss evident in the TG curve, is related to ammonia loss. The total loss of mass is ca. 98.5%.





4. Discussion


Some important issues can be underlined from the comparison of the collected data, as presented in the following paragraphs.



4.1. Sal-Ammoniac and Mascagnite Absorption Bands


NH4+-free molecules have four fundamental vibrational modes due to their Td symmetry. Overtone and combinations of these bands generate several absorption features in the region between 1.33 and 2.14 μm, as reported in Table 2. Anhydrous ammonium-bearing minerals, sal-ammoniac and mascagnite, clearly show these absorption bands with no overlapping with other absorption features, but for the ~3 and ~6 μm regions, the influence of either hygroscopic water or hydrogen bonds cannot be excluded. A comparison between the reflectance spectra of sal-ammoniac and mascagnite at room temperature (Figure 11) underlines that the 1.3 and 1.56 μm features are more defined in the ammonium chloride sample. This trend is also evident in the 2.2 μm area. Moreover, sal-ammoniac displays a splitting of the 1.56 μm peak.



In the area near 3 μm, both samples present a large and flat peak, probably caused by the overlap with the water absorption feature. SO42+ typical absorption features are not present in this first part of the mascagnite spectrum. The shift of the absorption bands from 1.56 and 2.2 μm sal-ammoniac spectrum towards shorter wavelengths in mascagnite can be due to the different strength of the hydrogen bonds in the two minerals.



The spectral range from 4 to 9 μm shows well-defined bands for the NH4Cl sample due to fundamental and combination modes of NH4+, whereas (NH4)2SO4 reflectance spectra present either coincidence or overlapping with SO42+ groups, which makes the band assignment more ambiguous than in sal-ammoniac. Thus, the four absorption bands detected in the (NH4)2SO4 reflectance spectra are likely ascribable, the first two, to the combination of ν2 + ν6(NH4+) and ν2 + ν5(NH4+), and the last two due to ν4(NH4+) fundamental vibrational modes.



The lower definition of the absorption features in the mascagnite spectrum can also be due to multiple absorption bands of NH4+ which overlap with eventual spectral features attributed to ambient water molecules adsorbed on the sample. In addition, the shallower depth of the absorption bands in the spectrum of ammonium sulfate is due to a lower concentration of NH4+ [29]. These causes give rise to wider and less resolved features in the latter spectrum.



Analyzing the bands at 6.88 and 7.30 μm of the sal-ammoniac sample and at 6.72 and 7.22 μm of mascagnite (Figure 11), assigned to fundamental vibrational bending modes ν4(NH4+), we can see an increase of the bending frequencies related to the strength of the hydrogen bonds. Thus, by the present work, we can suggest that the frequency range from ~6.5 to ~7.5 μm is the best candidate area to analyze the frequency shifts that are not influenced by overtone and combination and deeply understand the features related to the NH4+ group itself.




4.2. Larderellite, Struvite and Tschermigite Absorption Bands


Laderellite, struvite and tschermigite have respectively 1, 6 and 12 molecules of water. The increasing amount of water in the samples affects the position and shape of the absorption features, as reported in the literature (e.g., Cloutis et al. [46]). The weaker ammonium bands at ~1.57 (2ν3), 2.14 (ν3 + ν4) and 2.99 μm (ν3) (Figure 12) are of ambiguous assignment and connected to the presence of water and anions, e.g., PO43− (struvite sample). Analyzing the spectra in Figure 12, we notice a strong similarity between struvite and tschermigite; whereas, larderellite shows important differences mainly attributable to sharper and more defined features with respect to the former two. The broadening of the struvite and tschermigite absorption bands and the appearance of multiple overlapping can be explained, in compliance with the above-presented discussions, with a reduction of symmetry of these two minerals with respect to larderellite. In this case, the amount of water molecules and the presence of the PO43− anion play a fundamental role in reducing the symmetry in struvite and tschermigite [40]. Moreover, the progressive decrease in bands’ depth is correlated not only with the increase of the number of water molecules, but also with the reduction of NH4+ concentration (larderellite 7.63 g/mol, struvite 7.35 g/mol and tshermigite 3.98 g/mol) [71].




4.3. 1.58 μm Bands Complex


The comparison of the hydrogen bonds in the low hydrated and anhydrous ammonium-bearing minerals studied here shows intriguing differences among the different minerals, which depend on the structural configuration. The strength of the hydrogen bond affects the N–H…X bond lengths [19,24] and therefore, the frequencies of 2ν3(NH4+). If we compare the donor-acceptor average distances for larderellite (2.91 Å), mascagnite (2.41 Å) and sal-ammoniac (2.36 Å) with the corresponding frequencies of the 2ν3 (NH4+), we can see that a decrease of the hydrogen bond strength (strength with which a chemical bond holds two atoms together) is inversely related with the 2ν3(NH4+) frequency (Figure 13).




4.4. Low-Temperature Reflectance Spectra


The temperature dependence of H2O and NH4+ features can give some information about the behavior of each absorption band. For all the analyzed absorption features, the depth and area increase as T decreases. In Table 4, we report the value of bands centroid of the main absorption features in the region up to 3 μm. In analogy with other works (e.g., De Angelis et al. [72]), we notice the different trend of the band position with the T decrease, for H2O and NH4+ absorption features. In particular, in the first part of the spectra, bands related to NH4+ vibrational modes shift toward shorter wavelengths, whereas H2O shows the opposite trend, shifting toward longer wavelengths. The behavior of H2O bands is due to the increase of the hydrogen bond strength as temperature decreases. As overlapping absorption bands due to both H2O and NH4+ are considered, the behavior is mixed. Therefore, given the strong influence of temperature on the features of the collected spectra, we can suggest that in order to detect important spectral variations, a wide temperature range of data collection is necessary.





5. Conclusions


In this study, we have analyzed the reflectance spectral features and the dehydration behavior of five different ammoniated bearing minerals.



Absorption features due to anion groups (SO42−, PO43−, BO45−, BO33−) are mainly present in the spectral range over 3 µm. The absorption features at ~1.58 µm, related to 2ν3, are the most affected by the crystal structure variations related to the hydrogen bond lengths. These absorption features, together with those at ~6.88 (ν4) and ~7.3 (ν4) µm (for anhydrous samples), can be used to distinguish among different NH4+-bearing minerals. Moreover, the depth of these bands can be diagnostic as a function of the amount of ammonia inside the samples.



The remote space observations have so far covered a very narrow spectral range that is sometimes not diagnostic, so it is very important to collect data with a wider spectral range and consider the composition dependence of the various band features. Usually, ammonium minerals are ancillary components on the surface of celestial bodies. For this reason, a specific investigation of typical absorption bands can be useful for their identification in the remote sensing spectra.



The reflectance spectra collected in this work, mainly sal-ammoniac and mascagnite, can be useful for interpreting and resolving absorption bands at ~2.2 µm for Cere’s Occator crater spectrum [73]. Regarding the spectrum of Virgil Fossae on Pluto, the careful analysis of the features at ~1.6 microns can provide important evidence to establish which is the best candidate to represent the surface of the body [18].



In conclusion, the detailed analysis of reflectance spectra combined with thermal analysis provide new insights for the detection of NH4+ minerals within reflectance planetary spectra and their stability field. Future research with a wider temperature range is necessary for better assignations.
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Figure 1. (a) Crystal structure of larderellite. In orange, the B trigonal polyhedra, and in green, the B tetrahedra. The blue balls indicate the NH4 groups. (b) The X-ray diffraction spectrum of the sample indicated as larderellite refined with the Rietveld method [50], using GSAS EXPGUI [51,52] software. 
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Figure 2. Reflectance spectra at room temperature and 193 K (a) and TG/DSC (b) analysis from room temperature to 773 and 1023 K of larderellite. 
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Figure 3. (a) Crystal structure of struvite projected along the x axis. In blue, the ammonium tetrahedra, in green, the phosphorous tetrahedra and in red, the magnesium octahedra are reported. The sticks represent the OH…O and NH---O hydrogen bond systems. (b) The X-ray diffraction spectrum of the sample refined with the Rietveld method [50], using GSAS EXPGUI [51,52] software, indicates that only struvite is present. 
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Figure 4. Reflectance spectra at room temperature and 193 K (a) and TG/DSC (b) analysis from room temperature to 773 and 1023 K of struvite. 
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Figure 5. (a) Crystal structure of tschermigite. In yellow, the S tetrahedra, red, pink, blue and orange balls represent oxygen, water molecules, NH4 groups and Al octahedra, respectively. (b) The X-ray diffraction spectrum of the sample indicated as tschermigite refined with the Rietveld method [50], using GSAS EXPGUI [51,52] software. 
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Figure 6. Reflectance spectra at room temperature and 193 K (a) and TG/DSC (b) analysis from room temperature to 773 and 1023 K of tschermigite. 
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Figure 7. (a) Crystal structure of mascagnite projected along the x axis. In blue, the ammonium and in yellow, the sulfate tetrahedra are reported. The sticks are the NH…O hydrogen bonds. (b) The X-ray diffraction spectrum of the sample indicated as mascagnite refined with the Rietveld method [50], using GSAS EXPGUI [51,52] software. 
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Figure 8. Reflectance spectra at room temperature and 193 K (a) and TG/DSC (b) analysis from room temperature to 773 and 1023 K of mascagnite. 
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Figure 9. (a) Crystal structure of sal-ammoniac projected along the x axis. Cl atoms in green, N atoms in blue, H atoms in white–pink. The blue sticks indicate the N-H bonds and the pink–green sticks the NH…Cl hydrogen bonds. (b) The X-ray diffraction spectrum of the sample indicated as sal-ammoniac refined with the Rietveld method [50], using GSAS EXPGUI [51,52] software. 
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Figure 10. Reflectance spectra at room temperature and 193 K (a) and TG/DSC (b) analysis from room temperature to 773 and 1023 K of sal-ammoniac. 
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Figure 11. Comparison of the reflectance spectra for mascagnite and sal-ammoniac in the region of 1–16 μm. 
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Figure 12. Comparison of part of the reflectance spectra of tschermigite, struvite and laderellite in the region of 1–16 μm. 
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Figure 13. Comparison of part of the reflectance spectra of mascagnite, larderellite and sal-ammoniac. Focus between 1.2 and 2.0 μm indicates the 2v3(NH4+) bands. 
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Table 1. Chemical formula, minerals’ name and provenances of the selected studied samples.
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	Minerals Name
	Chemical Formula
	Source





	Larderellite
	NH4B5O7OH2·H2O
	Larderello, Italy



	Struvite
	(NH4)MgPO4·6(H2O)
	Limfjord, Denmark



	Tschermigite
	(NH4)Al(SO4)2·12(H2O)
	Cermniky, Czech Republic



	Mascagnite
	(NH4)SO4
	Pozzuoli, Italy



	Sal-ammoniac
	NH4Cl
	Pozzuoli, Italy
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Table 2. Absorption band assignments in ammonium-bearing minerals’ spectra following Bishop et al. [28], Berg et al. [29] and Stevof et al. [40].
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Mineral Name

	
NH4 Fundamentals

	
NH4 Overtone and Combination




	
ν3

	
ν4

	
2ν3 + ν4

	
2ν3

	
ν3 + ν4

	
ν2 + ν4

	
ν2 + ν5

	
ν2 + ν6

	
ν2 + ν3






	
Larderellite

NH4B5O7(OH)2 H2O

	

	
5.84

6.97

7.35

	

	
1.54/H2O

2.42

2.58

	
1.98

2.02

2.10/N-OH

2.23

	
3.23/ ν1 H2O

	

	

	




	
Struvite

NH4MgPO4·6H2O

	

	
5.88

6.86

7.26

	
1.40

	
1.59

	
1.92

2.01

2.15/

PO43−

	
3.21/ ν1 H2O

	

	

	




	
Tschermigite

(NH4)Al(SO4)2·12H2O

	
2.99/ν1 H2O

	
5.90

6.84

	

	
1.51

2.52

	
2.14/

H2O

	

	

	

	




	
Mascagnite

(NH4)2SO4

	
3.01/ν1 H2O

	
5.90

6.72

7.22

	

	
1.59

	
2.13

	
3.23

	

	
4.86/2ν1 NH4+

	




	
Sal-ammoniac

NH4Cl

	
3.07

	
6.88

7.30

	
1.32

	
1.62

	
2.09

2.15

	
3.25

	
5.64

	
4.96

	
2.06
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Table 3. Absorption band assignments, due to anion groups and water, in ammonium-bearing minerals’ spectra following Bishop et al. [28], Stefov et al. [40], Cloutis et al. [46], Sergeeva et al. [55] and Korybska-Sadło et al. [56].
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Mineral

	
OH Bands (µm)

	
H2O Bands (µm)

	
SO42− Bands (µm)

	
BO Bands (µm)

	
PO43− (µm)




	
ν1

	
ν3

	
ν4

	
ν2[BO3]3−

	
ν2 [BO4]5−

	
ν3 [BO4]5−

	
Overtone PO43−

	
ν3 PO43−






	
Larderellite

	
1.54

1.77

1.98

2.02

2.14

8.03 δ B–O–H

8.84 δ B–O–H

	
3.23

6.16

	

	

	

	
12.52

13.31

	
14.11

12.58

13.26

14.15

15.32

	
9.3

10.3

11.13

11.40



	

	




	
Struvite

	
1.46

1.59

1.84

1.95

2.03

2.16

	
3.21

6.31

	

	

	

	

	

	

	
3.88

4.78

	
8.54

9.52

10.9




	
Tschermigite

	
1.80

2.02

2.14

	
4.05 H2O-Al

10.79 H2O-Al

13.57 H2O-Al

15.69 H2O-Al

	

	
7.83

9.03

	

	

	

	

	

	




	
Mascagnite

	

	

	
9.54

10.27

	
8.35

8.43

	
15.73

	

	

	

	

	




	
Sal-ammoniac

	

	
7.58 Unspecified feature
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Table 4. Band parameters’ variation (centroid = bend center) at decreasing temperature for the analyzed spectral features in the range until 3 μm.
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Sample

	
Band’s Position

	
Absorption

	
Centroid vs. Td






	
Larderellite

	
1.54

	
H2O/NH4+

	
↑ λ




	
1.76

	
H2O

	
↑ λ




	
2.10

	
H2O/NH4+

	
↓ λ




	
2.42

	
NH4+

	
↓ λ




	
2.58

	
NH4+

	
↓ λ




	
Struvite

	
1.44

	
H2O

	
↑ λ




	
1.59

	
H2O/NH4+

	
↓ λ




	
1.92

	
H2O/NH4+

	
↓ λ




	
2.01

	
H2O/NH4+

	
↑ λ




	
2.15

	
H2O/NH4+

	
↑ λ




	
Tschermigite

	
1.51

	
NH4+

	
↓ λ




	
1.76

	
H2O

	
↑ λ




	
2.07

	
H2O/NH4+

	
↓ λ




	
2.52

	
NH4+

	
↓ λ




	
Mascagnite

	
1.59

	
NH4+

	
↓ λ




	
2.13

	
NH4+

	
↓ λ




	
Sal-ammoniac

	
1.32

	
NH4+

	
↓ λ




	
1.62

	
NH4+

	
↓ λ




	
2.15

	
NH4+

	
↓ λ








The arrows indicate the increase (↑) or decrease (↓) in wavelength position. Abbreviation: Td = temperature decrease; λ = wavelength variation.
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