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Abstract 

We present a systematic study of the transformation of brushite (dicalcium phosphate dihydrate, 

CaHPO4·2H2O) under irradiation of electrons of well-defined energy (2.5 MeV) and flux as a function 

of the irradiation dose. Contrarily to model hydroxides such as portlandite and brucite, which are very 

resistant to electron radiation damage, the studied brushite decomposes quite easily, even for very low 

irradiation doses. Irradiated brushite samples were characterized using X-ray diffraction (XRD) and 

Raman spectroscopy to get complementary information about changes in atomic structure and chemical 

composition respectively under irradiation. XRD showed that irradiation causes a very limited dilatation 

of unit cell of crystalline brushite, which becomes progressively amorphous with increasing radiation 

dose. Raman spectroscopy complemented XRD results and confirmed that the transformation of brushite 

to the amorphous phase was not abrupt, but rather progressive. Raman spectroscopy allowed for the 

identification of the amorphous phase as a calcium pyrophosphate. Both techniques showed that the 

amorphization of brushite was not fully complete at the maximum dose used, 5.5 GGy (4 C). 

Interestingly, monetite phase, (CaHPO4 dicalcium phosphate), was not detected at any step of the 

transformation as it is the case when brushite is thermally decomposed. This study reveals the high 

sensitivity to electron radiation of both hydrogen bonds and protonated phosphate units in brushite, thus 

facilitating the transformation into pyrophosphate. The damage of brushite by energetic electrons is to 

be carefully considered for applications related to the use of brushite as ion-exchanger in the 

decontamination of effluents polluted with strontium-90, an efficient beta ray emitter.  

 

Keywords: Brushite, CaHPO4·2H2O, calcium pyrophosphates, radiation damage, X-ray diffraction, 
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1. Introduction 
 

 Cleaning operations during the dismantling of former nuclear facilities can produce highly 

radioactive and acidic effluents, mainly contaminated by cesium and strontium. These effluents first 

need to be partly decontaminated to comply with the activity acceptance criteria of existing aqueous 

waste treatment units usually designed for low- or intermediate-level radioactive waste. One way is to 

make them flow through columns filled with sorbents. Inorganic materials have been recently reported 

for the trapping of cesium in acidic medium [1, 2]. However, a solution is still lacking for strontium. 

Zeolites, titanates and silico-titanates commonly used to trap strontium in neutral or alkaline 

environment loose indeed their efficiency at low pH [3, 4]. A potential candidate under mildly acidic 

conditions might be brushite CaHPO4·2H2O (dicalcium phosphate dihydrate, DCPD). This mineral is 

stable at pH values within the range 2-6 [5] and several authors have shown that its crystalline structure 

can accommodate substitutions on its calcium sites [6, 7]. More precisely, Laniesse [8] has shown that 

strontium can substitute for calcium at Sr/Ca molar ratios below 0.3. The activity of the decontamination 

columns progressively increases under operation and can typically reach values as high as 0.5 TBq/kg. 

This raises the question of the stability of brushite under irradiation over the period of use of the columns 

(expected integrated dose of a few tenths to a few MGy), but also afterwards for the storage of the spent 

columns (expected integrated dose of several hundreds of MGy up to 1 GGy after 300 years). 

 In this context, we present here a preliminary study to the aim of evaluating how this compound, 

brushite, reacts under irradiation, even though the irradiation conditions, of course, remain far from the 

ones experienced during the decontamination and storage processes. The objective is to determine the 

sensitivity of this mineral to electron irradiation at “low” flux (in the range of 1013 to a few 1014 e-.cm–

2.s–1), using the beam delivered by a linear electron accelerator. 

 The crystal structure, sketched on Fig. 1, reveals that brushite has a layered structure parallel to the 

(a,c) monoclinic planes, consisting of alternate corrugated layers made of CaO8 polyhedra and phosphate 

tetrahedra forming zig-zag chains parallel to the a axis [9]. The interlayer bonding consists of hydrogen 

bonds, labelled here as ---, associated to water molecules (O3---H2-O5), and (O1---H4-O6), which 

essentially lie along the b axis. The bending angle of the O3---H2-O5 and O1---H4-O6 elements are 

172.8° and 169.2° respectively. Hydrogen bonding distorts the geometry of the water, giving rise to two 

distinct types of water: (H2-O5-H3) and (H5-O6-H4) which are labeled here as water 1, w1, and water 

2, w2, respectively. The bending angle of w1 and w2 are 107.9° and 102.5° respectively. This angle is to 

be compared to the bending angle of 104.5° for free water molecules. Within the corrugated layers, the 

phosphate tetrahedra are bound together by hydrogen bonds of O1-H1---O4 type, and the CaO8 

polyhedra are bound together by hydrogen bonds of O3---H3-O5 type.  

 

 In a fundamental approach, there are three different damage mechanisms (ballistic, radiolytic and 

hydrogen – related) that may possibly contribute, the situation is as follows. We know that the maximum 

expected cumulated damage due to ballistic collisions during irradiation in our experiment should not 

exceed a few 10-4 displacements per atom (dpa) [10], in this case as in a number of non – metallic 

compounds. In other words, it means that it would remain about three orders of magnitude lower than 

the displacement damage required to cause a significant perturbation of their atomic structure or even 

amorphize them, the amorphization dose approaching ~1 dpa around room temperature, which can be 

achieved easily by ion – irradiation [11-13] or also by using the “high” flux of a transmission electron 

microscope [14]. Therefore, a priori, ballistic collisions should be expected to contribute only marginally 

to the overall damage in our experimental conditions. Radiolytic damage consists of the conversion of 

electronic excitations into atomic displacements taking the form of point defects or of some more severe 

structural disorder. The precise mechanisms that take place in a radiolytic process are rather complex 

and we do not have any means to model them in the framework of a brushite crystal. In this context, it 
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is impossible to decide whether or not radiolytic processes are involved in the possible transformation 

of brushite under electron radiation. A similar situation occurs with the third damage mechanism, related 

to hydrogen bonding, which cannot be disregarded since hydrogen bonding plays a key role to maintain 

the structure of brushite. Therefore, it seems likely that radiation mechanisms related to hydrogen 

bonding can play an important role. Facing the lack of theoretical support to understand electron-related 

damage mechanisms in brushite, we decided to start the study discussed in this paper using an empirical 

but systematic approach. We believe that the results of experiments, carried out in a particular range of 

electron energies, fluence and dose may bring some hints about the mechanisms taking place in the 

amorphization of brushite.  

 

 In this work, we choose irradiation conditions comparable to those already used to study the 

radiation damage effects on two model lamellar hydroxides, brucite, Mg(OH)2, and portlandite, Ca(OH)2 

[10]. The powders are then analyzed by X-ray diffraction and Raman spectroscopy, revealing the ease 

of amorphization of brushite under the present irradiation conditions. 

 

2. Experimental 

 2.1. Materials 

 A commercial powder of brushite (purity: ≥ 98%; Acros Organics) was used as the starting point 

material for all irradiation experiments. The main impurities present in the purchased powder, 

determined by X-ray fluorescence, were: Mg: 0.4 wt.% and Na: 0.5 wt.%. The particle size analysis by 

laser granulometry gives: d10 = 3.0 µm, d50 = 11.8 µm, d90 = 27.8 µm. Pellets of 13 mm diameter (1.33 

cm2) and ~ 1mm thickness were prepared from ~ 0.2 g of powder compressed for 60 seconds to 4.5 

tons/cm2 (~ 0.4 GPa). 

 

 2.2. Electron irradiation conditions 

 Electron irradiations at 2.5 MeV were performed using the accelerator NEC Pelletron of the 

SIRIUS platform (Ecole polytechnique, France) under helium gas at around 40°C. The beam current 

was kept fixed to 18 ± 2 µA. The corresponding flux was equal to 8.5 x 10
13

 e
-
.cm

-2
.s

-1
.The total 

inelastic energy loss −[
𝑑𝐸

𝑑𝑥
]
𝑖𝑛𝑒𝑙

and range were calculated using the ESTAR code [15].The values are 

reported in Table 1. We see that all electrons pass through the samples that are thus homogeneously 

irradiated. The dose rate was equal to about 25 kGy/s. The damage rate was roughly estimated of order 

~ 1.7 x 10
-9 

dpa.s
-1

. A set of irradiated samples was prepared using a wide variety of irradiation times, 

going from a few minutes (low irradiated samples) to a few days (highly irradiated samples). The 

fluences range between a few 2.3 x 10
16

 e
-
.cm

-2 and 1.9 x 10
19

 e
-
.cm

-2. The absorbed doses vary between 

7 MGy and 5.5 GGy for the lowest and the highest irradiated samples respectively (Table 2). The 

irradiation temperature did not exceed ~ 44°C for the longest irradiation time. 

 

2.3. Powder X-ray diffraction 

 X-ray diffraction (XRD) data were collected using a powder X-ray diffractometer (D8 Advance, 

Bruker) in the Bragg-Brentano geometry (/). The experimental configuration was set as follows: the 

incident X-ray beam (Cu radiation, 40 kV, 40 mA) passed through a fixed divergence slit of 0.5°, 

primary 1.5° axial Soller slits, and the diffracted beam went through a system of secondary 1.5° Soller 

slits before entering a fast 1D LynxEye XE-T detector (reduced energy discrimination window) of 

2.915° (2) aperture. The instrument was operated in step-scan mode between 5° and 120° (2), with 
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0.007° (2) per step and 1s per step. An automatic anti-scattering knife was used to reduce unwanted 

scattered radiation by the atmosphere at low angles from the main beam. Before being measured, the 

pellets of virgin and irradiated brushite were slightly ground manually in an agate mortar. Then, the 

powders were compacted into the sample holder using the front-loading technique. Each scan was 

repeated three times to improve the signal-to-noise ratio. It was verified that pelleting caused only slight 

microstructural changes, and no phase transformation of the material. 

 

 Phase identification was carried out using Diffrac.EVA Suite (Bruker-AXS; V4.3, 2010-2018) and 

PDF-2 database (release 2009). Rietveld analysis was performed between 10° and 120° (2) using 

TOPAS software (BRUKER-AXS; V6, 2016) and ICSD database. For all adjustments, the refined 

parameters were the phase scale factors, sample displacement, background modeled by a Chebyshev 

polynomial combined with a 1/X term, unit cell and microstructural parameters. The crystallographic 

model of brushite, used as a starting point for the refinement was based on the structure proposed by 

Schofield et al. [9]. The atomic positions, site occupancies and temperature factors were kept constant 

during the refinement. Eventual preferred orientation of grains in the sample was taken into account 

using the March-Dollase correction [17]. Above 0.47 GGy (0.35C), a broad peak (modeled by a split 

pseudo-Voigt function), centered around 2= 29.4°, was added to reproduce a broad peak, typical of 

amorphous phases, which appeared in the experimental data as a background signal. 

 

2.4. Raman spectroscopy 

 Raman measurements were performed at room temperature using a commercial confocal micro 

Raman spectrometer (LabRAMHR800 HORIBA JobinYvon) with a laser excitation wavelength of 405 

nm (blue light) and equipped with a Peltier cooled CCD camera. Prior to each measurement, the 

spectrometer was calibrated and corrected against eventual drift using the 520.5 cm-1 line of a reference 

silicon nanocrystal. All spectra were recorded between 150 and 1200 cm-1, with a spectral resolution of 

2 cm-1, using a 100x magnification microscope objective. The laser power measured on the focal point 

of the microscope objective at the sample surface was 0.12 mW. This low power level ensured that laser 

illumination did not modify the structure or composition of the sample during a full measurement run, 

which in general lasted for a few minutes. The raw Raman spectra were baseline corrected and 

normalized to the area under the peak at 585 cm-1. As will be discussed further on, the peak at 585 cm-1 

was the only one which was common to all samples discussed in this work. Baseline correction and 

normalization were done using the data treatment tools provided in the Orange/Quasar software [18-

19]. In a second step, all the experimental spectra were fitted using a sum of Gaussian peaks in order to 

assign the different active vibrations present in the sample. Gaussian oscillators were used because they 

represented the experimental peak line shapes more accurately than Lorentz oscillators. In comparison 

to Voigt oscillators, Gaussian oscillators were preferred, since they need less parameters to be 

implemented in an automated data treatment code. The latter helps to reduce, at least in our case, 

numerical inaccuracies and fitted parameter cross-correlations during data fitting process. Data fit was 

performed with an in-house script written by the authors using Matlab software. The resulting best-fitted 

parameters, in particular the oscillator positions and intensities, allow for the identification of the 

different compounds present in the samples and also, they give an indication about the evolution of the 

transformation of brushite with irradiation dose. 

 Fluorescence was present in all measurements with an intensity characteristic of the measured 

sample. The fluorescence level, being minimal for virgin brushite, progressively augmented with the 

electron irradiation dose till a maximum level for the sample irradiated at 5.5 GGy (4 C). Although an 

extensive investigation of the fluorescence is not the subject of the present paper, we hypothesize that 
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the fluorescence level may be related to the density of defects created by electron irradiation in the 

samples. In order to minimize the effects of fluorescence-related artifacts in the Raman spectra, three 

laser sources were tested in a preliminary step: red (633 nm), green (520nm) and blue (405nm). From 

these three, the blue laser was retained since it minimized the overall fluorescence signal. 

 We compared two sample preparation protocols for Raman measurements. In both cases, the 

starting point was the same, a pressed pellet used for irradiation made of an agglomeration of fine grains 

(10 to 15 µm) that was partially broken in order to obtain small fragments. In the first protocol, the finest 

fragments were deposited on top of a silicon substrate, softly pressed with a spatula to flatten their 

surface and thus to minimize the intensity of scattered light in multiple directions, and then measured 

directly. In the second protocol, the fragments were suspended in absolute ethanol, and then a drop of 

the suspension was deposited on top of a gold coated glass substrate and left a few hours to dry. In both 

cases, measurements were done by focusing the laser beam on the surface of individual grains. It was 

experimentally found that measurements done on samples prepared following the suspension protocol 

showed better signal to noise ratio (around one order of magnitude), which indeed was more 

reproducible from grain to grain than samples deposited on silicon wafers without suspension. It was 

also found that there was no interaction between either, the sample and the gold substrate, or, the sample 

and the silicon wafer because, besides of a difference in the signal to noise ratio, the spectra of samples 

deposited either on gold or silicon substrates were comparable.  

 

3. Results 

 The following section presents and discusses the results of the characterization using both XRD 

and Raman spectroscopy. The results of the two techniques are consistent, and show the progressive 

decomposition and amorphization of the initial crystalline brushite with the radiation dose. Moreover, 

Raman spectroscopy allowed the identification of the amorphous phase as a calcium pyrophosphate.  

 

3.1. Powder X-ray diffraction 

 XRD shows that under the present irradiation conditions, brushite starts to lose its crystallinity 

during the first minutes of irradiation, for doses from 0.007 GGy (0.005 C). This is the first outcome of 

the XRD study. 

 The sequence of XRD patterns shows the evolution of the samples with increasing radiation dose 

(Fig. 2). The crystalline brushite phase in the virgin sample is unambiguously indicated by the presence 

of intense and sharp diffraction peaks. The identified crystalline phases and their respective proportions 

in the virgin sample are the following: brushite CaHPO4·2H2O (PDF-2 01-075-4374, ICSD 172258), 

95.80wt.%; monetite CaHPO4 (PDF-2 01-070-0359, ICSD917), 2.05 wt.%; and, newberyte 

MgHPO4·3H2O (PDF-2 01-070-2345, ICSD 8228), 2.15 wt.%. The experimentally determined 

parameters of the unit cell are: a = 5.8254 Å, b = 15.2135Å, c = 6.2565 Å, and β = 116.39°, which gives 

a theoretical volume of the unperturbed unit cell of V= 496.702 Å3. The more intense peaks of monetite 

are clearly visible (see diffraction lines 002 and 200 at 2Cu = 26.35° and 26.606° respectively) [20]. We 

note that this compound was apparently difficult to detect in the eighties [21-22]. 

 The intensity of all Bragg lines decreases and a broad diffuse peak appears near 2Cu= 29.4° with 

increasing dose, showing that amorphization occurs progressively (Fig. 2.a). A decrease in the integrated 

intensity of all the Bragg lines is clearly observed with increasing dose, as also shown in Fig. 2.b for the 
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strongest diffraction line from the (020) planes parallel to the layers (normal to b axis) in the brushite 

structure (Fig. 1). 

 For a semi-quantitative analysis of the XRD data, we chose to represent in Fig. 3 the width (taken 

as the full width at half maximum, FWHM) of some representative diffraction peaks as function of the 

irradiation dose. From the data in the figure, it is interesting to notice a broadening of the diffraction 

peaks of brushite even for the lowest irradiation dose, 0.007 GGy (0.005 C). The broadening of the 

diffraction peaks increases with irradiation up to a dose of around 0.27 GGy (0.2 C). For higher doses, 

the diffraction peaks do not broaden any more, reaching a sort of plateau, which may imply that a 

maximum density of defects, or structural deformation, is attained. Besides, for doses higher than 

0.27 GGy (0.2 C), a very broad peak typical of amorphous phases appears in the diffraction patterns 

(Fig. 2.a). Complete amorphization should be achieved around 5.5 GGy (4C) or slightly above, because 

traces of crystallinity remained observable at 5.5 GGy (4 C). The same broad peak centered at 29.4° has 

been observed in XRD measurements of amorphous calcium pyrophosphate by Gras et al. [23], which 

gives an interesting clue about the chemical composition of the amorphous phase. A relevant result that 

is worth mentioning here is that the diffraction peaks of monetite present in the virgin sample are no 

longer detected beyond 0.96 GGy (0.7 C). Further discussion about the identification of the amorphous 

phase will be provided in section 3.2. 

 In the following, we discuss the results of the Rietveld refinement analysis obtained for all doses 

up to 3.5 GGy (2.6 C). Note that the results of this study can be considered just as qualitative, owing to 

the presence of the amorphous bump and of a low angle diffuse scattering that both impact the fit. The 

unit cell volume increases with irradiation (Fig. 4) up to a radiation dose of around 0.27 GGy (0.2 C). 

For higher doses, it decreases progressively and recovers its initial value (V = 496. 667 Å3) at about 1.8 

GGy (1.3 C), but the unit cell is slightly different (a = 5.8170 Å, b = 15.2232 Å, c = 6.2575 Å, β = 

116.32°). 

 An anisotropic expansion of the unit cell of the virgin brushite under irradiation is observed up to 

a maximum for a radiation dose of 0.27 GGy (0.2 C). Up to this dose, the unit cell dilation is similar to 

the one occurring when brushite is simply heated [9, 24], with a stronger increase in lattice parameters 

b and c compared to that of the lattice parameter a. The maximum variation of each lattice parameter is 

b= + 0.0125 Å, c= + 0.0102 Å, and a= + 0.0004 Å, which corresponds to a unit cell volume variation 

V = +1.2248 Å3. The maximum relative volume change, V/V = +0.246%, achieved by the unit cell 

of the crystalline brushite is quite marginal when compared to the maximum expansion experienced by 

brushite under thermal treatment, 2.25 % at 400 K [9]. The maximum expansion under irradiation is 

equivalent to the one experienced under thermal treatment when the temperature of the sample is raised 

by only 25 K above room temperature. The difference between the evolution of brushite after thermal 

and irradiation treatments not only concerns the level of expansion achieved by the unit cell, but also 

the subsequent mineralogical transformation when the treatment is applied beyond the point of 

maximum expansion. For thermal treatments, and above 400 K, the crystallization water is lost and 

brushite transforms into an anhydrous crystalline phase, monetite (CaHPO4), according to the reaction 

(Eq. 1) [25], whereas an amorphous product is formed by irradiation. 

CaHPO4·2H2O → CaHPO4+ 2H2O (Eq. 1) 

 Moreover, for doses higher than 0.27 GGy (0.2 C), the amorphization process results in: i) a net 

decrease in the integrated intensity of the diffraction peaks of the remaining brushite without any further 

peak broadening, and ii) a decrease in the volume of the unit cell, which is distorted with respect to that 

of virgin brushite. Under the experimental conditions used for irradiation and analysis, the formation of 
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monetite, even as a transient product to the amorphous phase, is never detected, either by XRD or by 

Raman spectroscopy (see section 3.2). The transformation of brushite under electron irradiation is 

unexpected because the structural arrangement (zig - zag chains, corrugated interfaces between layers, 

interlayer hydrogen bonds) should be able to accommodate a more significant expansion of the structure 

as it is the case for thermal expansion. Under thermal treatment, the zig-zag chains become so separated 

from each other that the hydrogen bonds, which keep the structure in place, disappear, yielding free 

water which eventually evaporates, and monetite is formed. However, under irradiation, brushite 

decomposes when the chain separation is relatively small compared to that occurring after a thermal 

decomposition. Moreover, the fact that monetite does not form under irradiation indicates that the 

transformation mechanisms under thermal and irradiation treatments are very different from each other, 

and that something apparently happens in the chemical composition of brushite, leading to the formation 

of an amorphous phase under irradiation. This is the reason why we used Raman spectroscopy in 

combination to XRD to explore the changes in the chemistry of brushite. 

3.2. Raman spectroscopy 

 Raman measurements were performed on a representative selection of the samples analyzed by 

XRD. In this section, two points are discussed: first, the evolution of the spectra with irradiation, 

showing the progressive transformation of brushite, and, second, the detailed analysis of spectra 

appertaining to the initial, intermediate and final state, in order to show how the composition of the 

phases present in the samples has changed. 

 

 Fig. 5 shows the resulting spectra after baseline correction and normalization from seven of the 

samples prepared for our study. Each spectrum was divided in two spectral windows to make easier the 

subsequent analysis and interpretation. The first spectral window, SPW1, goes from 300 to 650 cm-1, 

and contains features related to the bending modes of the phosphate group. The second spectral window, 

between 650 and 1200 cm-1, contains the stretching modes of the phosphate group. The transformation 

of brushite starts from the very beginning of the radiation exposure, as shown by the measured spectra, 

which features discrete yet noticeable changes in some of the peaks even at low radiation doses. As the 

radiation dose increases, some of the peaks shrink and broaden (for instance: peaks at 521 and 985 cm-

1), but others, not present in the virgin sample, become visible and grow (peaks at 351, 739, or 1038 cm-

1 for instance). The spectrum of the virgin sample is comparable to the ones measured by other authors 

[26, 27, 28, 29], which confirms that our brushite is well identified by Raman spectroscopy. The 

spectrum of the sample treated with the highest dose of radiation significantly differs from that of virgin 

brushite, thus indicating that a major chemical and structural transformation has occurred. Similarly to 

XRD, the amorphous nature of the predominant phase in the sample is characterized by the large spectral 

width of some spectral features, that can be seen for instance in the spectrum of the sample irradiated at 

5.5 GGy (4 C), and which contrasts with the sharp peaks in the spectrum of virgin brushite. After a 

systematic comparison of the spectrum of the sample irradiated at 5.5 GGy (4 C) with the Raman spectra 

found in the literature for different phases and compositions of calcium phosphates, it was found that it 

corresponds to that of amorphous calcium pyrophosphate [23, 30, 31]. It is thus assumed here that the 

most abundant phase in this sample may be a calcium pyrophosphate. Note that in XRD, the broad 

diffraction peak found at 29.4° (2) also corresponds to the one found for an amorphous calcium 

pyrophosphate. The fact that our results from XRD and Raman spectroscopy compare so well to the 

well characterized result supports our hypothesis that the amorphous phase formed after irradiation is a 

pyrophosphate. In an amorphous calcium pyrophosphate, the most prominent peaks related to the 

phosphate group appear at 351, 739, and 1038 cm-1. All these characteristics are observed in the Raman 

spectrum of the sample irradiated at 5.5 GGy (4 C). The same spectrum also contains some spectral 
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features which correspond to peaks found in pure brushite. This fact seems to indicate that after receiving 

5.5 GGy (4 C), the initial brushite is substantially transformed into a calcium pyrophosphate, but a 

residual amount of brushite still remains present in the sample.  

 

 A study of the evolution of the spectral features in the spectra of the different samples with electron 

radiation makes it possible to follow the details of the transformation of brushite into pyrophosphate. In 

what follows, the transformation of the spectra with the radiation dose is carefully investigated. The 

analysis of the spectra is divided in two parts corresponding to the two spectral windows above discussed 

and schematically shown in Fig. 6. Although the study is done for the seven samples, a particular 

attention is brought here to the virgin sample, the sample irradiated with the highest dose, 5.5 GGy (4 

C), and a sample irradiated with 1.4 GGy (1 C), which represents an intermediate state of transformation 

of brushite to pyrophosphate. 

 

 In all cases, the considered spectrum was analyzed by adjusting an analytical function made of a 

sum of Gaussian peaks, each one representing a known referenced vibration mode in the bibliography, 

to the experimental intensity. Our goal was not to use the spectra to try to investigate the structure of the 

sample on the basis of group theory or other analytical method, but to verify whether the peaks found in 

the spectra corresponded to the vibration modes of well-characterized compounds. This strategy allowed 

for the identification of the chemical compounds present in the sample as well as the evolution of 

structure from one to another. 

 

 Spectral window 1- Deformation vibration modes. The spectrum of virgin brushite shows four well 

identified peaks corresponding to deformation modes of the O-P-O unit in the phosphate tetrahedron at 

316, 379, 410 and 585 cm-1respectively. The deformation vibration of the protonated unit O-P-OH in 

the phosphate tetrahedron appears at 521 cm-1 [28, 31]. In the sample irradiated at 5.5 GGy (4 C), two 

peaks are visible at 351 cm-1and 484 cm-1. The first peak corresponds to the bending of the unit P-O-P, 

which forms the bridge of the pyrophosphate anion between two phosphate tetrahedra. The second peak 

corresponds to a bending mode of the O-P-O unit located within the phosphate tetrahedra. The additional 

peak at 585 cm-1 corresponds to brushite which is still present in the sample. The spectrum of the sample 

irradiated at 1.4 GGy (1 C), is something in between the two preceding ones, and can be decomposed 

as a sum of peaks in the same positions as those found in brushite and pyrophosphate. 

 

 Spectral window 2 – Stretching vibration modes. The spectral features of virgin brushite in the 

spectral window from 650 to 1200 cm-1 correspond to stretching vibration modes of different bonds in 

the phosphate group, HPO4
2-. The most prominent peak appears at 985 cm-1 and it is attributed by 

different authors [26, 30, 31], after group theory analysis, to the non-degenerated symmetric stretching 

mode of the P-O bonds in the phosphate group, HPO4
2-. Close to this important peak, there is also a 

double peak, at 1057 and 1079 cm-1, attributed to two distinct antisymmetric stretching modes of the P-

O bonds in the HPO4
2- group. There are also two more noticeable peaks at 876 and 1114 cm-1 attributed 

to symmetric and asymmetric modes of the P-OH unit in HPO4
2- respectively. The weak peak at 819 

cm-1 has also been observed by other authors [27, 28], although it has not been unambiguously assigned 

to a given vibrational mode. 

 

 The spectrum of the sample irradiated at 5.5 GGy (4 C) is also rich in spectral features which are 

clearly different from those of the virgin sample. The most visible peaks appear at 739 cm-1 and 1038 

cm-1. In crystalline pyrophosphate phases, there is a band appearing between 742 and 738 cm-1 which, 

after group theory analysis, is assigned to the symmetric stretching of the P-O-P unit, the bridge between 

two phosphates in the pyrophosphate anion [23]. By analogy, it is hypothesized here that the peak at 
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739 cm-1 may be related to the same type of vibration mode. This particular peak is not present in virgin 

brushite, and it clearly indicates the presence of the pyrophosphate in the irradiated samples because 

brushite has not any Raman active modes at 739 cm-1. The relatively weak peak at 948 cm-1 can be 

attributed to the asymmetric stretching mode of the P-O-P unit. The most intense peak, at 1038 cm-1, is 

also attributed to the symmetric stretching modes of the P-O bonds in the tetrahedra groups of the 

pyrophosphate anion. The position of this intense peak is different from that of the most important peak 

in brushite, at 985 cm-1, which is a clear indication of the presence of different phases in the irradiated 

sample. The peaks at 1111 cm-1 and 1162 cm-1 have been attributed to asymmetric stretching modes of 

the P-O bonds in the tetrahedra groups of the pyrophosphate anion.  

 The spectrum of the sample irradiated at 1.4 GGy (1 C) shows an ensemble of spectral features 

which can be interpreted as a mixture of those of brushite and pyrophosphate. Typical peaks of 

pyrophosphate at 739, 948 and 1038 cm-1 can be easily identified, and also, characteristic vibrations of 

brushite at 876, 985, 1005, and 1079 cm-1 are also visible. It is interesting to note here that peaks at 1057 

and 1079 cm-1 which are well separated in brushite, merge in a broader peak at 1065 cm-1. The spectral 

features appearing in the sample irradiated at 1.4 GGy (1 C) suggest that brushite and pyrophosphate 

co-exist in the sample. In the absence of any visible spectral signature of an eventual third substance 

that would mediate the transition from pure brushite to a given pyrophosphate, it seems that the transition 

from one substance to the other is direct and progressive as a function of the radiation dose. The peaks 

at 1114 and 1163 cm-1 have been attributed to asymmetric stretching modes of the P-O bonds in the 

tetrahedra groups of the pyrophosphate anion.  

 

 The onset of the transformation of the brushite may be triggered by the accumulation of defects 

produced under electron irradiation. The evident decrease in the intensity of the different peaks 

associated to the vibrations of the HPO4
2- group seems to indicate that hydrogen loss from the protonated 

phosphate tetrahedra is an important step for the transformation of brushite to pyrophosphate. The latter 

transformation mechanism is in contrast with the one occurring under thermal treatment, based on the 

loss of water after disparition of the hydrogen bonds between zig-zag chains. In our case, once hydrogen 

is lost, it seems plausible that two deprotonated phosphate tetrahedra link together, dimerize, to form a 

pyrophosphate anion [P2O7]4-, thus opening the way to the formation of a calcium pyrophosphate. The 

progressive evolution of the spectra with radiation dose seems to indicate that the transformation from 

brushite to pyrophosphate is not an abrupt phase transition, but a gradual change that takes place as a 

consequence of the accumulation of electron collision related events in the material. Moreover, Raman 

spectroscopy helps to understand the decomposition mechanisms of brushite under irradiation and its 

ulterior transformation into an amorphous pyrophosphate. The progressive decline of Raman peaks 

associated to the HPO4
2- group indicates that, contrarily to what happens under thermal treatment, the 

protonated phosphate seems to be highly sensitive to the defects generated by the electron beam. 

 

4. Conclusions and Perspectives 
 

 In the present paper, we report the results of the study of the transformation of brushite under 

irradiation of electrons of well-defined energy and flux as a function of the irradiation dose (irradiation 

time). Contrarily to model hydroxides such as portlandite and brucite, the studied brushite decomposes 

quite easily under irradiation, even at very low doses. Irradiated brushite samples were characterized 

using XRD and Raman spectroscopy to get information about the atomic structure and chemical 

variations induced under irradiation respectively. XRD showed that the transformation starts from the 

very beginning of irradiation by an accumulation of defects and the dilation of the unit cell of the brushite 

crystal. Beyond 0.27 GGy (0.2 C) the unit cell of the irradiated material contracts, thus signing the 

increasingly proportion of the amorphous phase in the material compared to that of brushite. Raman 
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spectroscopy supports XRD in that the transformation of brushite to the amorphous phase is not abrupt, 

but rather progressive with irradiation dose. Raman spectroscopy allowed for the identification of the 

amorphous phase as a calcium pyrophosphate, and also, it showed that the transformation was not fully 

complete at the highest dose reached in the present study, 5.5 GGy (4 C). Comparison of the outcome 

of the transformation after either a thermal or an irradiation treatment of brushite showed net differences 

between them. While under thermal conditions, the water of crystallization in brushite is lost and the 

material transforms into monetite [27, 32], under irradiation conditions, the phosphate tetrahedra of 

brushite deprotonate, which induces the formation of pyrophosphate units.  

 

 In forthcoming research, Raman measurements will be combined to infrared, IR, and nuclear 

magnetic resonance spectroscopy, NMR, measurements in order to explore the vibrations related to 

water molecules. The combination of these techniques will make possible the study of the evolution of 

the water of crystallization with radiation dose, to get a deeper understanding of the role of hydrogen 

bonding in the transformation from brushite to pyrophosphate, and to complete the comparison between 

the thermal and irradiation induced transformations. 

 

 Our study showed the high sensitivity of hydrogen bonds in brushite to electron radiation and the 

ease of the transformation of brushite to pyrophosphate. The later characteristic is to be considered 

carefully for applications related to the use of brushite as ion-exchange material in the decontamination 

of water polluted with strontium-90, a powerful source of beta radiation. Although the radiation doses 

used in the present study are very high compared to those found in real polluted environments, to date, 

it is not known the impact, either positive or negative, that the partial transformation of brushite into 

pyrophosphate will have on the ability of the material to efficiently exchange calcium to strontium-90 

cations. 
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Fig. 1. Crystal structure of brushite CaHPO4·2H2O viewed parallel to the (b,c) plane. The H atoms (dark blue) 

are numbered H1 to H5. The phosphate units are shown as solid light purple tetrahedra. The H1 inside the blue 

circle refers to the acidic proton (HPO4) of the structure. The Ca atoms (shaded light green) are at the center of 

the CaO8 polyhedra with the O atoms (red) numbered O1 to O6. The blue ellipses highlight two non-identical 

distorted water molecules, referred to as w1 and w2. The yellow ellipses indicate the hydrogen bonds that bind 

parallel layers. 
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Fig. 2. Powder X-ray diffraction patterns of virgin and irradiated brushite, CaHPO4.2H2O, at different doses from 

0.07 GGy to 5.5 GGy in two angular windows from 2Cu = 15 to 55° (a) and 2Cu = 11 to 12.5° (b). All hkl Bragg 

lines of the respective phases are indicated in black for brushite, in red for monetite and in blue for newberyte. 

Note the diffuse background scattering increasing with dose until the highest one (5.5 GGy). 
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Fig. 3. Evolution of the peak broadening (FWHM) of three intense peaks of brushite (020, 12-1 and 121 Bragg 

lines) as a function of the radiation dose. 

 

 
Fig. 4. Evolution of the unit cell volume of brushite as a function of the irradiation dose. 

 

 
Fig. 5. Raman spectra of six samples irradiated at different doses and of virgin brushite. All spectra have been 

shifted with respect to each other to facilitate visualization. Spectral windows 1 and 2 correspond to left and 

right panels respectively. 
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Fig. 6. Experimental and fitted spectra corresponding to virgin and irradiated samples at 1.4 and 5.5 GGy in 

spectral window 1 (SPW1). The individual Gaussian peaks used to fit the experimental data are shown in either 

blue or red to identify them with brushite or pyrophosphate respectively. Idem for data in spectral window 2 

(SPW2).  
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Table 1. Density , mean excitation energy I, total inelastic stopping power and CSDA range R estimated using 

ESTAR [15] for brushite and 2.5 MeV electrons. 

 

Density  

(g/cm3) 
I 

(eV) 
(MeV/cm) 

R 

(mm) 

2.32 78.3 4.3 
5.6 

 

 

 

 

 

 

Table 2. Irradiation conditions using the SIRIUS platform for 2.5 MeV electrons. The electron doses are calculated 

without taking into account the contribution of backscattered electrons and the absorption effects along the 

trajectory. The absorbed doses are calculated using the inelastic stopping power values estimated using ESTAR 

[15]. The ion displacements damages, in dpa, are given assuming, for sake of simplicity, a value of displacement 

cross section (in barn), 𝜎𝑑, equal to 20 b at 2.5 MeV for all three calcium, phosphorous and oxygen ions, which is 

the order of magnitude found using the SMOTT/POLY code proposed by D. Lesueur [16] for an hypothetical 

threshold displacement energy value, 𝐸𝑑 of order 60 eV for all three ions. 

 

Dose (C) 0.005 0.01 0.05 0.1 0.2 0.35 0.7 1 1.3 4 

Fluence (e-.cm–2) 

x 1018 
0.0023 0.0047 0.2346  0.4693 0.9386 1.643 3.285 4.697 6.101 18.77 

Dose (GGy) 0.007 0.014 0.07 0.14 0.27 0.47 0.96 1.40 1.78 5.50 

Dose (dpa) 

x 10-5 
0.05 0.08 0.47 0.94 1.9 3.3 6.6 9.4 13 38 

 

 


