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a b s t r a c t Crystal structures of boron-containing AFm (B-AFm) and AFt (B-AFt) phases have been solved ab-initio and reﬁned from X-ray powder diffraction. 11B NMR and Raman spectroscopies conﬁrm the boron local environment in both compounds: three-fold coordinated in B-AFm corresponding to HBO32− species, and four-fold  space coordinated in B-AFt corresponding to B (OH)4− species. B-AFm crystallizes in the rhombohedral R3c group and has the 3CaO·Al2O3·CaHBO3·12H2O (4CaO·Al2O3·1/2B2O3·12.5H2O, C4AB1/2H12.5) general formulae with planar trigonal HBO32− anions weakly bonded at the centre of the interlayer region. One HBO32− anion is statistically distributed with two weakly bonded water molecules on the same crystallographic site. B-AFt crystallizes in the trigonal P3cl space group and has the 3CaO·Al2O3·Ca(OH)2·2Ca(B (OH)4)2·24H2O (6CaO·Al2O3·2B2O3·33H2O, C6AB2H33) general formulae with tetrahedral B (OH)4− anions located in the channel region of the structure. All tetrahedral anions are oriented in a unique direction, leading to a hexagonal c lattice parameter about half that of ettringite. © 2012 Elsevier Ltd. All rights reserved.



1. Introduction Borate anions are frequently encountered in low- and intermediate-level (LLW and ILW) radioactive waste streams since boric acid is used as a neutron moderator in the water cooling system of pressurised water reactors (PWRs). The most widely used process for stabilization/solidiﬁcation of such wastes is cementation. Borates are however reported to be strong retarders of Portland cement setting and hardening [1–4]. Retardation may arise from surface adsorption, and possibly from the formation of protective layers over cement grains due to precipitation with calcium [5]. According to Roux [6], and in agreement with the observations of Casabonne Masonnave [7], the borate inhibition effect might result from the formation of amorphous 2CaO·3B2O3·8H2O from polyboric anions B3O3 (OH)4− and/or B3O3 (OH)52− when pH is within the range 4.5–12. At higher pH, aqueous boron, mainly as B (OH)4−, would precipitate into crystallized CaO·B2O3·6H2O or CaO·B2O3·4H2O, which would allow cement hydration to progress. Three main strategies have thus been used to cement wastes with high contents of borates:



⁎ Corresponding author. E-mail address: [email protected] (C. Cau Dit Coumes). 0008-8846/$ – see front matter © 2012 Elsevier Ltd. All rights reserved. doi:10.1016/j.cemconres.2012.06.003



– use of a Portland cement blended with calcium hydroxide to precipitate borates as calcium hexahydroborite CaO·B2O3·6H2O, which is later destabilized in favour of a boron-AFt phase (named B-AFt in the present text) in the hydrated cement paste [8,9], – use of Portland cement blended with calcium aluminate cement (Fondu® type) and calcium hydroxide to incorporate borates directly into the following AFt phase: 3CaO·Al2O3·2Ca (B (OH)4)2·Ca (OH)2·30H2O (calcium quadriboroaluminate QBA, or high boron-content AFt) [6,10,11], – use of a calcium sulfoaluminate cement [12–14], possibly blended with Portland cement [15], to precipitate borates into a mixed borate/sulphate AFt phase. The B-AFt phases thus play a key role in the insolubilization of borate ions. AFt (calcium aluminate or ferrite tri-substituted hydrates) stands for a large group of minerals which refers to ettringite 3CaO·Al2O3·3CaSO4·32H2O. Their general formulae can be written 3CaO·(Al,Fe)2O3·3CaX2·nH2O where X is one monovalent anion or half a divalent anion. The crystal structure is composed of positively charged columns [Ca3Al (OH)6·12H2O] 3+ arranged parallel to the c lattice parameter from a hexagonal unit cell, and of negatively charged channels [3X·nH2O] 3− . Trivalent Al 3+ can be substituted by Fe 3 +, Cr 3+, Mn 4+ or Si 4+ [16–18]. AFt phases are known to bind
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many anions such as SO42−, SO32−, OH − [19,20], SeO42−, CrO42− or VO43− [21,22]. The incorporation of borate anions in the AFt phase is also well documented. Wenda and Kuzel [23] showed that borate can substitute completely for sulphate in the ettringite structure. They reported the existence of two boron-containing AFt phases, one (C3A·Ca (B (OH)4)2.Ca (OH)2·36H2O) with a high and the other (C3A·Ca (B (OH)4)2·2Ca (OH)2.36H2O) with a low boron content. IR spectroscopy showed boron to be four-coordinated within the AFt structure (i.e. existing as tetrahedral B (OH)4− anion). Poellmann et al. [24] additionally demonstrated that a large range of solid solutions existed between ettringite and the high or low boron-content AFt phases. Compounds with intermediate boron-content from the solid solution 3CaO·Al2O3·xCa (OH)2·(3 − x) Ca (B (OH)4)2·nH2O with 1 ≤ x ≤ 2, have also been reported [25]. Nevertheless, no detailed crystallographic data are available for the boron-containing AFt phase. AFm phases, which can be formed in signiﬁcant amounts by hydrating calcium aluminate cement [26] or a calcium sulfoaluminate cement with a low calcium sulphate content [27], are also interesting candidates to insolubilize borate ions. AFm phases (calcium Aluminate or Ferrite Mono-substituted hydrates) belong to the layered double hydroxide (LDH) large family. Their general formulae can be written 3CaO·(Al,Fe)2O3·CaX2·nH2O where X is one monovalent anion or half a bivalent anion. Their crystal structure is composed of positively charged main layer [Ca2(Al,Fe) (OH)6] + and negatively charged interlayer [X·nH2O] −. A variety of anions can be incorporated, such as SO42− [28], Cl − [29–31], CO32− [32,33], NO3− [34,35], I − and Br − [36,37]. The incorporation of borate anion in the interlayer region leads to 4CaO·Al2O3·1/2B2O3·12H2O, called calcium monoboroaluminate hydrate (named B-AFm here). No crystallographic data have been reported yet for B-AFm and the boron environment has still to be clariﬁed [38–40]. Based on the existence of a complete solid solution between B-AFm and the hemicarboaluminate 4CaO·Al2O3·1/ 2CO2·12H2O, Bothe and Brown postulated a three-fold coordination of boron in B-AFm (i.e. HBO32−) as for CO32− [39,40]. According to Cszetenyi [25], the B-AFm compound exhibits a FT-IR spectrum similar to those of compounds based on a boron-oxygen ring with [B3O3 (OH)5] 2− composition. Boron atoms would thus rather form such rings in the B-AFm interlayer. The objective of this work was thus to give an accurate description of the structures of both B-AFm and high B-AFt (3CaO·Al2O3·Ca (OH)2·2Ca (B (OH)4)2·nH2O) phases using X-ray powder diffraction, 11 B NMR and Raman spectroscopy.



2. Experimental 2.1. Sample preparation Powder samples with nominal composition 4CaO·Al2O3·1/ 2B2O3·nH2O and 6CaO·Al2O3·2B2O3·nH2O were synthesized in stirred aqueous suspension. Tricalcium aluminate (3CaO·Al2O3), lime (VWR ≥ 99%) which was heated at 950 °C for 12 h to obtain pure calcium oxide CaO, and boric acid (H3BO3, VWR ≥ 99%) were mixed in pure boiled and decarbonated water with molar ratios equal to 1:1:1 and 1:3:4, respectively. Boric acid was introduced in slight excess (weight overestimated by 1%) to ensure a complete reaction of tricalcium aluminate (3CaO·Al2O3). All experiments were carried out in a CO2-free atmosphere. Boric acid was ﬁrst dissolved in water. Calcium oxide was then introduced in order to form calcium hexahydroborite CaO·B2O3·6H2O. This step enabled to avoid the dissolution inhibition of tricalcium aluminate by borate anions. Tricalcium aluminate was then added, and the mixture was stored under stirring conditions during 7 days and 90 days respectively at room temperature (20 ± 1 °C). Mixtures were then ﬁltered at 0.45 μm. Solid fractions were dried with isopropanol and stored away from CO2.
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2.2. X-ray powder diffraction X-ray powder diffraction (XRPD) data of B-AFm were collected on a D8 Advance (Bruker) diffractometer equipped with a Göbel mirror and a Lynx Eye detector. The B-AFm sample was measured using the Debye Scherrer geometry (transmission mode). The sample was introduced in a Lindeman tube (Ф = 1 mm) and mounted on a spinning goniometric head during measurement to reduce the preferred orientation effect. Data were recorded by using copper radiation (λ = 1.5418 Å) at room temperature in the 2θ range 4–120° with a step size of 0.011° for a total counting time of 8 h. The XRPD pattern of B-AFt was recorded with the Bragg Brentano geometry on the Bruker D8 Advance diffractometer (2θ angular range between 5 and 120°, step size of 0.019° for a total counting time of 4 h). Pure silicon was measured under the same conditions to extract the instrumental resolution function. For both compounds, diffraction maxima were located using standard peak search methods with reﬂex from MSModeling program [41]. X-Cell [42] was used for indexing the powder patterns. Localization of the atoms in the unit cell was determined with the EXPO program [43] working on the previously extracted intensities. Rietveld reﬁnement of the structure was then performed using the FullProf_Suite program [44]. The structures were reﬁned down to Rp = 0.037, Rwp = 0.059, RBragg = 0.11 and RF = 0.10 Rietveld factors for B-AFm, and Rp = 0.049, Rwp = 0.068, RBragg = 0.064 and RF = 0.08 for B-AFt. 2.3. Differential scanning calorimetry and thermogravimetric analyses (DSC and TGA) Differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA) were performed with a Netzsch STA 409 PC instrument between 20 °C and 1000 °C under nitrogen atmosphere with a heating rate of 2 °C/min. The curves were corrected from buoyancy effects (caused by the density of the surrounding gas decreasing on heating) by performing a blank subtraction. 2.4. Micro Raman spectroscopy Micro-Raman spectra were recorded at room temperature in the back scattering geometry, using a Jobin-Yvon T64000 device. The spectral resolution obtained with an excitation source at 514.5 nm (argon ion laser line, Spectra Physics 2017) was about 1 cm −1. The Raman detector was a charge coupled device (CCD) multichannel detector cooled by liquid nitrogen to 140 K. The laser beam was focused onto the sample through an Olympus confocal microscope with × 100 magniﬁcation. Laser spot was about 1 μm 2. Measured power at the sample level was kept low (less than 10 mW) in order to avoid any damage of the material. The Raman scattered light was collected with the microscope objective at 180° from the excitation and ﬁltered with an holographic Notch ﬁlter before being dispersed by a single grating (1800 grooves per nm). Spectra were recorded (four scans of 300 s each) in the frequency range 300 cm −1–1600 cm −1 in order to investigate the Raman active vibration modes of borate groups. 2.5.
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B NMR spectroscopy



The B-AFm and B-AFt phases were characterized using 11B and 1H MAS NMR. The 11B MAS spectra were recorded at a Larmor frequency of 256.7 MHz using a Bruker Advance III 800 MHz (18.8 T) spectrometer. The spectra were made up of 64 free induction decays with a pulse length of 1 μs (π/10) and a relaxation delay of 5 s. The samples were spun at 20 kHz in 3.2 mm probe. Experimental referencing, calibration, and setup were performed using solid powdered sodium borohydride. Solid NaBH4 has a chemical shift of −42.06 ppm relative to the primary
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using an ultrasonic bath. A drop of suspension was then laid down on a carbon ﬁlm. Ethanol was evaporated, and the powders were carbon-coated under vacuum before observation. 2.7. ICP-AES analysis The chemical compositions of the synthesized phases were determined by ICP-AES analyses. The powders were dissolved in a small volume of concentrated nitric acid (1 mol/L), and the resulting solutions were analysed for Ca, Al, and B using ICP-AES (Vista Pro Varian, standardization with matrix reconstitution). 3. Results 3.1. Chemical compositions



Fig. 1. Rietveld plots for the B-AFm (top) and the B-AFt (bottom) samples: experimental and calculated powder patterns (a), difference curves (b) and Bragg peak positions for the B-AFm phase (c1), katoite (c2) and the B-AFt phase (c3).



standard, liquid F3B·O (C2H5)2 (where δ(11B)=0.00 ppm). The baseline was corrected by subtracting the background signal coming from the boron nitride stator of the probe. In complementary experiments, the boron NMR spectra were proton decoupled by applying a proton decoupling ﬁeld of 80 kHz. Spectral decomposition was performed using DMFit software [45]. 2.6. Scanning electron microscopy The morphologies of B-AFm and B-AFt crystals were observed using scanning electron microscopy (FEI Inspect S50, equipped with a tungsten ﬁlament, acceleration voltage = 15 kV, ﬁlament current = 50 μA). The powders were previously dispersed in ethanol



The B-AFm sample was almost single phase after seven days of reaction. Its X-ray powder pattern could be indexed using a hexagonal unit cell with the following reﬁned lattice parameters: a = 5.7764 (1) Å and c = 49.5499 (9) Å. Small amounts of katoite (about 3 wt.% according to subsequent Rietveld reﬁnement) were present as impurity. This was in agreement with the phase equilibrium diagram of the CaO–Al2O3–B2O3–H2O system established by Bothe and Brown [40], showing the coexistence of B-AFm and katoite. The B-AFt sample was single phase after 90 days under stirring conditions. The whole powder pattern was indexed using a hexagonal unit cell with the following reﬁned lattice parameters: a = 11.0295 (1) Å and c = 10.6990 (1) Å. Rietveld plots are shown in Fig. 1. Raman spectroscopy revealed a slight carbonate contamination of the B-AFm sample (Fig. 2). The spectrum exhibited a vibration at 1089 cm −1 which is characteristic of weakly bonded carbonate anions in the interlayer region of AFm phases [46]. Carbonate contamination of the B-AFt sample was not obvious since the signal at 1075 cm −1 could be assigned to a borate anion vibration. Chemical compositions of B-AFm and B-AFt phases were determined using ICP-AES and TGA analyses. Their atomic ratios Ca:Al:B were found to be 4.00:2.07:1.05 and 6.00:2.28:4.00 for B-AFm and B-AFt respectively. In both cases, the Ca:B and Al:B ratios were close to the expected composition: Ca:B = 3.8 ± 0.2 and Al:B = 1.97 ± 0.05 (conﬁdence intervals taking into account errors due to ICP-AES analysis only) for B-AFm with the nominal 4CaO·Al2O3·1/2B2O3·nH2O composition, and Ca:B = 1.50 ± 0.04 and Al/B = 0.57 ± 0.02 for B-AFt with the nominal 6CaO·Al2O3·2B2O3·nH2O composition. The small surplus of aluminium in the AFt phase analysis might have indicated a slight contamination by amorphous aluminium hydroxide. However, the thermogram of the ﬁnal product did not exhibit any weight loss characteristic of aluminium hydroxide dehydration (main loss at



Fig. 2. Micro-Raman spectra of B-AFm and B-AFt samples. Spectral ranges corresponding to the vibrations of the borate groups (left) and of the hydrogen bond networks (right).
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Table 2 Atomic coordinates, isotropic thermal displacement and occupancy parameters for the B-AFm hydrate.
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From these results, the chemical compositions of B-AFm and B-AFt were assessed to be 4CaO·Al2O3·1/2B2O3·12H2O and 6CaO·Al2O3·2B2O3·33H2O respectively.
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3.2. Crystal structure of the B-AFm phase
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Temperature (°C) Fig. 3. TGA/DSC analysis of B-AFm (A) and of B-AFt (B).



255 °C). The assumption of an Al surplus in the structure of the B-AFt phase was contradicted by Rietveld reﬁnement of this phase (see Section 3.3). The slight aluminium excess was more likely due to experimental error. The weight losses recorded between 25 °C and 1000 °C by TGA corresponded to the departure of 12 water molecules for the B-AFm phase and 33 water molecules for the B-AFt phase (Fig. 3). It should be noted however that, in this latter case, the amount of water molecules per formula unit may be slightly underestimated as AFt phases are very sensitive to dehydration [47].



Indexation of the X-ray powder pattern showed that the B-AFm  space group with restructure is described in the trigonal system: R3c ﬁned lattice parameters a = 5.7764 (1) Å and c = 49.5499 (9) Å for a unit cell volume V = 1431.83 (4) Å 3 (see Table 1). Le-Bail ﬁtting led to good R factors with Rp = 0.028 and Rwp = 0.04. A c hexagonal axis  symmeclose to 50 Å is a characteristic of a 6R polytype with the R3c try [48]. B-AFm phase crystallizes in the same space group than Friedel's salt (the HT-polymorph or the slightly carbonated Friedel's salt) [30,31,50], the mixed chloro-carboaluminate AFm phase [46,49], and the iron containing AFm monocarbonate [50]. Crystal structure was solved by direct methods with EXPO and reﬁned by Rietveld reﬁnement with FullProf, leading to the conventional Rietveld factors Rp = 0.041 and Rwp = 0.059. Borate anions were described by planar trigonal [BO3] entities (hydrogen atoms belonging to the borate anions were not considered here due to the weak X-ray scattering contrast of H, as well as hydrogen atoms from hydroxyls and water molecules). The Rietveld plot is shown in Fig. 1 and the reﬁnement parameters are given in Table 1. The reﬁned atomic parameters of the 7 non hydrogen atoms are summarized in Table 2 and a general representation of the B-AFm structure is shown in Fig. 4. The structure of B-AFm was composed of positively charged main layers [Ca2Al (OH)6] + and negatively charged interlayers [1/2HBO3·3.14(1)H2O] −. In order to ensure electroneutrality of the compound, reﬁned trigonal [BO3] entities should present two negative charges corresponding to the triangular



Table 1 Reﬁnement parameters for B-AFm and B-AFt. Compound



B-AFm



B-AFt



Formula Structural formula Formula weight (g.mol−1) T (K) System Space group a (Å) c (Å) V (Å3) Z/Dx (g cm−3) Wavelength (Å) Angular range 2θ (°) Nobs Nref Rp Rwp RBragg RF N of proﬁle parameters N intensity dependent parameters



3CaO·Al2O3·CaHBO3·12.28(6)H2O [Ca2Al (OH)6]+[1/2HBO3·3.14(3)H2O]− 551.98 293 K Trigonal  R3c



3CaO·Al2O3·Ca (OH)2·2Ca (B (OH)4)2·24H2O [Ca3Al (OH)6·9H2O]3+[2B (OH)4·OH·2H2O]3− 1172.34 293 K Trigonal P3c1 11.0296 (1) 10.6992 (1) 1127.16 (2) 1/1.72 1.54184 5.11–119.98 6047 1210 0.049 0.068 0.064 0.080 14 18



5.7764 (1) 49.5499 (9) 1431.82 (4) 3/1.92 1.54184 4.06–120.21 10,560 534 0.041 0.058 0.083 0.10 12 10
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Fig. 4. General representation of the B-AFm structure along [010]. For clarity reasons, the statistical distribution between one borate group and two water molecules was ordered in the ﬁgure. Geometry of the trigonal borate HBO32− anion is shown in inset.



HBO32− anion. The main layers contained ordered Al 3+ cations in octahedral hydroxyl coordination, and seven-fold coordinated Ca 2+ cations (6 hydroxyl anions + 1 water molecule from interlayer labelled Ow1), as usually encountered for AFm phases. The structure of B-AFm was described by 7 non-H atomic positions attributed to aluminium, calcium, hydroxyl ions (labelled Oh), water molecule bonded to Ca 2+ (labelled Ow1), water molecule weakly bonded in the centre of the interlayer (labelled Ow2 with a reﬁned partial occupancy of 0.38 (1)), boron atom from borate group (with a ﬁxed partial occupancy of 1/2 in agreement with the determined chemical composition and for electroneutrality reason) and oxygen atoms from borate group (labelled Ob). The interlayer region was characterized by a statistic distribution between one trigonal borate anion and about two water molecules (Ob site and Ow2 site indicated in Table 2 correspond to a unique crystallographic site with a global occupancy of 0.88 (1)). Raman spectrum in the spectral range 3000 cm −1 to 4000 cm −1 with deﬁnite but broad signals agreed with such a static disorder involving the hydrogen bond network (Fig. 2). The reﬁned composition 3CaO·Al2O3·CaHBO3·12.3 (1) H2O was in agreement with the previously determined chemical composition 3CaO·Al2O3· CaHBO3·12.H2O, namely in terms of water content. Interatomic distances, given in Table 3, are good indicators of the accuracy of the reﬁned structural model. The unrealistic Ow2–Ow2 distance of 2.17 Å was explained by the statistic disorder in the interlayer region which banned the reﬁnement of exact positional parameters for the Ow2 site (Ow2 site was combined with the Ob2 site to avoid strongly correlated parameters and to stabilize the Rietveld reﬁnement).



3.3. Crystal structure of the B-AFt phase



Table 3 Selected interatomic distances in the B-AFm and B-AFt structures. B-AFm 6 × OH
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Indexation of the X-ray powder pattern showed that the B-AFt structure is also described in the trigonal system: P3c1 space group



B-AFt
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Raman spectra of B-AFm and assignments (Fig. 2) agreed with the trigonal symmetry of borate HBO32− anion [51]. Splitting of normal modes of vibration resulted from the fact that the real point symmetry of the HBO32− anion located in the centre of the interlayer region was C2, and not the apparent D3h point symmetry of the 6a Wyckoff  space group. Because of the presence of one hydrosite from the R3c gen atom located in one among the three oxygen atoms, the trigonal symmetry of the free borate anion was lost in favour of the C2v symmetry. According to previous works, planar HBO32− anion is evidenced by the signals at 495 cm−1 and ~550 cm−1 (νs(B\O) superimposed with signal from octahedral [Al (OH)6] group [46]), 856 cm−1 and 888 cm−1 (νs(B\O)) and 1429 cm−1 and 1473 cm−1 (νas(B\O)). The Raman signal at 1088 cm−1 was a characteristic of carbonate contamination of the AFm phase, with carbonate weakly bonded at the centre of the interlayer region (i.e. same location than HBO32− borate anions) [46]. The weak signal observed at 1171 cm−1 for boric acid with trigonal B (OH)3 entities, assigned to νas(B\O) [51], was not observed here. Assignment of the borate modes of vibration was complicated by the presence of natural boron containing the two 10B (19.6%) and 11B (80.4%) isotopes. 10B to 11B shifts were expected for asymmetric modes of vibration. For example, relative intensities of the signals at 1429 cm−1 and 1473 cm−1 could be correlated to the relative amounts of 11B (signal at 1429 cm−1) and 10B (signal at 1473 cm−1). The local borate organisation in the B-AFm phase was also studied by 11B NMR. The spectrum (Fig. 5) presented one main and broad peak for chemical shifts between 10 and 20 ppm, with a maximum at 15.9 ppm, which was a characteristic of tricoordinated B[III] atoms. 11B (80.22% naturally abundant) is a half-integer nucleus (I = 3/2) that possesses a quadrupolar momentum. This gives rise to a quadrupolar interaction, the amplitude of which strongly depends on the distortion of the site compared to the cubic symmetry. When this interaction is strong, the second-order terms of the interactions are only partially averaged by MAS, and this results in a characteristic lineshape that can be seen in Fig. 5 for the B[III] sites. The splitting of the signal induces an experimental broadening and additionally shifts the peak to the lower ppm region [52–54]. On the contrary, for tetrahedral B[IV] sites, the higher symmetry corresponds to a small quadrupolar coupling constant, and the signals are nearly Gaussian [55,56]. The spectra recorded with and without any protondecoupling ﬁeld were very similar, showing that the B\H coupling was weak, which could result from a fast exchange of the hydrogen atoms on the NMR time scale. The presence of a very weak peak at 1.6 ppm was a characteristic of tetrahedral boron [52] and was assigned to a slight contamination.
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B MAS NMR with, and without, 1H decoupling of B-AFm and B-AFt phases.
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Table 4 Atomic coordinates, isotropic thermal displacement and occupancy parameters for the B-AFt hydrate. Atom



Wyckoff site



x



Ca Al Oh1 Oh2 Ow1 Ow2 Ow3 B1 B2 Ob11 Ob12 Ob21 Ob22 O



6d 2b 6d 6d 6d 6d 6d 2c 2a 2c 6d 2a 6d 6d



0.3330 1/3 0.4637 0.4783 0.3523 0.3131 0.0808 2/3 0 2/3 0.6206 0 0.9094 0.6862



y (4) (11) (11) (12) (10) (7)



(14) (14) (10)



0.4725 2/3 0.8077 0.6639 0.3096 0.3131 0.2580 1/3 0 1/3 0.1872 0 0.0556 0.5538



with reﬁned lattice parameters a = 11.0296 (1) Å, c = 10.6992 (1) Å for a unit cell volume V = 1127.16 (2) Å 3 (see Table 1). Le-Bail ﬁtting led to good R factors with Rp = 0.037 and Rwp = 0.05. The space group, as well as the hexagonal c axis length, differed from those of ettringite (P31c space group with c ~ 21.45 Å [57]). The hexagonal c lattice parameter was about half that of ettringite, whereas the basal parameter was equivalent (around 11 Å), indicating that the unit cell of B-AFt contained one 3CaO·Al2O3·Ca (OH)2·2Ca



(3) (11) (17) (9) (8) (6)



(10) (16) (7)



z



Biso (Å2)



Occupancy



0.4007 (15) 0.1397 (18) 0.0430 (17) 0.2591 (17) 0.2624 (15) 0.5759 (16) 0.4082 (18) 0.6319 (17) 0.6505 (18) 0.4964 (17) 0.661 (2) 0.5206 (16) 0.685 (2) 0.419 (2)



2.19 (5) 1.9 (1) 0.6 (1) =Ueq(Oh1) 0.50 (9) =Ueq(Ow1) =Ueq(Ow1) 4.2 (2) =Ueq(B1) =Ueq(B1) =Ueq(B1) =Ueq(B1) =Ueq(B1) 4.3 (3)



1 1 1 1 1 1 1 1 1 1 1 1 1 1



(B (OH)4)2·nH2O motif (Z = 1). The crystal structure was solved by direct methods with EXPO, and reﬁned by Rietveld reﬁnement with FullProf, leading to the conventional Rietveld factors Rp = 0.049 and Rwp = 0.068 (Fig. 1, Table 1). Borate anions were described by tetrahedral [BO4] entities corresponding to tetrahedral B (OH)4− anions (hydrogen atoms belonging to the borate anions were not considered here due to the weak X-ray scattering contrast of H, like all other hydrogen atoms).



Fig. 6. Projection of the B-AFt structure (left) along the b axis (top) and along the c axis (bottom). Comparison with the ettringite structure is represented (right) by using equivalent colour codes.
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The reﬁned positions of the 14 non hydrogen atoms are reported in Table 4 and a general representation of the B-AFt structure is given in Fig. 6. Interatomic distances are given in Table 3. The structure of B-AFt was composed of positively charged columns [Ca3Al (OH)6·9H2O] 3+ arranged parallel to the c lattice parameter, and of negatively charged channels [2B (OH)4·OH·2H2O] 3−. The main columns contained trivalent Al 3+ in hydroxyl octahedral coordination and bivalent Ca 2+ cations, which were seven-fold coordinated with four hydroxyl groups (labelled Oh1 and Oh2) and three bonded water molecules (labelled Ow1, Ow2 and Ow3). The eighth neighbouring atom was the O atomic position with a large distance of 3.48 Å. In ettringite, calcium cations are eight fold coordinated by four hydroxyls and four water molecules. Comparison between B-AFt and ettringite structure is given in Fig. 6. For elecroneutrality consideration, the weakly bonded O position was assumed to be hydroxyl anion for one third and water molecule for two thirds, leading to the general chemical formulae 3CaO·Al2O3·Ca (OH)2·2Ca (B (OH)4)2·24H2O which was consistent with TGA and ICP-AES results. The channels contained two independent tetrahedral borate anion B (OH)4−, which were described by 6 non-H-atomic positions: 2 for boron (labelled B1 and B2), and 4 for oxygen of borate groups (labelled Ob11, Ob21 for apical oxygen and Ob21, Ob22 for basal oxygen atoms). The tetrahedral coordination of boron was conﬁrmed by Raman spectroscopy and 11B NMR. The NMR spectrum (Fig. 5) exhibited a narrow and intense peak at 0.91 ppm, which showed the tetrahedral coordination of boron in the B-AFt [52]. Traces of trigonal boron were also evidenced by the broad peak at 17.9–19.5 ppm, but by integrating the peaks using the DMFit program [45], the fraction of B[III] was assessed to be less than 10%, and corresponded to a slight contamination. The B-AFt Raman spectrum in the 200–2000 cm −1 spectral range (Fig. 2) differed signiﬁcantly from this from B-AFm. The signal observed for B-AFt was very similar to that of metaborate NaB (OH)4·2H2O [51], which also exhibited peaks at 421 cm −1 (δ(B\O)), 538 cm −1 (γ(B\O) and/or [Al (OH)6] [46]), 754 cm −1 (ν3(B\O)), 912 cm −1 (ν3(B\O)), 993 cm −1 (νas(B\O)) and 1075 cm −1 (νas(B\O) or carbonate contamination). The absence of observable splitting for each Raman signal from borate anion showed the symmetrical similarities for the two independent B (OH)4 entities.



4. Discussion Both boron-containing B-AFm and B-AFt compounds present the crystal morphology characteristic of their respective families: platy hexagonal for B-AFm, and needle-like shape for B-AFt (Fig. 7). Their reﬁned chemical compositions agree well with the chemical analyses (both TGA and ICP-AES): 4CaO·Al2O3·1/2B2O3·12H2O for B-AFm, and 6CaO·Al2O3·2B2O3·33H2O for B-AFt or, using the elemental oxide notation encountered in cement literature, C4AB1/ 2H12 and C6AB2H33. This notation hides the two different kinds of borate anions encountered. B-AFm contains planar three-fold HBO32 − anions weakly bonded at the centre of the interlayer region of the lamellar AFm structure, whereas B-AFt contains tetrahedral B (OH)4− anions in the channel region of the columnar AFt structure. The following notations are more explicit: [Ca2Al (OH)6] +[1/ 2HBO3·3H2O] − or 3CaO·Al2O3·CaHBO3·11.5H2O for B-AFm, and [Ca3Al (OH)6 (H2O)9] 3 +[2B (OH)4·OH·2H2O] 3 − or 3CaO·Al2O3·Ca (OH)2·2Ca (B (OH)4)2·24H2O for B-AFt. Spectroscopic investigations (Raman and 11B NMR spectroscopies) have conﬁrmed these two borate geometries. Raman spectra in the 3000 to 4000 cm−1 spectral range (Fig. 2), characteristic of the hydrogen bond network, show deﬁnite but broad signals due to the presence of disorder: 1/ statistic disorder between borate anion and water molecules in the interlayer region for B-AFm, and 2/statistic disorder between hydroxyl anion and water molecules in the channels for B-AFt.



Fig. 7. SEM observation (secondary electrons) of B-AFm (A) and B-AFt crystals (B).



The B-AFm phase crystallizes in the highly symmetric rhombohe space group with an interlayer distance of 8.26 Å. This dral R3c symmetry was already observed for AFm phases which insert monoatomic anions such as chloride and bromide (Ca2Al (OH)6·Cl·2H2O and Ca2Al (OH)6·Br·2H2O), and also for planar trigonal carbonate anion in the case of the fully iron-substituted AFm phase (Ca2Fe (OH)6·(CO3)1/2·3H2O). Planar HBO32− anions are weakly bonded at the centre of the interlayer unlike carbonates and nitrates (also with a planar trigonal symmetry) which are directly bonded to Ca2+ cation from main layer for the pure Al-containing AFm phases [34,35]. Such a location in the interlayer region has been observed in the case of the mixed carbonate/chloride AFm phase (i.e. the carbonated Friedel's salt) [49]. On the basis of these space group considerations and anion locations, we can clearly establish the impossibility to have an ideal solid solution between the monocarboaluminate (triclinic symmetry) and B-AFm. The case of an ideal solid solution with the hemicarboaluminate (Hc) is more difﬁcult to discuss since its crystal structure is still  or R3c  symmetry has been assumed but carbonunknown (trigonal R3c ate anions were not located). Nevertheless, the interlayer distance of 8.2 Å for Hc [58], similar to that of B-AFm, strongly suggests the easy carbonate to borate substitution, involving hydroxyl anion, as assumed by Bothe and Brown [39,40] and corresponding to the ideal solid solution between 3CaO·Al2O3·Ca (HO) BO2·11.5H2O and 3CaO·Al2O3·1/ 2CaCO3·1/2Ca (OH)2·11.5H2O. It is interesting to note that B-AFm does not insert tetrahedral B (OH)4− anion. Such a geometry is well known in AFm phases, but with bivalent anions: sulphate for monosulfoaluminate, and also chromate in monosulfochromate [59]. No
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example of monovalent tetrahedral anion has been described yet in the AFm family. The present results from Rietveld reﬁnement on X-ray powder data did not allow locating hydrogen atom from HBO3 anion (and also from hydroxyl and water molecules). We were not able to discriminate if borate anions are fully ordered (with hydrogen atom located on a deﬁnite oxygen atom from HBO3), or if the hydrogen atom can be located on the three oxygen atoms from HBO3 (with an average partial occupancy of one third). The borate anion in B-AFt corresponds to the monovalent tetrahedral B (OH)4−, leading to the chemical composition 3CaO·Al2O3·Ca (OH)2·2Ca (B (OH)4)2·24H2O. Compared to ettringite of composition 3CaO·Al2O3·3CaSO4·32H2O which contains bivalent anions, we should ﬁnd twice the number of anions in the channel region of the structure: three SO42− anions are replaced by four B (OH)4− anions and two OH − anions. Whereas sulphate anions in ettringite present the up and down orientation [19], the B (OH)4− anions are all oriented in the same direction in B-AFt: this explains the different trigonal space groups (P31c for ettringite against P3c1 for B-AFt) and the half hexagonal c lattice parameter for the borate containing AFt (21.48 Å for ettringite against 10.70 Å for B-AFt). These different conﬁgurations are represented in Fig. 6. The anionic crystallographic positions are relatively equivalent in both structures. In the ettringite structure among the four anionic crystallographic sites, three are ﬁlled by sulphate anion and one is occupied by two water molecules. In the B-AFt case, the four anionic crystallographic sites are ﬁlled by B (OH)4− anions, and two other hydroxyl anions (with four water molecule) are located along one channel. Whereas all channels are similar in the ettringite structure (with the sequence sulphate down–sulphate down–sulphate up–water molecules–etc…), two kinds of channels exist in B-AFt: one small channel containing borate anions only and one larger channel containing the same quantity of borate anions plus the hydroxyl/water entities (corresponding to the O site in Table 4). Calcium cations are seven fold coordinated in B-AFt (four hydroxyl+three water molecules) whereas they are eight fold coordinated in ettringite (with one supplementary water molecule). It seems that the eighth neighbouring oxygen atom has left the coordination polyhedron of Ca2+, has moved to the large channel and corresponds to the hydroxyl/water crystallographic site. This explains the different water contents in ettringite and in B-AFt. Actually this difference is mainly due to water molecules bonded to the positively charged columns: [Ca3Al (OH)6·12H2O] 3 + in ettringite against [Ca3Al (OH)6·9H2O] 3 + in B-AFt. 5. Conclusion Crystal structures of B-AFm and B-AFt phases were successfully investigated. The existence of these two ternary hydrates, synthesized under the same experimental conditions, highlights the well-known ability of boron to be 3 or 4-fold coordinated. The local structure of boron in B-AFm was shown to be planar three fold coordinated by oxygen, with one hydrogen atom located in one oxygen atom from the HBO32− (or B (OH)O2 more explicitly) borate anion. B-AFm formulae should thus be written as 3CaO·Al2O3·CaHBO3·11.5H2O, as previously suggested by Bothe and Brown [39,40]. Contrary to other trigonal anions – carbonate and nitrate – that are directly bonded to calcium cations from the main layer in pure compounds, trigonal borate anions are weakly bonded in the centre of the interlayer region (as encountered for carbonate in mixed CO32−/Cl− AFm phase). It seems that this corresponds also to the case, not solved yet, of hemicarboaluminate. In B-AFt, it was shown that boron is tetrahedrally four-fold coordinated by oxygen, and that all borate groups are oriented along the same direction in the channels of the ettringite-type structure. This involves structural differences with ettringite namely in terms of symmetry (space group P3c1 for B-AFt and P31c for ettringite) and in terms of unit cell volume (half unit cell volume for B-AFt due to a hexagonal c lattice parameter of 10.70 Å for B-AFt – compared to 21.48 Å for
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