
1 Full paper
2
3 Title
4 Structural analyses of amorphous calcium carbonate
5 before and after removing strontium ions from an aqueous solution
6
7 Authors
8 Yuta SHUSEKI1, Shinji KOHARA2*, Koji OHARA3, Takahiro OHKUBO4, Koyo TAKEI4, 
9 Matthew G. TUCKER5, Alexander I. KOLESNIKOV5, Marshall T. MCDONNELL6, Robert L. 

10 SACCI7, Joerg C. NEUEFEIND5 and Ken TAKEUCHI1,8*
11
12 1 Department of Pure and Applied Chemistry, Faculty of Science and Technology, Tokyo 
13 University of Science, 2641 Yamazaki, Noda, Chiba 279-8510, Japan
14 2 Research Center for Advanced Measurement and Characterization, National Institute for 
15 Materials Science (NIMS), 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
16 3 Diffraction and Scattering Division, Japan Synchrotron Radiation Research Institute (JASRI), 
17 Sayo-gun, Hyogo 679-5198, Japan
18 4 Graduate School of Engineering, Chiba University, 1-33 Yayoi-cho Inage-ku, Chiba 263-8522, 
19 Japan
20 5 Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA
21 6 Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge, TN, 
22 37831, USA
23 7 Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, TN, 
24 37831, USA
25 8 Oshamambe Division, Institute of Liberal Arts and Science, Tokyo University of Science, 102-
26 1 Tomino, Oshamambe-cho, Hokkaido 049-3514, Japan
27
28 *Corresponding Author.
29 Ken Takeuchi
30 E-mail: ken@rs.tus.ac.jp
31 Shinji Kohara
32 E-mail: kohara.Shinji@nims.go.jp
33
34
35 Abstract
36 Amorphous calcium carbonate (ACC) is a precursor of crystalline calcium carbonate; hence, its 
37 structural information at the atomic level is very important for controlling the morphology of 
38 crystalline calcium carbonate. In this study, we attempted to elucidate the process of Sr extraction 
39 from aqueous solution by using ACC for the purpose of removal of radioactive Sr from the 
40 contaminated water leaked after the Fukushima Daiichi nuclear accident. The pair distribution 
41 functions, g(r) obtained by X-ray and neutron diffraction measurements show that ACC has a 
42 structure partially similar to that of monohydrocalcite, suggesting that ACC is transferred to the 
43 crystalline calcium carbonate starting from its crystal nucleus. Rietveld analysis of the neutron 
44 diffraction data showed that the ACC that removed Sr was crystallized to calcite. However, the 
45 Sr-O coordination analyzed using extended X-ray absorption fine structure (EXAFS) implies that 
46 the local environment of O around Sr is similar to that in crystalline calcium carbonate aragonite.
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7 1. Introduction
8 Calcium carbonate has various crystal structures: calcite1) is the most stable phase and
9 aragonite2) and vaterite3) are metastable. Monohydrocalcite (CaCO3-1.0H2O)4) and ikaite (CaCO3-

10 6.0H2O)5) can be found in specific environments such as alkaline salt lakes. In recent years, there 
11 have been many research studies on amorphous calcium carbonate (ACC) carried out because 
12 amorphous materials have more attractive functions than crystal materials. After the discovery of 
13 ACC in 18986), many discussions have been done about its physical properties and synthetic 
14 methods.7) The number of studies focusing on the structure of ACC has increased with the 
15 development of quantum beam technologies over the past few years.8)-10) Since ACC is a precursor 
16 of crystal calcium carbonate, its structural information is essential for controlling the morphology 
17 of crystal calcium carbonate. Goodwin et al. discussed the ACC structural model generated by 
18 reverse Monte Carlo modeling based on high-energy X-ray diffraction (XRD) and extended X-ray 
19 absorption fine structure (EXAFS) data.11) From the viewpoint that the ACC structure has a 
20 significant effect on the crystal growth of calcium carbonate, Tomono et al. evaluated by molecular 
21 dynamics simulation the structural changes of ACC induced by additives and water.12) As 
22 mentioned above, the structural analysis of ACC has been widely carried out; however, there are 
23 only a few studies on its practical use and fewer on how it captures heavy metal ions.
24 To remove radioactive Sr from the contaminated water that spilled owing to the Fukushima 
25 Daiichi Nuclear Power Plant accident, we have investigated that the Sr2+ removal mechanism from 
26 an aqueous solution using scallop shell powder, whose main component is CaCO3. A Sr adsorbent 
27 prepared using hydroxyapatite13) or tantalum-doped tungsten oxide14) has been reported, but these 
28 are expensive and, impose a heavy burden on the environment. Thus, such an adsorbent is difficult 
29 to be used for the treatment of large amounts of contaminated water. On the other hand, since 
30 scallop shell is a natural material and inexpensive, it is a suitable adsorbent for treating 
31 considerable amounts of waste water.
32 We evaluated the Sr2+ removability by scallop shell and found that it was greatly improved by 
33 amorphizing CaCO3. Moreover, it has been discovered that ACC has a Sr removability about 70 
34 times higher than that of crystalline CaCO3 at an initial Sr2+ concentration of 10 mg/L15).
35 In this study, we attempted to clarify the process by which ACC removes Sr2+ by quantum beam 
36 measurements such as synchrotron X-ray/pulsed neutron diffraction in combination with computer 
37 simulation.
38
39 2. Experimental and simulation procedures
40
41 ACC was synthesized by reacting aqueous solution of CaCl2, Na2CO3 and NaOH. The 
42 concentrations of the solutions were 0.1 mol/dm3 CaCl2 aq, 0.1 mol/dm3 Na2CO3 aq, and 0.1 
43 mol/dm3 NaOH aq. To adjust the pH, NaOH aq was added to Na2CO3 aq prior to the addition of 
44 CaCl2 aq16). After the solution became cloudy, the colloidal material was filtered and washed with 
45 acetone. The atomic composition of the sample was analyzed by atomic absorption spectrometry 
46 (Thermo, iCE3000), thermogravimetric analysis (PerkinElmer, TGA4000), and density 
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1 measurement (Accupyc II 1340 V2.00). The composition of the sample was CaCO3･1.0H2O and 
2 the density was 2.10 g/cm3.
3 To obtain detailed structural information of the amorphous sample, the pair distribution function 
4 g(r) (PDF), which provides the probability of finding another atom that exists at a distance r from 
5 one atom, was used. To obtain g(r) with high real space resolution, it is necessary to increase the 
6 maximum value Qmax of the scattering vector Q (=(4πsinθ)/λ; 2θ; scattering angle; λ; incident 
7 wavelength of X-rays or neutrons) as much as possible.17) Therefore, in this study, high-energy X-
8 ray diffraction measurement using the BL04B2 beamline (energy: 61.4 keV)18) at SPring-8 in 
9 Japan and pulsed neutron diffraction (ND) measurement using NOMAD19) at Spallation Neutron 

10 Source of Oak Ridge National Laboratory in the USA were carried out. The measured data were 
11 corrected for absorption, background, and multiple scattering (neutron), and then incoherent 
12 scattering was subtracted. Fully corrected data were normalized to obtain the Faber-Ziman20) total 
13 structure factors S(Q), which can be expressed as
14
15 (1)𝑆(𝑄) = ∑𝑛

𝑖
∑𝑛

𝑗
𝑐𝑖𝑐𝑗𝑏𝑖𝑏𝑗

< 𝑏 > 2𝑆𝑖𝑗(𝑄) = ∑𝑛
𝑖
∑𝑛

𝑗 𝑊𝑖𝑗𝑆𝑖𝑗(𝑄)
16
17 (2)< 𝑏 > 2 = (∑𝑛

𝑖 𝑐𝑖𝑏𝑖)2 
18
19 Here, ci: the atomic fraction, bi: the coherent scattering length in ND (atomic form factor in XRD), 
20 Sij(Q): partial structure factor. 
21 g(r) was obtained by the Fourier transform of S(Q).
22
23 (3)𝑔(𝑟) = 1 +

1
2𝜋2𝑟𝜌∫𝑄𝑚𝑎𝑥

𝑄𝑚𝑖𝑛 𝑄[𝑆(𝑄) ― 1]sin(𝑄𝑟)d𝑄 

24
25 where ρ0: the atomic number density.
26 The reduced pair distribution function G(r), total correlation function T(r), radial distribution 
27 function RDF(r), and g(r) have the following relations.
28
29 (4)𝐺(𝑟) = 4𝜋𝑟𝜌･(𝑔(𝑟) ― 1)

30 (5)𝑇(𝑟) = 4𝜋𝑟𝜌･𝑔(𝑟)

31 (6)𝑅𝐷𝐹(𝑟) = 4𝜋2𝑟𝜌･𝑔(𝑟)

32
33 Since the amount of Sr used in this study is extremely small13), we used the EXAFS technique 
34 that can measure trace elements with high sensitivity to obtain the inter-atomic distance and 
35 coordination number. EXAFS measurements were performed at the Sr K edge using a Si 111 
36 double-crystal monochromator at BL01B121) of SPring-8. Strontium carbonate and strontium 
37 oxide were used as references. Data were analyzed using Athena and Artemis22).
38 To generate a structural model of ACC, we performed molecular dynamics (MD) simulation 
39 employing the LAMMPS code23). Raiter’s24) and SPC/Fw25) potentials were used for calcium 
40 carbonate and water, respectively. The number of particles was 8000 (Ca; 1000, C; 1000, OC 
41 (oxygen atom coordinates to carbon atom); 3000, OH (oxygen atom coordinates to hydrogen atom): 
42 1000, H; 2000,). The simulation was performed using the NVT-ensemble at 300 K for 10 ns after 
43 annealing at 5000 K for 0.1 ps and cooling at 47 K/ps from 5000 K to 300 K. In the structural 
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1 analysis of crystalline calcium carbonate, gij(r) was calculated using PDFgui26). The Rietveld 
2 analysis of crystalline calcium carbonate after Sr removal was performed using GSAS27).
3
4 3. Results and discussion
5
6 Please insert Fig. 1, 2 here.
7
8 Figure. 1 shows the structure factors, S(Q) of ACC obtained by XRD/ ND measurements and 
9 MD simulations. For SX(Q), two sharp peaks can be confirmed at around Q1=2.22 Å-1 and Q2=3.28 

10 Å-1. Similar peaks are observed at Q=2.39 Å-1 and 3.44 Å-1 for molten sodium carbonate28).The 
11 S(Q) obtained by the MD simulation qualitatively agrees with the experimental diffraction data. 
12 Fig. 2 shows G(r) obtained from MD simulations and experimental S(Q) obtained by a Fourier 
13 transform together with crystalline phase data calculated using PDFgui on the basis of average 
14 crystal structures. The relationship between the partial structure factors, Sij(Q) and X-ray and 
15 neutron total structure factors, SX,N(Q) are,
16
17 SX(Q)=0.111SCa-Ca(Q)+0.067SCa-C(Q)+0.267SCa-Oc(Q)+0.022SCa-H(Q)
18 +0.089SCa-OW(Q)+0.010SC-C(Q)+0.080SC-OC(Q)+0.009SC-H(Q)+0.027SC-OW(Q)
19 +0.160SOc-OC(Q)+0.027SOC-H(Q)+0.107SOC-OW(Q)+0.001SH-H(Q)
20 +0.009SH-OW(Q)+0.018SOW-OW (Q), (7)
21 SN(Q)=0.031SCa-Ca(Q)+0.086SCa-C(Q)+0.225SCa-OC(Q)-0.097SCa-H(Q)+0.075SCa-OW(Q)
22 +0.060SC-C(Q)+0.314SC-OC(Q)-0.135SC-H(Q)+0.105SC-OW(Q)+0.411SOc-OC(Q)
23 -0.353SOC-H(Q)+0.274SOC-OW(Q)+0.076SH-H(Q)-0.118SH-OW(Q)+0.274SOW-OW(Q). (8)
24
25 Please insert Fig. 3 here.
26
27 The assumption weighting factors, Wij were calculated using an atomic number in the case of 
28 XRD because the atomic form factor f(Q) has Q-dependent. X-rays are sensitive to Ca, which has 
29 a large atomic number, but not to light elements such as hydrogen. On the other hand, since 
30 neutrons are sensitive to oxygen and hydrogen, the peak of C-OC in Fig. 2 is sharp, and the OW-H 
31 correlation peak is clearly visible for GN(r). Peak 1 GN(r) is negative because the H-OH weighting 
32 factor is negative (see eq. 8). The peaks observed for the experimentally obtained GX,N(r) can be 
33 assigned on the basis of GX,N(r) of crystalline calcium carbonate: [peak 1] H-OW at 0.95 Å, [peak 
34 2] C-OC at 1.26 Å, [peak 3] H-H at 1.63 Å, [peak 4] Oc-Oc at 2.22 Å, [peak 5] Ca-Oc or OW 2.24
35 Å, and [peak 6] Ca-C, OC-OW, and OW-OW at 2.92 Å. Fig. 3 shows the structural model of ACC 
36 generated by MD simulation. As can be seen in the figure, CO3

2- ions form a network via Ca ions. 
37 Moreover, it is found that the Ca-O coordination shows a variation, which is inherent in disordered 
38 materials.
39
40 Please insert Fig. 4,5 here.
41 Please insert Table 1 here.
42
43 The distributions of the Ca-O coordination number NCa-O calculated on the basis of structure of 
44 ACC obtained by MD simulation are shown in Fig. 4. It is found that Ca atoms are coordinated by 
45 about 5-7 OC and 0-3 OW. Table 1 shows the Ca-O atomic distance of crystalline calcium carbonate, 
46 the average coordination number NCa-O, crystal system, and density. The average Ca-O 
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1 coordination numbers for the ACC are NCa-OC=5.6 and NCa-OW=1.2; these are smaller than those in 
2 the crystalline monohydrocalcite, which is a characteristic typical of disordered materials. The 
3 average NCa-O (Oc and Ow) in the MD model is slightly larger than that in the RMC model reported 
4 by Goodwin et al11). Moreover, the distribution of NCa-O in the RMC model is broader than that in 
5 our MD model, because RMC generates the most disordered structure29), which is consistent with 
6 a given data set of diffraction and geometrical constraints.
7  Fig. 5(A) shows the partial pair distribution functions of Ca-O, gCa-O(r) of ACC, and crystalline 
8 calcium carbonate together with atomic coordinates, which represent typical atomic distances 
9 between Ca and O atoms in crystal structures (Fig. 5(B) and 5(C)). The first peak of gCa-O(r) is 

10 observed at 2.36 Å, which is close to those of calcite and monohydrocalcite. However, the second 
11 peak of ACC is broad, and a similar trend is observed only in monohydrocalcite. Moreover, calcite 
12 shows that one O of CO3

2- is coordinated to Ca (Fig. 5(B)), whereas one or two O are coordinated 
13 to Ca in monohydrocalcite (Fig. 5(C)). Owing to the difference in coordination number, the second 
14 peak of monohydroclaicite is broad and the O atoms in the second coordination shows a wide 
15 distribution of 3.6-4.5 Å. Therefore, from the O coordination number, the MD model for ACC has 
16 a structure close to those of calcite and monohydrocalcite in the first coordination, but in the second 
17 coordination the model has a structure similar to that of monohydrocalcite.
18
19 Please insert Fig. 6 here.
20 Please insert Table 2 here.
21
22 The structure of ACC after removing Sr was evaluated using ND. Fig. 6 shows the results of the 
23 Rietveld analysis of ACC samples stirred in deionized (DI) water (A) and Sr solution (B). Note 
24 that the atomic composition of the sample stirred in Sr solution analyzed by atomic absorption 
25 spectroscopy is Ca0.99Sr0.01CO3. As can be seen in Figs. 6 (A) and (B), sharp Bragg peaks are 
26 observed for both samples, suggesting that ACC dried after the stirring was crystallized in the 
27 aqueous solution regardless of the presence of Sr in solution. It is demonstrated from these results 
28 that ACC transformed into anhydrous crystalline calcium carbonate. Table 2 shows the space 
29 groups and lattice constants obtained from Rietveld analysis results. It is found that both samples 
30 show the same space group R3c, and the lattice constants remain almost the same even after the 
31 addition of Sr, because the amount of Sr contained in calcium carbonate is very small. Hashimoto 
32 et al.30) have reported that ACC becomes a calcite structure directly or via vaterite when 
33 synthesized at a water temperature of 30 ℃ or below. The ACC in this study has a structure similar 
34 to that of monohydrocalcite, implying that structural transition occurred from its crystal nucleus. 
35 Therefore, it is presumed that the ACC in the Sr solution was directly transferred to the calcite 
36 structure. Johannes et al.31) reported that hydrous ACC first loses water molecules when it 
37 crystallizes in air, and it is transferred into a calcite structure via anhydrous ACC. Since the hydrous 
38 ACC was transferred to anhydrous crystalline calcium carbonate after stirring in an aqueous 
39 solution in our study, we propose that ACC follows the process of hydrous ACC → anhydrous 
40 ACC → calcite.
41
42 Please insert Fig. 7 here.
43
44 Since it is not possible to clarify the coordination state of Sr in calcium carbonate by Rietveld 
45 analysis, we evaluated it by EXAFS, which can detect trace elements with high sensitivity. Fig. 7 
46 shows the EXAFS data, Sr K edge EXAFS function k3χ(k) and fourier transform magnitude χ(R). 
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1 The Sr-O inter-atomic distance is rSr-O=2.52±0.006 Å and the Sr-O coordination number is NSr-
2 O=9.42±0.7, suggesting that the local environment of O around Sr in calcium carbonate has a 
3 structure similar to that of the O coordinate of aragonite in crystalline calcium carbonate (see Table 
4 1). This behavior implies that the local environment of O around Sr is different from the model 
5 proposed by Hashimoto et al.27) It is unlikely that the calcite, which is the most stable phase of 
6 crystalline calcium carbonate, transfers to Aragonite. Therefore, it is indicated that at the local 
7 environment of O around Sr, the crystallization process is hydrous ACC → anhydrous ACC → 
8 aragonite. Moreover, Sr is considered suppress the crystal transition from the metastable aragonite 
9 to the stable calcite.

10
11 4. Conclusion
12 In this study, we attempted to analyze the structure of amorphous calcium carbonate before and 
13 after removing Sr by MD simulation, Rietveld analysis, and EXAFS measurements based on the 
14 experimental XRD and ND data for ACC. The MD model shows that ACC has a structure partially 
15 similar to that of monohydrocalcite, and its crystal nucleus might be the starting point of crystal 
16 transition. In addition, ACC loses water molecules and crystallizes when placed in an aqueous 
17 solution, suggesting the following crystallization process: hydrous ACC → anhydrous ACC → 
18 calcite. On the other hand, it is clarified that the local environment of O around Sr is similar to the 
19 oxygen coordination of aragonite, suggesting that the process of crystallizing ACC is strongly 
20 affected by the presence or absence of Sr. To clarify the crystallization process associated with Sr 
21 removal, it is necessary to analyze the reaction pathway using the free-energy calculation analysis 
22 method32) based on the three-dimensional atomistic structure before and after Sr removal generated 
23 in this study. We are confident that this study, which combines experiments and the computational 
24 approach plays an important role in deriving the basis for the analysis of disordered and ordered 
25 phases in ACC associated with cation element removal.
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1
2
3 Caption list
4 Fig. 1 X-ray and Neutron total structure factors, SX,N(Q) for amorphous CaCO3.
5 Fig. 2 Reduced pair distribution functions, GX,N(r) for amorphous CaCO3 obtained by diffraction 
6 experiments (cyan) and MD simulations (magenta) together with those for monohydrocalcite 
7 (MHC, crystal)4), vaterite (crystal)3), aragonite (crystal)2), and calcite (crystal)1) on the basis of 
8 crystal structures calculated using PDFgui22).
9 Fig. 3 MD-generated atomic structure for amorphous CaCO3. (A) large scale, (B) small scale.

10 Fig. 4 Distribution of coordination numbers of OC and OW around a Ca for amorphous CaCO3, 
11 calculated from MD simulation.
12 Fig. 5 (A) Partial pair distribution functions for Ca-O, gCa-O(r) obtained by MD simulation, together
13 with those for monohydrocalcite, vaterite, aragonite, and calcite determined on the basis of crystal 
14 structures using PDFgui, and (B, C) Ca coordination environment of calcite and monohydrocalcite.
15 Fig. 6 Rietveld refinement patterns of CaCO3 (stirred in Diwater:A) and Ca0.99Sr0.01CO3 (stirred in 
16 Sr solution:B).
17 Fig. 7 The EXAFS k3χ(k):(A) and χ(r):(B) measured at Sr K edge together with the results of 
18 parameter fitting for Ca0.989Sr0.011CO3.
19
20 Table 1 The rCa-O, NCa-O, crystal system, and density of crystalline and amorphous calcium 
21 carbonate.
22 Table 2 Refined structure parameters of CaCO3 (stirred in Diwater) and Ca0.99Sr0.01CO3 (stirred in 
23 Sr solution).
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For Peer Review
Fig. 1 X-ray and Neutron total structure factors, SX,N(Q) for amorphous CaCO3. 
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For Peer Review

Fig. 2 Reduced pair distribution functions, GX,N(r) for amorphous CaCO3 obtained by diffraction experiments 
(cyan) and MD simulations (magenta) together with those for monohydrocalcite (MHC, crystal)4), vaterite 
(crystal)3), aragonite (crystal)2), and calcite (crystal)1) on the basis of crystal structures calculated using 

PDFgui22). 
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For Peer Review
Fig. 3 MD-generated atomic structure for amorphous CaCO3. (A) large scale, (B) small scale. 
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For Peer Review

Fig. 4 Distribution of coordination numbers of OC and OW around a Ca for amorphous CaCO3, calculated 
from MD simulation. 
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For Peer Review

Fig. 5 (A) Partial pair distribution functions for Ca-O, gCa-O(r) obtained by MD simulation, together 
with those for monohydrocalcite, vaterite, aragonite, and calcite determined on the basis of crystal 
structures using PDFgui, and (B, C) Ca coordination environment of calcite and monohydrocalcite. 
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For Peer Review
Fig. 6 Rietveld refinement patterns of CaCO3 (stirred in DI-water:A) and Ca0.99Sr0.01CO3 (stirred in Sr 

solution:B). 
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For Peer Review
Fig. 7 The EXAFS k3χ(k):(A) and χ(R):(B) measured at Sr K edge together with the results of parameter 

fitting for Ca0.989Sr0.011CO3. 
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Calcite
(CaCO3)

Aragonite
(CaCO3)

Vaterite
(CaCO3)

Monohydro calcite
(CaCO3･1.0H2O)

Amorphous
CaCO3

(CaCO3･1.0H2O)
rCa-Oc/Ow (Å) 2.34 2.47 2.53 2.42 (Ca-Oc)

2.48 (Ca-Ow)
2.36 (Ca-Oc)
2.36 (Ca-Ow)

Coordination 
number N

6 9 8 8 
NCa-Oc=6
NCa-Ow=2

6.8
NCa-Oc=5.6
NCa-Ow=1.2

Crystal system Trigonal Orthorhombic Orthorhombic Trigonal -
Density (g/cm3) 2.71 2.92 2.65 2.42 2.10

Table 1 The rCa-O, NCa-O, crystal system, and density of crystal and amorphous calcium carbonate.
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Sample
(Composition) Space group a=b (Å) c (Å) Rwp (%) Re (%)

In DI-water
(CaCO3)

R3c 4.99573(14) 17.05871(59) 4.55 3.50

In Sr solution
(Ca0.99Sr0.01CO3)

R3c 4.99573(14) 17.05871(59) 4.55 3.52

Table 2 Refined structure parameters of CaCO3 (stirred in DI-water), Ca0.99Sr0.01CO3 (stirred in Sr solution).
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