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Figure 4.   XRD patterns of Pb10(VO4)(6-y)(PO4)yI2 apatite series (y = 0-2) 

 
  Phase Wt % 

y Sample Formula Amorphous 

Lead Vanadate 
Iodide 

Pb9.85(VO4)6I1.7 
Hydroxyvanadinite 

Pb9.262(VO4)6(OH)1.4 
Litharge 

PbO 

Lead Vanadium 
Oxide 

Pb2.667V1.333O5.96 

Pentalead Tris 
(phosphate) 

Iodide 
Pb10(PO4)6I2 

Decalead 
Hexakis 

Dihydroxide 
Pb10(PO4)6(OH)2 

1 Pb10(VO4)5(PO4)I2 40.8 51.2 3.4 4.6    
2 Pb10(VO4)4(PO4)2I2 30.8    39.5 16.5 13.3 

 

Table 4.  Rietveld analysis of Pb10(VO4)(6-y)(PO4)yI2 apatite series (y = 1, 2) 

 
 For y = 1, a large percentage of the lead vanadate iodide apatite phase is present along 

with lower traces of the OH- analogue, hydroxyvanadinite (3.4 wt.%), Pb10(VO4)6(OH)2, and a non-

apatite phase, litharge (4.6 wt.%), PbO. This suggests the competition for spatial requirements 

within the apatite structure. As the phosphate content increases, the peaks become much 

broader. However, unlike Ca2+↔Pb2+ substitutions, the XRF and ICP-MS data supports the 

formation of solid solutions for the partial substitution of (VO4)↔(PO4) as summarized below. 

 

i. When y = 1, the experimental weight percent of phosphate within the synthesized apatite 

mineral was obtained to be 3.8 wt.%, as seen in the XRF data in Table 2. This is in good 
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agreement with the theoretical concentration (3.17 wt.%) of phosphate ions present in 

the mineral. 

ii. The compositional analysis of the remnant reactant solution supports the hypothesis of 

solid solution formation as seen in the ICP-MS data present in Table 3. When y = 1, the 

concentration of phosphate ions remains at a low level in reference to the base apatite, 

Pb10(VO4)6I2. This is opposite to the observations made in the Pb(10-x)Cax(VO4)6I2 series 

where the calcium concentration in remnant solutions was found to increase with 

increasing the value of x. This further suggests that the phosphate ions are incorporated 

into the apatite crystal structure. 

 

As is evident from XRD data (Table 4), a solid solution does not exist at y = 2. A 

combination of amorphous content and several crystalline phases, such as lead vanadium oxide 

(Pb2.667V1.333O5.96), pentalead tris(phosphate) iodide (Pb10(PO4)6I2), and decalead hexakis 

dihydroxide (Pb10(PO4)6(OH)2) were observed. Therefore, several apatite syntheses were 

performed with values of y varying between 1 – 2 in order to find the limit of substitution of 

phosphate for vanadate ions in the apatite structure. The threshold limit of (PO4)↔(VO4) 

substitution in Pb10(VO4)(6-y)(PO4)yI2 was found to be y = 1.5 (8.33 mol.% or 4.77 wt.%). Non-apatitic 

phases were observed in mineral with y = 1.7. 

 

4. Discussion 

The crystal structure of an apatite (A10(BO4)6X2) with P63/m symmetry is comprised of A- 

and B- cation sites occupied by Pb and V, respectively, in Pb10(VO4)6I2, while the iodide ion 

occupies the X – anion site, as shown in Figure 5. The A-cation is further divided into two different 

configurations: A(1) and A(2). The column configuration of A(1) cations along with their 
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interaction with tetrahedral units composed of B-cations form the walls of the characteristic 

apatite channel which extends along the crystallographic c-direction. The A(2) cations line the 

inside of the apatite channel and play a major role in the interaction of the intended X-anion with 

the apatite. 

 

Figure 5.  Structural schematic of Pb9.85(VO4)6I1.7 

 

 In order for the iodide to be incorporated into the structural channel, the channel size has 

to be compatible with the size of the ion. Therefore, the ionic and crystal radii of cations (A and 

B, respectively), based off of the proper charge and coordination number (CN), play a critical role 

in deciding the fate of anion incorporation in the apatite structure. The Pb10(VO4)6I2 apatite has 

the relatively large Pb2+ ion (ionic radii: 1.19 Å, CN=6)40 in the A(1)/A(2) sites and VO4 in the 

tetrahedron site, leading to a large channel size.20 For this reason, it is possible to synthesize 

Pb10(VO4)6I2 apatite. However, substitution of a smaller ion, i.e. Ca2+ (ionic radii: 1.00 Å, CN=6)40, 

for Pb2+ reduces the channel size, thus not allowing the large iodide ion to be incorporated into 

the apatite structure. Similar reasoning can be provided for the substitution of the phosphorus 

ion (P5+; crystal radii: 0.31 Å, CN=4)40 for the vanadium ion (V5+; crystal radii: 0.495 Å, CN=4)40 at 

the B-cation site, which eventually results in narrowing of the channel size. Therefore, only partial 

substitutions of Ca2+ for Pb2+, and P5+ for V5+ are possible in the Pb10(VO4)6I2 apatite systems. 
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In our study, the investigation of calcium substitution helps to establish a baseline of 

compatible cations capable of forming iodine-containing solid solutions by wet chemical 

precipitation. When paired with molecular modeling, a comprehensive understanding of the 

structural consequences of substitution can be properly grasped. In a recent study by Wang16, for 

instance, an artificial neural network (ANN) approach was utilized to predict candidate cations for 

the synthesis of appropriate apatite compositions that are capable of incorporating iodine. The 

results reported in our work show very good correlation with the computational study of Wang.16  

 

 By utilizing the experimental XRF data and defining the maximum wt.% of Ca that the base 

apatite, Pb10(VO4)6I2, can accommodate as a solid solution as 0.32% (as evidenced by x = 2, 4; Table 

2) and considering the summation of A-site cations (Pb+Ca) to be equal to 10, we can calculate a 

theoretical chemical formula resulting in a Pb9.76Ca0.24(VO4)6I2 solid solution. Using a weighted 

average of the ionic radii of Pb (1.19Å, 2+, CN=6) and Ca (1.00Å, 2+, CN=6) calculated according 

to the estimated formula, the average radii of A-cations (Pb, Ca) is 1.185Å. When correlated with 

the crystal radii of vanadium (0.495Å, 5+, CN=4), the resultant estimated channel size agrees very 

closely with the threshold of iodine accommodation as proposed by Wang.16 

 

 By applying the same methodology through reverse calculations, an ideal chemical 

formula for a complete iodine-containing apatite solid solution can be determined as well. In the 

synthesis of lead vanadate-phosphate solid solutions, by utilizing the ionic radii of lead (1.19Å) in 

conjunction with the modelled apatite channel size threshold, the average crystal radii of the B-

cation can be estimated to be approximately 0.475Å. By using a weighted average for the B-

cations and considering the summation of B-site cations (V+P) to be equal to 6, the predicted 
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chemical formula for the  iodine-containing solid solution is Pb10(VO4)5.35(PO4)0.65I2. In comparison 

to the acquired experimental phosphate wt.% of 3.8 (when y=1) with the ideal calculated 

phosphate wt.% of 2.056 of this formula, the model proves again its utilization as a possible tool 

for apatite composition determination. 

 

 By determining a room temperature method to synthesize Pb-V-I based iodoapatites by 

wet-chemical precipitation, a viable path towards efficient immobilization of iodine radioisotopes 

has been created. Due to the minimization of steps required to synthesize iodoapatites under 

ambient conditions, synthesis of iodine waste forms on a large scale becomes much more feasible 

in comparison to the other high temperature or multi-step synthesis routes reported in the 

literature. In addition, the aqueous-based synthesis of solid solutions allows for the investigation 

of alternative apatite compositions to the well-known lead vanadate iodide to be explored with 

much more ease, thereby hopefully optimizing the chemical characteristics to the ideal chemical 

durability and compatibility with geological repositories. The possibility of mixed halide 

incorporation would additionally serve as a possible benefit given the nature of the apatite 

mineral. 

 

5. Conclusion 

Pb10(VO4)6I2 apatite waste forms have been synthesized by one pot wet chemical synthesis 

at room temperature. The iodine waste loading of the synthesized waste form has been shown to 

be 9.4 wt.%, while its loading efficiency has been experimentally calculated to be 94.62%. 

Furthermore, it was found that calcium has minimal tendency to form apatite solid solution when 

substituted for lead. It tends to form amorphous Ca2V2O7 instead. On the other hand, phosphate 

forms a solid solution with Pb10(VO4)6I2 when partially substituted for vanadate ion. The threshold 
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solubility limit of (PO4) has been found to be 4.77 wt.%. The chemical durability and sintering 

behavior of the developed waste forms will be discussed in future studies. 

 

6. Future Work 

6.1 Glass Binder Studies 

 Given that lead vanadate iodide-based apatites exhibit reasonable leach resistance 

characteristics, yet still fail to satisfy the strict regulations required for disposal into a deep 

geological repository30, an alternative strategy to the consolidation of the apatite powder is 

necessary to improve the chemical durability. Inspired by work by Donald et al. in which ceramic 

particulates of chlorapatite, Ca10(PO4)6Cl2, and spodiosite, Ca2(PO4)Cl, were encapsulated by a 

B2O3 modified sodium aluminum phosphate glass through sintering for the purpose of chloride 

waste immobilization, investigations into a glass binder compatible with the currently 

investigated lead vanadate iodide apatite were conducted. 

 

 It was determined that a P2O5 – PbO – V2O5 ternary system would be most suitable for 

this application, given that its thermal characteristics satisfied the proper conditions that were 

desired. Consolidation and sintering were to be investigated at temperatures of 400 °C and 425 

°C and, therefore, glasses with glass transition temperatures slightly below these temperatures 

were desired. Additionally, a focus on avoiding glass crystallization would be necessary given that 

crystallization would have a negative influence on the chemical durability of the glass-ceramic 

composite. In addition, the usage of a Pb – P – V system on an apatite capable of utilizing the same 

components hopefully helps to minimize the experimental variables and potential undesired 

crystalline phases. 
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 Two series of glasses have already been synthesized in our investigation. Series-1 

maintains a constant 30 mol% P2O5, while varying the percentages of the PbO and V2O5 

components. Series-2, on the other hand, maintains a constant 40 mol% PbO, while varying the 

percentages of P2O5 and V2O5. A ternary diagram is presented in Figure 6 and preliminary thermal 

characterization data is presented in Table 5. 

 

 

Figure 6.  Ternary diagram of proposed P-Pb-V glass series 
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  Mol %   
Series #  P2O5  PbO  V2O5  Tg (°C) 

1  30  10  60  320.21 
  30  15  55  328.38 
  30  20  50  333.09 
  30  25  45  347.95 
  30  30  40  355.11 
  30  35  35  360.76 
  30  40  30  371.24 
  30  45  25  377.04 
  30  50  20  386.31 
  30  55  15  392.22 
  30  60  10  396.28 
         

2  25  40  35  333.74 
  20  40  40  304.25 
  15  40  45  283.40 
  10  40  50  267.87 
  5  40  55  250.44 

 

Table 5.  Glass transition temperatures (inflection) of proposed P-Pb-V glass compositions 

 

6.2 Silver Iodide – Sodium Iodide Conversion 

 As mentioned in section 1.2, there are generally two popular techniques utilized for the 

capture of iodine off-gas during the reprocessing of used nuclear fuel:  caustic scrubbing and silver 

solid sorbents. Given that the aforementioned research thesis focuses on an aqueous synthesis 

method for producing iodide-containing apatites, there is the question of addressing the silver 

solid sorbent media and how to convert that capture media into a waste form. 

 

 When iodine off-gas comes into contact with the silver solid sorbent, AgI is formed locally 

within the structure of that sorbent. Currently, however, there is limited literature on the 

conversion of AgI into NaI, which would be necessary in order to convert AgI eventually into an 
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iodo-apatite waste form. From our preliminary experiments, it has been determined that this 

conversion is possible through the use of Na2S, according to reaction (7). 

 

 2AgI (s) + Na2S (aq)  Ag2S (s) + NaI (aq)     (7) 

 

Prior to proceeding with the experiment, there were several factors that needed to be considered. 

One primary factor was the atmosphere of the reaction vessel. According to the Merck Index, 

aqueous solutions of sodium sulfide upon exposure to air slowly converts to sodium hydroxide 

and sodium thiosulfate, according to reaction 10.41 

 

 2Na2S (aq) + 2O2 (g) + H2O (l)  Na2S2O3 (aq) + 2NaOH (aq)   (8) 

 

By altering the pH and/or the species present in the solution, the reaction of the intended species 

may be altered. Another factor that needed to be considered was the photosensitivity of the AgI 

precursor to be converted. Silver halides are very photosensitive and, therefore, the question was 

whether the conversion of ionic silver iodide to traces of metallic silver iodide make a difference 

in the conversion of AgI into NaI. Typically, it would be presumed that the silver solid sorbent in 

usage would be contained in some opaque containment vessel, but the question of whether 

precautions for light needing to be considered was a viable question. Lastly, the hygroscopicity 

and appropriate species of Na2S precursor needed to be considered, at least in a small lab setting. 

Given that Na2S is highly hygroscopic, the absorption of water from the ambient air environment 

can introduce experimental error and affect the stoichiometry of the reaction. 

 With all of these considered, the following procedure was followed. 
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 Step 1. The species of Na2S was verified by x-ray diffraction. (The purchased anhydrous 

Na2S had converted to Na2S · 5H2O at the time of iteration of the successful experiment). 

 Step 2. Dissolve the appropriate stoichiometric amount of Na2S · 5H2O into deionized 

water under an argon atmosphere using a 3-neck flask and allow to stir for 30 minutes. 

 Step 3. Deposit the appropriate stoichiometric amount of deliberately-exposed AgI into 

the aqueous Na2S · 5H2O solution and allow to stir for one hour. 

 

Following filtering and drying, the XRD pattern shown in Figure 7 exhibits complete conversion of 

AgI into a black precipitate of Ag2S, thereby leaving NaI in solution. With the use of this exact 

solution, lead vanadate iodide apatite was reproduced, as seen in the XRD pattern in Figure 8. 

 

 

Figure 7.  XRD pattern of Ag2S, suggesting complete conversion of AgI 
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Figure 8.  XRD pattern of lead vanadate iodide apatite, synthesized with the remnant solution of AgI-NaI conversion 

 

Further experiments need to be performed in order to determine whether the experimental 

precautions were actually necessary, including mainly the control of the atmosphere and the 

photosensitivity of AgI. Regardless, it is evident that through our research solid iodine waste and 

liquid iodine are both being addressed. 

 

7. Supplementary Results 

7.1. Temperature Influence on Apatite Synthesis (in relation to section 2.1) 

 As seen in Figure 9, the influence of temperature on the synthesis of lead vanadate iodide 

apatite by wet-chemical synthesis is very important. If the temperature of the VO4/I solution is 

heated above 45 °C prior to the addition of Pb(NO3)2 and the precipitation of the apatite, XRD 



38 
 

 

33. Yao, T.; Lu, F.; Sun, H.; Wang, J.; Ewing, R. C.; Lian, J., Bulk Iodoapatite Ceramic 
Densified by Spark Plasma Sintering with Exceptional Thermal Stability. Journal of the 
American Ceramic Society 2014, 97 (8), 2409-2412. 
 
34. Stennett, M. C.; Pinnock, I. J.; Hyatt, N. C., Rapid synthesis of Pb5(VO4)3I, for the 
immobilisation of iodine radioisotopes, by microwave dielectric heating. J. Nucl. Mater. 
2011, 414 (3), 352-359. 
 
35. Lu, F.; Yao, T.; Xu, J.; Wang, J.; Scott, S.; Dong, Z.; Ewing, R. C.; Lian, J., Facile low 
temperature solid state synthesis of iodoapatite by high-energy ball milling. RSC Advances 
2014, 4 (73), 38718-38725. 
 
36. Dong, Z. L.; White, T. J.; Wei, B.; Laursen, K., Model apatite systems for the 
stabilization of toxic metals: I, calcium lead vanadate. Journal of the American Ceramic 
Society 2002, 85 (10), 2515-2522. 
 
37. Kannan, S.; Lemos, A. F.; Ferreira, J. M. F., Synthesis and mechanical performance 
of biological-like hydroxyapatites. Chemistry of Materials 2006, 18 (8), 2181-2186. 
 
38. Bartholomäi, G.; Klee, W. E., The vibrational spectra of pyromorphite, vanadinite 
and mimetite. Spectrochimica Acta Part A: Molecular Spectroscopy 1978, 34 (7), 831-843. 
39. Griffith, W. P.; Wickins, T. D., Raman studies on species in aqueous solutions. Part 
I. The vanadates. Journal of the Chemical Society A: Inorganic, Physical, Theoretical 1966, 
1087-1090. 
 
40. Shannon, R. D. t., Revised effective ionic radii and systematic studies of 
interatomic distances in halides and chalcogenides. Acta Crystallographica Section A: 
Crystal Physics, Diffraction, Theoretical and General Crystallography 1976, 32 (5), 751-
767. 
 
41. Budavari, S.; O’Neil, M. J.; Smith, A.; Heckelman, P. E., The merck index. Merck 
Rahway, NJ: 1989; Vol. 11. 
 


