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GLASSES CONTAINING IRON (II, III) OXIDES FOR IMMOBILIZATION OF 
RADIOACTIVE TECHNETIUM 

ABSTRACT 

J. Heo*, K. Xu, J. K. Choi, P. Hnna and W. Urn 
Division of Advanced Nuclear Engineering, 

Pohang University of Science and Technology (POSTECH), 
Pohang, Gyeongbuk, 790-784, Republic of Korea 

* Email Address:jheo@postech.ac.kr 

Technetium-99 (Tc-99) has posed serious environmental threats as US Department of Energy's high
level waste. This work reports the vitrification of Re, as surrogate for Tc-99, by iron-borosilicate and 
iron-phosphate glasses, respectively. Iron-phosphate glasses can dissolve Re as high as ~ l.2 wt. %, 
which can become candidate waste fonns for Tc-99 disposal, while borosilicate glasses can retain less 
than 0.1 wt. % of Re due to high melting temperature and long melting duration. 

I. INTRODUCTION 

Technetium-99 (Tc-99) is artificially produced by fission processes of U-235 during nuclear reactor 
operation for commercial power. Tc-99 brings serious environmental threats and has been considered as 
high-level wastes (HLW) by the US Department of Energy (DOE). It has a high fission yield of ~6 % in 
nuclear reactors and a long half-life of 2.1x 105 yr, and Tc7

+ ions are highly mobile in natural water. The 
pertechnetate (TC04·), the predominant fonn of Tc-99, has high solubility in ground water and thus 
easily transport through geologic systems [1,2]. 

Metallic alloys [3] and ceramics including titanates [4] and phosphates [5] have been proposed as 

matrices for Tc-99. Metallic alloys were nonnally obtained at 1600-2000°C and the titanate ceramics 

were sintered at 1300-1500°C. Both processes led to the high volatilization of Tc-99. In addition, the 

complex preparation procedures with high cost prevent them to be used in the industrial scale. HLW has 
been immobilized into borosilicate glass fonns in the USA, France, Russia, Gennany, Japan and Korea 
for many years using the well-established technology [6]. Thus, the vitrification of Tc-99 in a suitable 
glass fonn can be the most effective process for the industrial production. 

The sorption of Tc-99 was observed on iron-oxide inclusions in iron-containing minerals under 
anoxic conditions, but the mechanism was not clearly understood [7]. Recently, Urn et al. synthesized 
Tc-bearing goethite+magnetite solid products through chemical routes and found that the Tc (VII) was 
reduced to less soluble Tc (IV) species. Also, Tc (IV) was incorporated into goethite or magnetite crystal 
structure sites as verified from the X-ray diffraction (XRD), transmission electron microscopy and X-ray 
absorption fine structure spectroscopy (XAFS) analyses [8]. These results showed that retention of Tc-
99 in geo-sphere can be improved by incorporating a large amount of iron-oxides in waste-fonns. 

Current paper explores the vitrification behavior of Tc-99 in iron-borosilicate and iron-phosphate 
glasses using Re as a surrogate. Iron-phosphate glass has chemical durability equivalent to borosilicate 
glass, due to the replacement of P-O-P bonds with chemically durable P-O-Fe (II) and P-O-Fe (III) 
bonds [9]. In addition, processing iron-phosphate glass can be done at a relatively low temperature 



(~lOOO°C) and short processing time compared to borosilicate glasses, which can reduce the 

volatilization ofTc-99 during the vitrification process. 

II. VITRIFICATION BY IRON-OXIDES CONTAINED BOROSILICATE GLASSES 

II.A. Experimental Procedures 

The base borosilicate glass comJXlsition used in this study was 46SiOz-12B z0 3-l8NazO-2MgO
l5CaO-5Alz03-Fez03-ZrOz (mol %) developed by Korea Hydro and Nuclear Power Company (KHNP) 
[10]. Addition of20 wt. % Fe304 into glass frits appeared to be optimum and further increase of Fe304 
resulted in the formation of small crystals uJXln cooling. Rhenium (Re) was used as a surrogate for Tc. 
Alkali metal perrhenates and perteclmates were considered as the sources of Re or Tc, respectively. The 

melting JXlint of KRe04 is 550°C and its boiling JXlint is l370°C; KTc04 melts at 540°C and 

decomJXlses at 1000°C. 

Starting materials were weighed and mixed. Mixtures with different contents ofRe (0.3, 0.6 and 10 

wt% of Re) were melted at 1300°C for 1 h under the ambient atmosphere, and then JXlured onto brass 
molds for quenching. The glasses as-made were analyzed using inductively coupled plasma mass 
spectrometry (ICP-MS) to identify the retention of Re in glasses quantitatively. 

II.B. Results 

Homogeneous black glasses without any crystallization were obtained as shown in Fig. 1. The 
residual contents ofRe in glasses were less than 0.1 wt. %, even though the initial nominal concentration 
of Re added was as high as 10 wt. % (TABLE I). Volatilization of Re was very high during the melting 
of iron-borosilicate glasses. It is most probably due to high melting temperature and long melting 
duration. Iron-oxides in borosilicate glasses did not dissolve any Re as they did in crystalline materials. 

Fig. 1 Photo of the glass added with 10 wt. % ofRe. 

TABLE I. Retention ofRe in iron-borosilicate glasses by ICP-MS analysis. 

Re added (wt. %) KRe04(wt. %) Analyzed Re (wt. %) Volatility (%) 
0.3 0.47 0.052 83 
0.6 0.93 0.070 88 
10 15.5 0.082 99 
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III. VITRIFICATION BY IRON-PHOSPHATE GLASSES 

III.A. Experimental Procedures 

The base glass composition used in current study was published by others [9, II]. The nominal 
composition and starting materials used were listed in TABEL II. P20 S acts as glass network former, 
while Ah03 and Fe304 can improve the chemical durability as intermediates, CaF2 was added to increase 
the glass formation tendency and decrease the melt viscosity without affecting overall chemical 
durability. 

Melting was done in a two-step procedure to reduce the volatilization of Re. First, the powders for 

the base glass were weighed and dry mixed before melting in an alumina crucible at 1050°C for 30 min 

under the ambient atmosphere. Then, the glass thus made was crushed into fine powders and mixed with 

1.5 - 6 wt. % of KRe04. The mixtures were re-melted at 1000°C for 10 min and then poured onto brass 

molds for quenching. 
XRD was used to identify the crystals settled down in each sample and ICP-MS to analyze the 

content of Re retained in resultant glasses. 

TABLE II. Nominal composition and raw materials used for base glasses. 

P20 S Na20 Ah0 3 CaF2 Fe304 Total 
Composition mol. % 42 25 5 10 18 100 

wt.% 46.0 11.9 3.9 6.0 32.1 100 
Starting materials used NH4H2P04 Na3P04 Al(OH)3 CaF2 Fe304 

III.B. Results and Discussion 

All samples with I. 5, 2, 4 and 6 wt. % of KRe04 were highly fluid and completely melted at 1000°C. 

Black glasses with a various amount of crystals were prepared. The crystals precipitated in glasses 
containing 2, 4 and 6 wt. % of KRe04 were separated from bulk glasses for XRD analysis (Fig. 2). The 
main crystalline phase was Fe2Na3(P04)3 when less than 4 wt. % of KRe04 was added, while only 
N aRe04 and KRe04 crystalline phases were formed with further addition of KRe04. Crystalline phases 
settled down in black glasses and their appearances were summarized in TABLE III. The maximum Re 
retention in glasses was ~ 1.2 wt. % with volatility of 54 wt. % when ~4 wt. % of KRe04 was added. The 
retention of Re in crystalline phases was investigated by separating crystals from glasses. The Re 
loading in Fe2Na3 (P04)3 and Fe203 crystalline phases is ~ 0.72 wt. %. 

KRe04 
(wt. %) 

I. 5,a) 

TABLE III. Summary of appearance, crystalline phases, retention and volatility 
of Re in iron-phosphate glasses. 

Appearance Crystalline Re addition Retained Re Volatility 
phase (wt. %) (wt. %) (%) 

Black glasses with gray Fe2Na3(P04)3 0.9654 0.474 51 
crystals. +Fe20 3(a) 
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2 Black glasses and small Fe2Na3(P04)3 l.2872 0.590 
gray crystals. +Fe20 3 

4 Black glasses and small Fe2Na3(P04)3+ 2.5744 l.l90 
gray or white crystals. NaRe04+KRe04 

6 Black glasses and NaRe04+KRe04 3.8616 l.130 
isolated white crystals 

i b! Fefia3(p04)J 1.2872 0.716 
+Fe20 3 

~ar Without XRD analysIs, due to so tilly crystals settled down. 
(b) ICP-MS analysis of crystalline phases. 

2wt.% 

4wt. % 

+ 

# 

20 30 40 50 60 
2 theta 

Fig. 2 XRD patterns of crystals from glasses with initial nominal contents 
of 2, 4 and 6 wt. %, respectively. 

IV. SUMMARY 

54 

54 

71 

44 

Vitrification of Re as Tc-99's mimic was investigated using iron-borosilicate and iron-phosphate 
glasses. The retention of Re in borosilicate glasses was less than 0.1 wt. % and more than 99 wt. % of 
Re were volatilized due to high melting temperature and long melting duration. Because the retention of 
Re in iron-phosphate glasses is as high as l.2 wt. % and the volatilization is reduced down to ~50 wt. %, 
iron-phosphate glasses can be one of the glass waste form candidates for Tc (or Re) disposal. The 
investigations of chemical durability and leaching test of iron-phosphate glasses containing Re are now 
underway to test the performance of the waste form. 
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