	
	
	


	
	
	



	IAEA-CN-294
FARID et al. 
[bookmark: _GoBack]Chemical durability and structure analysis of simulated radioactive waste glasses

O. Farid 
Reactors Department, Nuclear Research Center, Egyptian Atomic Energy Authority
Cairo, Egypt
Email: osama.farid@eaea.org.eg

Y. Abdelaziz 
Reactors Department, Nuclear Research Center, Egyptian Atomic Energy Authority
Cairo, Egypt

S. Waly 
National Center for Radiation Research and Technology, Egyptian Atomic Energy Authority
Cairo, Egypt


Abstract

	Borosilicate glasses are used to accommodate wastes arising from day to day operations and the decommissioning of nuclear installations. Investigating the immobilization systems, chemical durability and structure under normal conditions have gradually increased and over the next two decades will become the main focus of research. In this study several models include comprehensively the relevant aspects which are known to lead to glass formation were investigated. Chemical durability was evaluated for three borosilicate glasses by immersed in hydrogen peroxide. Physical properties such as Dietzel field strength are evaluated for three borosilicate glasses in the perspective of being capable to apply to the waste forms. The Dietzel field strength values span within approximately wide range of 0.2 to 1.6, which are signifying the extent of the electrostatic attraction force between oxygen and elements. The arrangement ordered of oxides is approximately convincing in the range of Dietzel field strength (A) ˃ 1. Results indicate that oxides construct the glass network have A ˂0.35, as these oxides, which are alkali oxide are known to reshape network. Intermediate oxides may show both behaviors in consistent with glass composition. Dietzel approach showed that both high charge and limited size of the cations favor the creation of glassy oxides. Chemical activities were calculated using overall dissolution rate, which indicated solid surface layer hydrolysis reaction.

1. INTRODUCTION
	The main challenging task for nuclear industry is the safe management of nuclear waste, as approval of the public to build novel nuclear facilities by discovering a safe way to take care of these wastes. Solid, liquid or gaseous wastes originate from every stage of the nuclear fuel cycle and are treated to ensure they comply relatively with strict environmental and regulatory standards before final disposal. Immobilization of nuclear wastes is the first step towards the safe management of these wastes; the immobilization system should be durable[1]. Different immobilization matrices were proposed, these includes cement, polymer, glasses, ceramic, and Synroc. Vitrification is the transformation of oxides into a glass (a non-crystalline amorphous solid) by melting oxides until they turn into a liquid, then cooling the liquid quickly, as it passes through the glass transition phase to form a glassy solid. As this vitrification is peculiar to amorphous materials or turbulent systems and occurs when the bonding between elementary particles (atoms, molecules and formation masses) is higher than a certain threshold value[2]. This is explained as amorphous materials have a characteristic threshold temperature called the vitreous temperatures (Tg). These amorphous materials at a temperature below Tg are glassy, ​​while at a temperature above Tg they are molten. Vitrification is one of the most proven processes to immobilize nuclear wastes, where the wastes are combined in glass or glass like material [3]. Due to their respectively low processing temperature, borosilicate and phosphate glasses are the most applied glass for vitrification. Some compounds in nuclear wastes have limited solubility in borosilicate glasses i.e. platinoids, refractory oxides and cations of high oxidation state [4]. 
	Safety assessment studies for waste form matrices are focused on glass structure understanding. A glass structural model should detail structure-properties relationships, depict atomic arrangements at short and medium range, and have general idea applicable to a large number of systems[5]. Long-term assessment studies are confronted by the quantification of coordination number, bond type, bond strength, and their roles in strengthen long-term glass degradation. Dietzel [6] classified the oxides according to their ability to form or modify glass lattice in light of their positive cation field. The cation field intensity is defined as charge to distance square ratio according to Jantzen et al [7]. Dietzal's ﬁeld strength identifies the structure of glass formation and the mechanical properties changes. It evaluates the different in internal energy due to change in Dietzal's ﬁeld strength, and identify the chemical affinity for the solid surface layer hydrolysis reaction. The main question when quantifying the rate of glass dissolution is that there are two different distinctive glass surface reactions that can guide dissolution rate deviation with solution composition: 
1) The reverse reaction, as at equilibrium ions are leaning to reprecipitate. 
2) The forming reaction, as the dissolution rate control or precursor of surface. 
These effects are often determined in premise of the chemical affinity for the dissolving phase leading to the equivalence of the form. The chemical affinity of the dissolving phase is often quantified in terms of inverse reaction and forming reaction.  The overall dissolution rate of metals or glass may be affected by several factors. Firstly, aqueous  carry away of chemical species from its surface, secondly the effect of the reverse reaction in conditions close to equilibrium, and thirdly, the rate of equilibrium dissolution away from equilibrium.[8] 
The aim is to identify the containment performance and degradation resistance and structure-properties relationships that control leaching mechanism for each metal group. In this study, the short-term temporal evolution of waste glass matrices will be examined. Initial glass leaching properties of all matrix components in three borosilicate waste glasses will be evaluated. The performance of the immobilization process was assessed by using MCC-2 leaching test. This test is classified as a static standard that was performed at 90 °C.  In this context, MCC-2 leaching test was performed and identified Dietzel field strength which explains structure-properties relationships.
[bookmark: _Toc339628715]Experimental
Material
Three borosilicate-based glasses are under investigation in this project. The nominal compositions of the glasses are shown in 1 which is based on the weight percentage. The compositions are batch compositions based on starting powders giving indication of glass composition at best. [9]
[bookmark: _Ref332795137]Table 1: The composition of the waste glasses (wt%)
	      Sample

Compound
	MW Baseline 
	CaZn + Magnox
	Blend

	SiO2
	61.7
	44.26
	46.28

	B2O3
	21.9
	17.95
	16.43

	Na2O
	11.1
	9.01
	8.33

	Li2O
	5.3
	2.11
	3.98

	CaO
	--
	1.39
	--

	Al2O3
	--
	4.11
	1.91

	BaO
	--
	0.40
	0.47

	CeO2
	--
	0.96
	1.45

	Cr2O3
	--
	0.63
	0.51

	Cs2O
	--
	0.89
	1.59

	Fe2O3
	--
	2.79
	2.06

	Gd2O3
	--
	0.06
	4.16

	La2O3
	--
	0.52
	0.73

	MgO
	--
	4.10
	1.61

	MoO3
	--
	1.32
	2.49

	Nd2O3
	--
	1.53
	2.17

	NiO
	--
	0.39
	0.34

	Pr2O3
	--
	0.52
	0.66

	RuO2
	--
	0.52
	0.55

	Sm2O3
	--
	0.32
	0.49

	SrO
	--
	0.24
	0.41

	TeO2
	--
	0.15
	0.28

	Y2O3
	--
	0.16
	0.31

	ZnO
	--
	4.43
	--

	ZrO2
	--
	1.24
	2.82

	Total
	100
	100
	100



MW Baseline is a base glass composition that is used for mixing with the nuclear waste.  The prepared glasses samples were processed using a melt quenching technique, where reagent grade powders were combined in appropriate ratio, and then milled to homogenize mixers. After that, the batches were melted in a platinum crucible at 13000 °C for 1 h then it stirred for 3 h, before casting into small blocks by a preheated stainless steel mould. The batches were cooled down before being disposed into an annealing furnace at 400 °C for 1 h. These glass samples were allowed to cool to room temperature at a rate of 3 °C/min. CaZn+Magnox represents calcined Magnox which has been mixed with CaO and ZnO2 as a base glass. Blend is another glass which represents waste. B2O3 and SiO2 act as network formers. Ca, Al, Cr, Fe, Mg, Mo, Zn, Zr may act as modifiers or intermediates. Other elements are simulant fission products which resembles nuclear waste. These batches were chosen as likely durable compositions.
[bookmark: _Toc339628723]Leaching test
The performance of the immobilization process was examined by conducted MCC-2 (Material Characterization Center-2) method. This test is classified as a static standard that conducted at 90 °C using surface area to volume ratio (SA/V) of the samples must be approximately 10 m-1.The samples are sectioned to about 1x1x0.5 cm and polished before being immersed in Hydrogen peroxide. Vessels of Perfluoroalkoxy (PFA) are used for this test as there is no interaction with water and it can resist high temperatures up to 200 °C. To make sure that the samples are not contaminated with the environment, leach testing is performed in a vacuum oven and leached samples are freshly made for each characterization test.
Any noticeable changes in the pH of the leachant after leaching tests were detected for both studied samples. For reference sample, the pH changed from 6.4 to 9, where for modified glass, the pH changed from 6.4 to 8.5. The induced alkalinity in the leachant was observed in  previous literatures and was attributed to alkali ions leaching[10].
For this project, a Perkin Elmer ICP-OES instrument was used to measure the concentration of leachates. 5ml leachates from each sample were taken for each measurement. Beforehand, standard solutions for the elements were prepared for required concentrations by dilution technique. In order to get a precise and an accurate result, measurements were repeated at least three times, calculating mean values and standard deviations. 
[bookmark: _Toc339628725][bookmark: _Toc339628724]Results and discussion
3.1 Surface investigation 
	Preliminary surface investigation was conducted by applying glass samples to SEM. Results are reported in Figure .1, which shows that three borosilicate-based glasses which are reference glass A, CaZn+Magnox B, and blend glass C
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FIG 1 SEM of borosilicate glass where microcracking appears after leaching for 7 days at 90°C and SA/V~10 m-1
	The surface of the reference glass was observed and found to be homogeneous except for some fine oval inclusions, ie, region 1 and 2, with dimensions of 16_24 and 32_22 mm. CaZn+Magnox has been observed and the glass has been reported to contain foreign impurities or immiscible components. The blend glass was observed and found to contain impurities due to the presence of bubbles and/or foreign impurities and/or immiscible components. The interpretation of this is attributed to the assumption of phase separation and Greaves model of the modified continuous random network for borosilicate glass, where the random network is subjected to the separation of immiscible liquid phases and to the emergence of a water-soluble alkaline borate phase and a silica-rich phase.
3.2 Leaching analysis
	The overall ion release rate from glass was evaluated using the MCC-2. This technique is widely used to estimate the rate of glass dissolution. Normal solubility rate is estimated by (DR) of the glass-forming elements during the hydrogen peroxide immersion. DR is evaluated by the equation (1).
           equation (1)
Where W is the initial weight of the sample [g], S is surface area of the sample At is the leached mass of element from glass sample [g], A0 is the initial content of the element [g],and d is the immersion time. The remaining concentrations of the leached elements were analyzed with ICP-MS (Inductively coupled plasma mass spectrometry). The normalized dissolution rates of the glass constituent elements such as Silicon (Si+4), boron (B+3), sodium (Na+), lithium (Li+), calcium (Ca2+) and aluminum (Al3+) are depicted in Figure 2.

                                                                                      
FIG  2 Normalized ion release for Silicon (Si+4), boron (B+3), sodium (Na+), lithium (Li+), calcium (Ca2+) and aluminum (Al3+) from base line, Ca+ZnMagnox, and blend glass 
Figure 2 displays ion release profiles for base line, CaZn+Magnox, and blend glass composites. The results show that normalized ion release of silicon (Si+4), boron (B+3), sodium (Na+), lithium (Li+), have the same pattern, however calcium (Ca2+) and aluminum (Al3+) have different behavior. Silicon (Si+4),boron (B+3), sodium (Na+),lithium (Li+), calcium (Ca2+) and aluminum (Al3+) reached38,84,115,985,826,405 ppm (respectively) for base line. Silicon (Si+4), boron (B+3), sodium (Na+), lithium (Li+), calcium (Ca2+) and aluminum (Al3+) reached 11,55,1740,650,548,406  ppm(respectively) for Ca+ Magnox.  Silicon (Si+4), boron (B+3), sodium (Na+), lithium (Li+), calcium (Ca2+) and aluminum (Al3+) reached 19,69,410,314,266,224  ppm (respectively) for blend.
Ion releases for all elements in base line are higher than CaZ+ Magnox and blend glass. Ion release profiles could be divided into two stages; first 504 hr, release of all elements followed almost linear relationship with time, later it comes to stable point till 1000 hr. The ion release profiles for all glass investigated showed similar trends.  The CaZn + Magnox and blended glasses showed lower ion release rates compared to base glass. This is explained by their high chemical toughness. Its durability is attributed to the presence of Si content and presence of Ca2 + in CaZn + Magnox in the tempered glass, which can help cross-linking the glass structures. Based on the addition of Ca2+ ions as in CaZn+Magnox glass, the oxides (particularly alkaline) play an important function in the chemical durability of the glass structure. This was noted by Farid et al. [11], who noted that the rate of determination of ion release and degradation of borosilicate glass decreased with increasing calcium intake. In addition, calcium ions can construct a chelating structure via ionic and interfering bonds. Kim et al.[12] found that the effect of adding metals (particularly alkaline) on the rate of glass degradation, follow the order Fe > Mg > Ca.
3.3 Glass structure
	In order to understand new glass structures, the simplified metal oxides classifications from Dietzel based on field strength (A) has produced countless guidelines for glass scientists. Field strength is associated with ionicity of metal-oxide bonds, since bonds comprising components with high field strength possess large amounts of ionic character, and high field strength bonds have more valence or directionality for their bonding environment. The field strength(A) is defined by the ability of cations to enter the glass structure by their field strength. 
   equation 2
Where Z is cation valence, rcand  ro are cation and oxgen radii respectively. In our recent study of silicon (Si+4), boron (B+3), sodium (Na+), lithium (Li+), calcium (Ca2+) and aluminum (Al3+) component within three different glass composite, were evaluated as shown in figure 3.



FIG 3 Normalized rate of ion released of silicon (Si+4), boron (B+3), sodium (Na+), lithium (Li+), calcium (Ca2+) and aluminum (Al3+) versus Dietzal's field strength.
Molar normalization was calculated by dividing released cations rate by the molar concentration of the cation within glass composition (0.16, 0.16 and 0.24 for Na, Ca and Mg respectively). The Dietzel field breadth spans within a relatively broad range of 0 to 2 and is indicative of the breadth of the Dietzel field to the size and strength of electrostatic attraction between the element and oxygen inside the glass lattice. It appears from the results that the ordered sequence of the oxides is relatively convincing, as the results indicate that the oxides form the vitreous network. For A ˂0.35, oxides (particularly alkaline) as in CaZn+Magnox glass are known to modify the lattice. The modulators of this lattice or this polyhedral arrangement lead to a strong glass structure. These represented two extreme behaviors, intermediate oxides may exhibit both behaviors depending on the structure of the glass. From this, Dietzel's approach shows that both the small size of the cation and its high charge favor the formation of glass oxides with a strong glass structure. This study conclude Alkaline silicates easily form glasses with a strong glass structure and cations such as Si that readily form with oxygen are called polyhedra and triangles, lattice-formers, and such coordination polyhedra leads to a glassy structure. 
3.4 Chemical activity
	The aim of this current study is to study the chemical affinity, which in turn determines the amount of glass dissolution and leads to the release of ions away from equilibrium, which shows a control of the surface reaction. The release of ions is often specified in terms of the chemical affinity of the melting phase leading to the equation 3. 
 equation 3
where r designate the overall and forward dissolution rate, respectively, A* represents the chemical affinity for the solid surface layer hydrolysis reaction, which may differ from that of the bulk solid. σ refers to Temkin’s average stochiometric number, which equal to the ratio of the rate of destruction of the activated or precursor complex relative to the overall rate, R stands for the gas constant, and T represents absolute temperature in Kelvien. Chemical activity versus Dietzal's field strength is shown in Figure 4

FIG  4 Chemical activity versus Dietzal's field strength.
Chemical activity was calculated via equation 3and plotted vs Dietzel field amplitude of the cation within the glass composition. Results describe chemical activity as the alteration of glass dissolution on solution composition at near to equilibrium conditions. Many previous studies describe the anisotropy of glass dissolution depended on the formation of the solution near equilibrium conditions at the glass surfaces based on a form of equation3. As noted by Trocellier et al, [8] that during the dissolution of the glass close to the surface layer of the solid consists of a layer rich in amorphous silicon. They indicated that the chemical affinity of the released ions can be assumed to be equal to the chemical affinity of amorphous silica.  In contrast, Rose and Mukunoki,[13] [5] suggested that the chemical affinity for amorphous silica can be assumed to be equal to the chemical affinity for amorphous gel containing SiO2-, Al(OH)3-, Fe(OH)3, Ca(OH)2 and Mg(OH)2. Each of these studies accurately described various glass dissolution data sets as a function of solution composition at near to equilibrium conditions. This study concluded that the release of ions can be predicted and controlled based on their composition. This study describes glass dissolution datasets and ion release accurately as a function of solution composition under conditions close to equilibrium.
Conclusions
	The current study focuses on the dissolution rates of borosilicate glass in conditions far from equilibrium. The dissolution rates allow studying the chemical affinity of the melt phase and can determine the effect on the rates of the active formation reaction or precursors independently of those resulting from the reverse reaction. This study concluded that the quantity and type of ions releasing are case-sensitive to the glass composition as well as the chemical durability. Therefore, it could be concluded that ion release profiles could be predictable and controllable from waste glasses based on their composition. The ion release features are attributed to the Ditzel field strength. It also note that low trends of Na+ compared to Ca2+ in CaZn+Magnox and blend glasses. This leads to weak glassy structure and collapse of the longer glass chain, which is attributed to the lower Dietzal field strength of Na compared to Mg2+ and Ca2+ and the collapse of the glass chain.  Thus, two values for the single bond strength were computed corresponding to Dietzal's field strength criterion. It is clear that Dietzel's approach confirms that both the small size of the cation and its high charge lead to the formation of strong-structured glass oxides. Some of these cations, such as Si, in the presence of oxygen, can easily form polyhedrons and triangles with oxygen. Also, forming this lattice or this polyhedral arrangement leads to a strong glass structure. The chemical affinity of the leading melt phase corresponds to controlled glass dissolution rates and it appears far from stable equilibrium at surface. These results confirm the ability of borosilicate glass to contain different waste in its cores in harsh conditions.
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Base line	0	24	168	336	504	1000	0	8.9465153970826705	110.55105348460368	231.76661264181362	405.83468395461915	405.83468395461915	CaZn+Magnox	0	24	168	336	504	1000	0	5.7998192498870305	78.626299141436959	188.40939900587441	360.8224130140083	360.8224130140083	Blend	0	24	168	336	504	1000	0	6.6789109766637198	37.262316335350746	115.50345721694035	224.93517718236819	224.93517718236819	Release time (hr)

Normalized Si+4 ion (ppm)


Base line	0	24	168	336	504	1000	0	16.891891891891891	217.99099099099101	546.39639639639654	985.58558558558559	985.58558558558559	CaZn+Magnox	0	24	168	336	504	1000	0	7.6148723640399245	123.66259711431741	368.21309655937824	650.4994450610435	650.4994450610435	Blend	0	24	168	336	504	1000	0	10.091236494597839	41.444177671067841	174.8859543817527	314.40576230492201	314.40576230492201	Release time (hr)

Normalized Na+ ion (ppm)


Base line	0	24	168	336	504	1000	0	15.602739726027426	165.42922374429222	417.62557077625564	826.02739726027403	826.02739726027403	CaZn+Magnox	0	24	168	336	504	1000	0	3.5649025069637887	82.506963788301817	234.36768802228565	548.52367688022287	548.52367688022287	Blend	0	24	168	336	504	1000	0	7.2915398660985655	58.198417528910532	129.21485088253195	266.46378575776021	266.46378575776021	Release time (hr)

Normalized B+3 ion (ppm)


Base line	0	24	168	336	504	1000	0	8.6962264150943387	340	1150	2284.9056603773602	2284.9056603773602	CaZn+Magnox	0	24	168	336	504	1000	0	9.4123222748815163	203.58293838862943	901.84834123222754	1740.7582938388598	1740.7582938388598	Blend	0	24	168	336	504	1000	0	7.2236180904522724	27.273869346733662	179.87185929648192	410.05025125628129	410.05025125628129	Release time (hr)

Normalized Li+ ion (ppm)


Base line	0	24	168	336	504	1000	0	5.4102564102564106	21.666666666666668	52.923076923076962	84.794871794871781	84.794871794871781	CaZn+Magnox	0	24	168	336	504	1000	0	0.20143884892086344	7.4820143884892065	40.424460431654033	55.985611510791344	55.985611510791344	Blend	0	24	168	336	504	1000	0	5.3169491525423824	14.103559322033897	46.169491525423723	69.86440677966101	69.86440677966101	Release time (hr)

Normalized Ca+2 ion (ppm)


Base line	0	24	168	336	504	1000	0	0.94193548387096759	9.6774193548387206	25.806451612903228	38.70967741935484	38.70967741935484	CaZn+Magnox	0	24	168	336	504	1000	0	1.8199513381995136	1.5085158150851579	7.9245742092456446	11.328467153284672	11.328467153284672	Blend	0	24	168	336	504	1000	0	1.2774869109947646	5.1769633507853401	12.87958115183247	19.251308900523529	19.251308900523529	Release time (hr)

Normalized Al+3 ion (ppm)


Base line	1.56	1.45	0.84000000000000064	0.33000000000000357	0.19	0.13	231.76661264181362	280.63926940639266	248.07	318	366.21621621621074	395.28301886792036	CaZn+Magnox	1.56	1.45	0.84000000000000064	0.33000000000000357	0.19	0.13	406	548	750	1120	1550	1740	blend	1.56	1.45	0.84000000000000064	0.33000000000000357	0.19	0.13	244	266	250	269	314	410	Dietzal's ﬁeld strength

Normalized release (ppm/hr)



activity	1.56	1.45	0.84000000000000064	0.33000000000000357	0.19	0.13	1195.9443121721768	1222.2382099800811	1069.4411281959499	2184.7378699964797	3333.4801268637361	8670.7630094495871	Dietzal's ﬁeld strength

chemical actoivity (J/mol) 
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