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Table 1 Designed glass composition w/%
Sample SO, B;Os Al,O3 NaO ZnO Ca0 Li,O BaO Cs0 RE.O3 Zro, MoOs
Si-1 32.00 16.97 6.79 6.28 3.39 10.61 2.68 1.83 1.79 8.61 5.66 3.39
Si-2 43.00 14.22 5.69 5.26 2.84 8.89 2.25 1.54 1.50 7.22 4.74 2.84
B-1 4223 10.00 6.35 5.88 3.18 9.93 251 1.72 1.67 8.06 5.29 3.18
B-2 37.54 20.00 5.65 5.23 2.82 8.83 2.23 1.53 1.49 717 471 2.82
Al-1 4158 15.64 2.00 5.79 313 9.78 2.47 1.69 1.65 7.94 521 3.13
Al-2 38.19 14.36 10.00 5.32 2.87 8.98 2.27 1.55 1.51 7.29 479 2.87
Na-1 38.01 14.29 5.72 10.00 2.86 8.94 2.26 1.54 151 7.25 476 2.86
Na-2 35.47 13.34 5.34 16.00 2.67 8.34 211 1.44 141 6.77 4.45 2.67
Cal 40.40 15.20 6.08 5.62 3.04 8.20 2.40 1.64 1.60 7.71 5.07 3.04
Ca2 39.70 14.93 5.97 5.53 2.99 9.80 2.36 1.61 157 7.58 498 2.99
Li-1 40.44 15.21 6.08 5.63 3.04 9.51 1.00 1.64 1.60 7.72 5.07 3.04
Li-2 39.22 14.75 5.90 5.46 2.95 9.22 4.00 1.59 1.55 7.49 492 2.95
Li-3 38.81 14.60 5.84 5.40 2.92 9.13 5.00 1.58 1.54 7.41 4.87 2.92
Cs1 40.12 15.09 6.04 5.58 3.02 9.43 2.38 1.63 1.00 7.66 5.03 3.02
Cs2 39,51 14.86 5.94 5.50 2.97 9.29 2.35 1.61 2.50 7.54 4.95 2.97

RE,QOjz is rare earth oxides; w is mass fraction.
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(a) 130 g Na-1

(b) 130 g B-1

(¢) 800 g Na-1 (f) 800 g B-1
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(h) 800 g Li-3
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Fig. 1 Differencesin sample size and Mo-phase separation
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Note: Ty is glass transition temperature; Exo is exothermic.

K3 Nal. B-1. Ca-1 £l Li-3 ] DSC Hi£;
Fig.3 DSCcurveof Na-1, B-1, Ca-1, and Li-3

Fz2 MR
Table 2 Properties of glass

Samples re/(g-m2d™) vd(g-m2-d?) rul(g-m2d™) ruol(g-m2d™) TJC Xpd%
Si-1 0.02 0.01 0.03 0.02 512.9 90
Si-2 0.04 0.04 0.04 0.02 530.0 30
B-1 0.02 0.01 0.03 0.01 526.4 30
B-2 0.04 0.02 0.05 0.02 526.3 20
Al-1 0.06 0.04 0.07 0.05 527.0
Al-2 0.02 0.00 0.03 0.02 524.2
Na-1 0.02 0.02 0.04 0.02 5195
Na-2 0.04 0.03 0.06 0.03 501.9
Cal 0.04 0.08 0.07 031 526.9 50
Ca2 0.02 0.06 0.03 0.07 527.6 80
Li-1 0.02 0.05 0.04 0.02 551.7 20
Li-2 0.02 0.04 0.05 0.28 499.4 100
Li-3 0.09 0.32 0.24 2.76 503.4 100
Cs1 0.02 0.03 0.03 0.06 529.4 35
Cs2 0.02 0.03 0.03 0.11 526.9 85

Note: rg is normalized leaching rate of Na; rya is normalized leaching rate of Na; ry; is normalized leaching rate of Li; ryo is normalized leaching rate of Mo; Xps
is the degree of glass Mo-phase.
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Note: A listheresidual between the measured and simulated spectrum.
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Fig. 4 Measured and curve-fitting derived FTIR spectrum of B-1 and Li-3 glass
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Table 3 FTIR peak positions and band assignments!*”

Literature assignments Structure group Wavenumber/cm™

0 (0—B—O0) and (Si—O—Si) bending vibrations AL 458462
Si—O—Si rocking vibrations A 518-528
Bending vibration of B—O—B linkage in [BO3] As 696-707
Si—O—Si and B—O asymmetric vibrationsin [BO,] Ay 747-780
Si—O—Si symmetric stretching vibrations As 836883
Si—O—Si asymmetric vibrations in [SiO4] (Q% and Q°) As 995-1 040
Si—O—Si stretching vibrationsin [SiO,] (Q%) A 1120-1209
[BOs] and BO,O™ asymmetric stretching vibrations Ag 1276-1398
Vibration of metaborate triangle Ag 1400-1440
Asymmetric stretching modesin [BOg] Ao 1432-1478
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Table 4 Integrated area Ai of FTIR bands derived from FTIR curve fitting Ai/%

Samples A Az As As As As A Ag Ag Ago AstA;
Si-1 46 24 31 0.4 16.3 0.0 325 138 5.8 212 325
Si-2 7.7 0.9 2.2 0.9 49 0.0 526 9.6 39 17.3 526
B-1 9.4 0.7 2.3 14 7.7 0.0 484 8.0 2.8 19.3 484
B-2 6.2 0.8 24 0.8 8.7 0.0 48.0 52 14 26.6 48.0
Al-1 85 0.8 2.1 1.2 10.3 0.0 417 14.1 0.3 211 417
Al-2 6.8 07 2.7 0.9 7.8 0.0 49.3 4.4 20 25.3 49.3
Na-1 7.8 0.7 2.7 05 1.1 0.0 437 8.7 15 233 437
Na-2 8.8 1.0 25 0.4 0.0 16.9 51.1 0.1 36 15.4 68.0
Cal 7.6 1.0 1.9 0.6 6.6 0.0 53.4 7.2 1.2 205 53.4
Ca2 6.6 14 1.9 0.7 0.0 105 49.4 9.2 1.4 19.0 59.9
Li-1 7.7 12 2.6 05 38 0.0 29.2 36.7 0.7 17.7 29.2
Li-2 7.4 16 16 0 0.3 36.6 29.8 0.3 32 19.1 66.5
Li-3 7.9 1.0 06 11 0.6 27.0 438 0.0 1.2 16.7 70.8
Csl 6.8 12 14 0.4 0.0 0.0 59.2 13.7 1.2 16.0 59.2
Cs2 8.0 0.9 25 0.7 47 0.0 336 30.4 0.9 18.3 336

Note: A isintegrated area; i isthe ith peak(i=1-10).
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ry = 0.085— 0.036A, + 0.024A, + 0.002A, (5)
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Table 5 Modeling parameters for S—P models
Property re/(g-m™d™) rul(g-m™d™) rna/(g-m-d™) ruol(g-m™-d™) TJ'C Xps/%
F-ratio 50.607 38.262 37.449 58.527 56.357 57.117
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AstA; —0.003 (—3.500)
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Table 6 Predicted and measured properties of MV sample

Property re/(g-m>d™) Mnd/(g-m2d™) rul(g-m.d?) ruo/(g-m2-d™?) TJC Xps/%
Predicted 0.05 0.04 0.06 1.49 524.1 83
Measured 0.06 0.15 0.14 0.91 524.4 70
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Extended Abstract

Introduction The solubility of Mo in borosilicate glasses is relatively low. Therefore, molybdate is easy to separate from glass,
forming Mo-yellow phase (alkali molybdates, such as Na;M0O,, CsLiMoO,, and Li,M00,) or CaMoQ, crystals. The crystal CaMoO,
performs a superior water resistance ability, which can effectively reduce the Mo leaching rate of a high Mo content and high level
waste (HLW) solidification glass. On the contrary, akali-Mo-yellow phase is highly water-soluble, leading to a serious Mo-leaching,
and thus decreases the chemical durability of the products. The duration of the chemical durability test of solidification glassis 7 or 28
days, thus retarding the whole cycle for the investigation of HLW solidification glass. Effective predicting Mo-yellow phase and the
Mo leaching rate can accelerate the research via saving time on glass preparation and chemical durability test. Based on the glass
structural gene modeling (GSgM), this paper proposed the Structure-Property (S—P) prediction models of chemical durability and the
possibility of Mo-phase separation (PS, its value is xps) for a simulated high Mo content (MoO; 2.6-3.3%) HLW borosilicate
solidification glass. The key elements (i.e., Na, Li, B, and Mo) leaching rate ry, I\ ; I's, 'vo as well as the Mo-phase separation Xps were
predicted by the models. The reliability and practicability of the models were proved. In addition, combined with the
Structure-Composition (S—C) modeling, the C—S-P analysis was also carried out for xps and ry,.

Methods Fifteen borosilicate glasses were designed by an one-component-at-a-time (OCAT) method. Glasses with different
weights (130 g and 800g) were prepared for each composition. Small samples with the mass of 130 g were melted and quenched.
Large glass samples with the mass of 800 g were melted, and annealed. The properties of the samples were determined by X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR) with KBr, differential scanning calorimetry (DSC) and PCT-7 day
chemical durability test, respectively. Mo-phase (xps) Was evaluated and scored for each sample by naked eyes (from 0-100%, high
score means high probability of Mo-phase separation). The structural data used for modeling were derived from FTIR peak fitting
area A;. Each FTIR spectrum was decomposed into 10 Gaussian bands by a software named GRAMS Al 32 according to the same
fitting rules. The S-P and S—C models were constructed by a software named JMP based on the Cornell first-order linear mixture
formula. The sample (glass MV) for model validation was a so prepared and measured by the same procedure.

Results and discussion No Mo-phase appeats in the small samples (130 g), while a serious M o-phase separation (i.e., yellow phase
and white phase) occurs in some large samples (800 g), which can be attributed to the Mo-phase accumulation and the slow cooling
rate of large size glasses. The XRD patterns indicate that the main components of Mo-phase are CsLiM0Q, (i.e., water-soluble yellow
phase, yellow) and CaM 0Oy, (i.e., water-resistant crystal, white). The S-P models with satisfied statistical significance (i.e., P<0.0001)
and model accuracy (i.e., R=0.87) are proposed based on the A; and glass properties. The corresponding prediction formula of the
target properties (i.e., Na, Li, B, Mo leaching rate r;, Tg, Xps) are

I = 0.085— 0.036A, + 0.024A, +0.002A, )
1; =0.13—0.052A, + 0.005A, + 0.005A )
M, = 0.38— 0.086A, + 0.008A; — 0.003(A, + A,) ®)
o = 3.16-1.28A, 4)
T, =456.1+057A, +151A; +1.31A, ®)
Xpg = 57.1+ 68.07A — 42.37Aq ©6)

In order to test the reliability of the models, a validation glass (i.e., MV) is designed. The A; values of MV (130 g, without Mo
phase separation) are used to calculate the target properties by formulas (1) to (6), and the predicted values of each property are

rg =0.05 g-m2.d?,

r;=0.06 g-m=2.d7,
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Na=0.04 g-m2.d7?,

vo =1.49 g-m2.d%.

T,=524.1C,

Xps=83%.

The model prediction results show that MV glass can perform high Mo leaching rate, exceeding the EJ}-1186 standard (ri<1 g-m 2-d™2).
The Mo-phase possibility is 83%, indicating that MV glass has heavy Mo-phase separation. The rg ry; rya meets the standard
requirement. The large sample MV (800g) is prepared. Large area of MV glassis covered by Mo phase separation, which is scored by
70% by naked eyes, and the rg, ry;, v, is qualified to EJ-1186. However, the ry, is as high as 0.91 g-m2d, which is close to the
standard limit. Considering the test error, MV glass is not valuable for further investigation and measurement (such as viscosity,
electrical resistance, liquidus temperature, etc.). The measured properties are

rg =0.06 g-m2.d?,

r;=0.14g-m2d?,

fna=0.15g-m 2.d2,

vo =0.91 g-m2.d%.

T,=524.4°C,

Xp5:70%

The S-P models indicate that within the designed glass composition, the Mo phase separation can prevent effectively with the
decrease of S—O—Si vibrations at 518-528 cm™?, and the increase of B—O—B bending vibrationsin [BOs] units. In order to figure
out the components that affect the target structure as well as xps and ry,,, a detailed exploration of the components associated with the
structure units that screen for PS and ry,, from S—P models is simulated via S-C modeling. The results indicate that Li,O and CaO
enhancement can increase the formation of Mo-phase, in which CaO can lead to the formation of the water resistance white crysta
CaMo0Q,, while Li,O intensifies the precipitation of water-soluble Mo-yellow phase CsLiM0O,. SiO, can affect the formation of
CaMo00, and CsLiM0OQ,. Certainly, Li,O can promote the Mo leaching rate.

Conclusions A series of high Mo (MoO; 2.6%—3.3%), HLW borosilicate solidification glass was investigated by Glass Structural
gene Modeling (GSgM) to establish the prediction models for the key elements (i.e., Na, Li, B, Mo) leaching rate ry, i s 'vo and
the Mo-phase separation. The ry,, i, I's, 'mo and Xps With a satisfied accuracy were predicted. The results were summarized as bellow:

1) The main components of Mo-phase were water-soluble yellow phase CsLiMoO, (yellow) and water-resistant white crystal
CaM00;,.

2) The S-P models for all the target properties exhibited high accuracy (Rg=0.87) and satisfied statistical significance
(P<0.000 1). The model validation proved the reliability of the models.

3) Composition-structure-property analysis showed that SO, variation could affect the concentration of S—O—Si (at 518-528 cm™)
and B—O—B bending vibrations in [BO;] units, inducing two opposite effects on the Mo-phase separation, which could be evaluated
via the simulated parameter calculation. Li,O enhancement increased the formation of water-soluble Mo yellow phase CsLiM0O,,
and promoted the Mo leaching rate consequently. CaO could lead to the formation of the water resistance white crystal CaM00,.

Keywords high-level liquid waste; borosilicate solidification; Mo phase separation; leaching rate; glass structural gene modeling



