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ABSTRACT  
 
The following results are a part of an independent thesis study conducted at Diagnostic 
Instrumentation and Analysis Laboratory-Mississippi State University. A series of small-scale 
borosilicate glass melts from high-level waste simulant were produced with waste loadings 
ranging from 20% to 55% (by mass). Crushed glass was allowed to react in an aqueous 
environment under static conditions for 7 days. The data obtained from the chemical analysis of 
the leachate solutions were used to test the durability of the resulting glasses. Studies were 
performed to determine the qualitative effects of increasing the B2O3 content on the overall waste 
glass leaching behavior. Structural changes in a glass arising due to B2O3 were detected 
indirectly by its chemical durability, which is a strong function of composition and structure. 
Modeling was performed to predict glass durability quantitatively in an aqueous environment as 
a direct function of oxide composition. 
 
INTRODUCTION  
 
Borosilicate glass has been selected globally as the chemical matrix to immobilize high-level 
nuclear waste. Borosilicate glass is exceptionally well suited for achieving high waste loading 
and chemical durability, because of: 1) its low melt temperature; and 2) its ability to 
accommodate and retain foreign elements (radioactive and non-radioactive) in its structure 
(1,2,3). The primary basis for the selection of a waste glass for geologic disposal is its chemical 
durability. The immobilization of high-level waste (HLW) through vitrification is highly 
dependent on the properties of the final glass product. Currently, one of the most important and 
most widely studied glass properties is chemical durability (4,5). The complex chemical 
composition of the HLW demands high chemical durability from the waste glasses; otherwise, 
there is a strong likelihood that the harmful radioactive nuclides could enter the human life cycle 
through ground water transport (6).  
 
Chemical durability of a waste glass is a measure of its ability to, ultimately, retain radionuclides 
during aqueous attack from the surrounding environment. In many instances, the chemical 
durability of a waste glass is considered to be the key property in determining its suitability to a 
specific application (7,8). Glass durability as a function of glass composition is critical for the 
development of durable nuclear waste glasses (5,9). Studies indicate that the high-level waste 
(HLW) borosilicate glasses can be subjected to a wide variation in glass composition without 
affecting the glass durability significantly. However, in some glass composition regions, even a  
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minor change in glass composition can greatly influence the chemical durability of high-level 
waste (HLW) borosilicate glasses because of high elemental release rates (10). 

  
Borosilicate glasses are prone to phase separate if the glass composition chemistry is not 
controlled properly. Phase-separated glasses have very low chemical durability because of higher 
solubility of the separated glass phases. Glass composition must be properly controlled to 
prevent phase separation (11,12). Often, borosilicate glasses having a (B/Na) ratio greater than 2 
are affected by the phase separation of boron rich and silica rich phases. The preferential 
hydrolysis of the solubility controlling borate phase also controls the glass durability (13). It was 
reported that in a sodium borosilicate glass, boron could exist in either three-fold (BO3) or four-
fold coordination (BO4). In a four-fold coordination, sodium ions are needed to charge balance 
the boron tetrahedra. Sodium ions in this coordination are not susceptible to ion exchange. 
Likewise, the boron ions in this coordination are more defiant to network hydrolysis than those 
in a three-fold coordination (13,14). 
 
Addition of boron oxide can lower the melt temperature significantly, which can provide 
significant savings in the operating costs. It can also increase the waste solubility, and help 
prevent the volatility of radionuclides. However, if the concentration of B2O3 is high, then it can 
dangerously affect the glass durability by causing phase separation. Hence, efforts are needed to 
optimize the boron oxide content in the high-level waste glasses (1). Normally, B2O3 by itself 
exhibits three-fold coordination number. However, by the increasing addition of Na2O, some of 
the B2O3 molecules change their coordination from three-fold to four-fold. Because of this 
anomalous behavior (Fig.1), boron oxide can affect both the properties and structures of 
borosilicate glasses positively (8,15,16).  B2O3 in a four-fold coordination number (B) increases 
the bridging oxygen concentration and hence increases network connectivity subsequently 
contributing to higher chemical durability.   
 
EXPERIMENTAL DESIGN  
 
The proper design of the glass composition matrix is essential in developing a durable waste 
glass product. Waste loading and composition of the HLW are the key factors in building a good 
design. The glass composition matrix (Table I) was designed by systematically varying the 
factors: %waste loading and (SiO2+Frit):B2O3 ratio, with (SiO2:Frit) ratio being held constant. 
SiO2 and B2O3 act as the primary network formers in high-level borosilicate waste glasses. The 
supplied Hanford waste simulant (Table II) contained SiO2 (11.55 wt%). Frit-200, bearing SiO2 
(70 wt%) and B2O3 (12 wt%), was selected to provide sufficient amounts of network formers. 
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Fig. 1.  B2O3 in three-fold (A) and four-fold (B) coordination (8) 
 

  Table I. Glass Batch Composition (wt%) Matrix 
 

Batch composition (wt%) 
 

Glass J1 J2 J3 J4 J5 J6 
**W.L 25 35 40 45 55 20 

Component 
Sludge 39.94 54.18 60.98 67.57 80.17 32.47 

       
SiO2 33.64 27.49 23.90 20.18 12.62 33.77 

       
*Frit 200 14.41 11.78 10.24   8.65    5.41 14.47 

       
B2O3 12.01   6.55   4.88   3.60    1.80 19.29 

       
Total 100.00 100.00 100.00 100.00 100.00 100.00 

 
* Glass former 

 
** %Waste loading 
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Note: %waste loading is less than sludge wt%. This is due to SiO2 and Na2O 

being excluded from %waste loading (terms of Hanford Vitrification 
Protocols). 

 
Table II. Sludge Composition (Calcine Basis)  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
BATCH CALCULATIONS  
 
Batching and Melting 
 
A target of 100 g of glass was made. Then the amount of dry sludge was back calculated by 
taking into account the following factors: 

Oxide Wt.% 
Fe2O3 22.99 
Al2O3 21.13 
Na2O 16.40* 
SrO 14.41 
SiO2 11.55* 
MnO 8.70 
CaO 1.40 
Ag2O 0.46 
MgO 0.43 
PbO 0.42 

Cr2O3 0.32 
NiO 0.30 
P2O5 0.30 
ZrO2 0.23 
La2O3 0.22 
Cs2O 0.20 
BaO 0.13 
CdO 0.09 
TiO2 0.08 
CeO2 0.06 
SO3 0.05 
K2O 0.05 

F 0.05 
Cl 0.05 

Total 100.00 
Note: SiO2 and Na2O are 
common glass formers. 
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 calcine factor (0.8) 
 oxide composition factor (0.28) 

Also, the ratios of (SiO2:Frit) = 2.333:1 and (SiO2+Frit)/B2O3 = 4:1 were employed for 
determining the individual glass compositions.   
 
Waste loading (W.L) was defined as (17): 

 
   (Eq.1) 

  
where, 
 mg is mass of the glass 
 mf is mass of glass formers added 
 mn is mass of sodium oxide in the waste 
 ms is mass of silicon oxide in the waste 
 
Waste loading was defined by excluding the mass of oxides of sodium and silicon in the waste. 
The DOE simulant contained ∼28 wt% of (Na2O+SiO2) (Table II). Hence, % W.L was divided 
by a factor of (1-0.28). Also, on a calcine basis more DOE simulant was required by a factor of 
0.8. Hence, % W.L was divided by this factor. 
 
The amount of dry sludge was calculated: 
 

 
(Eq.2) 

 

 
Glass Durability 
 
Glass durability was measured by normalized release NRi (18), which is an indication of how fast 
the various elements are released from a glass. The measured elemental concentration (ppm) was 
divided by the weight fraction of that element present in the glass. The final value was then 
divided by 1000 to convert the result to g/L. 
 
 NRi = Ci / Fi                                                                                                                  (Eq.3) 

where NRi = normalized release (g/L) 
 Ci    = concentration of the element in the leachate solution (ppm) 
 Fi    = weight fraction of the element in the glass 
  i     = element of interest 

 
 
                                              [% W.L]   
Dry sludge =   -------------------------------------------------- 
                                [1-(SiO2+Na2O)]*calcine factor 

                    [mg-(mf+mn+ms)]*100 
% W.L =   ---------------------------------       
                                 [mg]  
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This was used to predict the durability performance of the waste glasses based on the variation in 
the glass composition. The statistical software package SAS® was used to perform the multiple 
regression during modeling studies. 
 
EXPERIMENT 
 
Batching and Melting 
 
Before drawing a sample from a DOE drum, the drum was stirred thoroughly for about four 
hours with a Lightning® mixer. This was done to mix the solid sludge and the supernatant liquid 
phases that were formed because of settling. After four hours of mixing, a sample was drawn into 
an Al metal tray from the drum by using a sampler from New Pig Corporation®. The tray with 
the sample was transferred to a Despatch® V6 dryer at 1200C. The tray was left overnight in the 
dryer. Then the dried sample was air-cooled to ambient temperature. The dried sample was 
ground to powder by using an A11 basic S1 grinding apparatus from IKA® works. At that 
moment, depending on the predetermined glass compositions J1 through J6 (Table I), reagent 
grade batch chemicals, frit, along with the dried sludge were mixed until the batch looked 
homogeneous.  
  
An empty 250cc Vesuvius® alumina crucible was weighed and labeled with Iron Oxide (Fe2O3) 
paint. An amount of 35 g of the above said batch was transferred to the crucible. It was 
determined that 35 g was the safest amount to begin with, to avoid any foaming during the melt 
synthesis. The alumina crucible with the batch was transferred to a quartz catch crucible to 
prevent it from thermal shocking. The rest of the batch was split into 25 g each, which were 
added during dwell time of the MHI® elevator furnace at 12000C. The crucible containing batch 
was transferred to the furnace. The MHI elevator furnace is a bottom-loading furnace operated 
by an automatic temperature controller. The heating elements used in the furnace were made of 
molybdenum disilicide (MoSi2) with a maximum operating temperature of 17000C. The same 
program was used for all glass melts, J1 through J6. The furnace was allowed to ramp from room 
temperature to 12000C at the rate of 50C/min. It was allowed to dwell at 12000C for 90 min. 
During dwell time, the remaining batch material was added to the heated crucible with a time 
gap of 10 min between every two additions. After the dwell time of 90 min, the furnace was 
allowed to ramp to 13000C at the rate of 50C/min. At 13000C, the furnace dwelled for about 6 
hrs. The melt was cast after 4 hrs of soaking onto a steel plate and was allowed to air cool to 
ambient temperature. All the melts J1 through J6 were processed successfully.  
 
Chemical Durability 
 
In order to assess the chemical durability of waste glasses, the Product Consistency Test (ASTM 
C-1285) was performed. Product Consistency Test (PCT) is a measure of resistance that a 
homogeneous glass offers to an aqueous solution under the specific conditions (Temperature = 
90±10C, ASTM type I water) (19). The Lindberg®/Blue lab drying oven, used in this test, works 
on the principle of forced air convection. The ground and sieved glass was allowed to react with  
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deionized ASTM type I water (leachant) for seven days. After seven days, the leachate solution 
was analyzed for individual chemical species released, by Inductively Coupled Plasma-Atomic 
Emission Spectroscopy (ICP-AES).  
 
ICP-AES is a multi-element analysis technique. In this technique, the sample will dissociate into 
its constituent atoms. As a result, the excited atoms emit light as a characteristic wavelength 
when returning to the ground state from a higher energy level. This was accomplished by using 
argon as an ICP source. An Echelle polychromator was used to separate wavelengths of interest. 
A segmented-array charge-coupled device detector (SCD) from PerkinElmer® was used to 
measure the intensity of emitted light. The resulting information was used to determine the 
concentration of each element in the sample.  
 
The durability performance of each simulated waste glass was evaluated based on the release 
values of primary elements (Na, Si, B and Li). The elements were selected in order to be 
consistent with the Waste Acceptance Product Specifications (WAPS). The elements were 
selected for the WAPS due to their high solubility (B, Na, Li) and concentration in the glass 
product (Si, B, Na, Li). Hence, the PCT was performed for lithium, sodium, boron, and silicon 
elements. In total, 6 waste glasses were tested. Consequently, there were 18 glass samples, with 
three samples from each glass. Two defense waste processing facility (DWPF) environment 
assessment (EA) glass samples were used as the reference standard during this test. Two blank 
samples were also used to test elemental release from the PCT vessels if any. A pH meter from 
Denver® instruments was standardized at the same temperature as the leachate solutions being 
analyzed. All weights during this test were recorded to the nearest one-hundredth gram. All 
ASTM standards were followed during this test.   

 
Elemental analysis was performed by using ICP from PerkinElmer® Instruments. All the glass 
samples were digested using the techniques: microwave, alkali fusion with nitric acid uptake or 
alkali fusion with hydrochloric acid uptake. Elements Mn, Na and Zr were analyzed by the 
microwave digestion technique. Elements Ag, B, Ba, Ca, Cd, Ce, Cr, K, La, Li, Mg, Ni, P, Pb, S, 
and Ti were digested by the alkali fusion with nitric acid uptake. Elements Al, Fe, Si and Sr were 
analyzed by alkali fusion with hydrochloric acid uptake. Atomic absorption spectroscopy was 
performed to determine the Cs concentration in the sample. Cs loss was determined by taking the 
difference in concentrations of the sludge sample before and after vitrification. An yttrium 
standard was used as an internal standard (IS) in all the glass samples tested, to correct for the 
physical or matrix interferences in the elemental analysis. The concentration of IS was identical 
in all of the test samples, standards, and blanks. The calibration blanks, standards, and glass 
samples were analyzed successively.    
 
 
 
 
 
 



WM’03 Conference, February 23-27, 2003, Tucson, AZ  

 8

 
RESULTS AND DISCUSSION 
 
Durability Studies 
 
Table III reflects the one-week Product Consistency Test data for the set of six waste glasses 
tested. The PCT leachate data were found to be internally consistent except for J1-c and J2-a 
replicates (20). This effect was more biased towards sodium. It was also noted that both these 
leachate solutions were slightly more acidic than the other replicates of the respective glasses. 
This inconsistency might be due to contamination that took place during vessel assembling, 
disassembling or while analyzing the test solutions. The concentrations of the elements Si, B, 
and Li were found to decrease abruptly from J6 (20%) to J1(25%), and moderately from J1(25%) 
to J2 (35%) with an increase in the waste loading. However, the decreasing character was not 
significant from J2 (35%) until J5 (55%). The concentration of Na decreased abruptly from J6 
(20%) to J1 (25%) and subsequently increased steadily until J5 (55%). It can be seen that the 
combined elemental concentrations of Si and B was higher than that of Na and Li for glasses 
with less alkaline leachates and vice versa for glasses with strongly alkaline leachates. The PCT 
leachate data for blank solutions indicate no reaction between the vessels and the leachant. The 
EA glass data was well within 2σ (standard deviation) of the ASTM accepted values of 
Savannah River Site-Environment Assessment (SRS-EA*) High-Level Waste (HLW) glass. 

   
Table III. PCT leachate concentrations of the primary elements Na, Si, B, and Li   

 
ID pH Na (ppm) Si (ppm) B (ppm) Li (ppm) 

EA1 11.52 1550 978 580 188 
EA2 11.66 1530 969 581 188 
J6 8.79 108 46.5 214 10.7 
J1 8.90 11.8 33.2 10.6 1.72 
J2 9.46 18.6 25.3 5.1 0.91 
J3 9.78 23.2 23.8 4.2 0.76 
J4 10.04 27.9 21.7 2.6 0.55 
J5 10.68 54.8 20.5 1.5 0.41 

Blk1 6.58 0 0 0 0 
Blk2 6.05 0 0 0 0 

SRS-EA* 11.85 1662 893 587 190 
1σ (S.D)  112 86 43 14.5 
2σ (S.D)  224 172 86 29 

 
Normalized release (NL) was used to report the relative release of glass constituents. A 
normalized release (NL) of 100g/L indicates complete dissolution. It can be seen by the 
calculation as follows: 1.5g/15ml=0.1g/ml=100g/L. Figure 2 explains the relationship between 
the chemical durability measured as normalized release and the alkalinity (pH) of the leachate  
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solutions. The alkalinity of the leachate solutions was found to increase steadily with an increase 
in the waste loading. Glass leachates from J6 (20%) and J5 (55%) had the lowest (8.79) and the 
highest (11.60) pH, respectively. Among all the glasses, J6 had the highest release with respect 
to all the elements. Glasses with lower waste loadings (J1, J2, and J6) had higher release in Li 
than any other element. Glasses with higher waste loadings (J3, J4, and J5) had higher release in 
Na than any other element. Generally, it can be seen that the release of the elements Na, B, and 
Li was relatively faster than Si, implying that the silicate network was more resistant towards 
initial water attack. Normalized release of the primary elements Si, B, Na, and Li ranged from 
(0.12-0.21) g/L, (0.19-3.47) g/L, (0.22-2.73) g/L, and (0.27-3.51) g/L, respectively. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The glasses in this study fall under different zones, namely I, II, and III, based on their relative 
durability performance. Accordingly, the glasses (J1 and J6) and J5 fall under zone I and zone 
III, respectively. These are the least durable glasses. Glasses with boron oxide content greater 
than 10% fall under zone I. Glasses containing excessive boron oxide content seem to phase 
separate into boron rich and silica rich regions. Consequently, the durability of these glasses was  
affected adversely. Glasses with waste loading beyond 45% fall under zone III. Glasses under 
this zone have a high soda content, which destabilizes the glass network. Zone II is comprised of 
glasses J2 (35%), J3 (40%), and J4 (45%) that are most durable. Congruent leaching of the 
primary elements was most profound in the zone II glasses. Hence, it could be inferred from this  

Chemical Durability

0.1

1

10

100

pH

N
L(

g/
l)

NLNa 2.73 0.22 0.3 0.32 0.3 0.5 13.35

NLSi 0.21 0.14 0.12 0.12 0.12 0.15 3.92

NLB 3.47 0.26 0.21 0.22 0.19 0.23 16.7

NLLi 3.51 0.54 0.34 0.31 0.27 0.32 9.57

J6(20%) 
8.79

J1(25%) 
8.90

J2(35%) 
9.46

J3(40%) 
9.78

J4(45%) 
10.04

J5(55%) 
10.68

EA(30%) 
11.60

Zone I Zone II Zone III

Fig. 2.  Relationship between durability and alkalinity 
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study that the composition range of these glasses could provide very high durable waste glasses. 
Generally, it can be said that, for more durable glasses, sodium release was higher than the boron 
release and vice versa for less durable glasses. 
 
Further studies were performed to identify the durable glass forming composition by using a 
ternary diagram (Sludge-B2O3-SiO2+Frit). These studies show that if the leachate solution 
becomes too basic (pH>10.04) then the durability of the glasses decreases. Also, if the leachate 
solution becomes close to being acidic (pH<8.90) the durability of the glasses decreases. 
Increase in the boron oxide content (a network former) at the expense of another network former,  
silica, beyond J1(B2O3 -13.14 wt%) decreases the glass durability badly, as can be seen for J6 
(B2O3 –19.84 wt%). This effect was commonly found in the primary elements. Increase in waste 
loading from J4(45%) to J5(55%) decreased the glass durability slightly for all the primary 
elements. Further increase in waste loading from 55% can decrease the glass durability 
significantly. Based on these results, a glass composition region has been identified which is 
expected to produce chemically durable glasses. The region bounded by the dotted ellipse as 
shown in the Figure 3 can produce very durable glasses in the form of J2(35%W.L), J3 
(40%W.L), and J4(45%W.L). In a parallel study, as part of the Radioactive Isolation Consortium 
(RIC) project, the yellow shaded region of the ellipse contained another set of most durable 
glasses. The increase in boron oxide concentration beyond the thick line is bound to reduce the 
glass durability consistently. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.  Most durable glass-forming region on a Sludge-B2O3-(SiO2+Frit) ternary diagram 
 

 

Sludge

B2O3 SiO2+Frit
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Statistical Modeling 
 
Multiple regression was performed to correlate PCT logarithmic normalized release (mg/L) of an 
element (Na/B/Si) at one week and the analyzed oxide composition of the glasses expressed in 
mole fraction. The oxides involved in this study were B2O3, Al2O3, Fe2O3, MnO, SiO2, SrO, 
Na2O and the two-way interactions tested were B2O3*SiO2, B2O3*Al2O3, Fe2O3*Na2O, 
Al2O3*Na2O, and MnO*SiO2. Altogether, the 3 models contained individually 12 terms 
including the main effects and the interactions mentioned above. All the models were highly 
significant at the overall level. Regression coefficients (R2) of these models indicate that the 
normalized release for all the elements were highly correlated with the oxide terms tested for 
(20). The results of the regression for boron, including the summary of fit, analysis of variance 
(ANOVA), and parameter estimates are shown in the Table IV. 21 glasses were used during the 
modeling studies. EA glass was removed from the data set as an outlier before rerunning the 
analysis. Supplemental glasses from the parallel studies in the RIC project were also utilized 
during modeling.  
 
It can be inferred from the boron release model that the oxides B2O3, Fe2O3, MnO, and Na2O 
plus the interactions B2O3*SiO2, B2O3*Al2O3, Fe2O3*Na2O, Al2O3*Na2O and MnO*SiO2 were 
all significant at P-value<0.1 (observed significance level). Apparently, the main oxides (Fe2O3, 
MnO, and Na2O) and oxide interactions (B2O3*SiO2 and B2O3*Al2O3) have a decreasing effect 
on the boron release. However, B2O3, Fe2O3*Na2O, Al2O3*Na2O, and MnO*SiO2 have an 
increasing effect on the boron release. Based on the estimate values, it can be said that oxide 
B2O3 and interaction Fe2O3*Na2O have the strongest influence on the release of boron at the 
main and interactive levels, respectively. 
 
For the current data set, the increasing effect of boron oxide on the release of boron can be 
attributed to its tendency to form a soluble borate rich phase (trigonal). Increasing additions of 
boron oxide at the expense of alkalis (sodium oxide) does not increase the glass durability. Iron 
oxide behaves as a network former by charge balancing with the sodium oxide. Sodium oxide 
can either act as a network modifier by producing non-bridging oxygens or be utilized in charge 
balancing with the intermediate oxides. Sodium oxide is utilized in charge balancing the 
aluminum and iron oxides which is evident from the significance of the interactions 
Fe2O3*Na2O, and Al2O3*Na2O. Boron oxide and silicon dioxide are considered the classical 
network formers (21). The significance of the interaction B2O3*SiO2 explains the borosilicate 
network polymerization. Interactions B2O3*Al2O3 and MnO*SiO2 were significant due to the 
common structural role (network former) of the oxides B2O3, Al2O3, and SiO2. 
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Table IV.  Boron Release Model 
 
Summary of fit  

Mean of response 2.60  Root MSE 0.25 
R-Square 0.93  Adj. R-Sq 0.83 

 
Analysis of variance 

Source DF Sum of Squares Mean Square F Stat Pr > F  
Model 12 7.21 0.60 9.29 0.0019 
Error  8 0.51 0.06   
C Total 20 7.73    

 
Parameter Estimates 
 
Variable Estimate Std. Error t Stat Pr > | t | 
Intercept 20.19 5.86 3.44 0.00  
B2O3 131.77 46.74 2.82 0.02** 
Al2O3 -25.54 21.02 -1.22 0.25 
Fe2O3 -126.01 51.88 -2.43 0.04** 
MnO -91.04 30.14 -3.02 0.01** 
SiO2 -7.83 5.70 -1.37 0.20 
SrO -10.45 10.03 -1.04 0.32 
Na2O -79.51 22.58 -3.52 0.00** 
B2O3*SiO2 -242.62 82.53 -2.94 0.01** 
B2O3*Al2O3 -279.96 129.92 -2.15 0.06* 
Fe2O3*Na2O 800.98 328.55 2.44 0.04** 
Al2O3*Na2O 207.62 107.20 1.94 0.08* 
MnO*SiO2 146.90 53.84 2.73 0.02** 
 
Note: ** Significant at α=0.05 
 * Significant at α=0.10 
 
Model Equation 
 
LogNLB=20.19+131.77*[B2O3]-25.54*[Al2O3]-126.01*[Fe2O3]-91.04*[MnO]-7.83*[SiO2]   (Eq.4) 

-10.45*[SrO]-79.51*[Na2O]-242.62*[B2O3*SiO2]-279.96*[B2O3*Al2O3]             
+800.98*[Fe2O3*Na2O]+207.62*[Al2O3*Na2O]+146.90*[MnO*SiO2]  
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Figure 4 reveals that the elemental release values of boron were statistically significant at the 
95% confidence interval. The relationship between the predicted values and the observed values 
was highly linearly correlated. The linear correlation for boron observed a regression coefficient 
of 93%. It is an indication that the model can predict the glass durability very closely to the 
observed values.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSIONS 
 
The durability of the glasses increased with the increased waste loading. A loss of B2O3 was 
observed in all of the glass melts because of volatilization of sodium borates (20). The waste 
glasses performed better than the standard glass (SRS-EA*) by at least a factor of 5. Boron oxide 
increased glass durability in low amounts but significantly reduced the same in excess of 20% by 
mass. Greater than 10wt% B2O3 content led to reduced glass durability. Glass J6 with 20% waste 
loading had the lowest glass durability. The distinct leaching behavior of glass J6 can be 
attributed to the susceptibility of borate rich glasses to hydrolysis reactions. This anomaly also 
confirms the relationship between structure and durability of a borosilicate glass. Modeling 
results show that boron oxide can play the dual structural role of network former and a network 
breaker depending on the availability of the Na2O molecules.  
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LogNRBp 

LogNRBo 
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R2=0.93

Fig. 4.  Boron release (predicted versus observed) 
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