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CEMENT STABILXZATION - REMEDY SCREENING (PRELIMINARY PHASE) 
RESULTS AND DISCUSSION 

A.l.O JN”R0 DUCI’IO N 
Ccmcnt s t a b i i o n  and vitrification ttchnologits wae investigated as treatment for operable Unit 1 
waste. Reagent formulations for cement stabilization of the waste material were determined. For 
cement stabilization, binding agents considered were portland cement, flyash, blast furnace slag (BFS), 
and sodium silicate. Adsorbents (attaplgite and c ~ o l i t e )  were added to reduce the leachability 
of metals m the waste. Various ratios of waste to reagents were tested to minimize the amount of 
reagents required to produce an acceptable smbilhd waste form. 

The work plan specified that the tests would be done in two phases: preliminary and advanced. ’Ihe 
overall approach is described by F i p  A-1. The preliminary phase used composite samples (all pits)* 
while the advanced phase used zone samples (Pits 1 through 4 and the Bum Pit) and composite 
samples (pits 5 and 6 and the Clearwell). The work plan specified this approach so that the advanced 
phase formulations would be based on preliminary phase xesults, giving a much higher pmbabiity of 
success. 

Remedy S m d n g  @ r e m  phase) experiments were statistically designed to yield trends of 
nsponse variables (e.g.* UILConfined compressive strength [UCS] values) as a function of the reagent 
loadings and to determine the envelope of seagem that would meet the performance criteria The 
performance criteria for the remedy screening (preliminary phase) study was for the 28day c u d  
treated sample to develop a UCS of at least 500 pounds per square inch (psi) and pass the toxicity 
characteristics (”0 regulatory requirements for metals in the modified Toxicity characteristic 
Leaching procedure (MTCLP) test. The initial stabilization Feagent/wet paste needed a consistency 
that was readily mixable and wbich did not exhibit a significant temperature rise. (See Sections 3.4 
and 4.05 for additional information on the performance criteria for the total projen) This was 
accomplished by including a wide range of reagent loadings. The range of cement and flyash loadings 
varied from 26 to 68 percent as exp- as weight of reagent divided by wet weight of waste (w/w). 
The adsorbents (aoapulgite and clinoptilolite) and set/mngth accelerator (sodium silicate) percentages 
ranged from 0 to 12 and 0 to 7 w/w percent, xeespectively. BFS was used in Stage 11 experiments. 
The BFS was added to decrease the permeability of the treated waste, provide silicates for metal 
retention, reduce the effects of sulfate and sodium on the cement, and lower the rate of set. 

The formulations used and the results from UCS, bulking factor (BF). and MTCLP are presented in 
tabular form in their respective sections. In these tables, the reagent loadings are normalized to grams 
(g) of reagent added to each 100 g of wet weight of waste. The first column in each table is the 
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formulation number assigned to each test. The formulation number will be used in rmbsequent tables 
and graphs as an identification of the formula. The data in these tables are sorted by ascending order 
of cement loading, flyash loading, and UCS values. Also included in the tables are the Stage I p u p  
numbers. 

Group 1 samples were Statistically designed experiments that had q u l g i t e  and 
clinoptilolite at 6 normalized percent. 

Group2 samples were similar to Group 1 samples except site flyash was used instead of 
commercialflyash. . 

Group 3 samples used attapulgite and clinoptilolite loadings at 0 or 12 normalized 
Pe- 

Group 4 samples wexe also similar to Gmup l samples except that portland cement 
Type 1 was substituted for portland cement Type 2. 

Group 5 samples used only portland cement Type 2 at loadings of 60 and 80 normalized 
Pe- 

In this appendis the order of the discussion will be Pits l through 6, the Bum Pit, then the Clearwell. 
Within each waste area, the effea of stabilization reagents on the UCS, leachabiity (as defmed by the 
IvlTcLPresults), and generalprocessabilitywillbeaddtessed. 

Al.1 INTRODUCI'ION - STABILIZATION PROCEDURES 

0 
Thep -. - y phase was a range-finding phase that had lower quality assurancdquality control 
(QA/QC) requiments on the analysis of the treated soil. This enabled saeening of a wider range of 
variables than was practical with the advanced phase analytical requirements. The effects various 
formulations bad on the performance criteria (leachability and UCS) were determined in this phase. 
Tbe objective of this phase was to develop effective formulations for testing in the advanced or 
confirmation phase. 

The stabilization additives, water, and Operable Unit 1 waste were mixed and set in plastic molds. 
Small plastic molds. 1.38 inches in diameter by 2.75 inches long, were used during this phase to 
minimize waste geaeration and sample usage. Portions of the mix were also set in plastic specimen 
cups. The penetrationresistance (PR) of this material, as measured with a pocket penetrometer, was 
used to monitor the Curing of the sample and the relative rate of set. If the treated material did not 
achieve at least 3.0 tons per square foot (tsf) within a 24-hour cure time, the formulation was 
considered not easily processable. After the samples cured, the molds were cut from the samples and 
UCS was measured. The samples were then ground and extracted to determine the leachable metal 
concentrations by using the MTCLP procedure. The MTCLP procedu~ was identical to the Toxicity 
Characteristic Leaching Procedure ( T U P )  extraction except that only 25 to 10 g of sample was 
exmcted. This scteening analysis required less labor and, sample than the TUP. Bulk density and 
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BF were determined and indicate the increase or reduction in volume due to addition of s t a b i i o n  

additives. 

In addition to leachabiity of metals, UCS, and rate of set, several measurements of preliminary 
stabilization process parameters were obtained. The temperature rise, shearwength, and pH of the 
s t a b i i o n  mix were meaSured as the molds were 6et A temperame rise of over5 to 100 Celsius 
(C) during mixing of small batches indicated areactive system that could potmtiaUy causepblcms in 
alargerscale. Tbesecouldinclude~potential forsafetyhazatds from fllashingof steam and 
exposure to hot waste. Excessive shear smngth indicated amixture tbatmay be difficult to handle in 
the mixing equipcnt of the full scale system. The desired corsismcy of tfie s t a b i i o n  
reagent/waste paste varies fmm that of "split pea soup" to "well-cmked 0amreaX" (shear stmgth less 
than 1 tsf). Initial pH was a parameter that was monitored as a mtasure of the relative alkalinity of 
the initial mix. 

The advanced phase study was a confirmation phase where the UCS analysis was conducted in 
duplicate (at a frequency of one to five) and the TCLP analyses were conducted at a certified 
analytical laboratory. In the advanced phase, the stabilized waste was set in larger molds (2 inch 
diameter by 4 inch long) than the preliminary phase. Duplicate molds for each sample were set at a 
frequency of one m five formulations. The optimum formulations identified in the p r e l i m i i  phase 
were used in the advanced phase. "he advanced phase treated samples were s~lt to IT Analytical 
Services (lTAS) for TUP analysis after the 28day cure. lTAS used the c0na;lct Laboratory Prognun 
(UP) protocol during the TQ9 analyses. The operating procedures for stabilization testing axe 
provided in Appendices B and C of the Operable Unit 1 Treatabiity Test Work Plan (DOE 1991) and 
Sections A.1.0 and Al.1 of this appendix. The principal steps in this procedure are similar for the 
preliminary and advanced phases and are presented in the following summary. Figure A-2 is a flow 
diagram for the test procedure. 

A summary of the cement stabilization procedures follows: 

For the preliminary phase tcsts, transfer approximately 100-g aliquot of Operable Unit 1 
waste to a beakcr. For the advanced phase, transfer a 300-g aliquot to a planetary 
mixer. 

Add the wmct proportions of stabilization additives and water to the beaker and mix 
with a spatula until a consistent paste is produced. The mixing time is typically 2 to 5 
minutes. Add sufficient water to form a stiff but plastic paste. 

Transfer approximately 50 g of the paste to.a 120 milliliter (mL) specimen cup and 
qualitatively determine the shear suength, using a Torvane shear device. and temperature 
rise of the mixture in the cup. Tap the paste down to a flat surface and determine the 
PR of the freshly produced paste using a pocket penetrometer. Cap the specimen cup 
for laner PR measurements. , 
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Transfer enough material to fill the mold to a third of its volume. Using a vibrating 
table, vibrate the paste in the mold for about 2 minutes. Repeat the transfer to mold and 
vibrating step two more times to fill the mold. Cap the mold. 

Using the sample in the specimen cup, determine the PR after curing times of 3,7,14, 
and 28 days. If the PR exceeded 4 5  tsf on a given day, the subsequent measuremarts 
would be omitted. 

After the 28-day cure time, cut the plastic mold from the sample and determine the UCS 
of the samples. Calculate the bulk density and BF for the molded sample. 

Crush the material from the UCS test and submit for MTCLP or TCLP analysis. 

A.l.2 TNTRODUCITON - GENERAL SUMMARY 
The relative difficulty of solidifying each pit material and reducing the leachability of uranium from 
the treated material is illusuated by the data in Table A-1. The table lists the pexcentage of 
formulations passing the UCS criteria and the maximum uranium concentration in the MT- extracts 
for the 20 formulations investigated in Stage I. Pits 4,5,6, and the Qea~well had at least 50 percau 
of the formulations meet or exceed the UCS criteria. The materials from the remaining pits (Pits 1.2, 
3, and the Bum Pit) had less than 50 percent success rate. Materials from Pit 2 and the Bum Pit were 
significantly more difficult to solidify than material from the other Operable Unit 1 waste areas. UCS 
remits were a criteria for the selection of formulations for the remedy selection phase. 

The leachabfity, defined as the concentration measured in the MTCLP of d u m  from the treated 
material, could be categorized into five general groups. The first group consisted of the Pit 4 material, 
which contained lumps of yellow and green uranium salts and had 452 parts per million (ppm) 
leachable uranium in the MTCLP. The second group contained Pit 6 material, with 18 ppm leachable 
uranium. The Bum Pit and Clearwell materials made up the third group, with leachable uranium 
concentrations of 6 and 3 ppm, respectively. The fourth group had leachable uranium concentrations 
from 0.9 to 1.0 ppm uranium. This group consisted of Pits 1.2, and 3. The final p u p  was Pit 5, 
with a nondetectable level of uranium in the MTCLP. Uranium leachability results were a criteria for 
the selection of formulations for the remedy selection phase. 

The concentration of Resource Conservation and Recovery Act (RCRA) metals in the MTCLP tests 
were all less than one-half the TC regulatory level. Therefore, in this study, the concentration of 
RCRA metals in MTCLP was not a selection criteria for determining formulations to investigate in the 
remedy selection phase of the project. 
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'TABLE A d  

GENERAL COMPARISON 
AT COMPLETION OF STAGE I 

Ana Formulatim Passing ucs (96) uranium Maximum (ppm) 

Pit 1 40 1 .o 
Pit 2 15 1 .o 
Pit 3 35 0.9 

Pit 5 60. ND 

pit4  50 452 

pit6 75 18 

Bum Pit 0 6 

Cleanvell 80 3 



A.1.3\ DATA ANALYSIS AND INTERPRETATION ic 

A1.3.1 Data Plots 
Most of the plot and regression analyses followed directly from the SYSTAP and SYGRAPH" 
manuals (wilkinson, Leland, SYSTAT The System for Statistics Evaluation. IL: SYSTAT, Inc., 
1988). Two types of plots (bar graphs and scatterplots) were used to assist in analysis of the dara. 
Bar graphs indicate the lelative magnitude of a variable by the height of each bar. Scaaerplots 
showed relationships between two of three variables. 

Data was also smoothed to assist m determining trends. Linear regression and inverse SqUaFed 

distance smoothing were used. 

A.1.3.2 Smoothing of Plotted Data 
RegIession fits a function to data such that the value predicted by the function at each observed value 
of X is as close as possible to the observed value of Y at the same value of X. Ordinary linear 
regression uses a straight line for the function and makes the squared discrepancies between predicted 
and observed Y values as small as possible. The general equation for this function is: 

Y = u + b X ,  

Where 

u is a constant term and b is a slope coefficient 

With inverse squared distance smoothing, the height of the curve at a smoothing point is the weighted 
average of the Y values at X values, where the weights are the squared Euclidean distances from the 
data points to the smoothing point on the X axis. This is sometimes called Shepard's method of 
intelpolation. 

A.2.0 PIT 1 
The formulations investigated, UCSs, BFs, and MTCLP radiological results from the preliminary phase 
am presented in Tables A-2 and A-3. The formulation numbers in the tables are in order of increasing 
cement loading, fly ash loading, and UCS values. The group and stage values, as defined in the 
Operable Unit 1 Treatability Work Plan (DOE 1991) and in Sections A.l.O and A.l.l of this appendix. 
are also listed for reference. 

A.2.1 UNCONFINED COMPRESSIVE STRENGTH 
The UCS values ranged from a~roximately 150 psi to greater than 650 psi; the values are graphically 

presented in Figure A-3. The formulation numbers in the figure correspond to Table A-2. A 

1 

9 

10 

11 

12 

13 

14 

ia  

19 

a0 

ZI 

P 

P 

Y 

B 

as 
n 



c? 
U 

m 
4 c 

0 n 

W 

W 

0 

3 

e 
N 

3 
CI 

LI 

n 
d 
N 

s m 

a 

a 

0 

00 n 

W 

W 

0 

d n 

m rn 

8 
LI 

m 

OD 
W 

2 

0 

d 

m 
W 

W 

W 

0 

m 
d 

m 
.b 

8 
CI 

01 

?I 

n s 

a 

a 

0 

n n 

W 

W 

d 

a" 

m 
d 

8 
CI 

2 

Fi 
cy 

W 
W m 

a 

N 

0 

d n 

W 

W 

0 

u 
cy 
d 

m * 

8 
LI 

N a 

W m 
LI 

0 OD 
n 

.I 

d 

0 

0 n 

0 

Q 

0 

a" 

m * 

8 
LI 

!2 

n s 

0 W 
n 

N 

I 

z 

r- 
d 

0 

0 

0 

2 

0 n 

8 
CI 

s 

s 
N 

8 n 

cy 

I 

0 

N n 

0 

0 

0 

3 

0 n 

8 - 

2 

m 
W a 

0 W 
n 

cy 

I 

0 

d 
d 

0 

0 

0 

LI 
m 

m 
n 

8 

z 

3 
N 

0 W 
n 

a 

-.I 

0 

W 
W 

W 

W 

OD 

m m 

d n 

8 
LI 

2 

0 s 

0 W 
Y) 

LI 

m 

0 

I- 
m 

0 

0 

0 

0 

C! ;r. 
- 3  



s 
H 
0 

t 



FEW-OlTR-DRAFT' 
Septcmba 17.1593 

'TABLE A3 

FORMULATIONS' WITH ANALYTICAL RESULTSb 

PIT 1 - REMEDY SCREENING (PRELIMINARY PHASE) 
CEMENT STABILIZATION 

Gross Gross Uranium pH of MTCLP 
Beta by IC Extraction Fluid 

(std. units) 
FOnnUhiUl 

Nmber (dPm/4=) (dpm/4cc) (PPm) 

1 LLD LLD ND 9.5 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 

22 

23 

LLD LLD 021 9.1 

LLD 
LLD 
LLD 

LLD 
LLD 
LLD 
LLD 
LLD 

LLD 
LLD 
LLD 

LLD 

LLD 
LLD 
LLD 

LLD 
LLD 
LLD 

LLD 
LLD 

UD 

LLD 

LLD 
LLD 
LLD 
LLD 
LLD 
W 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
U D  

%agent loading per 100 grams of wet weight of waste 
metals that have results above detection limits are shown. 

ND - Not detected 
LLD - Under the lower limit detection level 

. .  
, *  

ND 
ND' 
ND 
ND 
ND 

0.9761 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.0265 

ND 

9.7 

11.4 

9.2 

103 

9.8 

5.7 

9.5 

9.6 

11.4 

11.7 

11.1 

10.12 

11.07 

9.7 

1 1.42 

10.5 

11.9 

102 

11.5 

102 

12.1 
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horizontal line is added to figure A-3 at 500 psi to assist in visualizing the number of formulations 
that had UCS values greater than 500 psi. The UCS discussion can be grouped into three sets: 

formulations with and without the addition of adsorbents; attapulgite and clinoptilolite; and 
fonnularions with activated BFS addition to the cement/flyash reagents. The formulation numbers 
(and cement loadings) for the lowest level of reagent addition in each group to meet the UCS 

respectively. 1 

1 

2 

3 

4 

5 

6 requirements are 13 (43 percent cement), 3 (29 percent cement), and 14 (50 percent cement), 

The effects of flyash and cement loadings on the UCS values are illustrated in Figures A4a, A4b, A- 8 

9 

10 

11 

12 

I3 

Sa, and A-5b. These figures are 3-D plots and their corresponding comur plots. The data were 
smoothed by using the linear and inverse square regression routines. Only the data from the 
matistically designed Stage 1 experiments were used in these figures. These treated samples contained 
adsorbents (clioptilolite and attapulgite) at normalized loading of 6 percent and which contained no 
BFS. The open circles in the 3-D plots are the data point values. 

General observation and trend noted for UCS follow: 14 

Analyses of Figures A 4a through A 5b show that with adsorbents added to waste, the 

necessary to'meet the UCS requirement. 

1s 

16 

17 

UCS generally increases with cement loading and that at least 43 percent cement was 

Addition of adsorbents lowered the UCS for a given cement loading. 18 

Addition of BFS increased the UCS and slightly increased the temperature rise of the 
wet paste for a given cement loading. 

Portland Type 1 and 2 cements had similar results. 

Commercial and site flyash had similar results. 

In this study, 60 and 80 percent cement loadings without addition of adsorbents, BFS, or 
flyash were investigated. Sixty percent cement loading without addition of other 
reagents successfully stabilized the waste. 

A.2.2 BULKING FACI'OR 
The BFs for Pit 1 samples are listed in Table A-2 and graphically presented (bar graph) in Figure A-6. 
The data are ordered by formulation number. The BFs range from approximately 140 to 340 percent 
for the formulations investigated. The effect of cement and flyash loadings are shown in Figures A-7 
and A-8. The latter two figures are linear regressed 3-D and contour plots for the preliminary phase 
Stage I (Groups 1 and 5 )  and Stage 2 data. 

The BF was increased by addition of al l  solid reagents and water. The lowest BFs were measured 
4th' the lowest loading of reagents. Typically, flyash, attapulgite, and clinoptilolite additions had a 

/-' ' 2 1 
F a u o u l l W P B . 1 2 1 9 - 9 3 / ? ? 4 6 p n  A-13 

19 

P 

P 

26 

27 

28 

29 

30 

31 

32 

33 



0 . .  

PIT 1. STAGE I. GROUP 1, UCS (PSI) 0 
L X N E A R  

9 / 4 / 9 3  

22 

FIgure A.4a 



6284 

X 
2 

CI fa 
N 
i 
2 
d 

z e o  

70 

60 

50 

40 

30 

20 

10 

0 
10 20 30 40 50 60 70 

NORMALIZED CEMENT 

80 90 

PIT 1. STAGE I. GROUP 1. UCS (PSI) 

23 
Figure A.4b 



6 
3 

PIT 1. STAGE I. GROUP 1. UCS (PSI) a 
X N V ' P ~ S E  

9/4/93 
2 4 

F~gure A.5a 



70 

60 

50 

40 

30 

20 

10 

0 
10 20 30 40 50 60 70 

NORMALIZED CEMENT 

80 90 

PIT 1. STAGE I, GROUP 1, UCS (PSI) 

X N V , E R S E  
i 

9 /4 2.9 3 
FIgure A S  



400 

300 

200 

100 

0'  
1. 2 I L s. L T. 1. s . i a i ~ . ~ u ~ c u . ~ ~ ~ ~ . ~ ~ . u . ~ o . . ~ o .  

FORMULATION NUMBER 

BAR GRAPH 

B.F. VS. FORMULATION NUMBER 
'PIT 1. STAGES I & I1 

9/4/93 Figure A.6 



a 

PIT 1. STAGES I & 11, BF (%) 

L X N E A R ’  2 7 
9 / 7 / 9 3  

‘. . 
* Figure A.7 



m. -* 6884 

70 

60 

50 

40 

30 

20 

10 

0 
10 20 30 40 50 60 70 

NORMALIZED CEMENT 

PIT 1 ,  STAGES I & 11, BF 
,*. ;. 
\ 

LXN-EPLR 

9 / 7 / 9 3  

80 90 



larger effect on the BF than addition of cement or BFS. Therefore, to minimize the BF, it is ' 
preferable to increase cement loading instead of flyash 

A2.3 MTCLP - RCRA METALS 
All of the metal concenrrations in the MTCLP for both the untreated and treated Pit 1 waste were 
below one-half the TC regulatory criteria for these samples. The RCRA metal concentrations in the 
MTCP were, therefore, not a selection criteria for detekining the formulations to test in the Remedy 
Seleaion (advanced) phase. 

A.2.4 MTCLP - RADIONUCLIDES 
Indicators of radionuclide leachability for the MTCLP leach test include gross alpha, gross beta, and 
uranium concentrations in the MTCLP leachates. See Table A-3 for these values. The gross alpha 
and beta numbers were all below the limits of detection. The uranium concentration was below 1 ppm 
(wh) for all treated samples. In most cases, its concentration was below the detection limit. 

The watw solubility of uranium compounds is normally lower at higher pHs. This trend was observed 
for the MTCLP samples. At pH values above 10.5, all  uranium values were below detection limits. 
This trend is graphically demonstrated in Figure A-9. 

The uranium concentration in the MTCLP of the unueated waste was 27 ppm. Therefore, the 
treatment significantly reduced the leachability of uranium. 

Commercial Type F flyash and site flyash were equally effective at controlling the leachability of the 

treated waste. As noted above, the site and commercial flyash also had similar effect on the UCS 
results. Thus, site flyash could be considered for stabilizing the waste in Pit 1 instead of buying 
commercial flyash. 

A.25 PROCESSABILITY 
The processabiiity of the treated waste was determined by measuring the shear saength. PR, and 
temperature rise when the reagents were added to the waste. (See Section A.l.l for general 
description of processing parameters.) The wet paste had low shear strength when mixed, had 
acceptable structural integrity (greater than 3.0 tsf PR at a 24-hour cure time), and low temperature 
rise (less than or equal to 3OC). The formulations that achieved a UCS of greater than 500 psi were 
considered processable. 

A.2.6 EFFEm OF A'ITAPULGITE. CLINOPTILOLITE, AND SODIUM SILICATE 
The addition of attapulgite and clinoptilolite increased the BF, lowered the UCS, and had minimal 
effect on leachability. The effects of sodium. silicate additions were ambiguous. Since the addition of 
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these three reagents had minimal positive effects, it is recommended that the three additives not be 0 with Pit 1 material. 

A.3.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECTJON (ADVANCED PHASE) 
The performance of the Remedy Screening (preliminary phase) samples are summarized in Table A-2 
and A-3. Analysis of the results indicates that stabilization of the Pit 1 waste can readily achieve the 
desired UCS and leachability values. AU formulations passed the TC regulatory requirements. The 
wet reagentiWaste paste was readily mixable and set to greater than 4.5 tsf within a 24-hour cure time. 

The UCS values, uranium leachab~ty, and BFs were the deciding criteria for selecting the 
formulations for the Remedy Selection (advanced phase) studies. The formulations had to exceed the 
500 psi UCS criteria, have uranium concentrations in the h4TCLP at nondetectable levels, and 
minimized BFs. In order to minimize the BF, the lowest cement, flyash, and BFS loadings without 
adso*nt addition, which met the above requirements, were selected. Formulation numbers 14 
(cement, flyash, and BFS) and 17 (cement and flyash) wen chosen from the formulations presented in 
Table A-2. See Section 4.0 for the Remedy Selection phase formulations for each of the three zones 
in the pit, and the measured UCS, BF, and permeability results for these samples. 

A.4.0 PIT 2 
The formulations investigated, UCSs, BFs. and MTCLP radiological results from the preliminary phase 
are depicted in Tables A-4 and A-5. The formulation numbers in the tables are in order of increasing 
cement loading, fly ash loading, and UCS values. The group and stage values, as defined in the 
Operable Unit 1 Treatability Work Plan (DOE 1991) and in Sections A.l.O and A.1.1, are also listed 
for reference. 

A.4.1 UNCONFINED COMPRESSIW !7J'RENG"H 
The UCS values ranged from approximately 150 psi to greater than 710 psi; the values are graphically 
presented in Figure A-10. The formulation numbers in the figure correspond to Table A-4. A 
horizontal line is added to Figure A-10 at 500 psi to assist in visualizing the number of formulations 
ha t  had UCS values greater than 500 psi. The UCS discussion can be grouped into three sets: 
formulations with and without the addition of adsorbent; attapulgite and clinoptilolite; and formulations 
with activated BFS addition to the cementMyash reagents. The formulation numbets (and cement 
loadings) for the lowest level of reagent addition in each group to meet the UCS requirements are 19 
(54 percent cement), 14 (51 percent cement), and 16 (53 percent cement). respectively. 

The effects of flyash and cement loadings on the UCS values are illustrated in Figures A-11 thruugh 
A-14. These figures are 3-D plots and their corresponding contour plots. The data were smooth4 by 
using the linear and inverse squared regression routines. Only the data from the preliminary phase 
Statistically designed Stage 1 experiments were used in these figures. These samples Contained 
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'TABLE A5 

FORMULATIONS~ WITH ANALYTICAL RESULTS~ 

FEMP-OlTR-DRAFT 
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~~ 

PIT 2 - REMEDY SCREENING (PRELIMINARY PHASE) 
CEMENT STABILIZATION 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 
14 

15 

16 

17 

18 

19 

20 
21 

22 
23 

24 

LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 

LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 

LLD 
LLD 
LLD 
LLD 

LLD 
LLD 

LLD 

LLD 
LLD 
LLD 
LLD 

LLD 
LLD 
LLD 

LLD 

LLD 

LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 

03903 

0.133 

03505 

03256 

0.8803 

ND 
0.7016 

ND 
ND 

1.0247 

ND 
ND. 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.0124 

ND 
0.0126 

ND 
ND 

8.45 

9.05 

8.15 

8.55 

7.65 

9.7 

7.45 

1035 

9.75 

7.75 

9.95 

9.75 

1035 

115 

1135 

1158 

11.57 

1122 

10.82 

11.45 

1 1 3  

115 

10.85 

11.75 

Wagent  loading per 100 grams of wet weight of waste 
bonly metals that have results above detection limits are shown. 
ND - Not detected (detection limit ranged from 0.005 to 0.1 ppm [whl). 
LLD - Under the low? limit detection level which ranged m, 5 to 25 dprnficc. 
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adsorbents (clinoptilolite and attapulgite) at normalized loading of 6 percent and contained no BFS. 
Thc open circles in the 3-D plots are the data point values. 

- 

General obsenkions and trends noted for UCS are listed below. 

Analyses of Figures A-IO through A-I4 show that with adsorbents added to waste, the UCS 
generally increases With cement loading and that at least 50 percent cement was necessary 
to meet the UCS requirement. 

Addition of adsorbents lowered the UCS for a given cement loading. 

Addition of BFS increased the UCS and slightly increased the temperature rise of the wet 
paste for a given cement loading. 

Portland Type 1 and 2 cements had similar results. 

Commercial and site flyash had similar results. 

Without addition of adsohaus, BFS, or flyash, 80 percent cement loading was requid  to 
successfully stabilize the waste. 

A.4.2 BULKING FACTOR 
The BFs for Pit 2 samples are listed in Table A 4  and graphically presented (bar graph) in Figure A- 
IS. The data are ordered by formulation number. The BFs range from approximately 90 m 250 

'percent for the formulations investigated. The effect of cement and flyash loadings are shown in 
Figures A-16 and A-17. The laaer two figures are linear regressed 3-D and contour plots for the 
Stage I, Groups 1 and 5, and Stage 2 data. 

The BF was increased by addition of all solid reagents and water. The lowest BFs were measured 
with the lowest loading of reagents. Typically, flyash. attapulgite, and clinoptilolite additions had a 
larger effect on the BF than addition of cement or BFS. Therefore, to minimize the BF, it is 
preferable to increase cement loading instead of flyash 

A.4.3 MTCLP - RCRA METALS 
All of the metal concentrations in the MTCLP for both the untreated and treated Pit 2 waste were 

below one-half the TC regulatory criteria for these samples. The RCRA metal concentrations in the 
MTCLP were, therefore, not a selection criteria for determining the formulations to test in the Remedy 
Selection (advanced phase). 

A.4.4 MTCLP - RADIONUCLIDES 
Indicators of radionuclides leachability for the MTCLP leach test included gross alpha, gross beta, and 
uranium CQ- 'ons in the MTCLP leachates. See Table A-5 for those values. The gross alpha 
and beta numbers were all below the lower limit of detection. The uranium concentration was below 
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1.03 ppm (w/w) for all treated samples. Cement loading greater than or equal to 43 percent was 
f i c c t s s a r y ~  consistcntl~minimiZethCuraniUmconccntratl 'on in the MTCLP. 

. .  

The water solubility of uranium compounds is normally lower at higher pHs. This End was obsewed 
for the MTW samples. At pH values above 9.7, all Uranjum values were below detecdon limits. 
Tbis tlend is ~pbically dmansmued in F i g ~ r e  A-18. 

Commercial Type F flyash and site 5yash were equally effective at comJling the leachability of the 
rreated waste. As previously noted, the site and commercial flyash also had similar effect on the UCS 
results. Thus site flyash could be considered for stabilizing the Pit 2 waste instead of buying 
commercial flyash. 

A.45 PROCESSABILITY 
The processabitity of the treated waste was determined by measuring the shear tarex@, FR, and 
temperature rise when the reagents were added to the waste. (See Section Al.1 for general 
description of processing parameters.) The wet paste had low shear spength when mixed, had 
acceptable structural integrity (greater than 3.0 tsf PR at a 24-hour cure time), and low temperature 
rise Oess than or 
considered pIlocessable. 

to 3'0. The formulations that achieved a uCS of greater than 500 psi were 

A4.6 EFFECT' OF A'ITAPULGlTE. CLINOPTILO LITE. AND SODIUM S ILEA= 
The addition of attapulgite and clinoptilolite increased the BF, lowemi Ute UCS, and had minimal 
effect on leachabiity. The effects of sodium silicate additions were ambiguous. Since the addition of 
these three xeagenrs had minimal positive effects, it is recommended that the ttme additives not be 
used with pit 2 material. 

As.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECTION (ADVANCED PHASE) 
The performance of the Remedy Smening (preliminary phase) samples are summanzed inTableA4 
and A-5. Analysis of tk results indicates that s t a b i i o n  of the Pit 2 waste can achieve the desired 
UCS and leachability values with at least 50 percent cement added to the waste. AU formulations 
passed the TC regulatory requirements. "he wet reagemhvaste paste was readilymixable and setto 

greater than 45 tsf. within the 24-how cure time. 

The UCS values, uranium leachability, and BFs were the deciding criteria for selecting the 
formulations for the Remedy Selection (advanced phase) studies. The formulations had to exceed the 
500 psi UCS criteria, have uranium concentrations in the MTCLP at nondetectable levels, and 
minimized BFs, In order to minimize the BF, the lowest cement, flyash, and BFS loadings without 
adsorbents additions which met the above requhnents were selected. Formulation numbers 14 
(cement and flyash) and 17 (cement, flyashi*and BFS) were chosen fnrm the formulations presenred in 

10 

11 

12 

13 

14 

15 

1'1 

18 

19 

20 

21 

35 



1.5 

A 

E 1.0 

E 
3 
z 

a a 
W 

U 

4 
5 0.5 

1 I I I I I I I I I I 

0.0 
. 75  7.7 7.8 8 2  8 5  8.6 9.1 9.7 9.8 10.0 10.4 

pH OF MTCLP EXTRACT 

BAR GRAPH 
URANIUM VS. MTCLP pH 

PIT 2. STAGES I & I1 
c a 

I, ?. . 
A .  

9/4/93 F~gure A.18 

45 



FEMP-OITR-DRAFI' - 

Septanber 17,1993 

Tables A 4  and A-5. See Section 4.0 for the Remedy Selection phase formulations for each of the 
three zones in the pit, and the measured UCS, BF, and permeability results for these samples. 

A.6.0 PIT 3 
The formulations investigated, UCSs, BFs, and MTQS radiological results from the preliminary phase 
a depicted in Tables A-6 and A-7. The formulation numbers in the table are in order of increasing 
cement loading, flyash loading, and UCS values. The group and stage values, as defined in the 
Operable Unit 1 Treatability Work Plan (DOE 1991) and in Sections A.l.O and A.1.1, are also listed 
for reference. 

A.6.1 UNCONFINED COMPRESSIVE STRENGTH 
Thc UCS values rangexi from approximately 190 psi to greater than 650 psi; the values are graphically 
pxescnted in Figure A-19. The formulation numbers in the figure correspond to Table A-6. A 
horizontal line is added to Figure A-19 at 500 psi to assist in visualizing the number of formulations 
that had UCS values greater than 500 psi. The average UCS value was approximately 455 psi. "he 
UCS discussion can be grouped into three sets: formulations with and without the addition of 
adsorbent; attapulgite and Ciinoptilolite; and formulations with activated BFS addition to the 
cementMyash mgents. The formulation numbers (and cement loadings) for the lowest level of 
reagent addition in each group to meet the UCS requirements axe 11 (43 percent cement), 17 (51 
percent cement), and 14 (51 percent cement), respectively. 

The effects of flyash and cement loadings on the UCS values axe illustrated in Figures A-20 through 
A-23. These figures are 3-D plots and their corresponding contour plots. The data were smoothed by 
using the linear and inverse squared regression routines. Only the data from the preliminary phase 
statistically designed Stage 1 experiments were used in these figures. These samples contained 
adsorbents (clinoptilolite and attapulgite) at normalized loading of 6 percent and contained no BFS. 
"he open circles in the 3-D plots are the data point values. 

General observations and trends noted for UCS follow: 

Analyses of Figures A-19 through A-23 show that with adsorbents added to waste, the UCS 
generally increases with cement loading and that at least 43 percent cement was necessary 
to meet the UCS requirement. 

Addition of adsorbents lowered the UCS for a given cement loading. 

The UCS for samples substituting BFS for flyash were similar to cement/flyash 
formulation. 

Waste treated with portland Type 1 cement had larger UCS values than samples ueated 
with portland Type 2 cement. ; 
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, i  3T TABLE A.7 - - * g $  

FORMULATIONS~ WITH ANALYTICAL RESULTS~ . 
~~ 

PIT 3 - REMEDYSCREENING (PRELIMINARY PHASE) 
CEMENT STABILIZATION 

_ _ _ _ ~  ~ 

GfOS Gross uranium pH of M'IXLP 
Formulatial Alpha Beta by IC Extraction Fluid 

1 LLD LLD 02723 8.35 

(std. units) Nlllllbcr (dpnl/4cc) (dpm/4cc) (PPm) 

2 

3 

LLD 
LLD 

93 0.9434 8.05 

LLD 0.1709 8.1 

LLD LLD ND 
LLD LLD ND 

9.15 

8.4 

LLD LLD 0.2206 8.6 

LLD LLD ND 10.15 

LLD LLD 03152 8.9 

LLD LLD ND 10.65 

10 LLD LLD 0.0221 10.05 

11 

12 

13 

14 

LLD LLD ND 10.85 

LLD LLD ND 11 

LLD LLD 0.0 1 89 9.15 

LLD LLD ND 10.61 

15 LLD LLD ND 1 1.79 

16 

17 

LLD LLD ND 112 

LLD LLD ND 1131 

18 LLD LLD ND 1 1-05 

19 LLD LLD 0.0177 11.7 

20 LLD LLD ND 11.1 

21 LLD LLD 05971 9.2 

22 LLD LLD ND 11.15 

23 LLD LLD ND 11.8 

aeagent loading per 100 grams of wet weight of waste 

LLD - Under the lowet limit detection level 

metals that have results above detection limits are shown. 
ND - Not detected 
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Commercial and site flyash had similar results. 1 

In tfiis study, 60 and 80 p e m t  cement loadings without addition of adsohts ,  BFS, or 'i 'I . 
flyash was investigated. Sixty percent cement loading without addition of other reagents 
successfully stabilized the waste. 4 

2 

3 

A62 BULKING FAclrOR 5 

The BFs for Pit 3 samples arc listed m Table A-6 and graphically pxescnted (bar graph) in Figure A- 6 

7 

a 

9 

10 

24. The data are ordered by formulation number. The BFs range from approximately 60 to 220 
percent for the formulations inves!jgared. The average BF was about 113 percent The effect of 
cement and flyash loadings are shown in Figures A-25 and A-26. The latter two figures axe linear 
regressed 3-D and contour plots for the preliminary phase Stage I, Groups 1 and 3, and Stage 2 data 

The BF was increased by addition of al l  solid reagents and water. The lowest BFs were measured 
with the lowest loading of reagents. Typically, flyash, attapulgite, and clinoptilolite additions had a 
larger effect on the BF than addition of cement or BFS. Therefore, to minimize the BF, it is 

11 

12 

13 

14 preferable to inneasC cement loading instead of flyash 

A6.3 ,MTCZ.P - RCRA METALS 
AU of the metal concenuations in the h4TCLP for both the untreated and treated Pit 1 waste were 
below one-half the TC regulatory criteria for these samples. The RCRA metal concentrations in the 
MT'CLP were, therefore, not a selection criteria for determining the formulations to test in the remedy 
selection (advanced) phase. 

A.6.4 MTCLP - RADIONUCLIDES 
Indicamrs of radionuclides leachability for the MTCLP leach test include gross alpha, gross beta, and 
uranium comematl '011s in the MTQS leacham. See Table A-7 for those values. AU except one of 
the gross alpha and beta values were at the lower limit of detection. The one gross beta value had a 
low value at 9 disintegrations per minute (dpm) of 4 cubic centimeters (a) of MTUP extract 'Ihe 
uranium Comenmtl 'on was below 1.0 ppm (w/w) for all treated samples. Of the 9 samples out of 24 
that had uranium concentrations above the detection limit, the average uranium value was 0.63 ppm. 
Cunent loading greater than or equal to 43 percent were necessary to consistently minimize the 
uranium WILCentratl 'on in the MTCLP (see Figure A-27). See figure A-28 for a plot of uranium 
COIlcentratl 'on as a function of cement and flyash loadings. The concenaation of uranium in the 
MTCLP demeased as the cement and/or flyash loadings were increased. 

Ilhe uranium concentration m the MTCLP of the untreated waste was 0.3 ppm. The cement-based 
s t a b i i o n  treatment reduced the leachability of uranium. 
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The water solubility of uranium compounds Lis normally lower at higher pHs. This trend was obsewed 
for the MTCLP samples. At pH values above 10.1, all uranium values were below detection limit 
except for one sample at 11.7 pH with 0.01 8 ppm uranium in it. This vend is graphically 
demonstrated in Figure A-27. 

0 

Commercial Type F flyash and site flyash were equally effective at controlling the leachability of the 
treated waste. As previously noted, the site and commercial flyash also had similar effect on the UCS 
rtsults. Thus. site flyash could be considered for stabilizing the waste in Pit 3 instead of buying 
commercial flyash. 

A65 PROCESSABILITY 
The processability of the treated waste was determined by measuring the shear mngth,  PR. and 
temperanrre rise when the reagents were added to the waste. (See Section A.l.l for a general 
description of processing parameters.) The wet paste had low shear strength when mixed (was easily 
mixed), had acceptable sbuctural integrity (greater than 3.0 tsf PR at a 24-hour cure time), and low 
temperanrre rise (less than or equal to 3OC). Generally, the samples which set quickly. as measured 
with a pocket penemeter, had poor UCS values. The formulations that achieved a UCS of greater 
than 500 psi were considered processable. 

A6.6 EFFECI' OF A'ITAPULGITE. CLINOPTILOLITE. AND SODIUM SILICATE 
The addition of attapulgite and clinoptilolite increased the BF and lowered the UCS. In experiments 
with 12 normalized percent attapulgite or clinoptilolite, concentrations of uranium in the MTCLP 
extractam were decreased. The addition of sodium silicate may increase the UCS values. The effect 
is greater at lower cement loadings. 

A.7.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECI'ION (ADVANCED PHASE1 
The.perfommce of the Remedy Screening (preliminary phase) samples are summarized in Tables A-6 
and A-7. Analysis of the results indicates that stabilization of the Pit 2 waste can achieve the desired 
UCS and leachability values. All formulations passed the TC regulatory requirements. The wet 
reagent/waste paste was readily mixable and set to greater than 4.5 tsf within the 24-hour cure time. 

The UCS values. uranium leachability, and BFs were the deciding criteria for determining the 
formulations for the Remedy Selection (Advanced Phase) studies. The formulations had to exceed the 
500 psi UCS criteria, have uranium concentrations in the MTCLP ar nondetectable levels, and 
minimized BFs. In order to minimize the BF, the lowest cement, flyash. and BFS loadings without 
adsorbent addition which met the above requirements were selected. The cemenvflyash formulation 
chosen for the Advanced phase was not listed in Tables A-6 and A-7. Several of the 43 percent 
cement/43 percent flyash formulations from the preliminary phase had MTCLP uranium concentration 
above the detection level. Therefore, the cement and flyash loadings were increased from 43 percent 
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and 31 percent, respectively. In addition, 4 percent clinoptilolite was added 

addition lowered the MTCLP uranium concentration. The BFS formulation 
number 15 was selected from formulations presented in Tables A-6 and A-7. See Section 4.0 for the 
Remedy Selection phase formulations for each of the three zones in the pit, and the measured UCS, 
BF, and permeability results for these samples. 

A8.0 PIT 4 
Thc preliminary phase formulations investigated, UCSs, BFs, and MT- radiological results are 
depicted in Tables A-8 and A-9. The formulation numbers in the tables are in order of increasing 
cement loading, 5yash loading, and UCS values. The group and stage values, as defined in the 
Operable Unit 1 Tnatabity Work Plan (DOE 1991) and Sections A.l.O and A.l.l of this appendix, 

also listed for reference. 

A8.1 UNCONFINED COMPRESSIVE STRENGTH 
The UCS values ranged from approximately 120 psi to greater than 600 psi; the values are graphically 
presented in Figure A-29. The formulation numbers in the figure correspond to Table A-8. A 
horizontal line is added to Rgure A-29 at 500 psi to assist in visualizing the number of formulations 
that had UCS values greater than 500 psi. The UCS discussion can be grouped into three sets: 

formulations with and without the addition of adsorbents; attapulgite and clinoptilolite; and 
fomulations with activated BFS addition to the cemenvflyash reagents. The formulation numbers 
(and cement loadings) for the lowest level of reagent addition in each group to meet the UCS 
requirements are 12 (43 percent cement), 2 (26 percent cement), and 14 (51 percent cement), 
respectively. 

The effects of flyash and cement loadings on the UCS values are illustrated in Figures A-30 through 
A-33. These figures are 3-D plots and their corresponding contour plots. The data were smoothed by 
using the linear and inverse square regression routines. Only the data from the statistically ddgned 
Stage 1 experiments were used in these figures. These treated samples contained adsorbents 
(clinoptilolite and attapulgite) at normalized loading of 6 percent and contained no BFS. The open 
circles in the 3-D plots are the data point values. 

General observations and trends noted for UCS follow: 

Analyses of Figures A-30 through A-33 show that when adsorbents and flyash were added 
to waste, the UCS generally increased with cement loading and at least 38 to 45 percent 
cement was necessary to meet the UCS requirement. 

Addition of adsorbents lowered the UCS for a given cement loading. 

Addition of BFS had similar UCS results to cement and flyash additions. 
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'TABLE A9 

FORMULATIONS~ WITH ANALYTICAL RESULTS~ 

#I! 5284 

PIT 4 - REMEDY SCREENING (PRELIMINARY PHASE) 
CEMENT STABILIZATION 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 
23 

1278.7 

43 1 

1003.4 

4245 

3312 

96.8 

LLD 
2975 

516.8 

1279 

LLD 
2Q83 

705.1 

2655 

LLD 

280.6 

LLD 
LLD 

LLD 
n.1 

117 

120.8 

LLD 

128 

133 

883 

114 

915 

215 

9.9 

182 

422 

43.9 

LLD 
52.6 

57.9 

83.1 

LLD 
64.1 

LLD 

LLD 

LLD 
27 

84.4 

20.4 

LLD 

407.1 

1755 

452.1 

223.6 

162.1 

24.83 

7255 

1183 

5.4108 

63.64 

0.0469 

50 

243.8 

181.93 

7.222 

8329 

0 2  

0.2829 

0.0532 

39.43 

9432 

443 

0.1281 

7 

7.2 

7 

6.45 

6.25 

8.05 

9.75 

7 

7 

8.05 

1035 

7.35 

7 

7.39 

9.6 

7.55 

1021 

925 

115 

9.05 

7.75 

9 

1 1.75 

.Reagent loading per 100 grams of wet weight of waste 
bOnly metals that have results above detection limits are shown. 

LLD - Under the lower limit detection level 

I-, I" ND-Notdetected 
I .  
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,,a; . 
No obvious uend was observed when comparing the UCS results for samples made with .,.. 
portland Type 1 and 2 cements. 

Commercial and site flyash had similar results. 

In this study, 60 and 80 percent cement loadings without addition of adsorbent& BFS, or 
flyash was investigated. Sixty percent cement loading without addition of other reagmtS 
successfully solidified the waste. 

The addition of sodium silicate may have a negative impact on the UCS. 

A.8.2 BULKING FAmOR 
The BFs for Pit 4 samples are listed in Table A-8 and graphically presented (bar graph) in Figure A- 
34. The data are ordered by formulation number. The BFs mge from approximately 90 to 300 
percent for the formulations investigated. The effect of cement and flyash loadings are shown in 
Figures A-35 and A-36. The latter two figures are linear regressed 3-D and contour plots for the 
preliminary phase Stage I, Groups 1 and 5 ,  and Stage 2 data. 

The BF was increased by addition of all solid reagents and water. The lowest BFs wete measured 
with the lowest loading of reagents. Typically, flyash. attapulgite, and clinoptilolite additions had a 
larger effect on the BF than addition of cement or BFS. Therefore, to minimize the BF, it is 
preferable to increase cement loading instead of flyash 

A.8.3 MTCLP - RCRA METALS 
AU of the metal Concentrations in the MTCLP for both the unmated and treated Pit 4 waste were 
below one-half the TC regulatory criteria for these samples. The RCRA metal concentrations in the 
MTCLP were, therefore, not a selection criteria for determining the formulations to test in the remedy 
selection (advanced) phase. 

A.8.4 MTCLP - RADIONUCLIDES 
Fmm the compositional analyses of the pit waste (see Appendix B). it was determined that the 
uxanium concentration in Pit 4 was greater than IS percent (w/w). This high concentration of uranium 
in the waste corresponds to lhe higher concentration of uranium in the MTCLP. The MTCLP uranium 
concentration from the untreated material was 948 ppm (w/w). In addition. the Pit 4 waste had 
relatively hard green or yellow chunks in it. Those colored chunks had more radiological activity, 
when measured on a pancake meter, than the bulk of the waste. It is believed that those chunks 
contained high concentrations of uranium. These chunks were not evenly dispersed throughout the 
waste nor were they always completely dispersed or dissolved during the stabilization process. Since 
the waste stream was heterogenous. in reference to uranium. concentration, the variability of the 
m m  uranium concentration was not surprising. 
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Indicators of radionuclides leachability for the MTCLP leach test included gross alpha, gross beta, and 
d u m w m  'ons in the MTCLP leachates. See Table A-9 for those values. The gross alpha 
and beta numbers ranged from lower limits of detection to more than lo00 d p d 4  cc (alpha) and 133 
dpm/4 cc (beta). The uranium concentration ranged from 0.13 ppm (w/w) to greater than 400 ppm. 
The average uranium concentration was approximately 104 ppm. The addition of adsorbents had no 
obvious trend on the uranium leachability. The addition of BFS did not improve the uranium 
leachabiity. See Figure A-37 for a plot of uranium concentration as a function of cement and flyash 
loadings. The addition of flyash at low cement loadings may increase the uranium leachability. There 
is a trend of decreasing uranium leachability with increasing cement loading. 

. 
The uranium concentration in the MTCLP of the untreated waste was 948 ppm. The cement-based 
Stabitization treatment reduced the leachability of uranium down to below 0.13 ppm when only 60 and 
80 percent cement was used (formulation numbers 19 and 23). Therefore, the VeatmeIlt can reduce the 
Wncennatl 'on of leachable uranium removed from the waste. 

The water solubility of uranium compounds is normally lower at higher pHs. This trend was observed 
for the MTCLP samples. At pH values above 10.2. all uranium values were below 0.2 ppm. This 
trend is graphically demonsuated in Figure A-38. 

A 8 5  PROCESSABILITY 
The prpcessability of the treated waste was determined by measuring the shear suength, PR, and 
temperature rise when the reagents were added to the waste. (See Section A.l.l for general 
description of proCessing parameters.) The wet paste had low shear mngth when mixed and low 
temperature rise (less than or equal to 3OC). The rate of set, as measured with the pocket 
penetrometer after the 24-hour cure time, was slower than most of the other waste pits in operable 
Unit 1. The formulations thatshieved a UCS of greater than 500 psi were considered processable. 

A.8.6 EFFECI' OF ATTAPLJLGITE. CLINOFT'ILOLTTE. AND SODIUM SILICATE 
The addition of mpulgite and clinoptilolite increased the BF, lowered the UCS, and had minimal 
effect on leachability. The effects of sodium silicate additions were ambiguous. Since the addition of 
these three reagents had minimal positive effects. it is recommended that the three additives not be 
used with Pit 4 material at the 6 percent loadings for the adsorbents or at any loading for the sodium 
silicate. 

A9.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECTION (ADVANCED PHASE) 
The performance of the Remedy Screening (preliminary phase) samples are summarized in Tables A-8 
and A-9. Analysis of the results indicates that solidification of the Pit 4 waste can readily achieve the 

desired UCS. High loadings of cement are necessary to control the uranium leachability. AU 
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formulations passed the TC regulatory requirements. The wet reagent/waste paste was readily mixable 
and set to greater than 3.0 tsf within a 24-hour cure time. 

The UCS values, uranium leachability, and BFs were the deciding criteria for determining the 
fmulations for the Remedy Selection (Advanced Phase) studies. The formulations had to excced the 
500 psi UCS criteria, minimize the uranium concentrations in the MTCLPs, and minimize the BFs. 
Choosing from the formulations presented in Tables A-8 and A-9, formulation numbers 17 (cement. 
flyash, and clinoptilolite) and a modification of number 23 (cement and clinoptilolite ) were selected. 
These formulations had the lowest uranium concemations in the MTCLPs. See Section 4.0 for the 
Randy Selection phase formulations for each of the three zones in the pit. and the measured UCS, 
BF, and permeability results for these samples. 

A.lO.O PIT 5 
The formulations investigated, UCSs, BFs, and MTCLP radiological results from the preliminary phase 
are presented in Tables A-10 and A-1 1. The formulation numbers in the tables are in order of 
increasing cement loading, flyash loading, and UCS values. The group and stage values, as defined m 
the Operable Unit 1 Treatability Work Plan (DOE 1991) and Sections A.l.O and A.l.l of this 
appendix, are also listed for reference. 

A.10.1 UNCONFINED COMPRESSIVE STRENGTH 
The UCS values ranged from approximately 65 psi to greater than 650 psi and the values are 
graphically presented in Figure A-39. The formulation numbers in the figure correspond to Table A- 
10. A horizontal line is added to Figure A-39 at 500 psi to assist in visualizing the number of for- 
mulations that had UCS values greater than 500 psi. The UCS discussion can be grouped into three 
sets: formulations with and without the addition of adsorbents attapulgite and clinoptilolite; and 
formulations with activated BFS addition to the cement/flyash reagents. The formulation numbers 
(and cement loadings) for the lowest level of reagent addition in each group to meet the UCS 
requirements a~ 10 (43 percent cement), 8 (43 percent cement), and 14 (51 percent cement), 
respectively. 

The effects of flyash and cement loadings on the UCS values are illustrated in Figures A 4 0  through 
A-43. These figures are 3-D plots and their comsponding contour plots. The data wefe smoothed by 
using the linear and inverse square regression routines. Only the data from the statistically designed 
Stage 1 experiments were used in these figures. These treated samples contained adsorbents 
(clinoptilolite and attapulgite) at normalized loading of 6 percent and contained no BFS. The open 
circles in the 3-D plots are the data point values. 
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)6284 TABLE A.ll 

FORMULATIONS' WITH ANALYTICAL RESULTSb 

PIT 5 - REMEDY SCREENING (PRELIMNARY PHASE) 
CEMENT STABILIZATION 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

LLD 28.7 ND 11.14 

LLD 
LLD 
LLD 
18.4 

193 

28.1 

259 

33.7 

LLD 
355 

LLD 
LLD 

255 

LLD 
LLD 
40.9 

LLD 

18.7 

19.4 

LLD 
47.8 

30 

353 

29.4 

33.9 

27.7 

0.4 

45.6 

332 

30 

472 

40.8 

LLD 
28.1 

30.4 

223 

53 

18.4 

37.9 

20.4 

16 

58.6 

'Reagent loading per 100 grams of wet weight of waste 
metals that have results above detection limits are shown. 

ND - Not detected 
LLD - Under the lower limit detection level 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

0.17 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

10.75 

102 

9.99 

11.68 

11.85 

11.42 

112 

11.74 

9.27 

9.87 

11.1 

1 1.72 

1234 

12.29 

1221 

1234 

11.96 

11.93 

12.43 

1 1.97 

1239 



*,. .. 
? '  

5284 

700 

600 

5 00 

A 

Fn 400 
pc 
Y 

200 

100 

0 
L 2 J. 4 5. 4. 1. 8. S. 1Q1LU11.1415.1(.11.~8.1Y.10.11.PP. 

FORMULATION NUMBER 

BAR GRAPH 
UCS VS. FORMULATION NUMBER 

PIT 5 .  STAGES I & I1 
a 

figure A39 81 9/4/93 



PIT 5. STAGE I. GROUP 1. UCS (PSI) 

L X N E A R  

9 / 3 / 9 3  
figure A.40 



70 I I I 
I m I . I . I 
m * I 

I . I * I 

60 

s i  

X 50 
2 
h 

,-..e.#. . I 
I . 
m * 
I * 
I . 
m m 

m m 

e . 

2 40 

. . . . 
I e 
I e . 
I m 
I . 
I * 

.......",.....".'.,..........,...... . 

. m 

N 

I !  ! 
I . . . 
I 
m S . 
I a 
m . 

5 30 
4 

1 
I 
I . . . 
I 

d 
n 

. ......... . . . . 
m . ................ . 
m 
m 

e . . 
I .... .c. ........ . * 

* . 
I . 
I 2 20 

I o......,.... o...............,....... . I . . * 
I . 

I I m 

I * 
I .. . 
: ..................... I .  ...... . I . * . * . . 
I I m 

m . 
m . * . 
8 . .  ................... t ...... . 
I . . 

I 

* m . * 0 .  I 

I . * I I 
I. 

r.rr.C...rrr..rb.....-... ................. 
I 

-.. .... 
. . . * . 

1 ; I  . -....... ...................... 1 : I  . 
I 

0 
10 20 30 40 50 60 70 

NORMALIZED CEMENT 

80 90 

PIT 5, STAGE I. GROUP 1. UCS (PSI) 

Figure A.41 



PIT 5. STAGE I. GROUP 1. UCS (PSI) 

INVERSle 

9 / 3 / 9 3  84 
figure A.42 



d 
z a 0  

70 

60 

50 

40 

30 

20 

10 

0 
10 20 30 40 50 60 70 

NORMALIZED CEMENT 

80 90 

PIT 5, STAGE I, GROUP 1. UCS (PSI) 

X N V E R S E  

9 / 3 / 9 3  , .  
4 . .  

Figure A.43 I :. 2 

85 



FEMP-OlTR-DRAFI' 
S e p t a k )  17,1993 

Analysis of Figures A-39 through A43 shows that with adsorbents added to waste, the 
UCS generally increases with cement loading and that at least 43 to 45 percent cement was 
necessary to meet the UCS requirement. 

The unoeated Pit 5 material had a high moisture content (84 percent). The percent water in 
the cured treated samples were higher than most of the other Operable Unit 1 treated 
material. The Pit 5 moisture content of the treated material normally ranged from upper 30 
to 40 percent, with a few above 50 percent. At percent moisture in the cured m W a l  
above approximately 42 percent, the UCS decreased rapidly. Most of these latter samples 
USBd formulations with less than 43 percent cement in them. 

Addition of adsorbents incleased the UCS for a given cement loading. The increase in 
UCS was likely the result of mpulgite and clinoptilolite adsorbiig excess water from the 
waste. At the lower free water concentration in the wet reagent/waste paste, the water to 
cement ratio would be closer to the optimum ratio. The effect of adsorbent addition was 
greatest with the lower cement loadings. 

Addition of BFS increased the UCS. 

Portland Type 1 and 2 cements had similar results. 

Formulations using commercial flyash had higher UCS values than those with site flyash. 

In this study, 60 and 80 percent cement loadings without addition of adsorbents, BFS, or 
flyash were investigated. Sixty percent cement loading without addition of other reagents 
successfully solidified the waste. The cement only formulations did not control the xelease 
of the gmss alpha and beta components in the MTCLP of the treated material. 

A102 BULKING FACTOR 
The BFs for Pit 5 samples are listed in Table A-10 and graphically presented (bar graph) in Figure A- 
44. The data are ordered by formulation number. The BFs range from approximately 25 to 100 
percent for the formulations investigated. The effect of cement and flyash loadings are shown in 
Figures A 4 5  and A46. The latter two figures are linear regressed 3-D and contour plots for the 
preliminary phase Stage I (Groups 1 and 5) and Stage 2 data. 

The BF was increased by addition of all solid reagents and water. The lowest BFs were measured 
with the lowest loading of reagents. Typically, flyash, attapulgite, and clinoptilolite additions had a 

larger effect on the BF tfian addition of cement or BFS. Therefore. to minimize the BF, it is 
preferable to increase cement loading instead of flyash. 

A.10.3 MTCLP - RCRA METALS 
All of the metal concentrations in the MTCLP for both the untreated and treated Pit 5 waste were 
below one-half the TC regulatory criteria for these samples. The RCRA metal Concentrations in the 
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y. - 6284 
MTCLP were, therefore, not a selection criteria for determining the formulations to test in the Remedy 
Wection (advanced) phase. 

A10.4 ,MTCLP - RADIONUCLIDES 
Indicators of radionuclides leachability for the MTCLP leach test include gross alpha, gross beta, and 
uraniumcxmummb 'ons in the MTCLP leachates. See Table A-11 for those values. The gross alpha 
and beta values ranged from lower limits of detection to approximately 50 and 60 dpm/4 cc, 
rtspectively. The uranium cxmcamb 'on was below detection limit except for one sample at 0.17 ppm 
uranium. As previously stated, the addition of 60 and 80 percent cement without other additives did 
not significantly reduce the gross alpha and beta values in the MTCLP. Addition of adsorbents at 6 
percmt each of attapulgite and clinoptilolite reduced the gross alpha and beta values in the extract. 
See Figures A 4 7  through A-SO for the inverse squared di&ce smoothing and their comsponding 
contour plots of gross alpha and beta as a function of cement and flyash loading. Analysis of the 
figures shows that high flyash loading lower the gross alpha and beta values. 

The one BFS formulation investigated, formulation number 14. had a lower limit of detection for 
leachable gross alpha, beta. and uranium. This was the only formulation that had no positive hits for 
allthreeanalytes. 

I 

Commercial Type F flyash and site flyash were equally effective at controlling the leachability of the 
treated waste. 

A.1O.S PROCESSABILITY 
The processabfiry of the mated waste was determined by measuring the shear strength, PR, and 
temperature rise when the reagents were added to the waste. (See Section A.l.l for general 
description of processing parameters.) The wet paste had low shear strength when mixed, had 
acceptable structural integrity (greater than 3.0 tsf PR at a 24-hour cure time), and low temperamre 
rise (less than or equal to 3'0. Generally, at cement loadings below 43 percent, the samples set 
slower. The formulations that achieved a UCS of greater than 500 psi were considered processable. 

A.10.6 EFFEn OF AITAPULGTTE. CLINOFTLOLITE. AND SODIUM SILICATE 
The addition of attapulgite and clinoptilolite increased the BF, increased the UCS, and decreased the 
leachability of gross alpha and beta in the MTCLP. The effects of sodium silicate additions were 
ambiguous. 

A.11.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECTION (ADVANCED PHASE) 
The performance of the Remedy Screening (preliminary phase) samples are summarized in Tables 
A-10 and A-11. Analysis of the results indicales thai solidification of the Pit 5 waste can readily be 
achieved. Only one formulation lowered the gross alpha, beta and uranium levels to nondetectable 
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levels. All formulations passed the TC regulatory requirements. The wet mgent/waste paste was 
readily mixable and set to greater ttran 4 5  tsf within a 24- cure time. 

The UCS values, gross alpha and beta leachability, and BFs were the deciding criteria for selectkg the 
farmulations for the Remedy Selection (Advanced Phase) studies. The formulations had to exceed the 
500 psi UCS criteria, have gross alpha and beza levels in the MTCLP at nondetectable levels, and 
minimize the BFs. Formulation numbers 14 (cemenr, flyash, and BFS) and augmented fornulation 
number 14 (cement, flyash, and additional BFS) were chosen ftm the formulations presented m 
Tables A-10 and A-11. See Section 4.0 for the Remedy Selection phase formulations for each of the 
three zones m the pit, and the measured UCS, BF, and permeability results for these samples. 

A.12.0 PIT 6 
The formulations investigated, UCSs, BFs, and M"W radiological results from the preliminary phase 
are presented in Tables A-12 and A-13. The formulation numbers in the tables are m order of 
increasing cement loading, flyash loading, and UCS values. The group and stage values, as defined m 
the operable Unit 1 Treatab~ty Work Plan (DOE 1991) and in Sections A.l.O and A.l.l of this 
appendix, are also listed for reference. 

A.12.1 UNCONFINED COMPRESSIVE rn 
The u a  values mged from I p p m * m ~ ~ ~  to greater than 700 psi and the values are 
graphically presented m Figure A-51. The formulation numbers in the figure.correspond to Table 
A-12. A horizontal line is added to Figure A-51 at 500 psi to assist in visualizing the number of for- 
mulations that had UCS values greater than 500 psi. The UCS discussion can be grouped into two 
sets: formulations with and without the addition of adsorbents; and anapulgite and clinoptilolite. The 
formulation numbers (and cement loadings) for the lowest level of reagent addition in each group to 
meet the UCS requirements are 4 (31 percent cement), and 13 (43 percent cement), respectively. 

The effects of flyash and cement loadings on the UCS values are illustrated in Figures A-52 and A-53. 
These figures are 3-D plots and their comsponding contour plots. The data were snoothed by using 
the inverse square regression routines. Only the data from the statistically designed Stage 1 
experiments were used in these figures. These treated samples contained adsorbents (clinoptilolite and 
attapulgite) at normalized loading of 6 percent and contained no BFS. The open circles in the 3-D 
plots are the data point values. 

General observations and mds noted for UCS follow: 

Analyses of these figures show that almost al l  formulations achieved a UCS value greater 
than 500 psi. Only at the lowest cement loadings did the UCS not exceed 500 psi. 
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TABLE A13 

FORMULATIONSP WITH ANALYTICAL RESULTSb 

~ 

PIT 6 - REMEDY SCREENING (PRELIMNARY PHASE) 
CEMENT STABILIZATION 

Gross Gross uranium pH MTQS 

(std. units) 
h u l a t i o n  Alpha Beta by IC Extraction Fluid 

1 LLD LLD ND 11.16 
2 LLD LLD ND 10.46 

3 LLD LLD ND 9.71 
4 LLD LLD ND 10.94 

5 LLD LLD 0.1679 9.63 

NUmbU (W4=) (dpm/4cc) (PPm) 

6 

7 

8 

9 

10 

11 

12 

13 

14 
I5 
16 

17 

18 
19 

20 

LLD LLD ND 1154 
LLD LLD ND 11.79 
LLD LLD ND 115 

LLD LLD ND 11.75 

LLD LLD ND 105 

LLD LLD ND 1121  

32A LLD 17.7111 
LLD LLD ND 
LLD 

LLD 
LLD 

LLD 

LLD 
7.8 
LLD 

LLD 

LLD 
LLD 
LLD 
LLD 
Lu) 

LLD 

'Reagent loading per 100 grams of wet weight of waste 
metals that have results above detection limits are shown. 

ND - Not detected 
LLD - Under the lower limit detection level 

ND 
ND 
ND 
ND 
ND 
ND 
ND 

625 

11.48 
12.12 
1i.n 

1257 
11.92 
122 

1123 
12.74 
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A. 12.2 

The wltreated Pit 6 material had a high moisture content (63 percent). The percentr6wa!er in . , .  I 

, 2  the cufed treated samples ranged from approximately 25 to 38 percent. Addition of 
adsorbents increased the UCS for a given cement loading. The increase in UCS was likely 
the d t  of mpulgite and clinoptilolite adsorbing excess water from the waste. At the 
lower free water concentration in the wet xeagentlwaste paste, the water to cement ratio would 

cement loadings. 1 

3 

4 

5 

6 be closer to the optimum ratio. The effect of adsorbent addition was greatest with the lower 

Portland Type 1 and 2 cements had similar results. : 

Commercial and site flyash had similar results. 9 

In this study, 60 and 80 percent cement loadings without addition of adsorbents, BFS, or 
flyash were investigated. Sixty percent cement loading without addition of other reagents 
successfully stabilized the waste. 12 

10 

11 

BULKING FAmOR 13 

The BFs for Pit 6 samples are listed in Table A-12 and graphically presented (bar graph) in Figure A- 
54. The data are ordered by formulation number. The BFs range from approximately 25 to 120 
pemm for the formulations investigated. The effect of cement and flyash loadings are shown in 
Figures A-55 and A-56. The latter two figures are linear regressed 3-D and contour plots for the 
preliminary phase Stage I, Groups 1 and 5, and Stage 2 data 

The BF was increased by addition of al l  solid reagents and water. The lowest BFs were measured a 
with the lowest loading of reagents. Typically, flyash. auapulgite, and clinoptilolite additions had a 
larger effect on the BF than addition of cement or BFS. Therefore, to minimize the BF. it is 
preferable to increase cement loading instead of flyash. 

A.12.3 MTCLP - RCRA METALS 
AU of the metal Concentrations in the MTCLP for both the untreated and treated Pit 6 waste were 
below one-half the TC regulatory criteria for these samples. The RCRA metal concentrations in the 
MTCLP were, therefore, not a selection criteria for determining the formulations to test in the remedy 
selection (advanced) phase. 

A.12.4 MTCLP - RADIONUCLIDES 
Indicators of radionuclides leachability for the MTCLP leach test include gross alpha. gross beta, and 
uranium concentrations in the MTCLP leachates. See Table A-13 for these values. The gross alpha 
and beta numbers are a l l  below the limit of detection except for one sample using formulation number 
12. The uranium concentration was below detection limit, except for two samples. The uranium 
concenuations were 0.17 and 17.7 ppm for formulation numbers 5 and 12. 
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The water solubility of uranium compounds is normally lower at higher pHs. This Elend was observed 
for the MTCU samples. At pH values above 10.5, all uranium values were below detection wit .  , 

'"his trend is graphically demonstrated in Figure A-57. The uranium concalrah 'on in the ~ C L S  of .* ''7 

the umeated waste was 263 ppm. Therefore, the maanent significantly reduced the leachability of 
d u m .  

Commercial Type F flyash and site flyash were equally effective at controUing the leachability of the 
treated waste. As previously noted, the site and commercial flyash also had similar effect on the UCS 
results. Thus, site flyash could be considered for s t a b i i  the waste m Pit 6 instead of using 
commercial flyash. 

A.125 PROCESSABILITY 
The processabiility of the treated waste was determined by measuxing the shear strength, PR, and 
temperature rise when the reagents were added to the waste. (See Section A.1.1 for general 
description of pIlocessing parameters.) The wet paste had low shear smngth when mixed, had 
acceptable structural integrity (greater than 3.0 tsf PR at a 24-hour cure time), and low temperature 
rise Oess than or equal to 3OC). The shear saength of the wet reage~waste paste was slightly higher 
for this pit material than for the other OU1 waste materials. The foxmulatiom that achieved a UCS of 
greater than 500 psi were considered processable. 

A.12.6 EFFECT OF A'ITAPULGITE, CLINOPTLOLITE. AND SODIUM SILICATE 
The addition of attapulgite and clinoptilolite increased the BF, increased the UCS, and had minimal 
effect on leachabiity. The effects of sodium silicate additions were ambiguous. 

A.13.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECTION (ADVANCED P H A E l  
The performance of the Remedy screening (preliminary phase) samples are rmmmanzed in Tables 
A-I2 and A-13. Analysis of the results indicates that stabdization of the Pit 6 waste can readily 
achieve the desired UCS and leachabiity values. AU formulations passed the TC regulatory 
requirements. The wet reageWwaste paste was readily mixable and set to greater than 4.5 tsf within 
the 24-hour cure time. 

The UCS values. uranium leachability, and BFs were the deciding criteria for determining the 
formulations for the Remedy Selection (Advanced Phase) studies. The formulations had to exceed the 
500 psi UCS criteria, have uranium concemtions and gross alpha and beta in the MTW at non- 
detectable levels, and minimized BFs. In order to minimize the BF, the lowest cement, flyash, and 
BFS loadings without adsoxbents additions which met the above requirements were selected. 
Formulation number 13 (cement, flyash) was chosen from the formulations presented in Tables A-I2 
and A-13. A cemenr/flyashlBFS formulation not previously tested with Pit 6 material was also 
selected. This formulation had proven to be successful in other operable Unit 1 pit material. See 
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Section 4.0 for the Remedy Selection phase formulations for each of the three zones in the pit, and the 
meaSured UCS, BF, and permeability values for these samples. 

A.14.0 BURN PIT 
Thc formulations investigated, UCSs, BFs, and MTCLP radiological results from the preliminary phase 
are presented in Tables A-I4 and A-15. The formulation numbers in the tables are in order of 
increasing cement loading, flyash loading, and UCS values. The p u p  and stage values, as defined in 
the Operable Unit 1 Treatabaty Work Plan (DOE 1991) and Sections A.l.O and A.l.l of this 
appedix, are also listed for refemce. 

A.14.1 UNCONFINED COMPRESSIVE STRENGI'H 
The UCS values ranged from approximately 55 psi to greater than 700 psi and the values are 
graphically presented in Figure A-58. The formulation numbers in the figure correspond to Table 
A-14. A horizontal line is added to Figure A-58 at 500 psi to assist in visualizing the number of for- 
mulations that had UCS values greater than 500 psi. None of the origmal 20 formulations from Stage 
1 met the UCS criteria This includes the 80 percent cement loading formulation and the 68/68 
percent ccment/flyash loading formulation. In Stage 11, multiple formulations with BFS, or calcium 
hydmxide, or femus chloride supplementation were tested. In addition, since 6 to 12 percent 
adsorbent loading appear to lower the UCS, a test with reduced levels of clinoptilolite was performed. 

The effects of flyash and cement loadings on the UCS values are illustrated in Figures A-59 through 
A-61. These figures are 3-D plots and their corresponding contour plots. The data were smoothed by 
using the linear regression routines. Only the data from the statistically designed Stage 1 experiments 
were used in these figures: These mated samples contained adsorbents (clinoptilolite and attapulgite) 
at normalized loading of 6 percent and contained no BFS. The open circles in the 3-D plots are the 
data point values. 

0 

General observations and trends noted for UCS follow: 

. Analyses of Figures A-58 through A-61 show that with adsorbents added to waste, the UCS 
generally inmases with cement loading and that 80 to 90 percent cement loading was 
necessary to meet the UCS criteria. When both attapulgite and clinoptilolite are at six (6) 
percent loading, none of the formulation met the UCS criteria. The highest cement and flyash 
loadings investigated with the adsorbents added was 68 percent cement and flyash. 

Addition of adsorbents lowered the UCS for a given cement loading. 

Addition of BFS increased the UCS. All BFS formulations had UCS values greater than 500 
psi. 

The UCS value was higher with portland Type 

Commercial and site flyash had similar results. 
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1 cement than with Type 2 cement. 
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TABLE A15 

m 6284 

FORMULATIONS' WITH ANALYTICAL RESULTSb 

BURN PIT - REMEDY SCREENING (P-ARY PHASE) 
CEMENT STABILIZATION 
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TABLE A15 

(Continued) 

BURN PIT - REMEDY SCREENING (PRELIMINARY PHASE) 
CEMENT STABILIZATION 

Gross Gross Uranium pH of M l U P  
Formulation Alpha Beta by IC Extraction Fluid 

(std. units) Nmbtr  (dpm/4cc) ( d p m / k )  @Pm) 

30 LLD LLD ND 12 

31 LLD LLD ND 11.88 

32 LLD LLD ND 1 1.08 

33 LLD .LLD ND 12.02 

34 LLD LLD 0.05 11.91 

35 LLD LLD ND 1 1.98 

.Reagent loading per 100 grams of wet weight of wastc 
boniy metals that hvercs~lts above dacction limits are shown 

LID - Under the l o w  limit b h n  level 
ND - Not -ted 
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In this study, 60, 80, 100, and 150 percent cement loadings without addition of adsorbents, 
- ' BFS, or flyash were investigated. One hundred percent cement loading without addition of 

other reaguus successfully stabilized the waste. 
*. 

Addition of 1 percent calcium hydroxide to 80 percent cement improved the UCS of the 
ueated sample. 

A142 BULKING FACTOR 
Tbe BFs for the Burn Pit samples are listed in Table A-14 and graphically presented (bar graph) in 
figure A-62. The data are ordered by formulation number. The BFs range from appmxirnalely 80 to 
265 per#nt for the formulations investigated. The effect of cement and flyash loadings are shown in 
Figures A43 and A-64. The latter two figures are linear regressed 3-D and contour plots for the 
preliminary phase Stage I (Groups 1 and 5) and Stage 2 data. 

The BF was increased by addition of all solid reagents and water. The lowest BFs were measured 
with the 10- loading of reagents. Typically, flyash, attapulgite, and clinoptilolite additions had a 
larger effect on the BF than addition of cement or BFS. Therefore, to minimize the BF, it is 
pferable to incrcaSe cement loading instead of flyash 

A143 MTUP-RCRAMEI'ALS 
AU of tfre metal cancentratr '011s in the MTCLP for both the untreated and mated Bum Pit waste were 
below a n c - ~  the TC regulatory criteria for these samples. The RCRA metal concentrations in the 
MTCLP were, therefore, not a selection criteria for determining the formulations to test in the Remedy 
selection (advanced) phase. 

A14.4 MTCLP - RADIONUCLIDES 
Indicators of radionuclides leachability for the MTCLP leach test include gross alpha, gross beta, and 
uranium COIlcentratl '011s in the M T U P  leachates. See Tables A-15 for these values. The gross alpha 
and beta values ranged from lower limits of detection to approximately 47 and 21 dpd4  cc. The 
uranium COncemah 'om varied between below the detection limit to 6 ppm. 

See Figures A-65, A-66, and A-67 for the inverse squared distance smoothing and their corresponding 
wntour plots of gross alpha and beta and uranium as a function of cement and flyash loading. 
Analysis of the figures shows that cement loadings greater than approximately 50 percent and flyash 
greater than zem percent loadings lower the gross alpha and beta and uranium values to their 
minimum values. 

The addition of BFS to the formulation lowered the radionuclide leachability. Also the addition of 
choptilolite al4 percent loading reduced the radionuclide leachability. 

I I .  

A-108 

1 

3 

'4 

5 

12 

13 

14 

15 

17 

1: 

19 

a0 

21 

P 

2 3  

24 

n 



. .  

-. 5.284 

n 

Eb 
Y 

d 
0 c. u 
4 
ct 

3 m 

300 

200 

100 

0 

I 

FORMULATION NUMBER 

BAR GRAPH 
B.F. VS. FORMULATION NUMBER 

BURN PIT, STAGES I & I1 0 
9/4/93 - _ - _  

1-17 
figure A.62 



BURN PIT, STAGES.1 & 11. BF (%) 

r .  118 '.* + f L X N E A R  . 
9 / 7 / 9 3  " 7  

Figure A.63 



“i, 5284 
/: -: : . . . !.. 

100 

80 

20 

0 
10 30 50 70 90 110 

NORMALIZED CEMENT 

130 150 

BURN PIT, STAGES I & 11. BF 

LINEAR 

9 / 7 / 9 3  
. ..:. ’ 9 figure A.64 



o \- 

BURN PIT, STAGES I.& 11. G. ALPHA 

INVERSE 

9/4/93 4 1.20 r-, ,' 

figure A.65 



1 

BURN PIT, STAGES I & 11, G. BETA 

- 
X N V E R S E  

9/4/93 .. f 

Figure A.66 I21 



6 

5 

4 
c 

3 

BURN PIT, STAGES I & 11, URANIUM 

INVERSE 

9/4/93 

? 2 - .  ; x : 
" 1.22 

figure A.67 



5284 
FEMP-OlTR-DRAFT 

September 17.1993 

The water solubility of uranium compounds is normally lower at higher pHs. This tredd "wh obsed@ 
for the MTCLP samples. At pH values above 10.5, al l  uranium values were below detection limit. 
This trend is graphically demonstrated in Figure A-68. 

"he uranium concentration in the MTCLP of the untreated waste was 19 ppm. Therefore, the 
treatment significantly reduced the leachability of uranium. 

Commercial Type F flyash and site flyash were equally effective at conmlling the leachability of the 
treated waste. As previously noted, the site and commercial flyash also had similar effect on the UCS 
results. Thus, site flyash could be considered for stabilizing the waste in Bum Pit instead of using 
commercial flyash 

A145 PROCESSABILITY 
The pmcessabilify of the mated waste was determined by measuring the shear suength, PR, and 
temperature rise when the reagents were added to the waste. (See Section A.l.l for general 
description of processing parameters.) The wet paste had low shear strength when mixed, had 
acceptable s&tural integrity (PR at a 24-hour cure time). and low temperature rise (less than or equal 
to 3OC).  The formulations that achieved a UCS of greater than 500 psi were considered processable. 

- 
A.14.6 EFFEm OF ATI'APULGITE. CLMOPRLOLITE. AND SODIUM SILICATE 
The addition of attapulgite and clinoptilolite increased the BF, lowered the UCS, and had minimal 
effect on leachability. The effects of sodium silicate additions were ambiguous. 

A.15.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECTION (ADVANCED PHASE) 
The performance of the Remedy Screening (preliminary phase) samples are summarized in Tables 
A-14 and A-15. Analyses of the results indicates that stabilization of the Bum Pit waste could be 
achieved. All formulations passed the TC regulatory requirements. The wet reagent/waste paste was 
readily mixable and set to greater than 4 5  tsf within a 24-hour cure time. 

The UCS values, uranium, gross alpha and beta leachability, and BFs were the deciding criteria for 
determining the formulations for the Remedy Selection (advanced phase) studies. The formulations 
had to exceed the 500 psi UCS criteria, have uranium, gross alpha and beta concentrations in the 
MTCLP at nondetectable levels, and minimized BFs. In order to minimize the BF. the lowest cement, 
flyash, and BFS loadings without adsorbents additions which met the above requirements were 
selected. Choosing from the formulations presented in Tables A-14 and A-15. formulation numbers 14 
(cement, flyash, and BFS) and 18 (cement, flyash, and clinoptilolite) were selected. See Section 4.0 
for the Remedy Selection phase formulations for each of the three zones in the pit, and the measured 

123 UCS, BF, and permeability values for these samples. 
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- *  A. 16.0 ARWELL t - .  

The form%ons investigated, UCSs, BFs, and IvlTCLP radiological results from the prkminary phase 
are presented in Tables A-16 and A-17. The formulation numbers in the tables are in order of 
increasing cement loading, flyash loading, and UCS values. The group and stage values, as defined in 
the Operable Unit 1 Tmtability Work Plan (DOE 1991) and Sections A.l.O and A.l.l of this 
appendix, are also listed for reference. 

A.16.1 UNCO NFINED COMPRESSIVE STRENGTH 
The UCS values ranged from approximately 40 psi to greater than 700 psi; the values are graphically 
pmented in Figure A-69. The formulation numbers in the figure correspond to Table A-16. A 
horizontal line is added to Wgure A-69 at 500 psi to assist in visualizing the number of formulaths 
that had UCS values gxeater than 500 psi. The UCS discussion can be p u p e d  into three sets: 

formulations with and without the addition of adsorbents; attapulgite and clinoptilolite, alone; and 
formulations with activated BFS in addition to the cement/flyash reagents. The formulation numbers 
(and cement loadings) for the lowest level of reagent addition in each p u p  to meet the UCS 
requirements are 8 (31 percent cement), 6 (26 percent cement), and 1 (15 percent cement), 
respectively. 
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16 

The effects of flyash and cement loadings on the UCS values are illustrated in Figures A-70 through 
A-73. These fi-s m 3-D plots and their corresponding contour plots. The data were smoothed by 
using the linear and inverse square regression routines. Only the data from the statistically designed 

17 

18 

19 

Stage 1 experiments were used in these figures. These Treated samples contained adsorknts 
(clinoptilolite and atrapulgite) at normalized loading of 6 percent and contained no BFS. The open 
circles in the 3-D plots are the data point values. 

m 
21 

P 

General observations and trends noted for UCS follow: 23 

Analyses of Figures A-69 through A-73 show that with adsorbents with cement and flyash 
added to waste, the UCS generally i n c ~ e s  with cement loading and that at least 70 percent 
cement is necessary to meet the UCS requirement. It is important to note that these samples 
have adsorbents in them which lower the UCS. especially at the lower cement loading. When n 
the adsorbents are not added to the sample (see formulation numbers 5 versus 6). the UCS is 
significantly higher. 29 

24 

2s 
as 

1 

Addition of adsorbents lowered the UCS for a given cement loading. 30 

Addition of BFS increased the UCS. 31 

Portland Type 1 and 2 cements had similar results. 32 

Samples with site flyash had larger UCS values than sample with commercial flyash. 33 
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FORMULATIONSP WITH ANALYTICAL RESULTSb 
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CLEARWELL - REMEDY SCREENING (PRELIMINARY PHASE) 
CEMENT STABILIZATION 

1 

2 
3 
4 

5 

6 
7 
8 
9 
10 

11 

12 
13 
14 

15 

16 
17 
18 
19 
20 
21 
22 
23 

2cl 

LLD 
22.7 
LLD 
LLD 

LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 
LLD 

175 
LLD 
LLD 
LLD 
LLD 

LLD 

LLD 
LLD 
LLD 

LLD 
18.4 
'9.8 
16.8 
112 
18.1 

LLD 

LLD 

LLD 
LLD 
LLD 
LLD 
LLD 

112 

LLD 

LLD 
LLD 
10.6 
LLD 
LLD 

LLD 
LLD 
LLD 
LLD 

2.46 
4.72 
5.46 

ND 
3.0543 
ND 

2.8642 
1.0186 
25685 
25986 
26424 
3.0242 

ND 
0.7884 
2.039 
227 1 

ND 
ND 

0.9521 
ND 
ND 
ND 

03223 
ND 

7.42 
734 
7.47 
9 
7.67 

10.62 
7.83 
8.24 
7.76 
7.7 
7.63 
7.65 
10.22 

8.64 
7.87 
8 

8.88 
11.18 
9.05 
12.07 
11.17 

10.7 
9.22 
12.05 

aeagent loading per 100 grams of wet weight of waste 
b ~ l y  metals that have res~lrs atme detection limits are shown. 

LLD - Under the ~ Q W  pit detection level 
ND - Not detected 
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In this study, 60 and 80 percent cement loadings without addition of adsorbents, BFS, or 
flyash were investigated. Sixty percent cement loading without addition of other reagents 
successfully stabilized the waste. 

A 1 6 2  BULKING FACI'OR 
The BFs for Qearwell samples are listed in Table A-16 and graphically presented (bar graph) in 
Figwe A-74. The data are ordered by formulation number. The BFs range from approximately 35 to 
230 perrxnt for the formulations investigated. The effect of cement and flyash loadings 8 ~ e  shown in 
Figures A-75 and A-76. The latter two figures are linear regressed 3-D and contour plots for the 
pxelimii  phase Stage I, Groups 1 and 5, and Stage 2 data. 

Tbe BF was increased by addition of all solid reagents and water. The lowest BFs were measured 
with the lowest l o d i g  of reagents. Typically, flyash, attapulgite, and clinoptilolite additions had a 
larger effect on the BF than addition of cement or BFS. Therefore. to minimize the BF, it is 
preferable to incIlease cement loading instead of flyash 

A16.3 MTUP - RCRA METALS 
All of the metal concenualions in the MTCLP for both the untreated and treated Clearwell waste were 
below one-half the TC regulatory criteria for these samples. The RCRA metal concenuations in the 
M"CU were, therefore, not a sektion criteria for determining the formulations to test in the remedy 
selection (advanced) phase. 

A16.4 MTCLP - RADIONUCLIDES 
Indicators of radionuclides leachability for the MTCLP leach test include gross alpha, gross beta, and 
uranium concentrations in the MTCLP leachates. See Table A-17 for these values. The gross alpha 
and beta values range between lower limits of detection to 23 and 185 dpm/4 cc, respectively. Most 
of the values are lower limits of detection. The uranium concentration varies between below detection 
limit and approximately 3 ppm. 

See Figures A-77 and A-78 for the inverse squared distance smoothing and their conesponding 
contour plots of gross beta and uranium as a function of cement and flyash loading. Analysis of the 
fi- shows that cement loadings greater than approximately 50 percent loadings are required to 
lower the gross beta and uranium values to their minimum values when adsorbents are added to the 
stabilization formulation. 

The water solubility of uranium compounds is normally lower at higher pHs. This trend was observed 
for the M T U P  samples. At pH values above 10.5. all uranium values were below detection limit. 
This trend is graphically demonstrated in Figure A-79. The pH of the MTCLP extract is unusually 
low for the cement load& that were used in these experiments. It is presumed that this is due to an 
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unidentified material in the waste which slowly neumlizes part of the alkalinity of the added portland 0 cement. 

The uranium concentration in the MTCU of the untreated waste was 4.9 ppm. Therefore, the 
treatment reduced the leachability of uranium. 

Commercial Type F flyash and site flyash were equally ef€ectjve at controlling the leachability of the 
treated waste. As now above, the site and commercial flyash also had similar effect on the UCS 
results. Thus, site flyash could be considexed for s t a b i i  the waste m the Clearwell instead of 
buying commercial flyash 

A165 PROCESSABILITY 
The processabfity of the treated waste was determined by measwing the shear strength, PR, and 
temperature rise when the reagents were added to the waste. (See Section A.l.l for general 
description of procesSing parameters.) The wet paste had low shear strength when mixed, had 
acceptable structural integrity (greater than 3.0 tsf PR at a 24-hour cure time), and low temperature 
xise Oess than or eqUal to 3'0. The formulations that achieved a UCS of greater than SO0 psi were 
considered pmcessable. 

A.16.6 EFFECT OF ATI'APULGITE. CLINOFI'ILOLITE. AND SODIUM SILICATE 
The addition of q u l g i t e  and clinoptilolite increased the BE lowered the UCS, and had minimal 
effect on leachability. The addition of sodium silicate increased the ucs. 

A.17.0 RECOMMENDED FORMULATIONS FOR REMEDY SELECI'ION (ADVANCED PHASE) 
The performance of the Remedy Screening (preliminary phase) samples are summarized in Tables 
A-16 and A-17. Analysis of the results indicates that stabilization of the Qeanvell waste can achieve 
the desired UCS and leachabiity values. All formulations passed the TC regulatory requirements. 
The wet reagent/waste paste was readily mixable and set to greater than 4 5  tsf within a 24-hour cure 
time. 

The UCS values, uranium and gross beta leachabiity, and BFs were the deciding criteria for 
determining the formulations for the Remedy Selection (Advanced Phase) studies. The formulations 
had to exceed the 500 psi UCS criteria, have uranium concentrations in the MTCLP at nondetectable 
levels, and minimized BFs. In order to minimize the BF, the lowest cement, flyash, and BFS loadings 
without adsorbents additions which met the above requirements were selected. Choosing from the 
formulations presented in Tables A-16 and A-17, formulation numbers 1 (cement and BFS) and 4 

(cement only) were selected. See tables in Section 4.0 for the Remedy Selection phase formulations 
for each of the three zones in the pit, and the measured UCS, BF, and permeability values for these 
samples. 
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B.l.O INTRODUCI'XON 
III the preliminary viaification, tests were conducted in three stages: 

Characterization of pit waste mineraVmetal composition 
Range-findingtests 
Remedyscreeningtests 

The metals composition of boring wmpositematerial from each pit, site soil, and flyash was 
determined and this infcnmafion was used to design the initial wasteiadditive mixturts for the range- 
finding tests. Initial glass formulations WCR based on the sodium silicate model with dre objectives of 
gmmthan 35 perca~ glass former content with a former to flux ratio of at least 05 in each mek 
Formulations were further guided by an aaempt to maximize waste loading and minimize the 
sodidflux addition while maintaining a viscosity of 20 to 100 poise at a melt temperature of 1250°C. 

Thirty-four range-finding tests were performed initially to determine the minimum soil and flyash 
additions necessary to produce a glass-like product as judged visually. This testing also determined 
the need for additional s o d i ~ u x  to allow vitrification at 125oOC or less. 

After evaluation of the range-finding tcsts results. formulations w m ,  if ~~cccssary. adjusted for the 
Remedy Screening stage of the program. Fiftyeight samples wae gemrat& during the Remedy 
Screening testing. During the Remedy Screening tests, each waste/soil and wastelflyash mixture 

chosen was processed at two different sodium/flux levels to vary viscosity, provide observations on 
glass processability and determine the effect of flux wncennaljon on metal leachability during the 
modified product Consistency Test (MPCI') and Toxicity Qlaracteristic Leaching Procedurt 
(TUP) (MTQS) evaluations. Remedy S m d n g  waste/soil and wWflyash formulations developed 
in the advanced phase testing were chosen on the following bases: 

Bestglass-like- 
Acceptable melt visc0siry 
Lowest leaching of radionuclides and anions during MI" and MKLP leach testing 
Figures B-1 and B-2 are flowsheets that depict the sequence of activities for the 
treatability study 

An initial complication of this testing program was the detrimental interaction of some waste 
constituents with the platinum/gold alloy crucibles. Incompletely oxidized organics and base metals in 
the site flyash produced reductive melts during the viaification process. This reaction resulted in the 
formation of platinum/base metal (e.g., imn) alloys with melting points well below the process 
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temperature of 1100 to 12SoOC and the consequential desmrction of the mciblcs. Testing was 
continued using firebrick crucibles, which allowed the study to conlinuc but introduced the problem of 
crucible components (e.g., aluminum and silica) being incorporated in glass melts. Some formulations 
completely fluxed the firebrick, causing crucible etching and meltdown. The @eater concentration of 
glass formers in the resulting melts increased the viscosity, making the molten glass nonpourable. 

additions were increased as necessary to achieve the desired 20 to 100 poise viscosity range, which 
allowed tfre mdtm glasses to be poured into gxaphite crucibles where the glass would free-release. 

Also, the firebrick CnrCibleS did nOt frec-release the -. In these the SodiumM~x 

In the following descriptions of fbe vitrified pit products, amsistcIlt terns have been used to desuibe 
their individual physical texture, melt viscosity, and color. "he purpose of such descriptions is to 
locate cach product along thc scales of increasingly glass-like c h a c t c r  and processable viscosity. The 
terms ncharred/chaFcoal-like,n "crystalline," "granite-like," "porcelain," and "glass/vitreous" are 
descriptors used for describing physical texture. Further definitions are: 

CharrWchamal-lilrc: appears chaned with cracks, holes, or fissures; spongy textm 
with no significant volume reduction; very porous 

crystalline: exhibits minute crystals or flakes; friable into powder, rounded edges on 
fragments; porous 

Granite-like: surface mgh to much; breaks into powder appears fairly porous 

Porcelain: exhibits smooth surface; fragments in10 chunks but does not powder, 
nonpomus: may exhibit slag-like feaarres and entapped gas bubbles 

Glass/Viueous: exhibits high glossy, smooth surface; fragments into slivers/shaxds with 
sharp edges; very nonporous; uanslucent 

Molten viscosities were estimated visually and molten products ranged from very thin pouring liquids 
to nonpourable monoliths. A scale of five intervals was established as follows: 

V-1: nonpourable at melt mpesatm; melt remains uniform monolith within crucible 
when removed from furnace and inverted; estimated as >lo0 poise 

V-2 near-pourable at melt tempemre; melt deforms when moved from furnace and 
inverted; may be induced to pour by raising temperature; estimated as approximately 
100 poise 

V-3: ideal viscosity; pours freely from crucible at melt temperature; estimated as 
approximately 70 poise 

V4: low viscoSity; very thin liquid; etches crucible surfaces; estimated as around 20 
poise 

V-5: very low viscosity, comsivity causes crucible damage, dissolution, or meltdown 
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The color of vitrified samples, while not a direct indicator of the quality of a vitrified product, was 
also noted. TIE color of vitrified samples and color changes after their belting typically highlighted 
phase separations or incompleteness of vitrification. The range of colors observed were bright yellow, 
light beige, amber, green, greenish-brown, brown, and black. 

B.l.l Comuositional Analvses 
The major glass components of the waste, local soil, and local flyash wcre dcturmned * toassistinthe 
farmulariOn dC~dOpment Of thc V&OUS pit waspCS and ~ l t    OW^ in Table B-1. Io the analySiS, dl Of 
the metals were assumed to be oxides in their normal highest oxidation state. The mzmalized 
campositional analyses did not t&e into account the known pnstnct of anions such as fluoride and 
sulfate. Thc dry blend formulations of waste and additives were seleatd for the initial range-finding 
experiments based on the compositional analyses. Each dry blend formulation was selected such that 
enough soil or flyash was added to tf# waste to form a melt with 30 to 60 percent glass formers. Tk 
initial range-finding expeximcm wen melts of pit wastes with no additives. These experiments were 
conducted in platinum/gold alloy cnrcibles. If the solidified product did not look like a glass, or had 
obvious nystal in it, or if the crucible became damaged or desmyed during the melf additional soil or 
flyash was added to the next range-finding expcrimmt If the mixture did not melt at 125oOC or if the 
melt was very viscous, more sodiumMUx (e.g.. sodium hydroxide or sodium carbonate) was added to 
the waste. 

Compositional analysis was done on the site soil and flyash as well 8s tht pit wastcs. As a 
vitrification additive, the flyash at 94.98 mole percent glass formers and 5.02 mole percent fluxes is 
superior to the sitc soil. While the glass former content of the site soil is significant at 64.20 mole 
percent, the accompanying 35.80 mole percent fluxes serious detracts from its usefulness as a 
vitrification additive. These differences should be kept in mind when reviewing preliminary and 
advanced phase waste/soil and waste/flyash formulations. 

B.12 Fced and Reagent Pmaration 
The pit wastes and additives were dried at lOPC to remove excess water, &round to a powder, and 
placed in firebrick crucibles. If sodium hydroxide was to be added to the mixture, a solution of the 
hydroxide was well mixed with the dried waste. The waste and additives were calcined at typically 
200,400, and 750°C to drive off volatile organic compounds (VOC); oxidize remaining organic 
compounds; and drive off cat%oates, nitrate, and water while transforming the waste and additives to 
oxides. The 200 and 4CKPC calcination steps were for about 2 hours each. The 750°C calcination step 
normally requires 8 to 12 hours to oxidize the high organic conmt in the local fly& and in several 
of the pits. It was critical to destroy (fully oxidize) the organics in the feed to ensure that the melt 
was not under reducing conditions. Any cabon or other organic remaining in the waste would deplete 
the melt of oxygen and then start to reduce the iron and other oxides to elemental metals. If metals 
axe reduced in the melt, they may form a lower temperature melting point alloy with the plat.inum/gold 
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crucible that would destroy the crucible. Also, reduced metals pool at the boaom of the crucible 
fonming a nonhomogareous product This laser situation may lower the chemical and physical 
durability of the vitrified product 

m calcined WIMCS and additives wcxc mixed together in the assigned proportions, thcn ground again 
to ensure good mixing hpr?nllre minimal stirring would occur during each melt. This well-blended 
mixpue was then added to the platinum/gold crucibles. 

B.1.3 hu.cibles 

Three types of cruciiles wcne used during the Remedy ScreCning studies: platinum/gold, firebrick 
(alumina-silicate), and stainless stecl crucibles. Tbe platinrmJsold were uscd in the initial range- 
finding expcrimcnts and were plarmed for usc later to prcpa~~ samples that would undergo lcacbing 
tests. These crucibles are nonwetting to silicate glasses, allowing all of the solidified product to be 
removed from the crucible and IIO intrusion of crucible material into the vitrified produn Firebrick 
crucibles were used to minimite the potential for damage in using the very expensive platinum/gold 
crucibles. These crucibles, when used at melt temperatures, colltributed significant amo~l~~ts of glass 
formers (e.g., silica and aluminum) into the processed melts. Such intrusions of glass formers 
produced a more durable glass product and a higher viscosity melt than the equivalent formulation 
would have in a plarinWgold crucible. Thc stainless steel crucibles were used after the degradation 
of the plarinuudgold crucibles was observed in the prcsmcc of local flyash 

B. 1.4 Performine Melts 
The melrs were performed on the calcined feeds in a prehacd M b e r g  Model 51333 box fumace at 
125oOC for 4 how. The melts wen stined with an Inconci wire aftcr 2 to 3 hours in the oven. 
Mixing the viscous liquid was critical to ensure that a homogenwus product was produced. After 4 
hours in the fumace, the molten samples were m o v e d  from the o v a  and allowed to cool rapidly. 
To minimize the potential for cxystal growth in the produc~ the temperame of the melt was ramped 
down from 1250 to about 6oooC in 20 minutes while the crucibles remained in the fumace. 
The glass product was ground in a Tekmar mill or a Brinkman centrifugal grinder for size reduction 
for the MPCT and MTW leaching tests. The 10 to 200 mesh (75 to 150 m i m )  size fraction was 
uscd for the modified P m  while the less than 75 micron size fraction was used for the modified 
T U P .  Using this very fine size fraction, with its very high surface area, for the MTUP testing 
provided a much more aggressive evaluation of weak acid leachability than the standard 4 . 5  
millimeter (mm) T U P  size criterion This procedk provided a more sensitive smening of the 
leachability of the glass formulations. 
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B2.O PIT 1 1 

B2.1 Commsitional Analvsis 
As vitrification feed material, Pit 1 contains only 6.76 mole percent glass formers and 9324 mole 
pcrcau flux The formertflux ratio is only 0.073, significantly less than the dcsircd 0.5 or greater. 
Additionally, compositional data reveal the prcsaux of Rcsollra Conservation and Rccovery Act 
(Rm) metals, uranium, and thorium at levels that mi@ result in significant leaching in poor glass 
formulations. 

B2.2 Range-Findine Tests 
Initial testing generated five samples that evaluated the performance of Pit 1 campsite material to 
vitrify as-is, with soil and with site flyash ?he formulations arc pnsented in Table B-2. 

The as-is formulation (Pl-1) melt resulted in a highly viscous (V-l), multi-phasic, &ranite-like material 
with trapped gas bubbles near the top. Addition of sodiumMux was thus recommended in the Remedy 
S-g formulations to &ucc the viscosity and allow moxe homogeneous procesSing. 

The two wasteJsoil formulations (Pl-2 and P1-3) exhibited good melt viscosities (V-3N4) and 
different pr~ducts at Gr lower and higher soil loadings.  he lower soil formulation (PI-2) nes~lted 
in a granite-like product while P1-3, the higher soil fornulalion, produced an e x d e n t  glass. The 
Remedy Screaring wWsoi l  formulations would reduce the sodium/flux loading to determine its 
effect on producing a homogeneous, ~ ~ U W L I S  product 

The two waste/flyash formulations (P1-4 and P1-5) Mexed in their flyash and sodiUmMux loadings 
and produced significantly different products. The P1-4 melt had a high viscosity (V-3) and cooled to 
a slag-like material with suraked inner layers. The P1-5 melt had a lower viscosity (V-3N-4). was 
pourable and cooled to a low gloss glass. The latter formulation was superior of its increased 
contribution of glass formers with the flyash and probably becaw the flyash used was preroasted, 
allowing for a moFe oxidative melt. Appaxently the sodium/flux loading in P1-4 was not able to 
overcome the adverse effects of the uncalcined 5yash The flyash formulations in the Remedy 
Screening retested these flyash loadings with higher and lower sodium/flwr loadings. 

B2.3 Remedv Screening Tests 
This second round of testing of pit wastes generated eight samples that funher refined the evaluation 
of soil, flyash and sodium/flux additives. Table B-2 presents these formulations. 

Four experiments with the waste-only formulation were performed using increasing loadings of 
sodium/flux to reduce the high melt viscosity. Products ranging from pmus  to completely vitreous 
resulted, all with very low visaxities and all resulting in crucible meltdown. These results reflect the 
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inherent low glass former, high flux content and the corrosivity such a composition becomes under 
molten conditions. The melting points of a significant portion of the waste's CoIlStituents (e.g., MgF, 
MgO, and CaO) all exceed 125OOC and may not have vitrified even with additional sodium flux. No 
leach tesrs were performed on these products. 

3 

4 

Two waste/soil formulations also were tested (Pl-10 and Pl-11). repeating PI-5 formulation in one 

appearing glass, single phase and less brittle. Neither formulation leached d u m  nor gross 

fluorine in the MPCT (122 parts per miltion [ppm] fluorine; 148 ppm sodium). P1-10 was deemed an 
overall beaer glass and the formulation was developed in the advanced phase testing. 

S 

6 

7 

and in the 0 t h  reducing the sodirrmMux addition by half. The original foxmulation produced a bctrw 

alpha/beta in tk MPCI: and MTCLPtests. but the better appearing glass leached higher sodium and a 

9 

10 

Two wasWflyash formulations el-12 and P1-13) further evaluated the range-fmding formulations. 
The P1-12 foxmulation produced a pourable melt (V-3/V-4), which cooled to a good quality black 
glass with some yellow phase sepamed inclusions. The P1-13 formulation produced a slightly more 
viscous melt that cooled to a vioe~us, near-aymlhe glass with granulated streaks nmning through i t  
Both fomulations performed well in the leach tests, neithtr leaching significant radionuclides nor 
RCRA metals. P1-12 leached 1 5  ppm uranium in the MTCLP while P1-13 leached 1.0 ppm uranium 
in the MTCLP. "he lower sodium/flux formulation Pl-12 was chosen for testing in the advanced 
phase. The sodium level was lowmd for thc advanced phase testing, in the belief that it might fiuthcr 
rtducc lcaching of uranium. 
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B.3.0 PIT 2 a0 

B.3.1 Comwsitional Analvsis 11 

As vitrification feed material, Pit 2 contains 65.67 mole percen~ glass formers and 34.33 mole percent 
flux. The fonncrlflux mi0 is 1.913 and satisfies the desired 05  or greater target Additionally, 
compositional data reveal the presence of chromium, uranium, and thorium at levels that might d t  

in signifcant leaching in poor glass formulations. 
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B3.2 Range-FindinP Tests as 
Initial testing generated five samples that evaluated the performance of Pit 2 composite material to 
vitrify as-is, with soil and with site flyash. The formulations are presented in Table B-3. 

n 
28 

The as-is Pit 2 waste (€2-2) melt resulted in a pourable melt (V-3W-4) that was heterogeneous in 
character, with vitreous, slag, and porcelain phases. Addition of sodium/flux in the Remedy S c d n g  
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formulations was recommended to reduce the viscosity and allow more homogeneous processing. 
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"he two waste/soil formulations (P2-2 and P2-3) both produced pourable melts that cooled into 
excellent glasses. "here was only a slight difference in viscosity for P2-3, the lower soil loading. 
Remedy Screening tests of waste./soil formulations would investigate reduced soil and flux loadings. 

The two wastelflyash formulations (P24 and €2-5) produced high viscosity melts that cooled into 
near-vipeous, to slag-like products. F2-5 appeared to be the better glass, homogeneous and glossy but 

different lewels of sodirmnMux addition. 
nonpollrable. Remedy sneming tests investigated the potential impIlovcment in viscosity of several 

B3.3 R m d v  Screenine Tests 
This second round of testing generated seven samples that further refined the evaluation of soil, flyash, 
and sodium/flux additives. Table B-3 presents these fomula!ions. 

Refinement of the as-is foxmuhion required one additional test (P2-6) to produce a low viscosity melt 
and good quality glass. A 7.7 perccnt addition of sodium oxide helped to transform the previously 
observed multi-phasic (vimWsla-ain) P2-1 product into a single-phase, homogeneous glass. 

TWO wastc/Soil fOmulatiOnS wuc tested (pz-7 and P2-8). Epcating the P2-3 fOmulatiOn in P2-7, and 
in P2-8, reducing the sodilrm/flux addition by half. Both formulations produced single-phase, viawus 
products of low to medium viscosity. The leach test performances of these formulations d i f f ed  only 
in leachable uranium, 9 3  ppm for p2-7 and 1.2 ppm for P2-8. hachable gross alphabeta, metals, 
and anions were all at low ppm to nondeteaable levels. The low flux formulation (€9-8) was chosen 
for use in the advanced phase testing due to its reduced leachable uranium performance. 

Four experiments were performed with wasteMyash mixaues to refie the €2-5 range-finding 
formularion. SodiUmMux additions at 5 2  percent, 7 percent. 7.7 percau, and 8.3 percent were tested. 
At 5.2 percent and 7 percent additions, very high viscosity (V-1) melts were produced that cooled into 
either a near-vitreous, slag-& material (P2-9) or a glossy, nonporous, single-phase monolith. At 7.7 
percent and 8.3 p a n t  flux addition, melt viscosity reduced to pourable (V-2N-3) and achieved a 
glossy black vitreous character. The two glass samples taken through leach testing (€2-11 and F2-12) 
both leached small amounts of uranium (0.3 to 0.4 ppm) in the MTCLP but only low to nondeteuable 
gross alphabeta, metals, and anions. Due to its processable viscosity and satisfactory character as a 
glass, the 8.3 percent sodium/flux addition formulation (€2-1 1) was chosen for use in the advanced 
phase wWflyash testing. 
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B.4.0 PIT 3 

B.4.1 Commsitional Analvsis 
As vitrification feed material, Pit 3 contiil~ls 48.22 mole perca~ glass formers and 51.78 mole penxnt 
flux The formcrMux ratio is 0.931 and satisfies the desired 05 or gnater targu Additibnally, 
compositional data meal the prtsaux of RCRA metals, Uranium, and thorium a levels that might 
rcsult in significant leaching in poor glass formulations. 

B.4.2 pange-Findine Tests 
Initial testing generated five samples that evaluated the perfhmce of pit 3 composite material to 
vim as-is, with soil and with site flyash. 'Ihe formulations arc presented in Table B 4 .  

The as-is pit waste (€9-1) generated a low viscosity melt but cooled to a fused but nonvitreous granite- 
like mass with some visible crystals. Addition of sodium/€lux in the Remedy Screening formulations 
was recommended to rcduce the viscosity and allow more homogeneous plocessing. 

Two waste,/soil formulations (P3-2 and p3-3) produced low viscosity melts that cooled into excellent 
dark amber glasses. The higher waste loading fornulation (P3-2) would be developed in Remedy 
Screening and the effect of reduaion in sodiur4flux addition evaluated. 

Two wasWflyash fonnularions (p3.4 and p3-5) produced excellent glass phases with widely difkring 
melt viscosity. P3-4 melted to a good pourable viscosity (V-3) and cooled in00 a homogeneous dark 
amber glass. while p3-5 melted into a Mnpourabit (V-1) glass with slag-like cap Qlvapping bubble 
pockets. Considering the combined mums and proportions of glass formers (waste and flyash) and 

formerMux ratio. yet P3-5 lacks sufficient flux to lower melt viscosity. p3-5 was developed m 
Remedy S w  with various levels of flux added to enhance processabiliry. 

fluxes (waste, flyash, and sodium addition) in each of tfEcsc f O n a U l a t i ~ ,  both exceed the 0.5 

B.4.3 Remedv ScrecninP Tests 
This round of testing generated six samples that further =fined the evaluation of soil, flyash, and 
sodiuxdflux additives. Table B-4 presents duse formulations. 

'One as-is vitrified test sample was generazed (P3-6) using a 7.4 percent sodium addition. The result 
was a low viscosity melt that cooled to a black vitreous to slightly porcelain-like material in which 
p e n  streaks were observed. Slight corrosive attack was observed in the firebrick crucible. which 
suggests that no higher level of sodium addition would be recommended. Leach testing was 
performed on this sample and 3.3 ppm uranium and 0.03 ppm cadmium were measured in the 
MTCLP. Low ppm levels of metals and anions were observed in the m, the highest being 53 
ppm sodium and 35 ppm fluorine. 

2 

3 

4 

5 

6 

1 

1 

9 

10 

11 

12 

13 

14 

16 

17 

11 

19 

aD 

21 

P 

P 

21 

25 

26 

f7 

a 
19 

32 

162 



- 5284 

1 
.- i 
i 0 

i a 
... B 
i 0 

... d 
a 
3 
3 

z 

W s 

0 

8 
W 

9 n 
9 n 

9 n 0 

0 0 0 0 n 

0 8 a 0 0 

. .  

8 
0 

8 
LI 

8 8 
m 8 

LI 



8 c. 
E 
3 
o! n 

s 
- 
8 
W 

- 
0 

9 
t- 

- 
8 
W 

0 

0 

- 
0 0 

1-64 



- 5284 

Two waste/soil formulations (p3-7 and P3-8) produced low to medium viscosity melts that cooled DD 
good quality, single-phase glasses. The lower sodium addition p3-8 formulation produced a higher 
viscosity melt Leach testing on these samples i n d i d  very similar performances: low to 
nondetectable lev& of gross alphabeta, metals, and anions. Uranium leachability in the MTCLP was 
5.9 ppm for P3-7 and 4.3 ppm for P3-8, while uranium was noukect in the MPCT for both. 

Bccause both formulations produced satisfactory glasses, in Remedy Scmming the sodium/flux 
addition would be kept the same while the soil loading was inmased. It was anticipated that 
additional glass former frcnn the soil would furthcr improve the quality of glass produced while the 
additional flux from the soil would help lower the melt Viscosity. 

Thnc waste/flyash formulations resulted m medium (V-2/V-3) to high viscosity (V-1N-2) melts that 
cooled to products ranging in character from borderline vitreous porcelain to vitreous with potentially 
aystahe streaks. From visual inspection, €3-12 appears to be the best qual~ty glass although 
vitrification appears to have occurred nonuniformly through the monolith. PemapS with inrreased flux 
content or increased Stirring during procesSing, a more homogeneous melt could have been achieved. 
Leach testing was performed for p3-11 and P3-12. Low levels of uranium leaching (0.3 to 05 ppm) 
were observed in the M"CU and low ppm levels of metals and anions were obsented m the m. 
-12, the high sodium/flux level formulation, was chosen for advanced phase testing bezausc it 
demonsvated the lowest melt viscosity and leachability performance. 

B5.0 PIT4 

B5.1 Comwsitional Analvsis 
As vitrification feed material, Pit 4 contains 18.29 mole percent glass formers and 77.07 mole percent 
flux. The former/flux ratio is 0.237, below the desired 05 or greater targek Additionally, 
compositional data reveal the presence of RCRA metals, uranium, and thorium at levels that might 
result in significant leaching in poor glass formulations, especially the 4.63 mole percent UO, present. 

B5.2 RanPe-Finding Tests 
Initial testing generated five samples that evaluated the performance of Pit 4 composite material to 
vitrify as-is, with soil and with site flyash. The formulations are presented in Table B-5. 

The as-is pit waste (P4-1) produced a low viscosity (V-3) melt that cooled into a nonvitreous, 
crystalline granite material with a granulated surface cap. This result is due to the low concentration 
of glass formers in this waste. In Remedy Screening, the effect of increasing sodiuxn/flux addition 
would be evaluated although no advantage would be expected. 
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Two waste/soil formulations (P4-2 and P4-3) were teste& They differed in their soil loadings, and P4- 
3, the higher loading formulation, produced an excellent glass, while P4-2 produced a hcterogetleous 
vitreous/crystalline mixture. Both melts had goad viscoSitics (V-3). P4-3 was investigated in Remedy 
Screening, to determine if a good glass could still be produced with reduced sodiux4flux addition 

WasteByash formulations (P44 and P4-5) produced high viscosity mclts (V-1) that cooled into very 
different products. P44, with low= flyash loading and 5 percent flux addition, produced a very 
porous, crystalline/grante-likc material, wbilc P4-5, the h i g h  flyash loading witbut flux addition 
produced a noqomus glass/porcclain material with slag cap. These dif€erence~ ~ 5 ~ a  insufficient 
glass fonner in the first case and hufliciezlt flux in the second. Remedy Screefifng testing would 
repeat the higher flyash loading P4-5 formulaton, while investigating the effect of incnasing 
SodiumMUx addition 

B5.3 Rmedv Screening Tests 
This second round of testing generated nine samples that further refined the evaluation of soil, flyash, 
and SodiumMUx additives. Table B-5 pFesents thtsc fOmulatiOnS. 

Four experiments with the as-is pit waste were perfonned with increasing loadings of sodiuml'hx to 
reduce the high melt viscosity. Nonporous products ranging from coal-like to glossy black resulted, 
all with very low viscoSitics. All but P4-8 rmlted m crucible meltdown. These results reflect the 
inherent low glass fonncr, high flux content of thc wastc and tk comsivity of such compositions 
under molten conditions. The fuxthcr addition of sodium/nux only exacerbated the problem. 'Ibt 
melting points of a significant portion of the waste's constituents (e%., MgF, MgO, and CaO) all 
exceed 1250°C and may not have vitrified even with additional sodium flux. No leach tests were 
performed on these products. 

Two wastc/soil formulations were testcd (Pel  1 and P4-12)- Fcpcating thc P 4 3  formulation m P4-11 
and reducing the sodiumMux addition by half for P4-12. Both formulations produced glossy, 
nonporous, single-phase vitxwus products but their leachability performance differed significantly. 
The lower flux formulation (P4-11) leached considerably with 24,000 weightheight (wt/wt) gross 
alpha and 5150 wt/wt pss beta), chromium (0.3 ppm), and uranium (67 ppm) in the MT-. This 
poor leachability performance may be related to the observation of corrosive atrack on the mcible 
during melt prepamion. Such attack reflects unincorporated 5ux that can pmmote leachability. Due 
to the better quality of its vitrified product and leachability performance (e.g., 2 ppm uranium: 
nondetectable gross alphalteta) formulation P4-12 was developed in the advanced phase testing. 

Three waste/flyash formulations were tested during Remedy Screening. The range-finding 
wasteMyash formulation of choice (P4-5) was repeated with sodiumMUx additions at 2.6 percent (p4- 

13), 5.7 percent (P4-14) and 7 percent (P4-15). The low flu formulation produced a very high 
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viscosity (V-1) melt that cooled to a vitreous mass with slag-like cap, while the high flux formulation 
produced a pourable melt (V-2/V-3) that cooled to a porous slag with glossy nonporous inclusions. 
Ihe medium flux formulation was prepared after observing the resulting products from the low and 
high formulations. The medium flux melt had a pourable viscosity (V-3) and cooled to a glossy black 

nonpomus product streaked with beige crystalline material that had m t  vitrified. This incomplete 
viuification may be due to either composition (e.g., high 0 0  and MgO), inadequate p~ocessing (e.g., 
insufficient mixing or time at temperature) or both 

The leachability performance of the medium (P4-14) and high (P4-15) flux formulations were 
evaluated by MPCTT and MTCLP and found to be nearly identical: Uranium leached from MT- 
(3.6 ppm; 3.6 ppm), gross alpha/beta leached at the lowest level of detection (LLD) for both MTCLP 
and MPm, and low ppm levels of metals and sulfate wcre observed in the MKT. 

The medium flux formulation (P4-14) was taken into the advanced phase testing due to its greater 
viueous, although heterogeneous appearance. 

B.6.0 PIT 5 

B.6.1 Comwsitional Analvsis 
As vitrification feed material, Pit 5 contains 12.94 mole percent glass formers and 87.06 mole perccnt 
flux. The former/flux ratio is 0.149, below the desired 0.5 or greater target. ~ Additionally, 
compositional data reveal the prestnce of RCRA metals, uranium, thorium, and anions at levels that 
might d t  in significant leaching in poor glass formulations. 

B.6.2 Ranee-Findine Tests 
Initial testing generated four samples that evaluated the performance of Pit 5 composite material to 
vivify as-is, with soil and with site flyash. The formulations are presented in Table B-6. 

The as-is formulation (PS-I) did not vitrify substantially during furnace pmxssing. The resulting 
material was not fused, appearing more like charred black chunks of powdery "mil." The waste 
material did not liquify during the 2 hours it was heated at 1250% which may be due to the fact that 
the melting points of a significant portion of the waste's constituents (e.g., MgF, MgO, and CaO) all 
exceed 1250°C. A major benefit of sodidflux addition is that it can lower the melting point of glass 
fonner/flux mixtures. The potential for vitrification of the as-is Pit 5 material at 125CPC with addition 
of sodiumKlux was investigated during Remedy Screening. 

Two waste/soil formulations (p5-2 and P5-3) were processed with very different results for melt and 
cooled product. P5-2 exhibited a low viscosity 01-3) melt but cooled to a fused to porcelain-like mass 
with a less porous surface cap. P5-3 with a higher soil loading but identical sodiumiflux addition, 
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produced a high viscosity melt (V-1) and upon cooling, a fused, granite-like mass. The addition of 
both soil and sodiux4flux effected liquificarion of the Pit 5 waste and the production of fused but 
heterogeneous monoliths. It was anticipated that further addition of sodium/flux would result in more 
homogeneous and more viaous product ami this was investigated during Remedy Saecning. 

One waste/flyash formulation (PS4) was tested that produced a homogeneous, mmporous glass but 
with a very high melt viscosity (V-1). Only further addition of sodium/nux was required to reduce the 
melt viscosity because the product was already a good glass. 

B.6.3 Remedv Screenine Tests 
This second mmd of testing generated nine.samples that further refined the cvaluarion of soil, flyash, 
and sodium/flux additives. Table B-6 presents these formulations. 

Two pit wasteonly formulations with sodi&ux addition (PS-6 and F5-7) were tested in an attempt 
to lower the melting point of waste constituents and achieve a more viueous product. A 3 percent 
sodium/flux level for P5-6 malted in a nonfwd, charred black material with an extremely porous 
tcxture. Leach testing of this formulation indicated that gross alpha at 2230 wthvt and gross beta at 
10.200 wt/wt, cadmium (189 ppm), and sodium (354 ppm) leached appreciably in the MPCl', while in 
the MTUP the gross beta (1200 Wtiwt) and chromium (1.7 ppm) were deteaed 

An 18 percent sodiumlflu~ addition to the waste (P5-7) resulted in a pourable (V-3) melt that cooled 
to a phase-scparatcd producr The outer surface of the monolith was coated with a porous, sulfur-like 
material through which in some 81cas a purcly viaous, pansparent inner mass was visible. It is 
hypothesized that the high umccnrm 'on of anions (fluorine, chlorint, SO,, and PO,) formed a 
separate, nonvitrified phase while, aided by the significant sodiumMux addition, the glass formers 
vitrified into thc glass phasc. Leach testing of this formulation revealed aluminum (216 ppm) and 
sodium (539 ppm) in the MPCI' and chromium (5.5 ppm) and selenium (0.7 ppm) in the MTLP. 
Radionuclides (alpha, beta, and uranium) were at ILD in both 

In the as-is R a n d y  Screarin& it appears that high levels of sodi\rm/nux addition cannot bring some 
of thc waste constituu~~ into the vitrifying melt. Thc addition of soil and flyash helped m a k  some 
progrcss towards but were unable to totally ovcrcomc this limitation 

Three waste/soil formulations were tested involving higher soil and sodiuxdflux loadings than tested 

during range-finding phase. P5-8 at 5.2 percent sodium/flux addition produced a very high viscosity 
(V-1) melt that cooled to a porous, granite-like mass. No leach testing was done on this sample. P5- 
11 at 8 percent sodium/flux addition produced a pourable (V-3) melt that cooled to a bi-phasic 
monolith. Only the outer cruciblecontacting surfaces exhibited the vitreous. sulfur-like second phase. 
The vitreous mass was an excellent glass. Leach testing of this sample indicated some leaching of 
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cadmium (3Oppm), and sodium (33 ppm) in t h e m a n d  BIsQLic ( 1 . 0 ~ )  in the MTW. 
Radionuclides (alpha, beta, and uranium) were at LLD for both The effect of further raising the 
s o d i d u x  addition was investigated in E-9. At 8.5 percent sodium/flux addition, a good glass was 
also produced with the same vitreous, sulfur-lh second phase. Leach tcsting of this product revealed 
an essentially identical level of leaching for gross alp- mctais, and anions. 

The problem of a bi-phasic prod- could not be resolved with SOdirrmMux or soil addition. Because 
nothing more seemed to be gained from bcmsing flux addition from 8 pcrcav to 8 5  perunt. the 8 
percent formulation (P5-11) was chosen for use in the advanced phase resting. 

Four experiments wexe performed with wast4flyash mixaules to reduce tbe viscosity of the P5-4 range- 
finding formulation. S o d i d u x  additions at 8.8 percat, 14 percem, 16 pe- and 18 percent were 
tested At 8.8 percent and 14 percent additions, very high viscosity (V-1) melts wete produced that 
cooled into slag-like masses with either a spongy-porous (P5-13) or fibrous texture (P5-12). Both 
products are very heterogeneous both in textwe and color of constituents. No leach testing was 
performed on these samples. 

At 16 percent and 18 percart flux addition, melt viscosity reduced m pourable (V-21v-3) and much 
more complete phase sepaxation was &cued. p5-15 exhibited only a small boaom rim of vitreous, 

sdfur-like second phase, while PS-14 still had layers of the yellow second phase interspersed 
throughout i t  irnch teSting of these two samples detected low levels of maals and anions in the 

the MPCl' and chromium (0.7 ppm) and uranium (0.3 ppm) m the m. Ps-14 leached cadmium 
(25 ppm), silicon (24 ppm), and sodium ('74 ppm) in the 
(0.2 ppm) in the MTCLP. Both were LLD for gross alp- 

M K T  and MTQS. p5-15 leached aluminum (31 p ~ m ) ,  silicon (32 p ~ m ) ,  and sodim (126 p ~ n )  in 

and chromium (2.0 ppm) and uranium 

From the performance of the four test waste/flyash formulations, it was decided that the wasteMyash 
ratio was sound and that this formulation should be developed in the advanced-phase testing. 

B.7.0 PIT 6 

B.7.1 Cornwsitional Analvsis . 
As vivification feed material, Pit 6 contains 24.63 mole percent glass formers and 74.07 mole percent 
flux. The former/flux ratio is 0.333, which is below the desired 0.5 or greater targa Additionally, 
compositional data reveal the presence of chromium, uranium, and thorium at levels that might mult 
in significant leaching in poor glass formulations, especially with uranium at 6.69 percent (as UOd. 
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B.7.2 Range-FindinP Tests 
Initial testing generated four samples that evaluated the performance of Pit 6 composite material to 
vitrify as-is, with soil and with site flyash. The formulations are presented in Table B-7. 3 

The as-is formulation -1) produced a good v i m m  product with a low viscosity (V-3N4) melt 
Streaks of a greenish-yellow material were observed thtroughout the monolith. During Remedy 

vitrified mass would be investigated 

4 

5 

6 

7 

Scr#ning, the abiity of sodi- addition 00 belp incorporate this second phase material into the 

Two waste/soil formulations (Pfj-2 and P6-3) generated cxceilmt glasses both with pourable mclts. 
Tht higher soil loading formulaion (pb-3) produced a completely vitreous, single-phase produrn’ while 
the lower soil loading formula!ion (P6-2) exhibited a nonvitrwus skin W ~ I C  it contacted the crucible 
walls. During Remedy SCrearing, the pd-3 formulation would be modified to determine if a good 

I 

9 

10 

I1 

glass could be produced with reduced sodium/flux addition. I2 

Only one waste/nyash formulation (F6-4) was tested The melt viscosity was very high (V-1) and the 
cooled product was granite-& with a da&, crystalline cap. It was reasoned that this formulation 
cantained insu&cient glass former content so during Remedy Screening the flyash loading would be 

13 

I4 

IS 

B.7.3 Remtdv Srrtcnine Testing I7 

I1 

I9 

This second mund of testing generated five samples which funher refimd the evaluation of soil, flyash 
and soditu4flux additives. Table B-7 prescms these formulations. 

The as-is range-finding formulation was modified by the addition of 8 5  percent SodiUmMux addition. 
The resulting formulation (P6-6) produced a low viscosity (V-3N-4) melt that cooled to a vitreous 
black-amber m a s  in which greenish-yellow StlrCaLs of a second phase material were still pxesem 
Leach testing of this product indicated that some leachability of uranium (15 ppm) in thc MTCLP and 
silicon (14 pprn), sodium (58 ppm) and fluoride (123 ppm) in the 
beta was at U D  in both. 

was evident. Gross alpha/ 

Two waste/mil formulations (€67 and P6-8) tested the ability of the P6-3 range-finding formulation to 
produce a good g k y  with reduced sodiumMux addition. P6-7 was an unmodified retest of the pd-3 
formulation It produced a low viscosity (V-3) melt that cooled to a transparent glossy black, 
nonporous glass. Leach testing of this glass indicated leaching of uranium (3.7 ppm) and chromium 
(0.2 ppm) in the MTQS and cadmium (27 ppm), silicon (14 ppm), and fluoride (31 ppm) in the 
MPCI’. Gross alphdbeta were at LLD for both tests. P6-8 reduced the sodium/flux addition to 2.6 
percent, which produced a low viscosity (V-3) melt that cooled to a good quality glass. Leach testing 
of this glass indicated that leaching was occurring for gross alpha (15,800 Wwt) and gross beta (4460 
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Wwt) and uranium (1.4 ppm) in the MTCLP and cadmium (45 ppm), silicon (23 p), fluoride (31 
ppm) and sulfate (8 p) m the MPCT. It appears that increased leachabiity may parallel reduced 
sodiumMux m m  and because of this the higher sodiUmMux formulation (5.2 percau; P6-7) was 
chosen for use in the advanced phase testing. 

1 

2 

3 

4 

Two wastdflyash tests were designed to increase the flyash loading of the range-finding formulation 
and test dle effect of lower sodium/nux loading. I 5 1 1  raised the flyash to waste loading to 2:l and 
kept the flux addition at 5 2  pe- It produced a pourable viscosity (V-2/V-3) melt that cooled to a 
nonglossy, porous, near-vitret~us monolith ha& testing of this product indicated that leaching of 
uxanium (1.8 ppm) and chromium (0.1 ppm) was occmiug m the MTCU and aluminum (5 ppm), 
silicon (I 1 ppm), and fluoride (35 ppm) in the m. Gross alphabeta were at LLD in both tests. 

P6-9maintained the flyash to waste loading at 2:l but IBducedthe flux loading to 2.6 percent and 
produced a good Viscosity (V-3) melt that cooled to a glossy black, vitreous mass. Leach testing of 
this product indicated some leachabiity, uranium (2.7 ppm) in the MTCLP and silicon (11 ppm) and 
aluminum, cadmium, magnesium, and fluoride (all d ppm) in the MPm. Gross alphabeta were 
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14 

LLDmbothtests. 15 

'Ihe low flux addition formulation -9) produced a better appearing glass with acceptable 
leachability performance and was therefore chosen for use in the advanced phase testing. 

16 

17 

. 
B.8.0 BURN PIT 11 

B.8.1 Commsitional Analvsis 19 

As vitrification feed material, the bum pit waste amtains 7058 mole p e m  glass formers and 29.41 a0 

mole perocnt flux. The former/flux ratio is 2.40, the highest of all the pits. In addition, it wntains the 
lowest combined cm-on of cadmium and magnesium. 

21 

P 

B.8.2 Ranpe-Finding Tests 
The as-is waste formulation was tested fim and found to be very sucxessf~& therefore, waste/soil and 

wastelflyash formulations tests were unnecessary. Instead, during Remedy Screening waste/soil and 
waste/flyash formulations were designed on the basis of past experience with the other waste pits. 

The as-is formulation (F7-I) produced a low viscosity (V4) melt that cooled to an excellent black 
glass. Although not Svictly necessary, during Remedy Screening the effect of sodiuxn/flux addition 
would be evalua!ed. 

B.8.3 Remedv Screening Tests 
This second round of testing generated eight samples that further refined the evaluation of soil, flyash, 
and sodium/flux additives. Table B-8 presents these formulations. 
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For F7-2, the as-is formulation was supplemented with 7.4 penxnt s o d i d u x  and found to produce a 
good viscosity (V-3) melt and an excellent brownish-black glass. Leach testing of this glass indicated 
minor leaching of uranium (1.3 ppm) in the MTUP and silicon (20 ppm) in the MPm. 

Two waste/soil formulations were designed at 05:l soil to waste loading and at two levels of 
SodiumMUx addition: 2.6 percent (P7-2) and 5 2  percent (P7-3). The higher flux formulation 
pmduced a fairly low Viscosity (V-3N4) melt that cooled to a uanslum glossy black glass. Leach 

and cadmium (24 ppm) and silicon (24 ppm) in the Mp(JT. Gross -eta were LLD for both tests. 
The lower flux formulation produced a medium viscosity melt (V-UV-3) that cooled to a glossy dark 
black glass with a second phase of undissolved specks. These specks appeared to be crystaUine in 
natm and may have been an artifact of too slow a cooling rate or indicative of minor m o r  
intrusion of the firebrick crucible. Leach ttsting of this glass indicated minor leaching of urauium (0.3 
ppm) in the MTUP and cadmium (12 ppm) and silicon (21 ppm) in the MPCT. Gross alphabeta 
were LLD for both tests. 

testingof this glass indicatedleaching of uranium (3.7 ppm) andchromirrm (02 ppm) m the M T C u  

Considering the quality of glass produced (e.g., appearance and leachability performance) as compared 
to SodiumMUx addition, it was decided that no significant advantage was gained h m  a sodiumMux 
addition beyond 2.6 percent Therefore the lower flux level formulation (P7-4) was chosen for use in 
advancedphasetesting. 

a 1:l flyash to waste loading ratio and Five wadflyash formulations were tested, mamamng 
adjusting thc sodirmrMux addition from 4.6 p e m  up through 9.6 percent. The 4.6 p e m t  
fornulation (P7-5) produced a very high viscosity melt (V-1) and a slag-like monolith with entrapped 
gas bubbles. The 7 percent formulation (P7-6) produced an equally unpourable monolith with 
undissolved crystalhe inclusions. Due to the very poor quality of these products no leach testing was 
performed on them. The 7.7 percent formulation (P7-6) was designed after seeing the results of the 
other four runs. It produced a pourable (V-W-3) melt that cooled into a glossy amber-black glass. 
Leach testing of this glass indicated slight leaching of uranium (0.6 ppm) in the MTCLP and 
aluminum (7 ppm) and silicon (14 ppm) in the MPCI'. Gross alpha and beta were at LLD for both 
tests. 

. . .  

Continuing with the higher flux formulations, the 8.3 percent formulation (PI-7) produced a very high 
viscosity (V-1) melt that cooled to a glossy dark amber glass. When broken into thin fragments, it 
was very homogeneous and completely vitreous. Leach testing of this glass indicated minor leaching 
of uranium (0.2 ppm) in the h4TcLp and all metals and anions at <3 ppm in the m. Gross alpha/ 

beta were at LLD for these tests. The highest flux formulation was 9.6 percent and it produced a low 
viscosity (V-31V4) melt and cooled to an excellent amber-black glass. Its leachability results 
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indicated uacc leaching of uranium (0.4 ppn) in the MTCLP and aluminum (8 ppm), silicon ( I f  
ppm), and sodium (3oppm) in t h e m .  

Although some of the waste/flyash formulations produced very good quality glasses with Bcceptable 
leachability performance, it was decided that at least ont of the F e d  Enviromnental Management 
Project (FEMP) wastc pits should be takcn into thc advanced phase in the as-is formulation. Because 
the Bum Pit produced such a visually good quality glass, tfre as-is formulation was carried forward 
into the advanced phase whem individual Bum Pit mte differences might be highlighted. 

B.9.0 CLEARwEIl. 

B9.1 ComDositional Analvsis 
As vitrification feed mmrial, the CleanveU waste conrains 38.49 mole percent glass formers and 6151 
mole percent nux. The formerflux ratio is 0.626 which satisfies the desired 05 or gnxuer target 
Additionally, compositional data rev& the presence of barium, chromium, and Uranium at lev& that 
might d t  in significant leaching in poor glass formulations. 

B.9.2 Ranae-Findine Tests 
Initial testing generated two samples that evaluated the performance of Cleanvdl composite material to 
viw as-& and with soil. No was&/flyash formulation was evalustpA prior to Remedy See. 
The formulations a~ prtsented in Table B-9. 

The &-is formulation (F%-1) produced a medium viscoSity (V-2/V-3) melt, which cooled tp a 
homogeneous, nonporous vitreous mass with a very slight slag-like frlm on surfaces, which contacted 
the crucible walls. During Remedy Screening, this formulation would be adjusted by sodiuxn/flux 
addition to decrwse viscosity and pehaps h n k r  process the slag-like material int0 8 completely 
vitreous formulation. 

Because the as-is pit waste performed so well, only one wastc/soil formulation (p8-2) was tested. At a 
1:l waste to soil ratio and 5 percent flux addition the melt viscosity was good (V-3) and an excellent 
glass resulted. Dauing R a n d y  Smxning, tcsting would focus on reducing the soil loading and 
adjusting the sodiux4flux addition to produce a good quality, higher waste loading glass. 

B.9.3 Remedy Screening Tests 
This second round of testing generated 6 samples that further refined the evaluation of soil, flyash, and 
sodium/flux additives. Table B-9 p~sents  these formulations. 

The as-is formulation (P8-1) was modified with 8 2  percent sodiUmMux addition to produce a lower 
viscosity formulation (P8-3). This formulation produced a good viscosity (V-3) melt that cooled to an 
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e x d e n t  amber viaeous material. However, slight corrosive atrack of the crucible was observed. 
Leach testing of this glass indicated some leaching, uranium (2.0 ppm) in thc MTCLP and cadmium 
(23 p p )  and silicon (23 ppm) in the m. 3 

Thret waste/soi formulations w m  designed to test tk effect of varying sodium/nwr lcvcls with a 
reduced soil to waste loading ratio (031). P84 (52 ptrcent flux) produced a very high viscosity (v- 
1) melt that cooled to a glossy black, n o ~ r o u s  monolith This sample had an aspbaltic characer to 
it that suggested homogeneity but inannplcre vitrification. No leach testing was performed on this 
sample. P8-5 (9.8 percent flux) produetd a low viscosity (v-3/V4) melt that cooled to a semi- 
transparent amber blackmass with good vitreous cbacter. Leach testing of this glass indicated 
leaching of some uranium (1.9 ppm) and chromium (0.1 ppm) in the MTCLP and cadmium (23 ppm), 
sodium (27 ppm). and silicon (27 p) in the MKX. Gross alpha/bcta were at LLD. The highest 
fIux addition formulaion (11 perr#lt; P8-6) produced a pourable viscosity (V-3) melt and cooled to a 
fully vitreous monolith but darker and less traLIsiucent than P8-5. Leach testing of this glass indicated 
some leaching in the MPCI' of cadmium (28 ppn). silicon (23 ppm). and sodium (30 ppm). Gross 
alphidbeta were at LLD in the and MTCLP. 
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Comparison of these formulations with respect to their and leaching performance led to the 16 

conclusion that the midlevel flux foxmulation (9.8 percent; P8-5) produces a superior glass to P84 and -.. 
justifies the additional sodium/flux. Tht high level flux (11 perccra; P8-6) produces a glass that is not 

wamm the extra flux addition. Therefore, it was decided that the 9.8 percent flux addition 
as high quality in appcarancc as P8-5 and whose leaching performance is not significantly better to 19 

a, 

fonnulation (P8-5) would be developed in the advanced phase testing. 21 

As with the waste/soil tests, the fact that the waste vitrifies on its own was relied on to require a 
minimum of testing waste/flyash fomulations. Based on previous experience with the FEMP waste 
pits, a 1:l waste to flyash loading xatio was chosen for testing. Two formulations were tested. one at 
8.8 percent flux addition (P8-7) and one at 12 percent flux addition (P8-8). ?he lower flux 
formulation produced a pourable (V-3) melt that cooled to a black glassy monolith of b e a r  than 
average quality. Lcach testing of this glass indicated minor leaching of uranium (0.14 ppm) in the 

MTCLP and aluminum (5 ppm), cadmium (4.4 p), silicon (14 ppm). aml sodium (4.5 ppn) in the 
m. Gross alphabeta were at LLD in both tests. 

The vitrified product of the higher flux formulation (P8-8) was nearly identical to P8-7. Its leaching 
performance also paralleled closely that of the lower flux formulation indicating no advantage from the 
additional sodiuxn/flux; therefore, the lower flux formulation (P8-7) was developed in the advanced 
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PIT 1 



Number 

LIST OF TABLES 

- Title 

c.1 
c2 
c3 
C.4a 
C.4b 
CJ 
C.6 

c.7 

C.& 

C.8b 

c.9 

c.10 

c.11 

c. 12 

C.13 

Pit potential concrm 
pit 1 - Qlaractcrizaton Radiological TQ9 Data SAS Fde: RlPWRDlR 
Pit1-- 'on hrganics TCLP Data SAS F&: RlPWCMlM 
Pit 1 - Characterization Volatiles TCLP Data SAS Fk: RlPWCMlV 
P i t l - c h a m m u m  ' 'on Semivolatiles TCLP Data SAS Fdc: RlPWCMlB. 
Pill-- . 'on General Chemistry T U P  Data 
Pit 1 - Treatability Radiological TLZP Data - Cement Stabilization - Formula 1 SAS File: 
RCPWRDIC 
Pit 1 - T-ility Radiological TCLP Data - Cement Stabilization - Formula 2 SAS Fde: 
RDPWRDlC 
Pit 1 - Treatabidity Inorganics TQ9 Data - Ccmcnt Stabilization - Formula 1 SAS Fde: 
RKPwcMlC 
Pit 1 - Treatability inorganics TCLP Data - Cancnt Stabilization - Formula 2 SAS Fde: 
RLPWcMlC 
Pit 1 - Tmtabiity Volatilcs TQ9 Data - Cement Stabilization - Formula 1 SAS Fde: 
RlPWCMVl 
Pit 1 - Treatability Volatilcs TCLP Data - Cement Stabilization - Formula 2 SAS Fde: 
RlPWCMVZ 
Pit 1 - Treatability Semivolatiles TCLP Data - Cement Stabmtion - Formula 1 SAS Fdc: 
RYPWCMlC 
Pit 1 - Treatability Sanivolatiles TCLP Data - Cement Stabilization - Formula 2 SAS Fde: 
RZPWcMlC 
Pit 1 - Treatability General Chemistry TCLP Data - Cement Stabilization - Formula 1 SAS 
File: RSPWcMlC 
Pit 1 - T m t a b i i  General Chemistry TQ3 Data - Cement Stabilization - Formula 2 SAS 
Fde: RTPWCMlC 
Pit 1 - Tmtabiity Radiological Dilution Adjusted - 96 Reduction TCLP Data - Cement 
Stabilization 
Pit 1 - Treatability inorganics Dilution Adjusted - B Reduction TCLP Data - Cement 
Stabilization 
Pit 1 - Treatabiility Organics Dilution Adjusted - 96 Reduction TCLP Data - Cement 
Stabilization 
Pit 1 - Treatabiity Radiological TUP Data - Vitrification - Formula 1 SAS File: 
RGPWRDlC 
Pit 1 - Treatability Radiological TUP Data - Vitrification - Formula 2 SAS File: 
RHPWRDIC 



LIST OF TABLES 
(Continued) 

Number - Title 

C. 14 

c.15 

C.16 
C.17 
C.18 

c.19 

C20 

c21 

C22 

C23 

C24 

C25 

Pit 1 - 'haability inorganic TQ9 Data - Viaifcation - Formula 1 SAS Fde: 
ROFWCMlC 
Pit 1 -Tnatabrlr 'ty Inorganic TCLP Data - Vitrification - Formula 2 SAS Fde: 
RPPWCMlC 
Pit 1 - Txeatability General &emistry TCLP Data - Viuification - Formula 1 SAS File: 
RWPWcMlC 
Pit 1 - Tteatability Gcncral Q#misuy TCLP Data - Viaification - Formula 2 SAS Fk: 
RXPwcMlC 
Pit 1 - Tmmbility Radiological Dilution Adjusted - 96 Reduction TCLP Data - Vitrification 
Pit 1 - Treatability bmganics Dilution Adjusted - 96 Reduction TQ9 Data - Vinificatitm 
Pit 1 - TItatability Radiological PCT Data - Vitrification - Formula 1 SAS File: 
REPWRDlC 
Pit 1 - T~eatabiity Radiological PCT Data - Vitrification - Formula 2 SAS Fk: 
RFPWRDlC 
Pit 1 - TmtabUy Inorganics m Data - Vitrification - Formula 1 SAS Fie: 
RMpWcMlC 
Pit 1 - TIuuability h r p i c s  m Data - Viaification - Formula 1 SAS Fit: 
RNPWcMlC 
Pit 1 - Treatability General Chemistry PCI' Data - Vitrification - Formula 1 SAS File: 
RUPWCMlC 
Pit I - Treatability Gencral Chemistry W Data - Vitrification - Formula 2 SAS File: 
RVPWCMlC 
Pit 1 - Trearability Radiological 5-Day Static Leach Data - Cement Stabilization - Formula 
1 SAS Fde: RAPWRDlC 
Pit 1 - Tmubility Radiological 5-Day Static Leach Data - Cement Stabilization - Formula 
2 SAS Fde: RBPWRDlC 
Pit 1 - Treatability Inorganics 5-Day Static Leach Data - Cement Stabilization - Formula 1 
SASFde: RIPWCMlC 
Pit 1 - Treatability Inorganics 5-Day Static Leach Data - Cement S t a b i i i o n  - Formula 2 
SASHle: RJpwcMlC 
Pit 1 - Treatabiiity General Chemistry 5-Day Static Leach Data - Cement Stabilization - 
Formula 1 SAS Fk: RQPWCMIC 
Pit 1 - Treatabiity General Qlemisay 5-Day Static Leach Data - Cement stabilization - 
Formula 2 SAS Fk: RRPWCMIC 
Comprehensive List of Normalized Leach Rates Expressed as a Percentage of Savannah 
River High Level Waste Cxiteria 
Explanarion of the Treatability Clipper Program 



TABLE C.1 

PI" 1 CONSTITUENTS OF POTENTIAL CONCERN 

Pit 1 Pit 1 Pit 1 

Organics 

2-Methylnaphthal~ 

4,4'-DM' 

Aroclor- 122 1 

Aroclor-1248 

Aroclor-1254 

Atoclor- 1260 

Anthracene 

Benzo(a)antbracene 

B-(a)pyrene 
Benzo(b)fluoranthene 

Dichlorodifluoromethane 

Flloran~ne 

Naphthalene 

Phenanthme 

pyrene 
Tetrachloroethene 

Tributyl phosphate 

Antimony 
Arsenic 
Barium 

Bcryllium 

Boron 

Cadmium 

Qvomium 

cobalt 

wJP= 
Cyanide 

Lead 

Manganese 

M e w  
Molybdenum 

Nickel 

SeleniUm 

silver 

Thallium 

VanadiUm 

zinc 
Tin 

Cesium-137 

Radium-226 

Radium-228 

Strontium-90 

Technetium-99 

Thorium-228 

Thorium-230 

Thorium-232 

Thori~m-Total 

uranium-234 

Urani~m-235R36 

Uranium-238 

Urani~m-Total 
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TABLE C S  

EXPLANATION OF THE TREATABILITY CLIPPER PROGRAM 

The data base package was created with Clipper Software. The data base is divided into several sefs. 
These are as follows: 

Gentral Sample Infomation - "his section conrains infomation an mt cement 
stabilization tmabiity. 

Vitxification General Sample Infoxmation - This section contains information on 
vitrification samples. 

General SamDle Information - Cement Stabilization 

Comwsite Samde (COMPOSITE) - The entries in this column are either "Y" or "N." 
"Y" indicates that a sample is a composite (is., waste from more than one raw waste 
sample) was used in mixing the oeatability sample. "N" indicates that only one waste 
sample was used. 

Femald Samde # (FSAMP) - 7kse are six digit numbers, which the Femald sample 
tracking system uscs. If a sample is a composite, a new Femald number is assigned by 
the oeatability laboratory. If a sample is not a composite. tfre sample number assigned 
to the wllle8ted waste sample at Femald is used. 

Treatabilitv Samde it (TSAMP) - Each trtatabity sample is assigned a unique number. 
The fim four digits rcpllesent the laboratory notebook. The next two digits rcpmscnt the 
page in the notebook on which the sample formulation data is mered. The last two 
digits represent the containers in which tfre sample is cured. 

€TDC Samde # 0 - Each sample container that is logged into the trtatabity 
laboratory is assigned a unique number, even if a sample is shipped in several 
containers. 

comment (COMMENT) - self explanatory. 

0 E11)(3#1 andETDC#2Waste(EWSI &EWS2)-IfmorethanoneEIlXsampleis 
used m a sample, them the EI'DC sample number for each is entered as appropriate. 

0 ETDC #l Flvash (EFASI) - If flyash is used in a sample, the EI'DC number from the 
sample container is entered. 

EI'DC #2 Flvash (EFAS2) - If flyash from two containers is used. rhe second container 
number is entered. 

Femald #1 Waste (FWSI) - If one or more Femald samples were used, the Femald 
sample number from the first waste is entered. 
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Femald #2 Waste (FWS2) - If two Femald waste samples were used, the sample number 
for the second sample is entered. 

Femald #I Flvash (FFASl) - This column lists the F e d  sample numbers of the 
flyash used in the sample. 

Frmald #2 Flvash (FFAS2) - If two Fernald flyash samples were used, the sample 
number for the second sample is mtcred. 

Additional SamDle Numbers - If m m  tban two Fernald and two Ezpc samples were 
used, the additional sample numbers are entewl here. 

Mold Mix Date (MOLDPOUR) - This represents the date on which a sample was mixed 
with reagents and placed in the containers to beginthecuringprocess. 

Planned Davs to Cure (MOLDCURE) - These dates are 28 days after the mold mix 
date. 

UCS Date (UCS) - The date on which the sample was wnfined compressive strength 
(UCS) tested. This date should be the e e  as the "Pianned Days to Cure" date. 

Mold Crush Date (CaUSH-DI') - The date on which the cured treatability samples were 
crushed to a particle size meeting the requirements of the TQ9. 

MTCLP Extract Date (MTCLPE) - The date! on which the MTCLP extraction was 
salted. 

MTCLP ShiD Date (MTCLPS) - The date on which the MTCLP exoact was sent to the 
analytical laboratory. 

MTCLP Analvsis Date (Ii4T-A) - The date on which the metals analysis of the 
leachate was completed. 

TCLP Extract Date (TCLPE) - The date on which the analytical laboratory performed 
the TCLP extraction. 

TCLP S h i ~  Date CrQSS) - The date! on which the crushed samples were shipped from 
the treatability laboratory to the analytical laboratory. 

TCLP Analvsis Date! (TCLPA) - The date on which the TCLP analysis was completed 
for metals and organics. 

Static Extract Date (STATICE) - The date on which the Sday static leach test is 
completed. 

Static ShiD Date (STATICS) - The date on which Sday static leachate is sent to the 
analytical laboratory. 

Static Analvsis Date (STATICA) - The date on which Sday static samples were 
analyzed. 
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' .(Continued) 

Radon-7 Extract Date 0 7 )  - The date on which 7-day radon leaching water 
samples ale collected. 

padon-7 S h i ~  Da% (RLSD7) - Tbe date oa which radon-7 water samples are shipped to 
the! analytical laboraroly. 

padan-7 Analvsis Dq& -7) - The date 0x1 which radon-7 water samples arc 
analyzed for xadon co~~ct~lsratl 'OIL 

Radon30 Extra ct DaQ (RLED30) -The dare oI1 which m y  radon leaching water 
samples are CQllected. 

Radon-30 S h i ~  Date (RLSD30) - The date on which radon-30 water samph axe shipped 
to the analytical labomoly. 

samples were analyzed. 

treatability samples. 

Radon-30 Analvsis Date -30) - The date on which UMay radon leach water 

Amount of Waste (WA- - "E mass of waste. in grams, used in mixing the 

Twe of Cement (CEMTYPE) - Either Type 1 of Type II portland cement was used. 

Amount of Cement (- -The mass of cement. in grams, used in the pleatability 
sample. 

Flvash Chi& (ORIGIN) - Site flyash from the Operable Unit 2 or commercial flyash 
was used in the tmtability study. 

Amount of Flvash (AMOUNT) - The mass of flyash, in grams, used m the ueatability 
sample. 

Amount of Sodium Silicate (SODIUM) - The mass of sodium silicate, m grams, used in 
the treatability sample. 

Amount of AaaDuleitc (AITAPULG) - The mass of aaapulgite. in grams. used in the 
sample. 

Amount of ClinoDtilolite (CLINOITI) - The mass of clinopilolite, in grams, used in the 
sample. 

Amount of H20 (H20) - The amount of water, in grams. used in the sample. 

Hand Mix (HANDMIX) - An "N" indicates that a mechanical mixer was used to mix 
the sample. "Y" indicates the sample was mixed by hand. 

Sieve Size (SIEVESEE) - Typically, the waste was 
used to make treatability samples. This column lists the size of the openings in the 
sieve.. 

through a sieve before it was 

P .  1 

c 2 2 2  



TABLE C25 

(Continued) 

Weight Not Passinn Sieve (WT-SIEVE) - This column reporrS the mass of malend h 
the raw sample tfiat would not pass through the sieve. 

0 Pcrcent Not Passine Sieve (PERCSEIVE) - The pes#ntage of tbe raw sample tbar 
would not pass thmugh the Sieve. 

- Tbe mass of blast furnace slag, in grams, used in the treatability sample. 

Normalized Waste (NPWASIE) - To make it easier to compaxe the various 
formulations, all of the reagents were adjusted to a normalized waste quantity of 100 
grams. 

Percent of H-0 m Waste (MCOW) - percent of raw waste that is water (weight of 
waterttotal weight sample). 

Normalized Water (NPH20) - The mass of water, in grams, used for eacfi 100 &rams of 
waste to mix the samples. 

Normalized Sodium Silicate - The mass of sodium silicate, m grams, used for 
each 100 grams of waste to make the rreatability sample. 

Normalized Cement (NPPC) - The mass of m a r t  in grams, used for each 100 grams 
of waste. 

Normalized Flvash (NPFA) - The mass of flyash, in grams, used for each 100 &rams of 
Waste. 

Normalized Attamleite (NPAT) - The mass of aaapulgite, in grams. used for each 100 
grams of waste. 

Normalized Clinomilolite (NPCL) - The mass of clinoptilolite, in grams, used for each 
100 grams of waste. 

Nonnal BFS (NBFS) -The mass of blast furnace slag, in grams, used for each 100 
grams of waste. 

Percent of Waste (PWASE) - The mass of waste used to make the rreatabity sample 
divided by the mass of the mixed treatability sample, multiplied by 100. 

Percent of Cement (PIT) - The mass of cement used to make the treatability sample. 
divided by the mass of sample, multiplied by 100. 

Percent of Flvash (PFA) - The mass of flyash used to make the treatability sample, 
divided by the mass of the sample, multiplied by 100. 

Percent of Sodium Silicate (PFQ - The mass of sodium silicate used to make the 
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.(continued) 

tmtabiity sample, divided by the mass of sample, multiplied by 100. 

0 Percmt of Attauulm 'te (PAn - ThC mass of attapulgite urcd to make the treatability 
sample, divided by thc mass of the sample, multiplied by 100. 

0 perCmt of Clmomilolite (PCL) - The mass of choptblite used to make tfre treatability 
sample, divided by tkmassofthesamplc,muhiplicd by 100. 

Percent of H,O (PH20) -'Ihemass of wateradded to make tbc mnbility sample, 
divided by the mass of the sample, multiplied by 100. 

0 percent of BFS - Themass of blast furnace slag, m grams, used for each 100 grams of 
Waste. 

Gemral DesCribtion of Waste mefore and After Mixing) (GENDESCRP) - Self 
explanatory. 

pH of Waste (WASTEPH) -This measurement is made on a mixture of raw waste and 
water. 

Eh of Waste (mV) (WASTEEH) - The oxidationmduction potenrial, measured in 
millivolts, on a mixture of raw waste and water. 

pH of nvash (ASHPH) - This meaSunmau is made on a mixture of raw flyash and 
water. 

Eh of Flvash (ASHEH) - The oxidationmduction potential, measured in millivolts, on a 
mixture of raw flyash and warcr. 

pH of Mixture (MIXPH) - This measuxunau is made on the newly mixed atatability 
sample after all reagents have becn added. 

Eh of Mixture 0 - "he oxidationheduaion potmial, measured in millivolts, in 
the same manner as the pH of the mixarrc. 

Waste Moisture Content (MCOW) - This is the pcrccnt moiswe of the raw waste used 
in mixing the ueatabii sample (weight of water/total weight sample). 

Mixture Moisture Content (MCOM) - The percent moisture of the newly mixed, wet 
treatability sample (weight of waterjtotal weight sample). 

TemD Rise (TEMP) - The amount that the temperature of the mixture rises. in degrees 
centigrade, within 10 minutes after the sample has been mixed. 

Time Between Mix and Tem~erature Measurement - The time elapsed betweem 
completion of mixing sample and temperature measurement 

Crushed Moisture Content (CRUSHED) - The percent moisture of the sample after it 
has cured at least 28 days (weight of waterhml weight sample). 



TABLE C25 

..(Continued) -* 5284 
$hearsaenmtr (SHEAR) - preliminary pmcess data in tons per square foot. 

0 pocket Penetrometer (DOCKET) - A measurement of the pmetntion resistanCe of the 
sample with a pocket penttrometer in tons per s~uatrc foot 

m- LLD indicates bat the activity was at the lower limit of detection. 

0 Gross Abha (uCibL) (W) - GIDSS alpha activity of the MTUP extraction fluid 
expressed in microcuries per milliliter. 

@OS A l D h  Cdm (ALPHA) - The IMRber @VCn the alpha aCtiVity Of 
radionuclides in disintegmtions per minute in a 4 milliliter sample of M ' I U P  extraction 
fluid. The number has been corrected for hackground and countez efficiency. 

0 (ALPHA-PPM) - Gross alpha activity Of MTW m a i m  fluid 
expressed in picocuries per liter. 

c)ual- LLD indicates the activity is at the lower level of detection. 

Gross Beta (BFTA2) - (CrQhL) - Gross beta activity of the MTUP extraction fluid 
expresed in microcuries per milliliter. 

Gross Beta (dum) @=A) - The number given rrpresents the beta activity of 
radionuclides in disintegration per minute in a 4 milliliter sample of MT'W extraction 
fluid. The number has been corrected for background and inspument efficiency. 

GrossBeta(~Cih) (BETA-PPM) - Gross beta activity of the MTCLP extraction fluid 
expressed in picocuries per liter. 

Total Uranium (URANIUM) - The concentration of uranium. in parts per million @pm)* 
in the MTCLP exuacrion fluid. 

- UCS (PSI) -The unconfined compressive smmgrh, in pounds per square inch, of a 
eeatability sample that has CUIcd for 28 days. 

Bulkinr! Factor (BULKFAmOR) - The percent increase in volume of the waste due to 
treatment 

Bulk Densitv (BULKDENSK') - The density of the treated sample in gmms per cubic 
centimeter. 

Permeability (PERM) - A measurement of the ability of water to seep through a 
matability sample. Units are centimeters per second. 

pH of MTCLP Deter Test (MTW-PH) - There are two T U P  extraction fluids - Type 
1 and Type 2 A test is performed on each sample to determine which type of fluid is 
used. The pH of the determination test solution, which is given in this column, is the 
basis for the decision. 
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pH of MTCLP (PH,MI%LP) - The pH of the MTCU cxuauion fluid upon completion 
of the ueatabiity sample wwction. 

0 Descriution (DESCRIP) - A description of the s t a b i i  sample after runoval from the 
mold. 

- Arsenic - 'on of arsenic, in ppm, m the MTQS extraction fluid. 

- S i l V e r - C o ~  'on of silver, in ppm, m the MTCLP cxuaction fluid. 

- Barium - Cbncmmm ' of barium, in ppm, in the MTCLP extraction fluid. 

Cadmium - Cancenaap 'on of cadmium, in p, m the MTCLP UcreaCtion fluid. 

Chromium-- 'on of chromium, in ppm, in the MTCLP extraction fluid. 

0 - Lcad-(lmcmmb 'on of lead. in ppm, in the MTCLP extraction fluid. 

Selenium -concarrraO 'on of selenium, m ppn, in the MTCLP extraction fluid. 

Radon Leaching Dam 

5 or 7 dav Samde # - The sample number assigned to the water sample contajning 
dissolved radon after five or 7 days of soaking a stabilized sample m the water. 

Volume of H-0 - - The volume of water in the vessel used for the radon leachtng 
expcrimmt 

Samde wt - The mass of the stabilized eeatability sample u& for radon leaching 
experiment 

it of Daw h c h e d  - Sclfexplanatory. 

Rn Conc. (~Cih) - Radon concentration water in picoCuries per liter. 

Rn Rate (DCileld) - Radon leach rate in picoCuries per gram of sample per day. 

30 Dav Samde # - "he sample number assigned to the water sample Containing 
dissolved radon aftcr 30 days of soaking a stab- sample m the water. 

SmDle wt - The mass of the stabilized sample used for the radon leaching experimcnt 

r {  226 7 .  . 
F E u m u m m € r a # L C z M R l ~ ~  
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# of days leached - self explanatory. 
0' 5284 

Radon Emissions in Air Data: 

Weieht 0- Weight of the sample m grams. 

0 PPath Air Flow flm) - Flow rate in liters per minute through the long path. 

Long Path Counts/Hr - Counts per hournxorded by the instrument in the long path 

Short path Air Flow Om) - Flow rate in liten per minute through the shon path. 

Short Path Counts/Min - Counts per hour rccwded by the insuument in the short path. 

Backmound Counts/Min - Background counts mrded by the instrument. 

0 *l a -Radonemanan 'onratethroughthe 
long path in pimcrrries per &ram of sample per day. 

Backmund Short Path Emission Rate (me/ dav) - Radon cmanath rate through the 
shon path in picocuries per gram of sample per day. 

$-Dav Static Leach - Results of analyses of the S-day static lwhate for advanced phase. 
samples. 

Advanced TCLP Analvtical Data - Results of analysts of the TCLP leachate for 
advanced phase samples. 

Five-Day Static Leach and TCLP data: 

Alummum - Canccntraton of aluminum, m gh. in the advanced phase. 

htimtmv-cbmmtmu 'on of antimony, in g L  in the advanced phase. 

A~seniC - concentratl 'on of arsenic, in g/r, in ttte advanced phase. 

- Barium - concemm 'on of barium. in gh, in the advanced phase. 

Bervllium - Concentration of beryllium, in g/L, in the advanced phase. 

7 Boron - Concentraton of boron. in g/L. in the advanced phase. 

Cadmium - Concenuarion of cadmium, in g/L. in the advanced phase. 

Calcium - Concentration of calcium, m g/L, in the advanced phase. 

chromium - concentraton of chromium, in g/L, in the advanced phase. 
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Cobalt - 
&&-ctmcmmm of lead, in glr, m the advanced phase. 

'on of cobalt, in gh, in the advanced phase. 

Q?azE-- 'on of copper, m g& in the advanced phasc. 

-de - Concumh 'onofcyanide,in g h , i n t b e d v ~ p h a s e .  

m-- 'onofiron,in gh,intheadvanccdphase. 

Lithium - Commmt~ 'on of lithium, in glr, in the advanced phasc. 

Maenesium - Coneennatr 'on of magnesium, in g/L. m the advanced phase. 

Maneane se-canccntaa 'on of manganese, in gh, in the advanced phase. 

M~r\!-concentratr 'on of mcmvy, m gh, in the advanced phase. 

&folvbdmum - cbncamb 'on of molybdmum, in g/L, m the advanced phase. 

Nickel - COnanwti 'on of nickel. in gh, m the advanced phase. 

Potassium - comeman 'M of potassium, m 6 in thc advanced phase. 

Selenium - Comaman 'on of Selenium, m s/r, in the advanced phasc. 

Silicon - Chcamab 'onofsiliam.in g/L,intheadvancedphasc. 

- Silver - Concentratr 'on of silver, in g/L, in the advanced phase. 

Sodium - C o n c a m  'an of Sodium, m gh, in the advanced phase. 

Wium - Cmcaman *on of thallium, in gh. m lhc advanced phase. 

Vanadium - &ncawaa -on of vanadium, in gh, m the advanced phase. 

- Zinc - 'on of zinc, in gny in the advanced phase. 

CS-137 - Concernration Of cesium-137. in pCi/L, in the advanced phase. 

Np237 - 
- Pb-210 - concentration of lead-210, in p a .  in the advanced phase. 

Pu-238 - Concemmtion of plutonium-238, in pCi/L, in the advanced phase. 

'on of neptunium-237. in p c i i ,  in the advanced phase. 

Pu-239R40 - Concentratt 'on of pl~toni~m-239/240, in pCi/L. in the advanced phase. 

- Ra-226 - Concentrarion of radium-226. in pCi/L, in the advanced phase. 
.1 2 2 8  
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- Ra-228 - C- 'on Of radium-228, in pCi/L, in the a d ~ m  phase. 

sr-90- (lmtmmb 'on of Stro#ium-90, m pCi/L, in the advanced phase. 

Tc-99-conccnaarr 'on of tecfinetium-99, in pcih, in tbe advanced phase. 

Th-230-concemm 'on of thorium-230, in pCi/L, in the advanced phase. 

7%-232 - '011 of thori~m-232, in pcih, in the advanced phase. 

Th-total - concentration of total thorim, m g/l.. in the advanced phase. 

- u-234 -Conanuatl 'on of uranium-234, in pci/L, m the advanced phase. 

JJ-235- concmtrap 'on of uranium-235, in pci/L. in the advanced phase. 

JJ-238 - 'on Of uranium-238. in pCi/L, in the advanced phase. 

u-total-concauran 'on of total uranium, in s/r, in the advanced phase. 

Ammonia - Concentration of ammonia, in m a ,  in the advanced phase. 

Chloride - Concentration of cbloridc, in mg/l.. m advanced phase. 

Rouride-Concentm 'on of flouride, in mgh, in the advanced phase. 

- Nitrate - Concentration of Ntrate, in mg/L, in the advanced phase. 

&I - Value of pH, in mandard units, in the advanced phase. 

PhOsDhONS - 
- Sulfate - concentration of sulfate, in mg/L. in the advanced phase. 

- Sulfide - Comemation of sulfide, in m a ,  in the advanced phase. 

Bromide - Concentration of bromide. in mg/L, in the advanced phase. 

Phomhate - Concerntion of phosphate, in m a .  in the advanced phase. 

'on of total phosphorus, in m a ,  in the advanced phase. 

The SEMI VOA test code identifiers are semivolatiles for the advanced phase, in units of a. 

The VOA test code identifiers are volatiles for the advanced phase, in units of a. 
The PESTPCB test code identifiers are pesticidePCBs for the advanced phase, in units of g/L. 

~ l r s D & l m ~ l 1 9 1 1 P ~  I ,: ;- < 229 
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General S a m  le Information - Vitrification 
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Com~~site SamDle - The entries in this column are either "Y" or "N." "Y" indicates 
that a sample is acomposite (is.. waste from more than one raw waste sample) was 
used m mixing t f r e  maability sample. "N" indicares that only one waste sample was 
uscd. 

F d d  I - These are Six digit  number^, which the kmald sample tracking 
system uses. Ifa sample is a composite. anew Fcmald number is assigned by the 
puuabilty laboratory. If a sample is not a Enmposite, thc sample mrmber assigntd to 
thc \1IltnBtcd waste sample at Femald is used. 

Treatab iliw S ~ D  le R - Each maability sample is assigned a unique number. 'Ihc first 
four digits represent the laboratory no~book. The next two digits reprtsent the pagc in 
the mtcbook on which thc sample formulation data is eraered. The last two digits 
represent the co- in which the sample is cured. 

Fzpc Samde It - Each sample contaimr that is logged into the treatability laboratory is 
assigned a unique number, even if a sample is shipped in several containas. 

Comment - This comment field identifies the pit. and formulation. For example. soil: 
1/15/5 indicates 1.5 parts of soil for cach pan of waste (by weight) and a N 9 0  
concentration of 5 pcruntm the final mixture. 

I 

€IDC IC1 Wastc - Ifom ormoEe EIPC samples w m  used. the EIDC sample forthe 
first is entered. 

EIpc it2 Waste - If more than on FIPC sample is used in a sample, them the ELPC 
sample number for the second sample is entered. 

ElPC 61 Flvash - If flyash is used in a sample. the ETDC number from the sample 
containcr is entered. 

E"DC #2 Flvash - If flyash from two containeTs is used. the second container number is 
entered. 

Femald Sl Waste - If O I E ~  or more Femald samples were used the Femald sample 
numberfnnn the firm Waste is Qltclled. 

Femald #2 Waste - It two Fcmald waste samples were mal, the sample number for thc 
second sample is altered. 

Femald #1 Rvash - This column lists the Fernald sample number if Femald flyash was 
used in the sample. 

Femald #2 Flvash - Not used. 

MTCLP S m d e  R - Each glass was tested by two leach procedures - M"W (TUP) 
and FXT. To avoid confusion. a new sample number was assigned to the leachate. 
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PCI' Samde # - Refer to explanation for MTW Sample #. 

TCLS Samde # - Rcfcr to explanation for MKLP sample 1. 

$ m d e  Melt Date - ' he  date on which the samples  ere melted. 

PCI' Grind Date - Date on which samples were processed through the grinder. 

MTCLP Extract Date - Date W extraction was perfoxmed. 

MTCLP Shb Date - Date MTCLP leadme was scut for analysis. 

,MTcLP Analvsis Date - Date MTaP wtract was analyzed 

TCLP Crush Date - Data samples were crushed for TCLP. 

TCLP Emct Date - Data TUP ~XEliiCtion W ~ S  performed. 

TCLP Shb Date - Data Samples for TCLP Were Shipped to the analYtiCal laboratory. 

TCLP Anales - DatathatTQ3lcachate was anal- 

PCT Ext. Stan Date - Date on which PCI'leach was started. 

PCT Ext. Finish Date - Date p(JT leach was completed. 

PCT S h i ~  Date - Date PCX' leachate was submitted for analysis. 

PC'f Analvsis Date - Date I" leachate was analyzed. 

Radon-7 Extract Stan Date - Date radon leaching in water was started. 

Radon-7 Extract Finish Date - Date 7-day radon water samples were colleaed. 

Radon-7 ShiD Date - Date 7-day radon water samples were shipped. 

Radon 7 Analvsis Date - Date that radon-7 samples we= analyzed. 

Radon-30 Extract Stan Date - Date radon leaching in water was started. 

Radon-30 Extract Finish Date - Date 3O-day radon water samples were collected. 

Radon-30 ShiD Date - Date 30-day radon water sample were shipped. 

Radon 30 Analvsis Date - Date radon-30 samples were analyzed. 

Comment - Self explanatory. 

Amount of waste - Mass of masted waste. in grams, waste used in sample. 

FEMP-OlTR-DW 
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Amount of soil - Amount of soil, in grams, used in sample. 

Amount of site flvash - Amount of flyash, m grams, used in the sample. 

aunt of NaOH - h o u n t  Of sodium hydroxide in VS, addd to the sample. 

porn of NaOH - Normality (concamm .on) of sodium hydroxide added to the sampk. 

OII - A indicaDes "G-W soil, S indicates Soil adbed, and FA indicatts 
site flyash. "he ratio of additives is given as parrs waste, parts soil or flyash, and 
perceat of N0202 m the overall mix. 

Times at temDerature mm: 

- Amb. -750d emeeS c -Time in ho3us taken ta increase O V ~  tempcraturc fnnn 
ambient to 750 degrees C. 

- 750 demea C - Ti in hours at 750 de- cmtigrade. 

- 750de~rees C - 1250c - T i e  takal to innease oven temperature from 7500c to 
IUPC. 

- - Amh- Time m hours that mt sample was @ V a l  to COOL 

Normalized Waste - The normakd * waste, ingrams, was chasm to be 100gnrms for 
comparison with mgcnrs. This is not the aaual mount used. 

Normalized Rvash - 'Ihe amount of flyash, in grams, added for each 100 grams of 
normalized w e  

Nomaliztd Soil - Tbe amount of soil. in grams, added for each 100 grams of 
normalized waste. 

Normalized Na. Hvdm - The amount of sodium hydroxide, in grams, used for each 100 
grams of normatized waste. 

Normalized Na Hvdm as NaO - The amount of sodium hydroxide expressed as 
sodium oxide, in grams, used for each 100 grams of normalitPn w w .  

96 of waste - The amount of waste in the sample mixture. expressed as a percentage. 

% of flvash - The amount of flyash in the sample mixture, expressed as a percentage. 

96 of soil - The amount of soil in the sample mixture, expressed as a percentage. 

5% of sodium - The amount of sodium in the sample mixture. expressed as a percentage. 
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m - Qualifier - LLD indicates that the activity 
NA means not analyzed. 

was at the lower limit of detection. 

PCT Gross AlDha (uC/m L) - Gross alpha activity of the PCI' extraction fluid exprtssed 
inmicrocuxiespcrmitrniter. 

- Thcnumbergiven rqmiaus mc alpha activityof 
radionuclides in disintegrations per minute in a 4 milliliter sample of KT extraction 
fluid. 'Ihe number has becn Comectcd for backgmund and counter efficiency. 

m- LLD indicates the activity is at the lower level of detection NA means not 
-yzed. 

PCT Gmss Beta tuCihL) - Gross beta activity of the PCI' extraction fluid elrpressed in 
microcuries per milliliter. 

- Rtc number given repnsents the bera activity of radionuclides 
in disintegration per minute in a 4 milliliter sample of KT exrnrction fluid. The 
number has been co- for background and insmrment efficiency. 

- QuaWer - LLD indicates that the activity was at the lower limit of detection. 
NA means not analyzed. 

MTCLP Gtoss Al~ha  (uCihnL) - Gross alpha activity MTCLP extractjon fluid expressed 
in microCuries per milliliter. 

MTCLP Gross Al~ha  (dum) - The number given represents the alpha activity of 
radionuclides in disintegrations per minute in a 4 milliliter sample of MTCU extraction 
fluid. The number has been corrected for background and wuntcr efficiency. 

MTCLP Gross Al~ha b W L )  - Gross alpha activity of MTCLP extraction fluid 
expressed in picocuries per liter. 

Qgl- LLD indicates the activity is at the lower level of detection NA means not 
analyzed. 

MTCLP Gross Beta (uCihnL1- Gross beta activity of the MTCLP extraction fluid 
expressed in microCuria per milliliter. 

MTCLP Gross Beta (dum) - The number given represents the beta activity of 
radionuclides in disintegration per minute in a 4 milliliter sample of MTQS extraction 
fluid. The number has been comcted for background and instrument efficiency. 
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MTCLPG ross Beta (DCVL) - GIOSS beta activity Of t h ~  MTCLP extraction fluid 
expnssed in picocuries per liter. 

_oust - Qualifier - LLD indicates that the activity w8s at thc lower limit O f d e u u i a n .  
NA means not analyzed. 

e TCLP Gross AI- (dum) -The number given reprtsaus the alpha activity of 
radionuclidts in disimgratians per minute in a 4 milliliter sample of ' IUP cxwction 
fluid. The number has been correcltd for backgmund and counter efficiency. 

TCLP Gross AlDha (DCUL~ - Gross alpha activity of TUP extraction fluid expressed in 
picocuries per liter. 

_oual- LLD indicates the activity is at the lower level of detection NA means not 
analyzed. 

e TCLP Gmss Beta (uCihnL) - Gross beta aaivity of the TCLP extractian fluid expltssed 
in microcuries per milliliter. 

TCLP Gross Beta (dm) - The n ~ m b e r  given llcprescnts the beta activity Of 
radionuclides in disinrcgration per minute m a 4 milliliter sample of TUP extraction 
fluid. The number has been comcted for background andhsmment efficiency. 

e TCLP Gross Beta CDCVL) - Gross beta activity of the TUP extraction fluid expressed 
in picocuries per liter. 

_oual- LLD indicates the activity is at the lower level of detection NA means not 
analyzed. 

Solid Gross Al~ha  Cik - Gross alpha activity of m e  powdery mated sample 
matexial e m  m microCuries per gram. 

Solid Gross Al~ha  (dum) - The number given represents the alpha activity of 
radionuclides in disintegrations per minute. Thc number has becn wlllcctcd for 
backpund and counter efficiency. 

Solid Gross Al~ha  (DcT/e) - Gross alpha activity of the powdery treated material 
expressed in piwcuries per gram. 

_oual- LLD indicates the activity is at the lower level of detection. NA means not 
analyzed. 

Solid Gross Beta ( Ci/Q - Gross beta activity of some powdery treated sample material 
expressed in microcuries per gram. 
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8 Solid Gross Beta (dum1 - The number given rqmicn~ the baa activity of radionuclides 

in disintegrations per minute. Tht number has been conectcd for bakkgmund and 
counter dicicncy. 

8 t of W w -  Thc amount of water in tk umcated waste. ex- as a 
perrmtage(wcight of waterbtal weight samplt). 

8 Bulk Dcnsitv Raw Waste -The bulk density of tfic raw waste, m gams per cubic 
rzntimw. 

8 pensitv of Vitrified W w  - Density of the vitrified waste, in grams per cubic 
centimeter. 

8 Bulking Factor - The expansion factor due to tht inrrcased volume when reagents are 
added Some bulking factors for vitrification arc negative, indication volume reduction. 

8 Fmal Wciefit of Vitrified Material - Weight of the material in grams, aftcr vitrification. 

8 wcietno f elass €6 rTCLP - Weight of CNShcd glass in grams uscd for thc TCLPtest on 
this aatability sample. 

Size Fraction for MTCLP - The size fraction in microns of thc CNShed glass used for 
the MTCLP test on this aatabity sample. 

8 Wei& of elass mound for PCT -The weight of the glass in grams pund up (for tk 
pm. 

8 Dcscribtion - Description of vitrified material. 

Radon Leaching Data: 

8 5 or 7 dav Sam~le # - The sample number assigned to tk water sample conraining 
dissolved radon after five or 7 days of soaking a vitrified sample in the water. 

8 Volume of H-0 - - The volume of water in the vessel used for the radon leaching 
experiment 
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a $amble wt - The mass of the vitrified treaurbility sample used for radon leaching 
CxpcrimCXlL 

# of Dam Leached - Self explamory. 

pn Cmc. CDci/L) -Radmcmummmn ' in watcr sample in picocuries per liter. 

Jtn Rate CDn/d& - Radon leach rate in picocurics per gram of sample per day. 

30 Dav Sam~le d -The sample number assigned to the warn sample cwtainjng 
dissolved radon after30 days of soaking a s t a b i i  sample m the water. 

SmDle wt -The mass of the aabili& sample used for the radon tpnchinpexperiment 

# of dam leached - Self explanatory. 

Rn C a c  fCi) - Radon co51cQltaton in water sample in picoCuries per liter. 

Rn Rate CrCinld) - Radon leach rate in picocurics per gram of sample per day. 

Radon Emissions in Air Data: 

Weieht Cfi - Weight of the sample m grams. 

Lonn Path Air Flow Oar) - Flow rate in liters per minute through the long path 

Lonrr Path Counts/Hr - Counts per hour recorded by UE instrument in the long path. 

Short Path Air Flow Om) - Flow rate in liters per minute through the short path. 

$hon Path Counts/hr - Counts per hour ncorded by the instrument m the short path. 

Backmound Counts/Min - Background counts recorded by the insuumau. 

Backmound Lone Path Emission Rate Mi/d dav) - Backgmund cornected Radon 
emanation rate through the long path in picocuries per gram of sample pcr day. 

Backmound Short Path Emission Rate (bCi/ddav) - Background c o d  Radon 
emanation rate through the short path in picoCuries per gram of sample per day. 

MTQLP Metals Data: 

Arsenic - Concentration of arsenic, in ppm, in the MTCLP extraction fluid. 

- Silver - Concentration of silver, in ppm, in the MTCLP extraction fluid, 

- Barium - Concentration of barium, in ppm, in the MTCLP exuaction fluid. 

Cadmium - ConCentrarOn of cadmium:., i,n' Ppm, in the MTW extraction fluid. 

€ E R m u l ~ l a o a ~ 1 9 - 9 3 9 ~  . 236 
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Chromium - Concenrm 'on of chromium, in ppm, in the MTCLP extraction fluid. 

- Lead-(hcemaQ 'on of lead, in ppm, in the MTCLP exuaction fluid. 

uranium-comauml '0x1 Of uranium, m pjxn, in tk MIUP extraction fluid. 

Machate DH - The p H  of the MTaP extraction fluid upon &plaion of the 
trtatability sample extraction 

Fluid Deter. DH -"here axe two T C P  extraction fluids - Type 1 and Type 2. A test is 
perfoxmexi on each sample to de%nnme * whichtypeoffluidisused. ThepHofthe 
detennination test solution, which is given m this column, is the basis for the decision 

Advanced I" Analvtical Data - Rcsulss of analyses of the KT leachate for advanced 
phase Samples. 

PFeliminarvPCI' Analvtical Data- Results of the analyses of the FCI'leachate for 
preliminary phase samples. 

Aluminum - Conccnuan 'OB1 of alummum, in g/L, in the advanced phase. 

Antimonv-Conctnaatr 'on of antimony, in a, in the advanced phase. 

Barium - Co- 'on of barium. in g/L, in the advanced phase. 

Bervltium-Qmcuman 'on of beryllium, in gh, in the advanced phase. 

- Bomn-Concaum 'on of boron, in gh. in the advanced phase. 

Calcium-Concamn 'on of calcium. in gh, in the advanced phase. 

Cadmium - Co- 'on of cadmium, in g/L, in the advanced phase. 

Chromium - Con~nrration of chromium, in gL. in the advanced phase. 

- Cobalt - Concenuation of cobalt, in g/L. in the advanced phase. 

Comer - concentration of copper, in g/L, in the advanced phase. 

Cyanide - Concentration of cyanide, in g/L, in the advanced phase. 

- Imn - Concenuation of iron. in gh, in the advanced phase. 
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m-a- 'on of lead, in 6 in the advanced phase. 

- Lithium - 
M a m a  'um-concemm 'on of magncsim, in sn, in the advanced paase. 

'on of lithium, in f i  in the advan#d phase. 

M a n m e  - COnaMaa 'onofmanganese,in gh,mtheadvancedphest. 

p T c u ~ -  concenpatr 'on of mercury, m gh, in the advaaced phase. 

~olvbdm um-chcemah 'on of molybdenum, in g/L, in the advanced phase. 

potassium - (lmaatm 'onofporassium,in glL,intheadvanctdpl.Aase. 

Nickel - Concarpatr 'onofnicU,in ~inthcadvancedphase.  

Selenium - Concennation of sekNum. in g/L, in the advanced phase. 

Silicon - Comamau 'on of silicon, in s/r, in thc advanced phase. 

silver - concmtratr 'cmofsilva,in gLintheadvancedphase. 

Sodium - C O m  'on of sodium, m g/L, in the advanced phasc. 

Thallium - concaraatr 'an of thalli- in %r, in tfic advanced-phase. 

Vanadium - Concamb 'an of vanadim, in gh, m the advanced phase. 

- Zinc - Concamab 'onofzinc,in g h i n r h c a b v d p b .  

CS-137 - C O ~  'on Of Cesium-137, in in the advanced phase. 

N ~ 2 3 7  - 'on of neptunium-237, in pcih, in tfic advimced phase. 

- Pb-210 - Concentration of Itad-210. in pcvL, in the advanced phast. 

Pu-238 - ConcennatiOn Of plutonium-238, in a, in the a d v d  phase. 

Pu-239R40 - Concentration of plutonim-239/240, in pCi/L, in the advanced phase. 

- Ra-226 - Concentran 'on of d i m - 2 2 6 ,  in pCi/L, in the advanced phase. 

Ra-228 - Concentration of radium-228, in pCi/L. in the advanced phase. 

- Sr-90 - Concenvation of strontium-90, in pCi/L. in the advanced phase. 

- Tc-99 - Commation of technetium-99, in pci/L. in the advanced phase. 

- 7%-228 - Concentraton of thorium-g8, * .  in p C i ,  in the advanced phase. . .  
\ :  
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TABLE C35 

(Continued) 

FEMp-OllU-Dl€AFT 
scpcmbcr 17.1993 

Th-230 - Concmtratr 'on of thorium-230, in p C i ,  in the advanced phase. 

"b-232 - cancentratl 'on of thori1,&-232, in pCi/L, in the advanced phase. 

'Ih-total-chEeman *on of total thorium, m g/L, in the advanced phase. 

u-234 -comanml 'on of uranium-234. in pciL m the advanced phase. 

p u-total- co- 'on of total uranium. in gh. in the advanced phase. 

Ammonia - cancentration of ammonia, in m a ,  in the advanced phase. 

Chloride - Concentration of chloride, m m@, in the advanced phase. 

Flouride-Concentratl 'on of flouride, m m a ,  in the advanced phase. 

- Nitrate - Concentmion of nitrate, in m a .  in the advanced phase. 

- Value of pH, in standard Units, in the advanced phase. 

PhOmhOrUS - 
- Sulfate- concentratl 'on of sulfate, in m a ,  in the advanced phase. 

'on of total phosphorus, in mgh, in the advanced phase. 

Sulfide - Concentration of sulfide, in mgh,  in the advanced phase. 

Bromide - ConCcIltraton of bromide, in mgh,  in the advanced phase. 

Phomhate - Concentration of phosphate, in m a .  in the advanced phase. 
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a APPENDIX I 

PIT 7lBURN PIT 



I. 1 
I 2  
I3 
I.4a 
1.4b 
I 5  
1.6 

1.7 

I.8a 

I.8b 

1.9 

1.10 

1.1 1 

1-12 

1.13 

1.14 

Pit 7 COIb3hlCIltS Of htential Concrm 
Bum Pit - ChamcteeriZation Radiological TCLP Data SAS Fde: R7PWRDBR 
BUII Pit - UUWCWO~ ~norganic~ TCLP mta SAS F~C:  R~~PWCMBM 
Bum Pit - Qlaractcrization Volatiles TCLP Data SAS Fde: RWWCMBV 
Bum pit - characterization Semivolatiles TCLP Data SAS File: RWWCMBB 
Bum Pit - characterization General Qlemistry TCLP Data 
Bum Pit - Treatability Radiological TCLP Data - Cement Stabilization - Formula 1 SAS 
File: RCPWRDBC 
Bum Pit - Treatability Radiological TCLP Data - Cement Stabilization - Formula 2 SAS 
Fde: RDPWRDBC 
Bum Pit - Treatability Inorganics TCLP Data - Cement Stabilization - TCLP - Formula 1 
SAS Fde: RKPWCMBC 
Bum Pit - Treatability Inorganics TCLP Data - Cement Stabilization - Formula 2 SAS Fde: 
RLPWCMBC 
Bum Pit - Treatability Volatiles TCLP Data - Cement Stabilization - Formula 1 SAS Fde: 
RBPWcMvl 
Bum pit - Treatability Volatilts TCLP Data - Cement Stabilization - Formula 2 SAS Fde: 
RBPWcMv2 
Bum Pit - Treatabiity Scmivolatiles TCLP Data - Cement Stabiliz&on - Formula 1 SAS 
Fde: RYPWCMBC 
Bum Pit - Treatability General Chemistry TCLP Data - Cement Stabilization - Formula 1 
SAS Fde: RSPWCMBC 
Bum Pit - Treatability General Chemistry TCLP Data - Cement Stabilization - Fornula 2 
SASFde: RTPWCMBC 
Bum Pit - Treatability Radiological Dilution Adnusted - 9% Reduction TCLP Data - Cement 
Stabilization 
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4.3 Results 

0 Of the 40 glass melts made, the first four used uncontaminated soil from the Weldon 

Spring site since the Femald soil samples were not received until May 1992; the Fernald soil 

was used in all subsequent crucible melts. The amount of sludge, soil, fly ash, and additives 

used for the 40 crucibles melts on a dried basis was shown in Table 4.1, above. Since Pit 5 

sludge loses 71% of its weight when dried at 45OoC/4 hours, the percentage of Pit 5 material 

for FEMP glasses on a wet basis is much greater, as can be seen from Figures 4.1 and 4.2. 

Figure 4.1 plots the amount of (sludge) vs. (soil + fly ash) used to make each of the crucible 

melts on a wet (i.e. as-received) basis. Figure 4.2 shows the waste loading for each crucible 

melt on a dry and a wet basis. 

Compositional analyses of glasses made from surrogate materiais that were melted in clay 

crucibles indicated that silicon and aluminum leach out of the clay crucibles into the glass 

whereas surrogate glasses melted in WAu crucibles showed no such contamination. For this 

reason, WAu crucibles were used for all remaining glass melts, except F5-35, F5-36, and F5-37 

for which inconel crucibles were used. 

0 

The batch composition used for each melt and the appearance of the glass upon cooling 

are summaxized in Table 4.2. Objectives of the batch composition variations included: varying 

sludge-to-soil ratio; effect of fly ash; effect of various additives such as SiQ, Na,O, hO,, 

AZO,, K,O and FQO,; and effect of fluorine. 

4-5 
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Glass Metting - Crucible Metts 

4.1 Introduction 

Crucible melts containing various amounts of Pit 5 sludge, whole soil, Fly Ash 1, and 

additives were made in order to determine the compositional range that is suitable for 

vitrification. Twice as many melts were made than had been planned in the workplan because 

of the unusual glass compositions that are required to vitrify feeds with high waste loadings of 

Pit 5 sludge due to its high MgFz and CaO content. In addition to the radioactive waste crucible 

melts, a series of surrogate non-radioactive glass melts was also made, in particular to better 

understand the important role of fluoride in these melts; the physical characterization data from 

those glasses will be discussed in the relevant sections. 

4.2 Overview 

All glass melts made from FEMP Pit 5 were derived from the same 55-gallon drum of 

Pit 5 sludge received from Fernald in March of 1992. The 55-gallon container was thoroughly 

mixed after opening, as described in Section 3.3, to ensure homogeneity before removing 

subsamples for drylng and glass melting. ' 

Samples of Pit 5 sludge were dried at 450°C for five hours before vitrification. The soil 

was dried at 450°C for four hours before vitrification. This pre-drying procedure was used in 

order to increase the mass of glass produced from each crucible loading since Pit 5 has a high 

water content. The fly ash was subjected to more intense heat treatments in order to bum off 

4-1 
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all forms of carbon to prevent damage to the Pt crucibles that were used. The fly ash used for 

crucible melts (except F5-37) was oxidized at 1150°C for four hours in air before vitrification. 

For the F5-37 crucible melt, as-received fly ash (wet) was used. 

A series of 40 glass melts (F5-9 was never melted) was made from blends of dried 

sludge, dried soil, and a variety of additives. A summary of the forty melts and the analyses 

completed on them is given in Table 4.1. The blends were melted in clay crucibles for the first 

six melts. Evidence of silicon and aluminum contamination from the clay crucibles terminated 

our use of clay crucibles for FEMP glass melts. All melts after F5-6 were performed using 

WAu crucibles except F5-35, F5-36, and F5-37 for which inconel crucibles were used. The 

weight percent data quoted in Table 4.1 are based on dry weights; both sludge and soil had been 

dried at 450°C (five hours for sludge and four hours for soil) before vitrification and fly ash 

samples were dried at 1150°C for four hours. The blends were usually melted at 1150°C for 

one hour with continuous stirring for the last 0.5 hour. The glass melts were then removed from 

the furnace and either air cooled to mom temperature or air cooled followed by quenching in 

water (the outside of the crucible, not the glass, was exposed to water) in the case of WAu 

crucibles, and by pouring into graphite molds if the melt was made in a clay or inconel crucible. 

4-2 
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ICPMS results on Pit 5, Pit 6, and Clearwell sludges, and Fly Ash 1. All 
samples were dried at 450°C before acid dissolution and analysis. 

Fly Ash 1 

TC-99 0.38 < 0.02 0.05 0.41 I . Th-230 0.88 0.07 0.06 0.06 

~~ 

I 4.5 < 0.02 1 1 .o < 0.02 
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7.8 0.26 

4.5 8.0 

Table 3.9 ICPMS results on dried Pit 5 sludge samples after acid dissolution . 

II TC-99 I 0.38 1 0.12 

II Th-232 I ' 730 I 1300 

II Th-230 I 0.88 I 1.3 

II UKk-234 0.38 I 0.65 

u-233 I < 0.02 I 0.11 
II u-235 49 I 83 

II U-236 I 1.2 I 2.3 

II HE I 0.8 I 1.4 

799 
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Of Th-230 and Th-232 

1 Ax1 O’O Years 
7.ma4 yean 

02% 
0137% 

b 2 2 2  

M 8  i 3.0 days 

3 mln. 

* bz8 6.1 Hwrs 
90 Kev 2.1 % 
94 Kev 3.5% 
99 KeV 13% 

r 
P M 4  27 min. 911 Kev 27.796 - 

16.696 

84 Kev 19% 

9513 Kev 372 H 
2952 Ksv 192 96 
24198 Kev 7.5 94 1.0 Years 

3.6 
81 KeV 0.1 % 

- 02% 
241 KeV 4 %  

568ec 

15.8 96 Ra-e484 Kev 
Bi-214 20 mln. 

1764.5 KeV 
1120.3 Kev 15.1 % 
606.3 Kev 46.3 Y, 

0.16 %8c 
16Amsec: 

10.8 Hours 
223YearS 4- pb216 

.c pe214 

$ 81-210 45% 

PtP212 
77 Kev 10 % 

$ -210 Bk212 60.5 min 
73 Kev 12 % 
78Kev 2 %  

Figure 3.9 Decay of Th-230 and Th232 (along with their half life, the major y-emitting 
energies and yield) 
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3.7 Analysis of Femald Samples by ICPMS 

Samples of dried F d d  sludges and fly ash were subjected to total acid dissolution and 

the solutions were then used for analysis by Inductively Coupled Plasma Mass Spectrometry 

(XP-MS). The results for samples dried at 450°C for 4 hours are shown in Table 3.8. As 

expected, Pit 5 shows the highest levels of %, "?I%, and T c ,  whereas Pit 6 shows the 

highest levels of uranium, but the uranium is depleted, as expected from the history of Pit 6. 

Table 3.9 compares the results for Pit 5 samples that were dried at 450°C with samples dried 

at 1150°C. Based on the weight loss data in Table 3.2 we would expect to see an increase of 

about 30% in the levels of all components unless they are volatilized at 1150°C. Significant 

fiecreases are seen for v c ,  Pb, and especrally Tl. All of these species are known to have 

relatively high volatilities; the presence of fluorides would tend to enhance this effect. 

Surprisingly, mercury seems to be well retained at 1150°C. These results are consistent with 

our glass melting and off-gas analysis data, discussed in later sections, except that solubility in 

the glass melt strongly moderates these losses for all species other than thallium. 

3-24 
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Figure 3.6 Gamma Spectroscopy - Clearweil Sludge 

- .  . .  
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CS I37 
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1-4-9 2) 

norm 

2.43 
0.10 
2.15 
42.64 
0.08 
3.64 
0.35 
0.39 
29.41 
0.13 
1.09 
0.08 
NA 
16.03 
0.07 
0.25 
0.29 
NA 
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(taken ! 

unnorm 

1.75 
0.03 
1.85 
32.04 
0.02 
2.81 
0.04 
0.21 
23.62 
0.07 
0.38 
0.02 
0.33 
8.22 
0.06 
0.1 1 
0.26 
NA 

Table3.7 Comparison of Analytical Results for Pit 5 Sludge Obtained by Total 
Dissolution Followed by DCP Analysis 

Components 
as Oxides 

I 

(taken 

unnorm 

2.1 1 
0.08 
1.88 
37.19 
0.07 
3.1 8 
0.30 
0.34 
25.66 
0.12 
0.95 
0.07 
NA 
13.98 
0.06 
0.22 
0.25 
NA 

86.46 100 I 71.82 

1 1-92) 

norm 

2.44 r 
0.04 
2.58 
44.60 
0.03 
3.91 
0.06 
0.29 
32.88 
0.10 
0.53 
0.03 
0.46 
11.44 
0.09 
0.16 
0.36 
NA 

100 

Pit 5 (wt%) 
(taken 2-23-93] 

unnorm 

3.37 
0.04 
1.84 
21 5 1  
0.05 
6.1 5 
0.20 
0.10 
40.03 
0.1 9 
0.1 8 
0.05 
0.1 5 
10.73 
0.04 
0.14 
0.21 
0.36 

04.98 

norm 

3.95 
0.05 
2.16 
25.1 9 
0.06 
7.21 
0.24 
0.12 
46.89 
0.23 
0.21 
0.05 
0.17 
12.57 
0.05 
0.16 
0.25 
0.42 

100 

NA = Not Analyzed 

3.6 Gamma Spectroscopy 

The gamma spectra obtained from Fernald sludges and fly ashes, along with the 

background spectrum, are shown in Figures 3.3 to 3.8. The Th-234 peak at 63.3 KeV, 

including some combination of U-235 and Th-230 at 185.9 KeV, are present in all of the sludges 

and fly ashes spectra. All of the spectra show activity due largely to Pb-212 and Pb-214 except 

for Pit 6 sludge where the peaks are much closer to the background. The peaks in the region 
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between 65 and 120 KeV have too many possibilities for the source of the emitter to permit an 

unambiguous assignment. We have labelled only the peaks that we are confident in identifying 

in each of the reported spectra. 

Quantitative analysis by conversion of the gamma spectra to absolute activities was not 

possible due to the difficulty in making .geometrical and self-screening corrections for these 

materials. The Pb-214 or Bi-214 (609.3 Kev) peaks are the only daughters of Th-230 that could 

be clearly measured using gamma spectroscopy. However, since these isotopes are two and 

I 

three daughters beyond Rn-222 (which has been partially lost to the atmosphere) in the decay 

chain (Figure 3.9) a non-equilibrium situation is produced and therefore it is difficult to infer 

the concentrations of the parent isotopes from these measurements. Because of the above 

difficulties in reporting quantitative results, only the spectra are included. 

3-16 
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now considerably closer to 100%. 

Table 3.6 Composition of Pit 5 and Pit 6 and Clearwell Obtained by Including Fluoride 
Analysis Data 

Pit5 I Components as Oxides Pit6 I Clearwell 
I (wt! 

corrected 

fluoride 
using 

corrected 

fluoride 
using using 

fluoride 

2.11 
0.08 
1.88 
37.19 
0.07 
3.18 
0.30 
0.34 

25.66 
0.12 
0.95 
0.07 
0.24 
13.98 
0.06 
0.22 
0.25 

- 

2.11 
0.08 
1.88 
37.19 
0.07 
3.18 
0.30 
0.34 
37.6 
1.33 
0.12 
0.95 
0.07 
0.24 
13.98 
0.06 
0.22 
0.25 

0.82 
0.05 
0.01 
3.38 
0.01 
0.4 
0.25 
0.03 

54.29 
0.01 
0.1 
0.03 
0.08 
3.68 
0.01 
0.07 
0.25 

- 

0.82 
0.05 
0.01 
3.38 
0.01 
0.4 
0.25 
0.03 
83.95 
0 
0.01 
0.1 
0.03 
0.08 
3.68 
0.01 
0.07 
0.25 

6.54 
0.05 
0.30 
25.52 
0.03 
3.34 
1.58 
0.18 

4.7 
0.37 
0.48 
0.02 
0.81 
46.97 
0.03 
0.40 
0.03 

- 

6.54 
0.05 
0.30 
25.52 
0.03 
3 -34 
1.58 
0.18 
6.29 
0.63 
0.37 
0.48 
0.02 
0.81 
46.97 
0.03 
0.40 
0.03 

99.97 rotel 186.46 93.09 I 91.35 93.60 

0 0 

Measured fluoride (b) I 15.5 

Correctedfluoride(c) I 22.9 51.4 

(a) The measured fluoride content (corrected for loss between 45OOC and 1 1 5OoC) is listed as MgF, to the 
extent allowed by the measured Mg analysis; these entries represent the excess fluoride obtained by this 
procedure; 
The measured fluoride content at 11 5OOC; See Table 3.5; 
The fluoride content at 11 5OoC, corrected for loss between 45OOC and 11 5OOC; 
Phosphorus was not analyzed in the 6-4-92 sample of Pit 5; the value listed here is the average of the 
measurements made on 9-1 1-92 and 2-23-93 samples. See Table 3.7. 

(b) 
(c) 
(d) 
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3.5.1 Sampling Effects 

Many of our analyses require small samples on the order of 100 mg. The inherent 

heterogeneity of FEMP sludges on this small scale causes unrepresentative sampling when such 

small amomts are taken. As an example, we cite the DCP analysis of Pit 5 sludge: Samples 

on the order of 100 g were taken and dried at 1150°C for four hours. A 100 mg subsample of 

the dried sludge was then taken, dissolved in 200 ml of acid solution, and analyzed. The 

resultant variation in compositional analysis can be seen from Table 3.7. The Pit 5 material was 

taken from the same 55-gallon drum, but on different days from June 4, 1992 to February 23, 

1993. Before collecting each sample the drum contents were thoroughly mixed as described 

above. One might conclude that the Pit 5 material varied depending on whether the samples 

were taken at the beginning or end of the 55-gallon drum. However, the compositions of glasses 

melted from Pit 5 sludge throughout this project have all agreed to within about 15% with the 

analysis of the Pit 5 sample taken on June 4, 1992. Since we were able to accurately predict 

glass compositions using only one of the three Pit 5 DCP analyses, it seems that the variability 

observed in the DCP analyses reflects the difficulty in obtaining representative small samples. 

It should be noted that this is a general problem with analyses based on dissolution since only 

a small amount of solid sample can be dissolved unless enormous volumes of acid are used (e.g. 

100 mg in 200 ml translates into 100 g in 200 liters). On the contrary, by vitrification a large 

quantity (around 200 g) of dried sludge is melted into a homogeneous glass solid which can then 

be very easily subsampled. 
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tit 5 
(Heated 45OOC14 hr) 

Pit5 
(Heated 1 1 5OoC/4 hr) 

tit 6 
(Heated 1 1 5OoC/4 hr) 

Clearwell 
(Heated 1 1 5OoC/4 hr) 

0 - p09x7844-00 

- 

19.3 3.6 < 0.2 

15.5 2.6 < 0.2 

38.7, 40.2, 39.61 NA NA 

2.4, 2.1 1.4 < 0.2 

Table 3.5 Anion Characterization of Femeld Pit Wastes. Multiple entries refer to repeeted measurements. 

at either 450°C or 1150°C. Drying at 1150°C for four hours ensures the loss of all carbonates, 

hydroxides, and water, but may cause loss of some fluoride. Due to this possibility, a separate 

Sample of Pit 5 sludge was analyzed for fluoride after drying at 450°C. The results of the 

fluoride analyses are shown in Table 3.5. The fluoride content of the Sample heated at 450°C 

is 19.3% as compared to 15.5% fluoride for the sample heated at 1150°C which probably 

reflects fluoride loss upon heating. Thus, the measurements on samples heated at 450°C are 

better estimates of the fluoride content but still include carbonates, hydroxides, etc. which are 

essentially helevant to vitrification. Conversely, samples heated to 1150°C have lost the excess 

CO,, H,O, etc. (as would occur on vitrification) but have also lost some fluoride. It is 

desirable, therefore, to use the 1150°C basis but to correct the measured fluoride value for the 

loss between 450°C and 1150°C. This can be done as follows: 
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The masses of the components of lOOg of as-received Pit 5 sludge may be separated as 

S + W + F + C = 100s 

where S = Solidsonoxidebasis 
W = Water (lost at 450°C) 
F = Fluoride 
C = C ~ b n a t e s ,  hydroxides, etc. (lost at 1150°C) 

Therefore, at 450°C and 1150°C we have 

S + F + C = 29.43g 

and S + F - AF = 22.61g 

by use of the weight loss data in Table 3.3 and using AF to represent the mass of fluoride lost 

between 450°C and 1150°C. The measurement at 450°C (Table 3.5) gave 19.3% fluoride and 

therefore F = 19.3% x 29.43g = 5.68 g. Similarly, at 1150°C we measured 15.5% fluoride 

SO F-AF = 15.5% x 22.61g 3.50g. Thus, AF = 2.18g and S+F = 22.61g + 2.18g = 

24.79g. The corrected fluoride content at 1150°C is then F/(S+F) = 22.9% This result is used 

to obtain the corrected composition given in Table 3.6. 

A similar procedure can be used to correct the results for Pit 6 and Clearwell sludges. 

In these cases however, no fluoride measurements were made on samples heated to 450°C. If 

we assume that the fractional loss of fluoride between 450°C and 1150"C, AF/F = 1-(F-AF)/F, 

is the same for all the sludges, we can use the value obtained for Pit 5 of (F-A)/F = 62% to 

c o m t  the fluoride contents of Pit 6 and Clearwell sludges heated to 1150°C. The results 

obtained by this procedure are also given in Table 3.6. As can be seen, the corrected totals are 

r. . 
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small scale since only 50 mg samples are used for the carbon content measurements. In contrast, 

the weight loss data reflect the behavior of much larger samples (of the order of 1OOg). We 

consider this to be a more likely explanation. 

3.5 Compositional Results 

The results from analyses of sludges, soil, and fly ashes by total dissolution followed by 

DCP emission spectroscopy are summarized in Table 3.4. For each of the compositional analyses 

both the unnormalized data and the normalized data are shown. Each of the analyses were 

performed on samples that were first dried at 1150°C for four hours. Thus, all of the carbon, 

water, and carbonates and hydroxides etc., had been removed, and we should obtain 100% 

fecovery of oxides unless there are involatile species present that are not determined by DCP (e.g. 

fluoride, chloride, sulphate, etc.). We obtained rewveries greater than 93% oxides for Fernald 

soil, and Fernald fly ashes; we consider these to be within our experimental error for total 

recovery in view of the fact that the rewvery is the total of at least -ten individual elemental 

analyses. In contrast, the recoveries for Pit 5 and Pit 6 were 72% and 6356, respectively. As 

shown later, these low recoveries are due to the presence of fluoride. For the Clearwell sludge, 

we obtained 91% recovery on an oxide basis (Table 3.4); part of the remainder is due to the 

presence of some fluoride and sulfate as shown later. 

The Same digestion solution used for the DCP analysis of Pit 5 was also analyzed by ion 

chromatography for chloride and sulphate which indicated that there is no chloride (within the 

detection limit) and only small amounts of sulfate present in Pit 5 and Clearwell sludges, as shown 

in Table 3.5. The ASTM C169 procedure for fluoride analysis was also performed on samples of 

the Fernald sludges. The fluoride content was measured after samples were dried for four hours 
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water, losing about 67% of its weight after drying at 110°C for 18 hours. Pit 5 sludge loses 

a total of 77% of its weight on drying at 1150°C for four hours. The weight loss from 110°C 

to 1150°C is most likely due to bound water, carbonates, and hydroxides that are released as 

CO, and H,O. Clearwell sludge and Pit 6 sludge contain less water, as indicated by the weight 

losses of 43 96 and 34%, respectively, after drying at 110°C for 18 hours. Fly Ash 1 loses 38 96 

of its weight after drying at 1150°C, whereas Fly Ash 2 loses 55% of its weight. 
0 

Our total carbon measurements indicate that Fly Ash 2 contains 56% total carbon. In 

comparison, we obtained a 55% weight loss for Fly Ash 2 after drying the as-received sample 

at 1150°C for four hours. This would indicate that all of the weight loss is due to loss of carbon 

(presumably by combustion and loss as COJ. Since it is very unlikely that any form of carbon 

present in these samples would combust at llO"C, one would expect the weight loss after drying 

at l10°C/18 hours to be mainly due to water. Using this logic and our weight loss data, the 

carbon content should be no more than 30% (Le. equal to the weight loss on drying the 

llO"C/18 hour sample to 1150°C/4 hour), whereas we obtained 56% total carbon. We have 

high confidence in the accuracy and precision of our carbon content measurements for the fly 

ash sample since five measurements were taken, all in agreement to within &7%. One possible 

explanation for the discrepancy would be the presence of large amounts of low molecular weight 

organics which would evaporate at 110°C; we consider this unlikely, given the age and history 

of these materials. A second possible explanation is that the samples are heterogeneous on a 
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Figure 3.2 Weight Loss of Sludges, Soil, and Fly Ashes on Heating 
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3.3 Sample Description 

0 A 55 gallon drum of FEMP Pit 5 material and a 5 gallon drum of FEMP Pit 6 material 

were received at Catholic University's Vitreous State Laboratory. The Pit 5 material as received 

was highly stratified and had about 25% of the total volume as free water. Beneath this, distinct 

layers of light brown, red, and brown sludges could be discerned. The bottom layer was a dark 

grey crusty material. After mixing the contents for about 1% hrs a homogeneous, light 

chtmlate brown sludge was formed. The grey crusty bottom layer was completely incorporated 

into this mix, albeit after some effort. 

The Pit 6 sample also contained a significant amount of standing water, estimated at 

about 20% of the total Sample volume. The standing water was dark green while the solids were 

dark grey. The solid phase in the Pit 6 sample was very much stiffer than that in the Pit 5 

sample. Unlike the Pit 5 sample, several chunks of matexial ranging in size up to about 2 cm, 

were found in the Pit 6 Sample. Apart from these, mixing again produced a homogeneous 0 
sludge. 

Before collecting samples of Pit 5 ,  Pit 6, and Clearwell sludges for analysis or 

vitrification, the containers were thoroughly stirred with an electric mixer for about 20 minutes 

or until the contents looked and felt homogeneous. The fly ashes were manually mixed inside 

the container and then small fractions from different sections of the container were taken and 

mixed together to form the representative subsample. The soil received from Fernald was 

manually mixed and samples taken by the method of quartering. 

3-3 
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In the following sub-sections, we discuss the physical charactenza ' tion and carbon content 

results, the compositional analysis, and finally, the radionucleide results from ICPMS analysis 

and gamma spectroscopy. 

3.4 Physical Characterization and Carbon Content 

The specific gravity of each of the five samples was measured using a pycnometer. 

Measurements W m  made on both as-&ved samples and on samples that were dried at 110°C 

for 18 hours. These data are listed in Table 3.3 along with the results on weight loss as a 

function of temperature, particle size distribution, and carbon content. Both Pit 5 and Pit 6 

show large increases in specific gravity after drying at 110°C for 18 hours due to the large 

amount of water lost (67 and 34 wt%, respectively) after drying. Both fly ashes show much 

smaller changes in Specific gravity on drying, increasing from 1.5 g/ml to 1.8 g / d .  

The total carbon, organic carbon, and inorganic carbon contents, were analyzed for al l  

of the samples as received from Fernald. The total carbon contents of each of the sludges and 

the Fernald soil are all less than 596, with less than half of that composed of organics. In 

contrast, Fly Ash 1 has 18% carbon, and all of the carbon is in the form of organics. Fly Ash 

2 has evem more carbon: 56% carbon composed of 37% organic, and 19% inorganic carbon. 

It is not clear whether the organic carbon was added to the fly ash piles or instead represents 

very poor combustion. 

For the particle size analysis, each sample was dried at 110°C for 18 hours, then sieved 

using the mesh sizes shown in Table 3.3. The sludges had small particle sizes, with 60% to 

70% of the sludges passing mesh #200 ( < 75 micron). The results are shown graphically in 
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Sludge, Soil and Fly Ash Characterization 

3.1 Introduction 

In this section, we present the charactenza * ticm results for Pit 5, Pit 6, and Clearwell 

sludges, Fernald soil, and Fernald fly ashes (WMCO Lab number 920729-052 and 920729453, 

herein referred to as Fly Ash 1 and Fly Ash 2, respectively). The samples received from 

Fernald and their corresponding RI/FS or WMCO Lab numbers and VSL ID numbers are shown 

in Table 3.1. We will report samples by their common names in this report. 

Table 3.1 Samples Received from Fernald and Their Corresponding VSL ID Code and 
RYFS or WMCO Lab Numbers 

1 
11 Common Name of Sample 

Pit 5 Sludge 
Pit 6 Sludge 
Clearwell Sludge 
Depleted Contaminated Soil 

Depleted Contaminated Fly 
Ash ( n y  Ash 1 and Fly Ash 
2) 

VSLIDCode I RVFSNumbers I WMCOLab# 

100204 
100205 
100206 ] 100240 

920729-052 I 920729-053 

For convenience and easy reference, a summary of our compositional conclusions for 

these samples is given in Table 3.2. Analyses and assumptions leading to these conclusions are 

discussed in the following subsections. 
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Table 3.2 Summary of FEMP Waste Compositions 

Pit 5 
(wt%) 

Pit 6 
(W%) 

Clearwell 
(W%l 

Fly Ash (W%) 

920729-052 
' FEMP 

Fly Ash (wt%) 
FEMP 

920729-053 

DCP 
Analysis 

DCP Analysis DCP Analysis DCP and 
Fluoride 
Analysis 

2.1 1 
0.08 
1.88 
37.19 
0.07 
3.18 
0.30 
0.34 
37.6 
1.33 
0.12 
0.95 
0.07 
0.24 
13.98 
0.06 
0.22 
0.25 

DCP and 
Fluoride 
Analysis 

0.82 
0.05 
0.01 
3.38 
0.01 
0.4 
0.25 
0.03 
83.9 
0 
0.01 
0.1 
0.03 
0.08 
3.68 
0.01 
0.07 
0.25 

93.09 

DCP and 
Fluoride 
Analysis 

6.54 
0.05 
0.30 
25.52 
0.03 
3.34 
1.58 
0.1 8 
6.29 
0.63 
0.37 
0.48 
0.02 
0.8 1 
46.97 
0.03 
0.40 
0.03 

93.60 

33.1 6 
0.2 
0.08 
1.12 
0.00 
4.7 1 
2.46 
0.05 

0.78 
0.02 
0.46 
0.01 
0.17 
55.1 
NA 
1.65 

- 

0 . d  

25.61 
0.13 
0.31 
3.55 
0.15 
13.53 
0.00 
0.03 

1.77 
0.12 
0.6 1 
0.00 
NA 
52.65 
0.12 
1.38 
0.03 

- 

7.58 
0.1 3 
0.04 
22.14 
0.05 
3.4 
2.01 
0.25 

5.34 
0.17 
1.03 
0.06 
0.00 
56.7 
0.04 
0.51 
0.05 

99.50 

- 

I 

100 100 99.97 

leides ippm) 
I 

Pit 5 I Pit 6 I Clearwell I Flv Ash 1 

Tc-99 0.38 c0.02 0.05 0.41 

730 12 97 99 Th-232 

U-233 c0.02 I c0.02 I 0.44 I 0.03 

U-234 0.38 1.2 0.04 C0.04 

49 160 6.5 0.52 U-235 

U-236 1.2 I 3.1 I 0.17 1 0.08 

U-238 3400 102,700 1900 93 

120 42 270 120 

0.8 0.03 1.3 11 

7.8 0.3 2.2 6.0 

Pb 

TI 

Cd 
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providing analytical analyses in accordance with requirements, as currently 

specified, for FEMP Analytical Support Levels A, B, and E." The Evaluation 

Team closed out the audit by verifying the implementation of the corrective 

actions carried out by VSL in response to the Evaluation Team's observations. 

Data obtained at each stage of the project were reviewed by the competent 

Laboratory Mangers, the Project Manager and the Principal Investigator for 

accuracy and reproducibility. Periodic validation by the QAO and statistical 

quality controls in place at VSL ensured the reliability of the data and the results. 

In addition to the above, VSL's QA program continuously monitored and addressed the 

training needs of the personnel involved in order to ensure that all project activities fully 

complied with the QA requirements and stringent safety standards. 

(5) 
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regions of a - lcm2 sample, and is accurate to about *20%. 

Heat Dissolution of SludFes. Soils:Flv Ashes. and Glasses: Various combinations of acids (HF, 
. - - - -. - _ _  _ _  - - - _.  _ _ _  _ _  - _ _  - - _ _  - _ _  - 

HCl, HNO,, and H,SO,) are used to dissolve sludges, soils, fly ashes, and glasses, depending 

on the composition of the sample. The samples are dissolved completely by heating (typically 
\ 

100 mg in 200 ml of solution) in a sand bath at 70flO"C for several hours. Further volumes 

of one or more acids were added as necessary to complete dissolution. 

Microwave Dissolution of Glasses: In addition to heat dissolution, microwave dissolution in 

HF/HNO, solutions were done. Microwave dissolution, in general, permits faster dissolution 

than heat dissolution, but has not been used as extensively in our lab on as wide of a range of 

samples as the heat dissolution procedure. For this reason, the microwave dissolution method 

has been limited to the dissolution of glasses which is generally more straightforward. 

Solution Anal vses: Direct Coupled Plasma Emission Spectroscopy (DCP-ES), Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS), ion chromatography, and ion selective electrode 

techniques were used for solution analyses. The overall uncertainty associated with DCP-ES 

analysis is +5 %, that for ion chromatography and ion selective electrode analyses is 1096, and 

for ICP-MS, the uncertainty is estimated to be f2096. 

Fluoride Analvsis: Fluoride content was obtained by two different methods. The first procedure 

is based on ASTM C169 (with slight modifications) which involves the reaction of U,O, at 1OOO- 

1150°C to form UF,, which is then trapped in a 0.1N NaOH solution. The analysis of fluoride 

ion in solution can then be accomplished by either ion chromatography or by using a fluoride 

electrode. Our second method for analyzing fluoride involves microwave dissolution of the glass 

in a two-step process using NaOH, then HCl and/or HNO,. Once the fluoride is in solution, 

2-7 
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a fluoride electrode is used to determine the concentration of fluoride in solution. 

experimental reproducibility of both of these methods for fluoride analysis is within f20%. 

The 

2.2 Quality Assurance 

FEMP treatability studies were conducted at VSL under a Quality Assurance program 

in order to ensure the reliability, verifiability, and traceability of data obtained in the laboratory. 

The program established at VSL strictly complies with the applicable quality assurance program 

requkments for nuclear facilities outlined in ANSI/ASME NQA-1. The implementation of the 

Quality Assurance program was effected for this project as follows: 

Both a Project Specific Quality Assurance Plan and a Work Plan were developed 

for this work. 

A full-time Quality Assurance Officer (QAO) supervised the implementation of 

the QA program throughout the duration of the project. 

Technical procedure requirements were reviewed and several new Standard 

Operating Procedures were developed. These include specific procedures for 

characterization of wastes, fluoride analysis, analysis of TCLP extracts, and 

dissolution of glass. 

In addition to the regular internal surveillance activities by the VSL QAO, and 

audits by other DOE project sponsors, FEMP QA representatives conducted an 

audit (WEMCO/FEMCO Supplier Evaluation) of VSL QA program activities 

during the period September 24-25, 1992 and subsequently made a follow-up visit 

on February 25, 1993. The Evaluation Team concluded that "VSL is capable of 

.. 8 2 6 
> I  c- , 
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weight loss measurements; hence, time and heating rates are easily controlled. The major source 

of error in our weight loss measurements is due to errors in weighing which we estimate to be 

f5Z. 

Gamma SpectroscoDy: A Canberra Gamma Spectroscopy system coupled to a PC was used to 

obtain gamma spectroscopy measurements. Only qualitative measurements were made on 

Fernald sludges, soils, and fly ashes due to calibration difficulties relating to geometric and self- 

screening corrections for such materials. 

G-g: Crucible melts were made with Pit 5 sludge dried at 450°C for five hours, soil 

passing sieve #lo and dried at 450°C for four hours, and fly ash (only Fly Ash 1 was used) 

dried at 1150°C for four hours (except F5-37 where as-received fly ash was used.) The FEMP 

wastes and additives were then manually mixed by shaking in a plastic container and transferred 

to a crucible (usually WAu). The crucible was placed in a furnace at- 1 150"C, and the blend 

was typically melted at 1150°C for one hour, with stirring during the last half hour. 

Peat Treatments: Approximately two-gram samples of various FEMP glasses were heat treated 

for specified times and temperatures. Unless otherwise stated, each sample was premelted at 

1100°C for one hour before the heat treatment in order to dissolve any pre-existing crystals or 

crystal nuclei which may have been present in the as-melted glass. 

Viscositv Measurement: The viscosity was calculated from measurements of the torque and 

rotation speed of a calibrated spindle attached to a Brookfield viscometer. Measurements were 

made over a range of temperatures, usually from 1OOO"C to 1150°C. The equipment was 

calibrated using standard oils of known viscosity and checked using a NIST standard reference 

2-5 
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glass (SRM711). The precision and accuracy of the viscosity measurements are estimated to be 

within +lo%. 

Conductivity Measurement: The conductivity of the glass was determined by measuring the 

resistance of the glass melt as a function of frequency using a calibrated platinum electrode 

probe. The results were extrapolated to zero frequency to obtain the DC conductivity. These 

measurements are taken over a temperature range of typically 1OOO-1150°C. The equipment was 

calibrated using salt solutions of known concentrations. Estimated uncertainties in the 

conductivity measurements are f 5  96. 

TCLP Test: The TCLP leach test was used to determine the leach resistance of the glasses that 

were produced by measuring the leachate concentrations obtained after 18 hours at 22°C in a 

sodium acetate buffer solution. The leachate concentrations were measured by both DCP and 

ICPMS. The overall uncertainty is estimated to be f1596. 

PCT Test: The PCT Test (Jantzen and Bibler, 1989) evaluates the relative chemical durability 

of glasses by measuring the concentrations of the chemical species released from crushed glass 

(75-150 pm) to the test solution (deionized water in this case) at 90°C. All tests were conducted 

in triplicate with a standard glass west Valley Reference 5) included in each test set. The 

overall uncertainty in the test results is estimated to be f1596. 

Scannine Electron MicroscoDv Enerev DisDersive S ~ e c  troscopv (SEM/EDS): Scanning electron 

microscopy was used to characterize the microstructure of the glasses and permits analysis of 

the glassy and crystalline phases using energy dispersive x-ray spectrometry. This equipment 

permits determination of both the volume fractions and compositions of crystalline phases in both 

1 . .  

as-melted and heat treated glasses. The percentage of crystals is estimated by examining several 

26 
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procedure and the Savannah River Product Consistency Test (PCT). The EPA TCLP test is an 

18 hr test at 22°C for r e l i  of hazardous components to the leaching solution. Since these are 

rather benign conditions for glass, the Savannah River PCT test (Jantzen and Bibler, 1989), 

which is the present standard for high-level nuclear waste glasses, was also employed. This is 

a seven-day test at 90°C using 75-150 pm glass powder and is therefore significantly more 

aggressive than the TCLP test. In addition, data from the PCT test permit direct comparison 

of the glass leaching behavior with that of high-level nuclear waste glasses. 

Finally, there are also important economic factors involved in identifying the best 

formulations for vitrification of any given waste stream. These are primarily the waste loading 

that is achievable, since increased waste loading decreases overall treatment costs, and the cost 

of the chemical additives that are used in the formulation. 

Glass composition development then is a problem in multi-parameter constrained 

optimization and a true optimal solution would require a huge number of experiments. 

Fortunately, however, a practical solution can usually be obtained with a manageable number 

of experiments through the application of known principles from glass chemistry and the use of 

composition-property modelling. 

2.1 Facilities, Equipment, and Experimental Methods 

The major operations performed at VSL included glass melting, standard leach tests on 

the vitrified product, analysis of the raw materials, the vitrified product, and leachates, and 

product characterization. Standard glass characterization techniques including Viscosity, 

conductivity, DCP analysis, and microstructure determination using SEM-EDX were performed 

2-3 ' 
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at VSL. A short description of the techniques used are given below. Each of these techniques 

are described in detail in VSL technical procedures. 

SDecific Gra vitv: The specific gravity of soils, sludges, and fly ashes were determined using 

a pycnometer and the procedure specified in ASTM D854-83. At least two measurements were 

made for each sample and the expected uncertainty in the specific gravity measurement is, as 

described in ASTM D854-83, within a standard deviation of 0.021 g ~ m - ~ .  

Carbon Content: The carbon content of sludge, soil and fly ash is measured using a Dohrmann 

DC-80 Carbon Analyzer attached with a 183 Boat Sampling Module (BSM). This system is 

capable of measuring the total carbon (TC), total organic carbon (TOC), and the inorganic 

carbon (IC) contents of wastewater, slumes, sludges and solid samples. Each liquid sample is 

measured at least five times and the measurements typically agree to within *lo%. We 

estimate the error of measuring the carbon content of solids to be also within *lo%. These 

errors are purely analytical, however, and do not include sampling errors which can be quite 

significant when sampling very small quantities of FEMP wastes. 

Sieve Analvsis: The distributions of particle sizes in soils, sludges, and fly ashes were 

determined using ASTM procedure D422-63. The major sources of error for these 

measurements are: accuracy of sieve size, particles left on the sieve which should have passed 

through, and weighing errors. We estimate the accumulation of these errors to be about & 10%. 

Weight Loss: The weight loss data were obtained by heating representative samples of sludges, 

soils, and fly ashes; 110°C for 18 hours; 450°C for 4 hours; 850°C for 4 hours; and 1150°C 

for 4 hours. Programmable Deltech furnaces (DT-28-12 and DT-28-06) were used for the 
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~ ~ ~.. a METHODOLOGY AND APPROACH 

The objectives of the present laboratory- and bench-scale study include development and 

demonstration of the major principles on which the approach is based, and the accumulation of 

process and product characterization data neceSSary for the development of conceptual process 

designs and the evaluation of the suitability of the approach for larger-scale demonstration. A 

schematic diagram of the study is shown in Figure 2-1. 

Figure 2- . A schematic diagram of the study. 

The glasses produced were then characterized to obtain data on key process parameters 

and waste form performance parameters, as shown schematically in Figure 2-2. An objective 

of this study is to obtain an understanding of the relationship between glass composition and 

2-1 
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Figure 2-2. A schematic diagram of, glass character'uation activities 

these key parameters since this permits selection of optimum formulations for treatment by 

vitrification. Melt viscosity as a function of temperature is an important factor in determining 

processing temperature since a high viscosity results in slow throughput rates and low viscosity 

melts are often more corrosive. A similar compromise is necessary with the electrical 

conductivity of the melt for acceptable processing by joule-heated melting; high conductivity 

melts lead to electrode current density limitations whereas low conductivity melts increase the 

conduction through the melter refractories. Phase stability and glass microstructural data are 

necessary to determine the lower limit of processing temperatures beyond which melt 

crystallization occurs, since this could cause melter clogging. 

Leach resistance is obviously an important performance criterion since the role of the 

glass waste form is to immobilize the hazardous and radioactive constituents and minimize their 

release into the environment. Two leach tests were used in this study: the EPA TCLP test 

2-2 

.. .. 
I . . . . $  " 

832 . r  



GTS Dumek 
PO 91 784440 

Vitrification processing is usually performed by using either fossil fuels or electric 

processing techniques. The latter include electric arcs using consumable carbon electrodes, 
- - -  - . -  

plasma torch melting, and submerged electrode melting; all are based on well-developed electric 

furnace technologies from commercial metal and glass melting. The joule-heated ceramic melter 

(JHCM) technology uses a ceramic-lined melter with large submerged plate electrodes (typidly 

of Inconel 690) and relies on the conductivity of the molten glass to produce the joule heating 

effect. In most cases the waste is introduced onto the melt pool as an aqueous slurry but could 

also be fed dry. The "cold cap" of unreacted feed material that accumulates on the melt surface, 

in combination with the reduced melt surface temperature, act to reduce the loss of volatile 

species to the off-gas stream. The JHCM approach has been selected for stabiliition of high- 

level nuclear wastes at the Savannah River, Hanford, and West Valley sites and, as a result, this 

technology has benefitted from considerable research and development efforts in recent years. 

While the data reported herein would form the basis for application of a variety of vitrification 

technologies, specific continuous melter testing was performed using a Duramelter joule-heated 

ceramic melter system. 

1.2 Waste Materials Used in the Study 

The FEMP identification numbers for the samples used in this study are listed in Table 

3.1 of Section 3 which covers the characterization of these materials. 

1.2.1 Pit 5 Sludge 

A 55-gallon drum of Pit 5 sludge was received at the Vitreous State Laboratory (VSL) 

of The Catholic University of America in March, 1992, for characterization and vitrification 
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studies. All of the characterization and vitrification studies on Pit 5 sludge reported in this 

0 report were from the same 55-gallon drum of Pit 5 material. 

1.2.2 Pit 6 Sludge 

A 5-gdon container of Pit 6 sludge was received at 1 

characterization studies. 

1.2.3 Clearwell Sludge 

A 5-gallon container of Clearwell sludge was received at 

characterization studies. 

1.2.4 Fernald Soil 

SL in March 1992 for 

VSL in April 1992 for 

In May of 1992, VSL received 60 kg of Fernald soil for characterization and vitrification 

studies. The soil radioactivity was below 35 pCi/g and it was therefore treated as non- 

radioactive soil. The soil samples were taken from a sump excavation activity at FEMP and are 

believed to be reasonably representative of the native soil. 

1.2.5 Fly Ash 

Two 5-gallon containers of each of two types of fly ash were received at VSL in July, 

1992 for characterization and vitrification studies. The main constituents of fly ash, are usually 

silicon and aluminum which are useful glass formers and therefore the use of fly ash to reduce 

the need for chemical additives and increase total waste loadings was investigated. 

1-4 
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1.1 Background 

This report presents the results from a treatability study for the evaluation of vitrification 

as a treatment technology for FEMP OU1 wastes conducted by GTS Duratek, Inc. and it sub- 

contractor, the Vitreous State Laboratory of The Catholic University of America. The wastes 

included in the study were FEIW Pit 5 ,  Pit 6, and Clearwell sludges, FEMP soils, and FEMP 

fly ash. Characterization of these streams was directed specifically at the data needs for 

application of vitrification process technologies to the remediation of these wastes. A glass 

composition variability study was conducted for Pit 5 sludges which included evaluation of the 

use of FEMP soil and fly ash as potential additives in order to reduce the need for purchased 

chemicals in an actual process. The crucible-melt glasses that were produced were characterized 

with respect to melt viscosity and electrical conductivity as functions of temperature, leach 

resistance (by the TCLP and PCT procedures), crystallization behavior and liquidous 

temperature, chemical composition, waste loadings, and volume reduction. Two formulations 

were tested in a 10 kg/day continuous joule-heated-melter vitrification system to obtain process- 

related data including off-gas information. 

a 

Remediation technologies for contaminated soils and sludges ultimately rest on some form 

of stabilization of the hazardous and radioactive contaminants into a solid, and therefore 

immobile, waste form. Furthermore, the waste form must be stable and highly resistant to 

aqueous corrosion and any other form of degradation (such as biological) that would serve to 
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release the contaminants entrapped therein. Also central to an effective remediation system is 

the ability to concentrate the contaminants into the minimum possible volume, since this reduces 

disposal and monitoring costs. The ideal stabilization technology would therefore concentrate 

and immobilize all contaminants and render them chemically non-reactive. Stabilization by 

vitrification mts primarily on the following factors: 

(i) The powerful solvating properties of silicate glass melts and their ability to 

incorporate a wide range and large amounts of hazardous and radioactive 

components; 

(ii) Welldeveloped processing technologies from both the commercial glass 

industry and, most recently, from high-level nuclear waste stabilization research 

and development efforts; 

(iii) Thermal processing that effects the essentially complete destruction of 

hazardous organic compounds; 

(iv) A stable homogeneous wasteform that can be made highly resistant to 

aqueous corrosion; 

(v) 

corrosion resistance has been demonstrated by the geological record; and 

(vi) Relatively high density and therefore large volume reduction. 

The superior corrosion resistance of a glass wasteform would provide strong support for 

delisting of mixed and hazardous wastes while the volume reductions than we have demonstrated 

A material that is very similar to many natural minerals whose long-term 

(as compared to volume incrimes with most 

more than offset the higher processing costs 

alternative technologies, such as cementation) can 

for any reasonable disposal cost. 

1-2 
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e Heavy metals and radionucleides are effectively retained within the glass melt 

minimizing off-gas problems 

Fluoride can be captured in the off-gas system and recycled into the feed batch 

as NaF 

Fluoride emissions were below regulatory levels 

The glass produced shows good leach resistance 

0 

e 

e 

Overall volume reduction calculations for Pit 5 sludge (taking into account all materials 

added to produce a vitrifiable blend, including soil and/or fly ash) yield a volume reduction of 

about 80% which translates into substantial savings in disposal costs. 

The characterization data obtained for Pit 6 and Clearwell sludges suggest that 

vitrification would also be a viable option for treatment of those materials. The extensive data 

base obtained in this skdy for Pit 5 vitrification should greatly facilitate the development of 

suitable formulations for vitrification of Pit 6 and Clearwell sludges. 

0 
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Executive Summary 

This report presents the results from a treatability study for the evaluation of vitrification 

as a treatment technology for FEMP OU1 wastes conducted by GTS Duratek, Inc. and it sub- 

contractor, the Vitreous State Laboratory of The Catholic University of America. The wastes 

included in the study were FEMP Pit 5, Pit 6, and Clearwell sludges, FEMP soils, and FEMP 

fly ash. Characterization of these streams was directed specifically at the data needs for 

application of vitrification process technologies to the remediation of these wastes. Pit 5 sludge 

contains large amounts of magnesium, fluorine, and calcium (about 40 wt. % each as MgFz and 

CaO on a dry basis) which presents a significant challenge for development of optimized glass 

waste forms. A glass composition variability study was conducted for Pit 5 sludges which 

included evaluation of the use of FEMP soil and fly ash as potential additives in order to reduce 

the need for purchased chemicals in an actual process. The crucible-melt glasses that were 

produced were characterized with respect to melt viscosity and electrical conductivity as 

functions of temperature, leach resistance (by the TCLP and PCT procedures), crystallization 

behavior and liquidous temperature, chemical composition, waste loadings, and volume 

reduction. 

a 

We have developed glass formulations for FEMP Pit 5 sludges that exhibit: 

e High leach resistance - the glasses pass the TCLP test and show every good 

performance in comparison with high-level waste glasses on the PCT test 

Acceptable melt viscosity and electrical conductivity - the behavior of these e 
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properties with temperature makes these melts suitable for processing in a 

Duramelter joule-heated melter vitrification system operating at temperatures of 

around 1150°C 

Acceptable liquidus temperatures - overall phase stability imposed one of the 

major constraints on the formulation of high-waste loading compositions. 

However, a composition range has been identified with sufficiently low liquidus 

temperatures for Duramelter processing at 1150°C 

High waste loadings - feeds containing over 80 wt% Pit 5 sludge and 95% total 

waste (Le. including soil and/or fly ash) can be vitrified to produce acceptable 

0 

glass waste forms. 

The processability of these formulations has been demonstrated by test runs on a 

laboratory Duramelter vitrification system with a nominal glass production rate of 10 kg/day, 

although significantly higher production rates proved possible with these feeds. Fluoride loss 

from the melt is an important factor for FEMP wastes that must be carefully addressed by 

potential vitrification (or indeed any thermal) process technologies. However, the Duramelter 

system test runs have demonstrated that: 

FEMP Pit 5 sludge could be processed with 77-88 wt.% waste loading in a 

Duramelter joule-heated vitrification system 

Approximately 99.9% of the uranium and thorium was contained within the glass 

before recycle of the scrubber sludge (i.e. volatilization of UF, is not a problem) 

vi 
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For the first glasses melted, we used appearance upon cooling as an initial determination 

of a "poor quality" glass or a "possibly good" glass. The opaque greenish glasses were initially 

thought to be poor glasses, however, it was later deteImined that the greenish opaque color was 

due to phase separation (i.e. glass-&glass separation as distinct from crystallization). Increasing 

the cooling rate suppresses this phase separation effect. For example, when F5-7 and F5-16 were 

cooled faster, glassy brown materials were produced. One way to cool the glass melt faster is 

by melting the glass in clay crucibles and pouring into graphite molds. This produces a much 

faster cooling rate than air quenching the hot WAu crucible. In a production situation it would 

therefore be preferable to make small, rapidly mled  glass pieces (e.g. gems, marbles, or beads) 

rather than large glass monoliths of the type adopted for the high-level waste vitrification 

The specific effects of various additives, including fluoride, on glass properties will be 

discussed in later sections, as appropriate (Le. viscosity, leachability, etc.). However, the 

general effect of replacing boron with sodium can be seen from the appearance of the glasses 

F5-18, F5-29, and F5-30 after melting. As the amount of boron decreases (and sodium 

increases) the amount of crystallization in-, until at 0% boron, a ceramic-like material is 

produced. It appears that about 6 wt% boron is needed to suppress crystallization. 

4.4 Compositional Analysis of Glass Melts 

Table 4.3 shows the analyzed compositions of 29 of the 40 glass melts, along with the 
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calculated compositions of all of the melts (except those made with Weldon Spring soil). The 

compositions were calculated by using the normalized DCP analysis of the soil and fly ash (Fly 

Ash 1 was used for the glass melts) and the u~ormalized DCP analysis of Pit 5 along with the 

fluoride analysis (see Table 3.2). Using these combined DCP and fluoride analyses of Fernald 

wastes, the calculated and analyzed compositions are generally in good agreement. The analyzed 

column uses DCP analysis in which the measured Mg content was converted to wt. 96 as MgF,. 

This assumes no fluoride loss during the melting, which, as we shall see later, is not strictly 

true. Notice that the glasses which show poor agreement between calculated and analyzed 

compositions are heterogeneous glasses (except F5-26) such as F5-23B (the B means the second 

melt of F5-23) and F5-27. Both F5-23BRW (the white portion of F5-23B remelted) and F5-27W 

(the white part of F5-27) are very rich in silicon. The green part of F5-27 (F5-27G) and the 

blue part of F5-27 (F5-27B) have the same composition since the difference in appearance 

between them is due to different cooling rates. Both F5-23B and F5-27 contained white powders 

surrounded by glass suggesting a Si& solubility problem, either kinetic or thermodynamic. 

. .  

Repeating this melt from a separate batch of dried sludge, soil, and additives gave the Same 

undissolved white powders, did remelting with more vigorous stirring. 
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This inability of Si02 to dissolve into Femald waste mixtures was seen a total of five 

times. For F5-23B and F5-27, the evidence was the observation of macroscupic powders that 

were rich in SiQ. For F5-24, F5-25, and F5-26, the evidence of undissolved SiOz was seen 

with SEM/EDX. The commonalty between the five glasses can be seen from Figure 4.3; a 

targeted Si/Mg mole d o  higher than about 2.5 showed evidence of S i 4  insolubility. This limit 

upon the amount of SiQ soluble in the FEMP waste produces an upper limit on the viscosity 

of FEMP glasses since SiQ is the major ingmhent responsible for increasing viscosity. 

It was noted above that the combined raw materials of sludge, soil, and additives react 

with clay cruciiles at 1150°C, but not with WAu crucibles. Attempts  we^ made to use inamel 

crucibles since they are much less expensive than WAu crucibles. Our first two attempts were 

on F5-35 and F5-36 which produced glasses that appeared to be gopd upon cooling. Inconel 

crucibles were therefore used to test the formation of glass from as-received fly ash (F5-37). 

The large amounts of carbon in both FEMP fly ashes presents a problem for WAu crucibles 

since carbon can reduce iron at 1 15OoC, which in turn alloys with the WAu crucible to form 

a W e  alloy which destroys the crucible. Melting a blend containing as-received fly ash in an 

Inconel crucible produced an opaque black glass; the crucible was visibly corroded. Using 

SEM/EDX, we detectd spinel (CrlFe crystals) in all thFee melts made in Inamd cruciiles. No 

spinel was found in any of the other glasses suggesting that the spinel foxmation was due to Cr 

dissolved from the Inconel crucible. 
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As mentioned in Section 4.2, the cooling rate determines the appearance of many of the 

FEMP glasses. This phenomena was easily demonstrated by pulling a small amount of molten 

glass from the crucible using a ceramic rod - the fiber of cooled glass was always more glassy 

than the large piece left in the crucible. Another experiment also showed the effect of cooling 

on the appearance of the glass: an opaque green glass, F5-20, was remelted in clay and cooled 

quickly. By remelting in clay, we could pour the glass onto graphite molds, and hence cool it 

much more quickly. The DCP analyses of the F5-20 glass and the remelt in clay, are shown in 

Table 4.4. As can be seen from both the normalized and unnormalized data the two glasses are 

identical in composition within the analytical uncertainty, but one is an opaque green glass while 

the other is glassy brown. This difference in appearance is due to the different Cooling rates; 

the original F5-20 melt experienced a much slower cooling rate than the remelt, which led to 

phase Separation in the former but not latter. One could argue that the remelt in clay gave a 

different glass due to contamination from the clay crucible, but, as indicated from the DCP 

analysis, the Si& and A1203 concentrations are the same in the two cases. We believe that 

remelting glass in clay crucibles causes an essentially insignificant amount of reaction with the 

clay whereas when melting from raw materials this is a significant concern since the raw 

materials ti the form of carbonates and hydroxides) are much more reactive than the oxides in 

the glass. 

4-19 

854 . ) * .  .... . 
8 . .  . .  



GTS Dum&ek 
PO 917844-00 

Table 4.4 

Oxide 

ViV@fication Drvelopment 
Studies for OUI Wastes 

DCP Analysis of F5-20 (opaque green) and F5-20 after Remelting and Rapid 
Cooling (glassy brown) 

FS-20 Glass 

%Oxide 

9.48 
7.16 
0.91 

18.39 
0.02 
2.40 
0.32 
0.05 

14.37 
0.06 
6.01 
0.01 
0.28 

31.36 
0.03 
0.11 
0.10 

%Oxide 
norm. 

10.41 
7.86 
1.00 

20.19 
0.02 
2.63 
0.36 
0.05 

15.78 
0.07 
6.60 
0.02 
0.30 

34.44 
0.04 
0.12 
0.11 

F5-20 Remelt and 
Rapid Cooling - 

%Oxide 

9.85 
7.42 
0.90 

18.55 
0.02 
2.34 
0.47 
0.08 

14.61 
0.07 
5.61 
0.02 
0.32 

31.00 
0.04 
0.16 
0.11 

%Oxide norm. 

10.76 
8.11 
0.99 

20.26 
0.03 
2.55 
0.52 
0.09 

15.95 
0.07 
6.12 
0.03 
0.35 

33.85 
0.04 
0.17 
0.12 

We had noted in Section 3.5 that some fluoride is lost from Pit 5 sludge upon heating to 

1150°C. Since vitrification involves heating to 1150°C for one hour, there is the possibility of 

considerable fluoride loss from the melt during vitrification. This is an important consideration 

for continuous melting operations, as will be discussed in Section 8. Here we will examine 

possible fluoride loss during crucible melts. Table 4.5 shows the calculated and analyzed 

fluoride content of a number of FEMP glasses, along with the percentage of fluoride lost during 
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F5-25 6.87 6.6 0.04 
I 

Vitrification Development - 
- - - .. - - - . - . - -. - - - 

GTS Dumtek 
- -PO91784440 - - Studies for O W  Wastes a 

vitrification, based on the calculated numbers. It appears from Table 4.5 that 20-30% of the 

F5-3 1 11.54 8.0 31 

F5-32 15.23 11.20 26 

original fluoride content is lost during vitrification for blends targeted to contain 10-15 wt96 

fluoride. Hence, we would expect that the amount of fluoride shown in Table 4.3 in the 

F5-34 

F5-35 

analyzed columns (which is based solely on the Mg content by assuming all Mg is present as 

10.78 7.1 34 

11 8.95 19 

MgF3 is about 20-30% too high for most glasses. 

F5-36 

F5-4 1 

Table 4.5 Fluoride Analysis of FEMP Glasses and % of Fluoride Lost During Melting 

11 7.25 34 

14.39 9.5 34 

4-21 

8 56 



b. 5284 . . _  

GTS Dumtek Virrification Developmen! 
Studies for OUl Wastes 

SECTION 5.0 
Viscos'rty and Conductivity 

5.1 Introduction 

Both viscosity and electrical conductivity data as functions of temperature are needed in 

order to assess the processability of FEMP glasses. The melt viscosity has a major effect on 

processing rates and the melt electrical conductivity determines power dissipation in joule-heated 

melting systems. 

In this study, conductivity and viscosity were measured at typically four temperatures to 

span the range of likely processing parameters. While we were prepared to collect viscosity and 

conductivy data up to 1500"C, this did not prove necessary because the viscosities were already 

very low (< 10 poise) at 1150°C and there is rapid fluoride loss above 1150°C; thus higher 

processing temperatures would be impractical. The electrical conductivity data were fitted to 

Arhenius equations 

u = exp(AJ" + C,,) 

while the viscosity data were fitted to Vogel-Fulcher equations (Arhenius with allowance for the 

rapid rise in viscosity on approach to the glass transition temperature) 

= exp(A,,/(T-TJ + C,). 

The coefficients A,,, C,,, A,, C,, and To, were determined by least-squares regression of the data 

for each glass. For convenience, these equations were used to interpolate the viscosity and 
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conductivity data to standard temperatures, which facilitates comparisons between glasses. 

5.2 Results of Viscosity and Conductivity Measurements 

Tables 5.1 and 5.2 show the viscosity and conductivity measurements of 23 FEMP 

glasses. Certain glasses began to crystallize during the viscosity and conductivity measurements. 

For conductivity measurements, the readings for such melts were usually stable enough to obtain 

a reading within the usual &5% reproducibility, but for viscosity measurements, the readings 

were out of the & 10% range that is typically possible for viscosity measurements. The entries 

marked "unstable" indicate readings that were unstable due to crystallization for those glass 

melts. We have marked with an asterisk the glass melts in which the same glass was used for 

both viscosity and conductivity measurements; the significance of this will be discussed in 

Section 5.3. 

As can be seen from Table 5.1, most of the FEMP glasses fall into the range of 1-10 

Poise at a temperature of 1150°C. Conventional high-level waste vitrification systems require 

a processing viscosity in the range of 20-80 poise. As discussed in Section 4, attempts to 

increase the viscosity were limited by the solubility of SiQ in typical Femald waste blends. The 

use of the Dumelter system, however, permits melting of these low-viscosity, high-waste 

loading feeds, as shown in Figure 5.1. 

5-2 



(r 
0 

0 
Y 

- . - . -. . . . . 



P 
VI 



. , I. : . $ 3  

)r 
Y .- 
VI 

3 
VI .- > 





. _. ". 5284 
GTS Dumtek 
PO 91784440 .. 

Vitrification Development 
Studies for OUl Wastes . 

The conductivity of the FEMP glasses spans a range from about 0.1 S/cm to 0.6 S/cm 

for a typical processing temperature of 1150°C. Typical conductivity constraints used forjoule- 

heated ceramic melter processing of high-level nuclear waste are 0.15 S/cm to 0.55 Skm. This 

range is extended down to 0.05 S/cm for the Duramelter, as shown in Figure 5.1. The 

viscosity-conductivity behavior of typical FEMP glasses is also shown for comparison with those 

constraints in Figure 5.1. High-waste-loading FEMP glasses would not be processable using the 

constraints imposed by conventional joule-heated melter technology but are processable using 

a Duramelter system, as discussed further in Section 8. 

5.3 Effect of Fluoride Loss on Conductivity and Viscosity Measurements 

When measuring viscosity and conductivity, the glasses are heated to high temperatures 

(1OOO-1200°C) which invariably leads to some loss of fluoride. This fluoride loss has been 

measured in three ways: measurable amounts (40 ppm) of HF released to the gas phase when 

glass is at - 1150°C; increases in conductivity and viscosity over a few days of measurement; 

and the reduction in fluorine concentration in the glass after completion of the conductivity and 

viscosity measurements. 

The loss of fluoride to the atmosphere during viscosity and conductivity measurements 

was not detected until several months into this study. Prior to that time, the same glass sample 

was used for viscosity and conductivity measurements and there was no particular concern for 

the length of time the glass was at high temperatures during these measurements. After we 
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0.8 

0.6 Oo7 I r12 

1 10 
Viscosity, Poise 

100 

Figure 5.1 Glass Conductivity-Viscosity Behavior in Relation to Melter Processing 
Constraints. Fitting equations were used to extrapolate measurements made over the 
approximate ranges of 1-5P and 0.1-0.5 S/cm. 
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discovered the fluoride loss, the viscosity and conductivity procedures were changed to use as- 

melted glass for each measurement and the measurement time was minimized. As a result, we 

believe the data obtained with this new procedure are more accurate than those obtained with 

the old procedure. There were some viscosity and conductivity data obtained after the new 

procedure was instituted in which the same glass sample was used for both viscosity and 

conductivity measurements due to limitations on the amount of sample left but the time the 

sample was at high temperatures was noted so that the amount of fluoride lost during the 

measurements could be estimated. 

The effect of fluoride loss on the viscosity and conductivity measurements was 

investigated in three ways: (1) By measuring the viscosity and conductivity at 1 150"C, then 

measuring at several temperature below that (i.e. llOO°C, 1050"C, and 1000°C), followed by 

repeated measurements of viscosity and conductivity at 1150°C. Increases in viscosity and 

decreases in conductivity for the second measurement at 1150°C indicate loss of fluoride; (2) 

measuring the fluoride concentration before and after each viscosity or conductivity 

measurement; (3) measuring the change in viscosity and conductivity as a function of time. For 

the first set of experiments, we found less than a 5% change in the viscosity value. 

For the second set of experiements, the results of fluoride loss after viscosity and/or 

conductivity measurements are shown in Table 5.3. In general, the loss of fluoride appears to 

be within about 10% of the initial amount of fluoride present. This is within the reproducibility 

of our fluoride analysis of about f 15 % . For example, two fluoride analyses of F5-39 produced; 
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14.7 wtA and 11.5 wt% fluoride. Averaging the two analyses gives a fluoride content for F5- 

39 of 13.1 f 1.6%. The amount of fluoride in the glass samples after the viscosity 

measurement, 11.796, and after the conductivity measurement, 12.496, are both within the 

uncertainty of the fluoride measurement of the as-melted glass. Hence, we were not able to 

detect significant amounts of fluoride loss after viscosity or conductivity measurements by this 

approach. 

Table 5.3 Fluoride Loss after Viscosity and Conductivity Measurements 

1 Weight % Fluoride 

F5-20 
F5-20 V,C 

7.8, 8.0 
7.8 

F5-33 
F5-33C 

9.6, 10.1 
7.9, 7.8 

F5-39 
F5-39V 
F5-39C 

14.7, 11.5 
11.7 
12.4 

F5-41 
F5-41V 
F5-41C 

10.9 
9.4 
9.7 

After viscosity measurement 
After conductivity measurement 
After viscosity and conductivity measurements 

The results from the third set of experiments on the effect of fluoride on viscosity and 

conductivity are shown in Figure 5.2. We chose a glass (F5-33) with a typical fluoride content 
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of 10 wt. %. With increasing time at 1154"C, the amount of fluoride decreases, and thus the 

viscosity increases and the conductivity decreases. From Figure 5.2, it can be seen that for 

measurement times of less than about ten hours the change in viscosity and conductivity due to 

fluoride loss is less than 10%. While this is within the experimental uncertainty for viscosity 

measurements (+ lo%), it is larger than the estimated uncertainty of the conductivity 

measurements (+ 5%). On the other hand, if we limit the measurement time to four hours, the 

errors for both viscosity and conductivity measurements are within the inherent uncertainties in 

the measurements. The measurement time can be limited to four hours for each measurement 

only if a separate glass sample is used for viscosity measurments and conductivity measurements. 

For the reasons discussed above, the data for the samples denoted by asterisks in Table 

5.1 and 5.2 are less accurate than the other data since the same sample was used for the 

viscosity and conductivity measurements in the former case and therefore fluoride loss was more 

significant. 

A series of surrogate melts was made to further elucidate the role of fluoride in these 

compositions. In this series, CM-2B, CM-3, and CM-4, the molar concentrations of all 

components were held constant except for fluoride and oxygen. The effect of fluoride on 

viscosity and conductivity of glass melts can be seen in Figures 5.3a and 5.3b. The target 

composition (in mole percent) of these glasses is given in Figure 5.3a. The data show clearly 

the extent of the effect of increasing fluoride on decreasing the viscosity and increasing the 

conductivity. Fluoride breaks the oxygen linkages in the glass network which leads to a 

5-1 1 

. .  * .  '8-6 7 



GTS Dumtek 
PO 91784440 

Viirificction Development 
Studies for OUI Wastes 

0.35 

0.3 

0.1 5 
0 50 100 

Time (hours) 
150 

Figure 5.2a Change in conductivity with time at 1154°C for F5-33 due to fluoride loss. 
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Figure 5.2b Change in viscosity with time at 1154°C for F5-33 due to fluoride loss. 
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decrease of the viscosity and an increase in the ease with which cations can move which results 

in an increase in the conductivity. 

5.4 Modelling 

The effect of fluoride and various cations on the viscosity and conductivity of FEMP 

glass melts was modelled using least-squares regression analysis to determine the components 

responsible for the major variations in the data. We assume that the viscosity and conductivity 

can be approximated by the equations: 

?!I E 
kT T l n q  = l n q o - ~ = C , , +  

l n a = l n a , - - ~ ~ , + -  E@ A, 
kT T 

where q and u are the viscosity and conductivity, respectively, E,, and E, are the corresponding 

activation energies, qo, a,, C, and A are coefficients to be determined. The coefficients C,, A,, 

C,, and A, are composition dependent and can be expanded in Taylor series in the composition 

variables and approximated by using the lowest order terms. Many possible combinations of 

terms were evaluated using the reduced chi-squared ($) measure of the goodness of fit. The 

best fit was selected in each case as a compromise between minimizing both 2 and the number 

of fitting parameters. Our results using this approach are presented in Table 5.4; the A and C 
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coefficients are then obtained from equations of the form with similar equations for the 

A,, = xlAl, and C,, = xlCi 
i i 

conductivity coefficients. These models were used to predict glass compositions with processable 

viscosities and conductivities. 
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Figure 5.3a Viscosity vs. temperature for three glasses showing that fluoride reduces 
melt viscosity. 
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Figure 5.3b Conductivity vs. temperature for. three glasses showing that fluoride 
increases melt conductivity. 
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Std. err. 

Table 5.4(a) Coefficients for Viks i ty  Model (units are those appropriate for q in Poise) 

A0 

Xi I Ai 1 ~ t d .  em. 

Degrees of freedom: 28 

Normalized 2 = 2.64 

Degrees of freedom: 28 

Normalized 2 = 2.83 

0.8 

0.1 

Table 5.4(b) Coefficients for Conductivity Model (Units are those appropriate for u in 
Skm) 

F -3559.1 1093 

rF? 477.35 142 

c o  
I 

Degrees of freedom : 26 

Normalized 2 = 3.81 

Xi I Ci 

Degrees of freedom: 26 

Normalized 2 = 4.00 

5.74 

0.757 
~ 

Na -2.593 

F 2.906 

m2 -0.3466 

I 1 I -12238 I 
0.3 I Al I -1134.4 I 362 

~~ 

0.4 I Na I 3797.9 I 600 
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SECTION 6.0 
- Leach Testing 

=. 5284 

Twenty FEMP glasses were subjected to the EPA TCLP leaching procedure for 

inorganics. This procedure involves reducing the particle size such that the sample passes 

through a 3/8" sieve followed by leaching in a sodium acetate buffer solution for 18 hours at 

22°C. The leachate solutions were analyzed for the eight listed metals (As, Se, Cd, Hg, Ag, 

Pb, Ba, and Cr) by DCP, with sample spiking as required in the EPA TCLP test procedure. 

The results are listed in Table 6.la along with the EPA regulatory limits. All of the glasses 

passed the TCLP test, most of them by a wide margin. The TCLP extracts from these tests 

were also analyzed by ICP-MS to determine radionucleide concentrations for the longer-lived 

isotopes. These results are shown in Table 6.lb. 

While all of the glasses pass the EPA TCLP test, that test is not the best measure of 

long-term glass durability. The main reasons for this are that (i) the TCLP test is conducted 

under acidic conditions in which glass generally performs very well; (ii) the test is conducted 

at room temperature and for only one day; and (iii) the ratio of glass surface area to solution 

volume (S/V) is very small (-20 m-'). The PCT test, on the other hand, is conducted at 90°C 

for at least 7 days and with S/V = 2000 m-* (10 g of 75-150 pm powder in 100 ml water). 

Under these conditions, the leachant pH rises due to leaching of alkalies from the glass. These 

high-pH conditions increase the silicic acid saturation concentration and promote the major 

dissolution mechanism for the glass matrix. For these reasons the more aggressive PCT test has 

been adopted as the benchmark test for distinguishing differences in the leach resistance of high- 

level nuclear waste glasses. A large data base on the PCT performance of high-level waste 

r.  
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5 1 1 0.2 5 5 - 1 0 0  5 

Table 6.la TCLP k c h  Data for FEMP Glasses - RCRA metals (ppm) 

0.00 I 0.00 0.00 0.00 
I I I I I 

0.25 I 0.17 I 0.00 I 0.10 I 0.00 I 1.00 I 4.60 I 0.03 I 1% 
I FS-17 I 0.87 

i"i" 
F5-24 0.34 

I F5-25 I 0.52 

I F5-28 I 0.; 

0.10 0.00 0.94 I 0.69 0.01 I 
0.00 0.00 

0.13 0.02 F5-32 

F5-35 

0.12 0.38 0.03 

0.56 0.32 0.06 0.01 

I F5-36 0.39 1 0.49 1 o.00 0.06 0.00 

I FS-37 

0.15 0.20 

0.05 0.00 1.18 I 1.45 

F5-39 I F  0.00 0.00 

0.18 0.01 0.04 I 
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glasses has now been accumulated and therefore collection of such data for FEMP glasses 

permits a direct comparative evaluation of the glass durability. 

The results of the PCT tests after 7 days at 90°C are tabulated in Table 6.2 The 20 

glasses were tested in four sets, each of which included a standard glass (West Valley Reference 

5). The five glasses in each test set were each tested in triplicate (Le. three leach tests per glass) 

with two blanks (vessels with water but no glass) per test set. The data on the standard glass 

are shown in Table 6.3 to give an indication of the reproducibility of the test results. The 

results fall within the range of values measured on the Reference 5 glass in several hundred tests 

conducted over the past few years. 

Experience from the high-level waste vitrification program has shown that the boron 

concentration usually provides the best upper bound on overall glass leach rates since it does not 

form secondary phases which precipitate from solution; next best are usually lithium and sodium. 

For these reasons the high-level waste Waste Acceptance Specifications qu i re  reporting of only 

these three elemental concentrations in the PCT leachate. Since there are very small amounts 

of lithium in the FEMP glasses and since silicon is a major matrix component we have focussed 

on boron, sodium, and silicon for comparative purposes. These leachate concentrations are 

plotted as the normalized concentrations (i.e. solution concentration normalized to that in the 

glass (Jantzen and Bibler, 1989)) for the 20 FEMP glasses in Figure 6.1. The normalized leach 

rates, in units of g/m2/day, for each set of five glasses are compared to the present high-level 

waste glass acceptance standard, the Savannah River SRL-EA glass (Jantzen, Bibler, and Ream, 

1992). Figure 6.1 shows that the majority of the FEMP glasses compare very favorably with 

the high-level nuclear waste standard glass. In fact, all of the glasses have normalized leach 
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rates below those of the SRL-EA standard glass for boron, sodium, and silicon, except for F5- 

30. This exception is not surprising since the F5-30 melt produced a ceramic microcrystalline 

material with no evidence of a glassy phase. The F5-30 formulation used 55 wt% dried Pit 5 

sludge, 14 wt% dried soil, 14 wt% SiQ, 11 wt% Na20, and 6 wt% AZO3; the lack of boron 

led to extensive crystallization upon cooling. The leach results are suggestive of the formation 

of a soluble high-sodium phase in the crystalline assemblage. Indeed, this effect highlights one 

of the major concerns with ceramic waste forms as compared with homogeneous glass waste forms. 
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SECTION 7.0 
Phase Stability m. 5284 

7.1 Introduction 

The stability of the vitreous phase with respect to crystallization impacts both the 

production process and leach resistance. Crystal formation during vitrification can cause melter 

clogging since the crystals formed may tend to sediment to the top or bottom of the melt and 

collect over long periods of time. Crystallinity in the final waste form (e.g. due to slow cooling 

from the melt temperature) may affect the leach resistance, either due to perturbation of the 

composition of the remaining glass phase or due to the formation of a crystalline phase that is 

more soluble than the glass. In this section, we shall examine the extent of crystal formation 

after various heat treatments, and the role of fluoride on the microstructure of FEMP glasses. 

7.2 Results of 20-hour and 2-hour Heat Treatments 

The FEMP glasses were ftrst heat treated at 1050°C for 20 hours. The temperature was 

selected based on the minimum reasonable margin between the typical processing temperature 

for joule-heated melting (1150°C) and the glass liquidous temperature (maximum temperature 

at which crystals will form from the melt). The time was judged to be sufficient to be 

representative of severe process upsets in which the operating temperature departs from its 

nominal value for some period of time. The crystals identified for 21 of the 40 melts after a 

heat treatment at 1050°C for 20 hours are listed in Table 7.1. The crystals that repeatedly 

appear in FEMP glasses are forsterite (2(MgO) - SiQ) diopsidic augite (MgO - CaO - 2(Si4)), 

and fluorophlogopite (K2MgJSi6A1202 JFJ. 

7- 1 



8 % ;  F ? '  
G I  

# 
9 
c 

P 
4 
Ip 

8 
9 
c 
V 

z 
c c 

$ r  



GIS Duratek 
PO 91784440 . ; ,* 

. .  
5284 Vimpmion Dmloptwu 

stdies for OUl Wmtes 

A serious disadvantage in conducting such long heat treatments with these high-fluoride 

FEMP glasses is the loss of fluoride that occurs. This complicates interpretation of the data 

since the observed crystal formation may be influenced by the changing melt composition as well 

as by the heat treatment. These data are directly relevant, however, in terms of evaluating the 

effects of long idling times in the vitrification system which would also lead to both fluoride loss 

and heat treatment effects. 

- - - -  - -  - - _ _ _ _  

In view of the very low viscosity of the FEMP melts (at least a factor of 20 lower than 

typical high-level waste glass melts at around 1150°C) a much shorter heat treatment time should 

be sufficient to achieve reasonable equilibration of the melt with respect to crystal formation 

while minimizing the effects of fluoride loss and therefore providing a more meaningful estimate 

of the liquidous temperatures. After some experimentation, a heat treatment time of two hours 

was selected as the best compromise. 

Table 7.2 summarizes heat treatment results for two-hour heat treatments on nine glasses. 

From these data, one can determine which glasses have liquidus temperatures above 1050°C and 

which ones have liquidus temperatures below 1050°C. As discussed above, we imposed the 

selection criterion for joule-heated melter processing of a liquidous temperature of 1050°C or 

below. We shall see in the next section that compositions selected for the continuous melter 

runs do have this property. 
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e Table 7.2 Liquidous Temperature of FEMP Glasses as Determined by 2 Hr Heat 
Treatments (1 hour premelt at 1100°C) 

F5-39 

F5-40 

F5-4 1 

NA NA Brown glass NA 

NA NA Phase separated Below 1050OC 

NA (for 3 hrs) No crystals Below 105OOC 

with inclusions 

glass 

Many Crystals 

NA = Not analyzed 
HT = Heat treatment 
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CM-2B 
(calc) 

5.1 
5.6 
19.6 
2.4 
18.0 
0.0 
0.0 
7.3 
42 
100 

P-. 5284 
7.3 Effect of Fluoride on the Microstructure of FEMP Glasses 

In Section 5.3, we saw that increasing fluoride concentration decreased viscosity and 

CM-2B CM-2B 
(analy) (analy) 

4.40 4.34 
5.54 5.54 
19.29 19.87 
2.49 2.69 
NA NA 
16.3 16.47 
NA NA 
7.64 7.85 
44.35 43.23 
100 100 

increased conductivity. We used the same fluoride variational study glasses, CM-2B, CM-3, 

and CM-4, to determine the effect of fluoride on the liquidus temperature. Table 7:3 shows the 

10.4 % I 8.8% 

Table 7.3 Calculated and Analyzed Compositions of CM-2B, CM-3, and CM4. 'Ihe analyzed compositions 
are from DCP measurements which do not determine fluoride content, therefore Mg is listed as 
MgO rather than MgF2; fluoride entries were determined by separate d y & .  

8.8% 

Compositions 
(mole %) 

1 Fluoride (wt%) 
NA = Not ,  

CM-3 
(calc) 

5.1 
5.6 
19.6 
2.4 
0.0 
18.0 
0.0 
7.3 
42 
100 

0% 

CM-3 
(analy) 

4.55 
5.67 
19.65 
2.47 
NA 
16.89 
NA 
7.8 
42.97 
100 

0% 

- - 
CM-4 
(calc) 

5.1 
5.6 
19.6 
2.4 
9 .o 
9.0 
0.0 
7.3 
42 
100 

5.4% 

- 

- 

CM-4 
(analy) 

4.46 
5.38 
19.93 
2.46 
NA 
16.86 
NA 
7.54 
43.37 
100 

4.0% 

compositions as mole percent for CM-2B, CM-3, and CM-4. From the calculated column, one 

can see that the aim of the study was to hold all components constant except fluoride and 

oxygen. The oxide compositions were obtained by DCP analysis and the fluoride content was 

analyzed by a modified form of ASTM C169. There was apparently some fluoride loss during 

the melting process since the calculated fluoride values are higher than the analyzed values. 

However, the trend of increasing fluoride from CM-3 to CM-4 to CM-2B is still preserved. 

These samples were heat treated for two hours at various temperatures to determine the 

approximate liquidus temperature as a function of fluoride concentration. The study of CM-2B, 
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11OO"C, 2 hrs 

1050"C, 2 hrs 

lOOO"C, 2 hrs 

.- 

16 0 0 

26 22 0 

41 33 6 

CM-3 and CM-4 was further simplified by the fact that diopsidic augite was the only crystal that 

formed from this series of melts. By examining the amount of diopsidic augite in the three 

glasses, we see that the liquidous temperature decreases with increasing fluoride in the glass. 
e 

This is shown in Table 7.4 where the amount of diopsidic augite present after each heat 

treatment is shown for CM-2B, CM-3, and CM-4. 

Table 7.4 The volume 96 of diopsidic augite in CM glasses with different thermal 
histories. All were premelted at 1200°C for one hour and then heat treated 
for two hours at the temperature indicated. 

Wt.% Fluoride (measured) I 0% I 4.0% I 8.8% ll 

No heat treatment I 0 1 0 I 0 H 

The results shown in Table 7.4 suggest that fluoride suppresses crystallization, but this 

can only be true of crystals which do not contain fluoride. In fact, the formation of fluoride- 

containing crystals such as fluorophlogopite would be favored by increasing the fluoride 

concentration in the melt. The effect of fluoride on the formation of other crystals was studied 

using F5-15. Figure 7.1 shows the SEM and EDS analyses of F5-15 after heat treatment at 

1OOO"C for two hours (with a one-hour premelt at 1150°C). EDS analysis of the long light 

crystals indicated that the composition was consistent with that of fluorophlogopite. EDS 

analysis of the darker crystals showed these crystals to be pagasite. This type of analysis was 

-. : r 7-6 , - . .  . . .  . .  . '  . . .  
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done for FEMP glass F5-15 after various heat treatments. In addition to SEMIEDS, fluoride 

analysis was performed after each heat treatment in order to correlate the observed micro- 
- .  .._ 

structure to fluoride content. The results are summarized in Table 7.5, where the amount of each 

type of crystal found and the wt% of fluoride analyzed is shown for each heat treatment. 

Though the analyzed fluoride content fluctuates within each premelt time (most likely due to the 

different surface-to-volume ratio during heat treatments), the trend is that of decreasing fluoride 

with increasing premelt time. From Table 7.5, decreasing fluoride concentration decreases the 

amount of fluorophlogopite, while increasing the amount of forsterite, pargasite, and augite. 

Adding up all of the various crystals detected by SEM/EDS, the total amount of crystals 

increases as the fluoride concentration decreases from about 10% to about 5%.  This trend of 

increasing crystallization with decreasing fluoride content in the range of 10% to 0% fluoride 

had been seen with the cold melt studies discussed earlier in this section. 

We have Seen that fluoride can have a positive effect on  FEW glasses since it lowers 

the liquidus temperature of many non-fluoride containing crystals. In addition, the fluoride 

containing crystals only appear in trace amounts at about 10-1 1 % fluoride. This range of fluoride 

content corresponds to about 70-80% Pit 5 sludge loading on a wet basis. 
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Figure 7. la  SEM photo of F5-15 glass after heat treatment at 1000°C for two hours with 
a one-hour premelt at 115OOC. 
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Figure 7.lb EDS spectrum of the light crystals shown in Figure 7.la. 

.. . . - i l  

Figure 7.lc EDS specnum of the dark crystals shown in Figure 7.la 
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As discussed in Section 4.4. we found that many of the FEMP glasses phase separated 

if cooied slowly. It should be pomted out thatthis phase separation is quite distinct Lorn the 
- - .. 

xysrallization behavior discussed above. This involves the separation of a second glass phase 

of different composition from the bulk (Le. rather like oil dqersed in water). The phase 

separation produced opaque greenish glasses. When these glasses were examined using SEM. 

small particles of less than 0.2 micron were found to be dispersed throughout the glass matrix 

(Figure 7.2) whxh provides strong support for phase separation being responsible for the opaque .. 

appearance. 

Figure 7.2 Evidence of phase separation by SEM 
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Though many of our FEMP glasses phase separated upon cooling, the problem of phase 

separation can be avoided in large-scale production by ensuring rapid cooling. The glass "gems" 

(or marbles or beads) planned for the MAWS demonstration would be very much smaller than 

the 400 g crucible melts discussed above and could therefore be cooled much more rapidly in 

order to ensure production of a homogeneous, non-phase separated glass waste form. 
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Continuous Joule-Heated Melter Tests 

8.1 Introduction 

The crucible melt studies discussed in the previous sections demonstrate that a number 

of the F E h  glasses meet the requirements for processability and leach resistance. 

Crystalhation was identified as one of the most constraining factors for these melts and it was 

determined that 10-1 1 wt. % fluoride could effectively suppress crystallization (Section 7.3). This 

fluoride content corresponds to 7040% Pit 5 sludge on a wet basis which effectively sets the 

high end of Pit 5 waste loadings that are possible. Two of these glass compositions were tested 

using a Duramelter joule-heated vitrification system, with a nominal glass output rate of 10 

kg/day. These small-scale continuous melter tests provide essential information that cannot be 

obtained from crucible melts and such studies are necessary for several reasons: (1) to determine 

the off-gas release and potential off-gas system needs and performance. (2) to examine the effect 

of cold caps on both throughput rates and in mitigation of off-gas release; and (3) to demonstrate 

the recycle of the fluoride and other components that are lost to the off-gas system. The last 

point is especially important for FEMP glasses because we have seen that significant amounts 

of fluoride are lost when the FEMP wastes or glasses are heated to temperatures above about 

1OOO"C. The fluoride recycle system that we have demonstrated uses a NaOH scrubber solution 

which combines with the off-gas stream to form NaF in solution. The system operates in such 

a way that the NaF can be removed from the scrubber solution as a solid in slurry form which 

is then used as an additive for the next batch of feed. This stream provides part of the sodium 

8-1 

: , . I  <. <. . 836 
. . ,..,> 
I .  



GIs Duratek 
PO 9x784440 

Virrification Development 
Studies for OUl Wartes c 

requiied for the batch. This method of recycling the fluoride lost during vitrification is shown 

schematically in Figure 8.1. 

8.2 Results 

In this section, we will discuss the compositional range of FEMP wastes tested on the 

10 kg/day melter, data collected and observations made during the runs, the leach resistance of 

the final glass, and analysis of the off-gas from the 10 kg/day melter. These runs successfully 

demonstrated that FEMP Pit 5 waste could be processed in a Duramelter joule-heated 

vitrification system, the nominal processing rate of 10 kg of glass per day was exceeded, over 

99% of the uranium and thorium were contained within the glass before recycle of the scrubber 

sludge (i.e. volatilization of UF, is not a problem), and the glasses are leach resistant. 

Extensive system tests were performed with fluoride-containing , but non-radioactive, 

surrogate feeds which cover a range of compositions, as shown in Table 8.1. These runs were 

performed in order to test a variety of system modifications that were made for these high- 

fluoride feeds prior to radioactive operations. Over 160 kg of glass was produced in these runs. 

The two types of feed used for the radioactive 10 kg/day melter runs with actual FEMP 

wastes, are listed in Table 8.2. The feeds are based on (but not identical to) crucible melts F5- 

12 and F5-39, which had been shown to be processable and leach resistant. (The results of leach 

tests on F5-12, while believed reliable, were performed before QA approval of our procedures 

by FEMP and are therefore not reported here.) As can be seen from Table 8.2, the major 

component of the feeds is Pit 5 sludge, with the main variation between Micro-F1 feed and 

Micro-F2 feed being the amount of soil added to the feed, which increases the amount of 

, 
=*. 
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Off-gas stream containing fluorides and 
trace amounts of other components 

I NaF Slurry I 

Figure 8.1. Schematic of Continuous Melter Flow Showing Fluoride Recycle 
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71.8% 
4.8% 

~ 6.1% 
6.2 % 
5.7% 
5.5 % 
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calcium and silicon that come from the waste streams. A further difference between Micro-F1 

and Micro-F2 is the larger amount of iron in Micro-F1. Note that both feeds used NaF recycled 

from the off-gas scrubber; as such, it is not an additive but part of the waste for vitrification. 

Multiple batches of each of these feeds were made in order to complete the vitrification runs. 

Table 8.1 Range of Surrogate Feed Compositions Used in Micromelter (wt%) 

Table 8.2 Feeds Used for 10 Kg/Day Melter Runs 

I Micro-F1 

I Mass I Wt% 

Pit 5 Sludge 
Fernald Whole Soil 
H3B03 
SiO, 
Fe(OH), Slurry (88 96 water) 
Recovered NaF (40% 
water) 

6.94 kg 
0.46 kg 
0.59 kg 
0.60 kg 

0.53 kg 
0.55 kg 

Wt% 

' . I  

8-4 
'. 899 

3.1 - 7.7 
8 5 9 . 6  

0.7 - 1.0 
19.1 - 24.8 
2.5 - 5.0 
0.7 - 1.0 
0 -  1.7 

16.7 - 20.4 
0 - 10.4 
5.1 - 9.6 

29.4 - -32.5 
0 - 0.4 

Micro-F2 

MaSS 1 Wt% 

6.73 kg 
1.33 kg 
0.50 kg 
0.30 kg 

0 
0.34 kg 

73.2% 
14.5 % 
5.4% 
3.3% 
0% 
3.7% 
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The glasses produced from Micro-F1 and Micro-F2 feeds were called MIC3-54A and 

MIC3-56A, respectively. Their analyzed compositions, using combined DCP and fluoride 
- - _ _ _ _  _ _  _ _  

bo3 

Cr,O, 

K I O  

Be0 
CaO 

Fe203 

Li,o 
MOO 
MOF 
MnO, 
Na,O 
NiO 
pZ°K 
SiO, 
SrO 

U30B 

30, 

ZrO, 

Total 

Measured 
Fluoride 

analyses, are shown in Table 8.3. 

MIC3-54A 

DCP Analysis Analysis 
(wlo fluoride) (with fluoride1 

5.8 5.8 
9 -3 9.3 
0.9 0.9 
18.2 18.2 
0.2 0.2 
4.1 4.1 
1 .o 1 .o 
0.3 0.3 
1 1.8 5.1 
NA 10.3 
0.1 0.1 
8.3 8.3 
0.2 0.2 
0.3 0.3 
31.3 31.3 
0.02 0.02 
0.1 0.1 
0.65 0.65 
0.1 0.1 

92.67 96.27 

6.3% 

Table 8.3 DCP and Fluoride Analysis of MIC3-SA and MIC3-56A Glasses Produced 
in 10 kgld Continuous Melter Runs (wt%) 

NA = Not A 

MIC 

DCP Analysis 
(wlo fluoride) 

4.9 
9.9 
0.9 
15.9 
0.4 
4.9 
0.7 
0.2 
13.0 
NA 
0.1 
7.5 
0.5 
0.3 
29.9 
0.03 
0.1 
0.55 
0.1 

89-80 

6.9% 

alvzed 

56A 

Analysis 
with fluoride 

4.9 
9.9 
0.9 
15.9 
0.4 
4.9 
0.7 
0.2 
5.7 
11.3 
0.1 
7.5 
0.5 
0.3 
29.9 
0.03' 
0.1 
0.55 
0.1 

93.88 

The two FEMP feeds, Micro-F1 and Micro-F2, produced stable slurries which fed into 

the melter well and processed without any major difficulties. The feed rate was typically 40-60 

ml/min with these feed slurries which produced approximately 500 g glass per litre of feed. The 

overall glass production rate during these two runs was 21 kg/day, well in excess of the nominal 

10 kg/day design basis. With this processing rate, the maximum cold cap formation (i.e. 
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Glass Temperature Range 

Plenum Temperature Range 

Brick Temperature Range 

Electrode Power Range 

Vimpaation Dmbpmmt 5284 Studies for OUI Wares 

1008 - 1150°C 

756 - 855°C 

753 - 862°C 

1.2 - 2.3 kW 

fraction of melt surface occluded by unreacted feed) was estimated to be 80%. The major 

constraint on exceeding a production rate of 21 kg/day was the feed system itself which tended 

to clog periodically; a more reliable feed system would undoubtedly have permitted even higher 

production rates, and, in fact, rates of up to 45 kg/day were sustainable between clogging 

events, albeit over relatively short periods of time. We do not consider this to be a significant 

process problem for scaled up systems in View of the very simple feed system that was used in 

these tests; more robust feed systems have been employed for the MAWS demonstration 

systems. No unusual events such as foaming were noted during the continuous melter runs. 

The temperature and electrode power ranges used during these runs are summarized in 

Table 8.4. The difference in power consumption during idling at constant temperature and 

during feeding at the Same temperature, together with the measured glass production rate, 

permits an estimate of power required per kg of glass produced. An approximate average value 

of O."l kW hr/kg was obtained by this method, somewhat smaller than expected in view of the 

large water content of the feeds. 

Table 8.4 Parameters Used for Continuous Melter Runs of Fernald Glasses 
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showed no evidence of crystallization in the melt pool at the processing temperature. Some 

difficulties were noted in draining the glass which were probably due to crystallization in the 

drain tube which was at a temperature of below 1OOO"C. 

0 
Table 8.5 summarizes the viscosity and conductivity measurements that were made on 

samples of glass that were produced in these runs. These measurements show that over the 

processing temperature range of 1100°C to 1150°C the melt viscosities were about 1.7 to 3.5 

Poise. 

TCLP testing of the MIC3-54A and MIC3-56A glass shows that they pass the EPA limits 

for all eight metals, as shown in Table 8.6, as would be expected based on the crucible melt 

results. 
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~ .. . . .  a A major factor determining overall system performance and, in pdcul&, the 

performance that is required of the off-gas system, is the natural distribution of the hazardous 

and radioactive elements between the glass and vapor phases in the melter. The more volatile 

species will have higher concentrations in the vapor phase and must then be efficiently captured 

in the off-gas system in order to meet emission standards. Conversely, species that are bound 

tightly in the glass phase will present less.of a problem in terms of off-gas collection. It is the 

combined effects of the natural retention of species in the glass phase and collection of the bulk 

of the remainder in the off-gas system that must meet air emissions standards. For these 

reasons, a variety of analyses were performed in order to quantify the distribution of various 

elements between the glass and the off-gas system and, within the off-gas system, between the 

scrubber solutions and the solid phase that would be recycled to the melter feed batch. 

Figure 8.2a shows the total mass of "'U that was accumulated in (i) the scrubber 

solutions (ii) the solid NaF stream, and (iii) the glass, as function of time during the two 

sequential continuous melter runs (shown as one run for these purposes); note the scale 

differences. Figure 8.2b shows similar data for "'U. In both cases there is of the order of 

1000-fold more uranium contained in the glass than in the off-gas system. This is particularly 

important in view of the high fluoride concentrations in these melts since it indicates that 

volatilization of uranium as UF, is not significant. Note that the "'UlUsU ratio is of the order 

of 100 in both the glasses and scrubber solutions which is consistent with the measured ratio in 

Pit 5; one would expect these ratios to be preserved since the chemistry of these isotopes is 

obviously the same. 
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Figure 8.23 Total mass of 115U accumulated in scrubber solutions, scrubber solids, and 
glass during continuous melter runs 
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Figure 8.3 shows the corresponding data for "ZTh which show even greater retention of 

Th in the glass (approximately 10" times that in the off-gas system). Other isotopes of thorium 

would, of course, be expected to behave similarly. Technetium is known to show relatively high 

volatility and this is confirmed by the data shown in Figure 8.4. Approximately 50% of the v c  

is retained in the glass and the majority of the fraction accumulated in the off-gas system is 

found in the NaF sludge which is recycled back to the feed batch. 

The distribution of other elements between the glass melt and the off-gas system is 

summarized in Table 8.5; note the surprisingly high retention of mercury in the glass. Since 

the retention of the majority of the components in the glass is generally very high and since the 

hazardous and radioactive components are generally present in rather low concentrations in the 

waste, the demands placed on off-gas system performance in order to meet emission standards 

are not great. On the other hand, fluoride is present in much higher concentrations and a 

significant fraction is volatilized, as shown in Figure 8.5. Thus, the ability to capture and 

effectively recycle the fluoride is one of the major features required of the off-gas system for 

FEMP Pit 5 waste vitrification. The Duramelter system employed for the 10 kg/day continuous 

melter tests performed well in this respect: the fluoride was captured in a recyclable form and 

successfully recycled and the concentrations of HF in the final off-gas stream were reduced to 

below 1 ppm; for comparison the OSHA limit for the workplace is 3 ppm. 

* 
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Figure 8.3 Total mass of % accumulated in scrubber soiutiom, scrubber solids. and 
giass during continuous meiter runs 
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Component 

Ba 
Cd 
Cr 
Hg 
Ni 
Pb 
Sb 

A1 
B 
Ca 
cs 
Fe 
Li 
Mg 
Mn 
Mo 
Nd 
P 
Rb 
Si 
Sn 
Sr 
Ti 
W 
Zr 

Glass 

99.77 
99.65 
97.43 
92.68 
99.8 
99.73 
99.54 

99.47 
97.76 
99.55 
99.71 
99.60 
99.27 
99.75 
99.61 
99.11 
99.93 
99.66 
99.48 
99.63 
99.82 
99.34 
99.3 
99.33 
99.95 

Wt. 96 

Scrubber Liquid 

0.06 
0.34 
1.81 
1.28 
0.00 
0.099 

' 0.31 

0.034 
1.88 
0.00 
0.00 

0.014 
0.095 
0.001 
0.00 
0.62 
0.01 1 
0.13 
0.20 
0.067 
0.054 
0.032 
0.013 
0.15 
0.024 

Scrubber Solid 
0.16 
0.00 
0.75 
6.04 
0.17 
0.16 
0.15 

0.49 
0.35 
0.45 
0.28 
0.38 
0.63 
0.24 
0.38 
0.27 
0.05 
0.21 
0.32 
0.30 
0.12 
0.63 
0.61 
0.5 1 
0.02 

Table 8.5 Percentage Distribution, by Weight, of Elements between Glass, Scrubber 
Liquid, and Scrubber Solids after Completion of 10 kg/day Melter Runs 
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Figure 8.5 Total m a s  of fluoride accumulated in scrubber solutions, scrubber solids, 
and glass during continuous melter runs 
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The fluoride emission measurements were made by drawing a fraction of the off-gas 

stream, after the scrubbers but before the HEPA filters, at constant rate through a gas scrubbing 

bottle containing NaOH solution for a known period of time. The solution was then analyzed 

by use of an' ion selective electrode to determine the fluoride concentration, and ICP-MS and 

DCP analyses were used to screen for any other elements that may show significant 

concentrations in the exit stream. Concentrations of heavy metals and radionucleides in the final 

off-gas stream even before HEPA filtration were uniformly low - typically either below the 

detection limit or in the few - ppb range. 
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SECTION 9.0 0.5284 
... .. .~ ... . .- - . ... .- .. .. .. . - . . ~ . . _ -  - .  .. .. . - . . . . . -  a Conclusions 

We have developed glass formulations for FEMP Pit 5 sludges that exhibit: 

e High leach resistance - the glasses pass the TCLP test and show every good 

performance in comparison with high-level waste glasses on the PCT test 

Acceptable melt viscosity and electrical conductivity - the behavior of these 

properties with temperature makes these melts suitable for processing in a 

Duramelter joule-heated melter vitrification system operating at temperatures of 

around 1150°C 

Acceptable liquidus temperatures - overall phase stability imposed one of the 

major constraints on the formulation of high-waste loading compositions. 

However, a composition range has been identified with sufficiently low liquidus 

temperatures for Duramelter processing at 1150°C 

High waste loadings - feeds containing over 80 wt% Pit 5 sludge and 95% total 

waste (Le. including soil and/or fly ash) can be vitrified to produce acceptable 

e 

e 

e 

glass waste forms. 

The processability of these formulations has been demonstrated by test runs on a 

laboratory Duramelter vitrification system with a nominal glass production rate of 10 kg/day; 

significantly higher production rates proved possible with these feeds. Fluoride loss from the 

melt is an important factor for FEMP wastes that must be carefully addressed by potential 
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vitrification (or indeed any thermal) process technologies. However, the Duramelter system test 

runs have demonstrated the concept of fluoride capture in the off-gas system and recycle to the 

feed batch; fluoride emissions from this system were shown to be below regulatory levels. 

Measurements of elemental distributions between the glass melt and the off-gas system show 

very high intrinsic retention of heavy metals and radionucleides in the glass melt. For this 

reason, a welldesigned off-gas system should be capable of meeting applicable air emission 

standards; our preliminary measurements of exhaust concentrations from the un-optimized off- 

gas system used for the 10 kg/day melter runs support this contention. 

The characterization data obtained for Pit 6 and Clearwell sludges suggest that 

vitrification would also be a viable option for treatment of those materials. The extensive data 

base obtained in this study for Pit 5 vitrification should greatly facilitate the development of 

suitable formulations for vitrification of Pit 6 and Clearwell sludges. 

In conclusion, we will briefly discuss the critical role of volume reduction in the 

economics of the remediation technology selection process. While the costs associated with 

waste treatment are important factors to consider in a comparison of treatment technologies they 

in fact represent only a part of the total costs involved in site remediation. A life-cycle approach 

would also consider the costs associated with disposal of the waste form as well as the necessary 

long-term monitoring involved. Furthermore, a wasteform that exhibits higher leach resistance 

is likely to require less expensive disposal site preparation and subsequent long-term monitoring 

than one that is inherently more leachable. 

A simple illustration of the key role of volume reduction in determining overall 

remediation costs can be formulated by comparison of direct in-furnace vitrification with one of 
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the cheapest reference treatment technologies which is cement stabilization. While, per unit Of 

-waste treated, the processing cost for vitrification is typically somewhat higher than that for 
. -  

cementation, the former process produces a waste form of significantly smaller volume than the 

latter. Thus, when life-cycle costs are considered - that is, the cost of ultimate disposal, as well 

as the cost of treatment itself - disposal costs can dominate the selection of the most cost- 

effective treatment technology. For example, using a typical Pit 5 sludge loading of 772, the 

weight loss data in Section 3, and the measured densities of Pit 5 sludge and typical Fernald 

glasses of 1.26 g/cm3 and 2.85 g/cm3, respectively, a given volume of Pit 5 material would be 

reduced in volume by a factor of 4.9 (Le. by almost 80%) on vitrification (taking into account 

all materials added to produce a vitrifiable blend, including soil and/or fly ash). If a "gem"-type 

wasteform is produced with a packing efficiency of about 0.8, the overall volume reduction 

factor is 3.9 (or 74%). On the other hand, cementation often produces a volume increase of 

100% or greater. Using a conservative volume increase of 100% for cementation and a volume 

reduction of 3.9 for vitrification, and using a recent estimate of the disposal cost at FEMP of 

$258 per cu. yd., the cost of disposing of Pit 5 sludge would be 7.8 times greater if it was 

treated by cementation than by vitrification. This translates into a disposal cost saving of about 

$450 per cu. yd. of Pit 5 waste, which is about twice the estimated operating cost to vitrify 1 

cu. yd of Pit 5 material. A more detailed analysis of the comparative economics has been 

developed (Gimpel, 1992) based on glass formulation and volume reduction data from this study 

which also shows that substantial cost savings are possible. 

Note that despite these already gross differences we still have not included the cost 

savings that would be associated with the superior leach resistance of the vitreous wasteform 
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arising from reduced disposal site preparation costs and subsequent monitoring costs. 
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Vitrification Development Studies for CRU-1 Wastes 

A 30-gallon drum of Pit 3 material and a 3@g&on drum of Pit 4 material were 
received at The Catholic University of America's Vitreous State Laboratory. The drum of Pit 
4 material, as received, was less than one-half full, with about 10% free water on the top. 
The sludge was black and extremely dense. The clay-like material was very Micult to 
separate; about 8 hours of mixing by two people using an electric stirrer was required in 
order to obtain a homogeneous sludge. Part of the difficulty in achieving a homogeneous 
mixture was due to the presence of black "plastic-like" materials within the sludge. The Pit 3 
sludge was a dry, clay-like material, grayish-black in color which was also dflicult to stir. A 
single large stone (about 2 inches in diameter) was found in this m a t e d  and was removed 
before using an electric stirrer to produce a homogeneous sludge. After these samples were 
homogenized as described above, samples were taken for subsequent analysis. 

Analvsis of Pit 3 and Pit 4 Materials 

We have determined the compositions of the Pit 3 and Pit 4 materials by acid 
dissolution followed by DCP, ICPMS, Ion Chromatography, Fluoride Electrode Analysis of 
the solutions, and also by Gamma Spectroscopy on the as-received material. The results of 
all of these techniques except gamma spectroscopy are summarized in Table 1. The first part 
of Table 1 shows the major components in tern of oxides and fluorides. While Pit 4 is 
mainly MgF,, a flux for glass-making, Pit 3 is mainly composed of SiO,, a glass former. 
This suggests that vitrifiable feeds can be formed by blending these two materials; results 
from such tests are given in the next section. While Pit 4 contains much more fluoride than 
Pit 3 (pit 3 has below our detection limit of 1 wt. % fluoride), the two materials contain 
similar amounts of sulfates - 3.4 wt. 76. 

From the DCP analysis, we obtained about 0.2 wt. % uranium for Pit 3 and 2.4 wt. 76 
uranium for Pit 4. We examined the various uranium isotopes as well as Tc-99 and some 
heavy metals by ICPMS, as shown in the third part of Table 1. Samples of Pit 4 material 
dried at 450°C and at 1150°C were examined by ICPMS. The amount of U-238 for Pit 3 
and Pit 4 were 0.2 wt. % and 2 wt. % respectively, both of them consistent with DCP results. 
Our thorium analyses are not yet complete due to difficulties in attaining the complete 
dissolution of the thorium for analysis. We were not able to detect any Tc-99 in either of the 
pit sludge samples (<0.2 ppm). 

1 
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Both Pit 3 and Pit 4 materials contain Pb and Cr, with Pit 4 containing Hg as well, 
as shown in Table 1. We believe that Pit 3 has less than 1 ppm of Hg. The amounts of Pb, 
Cr, and Hg for Pit 4 dried at 450°C and at 1150°C are inconsistent with each other. The 
amount of Cr almost doubles from the Pit 4 sample dried at 450°C to the Pit 4 sample dried 
at 1150°C. The amount of Cr in Pit 4 dried at 1150°C should be greater than that in Pit 4 
dried at 450"C, but only by the weight lost in heating a sample from 450°C to 1150°C; 7.8 
relative wt. % (Table 2). Since the amount of Cr almost doubles rather than increases by 7.8 
relative percent, the increase is most likely due to unrepresentative sampling. It should be 
noted that these analyses are based on rather small (100 mg) sub-samples (since a total 
dissolution must be effected with a manageable volume of reagent). We have found, from 
previous experience with sludges, that a much more reliable method for analyzing these 
sludges (which are often inhomogeneous on the 100 mg scale) was to dry the material at 
450"C, make a glass from it (about 400 g) using known amounts of chemical additives, and 
then analyze the resulting glass. Results from this type of analysis are presented in Table 4. 

The amount of Pb and Hg decreases in Pit 4 dried at 1150°C from Pit 4 dried at 
450°C. This could be due to loss of PbF, and HgF2 since their boiling points are 1290°C 
and 650°C respectively; or, it could also be due to unrepresentative sampling. By analyzing 
more Pit 4 samples dried at 450°C and the glass samples made from Pit 4 material, we 
should be able to report more representative concentrations of Pb, Cr, and Hg. 

Figures 1-3 show the gamma spectroscopy of Pit 3, Pit 4, and the background. The 
spectra for Pit 3 and Pit 4 materials contain similar peaks, Pb-212, Pb-214, U-235, and U- 
235/Th-230, and an array of overlapping p& between 90 and 110 KeV. The main 
difference between Pit 3 and Pit 4 materials is the intensity of these peaks; the vertical scale 
of the gamma spectrum of Pit 4 material is 16 times greater than that of the gamma spectrum 
of Pit 3 material. This is consistent with our radionucleide analysis by ICPMS which showed 
the various uranium isotopes an order in magnitude greater in Pit 4 than in Pit 3. 

Table 2 presents the physical characterization data and the carbon content data for the 
Pit 3 and Pit 4 materials. The specific gravity of Pit 4 material, 3.39 gkm' on a dried basis, 
is consistent with the fact that Pit 4 is mainly composed of MgFz (specific gravity of MgF, is 
3.0 g/cm,). Likewise, the specific gravity of Pit 3 material, 2.82 g/cm3 on a dried basis, is 
consistent with the fact that Pit 3 is mainly composed of SiO, (specific gravity of Si02 is 2.5 
g/cm3). Both materials are very similar in weight loss and carbon content, but Pit 4 material 
has a larger fraction of fine particles than Pit 3 material; 86.4 wt.% passes mesh 200 for Pit 
4 while only 49.1 wt. X passes the same mesh for Pit 3 material. 

Crucible Melts from Pit 3 and Pit 4 Materials 

Table 3 lists the 13 crucible melts completed thus far. The first five melts were used 
mainly to obtain the composition of the sludge, as discussed above. From previous 
experience, we found that using a few hundred grams of a sludge, miXing it with additives, 
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making a glass out of it, and then analyzing the glass, produced a much more representative 
compositional analysis than by analyzing the sludge itself. This is due to the fact that only 
100 mg samples are used for chemical analysis while - 400 g samples are used for glass 
making. The resulting glass is much more reproducible, from one 400 g sample to the next, 
than are the smaller 100 mg samples. 

We began the crucible melts to examine the viability of vitrifying Pit 4 and Pit 3 
sludges with the F4-5 melt. For that glass, we combined 30 wt. % of Pit 4 with 55 wt. % of 
Pit 3, obtaining a total waste loading of 85 wt.% on a dried basis. The glass had 
undissolved material, most likely due to the high SiO, content from Pit 3. We obtained more 
homogeneous glasses by lowering the amount of Pit 3 and Pit 4. To increase the total waste 
loading, we added various amounts of soil wash concentrates from blcheed Environmental 
laboratory studies for the MAWS program, and some Pit 5 material. Total waste loadings 
varied from 72 wt. % to 88 wt. %. 

All of the glasses were opaque, even the ones which showed no signs of 
crystallization. We believe this may be due to the presence of reduced iron in the melt. The 
evidence for this is: (1) Analysis by SEM/EDX of one of the Pt/Au crucibles which was 
attacked by these glass melts showed the presence of W e  alloy. (2) Preliminary colormetric 
analysis of dissolved F4-7 indicates a Fe2+/Fe3+ ratio of 1.6. (3) The glasses which do not 
crystallize after heat treatment at 1050°C for 2 hours produce clear glasses. 

Table 4 shows the compositions of the sludges and soil-wash concentrates used in 
making the crucible melts. As mentioned above, most of the compositional analysis of Pit 3 
and Pit 4 materials were derived from the crucible melts themselves. Crucible melts were 
also used in obtaining the compositional analysis of most of the Pit 5 Wterial. The soil- 
wash composition was obtained from soil dried at 1150°C for four hours. 

Once these glasses' were made, samples of each of them were crushed and sieved to 
pass through 200 mesh before dissolution and analysis; the resulting solutions were analyzed 
for fluoride and cations. The results of the fluoride analysis are presented in Table 5, along 
with the calculated fluoride content. In general, the analyzed and calculated fluoride contents 
agree within 10 relative percent, except for F4-1 and F4-2. We believe that the saturation 
limit for fluoride in the glass matrix was exceeded in the melts containing nominally 35 wt. % 
fluoride. 

The fluoride analyses presented in Table 5 were then used in combination with cation 
analysis by DCP to produce the analyzed content of the crucible melt glasses. Those results, 
along with the calculated compositions of the crucible melts are presented in Table 6. The 
agreement between the analyzed and calculated columns is good, except for the F4-3 glass. 
We believe this is due to undissolved MgF, in the solution that was analyzed. Because of 
this low MgF, recovery, our initial data suggested that Pit 4 contained 75 wt. % MgF,. It 
was not until we melted glasses with lower Pit 4 loadings that we deduced that Pit 4 actually 
contained 85 wt.% MgF,. 

3 



One important glass processing requirement is that the glass should have a liquidus 
significantly below the processing temperature. For formulations suitable for our 10 kg/d 
Duramelter test runs, our target is a liquidus temperature of below 1050°C. The liquidus 
temperature measurements are made by heat treating the glasses at 1050°C for 2 hours after 
a premelt at 1100°C for one hour to melt all pre-existing nuclei. The results of these tests 
for 8 of the 13 crucible melts are given in Table 7. Three out of the eight glasses examined 
had a liquidus temperature below 1050°C: F4-7, F4-9, and F4-10. As noted in Table 3, F4- 
10 produced a somewhat inhomogeneous crucible melt. Thus, at present, F4-7 and F4-9 are 
the most viable glass formulations for the 10 &/day continuous joule-heated melter tests. 

Other processing parameters of concern are the melt viscosity and electrical 
conductivity. The viscosity and conductivity were measured for six of the crucible melts. 
Table 8(a) and 8(b) shows that the viscosity and conductivity of all of these crucible melts lie 
within the working range of the Duramelter joule-heated melter vitrification system. Some of 
the viscosity measurements are unstable around 1000°C, most likely as a result of the onset 
of crystallization. 

Thus far, F4-7 and F4-9 are the most viable melts based on processing parameters. 
In addition to examining processing parameters, several of these glasses have been subjected 
to TCLP leach testing. The results of TCLP tests on five of those crucible melts are 
presented in Table 9. All of the glasses passed the TCLP test. No data are presently 
available from PCT leach tests on these glasses but, based on our earlier studies with Pit 5 
glasses, we would expect the performance to be good. 

Preli 1 i 

From our study thus far, both the F4-7 and F4-9 formulations would be viable 
candidates for the vitrification of Pit 3 and Pit 4 sludges. Both glasses have acceptable 
viscosity and conductivity, have liquidus below 1O5O0C, and pass the TCLP test. Both the 
F4-7 and F4-9 blends as prepared in crucible melts appear to be somewhat reduced (with 
respect to redox state) after melting at 1150°C for one hour. This is unlikely to be the case 
for continuous melter operaitons, however, since residence times are much longer and 
oxygen availability is often greater; this will be confirmed in our 10 @/day continuous 
melter test runs. In fact, we found that heat treatments for an additional three hours at 
elevated temperatures (1050-1100°C) is enough to produce oxidized glass. The components 
for F4-7 and F4-9 blends, on both dried and wet (as-received) basis, are given in Table 10. 
These formulations are composed of 74-77 wt. % waste on a dried basis, and 80-83 wt. % 
waste on a wet (as-received) basis. 

The composition of the Pit 3 sample is somewhat surprising - the SiO, content is high 
(even greater than that of the native soil), the Mg and F contents are very low and the U 
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content is low (in view of the fact that Pit 5 overflow was apparently directed to Pit 3). 
Together, these results suggest that the Pit 3 sample may be composed primarily of the cap 
material rather than the sludge itself. A Pit 3 analysis reported by IT Corporation had about 
22% CaO, 18% MgO (F was not analyzed), and 39% SOz. 
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Table 1 
Compositional Analysis of Pit 3 and Pit 4 Sludges 

1.28 

100 

3.4 

Oxides (wt.%) 

0 

100.11 

3.4 

orha 

Pit 4 pit 3 
(Dried @ 450°C) 

< 0.2 

(Dried @ 450°C) 
Radionuclcidu 
@Pm) 

TcC99 

u-235' < 6  

< 0.2 

46 

1 

16.200 

U-236' < 1  

U-238 1860 

TOTAL 

Pit 4 
(Dried @ 1150°C) 

< 0.2 

64 

1.4 

20,800 

pit 3 
(FEW 

11.0 
0.0 
0.1 
6.0 
0.0 
4.5 
2.0 
0.1 
4.0 
0.0 
0.2 

' 0.0 
0.0 
70.0 
0.0 
0.6 
0.2 
0.0 

50 38 Pb 

Cr 36 60 

38 

~~ 

Pi1 4 
(FE17) 

3.0 
0.0 
0.3 
0.2 
0.0 
1 .o 
0.0 
0.0 
0.0 
85.0 
0.1 
0.1 
0.0 
7.8 
0.0 
0.0 
2.4 
0.1 

8 

108 

24 Hg < 1  
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Table 2 
Physical Characterization and Carbon Content of Pit 3 and Pit 4 Materials 

Specific Gravity' @ 20'C (gem-') 
As reaived 
Dried at 110°C/18 hours 

Sieve Analpis 
Sieve 1110 

e40 

#60 

#lo0 

no0 

Weight Loss, % 
1lO'C 
450'C 
850'C 
1150'C 

Pit3 

2.03 
2.82 

2.9 
2.2 

97.3% pp8 
2.7% Ret 

90.4% Pas 
6.9% Ret 

80.3% Pa.5 
10.1% Rct 

67.2% p.s 
13.1% Ret 

49.1% Pas 
18.2% Ru 

21.4 
26.8 
31.8 
32.2 

Pit 4 

3.05 
3.39 

2.2 
2.3 

98.9% Pas 
1.1% Rct 

97.4% Pas 
1.5% Ret 

95.4% pp8 
2.0% Ret 

92.5% Pas 
2.9% Rct 

86.4% Pas 
6.1% Ret 

21.2 
28.5 
29.9 
34-1 

'AS'IM D854 praced~rr was followed; 'as-received' d t s  refer 10 samples that w a  mcaxunrrrd without prairying. 
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F4-3 F4-4 F4-5 F4-6 P4-7 F4-9 P e l 0  

Afterheat e 3% - 20% - 3% - 15% Clear. No Clear. No Clear. 
treatment fluorophlogopite fluorophlogopite fluorophlogopite crystals; crystalsby crystals. No 
at 1050°C d Y  SEM. crystals. 
for 2 hrs fhJOrOphl0- 

I smite. 

Table 7 -,5284‘ 
Heat Treatment of Glasses Made From 

F4- 

Surface 
crystals. 
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Table 8(a) 
Viscosity (Interpolated to Stannard Temperatures) of 

Pit 3 and Pit 4 Crucible Melts. (Poise) 

Temperature F4-4 F4-7 F4-8 F4-9 
("C) 

950 Unstable 43.1 NA NA 

lo00 Unstable 17.2 Unstable 20.7 

1050 4.7 9.1 Unstable 8.1 

1100 2.9 5.8 2.4 4.6 

1150 1.9 4.0 1.8 3.2 
~~ ~~~~ 

1200 1.3 3.1 1.4 2.5 

F4-10 P4-11 

NA Unstable 

Unstable Unstable 

19.9 2.4 

11.5 1.8 

7.2 1.4 

4.8 1.1 

NA = Not Analyzed 
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Table 8(b) 
Conductivity (Interpolated to Standard Temperatures) of Pit 3 and Pit 4 

Crucible Melts 
(S iemenskm) 

5284, i 0 

Temperature F4-4 F4-7 F4-8 F4-9 F4-10 F4-11 
("e) 
950 NA NA NA NA NA NA 

lo00 0.11 0.15 0.03 0.09 0.07 0.05 

1050 0.20 0.21 0.20 0.16 0.10 0.07 

1100 0.30 0.26 0.31 0.22 0.14 0.08 

1150 0.41 0.32 0.37 0.28 0.19 0.11 

1200 0.52 0.37 . 0.42 0.33 0.26 0.13 

NA = Not Analyzed 
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Table 9 
Leach Data for Glasses Made from 

Pit 3 and Pit 4 Materials 
RCRA Metals (ppm). 

Spike of 0.2 ppm Hg gave 0.35 ppm Hg 
** Spike of 0.2 ppm Hg gave 0.36 ppm Hg 
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Table 10 
Viable Glasses for Melter Runs 
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- THERMALTREATMENT 

1.0 Introduction 

Many associated thermal treatment methods have been considered for remediating the 

CRUl (OU1) wastes at the Fernald site. There are varying degrees to which a waste can be 

thermally treated. It can be simply dried (resulting only in water loss), or it can be heated to 

temperatures high enough to cause various chemical and physical reactions to occur. Thermal 

treatment can be performed in a static environment such as a batch heating unit, or in a dynamic 

environment such as a rotary kiln. 

Examination of the heating options prior to testing indicated several possibilities for the 

final form of the heat treated waste. The first would be simply drying the waste. The second 

/ - --- 

a,, 
would be calcination. The third would be fusing the waste to form agglomerated chunks of 

waste material. The forth option would involve the possible formation of cement "clinker" 

provided that suitable additives can be identified, with the goal of obtaining a cement-like 

material (UC ALTEWCRUl CRSP Work Plan, June, 1993). 

Various tests are used to monitor the effects of heating the waste. Visual observations 

have been performed to monitor changes in the appearance of the waste. The Toxicity 

Characteristic Leaching Procedure (TCLP) has been performed to monitor changes in the 

leaching behavior of the waste. The use of X-ray diffraction (XRD) is planned to monitor 

compositional changes in the waste. 

The purpose of the tests performed was to determine the behavior of waste from each of 

the pits at the FEMP site when heated to various temperatures using static processing. The 

optimum heating levels for each pit will be determined using the results from the tests described 0 



- 5284 
above. This data can then be used as a starting point for dynamic processing of the waste. 

2.0 Description of Work Performed 

Composite samples from Pits 3, 5, and 6 were used for the thermal treatment. The 

drums were homogenized and split into smaller one quart sample bottles. In total, 16 sample 

bottles were Nled with Pit 3 waste, 23 sample bottles were filled with Pit 5 waste, and 19 

sample bottles were filled with Pit 6 waste. Triplicate samples of each raw waste composition 

were submitted for TCLP analysis. The waste in the remaining bottles was dried at 105°C for 

24 hours, and then manually crushed. Moisture content was determined for each sample by 

dividing the weight of the water in the sample by the weight of dry solids in the sample. The 

average moisture content was 110% for Pit 3, 352% for Pit 5, and 169% for Pit 6. 

A five gallon can of soil from the Plant 1 pad area was also obtained. The soil was 

manually homogenized and placed in plastic Zip Lock bags, producing 17 samples. The soil 

samples were dried in a manner similar to the waste, but were mechanically crushed to a 

maximum particle size of 0.75 mm. These samples underwent the same testing as the pit waste 

samples. Triplicate samples of the homogenized soil were submitted for TCLP analysis. 

Sampling, drying, and crushing procedures for the waste and the soil samples are given 

in Sections 1 and 2 of the Thermal Treatment Procedures. 

Heat treatment was then performed on dried crushed samples of soil and pit waste. The 

three target temperatures initially examined were 400"C, 800"C, and 1OOO"C. Drying (105°C) 

was also considered a stage of heat treatment. Therefore, with four waste compositions and four 

temperature stops per cbmposition, sixteen composition/temperature combinations were 

@ examined. Triplicate samples were produced for each combination. Heat treatment procedures 
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weak ammonia 
odor, few pieces of 
grassy material in 

waste 
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are given in Section 3 of the Thermal Treatment Procedures. 
__ - ._ -- - ._ _. _ _  _. . __ 

Once the pit waste had been heat treated, it underwent various tests to determine the 

few pieces of 
grassy material 

in waste 

effects of heating. Each sample was visually observed and photographed before and after 

thermal treatment. If needed, the samples were then broken down to the maximum particle size 

required for further analyses. The TCLP test requires a particle size < 3/8", and a total sample 

weight of at least 100 grams; on average 110 gram samples were prepared. All TCLP samples 

from the initial thermal treatment runs have been prepared and submitted. 

The remaining treated material was then further crushed with a mortar and pestle, and 

sieved. The material passing the #200 sieve was used to create the samples for XRD analysis, 

and the portion that did not pass the sieve was placed back in the jar and archived. All XRD 

samples for the initial thermal treatment runs have been prepared. Preparation procedures for 

these tests are included in Section 4 of the Thermal Treatment Procedures. -_ 

Results of the various tests will be provided as they become available. Although 

numerical results have not yet been produced, many differences in the raw, the dried, and the 

heat treated wastes and soil became apparent as the testing proceeded. These are summarized 

in the following table. 

Summary of Waste Characteristics 

Sampling 
notes 

Wet frisk' 
:counts per 

minute) 

Pit 3 (UC#20) 

clumps of grassy 
material, several 
small sticks, and 

many rocks in 
waste 

1200 

Pit 5 (UC#42) I Pit 6 (UC#48) Soil (UC#59B) 

rocks observed 
in raw sample 

C20 above 
background 
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Summary of Waste Characteristics (Cont.) 

Pit 5 (UC#42) Pit 6 (UC#48) Soil (UC#59B) Pit 3 (UC#20) 

very viscous, 
dark brown 

medium thickness, 
light brown, 

many air bubbles 

thin & grainy, 
drab olive green 

dark brown with 
malt colored 

powder 
interspersed 

~ 

Average 
moisture 
content 

Dry frisk' 
(counts per 

minute) 

Dry 
appearance 

352 % 169% 

~ 

24 % 110% 

C20 above 
background 2000 4000 20,000 

light to medium 
brown 

light pinkish brown 
with darker colored 
ring around edge, 

sticky 

light avocado 
with darker ring 

around edge 

light brown 

medium brown, 
same consistency 
as dried waste 

light orangish 
brown, 

same consistency as 
dried waste 

light pea 
greenish brown, 
same consistency 
as dried waste 

light to medium 
brown with 

orangish tint, 
Same 

consistency as 
the dried soil 

Appearance 
after being 
heated to 
400°C 

Appearance 
after being 
heated to 
800°C 

Appearance 
after being 
heated to 

light grey, 
easy to crush, 
softly clumped 

together, 
craters on 

surface 

medium to dark 
brown with white 

flecks, same 
consistency as dried 

Waste 

bright yellow, 
same consistency 
as dried waste 

orangish brown, 
same 

consistency as 
the dried soil 

~~ 

medium grey 
mottled with 

orange, layered, 
craters on 

surface 
hard, adhered to 

crucible 

brown with 
slight reddish 

tint, 
shrunken from 

sides of crucible 
and very hard 

orange, 
agglomerated 
but easy to 

break and crush 

very dark brown 
with few white 

flecks, 
clumped but easy to 

break and crush 

samples were frisk( ng dishes (wet and while in the evapora 

. . . + . .  
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-SUIMla r-of Waste Characteristics (Cont.) -~ - 
- 

Pit 3 (UC#20) Pit 5 (UC#42) Pit 6 (UC#48) Soil CUC#59B) 
~ 

medium thickness, 
light brown, 

many air bubbles 

thin & grainy, 
drab olive green 

dark brown with 
malt colored 

powder 
interspersed 

Wet 
appearance 

very viscous, 
dark brown 

Average 
moisture 
content 

352 % 169% 24 % 110% 

. -  
<20 above 
background 

Dry frisk' 
(counts per 

minute) 
2000 4000 20,000 

Dry 
appearance 

light to medium 
brown 

light avocado 
with darker ring 

around edge 

light brown light pinkish brown 
with darker colored 
ring around edge, 

sticky 

light orangish 
brown, 

same consistency as 
dried waste 

light pea 
greenish brown, 
same consistency 
as dried waste 

light to medium 
brown with 

orangish tint, 
same 

consistency as 
the dried soil 

Appearance 
after being 
heated to 
400°C 

medium brown, 
same consistency 
as dried waste 

Appearance 
after being 
heated to 

800°C 

light grey, 
easy to crush, 
softly clumped 

together, 
craters on 

surface 

medium to dark 
brown with white 

flecks, same 
consistency as dried 

W a s t e  

bright yellow, 
same consistency 
as dried waste 

orangish brown, 
same 

consistency as 
the dried soil 

Appearance 
after being 
heated to 
1OOo"C 

medium grey 
mottled with 

orange, layered, 
craters on 

surface 
hard, adhered to 

crucible 

very dark brown 
with few white 

flecks, 
clumped but easy to 

break and crush 

brown with 
slight reddish 

tint, 
shrunken from 

sides of crucible 
and very hard 

orange, 
agglomerated 
but easy to 

break and crush 

while in the evapor; m p l e s  were fnsh n g  dishes (wet anc Note that thr 
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3.0 Plans for Future Work 
4 Q 

The thermal treatment will be continued, to include an additional temperature stop of 

1200°C. Once this has been completed, the use of additives (such as site soil, site flyash, or 

commercial chemical products) to increase the cementing ability of the final product will be 

examined. 

In addition, analysis will be performed to determine the constituents of the free liquid in 

the samples. Samples of the standing liquid were taken prior to homogenizing the five gallon 

cans. Analysis of the liquid may indicate the presence of water-soluble compounds in the waste. 

4.0 Observations 

Based on the work performed to date, thermal treatment alternatives appear to be .- 
promising methods of treating the waste onsite. Observations, conclusions, and 

recommendations have been made - see Section 4 Treatability Study Report: CRU1. 



5284' 
THERMAL TREATMENT PROCEDURES 

1.0 Sample Preparation 

In order to approximate the behavior of waste from the pits under various degrees of 

thermal treatment, composite samples were drawn from an inventory of archived waste. The 

waste was placed into five gallon containers and transported to the lab. Once in the lab, the 

waste in each container was mixed and then separated into smaller containers for individual 

ilIlalySeS. 

1.1 Sampling of Archived Waste 

Sampling of archived waste from 55 gallon drums was performed by FERMCO 

employees in Plant 5 at the Fernald site. The drums contained material from Pits 1-6, as well 

as the Bum Pit and the Clear Well. Seven of these drums were from Pit 3, fourteen were from 

Pit 5, and five were from Pit 6. For each fifty-five gallon drum, two one-gallon paint cans were 

filled and a sample of the standing liquid on top of the drum was also taken. The one gallon 

cans were used for the geotechnical (physical) characterization of the waste. For drums from 

Pits 3, 5, and 6, five gallon composite samples were collected for the purpose of thermal 

characterization. 

The lids were removed from the drums in a diked area. Measurements were taken to 

determine the ratio of solid to liquid in the drum. The liquid on top of the solid phase was then 

agitated. Agitation of the solids was avoided as much as possible in order to obtain a liquid 

sample with no suspended solids. A 1 quart sample was taken of the liquid phase and labelled. 
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1.0 Sample Preparation 

In order to approxima e the behavior of waste from the pis under various degrees of 

thermal treatment, composite samples were drawn from an inventory of archived waste. The 

waste was placed into five gallon containers and transported to the lab. Once in the lab, the 

waste in each container was mixed and then separated into smaller containers for individual 

analySeS. 

1.1 Sampling of Archived Waste 

Sampling of archived waste from 55 gallon drums was performed by FERMCO 

employees in Plant 5 at the Fernald site. The drums contained material from Pits 1-6, as well 

as the Bum Pit and the Clear Well. Seven of these drums were from Pit 3, fourteen were from 

Pit 5, and five were from Pit 6. For each fifty-five gallon drum, two one-gallon paint cans were 

filled and a sample of the standing liquid on top of the drum was also taken. The one gallon 

cans were used for the geotechnical (physical) characterization of the waste. For drums from 

Pits 3, 5, and 6, five gallon composite samples were collected for the purpose of thermal 

characterization. 
- - _ _  -~ _ _  - -  

The lids were removed from the drums in a diked area. Measurements were taken to 

determine the ratio of solid to liquid in the drum. The liquid on top of the solid phase was then 

agitated. Agitation of the solids was avoided as much as possible in order to obtain a liquid 

sample with no suspended solids. A 1 quart sample was taken of the liquid phase and labelled. 

" 9/14 



The remaining liquid from the drum was then pumped into another drum temporarily. A hand 

auger was used to remove the solids from each drum. Before the liquid was pumped back into 
_.___ ____  ~ _ _ _ _ _  __ - _ _ _  _ __  _ _  __ _ _ _  __ -  _ _ _  - -0 

the original drum, liquid was added to the sample cans to maintain the same solid to liquid ratio 

as was in the original drum. 

The five gallon drums were filled gradually as each individual drum was opened to obtain 

the two one-gallon samples. Approximately four gallons of waste material was placed in each 

five gallon drum, with the remaining space to allow room for mixing. 

The soil sample from an area near the Plant 1 pad used in the study was also obtained 

by FERMCO personnel. 

1.2 Sampling of the Cans 

- _  Once the composite samples had been completed, they were transported to the laboratory 

building and placed in Room C15. Before samples were removed from the cans, the waste in 

each can was homogenized. This was accomplished using a commercial paint can shaker. The 

lid of each can was first taped shut to prevent leakage, and the ring seal was placed on the can. 

Another layer of tape was wrapped around the top of the can. Each can was then placed on the 

shaker, where it was agitated for one hour and fifteen minutes. 

Once mixing was completed, the can was removed from the shaker and placed on the 

countertop. The tape and ring seal were removed from the can. Using either a wooden paint 
- _ _  - - _ _  - 

stirring stick or a heavy metal stirring rod, the waste was mixed and visually examined. In all 

cases, the waste appeared homogenous and no large chunks or areas of nonhomogeneity were 

observed. 



Using a ladle and a funnel, the waste was scooped from the can and placed in one quart 

plastic sample bottles. The bottles were numbered consecutively and filled in numerical order. 

Each bottle was filled roughly three quarters full to allow room for later mixing. The waste in 

the can was mixed by hand in between filling each sample bottle. Each can was homogenized 

and sampled two separate times, after which all three cans were empty. 

- 

The soil sample was removed from the five gallon can and mixed by hand in a large pan. 

Large chunks were crumbled to a smaller size. Large rocks were removed from the sample and 

placed in a separate container. Once the sample appeared homogenous, the sample was split into 

smaller portions and double bagged in one gallon size Zip-lock bags. 

2.0 Waste Pretreatment 

All waste samples were dried prior to subjecting them to any thermal processing. After 

the samples were dried, they were manually crushed to obtain a fine powder for later 

experiments. The exception to this was the soil sample from the Plant 1 pad area, which was 

dried and then crushed using a cross beater mill. 

2.1 Drying of the Samples 

On average, two or three raw waste samples were processed in each drying run. Each 

bottle of raw sample was split between two or three ceramic evaporating dishes for drying. The 

following drying procedure was used for all the sludge samples. 

1. Preheat the drying oven to 105°C. 

2. Select the appropriate number of evaporating dishes for the samples. Weigh the 



Using a ladle and a funnel, the waste was scooped from the can and placed in one quart 

plastic sample bottles. The bottles were numbered consecutively and filled in numerical order. 

Each bottle was filled roughly three quarters full to allow room for later mixing. The waste in 

the can was mixed by hand in between filling each sample bottle. Each can was homogenized 

and sampled two separate times, after which all three cans were empty. 
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The soil sample was removed from the five gallon can and mixed by hand in a large pan. 

Large chunks were crumbled to a smaller size. Large rocks were removed from the sample and 

placed in a separate container. Once the sample appeared homogenous, the sample was split into 

smaller portions and double bagged in one gallon size Zip-lock bags. 

2.0 Waste Pretreatment 

All waste samples were dried prior to subjecting them to any thermal processing. After 

the samples were dried, they were manually crushed to obtain a fine powder for later 

experiments. The exception to this was the soil sample from the Plant 1 pad area, which was 

dried and then crushed using a cross beater mill. 

0 

2.1 Drying of the Samples 

On average, two or three raw waste samples were processed in each drying - run. Each 

bottle of raw sample was split between two or three ceramic evaporating dishes for drying. The 

- _ .  - -  __ .. -. - 

following drying procedure was used for all the sludge samples. 

1. Preheat the drying oven to 105°C. 

2. Select the appropriate number of evaporating dishes for the samples. Weigh the 
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dishes and note the weights in the lab book. 
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3. 

vigorously for a minimum of three minutes. 

Selecthe one qt&t bo&s ofwaste to be dried. Mkually shake the-bottle- 0- 
4. Untape the bottle lids and distribute each sample among the appropriate evaporating 

dishes as evenly as possible. Note in the lab book the sample number corresponding to 

each evaporating dish. 

5. Weigh the dishes again, and record the final dish + sample weights in the lab book. 

6. Cover the dishes with perforated aluminum foil. Place the Nled evaporating dishes 

into the drying oven. Record the date and time in the lab book. 

7. After a total of 24 hours, remove the evaporating dishes from the oven and note the 

date and time in the lab book. 

8. Place the samples in the hood for 15 minutes to allow them to cool. 

9. Remove the aluminum foil and weigh the evaporating dish + dried sample (this 

should be done in a HEPA hood since the material is dry and could release particulates 

into the room). Record the weight in the lab book. 

Several of the first few samples dried were subjected to drying conditions varying from 

the 24 hours at 105°C described above. Initially, a two step drying process was used to avoid 

spattering of the waste inside the oven. This process involved drying first at 60°C, and then at 

105°C. Since the moisture content values from these runs were very similar to those from later 

runs, this variation in drying regimes seemed to not have a significant effect on the samples. 



2.2 Crushing of the Dried Waste Samples 

All dried pit waste samples were crushed prior to further thermal processing. This was 0 
done manually using the procedure given below. 

1. Label the sample containers to be filled and obtain a tare weight on them. Record 

in the lab book. 

2. 

containers and the evaporating dishes on the counter. 

3. Using a blunt metal knife, first break the dried sample down into manageable pieces. 

Then using a glass pestle, crush the dried sample into a fine powder. 

4. Using a rubber spatula or a spoon, place the crushed sample into the labelled 

container. 

5. Place the lid on the container when full. Before removing the container from the 

hood, wipe the exterior with a damp towel to remove any loose particulate material. 

6. Weigh the container + sample and record in the log book. 

Cover the countertop in the hood with absorbent material. Place the sample 

':a 

2.3 Crushing of the Dried Soil Samples 

Since the Plant 1 pad soil samples were not radioactive, a cross beater mill was used to 

reduce the particle size of the dried sample. Each sample was ground to a maximum particle 

size of 0.75 mm. The procedure for using the grinder is as follows: 

1. Label and weigh the sample storage containers. Record the weights in the lab book. 

2. Place the sample containers in the hood. 

. t :: 
c. 
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2.2 Crushing of the Dried Waste Samples e - -  

All dried pit waste samples were crushed prior to further thermal processing. This was 

done manually using the procedure given below. 

1. Label the sample containers to be filled and obtain a tare weight on them. Record 

in the lab book. 

2. Cover the countertop in the hood with absorbent material. Place the sample 

containers and the evaporating dishes on the counter. 

3. Using a blunt metal knife, first break the dried sample down into manageable pieces. 

Then using a glass pestle, crush the dried sample into a fine powder. 

4. Using a rubber spatula or a spoon, place the crushed sample into the labelled 

container. 

5. Place the lid on the container when full. Before removing the container from the 

hood, w i ~  the exterior with a damp towel to remove any loose particulate material. 

6. Weigh the container + sample and record in the log book. 
i- 

2.3 Crushing of the Dried Soil Samples 

Since the Plant 1 pad soil samples were not radioactive, a cross beater mill was used to 

reduce the particle size of the dried sample. Each sample was ground to a maximum particle 

size of 0.75 mm. The procedure for using the grinder is as follows: 

1. Label and weigh the sample storage containers. Record the weights in the lab book. 

2. Place the sample containers in the hood. - 



3. 

.4. 

5. 

6. 

+,'' . . 6 

Place a plastic bag in the sample reservoir and clip the reservoir to the mill. 

Using a drill, close the hinged faceplate completely. 
- . - - - - ._ . - - . . . ._ . - - 

Lower the feed control stick in the feed hopper (all the way down). 

Place the sample in an aluminum evaporating dish and using a heavy metal rod, break 

the larger pieces into particles no greater than 1/4" in diameter. 

7. Turn on the power to the mill. 

8. Gradually lift the feed control stick and insure that the rubber mat remains flat to 

prevent dust from escaping the feed hopper. 

9. Close the hood sash completely for one minute. 

10. Open the sash and turn the power off. 

11. Remove the sample reservoir and leave it in the hood until the dust settles. 

12. Lift the sample bag out of the reservoir. Roll the sample around in the bag to 

evenly distribute the sample. 

13. Keeping the bag in the hood, cut the corner of the bag and place the sample into the 

appropriate container. 

14. Place the lid on the jar and use the air hose to blow off any loose material. 

15. Dispose of the bag and take the sample out of the hood. Weigh the sample + 
container and record this weight in the lab book. 

16. Vacuum the feed hopper and the discharge area with a HEPA vacuum. 

17. Use an airline to blow away any remaining dust. 

18. Use a wire brush and air if necessary to remove any remaining sample. 



In addition, the cross beater mill should be cleaned between each sample with clean fine 

grained sand. The procedure given above is used except the sample is replaced with two scoops 

of clean sand, and the sand is ground for 30 seconds instead of one full minute. When all 

grinding has been completed, the end of the HEPA vacuum line should be taped shut. 

3.0 Thermal Treatment 

The main portion of the thermal treatment was performed on crushed dried waste in 250 

ml alumina crucibles. Separate samples of each waste composition were heated at three different 

target temperatures. One of the temperatures will be in the range of 300-500°C to assess 

dehydration and decomposition reactions, one in the range of 700-900°C to assess calcination 

reactions, and one in the range of 9W1100"C to assess partial melting (clinkering). These 

samples were placed in a cool furnace, ramped at 5°C per minute to the target temperature, held 

for three hours and cooled to ambient temperature (Note: the 400°C samples were only held 

' '. 
for two hours). Placing the samples in a cool furnace reduces thermal shock to the crucible and 

the longer hold time accounts for the slower heating of the larger volume of sample powder. 

Each compositiodtemperature combination will be analyzed using the TCLP as well as X-ray 

diffraction grru>). TCLP results are contingent upon the performance of the test and analyses 

of the leachate by FERMCO. XRD results are contingent upon the ability to ship treated waste 

samples to UC for analysis. 

A fill mark was made in each crucible at a level of one and a half inches below the 

crucible rim. Each crucible was filled to the fill mark for each run. The following procedure 

was used for the thermal treatment performed on the waste. 
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In addition, the cross beater mill should be cleaned between each sample with clean fine 

grained sand. The procedure given above is used except the sample is replaced with two scoops 

of clean sand, and the sand is ground for 30 seconds instead of one full minute. When all 

grinding has been completed, the end of the HEPA vacuum line should be taped shut. 
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3.0 Thermal Treatment 

The main portion of the thermal treatment was performed on crushed dried waste in 250 

ml alumina crucibles. Separate samples of each waste composition were heated at three different 

target temperatures. One of the temperatures will be in the range of 3Oe500"C to assess 

dehydration and decomposition reactions, one in the range of 7Oe90O"C to assess calcination 

reactions, and one in the range of 9Oe1100"C to assess partial melting (clinkering). These 

samples were placed in a cool furnace, ramped at 5°C per minute to the target temperature, held 

for three hours and cooled to ambient temperature (Note: the 400°C samples were only held 

for two hours). Placing the samples in a cool furnace reduces thermal shock to the crucible and 

the longer hold time accounts for the slower heating of the larger volume of sample powder. 

Each composition/temperature combination will be analyzed using the TCLP as well as X-ray 

diffraction (XRD). TCLP results are contingent upon the performance of the test and analyses 

of the leachate by FERMCO. XRD results are contingent upon the ability to ship treated waste 

samples to UC for analysis. 

A fill mark was made in each crucible at a level of one and a half inches below the 

crucible rim. Each crucible was filled to the fill mark for each run. The following procedure 

was used for the thermal treatment performed on the waste. 
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1. 

lO"C/minute cooling ramp. 

Program the oven for a 5"Uminute heating ramp, a 3 hour hold time, and a 
- - .- _. .-. .- - - - - -. . - -- .__ . _  

2. 

combination and note the weight in the lab book. 

3. Place the crucible and the sample container in a HEPA hood on a paper or plastic 

Pre-weigh each crucible + cover to be used for the temperature/compsition 

sheet. 

4. Using a spoon or spatula, fill the crucible with dried material to the desired volume. 

Place the cover on the crucible and wipe it down with a wet towel. 

5. Remove the crucible from the hood and dry it off. Weigh the filled crucible and 

record the value in the lab book. 

6. Place the crucibles in the oven and begin the furnace program. Check the furnace 

periodically to ensure that the run is proceeding as expected. 

7. After the oven cycle is complete, remove the cooled samples from the oven and 

weigh them. Record the weights in the lab book. 

8. Note any visual changes in the waste and take a photograph. 

.- 
9. Follow the crushing procedures given previously to reduce the particle size of the 

heat treated sample. Rinse out the crucibles and dry them. 

- 

Some of the high temperature runs produced material which was very difficult to remove 

from the crucibles. Several crucibles were broken while attempting to remove samples. When 

this happened, as much material as possible was removed from the crucible, and the crucible 

itself was thrown away. In addition, several of the crucibles were not broken but had material 
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remaining in the bottom which was not removable. These crucibles were simply set aside until 

a method of cleaning them for reuse has been determined. 

- 

4.0 Preparing Samples for Analysis 

Portions of the dried and the heat treated samples were set aside for further analysis. 

These analyses included TCLP, TGA, and XRD. TCLP analysis will be performed on the raw, 

the dried, and the heat treated samples. For the TCLP analysis, the appropriate amount of 

sample was simply placed in the properly labelled container and turned over to the FERMCO 

analytical lab. On average, &ch sample amounted to about 110 grams of dry material. The 

samples that had agglomerated were manually crushed using a steel tool set to a particle size of 

< 3/8" prior to analysis. 

Thermogravimetric analysis will be performed on the dried samples only. Samples were 

simply removed from storage and placed in glass vials. The vials were labelled to identify the 

sample. Roughly 10 grams of sample were placed in each vial. 

The XRD samples required a special preparation procedure. In order to eliminate dust 

emitted from the dry samples, the samples were mixed with a polyvinyl alcohol binder. This 

mixture was then poured into specially manufactured disposable plexiglass sample holders. The 

mixture dried to form a smooth surface. The samples were then sprayed with an acrylic spray 

as a secondary method of containment, and packed in small tin dishes for shipment to the 

University of Cincinnati. 
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4.0 Preparing Samples for Analysis 

Portions of the dried and the heat treated samples were set aside for further analysis. 

These analyses included TCLP, TGA, and XRD. TCLP analysis will be performed on the raw, 

the dried, and the heat treated samples. For the TCLP analysis, the appropriate amount of 

sample was simply placed in the properly labelled container and turned over to the FERMCO 

analytical lab. On average, e&h sample amounted to about 110 grams of dry material. The 

samples that had agglomerated were manually crushed using a steel tool set to a particle size of 

< 318" prior to analysis. 

Thermogravimetric analysis will be performed on the dried samples only. Samples were 

simply removed from storage and placed in glass vials. The vials were labelled to identify the 

sample. Roughly 10 grams of sample were placed in each vial. 

The XRD samples required a special preparation procedure. In order to eliminate dust 

emitted from the dry samples, the samples were mixed with a polyvinyl alcohol binder. This 

mixture was then poured into specially manufactured disposable plexiglass sample holders. The 

mixture dried to form a smooth surface. The samples were then sprayed with an acrylic spray 

as a secondary method of containment, and packed in small tin dishes for shipment to the 

University of Cincinnati. 
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PHYSICAL CHARACTERIZATION 

1.0 Introduction 

An essential step in the'remediation of the wastes from Pits 1 through 6 as well as the 

Clearwell and the Bum Pit is to physically characterize these wastes. The physical 

characterization testing includes visual classification, natural moisture content, grain size 

distribution, Atterberg limits, hydrometer analysis, specific gravity, shrinkage factors, soil 

moisture-density relationships, unconfined compressive strength, direct shear, and possibly other 

tests. 

The purpose of this physical characterization is to classify the pit wastes as to their expected 

engineering behavior under different moisture and stress environments as well as disposal 

environments. Engineering properties have been found to correlate well with the index and 

classification properties of a given soil deposit. It is hoped to expand this relationship to waste 

deposits as exist at Fernald. By knowing the soil classification, the engineer already has a fairly 

good idea of the way the soil will behave in situ, during excavation, processing, under various 

placement and loading environments, and under structural loading. This applies just as well to 

disposal of such wastes in the form of engineered fill or in mounds. 

As concerns engineering behavior of the material, the engineer seeks information on the 

following properties in particular: permeability, compressibility, shrink-swell behavior, shear 

strength, and abrasion resistance. 



2.0 Description 

Samples 0 of Work Performed 

from each of the waste pits numbered 1 through 6 as well as the Clearwell and the 

Bum Pit were obtained from archived 55 gallon waste drums by Fermco employees in Plant 5 

at the Fernald site. From each 55 gallon drum, two one-gallon paint cans were filled with waste 

for physical characterization. The procedures used by Fermco employees to obtain these 

samples included the following: the lids were removed from the drums within a diked area; 

measurements were taken to determine the ratio of solids to liquid in the drum; a 1 quart sample 

of the liquid on top of the solid phase was obtained; the remaining standing liquid was pumped 

for temporary storage into another drum; a hand auger was used to remove the solids from each 

drum; liquid from the temporary storage drum was added to the sample cans to maintain the 

Same solid to liquid ratio as existed in the original drum. 

The one gallon cans were transported to the laboratory building and placed in room C15. 

The first steps taken in the physical characterization study were the following: a record was 

made of all samples received and correlated to field notes and sample designations specified by 

Fermco employees; one of the two one-gallon cans representing each sample was opened; the 

liquid phase was removed and placed in a labelled 1 quart bottle; the entire remaining contents 

of the can were excavated from the container and placed in a large porcelain evaporating dish; 

the contents were visually classified according to the following table. 

, . . I  ' '  958 
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2.0 Description of Work Performed 

- a -  - - - -  Samples from each of the waste pits numbered 1 through 6 as well as the Clearwell and the 

Bum Pit were obtained from archived 55 gallon waste drums by Fermco employees in Plant 5 

at the Femald site. From each 55 gallon drum, two one-gallon paint cans were filled with waste 

for physical characterization. The procedures used by Fermco employees to obtain these 

samples included the following: the lids were removed from the drums within a diked area; 

measurements were taken to determine the &io of solids to liquid in the drum; a 1 quart sample 

of the liquid on top of the solid phase was obtained; the remaining standing liquid was pumped 

for temporary storage into another drum; a hand auger was used to remove the solids from each 

drum; liquid from the temporary storage drum was added to the sample cans to maintain the 

same solid to liquid ratio as existed in the original drum. 

The one gallon cans were transported to the laboratory building and placed in room C15. 

The first steps taken in the physical characterization study were the following: a record was 
a 

made of all samples received and correlated to field notes and sample designations specified by 

Fermco employees; one of the two one-gallon cans representing each sample was opened; the 

liquid phase was removed and placed in a labelled 1 quart bottle; the entire remaining contents 

of the can were excavated from the container and placed in a large porcelain evaporating dish; 

the contents were visually classified according to the following table. 
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The results of the classification tests can be summarized as follows. 

Pit 1 is a homogeneous non-plastic silt (Unified Soil Classification System (USCS) Symbol 
NP). The majority of the eight samples (samples 1A through 7A) from Pit 1 have 70 to 
91% fines, 9 to 27% sand, and a trace of gravel (up to 3%). Sample 8A is a sandy silt 
containing 58% fines, 38% sand, and 4% gravel. All the samples are gray black in color. 
The samples consistently display quick shaking (dilatancy) reactions, slight cohesion, and low 
dry strength. An odor of petroleum is present in most samples. In their received and settled 
state in the sample cans the samples are firm and display a dull shine; the moisture contents 
range from 20 to 39%. A few vegetative fibers are present in the samples. 

- Pit 2 
Pit 2 contains low plasticity clays, high plasticity silts, and silty sand (USCS Classifications 
CL, MH and SM). Four samples were taken from this pit. Sample 9A is a silty sand with 
44% fines, 55% sands and 1 %  gravel. Samples 10A and 12A are sandy lean clays (CL) 
with 66 to 74% fines, 22 to 26% sand, and 4 to 8% gravel. Sample 11A is a high plasticity 
silt with 67% fines, 28% sand and 5% gravel. The samples range from light to medium 
brown in color. Samples 9A and 11A show slow to medium dilatancy, moderate cohesion, 
and moderate to high dry strength. Samples 10A and 12A show slow to no dilatancy 
reactions, high cohesion, and high dry strength. Shine varies from dull to medium. Some 
fibrous matter is present in the samples. The samples are soft with moisture contents 
ranging from 35 to 70%; an exception is Sample 12A which had no free water in the can, 
the moisture content being 16.7%. 

- Pit 3 
Pit 3 vanes between low plasticity clay, low plasticity silt, and high plasticity silt (USCS 
Classifications CL, ML and MH). Samples 13A, 14A, 16A and 17A are sandy silts (MH) 
with 63 to 84% fines, 15 to 34% sand, and up to 4% gravel. Samples 15A and 18A appear 
to be low plasticity silts (ML) with approximately 57 to 68% fines, 26 to 41% sand and 3 
to 7% gravel. Sample 19A appears to be a sandy lean clay (CL) with 74% fines, 20% sand, 
and 6% gravel. The samples are mottled light brown to gray black in color; samples 13A, 
16A and 17A are predominantly reddish-brown, samples 14A, 15A and 19A are 
predominantly medium brown and sample 18A is medium gray. The gray-black material has 
the characteristics of silt. The samples display moderate to no dilatancy and variable dry 

.strengths. Samples 14A and 17A have moderate to low dry strength, 15A and 16A have 
moderate to high dry strengths, and samples 13A, 18A and 19A have high dry strengths. 
All the samples show moderate to high cohesion. As received the simples are wet and soft 
having moisture contents ranging from 36 to 153%. Samples 15A, 18A and 19A had no free 
water on them and define the lower bound ranging from 36 to 42 %. Some fibrous organic 
matter is present. Samples 16A and 17A contain considerable organic matter resembling 
peat (Pt). 

- Pit 4 
Pit 4 vanes from low plasticity clay to 
Samples 21A, 24A and 25A are sandy 

nonplastic silt (USCS Classifications CL and NP). 
lean clays (CL) with 62 to 64% fines, 25 to 35% 
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sand, and from 1 to 13% gravel. Samples 22A, 23A and 26A are nonplastic (NP) silts with 
81 to 89% fines, 12 to 18% sand, and a trace of gravel. The samples are gray black in 
color with sample 23A being mottled with light brown. Samples 21A and 25A are 
moderately cohesive, have slow dilatancy reactions and have moderate to high dry strength. 
Samples 22A and 26A have slight cohesion, quick dilatancy reactions, and have low to 
moderate dry strengths. Sample 23A has slight cohesion, a moderate to quick dilatancy 
reaction, and moderate dry strength. As received the samples are firm and range in moisture 
content from 10 to 29%. Samples 24A and 21A had no standing water in the can and 
defined the lower bound of the water content range. A few roots are present in the samples 
and an odor of petroleum is noticeable in samples 23A and 26A. 

0 

- Pit 5 
Pit 5 is predominantly high plasticity silt with some nonplastic silts (USCS Classifications 
MH and NP). Samples 30A through 39A, 57A and 58A are silts (MH) with approximately 
85 to 100% fines and 0 to 15% sand. Samples 40A and 41A are nonplastic silts (NP) with 
94% fines and 6% sand. The samples ranged in color from brownish-gray to salmon with 
the majority being mottled with light brown, white and gray. The natural moisture contents 
range from 109 to 620% making cohesion and dilatancy difficult to assess. Samples 31A, 
35A and 41A show signs of being cohesive and appear to have slow to no dilatancy 
reactions. Sample 30A appears to have moderate cohesion and a moderate dilatancy 
reaction. Samples 33A and 36A seem to have a moderate dilatancy reaction while samples 
32A, 34A, 57A and 58A have slow to no reaction. Samples 30A, 39A, 40A, 41A, and 57A 
have low dry strength; samples 35A and 36A have moderate dry strength; samples 31A 
through 34A, 37A and 58A have high dry strength. As received the samples are wet and 
soft. An odor of ammonia is present in all the samples. Small soft white nodules of 
unknown material are also present throughout all the samples. 

0 
- Pit 6 
Pit 6 varies between low plasticity to non-plastic silt, high plasticity silt and silty sand (USCS 
Classifications ML, NP, MH and SM). Samples 43A and 45A are nonplastic silts (NP) with 
72 to 96% fines and 4 to 28% sand. Samples 45C is a nonplastic silty sand (SM) with 49% 
fines and 51% sand. Sample 46A is a low plasticity silt (ML) with 86% fines and 14% 
sand. Sample 47A is a high plasticity silt with 90% fines and 10% sand. No gravel was 
found in any of the samples. The samples range in color from pea grFn to gray black. 
Samples 43A, 45A and 45C have slight to moderate cohesion, quick dilatancy reactions, and 
low to moderate dry strength. Samples 46A and 47A have moderate cohesion, slow to 
moderate dilatancy, and moderate to high dry strength. As received the samples are wet and 
soft with moisture contents ranging from 27 to 425 %. A trace of fine fibrous organic matter 
is present in these samples. 

Bum Pit 
The Bum Pit varies from a low plasticity silt to a low plasticity clay (USCS Classifications 
ML and CL). Sample 27A is a low plasticity clay (CL) with 71 % fines, 26% sand and 3% 
gravel. Samples 28A and 29A are low plasticity silts (ML) with 53 to 59% fines, 37 to 38% 
sand and 4 to 8% gravel. The samples range in color from light to dark brown in sample 
27A and gray black with light brown for samples 28A and 29A. Sample 27A is cohesive, 
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has a slow dilatancy reaction, and high dry strength. Samples 28A and 29A have slight 
cohesion, moderate to quick dilatancy reactions, and -high dry strength. - As received the 
samples are moist with moisture contents ranging from 25 to 30%. A trace a fibrous organic 
matter is present. 

- 

Clearwell 
The Clearwell consists of low plasticity clay, high plasticity silt and silty sands (USCS 
Classifications CL, MH, and SM). Samples 49A and 53A are sandy lean clays (CL) with 
approximately 61 to 66% fines, 31 to 39% sand, and up to 3% gravel. Samples 50A, 54A, 
55A and 56A are high plasticity sandy silts (MH) with 53 to 77% fines, 22 to 36% sand and 
1 to 11 % gravel. Sample 54A is a silt with sand (MH) having 77% fines, 22% sand and 1 % 
gravel. Samples 51A and 52A are silty sands with 45 to 49% fines, 47 to 52% sand, and 
0 to 9% gravel. The color of the samples ranges from medium to dark brownish-gray to 
light brown. All the samples are cohesive, have dilatancy reactions ranging from none to 
slow, and possess moderate to high dry strengths. As received the samples are wet and 
range in moisture content from approximately 35 to 74%. Some fibrous organic matter is 
present. Sample 49A contains a considerable percentage of organic matter similar to fine 
wood mulch (Pt). 
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3.0 Plans for Future Work 

. - - -. . - - . _- - - __ - - - _  - . 

The physical characterization work will continue where this interim report leaves off. 

Atterberg limits will be conducted on all remaining samples. Following the completion of the 

Atterberg limits, appropriate Unified Soil Classification symbols will be assigned to each sample. 

Then selected samples representative of similar blocks of material will be pulled for hydrometer 

analyses to define the clay percentage in the samples. This will then differentiate between the 

silt and clay percentages among the fines. Index values in the form of activity and liquidity 

index will be determined. Activity is used as an index for identifying the swelling potential of 

clay while the liquidity index defines the relative consistency of cohesive soils. Selected samples 

of similar material will be used to determine the values of specific gravity and soil 

moisture-density relationships. More sophisticated tests will be conducted thereafter in the form 

of unconfined compressive strength tests, permeability tests, and shear strength tests run on . 

selected materials that have been prepared to fall within a specified band of moisture content 

deemed appropriate for optimum compaction. Shrinkage analyses and other appropriate tests 

outlined in the UC ALTER CRSP Work Plan will conclude this phase of work as concerns 

physical characterization. The abrasion resistance of selected products from the thermal 

processing work will also be conducted using the Los Angeles Abrasion Apparatus. 

- 

4.0 Conclusions 

Based on the work completed to date the pit wastes appear to be predominantly fine-grained 

(silts and clays) in nature. Only four of the 55 samples classify as sands. The gravel content 

found in the one-gallon cans is practically negligible. Pits 3, 5 and 6 have relatively high water 

contents (107 to 620%). Most of the samples have been found to airdry quickly. Extreme 
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shrinkage has been observed with a number of samples, particularly those from Pits 5 and 6. 
_ _  0 "he pit wastes-have been found amenable to standard ASTM soil-cksificationt&ing. 
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CRU1 (OU1) DURABILITY DETERMINATION (CRUDD) 

1.0 BACKGROUND 

The durability test results reported here were performed by UC ALTER in support of the 

CRUl treatability effort. The Cement Solidification/ Stabilization (CSS) treatability studies 

previously performed by International Technology Corporation (IT) on Fernald 

Environmental Management Project (FEMP) waste pit samples from CRUl have produced 

formulations capable of satisfying preliminary test requirements. Subsequently, specimens 

were produced by IT using two different formulations for each of seven different waste pits, 

namely Pit 1, Pit 2, Pit 3, Pit 5, Pit 6, Clearwell, and the Bum Pit. In addition, a duplicate 

set of specimens was produced for one of the formulations for Pit 3 and Pit 6. As an 

indicator of durability of these mix designs, the specimens were then tested according to the 

requirements of ASTM D 4842-90, "Standard Test Method for Determining the Resistance 

of Solid Wastes to Freezing and Thawing", and ASTM D 4843-88, "Standard Test Method 

for Wetting and Drying Test of Solid Waste". 

2.0 METHOD 

Both of the durability test procedures require seven specimens for each different mix 

formulation. This includes 1 specimen for moisture content determination, 3 control 

specimens, and 3 specimens for the cyclical environment testing. Both durability tests for 

each mix formulation were performed concurrently, therefore one set of 3 specimens for 

control and 1 specimen for moisture content served both tests simultaneously. It follows then 

e that only 10 specimens, instead of 14 specimens, were required for each of the 16 sample 
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Freeze/Thaw 
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WeVDry Control 

mix formulations. Tables 1.1 and 1.2 list the 2 mix designs for each of the 7 waste pits 

listed above, plus the mix design for both of the duplicate sets. Note that typically for each 

pit waste, one of the mix designs contains fly ash, while the other mix design contains both 

Freezer (-20 "1 
Submerge in HtO [2O"C] 

fly ash and blast furnace slag. 

N2 Purged Oven (60'1 

Submerge in H20 [2O"C] 

Humidity Cabinet (2O"C] 

Submerge in H20 [2O"C] 

Upon receipt of the samples from IT, the specimens were stored in a humidity cabinet at 

constant temperature (20°C) and humidity (95%) for 7 days in order that each specimen 

would have time to reach an equilibrium state under the same environmental conditions. All 

specimens were at least 28 days old from the date of casting when initially received. The 

test procedures for both the WetJDry and FreezeIThaw tests require the test specimens to be 

subjected to 12 cycles of alternating environmental conditions. Each 2 day testing cycle 

consists of two 24 hours periods of different temperature and humidity conditions. The 

following presents conditions that a specimen is subjected to alternately for each of these 24 

hour periods. 

residue remaining in the beaker that had contained the specimen during that testing cycle. 

The mass loss of each test specimen is adjusted later to reflect the mass loss in the control 

specimens. The ASTM procedures for both durability tests specify that when the specimen 

mass loss exceeds 30 percent, the test is to be terminated. 

97 9 University of Cincinnati Accelerated Life Testing and Environmental Research Facility r ,  ,. 
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The following modifications were made to the test procedure: 

1) All of the specimens were at least 28 days old at the beginning of the durability test 

program. The requirement for a 28 day age at the beginning of the durability testing could 

not be satisfied when their age was in excess of this upon receipt. The additional week 

required in the humidity cabinet attenuated the influence of the different age of the 

specimens. 

2) In the procedure for the determination of the mass loss from the specimen, the residue 

remaining in the beaker following the evaporation of the water from the submerged phase 

of the test cycle was allowed to accumulate for each succeeding test cycle. This mass was 

then a cumulative value for all preceding test cycles. From this data, the loss for each cycle 

was readily calculated. 

3) When the limited amount of pit waste material resulted in a reduced size specimen or the 

lack of a specimen, this shortage was assigned to and accounted for in either the moisture 

content test or the control specimens, not the Freeze/Thaw or Wet/Dry specimens. 

3.0 RESULTS 

The initial physical description of the test specimens is provided in Tables 2.1-2.7. It should 

be noted that sufficient pit waste material was not available to cast all specimens to the 

desired 44mm x 74mm size. The sample numbering designation used internally was the last 

four digits of IT'S extended specimen number, e.g., IT specimen #7519111141401 became 

UC specimen #1401. Typically, the last two digits for the 10 specimens provided for each 

mix design were numbered from 01 to 10, e.g., #1401 thru # 1410. 

980 University of Cincinnati 0 Accelerated Life Testing and Environmental Research Facility r .  . 
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A listing of the final corrected mass loss data for the Wet/Dry and Freeze/Thaw tests for all 

the mix designs is provided in Table 3.1. This information is also presented graphically in 

Figures 1.1 to 1.4. The data for the mass loss for each cycle of both the Wet/Dry and 

Freeze/Thaw durability testing is provided in Tables 4.1-4.16. The summary of the relative 

mass loss (average of 3 specimens), along with the visual observations, for each cycle of 

each set of 3 specimens is also provided in these tables. Figures 2.1 and 2.2 graphically 

a 

present the 12 cycles of the Freezemaw mass loss data for the two mix designs for Pit #l. 

This response is typical of most of the specimens tested. 

Both ASTM D4842 and D4843 specify that the tests for a mix design is to be terminated if 

the corrected cumulative mass loss of any of the three specimens exceeds 30% (failure). 

However, no criteria currently exists to certify that the stabilized waste sample has passed 

these durability tests. Literature does propose that mass loss in excess of 15% is 

unacceptable (U.S.  Environmental Protection Agency [EPA] 1989). It should be emphasized 

that significant cracking can be present in a specimen that has exhibited only nominal mass 

loss during the durability testing. Figure 3 provides a photograph of 2 specimens of same 

mix design that have completed 12 cycles of the different durability test with approximately 

the same. mass loss. However, they have significantly different degrees of cracking that 

directly impact on their suitability for stabilizing waste material. When evaluating each 

specimen, considerable value should be given to the visual information recorded for each 

specimen. 

981 University of Cincinnati Acctlcnted Life Testing and Environmental Research Facility 



ALTER 
CRUl D.D. 

Page 5 of 57 - 5284 
Additionally, non-destructive acoustic procedure and unconfined compression tests were 

performed on the test specimens as a part of a research effort to develop improved evaluation 

techniques for identifying deterioration during durability testing. These results are to be 

integrated with and reported under contract #2-15526-003, Long Term Durability. 

None of the mix designs failed the Wet/Dry tests. However, the mix design containing blast 

furnace slag for Pit 6, 6-BFS, failed the ASTM FreezeIThaw durability test as even the 

average of the mass loss for the 3 specimens slightly exceeded 30%. While the average of 

the mass loss for the Pit 3 mix design containing blast furnace slag, 3-BFS, did not exceed 

30% for the Freezemaw test, a single specimen lost over 44% mass. Thus mix design for 

3-BFS also failed the FreezeIThaw tests. The photograph in Figure 4 provides a visual 

reference with regard to the physical deterioration associated with the 26% mass loss 

experienced by another of the 3-BFS specimens during the FreeZenhaw cyclic testing. 
a 

Included for comparison in the photograph is a representative specimen of the other mix 

design for Pit 3, 3-FA, following the FreezeIThaw testing program. Note that while the 

duplicate samples provided for the blast furnace slag mix designs for Pits 3 and 6 did not 

exhibit the same large mass loss, the visual observation of cracks at the surface of these 

specimen due to FreezelThaw testing also show significant degradation. 

The large average mass loss during the FreezeIThaw testing for the mix design for Pit 5 that 

does not contain blast furnace slag, 5-FA, resulted from a unique occurrence. While being 

transferred from a beaker, specimen number 2009 unexpectedly cracked completely through 

the cross-section with no other signs of significant deterioration. The smaller portion of the a 
University of Cincinnati Accelerated Life Testing and Environmental Research Facility 
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specimen was recorded as the amount of mass lost for that cycle. Visual examination of the 

crack plane gave no indication the cause of the separation. An explanation for this behavior 
0 

is that the crack plane could be a cold joint that occurred during the casting of the specimen. 

The other 2 specimens from the same mix had minimal deterioration throughout the testing 

cycles, therefore, it is suggested that the large average mass loss value for this mix design _- . 

is not representative of its durability. 

In summary, the Freeze/Thaw tests typically, but not always, had a more detrimental effect 

than the WeVDry tests on the proposed mix designs. For nominally the same mass loss, 

different specimens can exhibit significantly varied degrees of cracking. Generally for a 

given pit waste, the mix formulation without blast furnace slag performed significantly better 

than those mix designs containing blast furnace slag, especially for the Freezemaw tests. 
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%BFS I 11.13% 
i.. .I ...,..,. : ._..,... .. . ,.. 3 3 3  . 0 :wmw&.&@j, 1s334 

- -. 

Table 1.1 Mix Designs* 

0.00% 10.73% 0.00% I 11.74% 0.00% 13.42% 13.68% 
15274 . o 17.27% 16.47% I 10.27% 9.21% 0.00% 0.00% 

(Total (E) I 2751.95 I 2615.48 I 2485.84 I 2473.63 I 231247 I 2315.85 I 2011.87 I 1795.00 1 

%BFS I 11.13% 0.00% 10.73% I 0.00% 11.74% 0.00% 13.42% 13.68% 
,9&'&@%- 24.13% 24.47% 29.18% I 29.24% 3291% 33.25% 41.75% 34.27% 

- Added water is the water used during the mixing of the specimens and 
total water is the added water plus the moisture contained in the waste. 

University of Cincinnati 0 Accelmfal Life Testing and Environmeatpi Research Facility 934 
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Pit - Mix 6-BFS 6-FA CW-1 CW-BFS 
Test Series 22 24 26 28 
%Cement 26.84% 22.77% 17.%% 10.11% 
%Waste 50.62% 5289% 68.98% 67.18% 

ALTER 
CRUl D.D. 
Page 8 of 57 

BP-BFS BP-FA 3-BFS(D) GBFS(D) 
30 32 42 44 

20.42% 22.56% 23.98% 26.85% 
40.05% 41.68% 47.00% 50.63% 

Table 1.2 Mix Designs* 

%BFS I 1268% 0.00% 0.00% 10.11% 1240% 0.00% 11.74% 1267% 
i- 3229% 3297% 3154% 30.59% 3027% 29.87% 3292% 3230% 

- Added water is the water used during the mixing of the specimens and 
total water is the added water plus the moisture contained in the waste. 

University of Cincinnati Accelerwd Life Testing and Environmental Research Facility .ri ' 9 8 5 
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Specimen 
Number 

0602 

Page 9 of 57 

Length Diameter Weight Volume 
(mm) (mm) (cubic cm) 

76.3 45.3 236.27 122.8 

.. _.. . . .  - Table 2.1 . Initial Physical Description for Wet/Dry Specimens . . - . .  

(Mix 06 through 20) 

0604 

0802 

0803 

79.1 44.5 242.71 123.0 

78.1 44.6 233.38 121.8 

77.8 44.5 225.23 121.0 

11 0603 I 78.0 I 44.7 I 239.45 I 122.3 

0804 

1002 

1003 

1004 

1202 

1203 

77.2 44.5 225.44 120.1 

78.8 44.5 22 1 .SO 122.5 

78.1 44.7 218.73 122.2 

79.1 44.6 220.58 123.5 

78.4 45.0 211.74 124.9 

77.9 44.9 205.88 123.3 

1204 

1402 

~ 

78.6 44.4 209.27 121.6 

80.5 44.8 219.66 126.8 

11 1403 I 80.4 I 44.9 I 219.74 I 127.0 

1404 

1602 

78.9 44.8 216.46 124.2 

78.7 44.9 203.17 124.6 

1603 

1604 

1802 

11 1803 I 79.6 

79.2 44.6 204.13 123.6 

79.2 44.3 208.08 122.0 

79.2 45.1 187.67 126.7 

I 44.3 

2002 

2003 

2004 

I 189.97 I 123.0 

78.2 45.3 204.11 126.2 

78.9 44.5 203.9 1 122.7 

78.6 45.0 204.87 124.9 

11 1804 I 78.4 I 44.3 

F 1 1 1 I 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility _. 9.9 6 
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Specimen Length Diameter Weight Volume 
Number (mm) (mm) (grams) (cubic cm) 

0605 78.4 44.6 237.08 122.3 

0606 78.8 44.5 241.16 122.4 

0607 78.6 44.7 240.52 123.5 

0805 77.7 44.7 228.82 121.8 

0806 77.6 44.6 223.71 121.4 

0807 77.6 44.4 233.60 120.3 

1005 78.4 44.3 219.77 121.0 

1006 78.1 44.5 220.25 121.3 

1007 79.0 44.3 22 1.72 121.8 

1205 78.8 44.4 208.09 122.1 

1206 78.5 44.8 209.09 123.4 

1207 80.2 44.6 213.40 125.1 

1405 82.7 44.8 226.11 130.1 

1406 78.7 44.5 214.55 122.1 

1407 78.9 44.5 216.41 122.7 

1605 78.7 44.8 205.60 124.2 

1606 79.2 44.5 206.96 123.3 

1607 79.2 44.4 208.59 122.4 

1805 79.6 44.6 189.34 124.4 

1806 79.0 44.6 187.71 123.6 

1807 79.2 44.4 187.63 122.8 

2005 78.1 44.8 205.19 123.1 

2009 78.2 44.5 204.09 121.6 

2007 78.6 44.8 205.36 123.7 
i= 

e Table 2.2 Initial Physical Description for Freeze/Thaw Specimens 
(Mix 06 through 20) 

University of Cincinnati 0 Accelerated Life Testing and Environmental Research Facility 
r ,  9737 



ALTER 
c 5284 CRU1D.D. 

- 

Page 11 of 57 

Specimen - Length Diameter Weight Volume 
Number (mm) (mm) (grams) (cubic cm) 

0608 78.2 45.2 242.53 125.6 

0609 78.5 44.7 243.84 122.9 

0610 78.4 44.8 241.70 123.4 

0808 78.1 44.8 228.81 123.0 

0809 77.9 44.7 225.75 122.5 

08 10 77.4 44.5 222.59 120.5 

1008 78.7 44.5 220.74 122.1 

1009 79.0 44.4 221.92 122.4 

1010 78.3 44.5 220.76 121.6 

1208 79.6 44.7 2 12.50 124.6 

1209 78.9 44.3 213.21 121.4 

1210 79.3 44.2 212.03 12 1.7 

1408 80.6 44.3 220.15 124.3 

1409 79.2 45.0 216.21 126.0 

1410 79.3 44.6 215.13 124.1 

1608 79.0 44.8 208.25 124.2 

1609 78.9 44.4 204.56 122.3 

1610 79.3 44.4 207.57 122.8 

1808 79.8 44.4 190.10 123.6 

1809 78.9 44.7 188.03 124.0 

1810 78.9 44.6 186.27 123.0 

2001 78.3 44.7 203.65 123.0 

NJA 0.0 0.0 0.00 0.0 

NJA 0.0 0.0 0.00 0.0 

- . .- - Table 2.3 Initial Physical Description for Control Specimens - - -  - 

(Mix 06 through 20) 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility - 
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Specimen 
Number 

2202 

2203 

2204 

2402 

2403 

2404 

2602 

2603 

2604 

2802 

2803 

2804 

3002 

3003 

3004 

3202 

3203 

- 3204 - 

4202 

4203 

4204 

4102 

CRUl D.D. 4' Page 12 of 57 

Length Diameter Weight Volume 
(mm> (mm) (grams) (cubic cm) 

78.4 44.6 226.59 122.3 

78.7 44.7 225.29 123.5 

78.2 44.6 225.20 122.0 

78.5 44.3 211.57 121.2 

78.8 44.1 213.98 120.6 

78.3 44.9 207.37 123.7 

78.1 44.4 203.08 120.8 

78.9 44.6 209.09 123.4 

80.8 44.5 2 12.26 125.7 

78.9 44.3 216.32 121.5 

78.4 44.3 2 16.12 121.0 

79.5 44.8 217.21 125.3 

78.2 44.3 217.38 120.4 

78.8 44.4 217.14 122.0 

78.6 44.5 217.92 122.1 

78.7 44.6 209.37 122.9 

78.5 44.4 211.31 121.5 

78.9 - 44.4 211.85 122.3 

79.4 44.2 214.70 122.0 

79.7 44.2 216.59 122.3 

81.3 44.4 22 1.44 125.7 

78.5 44.6 224.35 122.4 

Table 2.4 

4403 
4404 

Initial Physical Description for Wet/Dry Specimens - _. 

(Mix 22 through 44) 

78.9 44.4 224.77 122.2 

79.0 44.1 225.04 120.9 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility r x  g s g  
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Specimen Length Diameter Weight Volume 
Number (mm) (mm) (grams) (cubic cm) 

2205 78.4 44.7 223.03 123.2 

2206 78.2 44.3 224.13 120.7 

220 1 79.1 44.4 224.00 122.4 

2405 77.7 44.4 203.79 120.3 

2406 78.4 44.5 203.25 121.7 

2407 ' 78.6 44.6 207.77 123.0 

2605 79.2 44.5 208.33 123.3 

2606 78.3 44.9 202.40 124.1 

2607 78.2 44.6 211.05 122.2 

2805 79.6 44.4 220.48 123.3 

2806 75.0 44.6 205.57 116.8 

2807 79.2 44.5 215.36 122.9 

3005 79.5 44.4 220.69 123.0 

3006 78.9 44.7 219.34 123.5 

3007 79.1 45.3 221.69 127.7 

3205 81.4 44.4 2 17.29 126.1 

3206 79.2 44.5 209.02 123.4 

3207 78.4 44.5 209.59 121.8 

4205 81.2 44.7 218.56 127.6 

4206 80.1 44.4 217.01 124.0 

4207 79.5 44.2 2 15.50 122.0 

4405 79.3 44.5 22 1.03 123.5 

4406 78.5 44.8 224.14 123.8 

4407 79.2 44.5 225.64 123.3 

. 

Table 2.5 Initial Physical Description for Freeze/Thaw Specimens 
(Mix 22 through 44) 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility 
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Specimen Length Diameter Weight Volume 
Number (mm) (mm) (grams) (cubic cm) 

2208 78.9 44.6 225.12 123.4 

2209 78.7 44.4 222.68 122.0 

2210 78.1 44.6 224.25 122.0 

2408 78.9 44.4 208.63 122.3 

2409 79.0 44.4 210.34 122.3 

2410 79.2 44.5 212.47 123.1 

2608 80.0 44.7 209.89 125.4 

2609 79.0 44.6 209.50 123.6 

2610 80.6 44.8 219.39 126.8 

2808 78.9 44.7 215.43 124.0 

2809 79.4 44.5 2 16.57 123.7 

28 10 79.4 44.3 216.37 122.5 

3008 78.6 44.7 218.90 123.2 

3009 78.5 44.6 218.21 122.8 

3010 78.5 44.7 217.57 122.9 

3208 79.3 44.8 210.47 125.3 

3209 78.7 44.3 206.89 12 1.5 

3210 79.0 44.7 206.37 123.7 

4208 79.5 44.5 217.18 123.4 

4209 81.2 44.3 220.02 125.4 

42 10 79.6 44.4 2 17.92 123.4 

4408 79.0 44.8 225.71 124.3 

4409 79.1 44.6 223.82 123.3 

440 1 80.5 44.5 230.14 125.3 
- 

..- 

Table 2.6 

- *528$ 

Initial Physical Description for Control Specimens 
(Mix 22 through 44) 

ALTER 
CRUl D.D. 
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240 1 

260 1 

2801 

3001 

320 1 

420 1 

4410 

ALTER 
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80.0 44.5 205.74 124.3 

79.4 44.4 190.43 123.1 

78.8 44.5 215.76 122.6 

78.6 44.7 2 19.58 123.3 

79.1 44.7 205.43 124.2 

79.5 44.7 216.15 124.7 

38.6 44.3 109.78 59.7 

Table 2.7 Initial Physical Description for Moisture Content Specimens 
(All Mixes) 

932 University of Cincinnati Accelerated Life Testing and Environmental Research Facility r' 
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I 
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i i I 1 I I 1 
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r 

Pit *I-FA Fn' At OtBFS Fn' Pa  8: FA Fn' 

Mix design and type of t a t  

I 
Figure 1.1 Average, cumulated corrected mass loss for each mix design. 

I 

Figure 1.2 Avenge, cumulated corrected mass loss for each mix design. 
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L 
Figure 1.3 Average, cumulated corrected mass loss for each mix design. 
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I 
Figure 1.4 Average, cumulated corrected m a s  loss for each mi.. design. 
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;igure 2.1 FreezdThaw mass loss data for Pit 1-BFS specimens. 

Cycle n u m k  

;igure 2.2 FreezeIThaw mass loss data for Pit 1-FA specimens. 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility 
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Figure 3 Comparison of a Wet/Dry specimen (11144204) and a Freeze/Thaw 
specimen (11144205). Kote that only crazing is predominate on the Wet/Dry 
specimen (left), while cracking is prevalent on the Freeze/Thaw specimen (right). 

Figure 4 Comparison of Freeze/Thaw specimens after final testing cycles for 
both mi.. designs for Pit #3. The specimen (11141407) on the left contains blast 
furnace slag, while the specimen (11131607) on the right does not. 
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5.0 EQUATIONS AND TERMS USED FOR CRUDD REPORT 

The dry mass of the sample. 

W M ; l - - M M ,  
100 

Where: M, = oven dry mass of specimen, in grams 
M, 
W 

= initial mass of specimen, in grams 
= moisture content, in 95 

The dry mass of the control. 

W M ; 1 - -  
100 

Where: M, = oven dry mass of specimen, in grams 
Mew 
W 

= initial mass of specimen, in grams 
= moisture content, in 95 

The mass loss of the test specimen after each cycle. 

WJII - T(iJI1 - WJJ’) 
c 

Where: W(i,sj) 
T(i,sj) 

W, sj ) 

j 

1 

= mass loss of sample j during cycle i, in grams 
= oven dry mass loss of beaker and residue of sample j 

= oven dry mass of beaker for sample j before cycle i, in 

= refers to one of the three samples in either the Wet/Dry, 

= refers to the cycle that the data is from 

after cycle i, in grams 

grams 

Freeze/Thaw or Control group 
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The mass loss of the control specimen after each cycle. 

w(i,CJI TiKJI - B(i,clI (4) 

Where: W(i,Cj) 
TO, cj) 

B(i, cj) 

= mass loss of control j during cycle i, in grams 
= oven dry mass loss of beaker and residue of control j 

= oven dry mass of beaker for control j before cycle i, in 
after cycle i, in grams 

g-s 

The relative mass loss of the sample after each cycle. 

Where: R(i,sj) 
W(i,sj) 
M(i,sj) 

= relative mass loss of samplej during cycle i, in % 
= mass loss of sample j during cycle i, in grams 
= oven dry mass of specimen j ,  in grams 

Where: R(i,cj) 
W(i,cj) 
M(i,cj) 

= relative mass loss of control j after cycle i, in % 
= mass loss of control j during cycle i, in grams 
= oven dry mass of specimen j ,  in grams 

The average relative mass loss of the sample after each cycle. 

Where: R(i,sj) = relative mass loss of sample j after cycle i, in % 
= average relative mass loss of Wet/Dry sample j after 

= average relative mass loss of Freeze/Thaw sample j after 

The same equation is used to determine R(i,W/D) and 
R(i,F/T), using the corresponding samples. 

R(i,W/D) 

R(i,F/T) 

NOTE: 

cycle i, in % 

cycle i, in 9% 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility 
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The-average relative mass loss of the control after each cycle. 

E, -1 - 3  R(i,CIJ 
R(i,CTL) - % 

*- 
3 

Where: R(i,cj) = relative mass loss of sample j after cycle i, in % 
R(i, CTL) = average relative mass loss of control samplej after cycle 

i, in % 

The average corrected relative mass loss of the WetfDry sample after each cycle. 

C(i,W/D) - R(i,W/D) - R(i,CTL) (9) 

Where: C(i, W/D) = average corrected relative mass loss of Wet/Dry sample 

R(i, WID) = average relative mass loss of Wet/Dry sample j after 

R(i, CTL) = average relative mass loss of control sample j after cycle 

j after cycle i, in % 

cycle i, in % 

i, in % 

.- The average corrected relative mass loss of the FreezeIThaw sample after each cycle. ', 

C(i ,F/n  - R(i,F/l)  - R ( i , C X )  (10) 

Where: C(i, FIT) = average corrected relative mass loss of Freeze/Thaw 

R(i, F/T) = average relative mass loss of Freeze/Thaw sample j after 

R(i, CTL) = average relative mass loss of control sample j after cycle 

sample j after cycle i, in % 

cycle i, in % 

i, in % 

The average cumulated, corrected relative ma& loss of the Wet/Dry sample after each cycle. 

C(i ,WD) - R(i,W/D) - R(i,CTL) (1 1) 

Where: C(i, WID) = average corrected relative mass loss of Wet/Dry sample 

S(i, WID) = average cumulated, corrected relative mass loss of 

R(i, CTL) = average relative mass loss of control sample j during 

j during cycle i, in % 

Wet/Dry sample j after cycle i, in % 

cycle i, in % 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility 
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The average corrected relative mass loss of the Freezmaw sample after each cycle. - 

(12) C O J m  - R(i¶F/T) - R(i,CCrz) 

Where: C(i, F/T) = 

R(i, F/T) = 

R(i, CTL) = 

average corrected relative mass loss of Freeze/Thaw 
sample j during cycle i, in % 
average relative mass loss of Freeze/Thaw sample j 
during cycle i, in % 
average relative mass loss of control sample j during 
cycle i, in 9% 

_- . 

L- 

University of Cincinnati Accelerated Life Testing and Environmental Research Facility 1 0 3 4  
\ 




