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ABSTRACT

Pond 207C at Roe@ Flats Environmental Technology Site (RFETS) contains

process wastewaters characterized by high levels of nitrates and other salts, heavy metal

contamination,and low level alphaactivity. The purpose of this research was to

investigatethe feasibilityof treating a high-nitratewaste, contaminated with heavy metals,

with a coupled dewateriug and S/S process, as well as to investigate the effects of

biodenitrificationpretreatment on the S/S process. Pond 207C residuals served as the

target waste. A bench-scale treatabilitystudywas conducted to demonstrate an S/S

process that would minimizeiinalproduct volume without a si@cant decrease in

contaminant stabilizationor loss of desirablephysical characteristics.

The process formulationrecommended as a result a previous S/S treatability study

conducted on Pond 207C residualswas used as the baselineformulation for this research.

Because the actual waste was unavailabledue to difficultiesassociated with radioactive

waste handlingand storage, a surrogate waste, of known composition and representative

of Pond 207C residuals,was used throughout this research. The contaminants of

regulatory concern added to the sumogate were cadmiuq chromhq nicke~ and silver.

Product volume reduction was achieved by dewatering the waste prior to S/S

treatment. The surrogate was dewatered by evaporation at 60 to 80 “C to total solids
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contents from 43 ‘A to 78°A by weight, andtreated with Portland cement and fly ash. Two

cement to flyashratios were tested, 2:1 and 1:2, by weight. Contaminant leachability

testing was conducted with a 0.5 water to pozzolan (the cement/flyashrukme) ratio and

both cement to flyashratios. Each product was tested for unconfined compressive

strength (UCS) and for contaminantleachabilityby the Toxicity Characteristics Leaching

Procedure (TCLP).

At the highest solidscontent achieved by dewatefig, 78% solids by weight, the

predicted finalwaste form volume for Pond 207C residuals after S/S processing was

reduced by over 60°A when compared to the baselineprocess. All tested process

formulationsproduced finalwaste forms with an average UCS of 100 psi or greater.

Percent fixation of Chrome (VI) increased at higher solids contents. Fixation of nickel

varied from over 87°/0 to 69°4, and cadmiumfixation was greater than 99% at every

solidscontent tested. Silver TCLP extract concentrations were below detection limitsm

all cases except for one anomalous measurement.

Final product volume reduction was not achieved with coupled dewatering and S/S

processing afier biodenitrificationpretreatment. The waste slurrybecame too viscous to

mix with reagents after dewateringto approximately 550/0solids. Fixation of contaminant

constituents and iinalproduct UCSS were similarto the results of S/S processing without

biodenitrification. Due to the lack of volume reduction, biodenitrificationwas not

successfid as a pretreatment for S/S processing under the test conditions of this research.

iv



TABLE OF CONTENTS

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LIST OF FIGURES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

ACKNOWLEDGMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chapterl INTRODUCTION AND BACKGROUND . . . . . . . . . . . . . . . . . . . . .

1.1. POND207C WAS’IE CHARACTERISTICS. . . . . . . . . . . . . . . . . .
1.2. PREVIOUS POND 207C TREATABILX’IY STUDY. . . . . . . . . . . .

Chapter 2RESEARCH Objectives.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.1. FINALPRODUCTVOLUMEREDUCTION. . . . . . . . . . . . . . . . . .
2.2. STABILIZATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.2.1.
2.2.2.
2.2.3.

Inorga.nits. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Volatile Organics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cyanide. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

2.3. SOLIIXFICATION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chapter3 THEORY OF CEMENT-BASEDWASTE FORMS . . . . . . . . . . . . . .

3.1.
3.2.
3.3.

THE CEMENT MATRIX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
WATER TO CEMENT RATIO . . . . . . . . . . . . . . . . . . . . . . . . . . . .
CEMENT REPLACEMENT WITH FLYASH. . . . . . . . . . . . . . . . .

v

Page

...
111

ix

xi

...
Xm

1

4
10

13

13
19

20
22
23

23

26

26
29
30



Chapter 4METHODS AND MATERIALS. . . . . . . . . . . . . . . . . . . . . . . . . . . . .

4.1. PHASE I: PROCESS DEVELOPMENT AND
SOLIDIFICATION ASSESSMENT . . . . . . . . . . . . . . . . . . . . . . . . .

4.1.1.
4.1.2.
4.1.3.
4.1.4.
4.1.5.

Surrogate Waste Preparation and Lime Addition. . . . . . . . .
Surrogate Waste Dewatering . . . . . . . . . . . . . . . . . . . . . . .
S/S Reagent Addition. . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Cure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Specific GravityDetermination and StrengthAssessment . .

4.2. PHASE II: PROCESSASSESSMENT . . . . . . . . . . . . . . . . . . . . . .

4.2.1. SurrogateWastePreparationand Lime Addition......,..
4.2.2. SurrogateWasteDewatering . . . . . . . . . . . . . . . . . . . . . . .
4.2.3.S/SReagentAddition . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4.2.4. TCLPand CCWEAnalysis. . . . . . . . . . . . . . . . . . . . . . . . .
4.2.5. Control SamplePreparation. . . . . . . . . . . . . . . . . . . . . . . .

4.3. PHASE III: INVESTIGATION OF THE EFFECTS OF
BIODENITRIFICATION PRETREATMENT. . . . . . . . . . . . . . . . .

4.3.1. SimulatedBioreactor ResidualsPreparation. . . . . . . . . . . .
4.3.2. Control SamplePreparation . . .. . . . . . . . . . . . . . . . . . . . .
4.3.3. CCWE Analysis

Chapter 5 RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .

5.1. PHASE I RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2. PHASE II RESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.2.1. Physical Characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.2.2 . ContaminantLeaching . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.2.2.1.
5.2.2.2.
5.2.2.3.

Method Blanks. . . . . . . . . . . . . . . . . . . . . . . . . . .
Control Samples. . . . . . . . . . . . . . . . . . . . . . . . . .
Pond207C Surrogate Waste . . . . . . . . . . . . . . . . .

vi

34

34

35
37
37
38
38

39

39
40
40
40
42

43

43
45
45

46

46
48

48
51

52
52
53



T-4718

5.3. PHASE IIIRESULTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.3.1. Physical Characteristics. . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.3.2. ContaminantLeaching . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.3.2.1. Control Samples. . . . . . . . . . . . . . . . . . . . . . . . . .
5.3.2.2. SurrogateBioreactorResiduals.. . . . . . . . . . . . .

5.4. PERCENT FIXATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

5.4.1.S/SProcess . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
5.4.2.Bio-S/SProcess . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Chapter 6 DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.1 WASTE LOADING. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.1.1.S/SProcess . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
6.1.2.Bio-S/SProcess . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.2 SOLIDIFICATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.3,

6.2.l.ProductStrengtkS/SProcess. . . . . . . . . . . . . . . . . . . . . .
6.2.2. Product Strength: Bio-S/SProcess . . . . . . . . . . . . . . . . . . .
6.2.3. Product Specific Gravity S/SProcess . . . . . . . . . . . . . . . .
6.2.4. Product Specific Gravity Bio-S/SProcess . . . . . . . . . . . . .

STABILIZATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

6.3.1. Percent Fixation: S/SProcess . . . . . . . . . . . . . . . . . . . . . . .
6.3.2. Percent Fixation: Bio-S/SProcess . . . . . . . . . . . . . . . . . . .
6.3.3. PredictedProcessPerformancewith Pond207CWaste . . . .

Chapter 7 CONCLUSIONS AND RECOMMENDATIONS. . . . . . . . . . . . . . . .

7.1. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
7.2. RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

REFERENCES CITED . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

vii

55

55
59

59
59

62

62
64

66

66

66
68

70

70
74
74
75

76

76
80
82

87

88
90

92



Appendix I. DEVELOPMENT OF THEORETICAL BIOREACTOR
RESIDUALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

Appendix II. SAMPLE CALCULATIONS: SAMPLE PREPARATION AND
TESTING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

AppendixIII. CALCULATION OF PERCENTFIXATION. . . . . . . . . . . . . . . . 100

AppendixIV. SAMPLE CALCULATION: ESTIMATEDPRODUCT
VOLUME . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

...
Vln



Figure 2.1.

Figure 2.2.

Figure 3.1.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

Figure 5.9.

Figure 5.10. Nickel CCWvs. YOSofids(Bio-S/S Eocess) . . . . . . . . . . . . . . . . . . . 61

Figure 5.11. Percent Fixation of Cr(VI) and Ni vs. Waste Loading (S/S Process). . 63

Figure 5.12. Percent Fixation of Cr(VI) and Ni vs. Waste Loading
(Bio-S/S Process) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

Figure 6.1. Product Weight vs. Waste Loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

LIST OF FIGURES

Page

Effects of Dewatering on Final Product Volume. . . . . . . . . . . . . . . . . . 16

Product Weight vs. Waste Loading. . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

GraphicalRepresentation of StabilizationMechanismsActive in the
Cement Matrix. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

/

Specfic Gravity vs. Waste Loading (S/S Process). . . . . . . . . . . . . . . . . 50

UCSvs. Waste Loading (S/S Process).. . . . . . . . . . . . . . . . . . . . . . . . 51

CadmiumCCWEvs. %Solids (S/S Process). . . . . . . . . . . . . . . . . . . . 54

ChromiumCCWEvs. %Solids(S/S Process). . . . . . . . . . . . . . . . . . . . 55

Nickel CCWEvs. %Solids (S/S Process). . . . . . . . . . . . . . . . . . . . . . . 55

Specific Gravityvs. Relative Waste Loading (Bio-S/S Process). . . . . . . 58

UCS vs. Relative Waste Loading (Bio-S/S Process). . . . . . . . . . . . . . . 58

CadmiumCCWE vs. YOSolids(Bio-S/S Process). . . . . . . . . . . . . . . . . 60

Chromium CCWE vs. ‘%0Solids (Bio-S/S Process). . . . . . . . . . . . . . . . 61



T-471 8

I
I Figure 6.2. UCSvs. WaSe Loadhg(S/S Recess) . . . . . . . . . . . . . . . . . . . . . . . . . 71

Figure 6.3. Theoretical’S/S System Water Budget. . . . . . . . . . . . . . . . . . . . . . . . . . 73

I Figure 6.4. Specific Gravityvs. Waste Loading (S/S Process). . . . . . . . . . . . . . . . . 75

I Figure 6.5. Percent Fixation of C<VI) and Ni vs. Waste Loading (S/S Process). . . 79

I
Figure 6.6. Percent Fixation of Cr(VI) and Ni vs. Waste Loading (Bio-S/S

Process) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

I
1
D
D
D
R
s
8
9
9
I
D
9

x



Table 1.1.

Table 1.2

Table 1.3

Table 1.4.

Table 2.1.

Table 3.1.

Table 4.1.

Table 4.2.

Table 4.3.

Table 4.4

Table 5.1.

Table 5.2.

Table 5.3.

Table 5.4.

Table 5.5.

Table 5.6.

Table 5.7.

LIST OF TABLES

Page

Pond 207CPhase Vohunes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

Pond207C LiquidsAnalysis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

Pond207C SludgeAnalysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

Pond207CS/SProcessRecommended Operating Range . . . . . . . . . . . . . 11

Inorganic ContaminantEvaluation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

Cement StabtiationMechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

Surrogate Brine Constituents. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

Contaminant Spike Stock Solutions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

Land DisposalRestrictions andAnalytical Detection Limits. . . . . . . . . . . . 41

SimulatedBioreactorResiduals... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

FinalWasteFormPhysicalCharacteristics (Unspiked Samples). . . . . . . . . 48

FinalWasteFormPhysical Characteristics (Spiked Samples). . . . . . . . . . . 49

Method Blanks CCWE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Fraction ofContaminantRecovered inUntreatedWastes(S/SProcess). . . 53

CCWE(S/SProcess) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

FinalWasteFormPhysicalCharacteristics (Bio-S/SProcess) . . . . . . . . . . . 57

Fraction ofContaminant Recoveredin Untreated Wastes
(Bio-S/S Process) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

xi



Table 5.8. CCWE(Bio-S/S Process).. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Table5.9. PercentFixationofContaminants(S/S Process) . . . . . . . . . . . . . . . . . . . 63

Table5.10. PercentFixationofContaminants(Bio-S/S Process) . . . . . . . . . . . . . . . . 65

Table 6.1. S/SProcessWasteLoadingwithEstimated Product Weight and Volume. 67

Table 6.2. Bio-S/S Process Waste Loading with Estimated Product Weight and
Volume. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

Table 6.3. fifibution Batch 18md24 Retits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

Table 6.4. S/S Recess Re&cted Petiomce on Pond207C Wa~e . . . . . . . . . . . . . 84

Table A1.l. Estimated Bioreactor Output. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

.

xii



I

1
.L

T-4718

9

8

9
9

9
D
9

ACKNOWLEDGMENTS

I am gratefid for the finding for this research, provided by the Department of

Energy, Rocky Flats Office.

I am deeplyindebtedto my thesis advisor, Dr. Nevis Cook Jr.. Dr. Cook allowed

me to work with a great degree of autonomy throughout this researc~ but was always

ready with wise counsel whenever I needed it. His engineeringexpertise, patience, and

ready wit made working with him as pleasurableas it was instructive.

The other members of my committee, Drs. Linda Figueroa and Robert Siegrist,

were also instrumentalin the completion of this project. Despite the innumerabledemands

on their time, both were always willingto fieldmy questions and offer valuable advice.

While I have received assistance from many of the graduate students in the

Environmental Science and Engineering Division,two in particular deserve special thanks.

John Mosher and Seth Terry frequentlyserved as soundingboards for my ideas, shared my

excitement in times of success, and offered encouragement and good humor duringtimes

of disappointment.

Finally, I would liketo thank Patricia Kenny for her patience and support

throughout the duration of this project.

...
Xm



Chapter 1

INTRODUCTION AND BACKGROUND

This research project was conducted to develop and demonstrate a cost-effective

and appropriate treatment process for solar pond residualspresent at the Department of

Energy’s Rocky Flats EnvironmentalTechnology Site (RFETS). The specific treatment

investigated was dewatering, and subsequentsolidificationand stabilization(S/S) with a

Portland Cement/Flyash system, The effects of biodenitrificationpretreatment on S/S

process pefiormance were also investigated. Residualsfrom Pond 207C, one of five solar

ponds at RFETS, were the target waste.

The objectives of the research were as follows:

. significantlyreduce fial product volume when compared to that of a previously

developed process

. stabilizecontaminant constituentsto meet applicableland disposal restrictions

. produce a finalproduct with desirablephysical characteristics.

Knowledge of cement-based waste form chemistryhas not progressed to the point where

reliabledesign of S/S systems from theoretical principalsis possible (Mattus and Gillia~

1994 and Roy et al., 1991). Failure of a selected treatment process formulation to
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sdiciently stabilizecontaminantconstituents in the waste to meet land disposal

restrictions would necessitate additionaltreatment prior to off-site disposal. Therefore, a

focused laboratory studywas necessary to determinethe feasibilityof previously untested

treatment process formulations.

Because the actual waste was unavailabledue to difIicuhiesassociated with

radioactive waste handlingand storage, a surrogate waste of known composition was

developed and used throughout this research. The surrogate formulation was based on

characterization studiesconducted by HalliburtonNUS Environmental Corporation

(1992) and Dames and Moore (1991). The surrogate was developed to be representattie

of the target waste. Contaminantconstituents of concern were added to the surrogate

waste in the form of solublecomplexes at the highest concentrations reported in available

waste characterization studies.

A related study is investigatingthe biodenitrificationof the Pond 207C surrogate

waste. The high concentration of nitrate salts in the waste could significantlyintetiere

with the S/S reagents. Biodenitrificationdestroys nitrates and thus exhibitedthe potential

to minimizenitrate interference. Therefore, another goal of this study was to investigate

the feasibilityof solidificationand stabilizationof the biodenitrificationprocess residuals.

The biodenitrificationresearch didnot progress to the point where residuals were

availablem time for process integration with this study. Therefore, theoretical residuals

.



were used. The theoretical developmentof the biodenitri&ation process residuals is

presented in Appendix I.

The research was conducted at bench-scale in the following three phases:

(I) Process Development and SolidificationAssessment: During this phase, a

coupled dewatering and S/S process was developed. The extent of waste dewatering that

could be accomplishedwhilemaintainingfixability was determined. The volume

reduction achieved through dewatering and the abilityof potential process formulations to

solidi@ the surrogate waste, without toxic constituents, were investigated.

(II) Process Assessment: The process formulations developed in Phase I were

evaluated in terms of the three study objectives. For this phase, representative toxic

constituentswere added to the waste surrogate. In additionto the assessment of volume

reduction and solki.iiication,the stabilizationof toxic constituents was measured.

(III) Investigation of the Effects of BiodenitrificationPretreatment: During the

iinalphase of research, the effects of biodenitrificationpretreatment on the performance of

the processes developed in Phase I and assessed in Phase II were investigated. The

pretreated waste was evaluatedby the same testing methods as un-pretreated waste.

The following sections describe Pond 207C residuals, the target waste, and outline

the relevant methodologies and results of a Pond 207C treatability study previously

conducted by HalliburtonNUS Environmental Corporation (hereafler, Halliburton). The

results of the previously conducted treatability s#mdyare relevant to the present study
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I because the former was conducted with actual Pond 207C waste. Halliburton’sprocess

formulationwas used as the baselineS/S treatment process in this research. The product

F volume resultingfrom the baselineprocess was the standardby which volume reduction

9 results were judged, andbaselinestabilizationresults were used to predict the performance

8

of the process formulationsdevelopedin this study on Pond 207C waste.

1.1. POND 207C WASTE CHARACTERISTICS

Pond 207C is one of five Solar Evaporation Ponds placed into service at NETS in

1956. The ponds covered an area of approximately 6.5 acres. They were reportedly used

to store and evaporate liquidprocess wastes having less than 100,000 picocuries per liter

of total long-lived alpha activity (Bittner et al., 1993). Estimates of the solar pond waste

volumes indicate that Pond 207C is one of the largest of the five ponds in terms of waste

volume. Pond 207C also has the highest amount of dissolved solids of the five ponds

(TDS ~300,000 mg/L vs. TDS = 7,600 to 16,000 mg/L for Ponds 207A and 207B north,

center, and south) (Halliburton, 1992 and Dames and Moore, 1991, as cited in Siegrist et

al., 1994).

Pond 207C waste contains %.ighconcentrations of nitrate and other salts.” Trace

metals that exceed land disposalrestriction (LDR) limitsin the waste are cadmi~

chro- lead, nicke~ and silver(HalIiburton, 1992).
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In the mid-1980s, RFETS began treatment efforts on solar pond residuals.

Treatment was terminated m 1990 because of poor S/S results and inabilityto dispose of

the finalwaste form (Halliburton, 1992 and Siegrist et al., 1994). In 1994, the remaining

solar pond residualswere removed from the ponds and placed m “numerous” 10,000 gal.

tanks at RFETS (Siegrist et al., 1994).

Halliburton( 1992) reported the followingvolumes of liquidand solidphases in

Pond 207C:

Table 1.1: Pond 207C Phase Volumes

Phase Volume (gallons)

Liquid 387,300
I Crvstal

~-
61.100 1

Silt/Sludge 38,800

1

TOTAL 487,200 I

Detailed analyses of Pond 207C liquidand solid (sludge and crystal composite) phases

compiled from the Halliburton(1992) and Dames and Moore (1991) reports (as cited in

Siegrist et aL, 1994) is presented m Tables 1.2 and 1.3.
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Table 1.2: Pond 207C LiquidAnalysisa

Analyte I Units I DetectionFrequency ConcentrationRange
Volatiles

2-Butanone Pa 4/5 77-110
MethyleneChloride I@ 1/5 8
Pesticides
Diazinon P@ 1/1 2.8
Simazine P&X- 1/1 7.5
Inowanics

I Arsenic Iufal 5/6 I 3350-4110 I
Barium P@ 5/6 110-150
Boron Pm 6/6 360,000-494,000
Cadmium t@- 6/6 312-560
Chromium P@ 6/6 2360-3940
Copper Pa 1/1 6790
Lead P@- 216 300
Magnesium Pa 5/6 1300-3870
Nickel Uti 6/6 2540-5090

I Potassium ImfdLl 6/6 I 54.500-78.700 I
Selenium Pa 2/6 600-3000
“Silicon PM- 1/1 30,100
Sodium mti 616 102.000-142000

I
Arsenic Pa 5/5 4660-5510

Cadmium P@- 5/5 350-560
Chromium I@ 5/5 2240-9160
Nickel I@ 5/5 2330-4930
Silver W@ 5/5 150-430
Miscellaneous
Gross Alpha nCi/L 6/6 63-130
Gross Beta nCi/L 6/6 170-230
pH units 6/6 10.0-10.2
Alkalinity (methyl orange) mg5 6/6 45,000-63,000
Alkalinity (phenolphthaSein) mg5 5/5 25,000-32,000
Ammonia mg5 5/6 1.8-6.4
Bicarbonate m#L 1/1 4000
Carbonate mg5 1/1 25,000
Conductivity at 25°C pmhos 1/1 610,000

Chloride mgiL 6/6 18,300-25,000
Cyanide - Total mg/L 6/6 3.3-20
‘ Liquid analysis data from Halliburton NUS (1992) and Dames and Moore (1991) reports as cited in

Siegrist et al. (1994). Concentration range applies to detected values only.
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Table 1.2: Pond 207C LiquidAnalysis (continued)’

Analyte Units I DetectionFrequency ConcentrationRange
Miscellaneow (cont.)
Nitrate mgjL 5/5 57,000-66,000

I Nitrate as N I mg5 1/1 2600
Nitrite mglL 1/1 2500
Phosphorous - Total as P mglL 5/5 520-610
Spec%c Gravity none 5/5 1.316-1.348
SuE+te mfi 6/6 12.200-18.000
Sulflde mgiL 1/1 10
Total Dissolved Solids mglL 6/6 300,000-510,000
Total Organic Carbon mglL 6/6 54.9-1600
Total Suspended Solids mglL 6/6 76-1400
a Liquid analysis data flom Halliburton NILS (1992) and Dames and Moore (1991) reports as cited in

Siegrist et al. (1994). Concentration range applies to detected values only.
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Table 1.3: Pond 207C SludgeAnalysisa

Analyte Units DetectionFrequency I ConcentrationRanKe
Volati[es
2-Butanone P* 5/5 16-160

Benzene W@ 2/5 7-31

Tetrachloroethene W@ 5/5 8-73

Trichloroethene P* 2/5 5-7

1,1,2-Trichloro- 1,2,2- WJ& 1/5 33
triflouroethane

1Semi-volatiles I

‘ Sludge data ffom Halliburton NUS (1992) and Dames and Moore (1991) reports as cited in Siegrist
et al. (1994). Concentration range applies to detected values only. Samples include a composite
berm sample.
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Table 1.3: Pond 207C SludgeAnalysis (continued)’

Analyte I Units DetectionFrequency I ConcentrationRanze
AST&fLeachb

Chloride mglL 5/5 660-990
Nitrate mg5 5/5 8,900-11,000

Phosphorous - Total as P mg/L 5/5 22138
Sulfate mg5 5/5 810-1300
Total Dissolved Solids mglL 5/5 18,000-24,000
TCLP
Arsenic Pm 5/5 447-538

Barium Pa 315 481-559

Cadmium Pa 5/5 342-5230

Chromium I’@L 515 1840-3940

Lead Pa 2/5 33-52

Mercury Pm 1/5 0.4

Nickel Pa 5/5 563-2140

Silver Pa 5/5 9-23

Miscellaneous
Gross Alpha pcug 9/10 18-8700
Gross Beta pcifg 9/10 390-1200
pH units 5/5 17,000-24,000
Alkalinity - Total mg/kg 5/5 17,000-24,000
Ammonia mgikg 2/10 2.7-4.5
Moisture - Gravimetric % 5/5 34.8-48.8
SWIMTest ‘??0 4/4 o-1o
Total Orgam“cCarbon mg/kg 5/5 6400-9000
YO Recovery of solids % 515 9.2-18.8
‘ Sludge &ta from Halliburton NUS (1992) and Dames and Moore (1991) reports as cited in Siegrist

et al. (1994). Concentration range applies to detected values only. Samples include a composite
berm sample.

b ASTM leach analysis performed by analytical method ASTM D3987-85 (specifically EPA methods:
365.2 for phosphorous, 325.3 for chlori&, 375.4 for sulfate, 352.2 for nitrate, and 160.1 for TDS)
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1.2. PREVIOUS POND 207C TREATATHLITY STUDY

Halliburtonconducted an extensivetreatabilityand process formulation study on

S/S of Pond 207C residuals. As noted above, Halliburton’srecommended process was

used as the baselineprocess for this study andtheir results are used to evaluate the

performance of the processes studiedduringthis research.

Halllmrton’s stated main objective of prelhnimuyprocess testing was “to

determineifa cement/flyashsystemwas capable of stabilizingthe high-salt brine in Pond

207C (Halliburton, 1992).” Presumablybased on industryexperience and “the most

closely related project” in the literature (S/S of a low-level alkalinewaste at the Savannah

River Plant as reported by Wilhite,undated), Halliburtonproposed and evaluated a S/S

system which utilizeda pozzolauic mixture of Type V Portland Cement, Type C Flyash,

andhydrated lime.

Halliburtonused a water to pozzolan ratio (pozzola.nwas definedto be cement

plus flyash, this definitionis also appliedthroughout this thesis) of approximately 0.46,

and a cement to flyashratio of 1 to 2 for allpreliminarytesting. Tests pefiormed on S/S

waste specimenswere unconfinedcompressive strength (UCS), the Toxicity Characteristic

Leaching Procedure (TCLP), and fieezehhaw and wet/dry durabilitytesting. UCS and the

durabilitytests, “are not requiredfor product certification. These tests were used as

indicators to determineif a specifiedformulawas of better qualitythan another formula

with regard to strength and durability(Halliburton, 1992).”
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The Treatability Study and Process Formulation Report ( 1992) explains

Halliburton’smethodology for developmentof an operating range for remediation as

follows “Once it was determinedthat a specifiedformulationresulted in an acceptable

endproduct, testing was conducted to develop an operating range which could be used

duringremediation.” Duringthe finalphase of testing, Halliburtonvaried the selected

process formulationover a range whichmight be encountered during actual remedial

operations at RFETS.

The followingtable is a summaryof Halliburton’srecommended operating range

for S/S of the Pond 207C waste:

Table 1.4: Pond 207C S/S Process
Recommended OperatingRange

Cement/Flyasb/LimeRatio 1/1.2/0.05 to 1/3.34/0.09
Water to Pozzolan Ibtio 0.34 to 0.50
Total Susoended Solids (’%0) Oto 17.2
Total Dissolved Solids(?40) o to 40.4 I
(Source: Halliburton, 1992)

Halliburtonused Type V Portland Cement because of its resistance to sulfate attack, and

Type C Flyash. Halliburtonalso recommended the additionof a proprietary additive,

Latex 2000, which “appears to produce a finalproduct whichhas better resistance to the

wet/dry and fieezdthaw durabilitytesting (Halliburton, 1992).”

With few exceptions, the test specimensthat Halliburtonanalyzedpassed every

category of every test. The exceptions were two batches prepared with proprietary
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retarder additivedosages that were “apparentlytoo high,” and an anomalous TCLP

fidure. According to the Process Formulation Report, ‘The operating range was

developedto be conservative enoughto ensurethat all samplespassed the required

criteria. Because of scheduleconstraints, the operating range was not pushed to greater

limitswhichwould determinethe points of I%lure(Halliburton, 1992).”

The fact that virtuallyalltest specimensmet all testing criteria indicatedthat there

possiblyexisted a significantmargin for process improvement. It was reasonable to

expect that the performance (as measured by the tests noted above) of Halliburton’s

recommended S/S process formulationon dewatered Pond 207C waste would be

degraded at the higher solidscontents (solids content is definedas percent total solids,by

weight), but possiblynot to the point of regulatory hike. Thus, significantfinalproduct

volume reduction could be achieved.

Halliburtonnoted that, “[T_jwoparameters appear to be the most significant

regarding process control. The first is the blendingof the pozzolanic mixture, and the

second is the ratio of water to pozzolans in the process stream (Halliburto~ 1992).” Here

againwas evidence of the potential for process improvement. If the pozzokm blend and

water to pozzola.nratio were held constant, the process appeared to have the potential for

successful S/S of dewatered Pond 207C waste.
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RESEARCH OBJECTIVES
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i This chapter explainsthe previously stated research objectives in detail. Research

B objectiveswere formulatedbased on Pond 207C waste characteristics and the results

#

reported in the previous studies.

m
2.1. FINAL PRODUCT VOLUME REDUCTION

The first objective of this research was to significantlyreduce finalproduct volume

B when compared to that of a previously demonstratedprocess. Reduction of the Iinal

..

B’
product volume, or waste ~ation, could have significanteconomic impact if the final

dispositionof treated waste is off-site dispo~ as explainedbelow.

1 As of September 1994, finaldispositionof treated Pond 207C residualshad not

H been determined(Siegrist et al., 1994). ‘Tossible scenarios includeboth on-site disposal

or off-site disposalat either the Department of Energy Nevada Test Site or Envirocare of

E Utah (ICF Kaiser Engineers, 1993; Sams, Jones and Sams, 1994, and Los Alamos

@
Technology Office, 1994; as cited in Siegrist et al., 1994) An evaluation of disposal

I
options for treated pond sludgesfrom RFETS determinedthe most likely option for off-

site disposalis landburial at Envirocare of Utah, Inc. (Siegrist et al., 1994). Envirocare’s

R .



14

1994 price for disposalof wastes of less than 15,000 cubic yards total volume was greater

than $1500 per cubic yard (Siegrist et al., 1994). Transportation costs from RFETS to the

Envirocare facilityin Clive, Utah willalso be significant. Therefore, in an off-site disposal

scenario, waste minimizationis of critical economic importance.

Ma*g the amount of the contaminantsof concern per unit weight of final S/S

waste form willresult in less volume to be landfilled(assumingreasonably consistent

waste form specificgravities). One way to express the amount of waste constituents

containedin a given S/S process waste form is waste loading. Waste loading can be

definedas follows

Wrote Loading =
Weight of Wrote Soliak

Find Product Weight
(2.1)

where: Final Product Weight = Weight of Wrote Soliak -t

Weight of Water+- Weight of Reagents (2.2)

As definedin Equation 2.1, waste solidsconsist of all dissolved and suspended

solidsm a given waste. Water is not considered m the weight of waste to be treated

because the water content of the waste that is not requiredfor S/S reagent hydration is

assumedto be removable by a dewateringprocess. A waste loading of 1.0 would imply a

driedmass of waste solidswith no water content or reagents.
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Dried Pond 207C solidswould probablynot meet land disposalrestrictions

(Halliburton, 1992). Therefore, S/S reagents, pozzolans in the case of this research, must

be added. Sufficientwater must be present to hydrate the pozzolans for them to be

effective. The finalwaste form willtherefore consist of waste solids,water, and

pozzolanic reagents.

Dewatering of Pond 207C residualswas not a part of Halliburton’s recommended

S/S treatment process. Pozzolanic reagents were added in proportion to the amount of

water originallypresent in the residuals. Pond 207C residualshave a solids content of

approximately42°A by weight, and are therefore 58°Awater. With a water to pozzolan

ratio of 0.5 (the water to pozzohm ratio is addressedin detailin Chapter 3), this yields a

0.42
waste loading of 19V0(i.e., Wrote Loading = = 0.19). Dewatering

0.42+0.58+1.16

the residualsto a solidscontent of 6270 and keepingthe water to pozzolan ratio constant

at 0.5 would yield a waste loading of 36%

(i.e., Waste Loading = 062 + ~~+ 076 = 0.36). A graphic representation of the

effects of dewateringis presented m Figure 2.1.

The reader willnote how dewateringyields a finalproduct with a much greater

percentage of waste solids(higher waste loading) and reduced volume. At a constant

water to pozzolan ratio of 0.5, removal of a given weight of water from the waste

eliminatesthe need for additionof twice that weight in reagents. For example, removal of
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one kilogram of water eliminatesthe need for additionof two kilograms of reagent, for a

total weight reduction ofthree kilograms. TIIUSthe potential exists for savings in the cost

of S/S reagents, as well as transportation and disposalcosts.

Figure 2.1:
Effects of Dewatering on Final Product Volume

The relationshipbetween waste loading, and the product weight is illustratedin

Figure 2.2. The figure was constructed usrngEquation 2.1 and a water to pozzolan ratio

of 0.5. Product weight increase is definedin terms of the weight of waste solids, where a

waste loading of 1.0 willyield a product with the weight of the solids alone ( 100?4o). A

waste loading of 50% willyield a product with 50~0 waste solidsby weight, or, stated
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difl?erently,the finalwaste form weight willbe twice the weight of waste solids alone

(200%).

Figure 2.2:

Product Weight vs. Waste Loading
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W*e Loading

The right hand abscissapresents estimates of total product weight for S/S

treatment of Pond 207C based on the average percent total solids of 42% (by weight) and



a 487,000 gallon waste volume with a specificgravity of 1.244 (Halliburton, 1992). In

order to estimate weights, it was assumedthat dry waste solids and finalproducts have

specificgravities of 2.0 (the solidsin the Pond 207C surrogate waste used m this study

had a specificgravity

approximately 1.9).

By inspection

18

of approximately2.2 and the iinalproducts had specific gravities of

of Figure 2.2, it is evidentthat relatively smallincreases in waste

loading can result in significantS/S product weight reductions. For example, in order to

reduce the product weight from iive times (500°/0) the weight of waste solids (the

approximate result of the,“cente~ornt” process recommended by Hidliburton)to three

times (300%) waste solidsweight, or, m other words, to reduce the weight of the S/S

product by 40’%0,would require increasingthe waste loading to about 0.36. Holding the

water to pozzohm ratio constant at 0.5, a waste loading of 0.36 could be achieved by

increasingpercent solidsin the process feed waste stream to approximately 62°/0.

Using the same assumptionof specificgravities of 2.0 for all finalproducts as used

iu construction of Figure 2.2, finalproduct volume estimates can be made. At

Halliburton’scenterpoint formulation, total S/S product volume willbe about 3,200 cubic

yards (5,500 tons). At a waste loading of 0.36, product volume willbe about 1,800 cubic

yards (3,000 tons). Obviously,such reductions in volume and weight will result in

considerablesavingsm transportation and disposalcosts.
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Giventhe demonstratedimportance of waste loading in terms of waste

minimization,the primary objective of this research effort was to examine the effects of

increased waste loadings on product characteristics with the goal of developing and

demonstratinga viable S/S process fonmilationwith minimizedfinalproduct volume.

2.2. STABILIZATION

The second project objective was to stabilizecontaminantconstituents to meet

applicableland disposalrestrictions. The U.S. EPA has definedstabilizationas those

techniques“whichhave their beneficialaction primarilyby limitingthe volubilityor by

detoxi&ing the waste contaminantseven though the physical characteristics of the waste

may or may not be changed or improved (U.S. EPA 1982).”

The EPA promulgated the TCLP as a laboratory method to “determinethe

mobility[volubility]of both organic and inorganic analytespresent in . . . wastes (40 CFR

261).” The TCLP requires that a sampleof a solidwaste be agitated in an acidic

extraction fluidtwenty times the weight of the solid sample(a 20:1 dilution). The

concentrations of contaminantsm the extraction fluidare measured after agitation to

determineregulatory compliance (40 CFR 261). The land disposalrestrictions (LDRs) for

contaminantconcentrations in TCLP waste extracts were promulgated by the EPA in 40

CFR 268.
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The finalwaste product must meet land disposalrestrictions to be certifiablefor

off-site land disposal. Stabilizationof the toxic constituents of Pond 207C residualsis

addressedin three separate sections--inorganics,volatile organics and cyanide--below.

2.2.1. Inoumn.its: The followingtable provides an analysisof the relative importance of

inorganicPond 207C contaminantsof regtilato~ concern. Maximum concentrations are

for Pond 207C waste taken from the data presented in Tables 1.2 and 1.3. LDRs are

taken from 40 CFR 268.41, Table CCWE (Constituent Concentrations in Waste Extract).

Table 2.1: Inorganic ContaminantEvaluation

Constituent LDR Max Reported Calculated Ratio (Max 0/0 Selected
(ccWE) Concentration Max TCLP Leach/LDR) Fixation Spike
(mg/L) (mg/kg) Extract Req’d Cone.

(mg/L) (mgkg)
Antimony 0.23 13.8 0.7 3.0 66.7 0
Arsenic 5.0 40.2 2.0 0.4 0.0 0
Barium 52 61.4 3.0 0.06 0.0 0
Cadmium 0.066 665 33.3 503.8 99.8 700
Chromium 5.0 960 48.0 9.6 89.6 1000
Lead 0.51 38.5 1.9 3.8 73.5 0
Mercury 0.025 4.4 0.2 8.8 88.6 0
Nickel 0.32 146 7.3 22.8 95.6 150
Selenium 5.7 NR o 0 0.0 0
Silver 0.072 73.6 3.7 51.1 98.0 200
Notes:
1. NR = Not Reported
2. All LDRs are reported for F039 wastes except chromium which has a lower standard (5.0 vs. 5.2) as a

characteristic (D077) waste.
3. CCWE = Constituent Concentration in Waste Extract



T-4718 21

The ma* possibleTCLP extract concentration in Table 2.1 is based on the

20:1 dilutionrequiredby the procedure. This concentration represents the worst case

scenario, where all the contaminantin the sample(“Calculated Max TCLP Extract” in

Table 2.1) is leached rnto the extraction fluid. The additional“dilution”which results from

S/S reagent additionis not considered. Inspection of the table reveals three contaminants

whichhave a relativelyhighpotential for leaching above the LDR standard (i.e., g-eater

than 95% fixation required); cadmiu nicke~ and silver.

According to a previous S/S study, no metals of regulatory concern show potential

for leaching above the LDR standardsafter S/S processing (HalKburton, 1992). A

possible exception is cah about which it was noted, ‘The limited. . . data seem to

indicatethat if the TCLP extract pH fhllsbelow 6 (approximate), then the LDR standard

of 0.066 mglL might be exceeded (Halliburton, 1992).”

Consideringthe above assessmentof the leachingpotential of cadmiuq as well as

the high degree of fixation requiredto meet regulatory limits;the abilityof the S/S process

to stabilizecadmiumis of critical importance. ~

Conner (1990) writes with respect to the potential for leaching of nickel

“Additivesused in certain [electroplating] baths may form stable, solublenickel complexes

that do not precipitate with the usual CFS reagents and additives.” In contrast, Conner

notes, “fixation of s~er in CFS [chemical fixation and stabilization]systems is rarely, if
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ever, a problem.” However, since silverrequires the second highest degree of ftxation, its

behavior in the S/S process was investigated.

In its highervalence state (Cr&), chromiumis highlysolubleand often not

stabilizedin conventional S/S systems (Conner, 1990 and Kindness, Macias, and Glasser,

1994). The speciation of chromiq and thus its valence state, in Pond 207C residuals

was unknown. Although the higher concentrations of chromiumreported in semi-solid

phases of Pond 207C residuals(see Tables 1.2 and 1.3) indicatedthat chromium was

probablyin its less soluble3+ valence state, a conservative assumptionwas that chromium

was present as Cr&. Stabilizationof chromiumwas therefore investigated in this study.

The contaminantrequiringthe next highest degree of fixation, mercury, is generally

stabilizedinmost S/S systems(Conner, 1990), and was not investigated.

Based on previous studyresults and the observations cited, and the tabulated

analysisof inorganic contaminants,the surrogate sludgewas spikedto the concentrations

presented in bold numbersin Table 2.1 for cadmi~ chromkuq nickel and silver. In

order to evaluate stabilizationof a “worst case” waste, contaminant constituents were

added as dissolvedcomplexes at the given concentrations. The degree of stabilization

achieved was determinedby TCLP extraction.

2.2.2. Volatile Ormnics: A previous studynoted that no volatile organics “are present in

concentrations to be of regulatory concern (Halliburton, 1992).” As a confirmation,
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TCLP Zero HeadSpaceExtractions (zHE) were performed on the “centerpoint mixes” in

that study. All of the resultingZHE analyseswere below the detection limit of 50 wg/L

(Halliburton, 1992).

Based on previous negative results, andthe added costs, both in time and

additionalequipment,of perliormingZHE analyses,volatile organic contaminantswere not

investigated.

2.2.3. Cyanide: Halliburtonmeasured the effects of their recommended S/S process on

cyanideby TCLP. There is no LDR for cyanide, and “allvalues [were] less than the

Maximum ContaminantLimit (MCL) for cyanide (50 vg/L) m drinkingwaters

(Hall.iburton,1992).” Therefore, cyanideleaching didnot merit fhrther investigation.

In summary, stabilizationof the contaminantscadmiq chromi~ nicke~ and

silverwas measured by TCLP extraction. The extract concentration of the contaminants

of concern were compared to LDRs to determinethe degree of success. Because this

studywas conducted with a surrogate waste, stabilizationres.dts were interpreted directly

and relative to previous results with the actual Pond 207C waste.

2.3. SOLIDIFICATION

The third objective of this research was to produce a finalproduct with desirable

physical characteristics. This requires solidificationof the liquidand semi-liquidphases of

Pond 207C waste.
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The EPA definessolidificationas, “the production of a monolithicblock of treated

waste with a high structural inte@y (U. S. EPA 1982).” The EPA describes the ideal

solidifiedwaste form as a, “monolithicmass that has good dimensionalstability,fieeze-

thaw resistance, low permeability,a high bearing capacity, and resistance to attack by

biological agents.” Standardtests of the success of a solidificationprocess includebulk

and dry unit weight, unconfinedcompressive strength, permeability,wet/dry durability,

andfieezehhaw durability(U.S. “EPA 1982).

A previous treatabilitystudy devoted, “considerableeffort . . . to wet/dry and

fieezehhaw durabilitytesting because of the likelihoodthat the stabilizedwaste maybe

stored at Rocky Flats for an extended period of time untilultimate disposal. . .

(Halliburto~ 1992).” All test specimens,with one exception, passed all wet/dry and

freezehhaw durabilitytests.

This research was conducted under the assumptionthat, through proper scheduling

and waste handling,treated Pond 207C waste willnot be subjectto numerous wet/dry or

fieezehhaw cycles at RFETS. With respect to the exposure of hazardous waste to such

cycling at a hazardous waste lan~ Conner (1990) writes, ‘Properly designed and

located landfillsare subjectedto such cycling only for a limitedperiod duringthe fillingof

the ce~ ifat all.” Therefore, wet/dry and fieezehhaw durabilitywere not seen as critical

physicalcharacteristics of the finalwaste form. These properties were not evaluated.
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Unconfined compresske strength (UCS) testing is not required for product

certification at Envirocare (Halliburton, 1992; Siegrist et al., 1994). However, for the

purposes of comparison, UCS provides an important indicator as to the qualityof given

waste form. A general guidelineis a UCS of 250 psi which is required to support the

overburdenpressures and operating equipmentloads in a landfill(LaGrega, Buckingha@

andEvans, 1994).

Bulk density, expressed as specific gravity, of waste products was also assessed.

No specificgravity requirementsexist; however, maximizing specific gravity willhelp to

minimizeproduct volume.

A UCS of 250 psi was adopted as the standardfor successfi.dstabilization. No

minimumstandardfor finalproduct specificgravity was adopted. However, higher final

product specificgravities were viewed as a superior characteristic for the purpose of

process comparison.
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Chapter 3

THEORY OF CEMENT-BASED WASTE FORMS

The following chapter presents a brief overview of theoretical cement-based S/S

concepts central to this research project.

3.1. THE CEMENT MATRIX

The principalreaction which imparts strength and durabilityto Portland cement

after it is mixed with water and allowedto set is the hydration of aluminosilicateto forma

silicage~ generally designatedas C-S-H in the literature. C-S-His shorthandfor Ca, S~

and H20, the constituentsof hydrated calcium silicate, or silicagel. A gener~

unbalancedreaction which descriies silicagel formation in concrete is:

Ca(OH)J + A1.JizOT + HZO -+ C-S-H (Glasser, 1993).

Although technically correct, the term “gel” is somewhat misleading. The gel-like

mass which results from the hydrationreaction has a very high cohesiveness and tensile

strength (Czernin, 1980). The resultingproduct is “tolerant of wet material. . . not

flammableand is durablein the natural environment(Glasser, 1993).”

In additionto its physicalcharacteristics, cement has several chemical

characteristics which make it well suitedfor the solidificationand stabilizationof wastes.
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Table 3.1 lists some physical and chemical mechanismsby which cement can stabilize

waste constituents. The reader willnote that several of the examples of stabilization

mechanismsin Table 3.1 involve contaminantsof concern m the present study

(specitlcally, cadmiuq chromiuq and nickel).

Table 3.1: Cement StabilizationMechanis~

Mechanism Example
Sorption into/onto high sur%acearea C-S-H Pb2+adsorption
Precipitation of metal hydroxides Cd(OH)z precipitation
Formation of surface compounds Ca[Cd(OH)d] formation
Lattice incorporation in the cement matrix Cr& incorporation

IDevelopment of volubilitylimitinghydrous CuSi formation
silicatesand calcium salts

27

I Phvsical encamulation I Ni2+enca~sulation
#

a Sources: Conner, 1990; Bishop, 1988; Butler et aL, 1993;
Cocke and Mollah, 1993; Glasser, 1993; and Roy et aL, 1993.

The stabilizationmechanismsoutlinedin Table 3.1 are graphicallydepicted in Figure 3.1.

.
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Figure 3.1:
GraphicalRepresentation of Stabilization

‘ MechanismsActive in the Cement Matrix

Physical
Encapsulation Lattice

1 Incomoration

Precipitation

(Adapted from Cocke and Mollah, 1993)

The left side of Figure 3.1 represents several cement grains with contaminant

constituentsphysicallyencapsulatedwitbinthe cement matrix. This is also known as

micro-encapsulation. Roy and others (1993) suggest that “physicalencapsulationis the

principalmechanismof solidificationhtabilization.”

The right side of Figure 3.1 represents a singlecement gram. Several difRerent

stabilizationmechanismswhich are potentiallyactive in cement-based S/S systems are

depicted. Of particular note are precipitation,believedto be active in the stabilizationof

cadmiq chromiuq and silver (Conner, 1990 and Kindness, Macias, and Glasser, 1994),

and lattice incorporation, postulated as active in the stabilizationof chromium (Bishop,

1988).
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1 The primary objective of cement-based S/S process formulation is the

29

9 maximizationof stabilization

Figure 3.1, whileminimkhg

mechanismssuch as those listedin Table 3.1 and depicted in

associated losses of desirablephysical characteristics. By

9 maximizingthe stabilizationeffectivenessper unitweight of reagents used in S/S

F
processing, it maybe possibleto reduce the amount of reagent used without a critical loss

of treatment effect. Final waste form weight andvolume could thereby be significantly

9 reduced.

1
3.2. WATER TO CEMENT RATIO

9 One of the most important fkctors affectingthe qualityof the final cementitious

E

product is the water-to-cement (W/C) ratio. ‘Minimization of the amount of mixing water

.

9
is exponentiallyrelated

Scheetz, 1993).”

to [a] decrease in porosity and an increase in strength (Roy and

To achieve complete hydration, cement must react with a quantity of water

roughly equalto 25?40of its weight (the water requiredfor hydration is frequently called

the “water demand” of the cement). However, “the cement paste requires a substantial

excess of mixing water, which should. . . amount to about 35-40 per cent of the weight

of cement (Czernin, 1980).” Because cement pastes with low W/C ratios do not flow

plastically,a W/C ratio of 0.50 is “typicallyused in practice for making a good quality

(high strength) structural concrete (Czernin, 1980).” Thus, a significantchemical excess
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of mixing water exists withinthe cement matrix in many concrete and cement-based S/S

applications.

The presence of solublewaste constituents,which may “bind”water in chemical

reactions, may increase the water demandof the wet mix. The associated effects of

increased water demandon rheology may limitthe operationalwindow of an S/S process

(Glasser, 1993), makingW/C ratio an even more critical parameter.

In the present study, fial product volume reduction was achieved through

dewatetig by evaporation. Dewatering reduced the water content of the surrogate waste

andthereby effectivelyincreased the proportion of solublewaste constituents in the waste.

The relative water demandof solublewaste constituentswas thus increased.

3.3. CEMENT REPLACEMENT WITH FLYASH

A pozzolan is a material “that does not exhibitcementing abilitywhen used by

itse~ but in combinationwith other materials, such as Portland Cement or lime, will

interact with these agents resultingm a cementitiousreaction (Conner, 1990).” Flyash is

such a pozzolan, and, as mentionedabove, is a constituent of both Halliburton’s

recommended pozzolanic mixture (Hallilmrton, 1992) and the pozzolanic mixtures used in

this research.

Partial replacement of cement with flyashmay result in a product of reduced

strength and delayed strength development(Inst for Mat>land Env Research, 1992).
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However, it has several advantages for S/S systems, not the least of which is the fact that

flyashis a waste itself It also reduces the heat of the hydration reaction. Additionally,the

potential reduction in product strengthis partly or totally compensated for by

●

●

●

●

●

●

●

●

lowered water demand

improved particle packing, and associated reduction m permeability

improved workabilitydue to the sphericalshape of flyashparticles

the pozzolanic reaction

an improved interface between aggregates (or waste solids) and the cementitious

matrix

a possiblereduction in the tendency to form bleed water (Inst for Mat’1 and Env

Research, 1992)

possible increased reduction of Cr& to Cr3+ (Kindness et al. 1994)

lower reagent costs (Conner, 1990).

The maximumreplacement ratio of flyashto cement recommended for use in mass

concrete applications,such as highway construction, is 20-25°/0 (i.e., 20-25°/0 of the

cement, by weight, is replaced by an equalweight of flyash). Mixtures with up to 500/0

cement replacement with flyashare sometimesused where heat buildupis a concern and

early strength developmentis not important (Halstead, 1986).

Disadvantages of the use of flyashin S/S ~stems includethe previously mentioned

potential loss of structural strength and, even more importantly, increased product weight
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andvolume. Conner notes that use of cement-flyashsystems “resultsm a larger vohurie

and weight increase than with Portland cement alone, and thus is usually onlyjustified

where low handling,transportation, and disposalcosts are encountered (Conner, 1990).”

Another disadvantageof the use of flyashas a reagent is that it may have a significant

metal content. Thus the potential exists for metal leachingfrom the flyash itself (Conner,

1990).

Several of the characteristics of flyash and pozzolan mixtures incorporating flyash

are of particular importance to the current research. The lowered water demand effects

the amount of excess water in the finalwaste form. Both the lowered water demand and

the improved workabilitydue to the sphericalshape of flyashparticles can iurprove the

waste-S/S reagent slurryrheology. An improved interfhcebetween the pozzolanic

mixture and waste constituentsmay improve stabilizationof some contaminants.

Increased reduction of Cr& to Cr3+is a potentiallyimportant improvement in the

stabilizationof chromium.

With respect to the S/S of Pond 207C residuals,this study’s target waste, the

lower cost for flyashis of reduced importance sincethe cost of reagents is relatively low

when compared to total handlingand disposalcosts. The formation of bleed water is

difhxdt to definitivelydetect at the scale of this experiment, but the low effective water to

pozzolan ratio of high waste loadingsmake its formation unlikely. Reduced strength of a

finalwaste form could result in its fldure to meet this study’s criteria of 250 psi UCS and
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therefore the reduction in strengthresultingfrom the use of flyashmay prove to be

important.

As noted in Chapter 2, transportation and disposalcosts wiIIbe considerable if the

finaldispositionof the waste is off-site disposal. Thus, the reported potential for

increasedvolume (or lowered specificgravity) of treated waste may have a significant

impact on the primary objective of this research. Finally, leaching of metals from the

flyashreagent may cause a treated waste that would have otherwise passed LDRs to fd

to meet land disposalacceptance criteria.

I
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Chapter 4

METHODS AND MATERIALS

This research was dividedinto the followingthree phases as first outlinedin

Chapter 1:

I.

II

m<

Process Development and SolidificationAssessment

Process Assessment

Investigation of the Effects of BiodenitrificationPretreatment

Each phase willbe addressed separatelybelow. Appendix II contains sample calculations

to help illustratehow the protocols for each phase were carried out m the laboratory.

These samplecalculationsrepresent a singlesample as it goes through the entire

laboratory protoco~ from surrogate waste preparation through the testing protocols.

For the sake of brevity, the coupled evaporation and S/S process, without

biodenitrificationpretreatment, is hereafter referred to as the S/S process. The process

with biodenitriiicationpretreatment is referred to as the bio-S/S process.

4.1. PHASE I: PROCESS DEVELOPMENT AND SOLIDIFICATION ASSESSMENT

The protocol followed for Phase I was developedby Dr. Nevis Cook, Colorado

School of Mines. The objective of Phase I was to investigate the feasibilityof an
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alternativeto the S/S process recommended by Halliburton. The alternative involves

thermal dewatering (evaporation) of varying percentages of the Pond 207C surrogate

waste water content. The goal of dewateringis to produce a finalwaste form of reduced

weight andvolume (or increased waste loading, as presented earlier). The protocol

followedin Phase I is explainedbelow.

4.1.1 Surrogate Waste Pnmaration and Lime Addition: A brine with concentrations of

salts representative of the major dissolvedsaltspresent in Pond 207C residualswas

prepared according to the formulationoutlinedin Table 4.1 (here ‘Mne” refers to the

solublewaste constituentsdissolvedin deionizedwater). The formulation was developed

by Dr. JoAnn Silverste~ University of Colorado, Boulder, for a biodenitrificationstudy

on the same Pond 207C waste.

Table 4.1: Brine Constituents

Constituent Concentration (g/L)
KN03 98.1
KZS04 22.7

KC1 30.6
NaCl 11.7

1

NaHC03 79.0
NaOH 166.4

The brinehad total dissolvedsolids (TDS) of approximately 30% by weight and a specific

gravity of 1.24.
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According to a characterization study, Pond 207C waste contained an insoluble

fraction of “silt-likematerial” (Halliburton, 1992). Jn order to replicate the rnsoluble

fraction, a fine grain soil material collected from a site near the RFETS, was added in an

amount equalto 0.14 x TDS, or 42 grams per 1000 g brine. The added rnsolublemineral

fraction was sizedbypassing it through a 100 mesh sieve. This sieve nominallypasses all

solids 149 ~m and smallerin diameter. Therefore, the addedinsolublesolidswere not

truly siltin the strict definitionbased on a particle size range for silt of 0.002 to 0.06 mm.

For the sake of brevity, however, the addedinsolublesolidswillhereafler be called “silt.”

The added silthad a water content of 4. 1% andvolatile solids content of 7.0% by weight.

The water and organic carbon contents were measured by drying samplesto constant

weight at 105°C and then oxidizingvolatiles at 550”C for two hours.

Hydrated lime [Ca(OH)2], a S/S reagent, was also added during surrogate waste

preparation. In additionto facilitatingsilicagel formation after pozzolan addition, lime

additionaids in the &ation of cadmiumthrough CdOH formation and buflers the

waste/acetic acid mixture duringTCLP testing. Lime was added in a proportion equal to

0.05 x TDS (15 grams per 1000 g brine). Lime was added duringwaste preparation to

ensureits uniform distributionthroughout the waste prior to pozzolan addition.

The amount of waste prepared for each samplewas adjustedto yield

approximately450 ml after sample evaporation. This ensuredthat at least two duplicate

210 ml curing cylinderscould be filled.
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4.1.2. Surro~ate Waste Dewateriw: Dewatering of prepared wastes was accomplished

by evaporation in a water bath at 60 to 80 “C. Because a film of precipitate developed on

top of the sludge duringevaporation, it was necessary to stir the mixture continuously

duringevaporation. Thiswas accomplishedwith ac~lic impellerspowered by 300 rp~

12 watt electric motors, one per each evaporating sample.

The water content of wastes was evaporated to achieve solids contents (percent

solids,by weight) ranging from 43°A solids(the baselineformulation) to over 80°/0. In

order to calculate percent solids, all mass losses duringevaporation were assumed to be

the result of evaporating water. When percent of waste solidsremaining after evaporation

was calculated, the weight of reagent limewas not includedin the weight of solids.

4.1.3. S/S Reammt Addition: The S/S reagents Type V Portland cement and Type C

flyashwere added in two weight to weight ratios (PC/FA), 2:1 and 1:2. The 1:2 mixture

was the pozzolan formulationrecommended by Halliburton( 1992). The 2:1 mixture was

used to investigate the effects of a lower flyashcontent in the pozzolanic mixture on

contaminantstabilizationandproduct strength. S/S reagents were “off the SheK,”

therefore the potential existed for leaching of contaminantsfrom the S/S reagents

themselves.

The required quantitiesof cement and flyashwere weighed out and added, flyash

fist, to the evaporated surrogate waste. The quantityof flyashwas manuallymixed
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I completelybefore additionof the cement, whichwas then completely mixed manually.

m
Water to Pozzolan (W/P) ratios tested were 0.4, 0.5, and 0.6.

Replicate molds of210 ml volume (2 x 4 in. plastic cylinders) of the waste/reagent

slurrywere prepared in accordance with ASTM C 192, “Standard Practice for Making and

Curing Concrete Test Specimensin the Laboratory,” with the exception that molds were

not removed untilthe entire 14 day cure time had elapsed.

4.1.4. ~ Test specimenswere cured m the 210 ml plastic molds in a sealed plastic

container, under a wet towel. Curing occurred at ambientlaboratory temperature which

varied over a range of approximately 17 to 23”C. A curing time of 14 days was used

throughout thiSstudy.

The 14 day curing time was selected based on a studyby Cullinaneet al. (1987).

That studyreported UCS as a fimction of curing time and NaOH interference

concentration with several diillerentbindingmixtures, includinga Portland cement and

flyashmixture. The data from that studyindicatedthat the majority of strength

developmentin sampleswith NaOH intetierence occurs prior to 14-16 days of curing

time.

4.1.5. Speciiic Gravity Determinationand !Nrewth Assessment: Sample batches

generallyfilledat least two 210 ml cylindricalmolds completely and one mold only

partially. Final waste form volume was determinedby weighingthe water required to fill .
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the void in the partiallyfilledcylinder,converting the water weight to a volume ( lg =

lml), subtractingthe water volume from210 @ and addingthat figure to the volume of

completelyfilledcylinders. Total product weight was determinedby summiugwaste and

reagent weights, which were measured directly. Specific gravity is the bulk density of the

fial waste form (waste form weight/volume) dividedby the densityof water (1 ghnl).

Test cylinderswere prepared in accordance with ASTM C617, “Standard Practice

for CappingCylindricalConcrete Specimens,”prior to unconfinedcompressive strength

testing. Plaster of Paris was used to cap the fist several210 ml finalwaste form

cylinders. This method resultedin inconsistentUCS measurements. Subsequentcapping

was accomplishedwith & mortar, which yieldedmore consistent results. UCS was

tested in accordance with ASTM C39, “Standard Test Method for Compressive Strength

of CylindricalConcrete Specimens.”

4.2. PHASE II: PROCESS ASSESSMENT

The protocol followed in Phase ~ Process Assessment, was the same as that used

for Phase I, Process Development and SolidificationAssessment, with the following

additionsand modifications:

4.2.1. Surrogate Waste Preparation and Lime Addition: The surrogate waste was

prepared the same as in Phase I up to the point of contaminant addition. Contaminants

were added as the waste was stirredin the water bath. Contaminantswere added in
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solutions(by burette) into the continuouslystirredwaste over a period of about 5 minutes

per solutionto ensureWorm distributionof contaminantsthroughout the waste.

Two contaminantspike stock solutionswith completely dissolved complexes of

the metals of interest (cadmiuq chromi~ andnickel in one, and silver in a second) were

mixed to the concentrations presentedin Table 2.1. The contaminant spike stock

solutionswere designedto be added at a dosage of 2 ml spikeper 100 g brine.

Table 4.2: ContaminantSpike Stock Solutions

Component Concentration (g/L)

Solution No. 1
CdCIZ 19.52

I Cr02 I 32.90 I
NiClz”6Hz0 10.38

Solution No. 2
Ag2SOA 4.96

4.2.2. Surrogate Waste Dewatering: Based on the results of Phase I testing, spiked

surrogate wastes were dewatered by evaporation to four target solids contents, 43 ‘A,

63%, 7370, and 78% soIids.

4.2.3. S/S Reagent Addition: Again based on the results of Phase I testing, the

pozzolanic mixture was added at a singlewater to pozzolan ratio, 0.5. Both cement to

flyashratios, 2:1 and 1:2, were tested.
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4.2.4. TCLP and CCWE Analysis: The TCLP was performed in accordance with 40 CFR

Pt. 261, App. II. Analysisof contaminantconstituentsin the waste extract (CCWE) for

cadmi~ chromiurq nicke~ and silverwas performed by Pace, Inc., Environmental

Laboratories. Pace Laboratories originallyattempted analysisof the extracts by

reductivelycoupledplasma atomic emissionsspectroscopy (ICP--EPA Method 6010).

Detection limitsbelow LDR standardsfor cadmhq nicke~ and silverwere not attained

due to sodiuminterference. Pace Laboratories then analyzedthe extracts for cadmimq

nicke~ and silver concentrations by flame atomic adsorption spectroscopy (Flame AAS--

EPA Methods: 7130 for cadmiq 7520 for nicke~ and 7760 for silver). Detection limits

below LDRs were obtainedwith Flame AAS. Analytical detection limitsfor ICP

(chromium only) and Flame AAS (cadmkq nicke~ and silver) are presented in Table 4.3.

LDRs are also presented for comparison to detection limits.

Table 4.3:
Land DisposalRestrictions and Analytical Detection Limits

Analyte LDR, CCWE MDL
(m#L) (m.#L)

I Cd 0.066 0.02
Cr 5.0 0.2
Ni 0.32 0.2
A~ 0.072 0.05

MDL = Method Detection Limit
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4.2.5. Control Samplepre~aration: To measure the amount of stabilizationof each added

metal which occurred in the Pond 207C surrogate waste in the absence of S/S reagents,

two control sampleswere prepared and analyzed. The control sampleswere prepared

identicallyto other samplesin Phase II, but no S/S reagents (he, cement, or flyash) were

added. One control samplewas unevaporated and a second was evaporated to the highest

solidscontent attainablein the water bath.

The unevaporated control samplewas stirredfor over 24 hours to allow any

kineticallylimitedreactions to take place. The unevaporated waste was then filtered

through a 0.7 ~m filter (the size requiredfor TCLP extract filtration). The filtrate was

analyzedfor the metals of concerq cadmi~ chromi~ nicke~ and silver. The

concentrations of contaminantsnot present in the filtrate were assumed to be immobilized

by the other constituents of the surrogate waste.

The evaporated control samplewas dewatered to the highest solids content

attainablein the water bath. The dewatered samplehad no free liquids,so a filtrate could

not be collected as with the unevaporated sample. The degree of stabilizationwas

determinedby TCLP extraction. The TCLP extract was analyzedfor the four

contaminantconstituents, cadmiuq chromiuq nickel and, silver. As with the

unevaporated control sample, the concentrations of contaminantsnot present in the TCLP

extract were assumedto be immobilizedin the evaporated surrogate waste.
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4.3. PHASE III: INVESTIGATION OF THE EFFECTS OF BIODENITRIFICATION

PRETREATMENT

As addressedin Chapter 1, actual bioreactor residualswere not availablefor use in

thisportion of the S/S treatabilitystudy. The theoretical output derived in Appendix I was

used as the waste to be treated by S/S processing. The fimdamentalchanges in the

surrogate waste resultingfrom biodenitrificationpretreatment are the following:

● additionof biomass

● increase in chloride content due to HC1pH adjustmentin the bioreactor

● increase in sodiumcontent due to sodiumacetate feed addition(sodium acetate

serves as source of electron acceptors in the bioreactor)

. removal of N03 as N2 off-gas.

Procedures used for S/S of the simulatedbioreactor residualswere the same as those used

in previous phases of this study except as noted below.

4.3.1. SimulatedBioreactor ResidualsPreparation: The biomass constituent of the

simulatedresidualswas taken from settledreturn activated sludge (RAS). The RAS was

obtainedfrom the City of Broomfield Wastewater Treatment Plan, Broondield, Colorado.

It was settled and clear liquorwas decanted. Average volatile suspendedsolids of the

concentrated RAS was 1.58@ with nonvolatile solids of 0.54 @, determinedby drying

to constant weight at 105”C and oxidizingvolatiles at 550°C, respectively.
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The constituents of the simulatedbioreactor residualsare listed in Table 4.4. The

constituentswere addedto the concentrated RAS in the amounts indicated. Thus, the

water content of the concentrated ILAS (still>97°/0 water) sewed as the solvent for mixing

of the simulatedeffluent. The mixture was continuouslystirred (with the 300 rpm motors

used duringevaporation) as the inorganic constituentswere added. The constituents of

the bioreactor residualsdidnot completely dissolvewhen mixed. However, because the

objective of this phase of the studywas to investigatethe effects of all bioreactor products

on the S/S treatment process, all constituentswere added to the waste regardless of

whether they dissolvedor remained as particulate matter.

Table 4.4: SimulatedBioreactor Residuals

Constituent Mass Added (~)
KJ304 22.6

KHC03 138.2
NaCl 315.6

NaHCOs 59.6

NaOH 3.0

CsH@zN (Biomass) 12
HzO 845

Notes: 1. Residualsfrom biodenitrificationof approximately 1 L of surrogate
waste (approximately 42% dissolvedand suspendedsolids).

2. H20 and C5H70ZNfrom approximately 860 nd settled return activated
sludge

HC1is the acid used to regulate the bioreactor pH duringthe biodenitrification

process. The higher chloride content of the above theoretical residualsreflects this HC1

addition.
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The constituentsoutlinedin Table 4.3 were designedto simulatebioreactor

residualsfrom treatment of 1000 g of brine intluent(i.e., 1000 g of brine--water and

dissolvedsolids-- plus the siltand contaminantconstituentstich makeup the Pond 207C

surrogate waste). Therefore, the siltfraction added was 42 g, or 0.14 x bioreactor influent

TDS, as used in the Pond 207C surrogate waste preparation. The contaminant spikewas

also addedbased on the theoretical intluentto the bioreactor and in the same proportions

as outlinedin Section 5.2. Reagent limewas addedbased on the solids content of the

simulatedeffluentat the ratio of 5°Aof bioreactor effluentTDS.

4.3.2. Control SamplePretxuation: As with the S/S process, control sampleswere

prepared with an unevaporated waste, and a sampledewatered to the extent possible in

the water bath. The unevaporated waste requiredpre-filteringbefore it could be filtered at

0.7 p.m. Like the evaporated control samplefor the S/S process, the evaporated control

samplefor the bio-S/S process was subjectedto the TCLP and the extract was analyzed

for the metals of concern.

4.3.3. CCWE Analysis: Analysisof all Phase HI CCWES was performed by Pace

Laboratories by Flame AAS. The detection limitfor chromium (EPA Method 7190) was

0.5 mg/L. Method numbersand detection limitsfor cadmiuq nicke~ and silverwere the

same as those reported in Section 4.2.4.
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Chapter 5

RESULTS

The resnlts of the three phases of this research are presented in the following

chapter. In several instances, where significanttrends were observed, data is presented in

both tabular and graphicalform. The last section of this chapter presents an interpretation

of the TCLP results, which are expressed as percent fixation of contaminants, for both the

S/S and the bio-S/S processes. The results are discussedm Chapter 6.

5.1. PHASE I RESULTS

Phase I, Process Development and SolidificationAssessment, entailed

developmentof viableprocess formulationsand determiningthe extent to which the waste

could be dewatered whilemaintainingsufficientfixability. The abilityof those

formulationsto solidi&the Pond 207C surrogate waste, and finalproduct specific gravity

were also evaluated.

The Pond 207C surrogate waste was evaporated to solids contents greater than

80% without becoming to viscous to mix with the S/S reagents cement and flyash. The

sludgebecame too viscous to mix at approximately 82’%0solids. To allow a margin of

safiety,S/S process assessmentwas limitedto maximum TS levels of 78%.
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The 0.5 water to pozzolan (W/P) ratio produced waste-S/S reagent slurries of

acceptable consistency over the entirerange of solidscontents tested. The 0.4 W/P ratio

produced dry slurriesthat were not mixable(i.e., a homogeneous mixture of waste and

reagents was not attainable)at 73°/0 and 78% solids. The 0.6 W/P ratio produced watery

slurriesand resulted in finalproducts with bleedwater present at 43 YOsolids. Because it

yieldedthe best results across the largest range of percent solids, the 0.5 W/P ratio was

the only W/P ratio used for Phase II and Phase JII testing.

All tested S/S products had a UCS above 50 psi. During early testing, UCS

measurementsfor differentspecimensfrom the same samplevaried by up to 30Y0. This

effect was reduced to approximately 100%,or less, after the specimen capping material was

changed from plaster of Paris to sulfi.umortar (this change was first noted in Section

4.1.5).

The results of Phase I testing for the two d.iiTerentPortland cement to flyashratios

(PC/FA) at the 0.5 W/P ratio are presented in Table 5.1.
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Table 5.1:
Final Waste Form Physical Characteristics

(Unspiked Samples)

0/0 Solids Waste Loading Specitic Ave UCS
0/0 Gravity (P )si

PC/FA = 2/1

I 53 I 28 I 1.90 I 503
65 40 1.87 137
75 52 2.09 134
79 60 1.96 212

I PC/FA = 1/2 I
I 53 I 28 I 1.87 I 570 I

64 38 1.85 164
77 ’56 1.86 99
79 59 1.94 128

5.2. PHASE II RESULTS

During Phase II, Process Assessment, the process formulations developed in Phase

I were evaluated in terms of the three study objectives: finalproduct volume reduction,

contaminantstabilization,and waste solidification. Based on the results of Phase I the S/S

process was tested on sludgesdewatered to solidscontents of approximately 43%, 63%,

73%, and 78%. The data describingthe physicalcharacteristics and contaminant leaching

of the finalwaste forms are presented in separate sections below.

5.2.1. Physical Characteristics: Evaporation of be Pond 207C surrogate waste to 78’?40

solidsyieldedresidualsthat were substantiallymore viscous than at the original 43 ‘A solids
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content. However, because S/S reagents were addedin proportion to the remaining

water, a workable waste-S/S reagent slurrywas obtained.

As the process formulationand testing methods were refine~ results for di&erent

specimensof the same surrogate samplebecame more consistent. All sampleshad an

average UCS greater than 100 psi. Viableprocess formulationswere demonstrated at

waste loadings significantlyhigher than the approximately20% waste loading of the

baselineprocess. At 78% solids, over 53% waste loading, the volume of the finalwaste

form was less than half of that produced with the baselineformulation.

.Thephysical characteristics of the finalproducts for both PC/FA ratios are

presentedin Table 5.2.

Table 5.2:
Final Waste Form Physical Characteristics

(Spiked Samples)

0/0 Solids Waste Loading Specific Ave UCS
%0 Gravity (P )si

PC/FA = 2/1 ~
45 I 21 1.89 670
64 37 1.91 230
73 47 1.94 151
80 55 1.93 186

PC/FA = 1/2

[ 45 21 1.86 650 I
64 36 1.88 252
73 47 1.91 101
78 53 1.89 102
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Specific gravity and UCS versus waste loadingfor the two process formulations

are shown graphicallyin Figures 5.1 and 5.2. The UCSS of individualreplicates, rather

than average UCSS, are shownin Figure 5.2.
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5.2.2, ContaminantLeachin~ Atler the physical characteristics of find waste forms were

measured, the leachabilityof the contanrinantconstituents cadmituq chromiwq nickel

and silverwas assessed. Method blanks(Pond 207C surrogate waste without the

contaminant spike, treated with the S/S reagents), control samples (as explainedin Section

4.2.5), and treated Pond 207C surrogate waste were evaluated. The results are presented

in three separate sections below.

All TCLP extracts had a pH greater than 12. The iiltrate analyzed for the

unevaporated control samplehad a pH greater than 13.5.



5.2.2.1. Method Blanks: Method blankswere tested by TCLP extraction to determine

contaminantleachabilityfrom surrogate waste constituentsand S/S reagents, as well as

from possible samplecontaminationduringwaste preparation and S/S processing.

Chromiumand silver concentrations were below detection limitsfor all samplestested.

The CCWES for cadmiumandnickel for unspikedmatrices are tabulated below:

Table 5.3: Method Blanks CCWE (mg/L)

PC/FA = 2/1 PC/FA = 1/2
0/0 Solids Cd Ni 0/0 Solids Cd Ni

55 0.03 0.2 55 0.2
65 0.03 0.2 64 0.02 0.2
75 0.03 0.3 77 0.03 0.3
75 0.03 0.2 78 0.03 0.3

52

ND= Non-detect

5.2.2.2. Control Samples As noted in Chapter 4, the surrogate waste used for control

sampleswas prepared identicallyto that used for S/S process testing, but no S/S reagents

were added. The fractions of contaminantsrecovered from control samples are presented

in Table 5.4. A fraction recovered of 0.0 would implythat all of the contaminant had been

immobilizedin the untreated waste. Conversely, a fraction recovered of 1.0 would imply

that none of the contaminanthad been immobilized.
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Table 5.4:
Fraction of ContaminantRecovered in Untreated Wastes

(S/S Process)

Fraction of Contaminant Recovered

Sample 0/0 Solids Cr Cd Ni Ag
Unevaporated Waste 33.5 0.9 0.1 0.3 0.1

Evaporated Waste 89.5 0.6 0.0 0.3 0.1

5.2.2.3. Pond 207C Surrogate Waste: Cadmimq chromi~ and nickel leached in

detectable quantitiesat every solidscontent teste~ except for one nickel non-detect. The

nickelnon-detect occurred at 45 YOsolidswith the 1/2, PC/FA formulation. Only one

spikedsamplehad a detectable quantityof silverin the waste extract, 64V0 solids

2/1, PC/FA ratio. The results of TCLP extractions for cadmiuq chrome, nicke~

silver are presented in Table 5.6 and graphically,withthe exception of silver, in Figures

5.3 through 5.5. The non-detect point for nickelwas plotted at the method detection limit

(Figure 5.5). To facilitate comparison with bio-S/S process results, CCWE data are

presented as a function of percent solidsm the waste ailer evaporation.

wit.ha

and
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Table 5.5: CCWE (m@)
(S/S Process)

0.05

0.04

0.01

PC/FA = 2/1
44 0.03 4.9 0.2
64 0.03 10 0.5 0.28

I 73 I 0.04 I 8.0 I 1 INDI
I 80 10.0415 .211.31NDI

I 78 10.0417.811 .lINDI

Figure 5.3:
CadmiumCCWE vs. % Solids

(S/S Process)
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PHASE III RES~TS

The theoretical bioreactor residualswere dewatered by evaporation to solids

contents up to 56’%0.Like the stand-alone S/S process, increased viscosity of the sludge

was the limitingfactor as the sludgewas dewatered to progressively higher percent solids.

Three distinctsolidscontents were tested, approximately 38Y0, 48%, and 56?40total solids.

The results are presented below.

5.3.1. Physical Characteristics: Waste loading for S/S of the theoretical biodenitrification

surrogate can be interpreted as if the bioreactor residualswere the target waste (absolute

waste loading), or as if the iniluentto that reactor (the Pond 207C surrogate waste) was

the waste of concern (relative waste loading). Equations 5.1 and 5.2 were used to

calculate the two differentmeasures of waste loading.

Absolute Wrote Loading =
Bioreactor E@uent Solid Weight

Final Product Weight (5.1)

Relative Wrote Loading =
Bioreactor Injluent Soliak Weight

Find Product Weight
(5.2)

The relative waste loading describes the results of implementingan integrated

biodenitication and S/S process with Pond 207C residuals.
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solidsin the bioreactor residualswhen

compared to the untreated Pond 207C residualsresulted m much less workable

sludge/reagent slurries. The consequent difficultyin mixing made getting uniform

distniution of reagents problematic. The heterogeneities m several integrated process

samplescaused large variation in unconfinedcompressive strengths, in some cases greater

than 50’%0.Therefore, both replicate and average compressive strengths are presented.

The data describingthe physical characteristics of the bio-S/S process waste form are

presented in Table 5.6.

Table 5.6:
Final Waste Form Physical Characteristics

(Bio-S/S Process)

%0 Waste Loadkw (o/o) Speciilc ~ Ave.
Solids Absolute Relative Gravity 1234 Ucs

PC/FA = 2/1
39 17 11 1.83 1369 1152 923 493 984
48 23 15 1.78 840 668 630 713
56 30 19 1.78 1003 700 1012 662 844

PC/FA = 1/2
39 17 I 11 I 1.83 I 1464 I 1194 I 334 I 293 821
491241 16 I 1.79 I 891 I 653 ] 503 I
541281 18 I 1.86 I 1146 I 1019 I 478 I 668 I 828 I

Table 5.6 data, specific gravity and average UCS, are presented versus absolute

waste loading in Figures 5.6 and 5.7. below.
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Specific Gravity vs. Relative Waste Loading
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9 5.3.2. ContaminantLeaching Control (untreated) and spikedsurrogate sampleswere

9
prepared and tested for the integrated biodenitrification-S/S process. The results are

presented separately, below.

i
5.3.2.1. Control Samples: The fraction of contaminant spikesrecovered for untreated

s bio-S/S process samples(here untreated means after simulatedbiodenitrificationtreatment

but before reagent addition)were calculated identicallyto those for the S/S process (see

Section 5.2.2.2). The &action of the contaminant spikerecovered for unevaporated and

9 evaporated integrated process samplesare presented in Table 5.7.

Table 5.7:
Fraction of ContaminantRecovered m Untreated Wastes

(Bio-S/S Process)

Fraction of Contaminant Recovered
Sample 0/0 Solids Cr Cd Ni Ag

Unevaporated Waste 32.1 1.0 0.7 0.2 0.0
Evaporated Waste 59.8 0.1 0.7 0.5 0.1

5.3.2.2. Surrogate Bioreactor Residuals Extract pHs ranged from 4.6 to 5.6, with one

exception at pH = 11.1. The exception occurred at 48% solidswith the 2/1 PC/FA

formulation(all other parameters measured for that samplewere consistent with

measurementsfrom other samples).

The results of TCLP extractions for cadmiq chrome, nicke~ and silverfor the

bio-S/S process are presented in Table 5.8, The reader willnote that silver was not



T-4718 60

detected in any extracts. The results are also presented graphically,with the exception of

silver, in Figures 5.8 through 5.10.

Table 5.8: CCWE (n@L)
(Bio-S/S Process)

0/0Solids Cdl Crl Ni Ag
PC/FA = 2/1

39 0.02 2.3 0.4
48 0.03 4.1 0.5
56 0.06 3.9 0.6

0.07

0.06

0.02

0.01

PC/FA = 2/1
39 0.03 2.2 0.3
49 0.04 4.0 0.3
54 0.03 2.3 0.4

Figure 5.8:
CadmiumCCWE vs. % Solids

(Bio-S/S Process)
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Figure 5.9:
ChromiumCCWE VS.% Solids

(Bio-S/S Process)
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I 5.4. PERCENT FIXATION

9

Up to this pornt in this thesis, the term stabilizationhas been used to definethe

treatment effects which limitthe volubilityof contaminantconstituents in the treated

waste. ‘Stabilizationhas been expressed in terms of contaminant concentrations in waste

extracts (CCWES). In this section, the volubilitylimitingeffects of S/S treatment willbe

addressedin terms of the amount of a given contaminantconstituent that is rendered

immobilein the finalwaste form. The degree of immobilizationwillbe expressed as

percent fixation. A derivationof the equationused to calculate percent fiation for this

studyis presented in Appendix III.

5,4.1. ~ Process: Percent fixation data for the two S/S process formulations are

presented in Table 5.9. Percent fixation data presented as greater than values (’Y) were

calculatedbased on method detection limits. The percent &ation data for chromium and

nickel are present graphicallyin Figure 5.11.

—
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Table 5.9:
Percent Fixation of Contaminants

(S/S Process)

Waste Cadmium Chromium Nickel Silver
Loading CCWE ‘h Fix. CCWE ‘/o Fix. CCWE ‘hFix. CCWE $40Fix.

PC/FA = 2/1
21% 0.03 99.6 4.9 53.1 0.2 87.2 <().05 >97.6

37% 0.03 99.8 10.0 45.2 0.5 81.7 0.28 92.3
47% 0.04 99.8 8.0 66.7 1.0 71.3 <0.05 >98.9

55% 0.04 99.8 5.2 81.1 1.3 68.6 <().05 >99.1

PC/FA = 1/2
21% 0.02 99.7 5.0 53.1 <().2 >87.5 <().05 >97.7

36’%0 0.03 99.8 9.8 46.0 0.6 78.0 <().05 >98.6
47’XO 0.04 99.8 11.0 53.0 0.9 74.4 <().()5 >98.9

53% 0.03 99.8 7.8 70.8 1.1 72.6 <0.05 >99.1

Figure 5.11:
Percent Fixation of Cr(VI) and Ni
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5.4.2.

Table

Bio-S/S Process: Percent fixation data for the bio-S/S process are presented in

5.10. To facilitate direct comparison with the percent fixation results for the S/S

process, percent fixation data are presentedversus absolute waste loadings.

Table 5.10:
Percent Fixation of Contaminants

(Bio-S/S Process)

Waste Cadmium Chromium Nickel Silver
Loading CCWE ?40Fix. CCWE Yo Fix. CCWE ‘hFix. CCWE %Fm.

PC/FA = 2/1
17 0.02 99.5 2.3 58.2 0.4 51.5 <().05 >95.5

23 0.03 99.4 4.1 45.3 0.5 55.6 <0.05 >96.7

30 0.06 99.1 3.9 58.9 0.6 57.9 <().()5 >97.4

I PC/FA = 1/2 I
!

17 0.02 99.2 2.2 60.0 0.3 63.6 <().()5 >95.5

24 0.04 99.3 4.0 50.0 0.3 75.5 <().()5 >96.9

28 0.03 99.5 2.3 74.4 0.4 70.4 <().()5 >97.2

The percent fixation data for

Figure 5.12.

chromiumand nickel are presented graphically in
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Figure 5.12:
Percent Fixation of Cr(VI) and Ni

vs. Waste Loading
(Bio-S/S Process)
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Chapter 6

DISCUSSION

The results whichwere presented in Chapter 5 willbe discussedm three separate

sections, Waste Loading, Solidification,and Stabilization,below.

6.1 WASTE LOADING

By reducing the sludgewater content andholdingthe water to pozzolan ratio

constant, waste loadings substantiallyhigher than that of the baseline S/S process were

achieved. Due to increased concentrations of suspendedsolids and changes in the

character of the waste, the bioreactor residualscould not be dewatered to the same solids

contents as the un-biotreated surrogate. The waste loadingspossible with the bio-S/S

process were consequentlymuch lower.

6.1.1. ~ Process: Following dewateringto 78?40solids,which resulted in over 53%

waste loading, the volume of the finalwaste form was less than half of that produced with

the baselineformulation.

The total volume of Pond 207C sludgehas been estimated to be 487,200 gal

(Halliburton, 1992). Previous characterization studiesreported composite sampleshad an
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average total solids of approximately43’%0and a specific gravity of 1.244 (Halliburton,

1992 and Dames and Moore, 1991). This implies5.05 x 106 lbs of residualswith 2.17 x

106 lbs of waste solids. Assumingwaste solidsand S/S product specific gravity of 2.0

(based on current studyresults), product weight and volume were estimated. Waste

loadings achieved in this study and estimates of the results of implementationat RFETS

are tabulatedbelow.

Table 6.1: S/S Process Waste Loading with Estimated
Product Weight and Volume

Est. Product Est. Product
Feed Total Solids Waste Loading Weight (tons) Volume (yd3)

43% 21’%0 5400 3200
63% 36!?40 3000 1800
73% 47?40 2300 1400
78’% 54% 2000 1200

Note: A samplecalculationis presented at Appendix IV

The data in Table 6.1 are presented graphicallyin Figure 6.1. This figure was fist

presented in Chapter 2 with only the waste loading achieved with the baselineformulation

indicated. The waste minimizationachievedthrough increased waste loading is readily

evident.
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Figure 6.1:
Product Weight vs. Waste Loadrng
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6.1.2. Bio-S/S Process: As noted in the preceding chapter, waste loading for S/S of the

biodenitrificationsurrogate can be descriied as an absolute or relative term dependingon

whether the bioreactor influentor residualsare viewed as the S/S process input. The

highest absolutewaste loadiug achieved was 30Y0, this equates to a 19’70relative waste
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loading. Stated differently,the best overall result of biodenitriflcation-S/Sprocessing of

the Pond 207C surrogate waste was a waste loading of approximately 19%. Solidification

of the bioreactor residualswith no dewateringresulted in an absolute waste loading of

179i0,equivalentto a relative waste loading of only 11?40.

The lower waste loadings can be attributedto the difficultym dewatering the

biodenitrificationresiduals. The highestpercent solidsachieved after evaporation was

56%. The difficultyin dewateringthe effluentmaybe attributedto increased

concentrations of suspendedsolids,when compared to the stand-alone S/S process.

Another possible cause of the diflicuhyin dewateringis the %inding” of water in the

biomass. Katsiris and Kouzeli-Katsiris (1985) concluded that “water in activated . . .

sludgeexists in two states, as ‘free’ or bulkwater and as ‘bound’ [water] which is not free

to exhibitthe characteristic properties of ftee water.” A decrease in the amount of “free”

water may have resulted in increased viscosity of the waste.

Using the same techniquefor estimatingproduct weight and volume as presented

m Section 6.2.1, fial waste form weight and volume estimates resulting from the

implementationof the integrated process at RFETS were computed. These estimates are

presented in Table 6.2.
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Table 6.2: Bio-S/S Process Waste Loading with Estimated
Product Weight and Volume

70

Sludge Total Absolute Relative Est.. Product Est. Product
Solids Waste Loading Waste Loading Weight (tons) Volume (yd3)
39% 17% 1l% 9900 5900
48% 23% 15% 7200 4300
56% 29% 19% 5700 3400

Comparison of the resultspresented m Tables 6.1 and 6.2 reveals that the highest

relative waste loading achievedwith the bio-S/S process is roughly the same as the

baselinewaste loading for the S/S process without biodenitrificationpretreatment. Thus,

biodenitrificationhad a significantdetrimentaleffect on the waste weight and volume

reduction achievablethrough evaporation.

6.2 SOLIDIFICATION

EPA’s definitionof solidification,“the production of a monolithic block of treated

waste with a high structural integrity(U.S. EPA 1982),” and the guidelineof a UCS of

250 psi were fist presented m Chapter 2. Based on these criteria, satitiactory

stabilizationwas achieved at every waste loadingtested in Phases II and III of this study.

The physical characteristics of the hal waste forms are discussedbelow.

6.2.1. Product Strength: S/S Process: For the convenience of the reader, Figure 5.2, is

presented again as Figure 6.2, below. The rapid declinein compressive strength as waste

loading increased was expected. The ratio of the pozzolanic materi~ which provides



compressive strength, to overall product weight is roughly twice as high at the lower

waste loadingsthan at the higher waste loadingspresented in Figure 6.2. Increased

intefierence due to higher salt concentrations was probably another significantcause of

reduced product strength at higher waste loadings. The fhct that strengths didnot

significantlydecrease for samplescontainingcontaminant spikes(when compared to

unspikedsamples)indicatesthat the contaminantsare a relatively small source of

interferencein the cement matrix when compared to the other salts in the waste.
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A noteworthy phenomenonis the lack of a significantdecrease, or possibly even a

slightrise, in UCS observed at the highestwaste loadings. This effect was also observed

duringprocess development(See Table 5.1). In Chapter 3, it was noted that excess pore

water is exponentiallyrelated to loss of strength. If one accepts that the waste solids and

reagents m the mixture have a fixed water demand, it is conceivable that the increased

strengthsat higher waste loadings are attributableto a decrease in excess pore water. A

reduction in excess water maybe due to the increased relative water demand of the waste

solidsin the waste matrix at higherwaste loadings, as illustratedin Figure 6.3 (following

page), and explainedbelow.

Figure 6.3 was constructed under the assumptionthat waste solids and pozzolans

have constant water demands. For the purposes of this illustration,the water demand, by

weight, was assumedto be 10°/0”for waste solids, and 30°A for pozzolans.

The left side of Figure 6.3 represents Pond 207C waste prior to dewatering,

approximately40?40solids. This impliesa 100 g mass of waste solidswillbe mixed with

150 g of water. The 0.5 water to pozzolan ratio used throughout this research requires

additionof 300 g of pozzolan to the waste. With the assumedwater demands, 100 g of

water willbe requiredfor reaction with the waste solidsand the pozzolan, and 50 g willbe

m chemical excess.

The right side of Figure 6.3 represents the same waste afier dewatering to 809i0

solids. The same 100g mass of waste solidsis now mixed with only 25 g of water. The



S/S formulation calls for additionof 50 g of pozzolan. The water demand of the waste

solidsremainsunchanged, 10 g, but is now a much greater fraction of the total water

content. The water demand of the pozzolan is equalto the remainingunreacted water

conteni. Thus no excess water exists in the lhal waste form matrix.

Figure 6.3:
Theoretical S/S System Water Budget

Pond 207C Waste
(Approximately 40% Solids)

73

Dewatered Pond 207C Waste
(Approximately

nNo Excess
Water.

80% Solids)

■=Waste Solids ❑=Water ❑=Pozzolan + =Water Demand
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6.2.2. ProductStrength: Bio-S/S Process: Direct comparison ofproduct strengths

between the S/S and the bio-S/S processes is not possiblebecause the two processes had

only one waste loadingin common. At that waste loading, approximately 20°/0, the

products of the two processes had similarstrengths.

6.2.3. Product S~ecific GraviW S/S Process: Waste product specific gravity varied over

a range of 1.89 to 1.94 for the 2:1 cement to flyashmixture and 1.87 to 1.91 for the 1:2

mixture. The value reported by in a previous treatabilitystudy with actual Pond 207C

residualsfor the same water to pozzolan ratio of 0.5, with a feed solids content of

approximately40Y0, was 1.905 (the previous study onlytested a 1:2 cement to flyash

mixture) (Halliburto~ 1992). The general trend was an increase in specific gravity as

waste loading increased. This is “consistentwith expectations since the specific gravity of

water is 1.0, and the spectic gravities of waste solidparticles and pozzolans are

approximately2.0 and 3.0, respectively (Halliburton, 1992) (i.e., a higher percentage of

constituentswith higher specificgravities produces a more dense product). The upward

trend is very evidentin Figure 6.4, Specific Gravity vs. Waste Loading (S/S Process)

whichwas first presented as Figure 5.1 and is presented again here for the convenience of

the reader.
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The pozzolan formulationwith the lower flyashcontent had consistentlyhigher

specificgravity. This result was expected because flyashis a “bulkingagent” and yields

greater weight andvolume increase than Portland cement (Conner, 1990 and Inst for

Mat’1 and Env Research, 1980).

6.2.4. Product Specific Gravity Bio-S/S Process Measurements of specific gravity for

the bio-S/S process were less accurate than for the S/S process because a drier mix made

handliugand transferringthe waste between containers d.iilicuk. This resulted in losses of

product volume duringprocessing. The losses of volume may have resulted in artificially

high specific gravity values. The bio-S/S process specific gravity data were presented in

Table 5.7 and Figure 5.6. The data do not present a decided tren~ but it is readily evident
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9
E through comparison to specificgravities for the S/S process that the bio-S/S process final

m
products have lower specificgravities (the average specific gravity for all bio-S/S process

formulationsis about 1.8 whilethat of the S/S process is about 1.9).

6.3. STABILIZATION

1 In the following section, contaminantconstituent stabilizationwillbe discussedin

s terms of contaminantfmation, as first presented in Section 5.4. The results of this study

willalso be compared to the results reported in a previous treatability study, which was

1 conducted with actual Pond 207C waste. Comparison to previously reported results

@
allowsprediction for performance of the current process if implementedfor treatment of

Pond 207C waste.

6.3.1. Percent Fixation: ~ Process Silverwas ilxed to levels below the detection limit

—
of 0.05 mg/L at every waste loadingtested with the exception of the anomalous 0.28

# mg/L measurement at a waste loading of 37’% and PC/FA ratio of 2/1. As stated in

B Chapter 2, fixation of silveris generallynot problematic in cement-based S/S systems

(Conner, 1990). Silverforms thennodWamically favorable insolublecomplexes with at

u least two of the constituentsof the surrogate waste. These complexes are AgCl (p% =

B 9.75, AG~ = -26.24), andAgzCOs (p% = 11.09, AG~ = -104.4) (properties from Dean,

I
1985).
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Cocke and Mollah ( 1993) characterized the surface species m a cadmium doped

Portland cement matrix by Fourier Transform In&wed Spectroscopy. They observed the

presence of two primary cadmiumspecies, Cd(OH)z precipitate, and Cd(OH)J2-. They

believethat the latter species, which is formed at the high pHs (pH = 11 to 13) withinthe

cement matrix is strongly sorbed to surface calcium. Regardless of which mechanismis at

worlq or if both are fimctioningm combination, cadmiumfixation is at least 99. 7°/0 at

every waste loading.

The results of leach testing for chromium andnickelvary significantlyover the

range of waste loadings. The percent fixationversus waste loading for these two

constituentsis presented graphicallym Figure 6.5 (first presented as Figure 5.11).
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Figure 6.5:
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vs. Waste Loading

(S/S Process)

~ PCIFA = 2/1
~r(VI)

~ PC/FA = 1/2

–*- PCIFA = 2/1
Ni

–*- PCYFA= 1/2

.~
0.2 0.3 0.4 0.5 0.6

Fractional Waste Loading

Inspection of Figure 6.5 reveals that nickel fixation declineswith increased waste

loading. The fixation of chromi~ however, exhibitsa substantialincrease at higher

waste loadings.

Roy and others (1993) studiedS/S of a syntheticelectroplating sludge containing

Cr, N~ Cd, and Hg andvarying concentrations of NaOIZ Based on the fiwtthat “sludge

andbrndersformed a mechanicalmixture irrespective of the NaOH concentration,” they

suggestedthat ‘~hysical encapsulationwas the primary mechanism of

solidificatiordstabilization.”
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Other researchers have concluded that difllerentmechanismsmaybe active in the

fixation of chromiumin cementitiousmatrices. Kindness,Macias, and Glasser ( 1994)

offer two possible chemical fixation mechanismsfor chromium. “One is the substitutionof

Cr in place of Al m the calcium aluminatespresent in hydrated cements. The other is the

chemicalreduction of Cr(VI) to Cr(ILI). . . .“

The decreasing fixation of nickelwith increased waste loading observed in the

present studyis consistentwith expectations based on a physical encapsulation

mechanism. As the amount of pozzolan in the waste matrix decreases relative to the

amount of contaminantconstituents,nickel fixation decreases. The behavior of chromimq

however, is not explainedby physical encapsulation.

A possible explanationfor the increased fixation of chromhuq despite a decrease

in the relative amount of reagents at higher waste loadings, is the optimization of the

effectivewater to pozzolan ratio and corresponding reduction of excess pore water (the

effects of waste loading on pore water were discussedin Section 6.2.1). As waste loading

increases, the amount of pore water in the matrix most likelydecreases. The decrease in

pore water would result m a corresponding increase in the concentration of soluble

reductant chemical complexes, such as NaOH and Ca(OH)z. The pozzolan matrix may

then become a more reducrng environment. Cr(VI) would thus be more readilyreduced to

the less solubleCr(III).
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A greater increase in fjxation of chromiumwas observed whh the 2/1 PC/FA

formulationwhen compared to the 1/2 PC/FA formulation. Flyash has a lower water

demandthan Portland cement (Inst for Mat’1 and Env Research, 1992) and therefore more

pore water probably exists in the matrix of the higher flyashformulation at equal waste

loadings. Therefore, the greater rncrease in fixation observed for the 2/1 PC/FA

formulationsupports the explanationthat reduction of excess pore water is the cause of

improved chromiumfixation.

6.3.2. Percent Fixation: Bio-S/S Process: Similarto the results for the S/S process

withoutpretreatment, cadmiumand silverfiation was virtually complete at all waste

loadingsinvestigated. Percent fixation of chromiumMered by less than 10 percentage

points between the two processes at waste loadings of 21% (S/S process) and 24% (bio-

S/S process), for both pozzolan formulations. However, nickel fixation is much higher

(e.g., 87.2% vs. 55.6% at similarwaste loadings) with the S/S process. This may indicate

that whilethe biomass present in the bio-S/S process does not rnterfere with chemical

fixation mechanisms(postulated as active in the fixation of chromium) it has significant

detrimentaleffects on physical encapsulation(the mechanismpostulated as active in the

fixation of nickel). A possiblecause of the loss of physical encapsulationis the large

increase in suspendedsolidswith the bio-S/S process, which may increase the matrix

porosity.
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8
Percent iixation versus absolutewaste loading for chromium and nickel is

presented in Figure 6.6 (first presented as Figure 5.12).

Figure 6.6:
Percent Fixation of Cr(VI) and Ni

vs. Waste Loading
(Bio-S/S Process)
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It shouldbe noted that the percent fixation data presented m Figure 6.6 represent small

changes in extract concentrations (especiallyfor nickel). For example, the change in

percent iixation of nickel observed with the 1/2, PC/FA ratio represents a change in

extract concentrations from 0.3 to 0.4 mg/L.

A phenomenon similarto that observed with the S/S process, increased fixation of

chromium at higher waste loadings, is evidentwith the bio-S/S process, as well. This may

have the same causes in both processes despitethe fhct that the waste loadings are almost
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twice as high when this effect was observed in the stand alone process. If the biomass

incorporated into the waste matrix has a significantwater content, and that water is

unavailablefor reaction (this was called %ound water” in Section 6.2.1), the amount of

excess pore water willdecrease at much lower waste loadingswith the bio-S/S process

when compared to the S/S process.
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6.3.3. Predicted Process Petiormance with Pond 207C Waste. The present studywas— — .

conducted with a surrogate waste, designedto be representative of Pond 207C residuals.

A conservative approach was appliedthroughout this investigation. A prime example of

the conservative approach is the use of solublecontaminantcomplexes at the highest

concentrations reported iu any availablePond 207C characterization data to spikethe

surrogate sludge. Results with actual Pond 207C residualsmay therefore be better than “

those achieved with the Pond 207C surrogate waste used in this research.

In this section, the author will attempt to predict the pefiormance of the processes

investigatedif the processes were appliedto actual Pond 207C waste rather than the waste

surrogate. Treatabilitydata from the Halliburtonstudywill serve as the reference for

these predictions. The effects of increased waste loadings on S/S processing of Pond

207C residualsare estimatedbased on the relative pefiormance of the baselineprocess,

waste loading equalto approximately200A, and Halliburton’sreported results at similar

waste loading.
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Halliburtontested two process formulationssimilarto that used as the

experimentalcontrol in this study. These are referred to as Batch 18 and 24 m the

Hal.liburtonTreatabilityStudy Report ( 1992). Both batches were prepared with a water

to pozzolan ratio of 0.5 and a Portland cement to fly ash ratio of 2/1. The results of

TCLP extractions on these specimensare reported in Table 6.3.

Table 6.3:
HalliburtonBatch 18 and 24 Results

Batch 18 Batch 24

% Solids 44 49.1

Waste Loading 2170 24%

Cure Time (days) 7 7

CCWE (~g/L)
Cadmium <5 <5

chromium 211 310
Nickel <20 <Xl

Silver <5 <5

(Source: Halliburto% 1992)
Note: Less than data (“<”) represent method non-detects.

Predictions are presented in Table 6.4 (followingpage), in terms of TCLP CCWE

for the target contaminants. Predictions were made with Equation 6.1, also presented on

the followingpage.



I

( )(COJ?E w / Pond 207C @ - 20% Waste Loading Present Study CCF+Z

)(

Predicted CCH?Ew / Pond207C
Present Study CCWE @ - 20% Waste Loading @ Higher Waste Loading = @ Higher Waste Loadings )

S/S Process Predicted

#

(6.1)

Table 6.4:

Performance on Pond 207C Waste

I PC/FA = 2/1 I
“A Solids 44 64 73 80

Waste Loading (0/0) 21 37 47 57

CCWE (pg/L) LDR Act. Fred Act. Fred Act. Fred Act. Preal
Cadmium 66 30 5 30 5 40 7 40 7
Chromium 5000 4900 310 10,000 633 8000 507 5200 329

Nickel 320 200 20 500 50 1000 100 1300 130
I PC/FA = 1/2 I
L

?/o Solids 45 64 73 78

Waste Loading (Yo) 21 37 47 57

CCWE (pg/L) LDR Act. f?rea! Act., Pred Act. Prea! Act. Prea!

Cadmium 66 20 s 30 8 40 10 30 8

Chromium 5000 5000 310 9800 608 11,000 682 7800 484

Nickel 320 200 20 600 60 900 90 1100 110

Act. = Actual results with surrogate sludge
Pretl = Predicted results with,Pond 207C sludge
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The contaminantsilverwas not includedin Table 6.4 because silverwas below

detectable concentrations for all samplestested in this and the Halliburton Study (except

for a singleanomalous detection in this study), Comparative analysiswith two non-detect

values would not yieldmeaningfidpredictions. Based on the high levels of fixation of

silverobserved m both studies,it is reasonableto predict sufficientstabilizationof silver to

meet regulatory @nits.

The predictions made in Table 6.6 are based on several unverifiableassumptions.

The relationshipbetween process performance on the actual and surrogate sludges may

not be linear as assumedfor construction of the table. Also, because Hall.lmrtonused

only one Portland cement to fly ash ratio (1/2), the data generated with that formulation

were used for prediction of the 2/1 cement to fly ash formulation’s performance under the

assumptionthat contaminantfixation would be similarwith both process formulations.

(Both formulations,however, didperform similarlyat the baselinewaste loading, -20%.)

It is also important to note that all of Halliburton’sCCWE values, except for

chrornimq are reported as less than values (method non-detects). Thus the CCWE Pond

207C @ -20% Waste Loading values for cadmium andnickel used m Equation 6.1 to

predict contaminant leachabilityat higher waste loadings are greater than actual results

achievedthrough S/S processing. If true CCWE values were know predictions for

contaminantleachabfity could be much lower.
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A comparison ofpredicted process performance to regulatory limitsreveals a

significantmargin of safety for cadmiumand chromium. Highest predicted leachate

concentrations are close to an order of magnitudebelow LDRs. Predictions for nickel

leachate concentrations are closer to regulatory limits. At the highest waste loadings,

where process periiormancefor the fixation of nickel is the poorest, a stiety factor of

slightlyunder 3 is observed with both pozzolan fonmdations.

The bio-S/S process formulationis substantiallydMerent from any system

previouslytested for S/S of Pond 207C sludge. Direct comparison with prior studiesis

not feasible.

However, with the same contaminantconcentrations as used with the S/S process,

most contaminantsleached at levelsbelow regulatory limitsat every waste loading tested

withthe bio-S/S process. The exception was nickel which leached at concentrations near

or above the LDR standardwith all formulationstested. Given that the observed leachate

concentrations for nickel were lower with the bio-S/S process when compared to S/S

alone, and that predicted leachate concentrations for the S/S process are below LDRs, it is

likelythat the bio-S/S process would also meet LDR standardsif implementedon Pond

207C residuals.
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Chapter 7

CONCLUSIONS AND RECOMMENDATIONS

This studywas undertakento investigatethe effects of increased waste loadings,

achievedby waste dewatering, on S/S process performance. The target waste was Pond

207C residualsat RFETS. A representative surrogate waste was developed to facilitate

conduct of this research. A process previouslytested on Pond 207C residuals was used as

the baselineprocess for this research.

Process petiormance was evaluatedin terms of product volume reduction (or

increasedwaste loading), the extent of contaminantstabilizationas determined by TCLP

extraction, the degree of solidificationas measuredby unconfined compressive strength

testing, and the specific gravity of the finalwaste form. Process performance afier

simulatedbiodenitrificationpretreatment was also investigated.

Conclusionsbased on the results of this study and recommendations for process

implementationand fiture research are presented in this chapter.
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7.1. CONCLUSIONS

●

●

●

●

●

●

The following conclusionsare based on the results of this research:

Significantvolume reduction of S/S processing finalproducts can be achieved by

evaporating a portion of the waste water content and using a proportionately smaller

amount of reagents.

The volume reduction is possiblewithout critical losses of contaminant stabilizationor

desirablephysical characteristics. All process formulationstested yieldedunconfined

compressive strengths of at least 100p@ well above the 50 psi standard adopted for

this study. The general trend was decreasing UCS with increasing waste loading.

Based on comparison of the results of the baselineprocess of the present study and a

previous study conducted with Pond 207C residuals,Pond 207C waste would be

suilicientlystabilizedto meet LDR standardsat every waste loading tested (21, 37,47,

and 53V0with the S/S process).

Final product volume reduction is not possiblewith the surrogate waste pretreated by

biodenitication because the bioreactor effluentcould not be dewatered to the same

extent as the un-biotreated surrogate waste.

Bio-pretreatment resultedin reduction of the specificgravity of the fial waste form.

Benefits of reduced nitrate concentration, achievedby simulatedbiodenitrification,

were not evidentin this study, witithe possible exception of slightlyincreased final

product UCS.
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The following conclusions are based on trends observed duringthe conduct of this

research:

. A change in the trend of decreasing UCS as waste loading increased at the highest

waste loading tested (approximately 53Yo) was possibly due to a reduction in the

amount of excess pore water withinthe iinalwaste form matrix.

. The improved chromiumfixation observed at higher waste loadings was possibly due

to a reduction in excess water m the finalwaste form matrix. A postulated decrease in

the amount of pore water may have facilitatedchemical reduction of Cr(VI) to less

solubleCr@I).

. The decrease in fixation of nickel observed as waste loading increased was possibly

due to a reduction in physicalencapsulationm the waste matrix at higher waste

loadings. Other researchers have postulated that physical encapsulationis the primary

fixation mechanismfor nickel in S/S systems (Roy et al., 1991). The present results

support those findings;as the ratio of contaminantconstituents to encapsulating

material (the pozzolans) increase% nickel leachingincreased as well.

. A decrease in the iixation of nickelwith the bio-S/S process was possibly due to an

increase in finalwaste form porosity caused by increased suspendedsolids.

● The S/S process studiedherein shouldbe applicableto other waste streams. For S/S

ofnon-radioactive wastes, which are less expensiveto transport and dispose of the

costs of dewateringmay not be oi%et by savingsin transportation and disposal costs
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realized due to reduced product volume. However, for wastes with a low water

content, such as a contaminatedSOLwhere water sutlicientfor S/S reagent hydration

must be adde& the high waste loadings appliedin this study may yield Su.fEcient

stabilizationto meet LDRs with considerablyreduced finalproduct volume without

the need for dewatering.

7.2. RECOMMENDATIONS

Based on the results of this study, the author recommends the following:

● Conduct of a pilot-scale studywith actual Pond 207C waste prior to fkll scale S/S

process implementation.

. A detailedcost analysis,includingthe costs of dewatering Pond 207C residuals and

transportation and disposalcosts for the finalwaste foq shouldbe conducted to

determinethe optimumwaste loading from a costhenefit perspective.

. Although the performance of the two pozzolan formulations (PC/FA = 2/1 and 1/2)

was similar,the author recommends use of the high Portland cement formulation

(PC/FA = 2/1) due to the higher specificgravity of the waste produced with that

pozzolan.

. A target solidscontent of 75%, as opposed to the 78% used in this study, which will

provide a greater operating range for dewatering of Pond 207C residualswithout a

substantialdecrease in waste loading.
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●

●

●

Further research into the effects of optimizingthe water to pozzolan ratio on fixation

of heavy metals in cementitiousmatrices.

Research into the crystallizationof solubleconstituentswithina waste during

dewateriugand its effects on contaminantleachability.

Investigationof the effects of water reducrng concrete admixtures (also called

superplasticizers)whichhave potential as a means to increase waste loading without

si@cant losses m contaminantstabilizationm S/S processes.
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Appendix I

DEVELOPMENT OF THEORETICAL BIOREACTOR RESIDUALS

The followingthree reactions govern the behavior of the bioreactor

(1)

It is reasonable to assume 40% of the electrons produced by Reaction 3 are utilizedin cell

synthesis(Reaction 2) and 60% are utilizedas energy (Reaction 1). Summing Reactions

1,2, and 3 m that proportion and normalizingon NO; results in Reaction 4:

No; + 175
— NaCH,COO +

363—H+ +
188 188

;N,(@ •l-~CO, +~Na++ -$ C,H202N + ~H20 (4)

Assuming all COZ k in the form of HCO; (this assumptionis based on an estimated

output pH of 8.3) results in the finalequationgoverning bioreactor behavior:
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No,- + ~
113

NaCH,COO + —H’ +
188 188

175
;N,(’gj +~HCO,- +% Na+ + ~C,H,O,N + ~H,O (5)

The influent(the Pond 207C surrogate--analysispresented in Section 5.1) contains

0.97 moles/L of KNOs as the

Equation 5 can be computed.

sole source of nitrogen. Using this fact, the products of

Combiningthese produets with the residual constituentsnot

utilizedin the reaction yieldsan estimate

calculationsare presented in Table Al. 1.

of the bioreaetor residuals. The results of these

Table Al. 1: Estimated Bioreactor Output

Constituent Cone.’ from Residual Cone.a Total
Reaction 5 from Feed Concentrationa

N*(g) 0.42 0.43
HCO; 1.15 0.94 2.17
Na+ 0.88 5.30 6.20
C5H702N 0.12 0.10
K+ 1.70 1.70
cl- 0.61 0.61

so4- 0.16 0.16

‘Concentrations in moles/L
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SAMPLE CALCULATIONS: SAMPLE PREPARATION AND TESTING

SludgePreparation and Lime Addition:

1000g Surrogate Brine (deionized water and soluble constituents)

30% Total Dissolved Soliak (TDS)

(1000g#(O.30) = 300g TDS

(300g)(0. 14) = 42g Silt

~ 342g Total Solid (7’S)

(300g)(0. 05) = 15gLime (reagen~

Sludge Dewatering:

810 g Total Weight After Dewatering

810g - 15g Lime = 795g Sludge

342g TS
= 0.43a 43% Soliak

795g Sludge
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Reagent Addition:

w/P=o.5 “

PC/FA = 2/1.

795g Sludge - 342g TS = 453g Water

453g Water
= 906g Pozzolan

0.5

*Portland Cement = 604g

Ftjmsh = 302g

Specific Gravity Determination:

4 Fuil 210 ml Cylinders

1 Partially Full Cylinder (144g Water to Fill Void= 144m~

4(210m~ + (210ml - 144m~ = 903ml Total Product Volume

810g Total Weight A~er Dewatering (S[udge + Lime)

906g Pozzo!an

810g + 906g =1716g Product

1716g
= 1.9 ~ ~ Spec@c Gravity = 1.9

903ml
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ContaminantSpikeAddition(Chromium Spike):

Mole Fraction Cr in CrOj = 0.52

2 ml Spike Solution/ 100g Surrogate Brine

1000g Brine *20 ml Spike

TS = 342g

(32’gT9(20mz)=’58mgcro3
(658mg CrOJ(O.52) = 342mg Cr

342mg Cr = ~ooo mg” Cr

342g TS kg. Solids

99
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APPENDIX III

CALCULATION OF PERCENT FIXATION

D Percent fixation, or the percent of a contaminantimmobilizedin a given waste

1 fo~ is calculated withthe following equation:

% Fixation =

i L

ContaminantConcentration Leached
)

(Total Contaminant Concen&ation
in the Find Wrote Form ) J

D In this study, the leached concentration was measured by TCLP extraction, with

the results expressed as contaminantconcentration in the waste extract (CCWE). The

CCWE represents the concentration of contaminantleached from 100 g of waste into

2000 g of extraction fluid. Therefore, to account for the 20:1 dilution,the CCWE

concentration must be multipliedby a factor of 20. Thus,

Contaminant Concentration Leached = (CC~)(20) (2)

The contaminantconcentration in the waste prior to S/S reagent additionis

known. However, the contaminantconcentration h the finalwaste form is ~erent from
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9
1 the concentration in the waste because of the effective dilutioncaused by reagent addition.

!

Recall that waste loading was deiinedas:

Waste Loading =
Weight of Waste Soiiak

1
Find Product Weight

(3)

B The contaruinantconcentration in the waste prior to S/S reagent additionis the

I

weight of the contaminantconstituent dividedby the weight of the waste. Therefore,

multiplyingthe contaminantconcentration by waste loadingyieldsthe following result:

1
(Wrote Loading)

(

Contaminant Concentration

)(

= Contaminant Concentration

[

in the Wrote in the Find Waste Form )
(4)

9 SubstitutingEquations 2 and 4 into Equation 1 yieldsthe equation for percent fixation

utilizedin this study.

D % Fixation=

1

1-
(icm)(20)

(

Contaminant Concentration

) I

x 100% (5)

(Wimte Loadin@
in the Waste

1 A percent fixation of OVOimpliesthat the entire concentration of a contaminant

8

leaches out of the finalwaste form duringTCLP extraction. Conversely, a percent

fixation of 100% impliesthat none of a contaminantleaches; the entire concentration of

I the contaminanthas been immobilizedin the iinalwaste form.
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AppendixIV

SAMPLE CALCULATION: ESTIMATED PRODUCT VOLUME

Densityof Water

Density (pw): 8.34 lbs/gal = 62.37 lbs/fi3

M ~oPerties:

Volume: 487,200 gal

Specific Gravity (SGs): 1.24

Percent Total Solids(YoTS): 43’%0

s Percent Water (’YoH20): 57V0

Assunmtions:

Product Specific Gravity (SGPROD): 2.0

Water to Pozzolan (Reagent) Ratio (W/P):

W/P = 0.5 (this impliesthat reagent weight is twice water weight)

vxpwxsG,

()(487,200gal) 8.34~ (1.244) = 5.05X 10’1IJs
gal
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SolidsWeizht:

Water Wei4t:

Sludge Weight x YoTS

(5.05 X 10’lbs)(O.43) = 2.17 X 10’lbs

Sludge Weight x %HZO

(5.05 X 10’lbs)(O.57) = 2.88 X 10’lbs

Soli& Weirht

Waste Loading (TVL):

SoliakWeight i- WaterWeight + ReagentWeight

Where: ReagentWeight =2x WaterWeight

2.17X IO’ lbs
= 0.20

2.17X 10’lbs -t 3(2.88X 10’)

Note: The weight of reagent lime (0.5x SolidsWeight) is ignored in this

calculation. It’s tiects withinthe accuracy of this estimate are not significant.

Product Weight:

1
Solids Weight x —

WL

(.)
(2.17 X 10’lbs) & = 10.85X 10’lbs = 5430torn



T-4718

Waste Volume :

104

Product Weight x
[SGP~Xpj

(10.85 X 10’lbs
1

() 1

= 87,000fi3= 3220yd3

(2)62.37;


